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Abstract: In this paper, a hardwired solution has been 

proposed for H.264/AVC decoder based on the evaluation 

board ML401. The design explored the possibility of 

achieving both programmability and real-time 
performance with affordable hardware acceleration. At 

the same time, features of H.264/AVC processing were 

analyzed for more suitable accelerator design. The 

H.264/AVC decoder includes a RISC 32-bits processor 

Plasma-NTLab and low-cost and reprogrammable 

accelerators perform computational intensive tasks with 

high parallelism. The structures of 32-bit RISC processor, 

syntax parser, NALU decoder, parameters parser and two 

dimensional DCT have shown in details. 

Keywords: H.264, decoder, SoC, video compression 

1. INTRODUCTION 

Video compression is the key enabling technology for 

multimedia communications. With the increasing demand 

of high-quality video on handheld devices, we will see 

widespread use of the state-of-art video compression 

standard H.264/AVC (Advanced Video Coding: MPEG-4 

Part 10), recommended by both ITU-T and ISO/IEC [1-

6], in cell phones, PDAs, smart phones. Especially, it has 

been chosen to be used for Blu-ray Disc, digital 
broadcasting via DVB, 3GPP mobile communication, 

teleconferencing, and media streaming over the Internet. 

High coding performance comes with high computational 

complexity. According to the instruction profiling, the 

H.264/AVC decoding of, e.g. HDTV size videos, requires 

83 giga-instructions per second (GIPS) of computation 

and 70 GB/s of memory access. General-purpose 

processors have difficulties handling such high 

computational complexity. Currently, complicated 

H.264/AVC decoding requires very high processor 

frequency to meet the real-time requirement, consuming 
an unacceptable amount of power. Therefore, a low-

power implementation is needed. For real-time 

applications, highly parallel hardwired architecture is 

usually preferable. The stream-like video data can be 

more efficiently processed by parallel and pipelined 

processor architectures. In this paper, we describe a pure 

hardwired H.264/AVC main profile video decoder that 

has been implemented in VHDL (Xilinx ISE), and 

demonstrated in an FPGA Prototype. The project based 

on the evaluation board ML401. There are the following 

types of memory on the board: 

 Block RAM FPGA – 1296 Kb; 

 64-MB DDR SDRAM, 32-bit interface running up to 

266-MHz data rate; 

 ZBT synchronous SRAM 9 Mb on 32-bit data bus 

with four parity bits; 

 Intel StrataFlash (or compatible) linear flash chips (8 
MB). 

2. H.264/AVC OVERVIEW 
Fig. 1 shows the general scheme of a H.264 codec, 

which, like the older standards, is a hybrid algorithm that 

removes both spatial and temporal redundancy of video 

signals by combining transform coding with motion-

compensated predictive coding. The main principle has 

been left unchanged because better flexibility and 

compression efficiency can be achieved by only 

improving subalgorithms. 

Motion can be estimated more precisely, and thus 
compensated more effectively, with quarter-pixel 

accuracy and fine-grained macroblock partitioning into 

smaller units. Moreover, an in-loop deblocking filter 

removes the blocking artifact before using a frame for 

prediction, which further improves estimation accuracy. 

Temporal redundancy is also better removed because it is 

possible to use multiple (up to 16) reference frames. The 

bidirectional prediction allows future frames to be 

referenced in addition to past ones. 

Removing spatial dependencies among pixels by a 

decorrelating transform can be supported with multi-

mode intra prediction of a block using adjacent fragments 
of the same frame. Moreover, transform size can be 

switched between 4×4 and 8×8 in order to best fit 

macroblock contents. 

Finally, more effective methods of entropy coding 

have been employed: CABAC (Context-based Adaptive 

Binary Arithmetic Coding) and CAVLC (Context-

Adaptive Variable Length Coding. 

 

 
Fig. 1 – General scheme of the H.264 codec 

 

H.264 specifies several profiles, which address 

various applications i.e. various trade-offs among quality, 

bit-rate, and computational requirements. The Baseline, 

Main, and Extended profiles are of primary importance. 

The first one has modest computational demands at the 

price of quality, the second takes full advantage of the 

coding algorithm, whereas the third is best suited to 
streaming applications. Recently, the standard has been 



extended toward higher fidelity (sample bit depth greater 

than 8 bits) and scalable coding, as FRExt (Fidelity Range 

Extension) and SVC (Scalable Video Coding) have been 

added [3,4]. 

3. H.264/AVC DECODER PARALLE-PIPELINE 

ARCHITECTURE 

A mixed hardware-software implementation, 

including a RISC core and additional coprocessors, is 
chosen, as combines a flexible system with moderate 

implementation effort. Looking at possible hardware 

optimization the loop filter, motion compensation, and 

integer transformation are suitable functions to be built as 

dedicated hardware blocks. The whole decoding data path 

is divided into a four-stage, MB-level pipelined 

architecture according to data dependency among 

subfunctions, with internal memory (FIFO) used as buffer 

between adjacent stages. Our decoder, as illustrated in fig. 

2, employs a four-stage pipelined architecture and 

consists of nine components: syntax parser, intra 

predictor, inter predictor, VLC decoder, IT/IQ engine is 
an inverse transform (two dimensional 4x4 DCT) and 

inverse quantization, external memory: current and 

reference frames memories, deblocking filter. The 

decoder architecture is program controlled. For this 

purpose each module of the decoder has the 

microprogram control unit. The computational process 

can be split on two independent parallel flows: the first 

one, there are variable length codes decoding, inverse 

transform of H/264 standard and inverse quantization, the 

second one, there are Inter and Intra prediction. Each of 

the flows can be realized by parallel pipe-line computing. 
Estimates a maximum clock number for picture 

resolution 720x576 that required for the one pipe-line 

cycle working in a real-time: 

 

 (1) 

 

One cycle of the pipe-line should be process input 
data less than 5 clocks for 70 MHz. 

RISC processor core is needed that is able to run the 

software (microprograms) decoder accelerated by the 

dedicated coprocessors.  

4. RISC CORE 
The task of the 32-bit RISC processor Plasma-NTLab 

is to write down microprograms to control unit through 

the port USB before the beginning of work, and also to 

carry out testing modules of the decoder parallel-pipeline 

processor. The 32-bit RISC processor Plasma-NTLab 

architecture is shown in fig. 3. 
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Fig. 3 – RISC core: 32-bit RISC processor Plasma-

NTLab 
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Fig. 2 – Decoder structure 



The processor features are the following: 32-bit RISC 

fix-point processor; execute instruction set from 

MIPS I™ (RISC processor instruction set – MIPS R2000) 

– subset of user mode current architecture MIPS32®; 32-

bit address; 32 general purpose registers R0-R31, program 

counter PC, 2 specific purpose registers HI, LO (used for 

storing the result of fix-point multiply and divide 

operations); user-defined byte order (big-endian or little-

endian); two stages instruction pile-line (possible to 
increase number of stages up to three); branch delay 

instruction (instruction after branch instruction is 

performed). 

Processor limitation: not supported load and store 

instruction with not aligned operands; instruction 

BREAK, SYSCALL (software interrupts that are used for 

debug and system call realization) cannot be placed after 

the delayed branch instruction. 

5. STRUCTURE OF SYNTAX PARSER AND VLC 

DECODER 

Syntax parser and VLC decoder structure is depicted 

in fig. 4. There are four main blocks: NALU decoder, 

parameters parser, CAVLC decoder and CABAC 

decoder. The bit stream parser extracts parameters from 

input bit streams for other subfunction IPs’ use. Though it 
contributes only about 5% in profiling, implementing it 

via dedicated hardware. Our hardwired implementation 

recognizes a full set of syntax in main profile and 

produces a parameter every cycle. 
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Fig. 4 – Syntax parser and VLC decoder. 

 

Block NALU decoder carries out functions of 

detecting  (values 0х00000001), its 
removals from a stream of entrance data and formations 

on the block output of 32-bit words sequence of the NAL 

unit contents. Structure NALU decoder is resulted in fig. 

5. The next word of entrance data is brought in entrance 

register Rg0, and previous contents Rg0 correspond in 

Rg1. In the received 64-digit word by means of Detector 

 the code  is 

allocated. Depending on positions in a 64-digit word in 

which it is found out , the device of 

management Ctrl Unit forms an operating signal about 
quantity of shift bits to the left on the shift device Shifter. 

Shifter is realized on multiplexers (barrel shifter), that 

allows to carry out shift on the any set number of bits for 

a synchronization frequency time. Shifted and level-

headed on border of a 32-bit word output data (without 

taking into account removed ) are 

kept in output register Rg. NALU decoder have been 

realized on FPGA XC4VLX25. Hardware expenses of 

crystal resources are shown in table 1. 
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Fig. 5 – NALU detector. 

 
Table 1. Hardware expenses of the crystal XC4VLX25 

resources for NALU decoder 

Device Utilization Summary 

Logic Utilization Used Available Utilization 

Number of Slice Flip Flops 70 21,504 1% 

Number of 4 input LUTs 174 21,504 1% 

Logic Distribution  
   

Number of occupied Slices 108 10,752 1% 

Number of Slices containing 
only related logic 

108 108 100% 

Number of Slices containing 
unrelated logic 

0 108 0% 

Total Number of 4 input LUTs 181 21,504 1% 

Number used as logic 174 
  

Number used as a route-thru 7 
  

Number of bonded IOBs 68 448 15% 

Number of BUFG/BUFGCTRLs 1 32 3% 

6. PARAMETERS PARSER 
Output signal NALU decoder acts on Parameters 

Parser. Parameters Parser allocates the decoder 

adjustment parameters from entrance sequence. 

Adjustment parameters have the fixed length (a descriptor 

), or are controlled by exp-Golomb codes. Syntax 

elements coded as  are truncated Exp-Golomb-

coded. The parsing process for these syntax elements 

begins with reading the bits starting at the current location 

in the bit-stream up to and including the first non-zero bit, 

and counting the number of leading bits that are equal to 
0. Fig. 6 depicts parameters parser structure. Entrance 

data are brought in the buffer FIFO. Necessity of the 

buffer speaks by difference of the entrance 32-bit words 

receipt rate and the analysis rate of the entrance sequence 

syntactic elements coded by codes of variable length. 

Parameters Parser provides analysis of one syntactic 

element for one time of synchronization frequency. The 



next assorted 32-bit word is brought in entrance register 

, and previous contents  correspond in . In 

conformity with standard H.264 the common length of the 

syntactic unit coded by exp-Golomb codes, should not be 

more than 32 bits [1] Left Shifter provides promotion to 

the left a 32-bit window above 63-digit contents of 

registers  and  on the set any number of bits. It 

allows to level the next assorted syntactic unit on the left 
border of a 32-bit window. The Left Shifter is realized on 

multiplexers. The most-significant 16 bits from Left 

Shifter output act on Prefix Length Detector which 

provides detection in a syntactic element of unit first at 

the left and definition of the bits number previous it. The 

common length of a syntactic element  collects in the 

accumulator. At analysis of the syntactic element coded 

as , its fixed length acts from the control unit. 

Overflow of the accumulator is a signal for loading in 

 a following word of data. 
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Fig. 6 – Parameters parser. 

 

Output data Left Shifter act on Right Shifter. Right 

Shifter provides allocation of a code part of syntactic unit 

which will contain in 16 least significant bits of analyzed 

data. At shift the most-significant bits are filled by zero. 

The number of shifts is defined, proceeding from earlier 

received value of the syntactic unit length . Right Shifter 
also is realized on the basis of multiplexers. At the 

analysis of the fixed length syntactic unit the value of 

parameter allocated from an entrance stream moves on the 

multiplexer and then is fixed in the corresponding register 

of the given parameter. For the parameters coded by exp-

Golomb codes, value  is calculated and on its 

basis values of parameters with descriptors , 

,  or  are calculated. 

7. TWO DIMENSIONAL DCT IMPLEMENTATION 
Two dimensional transformation DCT 4х4 is the base 

transformation of standard H.264. For decrease the 

transformation computing complexity the approached 

transformation in which values of factors [7] are changed 
is used in the H.264. In this case transformation has the 

following appearance:  

 (2) 

where  - a matrix 4х4 of the data,  

 (3) 

 (4) 

. (5) 

 

Multiplication by  (indicated by ) is not a 

standard matrix multiplication but a one where only same 

matrix locations are multiplied. This special 

multiplication is incorporated into the quantizer, therefore 

the DCT only consists of  computation in (3). Thus, 
the DCT can be implemented purely with additions and 

subtractions on integer values, reducing memory accesses 

and complexity. 
For reception of the minimal hardware expenses it is 

offered to use consecutive calculation of results of 

transformation on one computing kernel – the adder-

subtractor. Operation of multiplication on  is replaced 

with shift to the left and realized by rearrangement of bits. 

The result of multiplication of an element of the entrance 

block on  or value of an element of the entrance block 

(at multiplication to factor  or ) moves through the 

multiplexer on an input of the adder-subtractor on which 
output the memory register is established. The structure of 

consecutive processor kernel DCT is resulted in fig. 7. 

Multiplication of three matrixes on one adder-subtractor 

will demand 128 steps. Word length of entrance and 

output data in conformity with standard H.264 is accepted 

to equal 16 bits. 
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Fig. 7 – Structure of the two dimensional DCT module. 

 

Entrance data should move on processor DCT 

consistently word behind a word in each step of 
synchronization frequency on columns of the entrance 

data block, i.e. in the following order: , , , , 



, , ,….,  (the first index is an index of the 

line, the second index is an index of a column). For a step 

before submission of a word  the starting signal  by 

duration one step of synchronization frequency should be 

generated. The values of output transformation matrix 

elements will start to appear on the processor output after 

68 steps of synchronization frequency concerning a start 

signal . As reception of one element of the output 
transformation matrix demands a 4 synchronization steps 

that through 128 steps after the transformation beginning 

on the output data bus of the DCT processor the last 

element of the output transformation matrix will be given 

out. Elements of the output transformation matrix also 

stand out on columns. Hardware expenses and the 

maximal synchronization clock frequency for the 

consecutive realization of the base transformation of 

standard H.264, and also results of comparison with 

known consecutive realization [7] are shown in table 2. 
 
Table 2. Hardware expenses and maximal clock frequency 

for the consecutive implementation of the standard H.264 

DCT processor. 

Parameters Offered 

implementation 

Implementation 

in [7] 

Type of FPGA XC4VLX25-12 XC2VP7 

Wordlength 16 16 

Slice Flip Flop 37 65 

LUT 111 * 

Slice 93 103 

Maximal clock 

frequency, МГц 

200 150 

* denotes the unknown data. 

 

At comparison of realization results it is necessary to 

consider, that for the DCT processor in [8] expenses for 

memory of the entrance macroblock and memory for 

storage of intermediate data are not considered, but in the 

offered implementation DCT processor full expenses are 

resulted. The table 2 shows, that the offered 

implementation DCT processor is better than known 

accomplishment in [7] on hardware expenses of crystal 

FPGA resources that is important for mobile applications. 

Estimations of the consecutive DCT processor 

performance show, that for frequency of 30 frames per 
second of its speed will suffice for work in real time only 

for low resolutions. One of possible technical decisions is 

using of several consecutive processor kernels working in 

parallel with their alternate loading by processable 

macroblocks. Other possible technical decision is parallel 

calculation of all elements of an output data matrix. For 

the parallel processor of base transformation the matrix 

multiplication architecture is realized [7,8]. The 

multiplication result of vector  on matrix  is the vector 

, and components of vector  can be calculated on 
following expressions: 

 

 (6) 

 (7) 

 (8) 

 (9) 

 

The computing scheme of parallel calculation for one 

column and a matrix 4х4 is illustrated in fig. 8a and fig. 

8b accordingly. Such computing procedure can be 

realized by the combinational circuits based on the 

adders-subtractors with implementation of multiplication 

on 2 by rearrangement of bits. 

 

 
Fig. 8 – The parallel computing circuits of the H.264/AVC 

base DCT [7] 

 

The given architectural decision also has been realized 

on FPGA. Word length of entrance and output data is 

accepted to equal 16 bits. Entrance data should move on 

processor DCT in parallel for all 16 elements of the 

entrance data block, the output data also stand out in 
parallel. Hardware expenses and the maximal critical 

delay for parallel realization of the standard H.264 base 

transformation, and also results of comparison with 

known parallel implementation [7] are shown in table 3. 

 
Table 3. Hardware expenses and the maximal critical delay 

for the parallel implementation of the standard H.264 DCT 

processor 

Parameters Offered 

implementation 

Implementation 

in [7] 

Type of FPGA XC4VLX25-12 XC2VP7 

Wordlength, 

bits 

16 16 

Slice Flip Flop - 257 

LUT 1008 * 

Slice 512 644 

maximal critical 

delay, нс 

9,7 9,3 

* denotes the unknown data 

 



The given results show, that the offered realization 

and known implementation [7] have the same hardware 

expenses of crystal FPGA resources. Presence of flip-

flops in the circuit [7] is connected, apparently, with 

presence of the intermediate register (in offered 

realization there is only a combinational circuit). 

8. CONCLUSION 
In this paper, a programmable solution has been 

proposed for H.264/AVC decoder. The RISC 32-bits 

processor Plasma-NTLab works as the controller and 

performs less intensive tasks. Low-cost and 

reprogrammable accelerators perform computational 

intensive tasks with high parallelism. Real-time decoding 
performance can be achieved at resolution which is high 

enough for all mobile terminals. It has been proved that 

the solution of RISC core plus low cost reprogrammable 

accelerators in decoding processing is not only practical 

but also has its advantages in time to market and silicon 

cost. 
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