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Abstract — This paper presents a hardware-friendly solution for 

external memory bandwidth reduction focusing in the state-of-

art video encoders, like H.264/AVC and HEVC. The proposed 

approach is based on reference frame compression using an 

adaptation of the traditional Huffman algorithm and is a lossless 

solution. This solution is entitled RFCAVLC8t (Reference Frame 

Context Adaptive Variable-Length Coder with 8 tables) and is 

based on the use of static Huffman tables. The RFCAVLC8t is a 

hardware-friendly version of the Huffman algorithm and it uses 

eight static tables to avoid the cost of the on-the-fly Huffman 

statistical analysis. The best table to encode a block is defined 

using a context evaluation, resulting in a context-adaptive 

configuration. The use of RFCAVLC8t reached an average 

compression rate higher than 31% for the evaluated video 

sequences. The RFCAVLC8t hardware (Coder and Decoder) was 

designed and synthesized to an FPGA device. The RFCAVLC8t 

design is able to reach real-time encoding for WQSXGA (3200 x 

2048 pixels) at 30 fps. 

Keywords — Video coding, memory bandwidth reduction, 

reference frame compression, hardware design 

I. INTRODUCTION 

Currently the increasing demand for videos with better 

quality and higher resolutions makes video coding a 

fundamental process in order to make digital videos support 

feasible task. Without this process, these videos would require 

a much higher volume of data to be represented, and this 

information needs to be stored and eventually transmitted. The 

process of video coding comprehends a variety of tools and 

techniques that were and still are being developed, so there is 

a great research activity in this area. Through such techniques, 

digital videos are represented with a much smaller volume of 

data at the cost of little to no loss in quality. By associating a 

particular set of coding tools, video coding standards can be 

derived, from which H.264/AVC [1] is pointed out as the most 

recent consolidated video coding standard [2]. However, 

video-coding experts are currently finishing the development 

of a new standard, the HEVC (High Efficiency Video Coding) 

[3], which will be approved this year. The goal aimed by 

HEVC is to double the compression rate when compared to 

H.264/AVC, for the same video quality [3]. 

Quality gain, generated by the new coding tools, implies in 

processing complexity gain, which causes an increase in 

processing time and power consumption.  Some of these new 

tools are the motion estimation (ME) using many reference 

frames, ME using variable block sizes, bi-prediction and 

others [2], that cause a huge impact in the number of required 

access to the external memory. Other current tendency in 

digital video applications is the continuous increase in video 

resolution and this tendency also provokes an expressive 

increase in the memory accesses in a video coding system. 

Hence, the reduction of the external memory accesses in the 

H.264/AVC and HEVC video coders is a very important 

research issue. 

Solutions to reduce memory accesses are based on two 

main approaches: (1) external memory bandwidth reduction 

through data reuse strategies using caches, and (2) bandwidth 

reduction by reference frames compression before they are 

stored in the external memory [4], [5] and [6]. It is relevant to 

notice that of all these three papers, only [4], as this one, 

presents a lossless compression. The main advantage of 

reference frame compression when compared to the other 

approaches is that the former reduces the number of reading 

and writing accesses, while the latter reduces the number of 

reading accesses only. However, it is important to emphasize 

that both solutions can be used together. 

This paper presents a hardware-friendly solution for the 

memory bandwidth reduction in video coding systems, the 

RFCAVLC8t (Reference Frame Context Adaptive Variable-

Length Coder with 8 tables), this work is a continuation of the 

work presented in [4]. RFCAVLC8t is a context-adaptive 

coding based on Huffman algorithm [7] and it was designed 

focusing in current video coders like H.264/AVC and HEVC, 

which demands a very high external memory bandwidth.  

This paper also presents the hardware design for the 

RFCAVLC8t. This VLSI architecture reaches real time 

processing for high definition videos, like WQSXGA (3200 x 

2048 pixels) at 30 fps. The RFCAVLC8t reduces more than 



31% of data stored in the external memory, consequently, 

decreasing the number of external memory reading and 

writing operations.  

II. RELATED WORKS 

In work [5], is used a fixed-length compression algorithm 

for compressing reference frames and it applies an in-loop 

compression of reference frames. Its algorithm is called min-

max scalar quantization (MMSQ), and it is based on a block 

scalar quantization scheme. This scheme saves from 25% to 

37.5% of the memory transfer bandwidth, depending on which 

configuration is applied. However, this algorithm introduces a 

quality loss of 0.043dB to 0.159dB, depending on which 

configuration is applied. This work was evaluated using only 

low-resolution videos (704x480 pixels), so its results for high-

definition videos cannot be estimated. 

Work [6] proposed a solution based on the previously 

proposed MMSQ algorithm [5]. The improvement proposed 

by [6] reduces the losses of the MMSQ process by storing the 

errors, so that these errors can be returned to the 

correspondent blocks during the Motion Compensation (MC) 

process. Even reducing the losses it is still lossy, since ME 

uses quantized reference frame samples, therefore the best 

motion vector is not always produced. 

III. THE RFCAVLC8T ALGORITHM 

The RFCAVLC8t algorithm is a hardware-friendly 

adaptation of the Huffman coding algorithm [7]. Huffman 

algorithm is a famous data compression technique based on 

statistical methods that is widely used on image and text 

compressors [8]. These solutions rely on compressing a 

reference frame before it is stored at the external memory. 

These solutions also perform the decoding process of 

previously compressed frames, since they will be used as 

future references in the coding process. 

The traditional Huffman algorithm works using data trees, 

which are created following probabilistic rules. Through such 

rules, the patterns of data that occur more often are coded with 

a smaller amount of bits. In order to do so, the algorithm 

requires a two-pass analysis: in the first pass, probabilistic 

calculations are performed and the code tree is assembled; in 

the second pass, the original symbols are substituted to the 

new ones. Since Huffman relies on probabilistic analysis to 

decide which symbols are encoded with more or less bits, it is 

possible to conclude that groups of symbols with well-

distributed ranges (or similar probabilities) are not efficiently 

compressed with this algorithm. On the other hand, if a range 

of values has a more condensed distribution on a specific 

interval, the compression results could be considerably higher 

[8]. 

Due to this fact, the RFCAVLC8t uses 4x4 blocks during 

the coding process. This allows a more condensed distribution 

of values, reaching compression results considerably higher 

than when using the whole frame or bigger block sizes. 

Only luminance samples are processed since only this 

information is used in the motion estimation (ME) process, at 

least for current video coder standards. ME is the module that 

demands the highest amount of memory access in a video 

encoder system. Then the reduction of the memory accesses 

necessary for the ME process is very important to reduce the 

global encoder accesses. 

The RFCAVLC8t is a context adaptive solution using eight 

static Huffman tables to compress the reference frames. 

Through the use these tables, the statistical analysis of the 

samples is no more necessary during the encoding process, so 

the compression stage has better performance. Each table is 

suitable for a different set of frame features, so a decision 

strategy must be applied. 

The values for each table were determined considering the 

average values of the encoded blocks, which were classified in 

eight ranges. This approach allows a best probabilistic 

concentration, increasing the compression rate. 

The table values were defined according to an analysis with 

eight HD 1080p (1920x1080 pixels) sequences that presented 

different motion and lighting characteristics. These sequences 

were: Blue Sky, Tractor, BQTerrace, In to Tree, Riverbed, 

Cactus, Sunflower and Pedestrian Area [9]. The first 200 

frames of each video sequence were considered in the 

experiments. Since luminance samples are typically 

represented with eight bits per sample, each table has 256 

entries, one for each possible luminance value. The table 

values could vary from 1 to 33 bits for each luminance value, 

since RFCAVLC8t is a variable-length coder. Table 1 

presents the smaller code for each of the eight tables. 

TABLE I - SMALLER CODE FOR EACH OF THE EIGHT TABLE. 

Table Sample  Code Table Sample  Code 

1 30 0 5 143 00100 

2 38 0001 6 177 01110 

3 91 00101 7 213 0010 

4 117 10100 8 225 101 

 

The RFCAVLC8t encoding process starts with the fetch of 

a 4x4 block. Then, the average sample value of this block is 

calculated. Based on this average, the most suitable table is 

used to compress the block. The samples of this block are 

encoded simply reading the correct position of the selected 

table. The sample value defines the read position. Since the 

read values have a variable length, these values are assembled 

in 32-bit words to be stored. After that, the compressed block 

is stored in the external memory together with three extra bits 

which are used to inform the used table. The same process is 

applied for the next blocks of the frame. 

The decoding phase consists in reading the coded block 

from the external memory and applying the reverse process of 

the encoding phase. The block is interpreted as a list of words 

with 33-bits each (largest size of a coded word). The 

translation is performed using a greedy strategy, i.e., the 

decoder consumes the bits from the list, reading one word at a 

time. The three first bits in the word are used to select the 

right table. The remaining bits are processed using this table. 

If the sequence of these 33 bits is fully consumed and the 

block is not fully reconstructed, the next word is read from the 

external memory and the decoding continues until the block is 

completely decoded. 



IV. SOFTWARE RESULTS AND COMPARISONS WITH 

RELATED WORKS 

This section presents the achieved results with the proposed 

solutions and a comparison with related works. The results are 

shown in Table II, which presents a comparison between the 

RFCAVLC8t results with some related works found in the 

literature. Our results are compared with two related works 

presented in [5] and [6]. 

Two metrics were used in the comparison presented in 

Table II: the average compression rate and the average quality 

degradation and. 

TABLE II - COMPARISONS WITH RELATED WORKS 

Solution Compression Rate ΔPSNR 

RFCAVLC8t 31.64 % 0.00 

Budagavi 6bpp [5] 25.00 % -0.043 

Budagavi 5bpp [5] 37.50 % -0.159 

Gupte [6] 23.00 % -0.01 

 

With the results presented in Table II it is possible to 

conclude that our work presents a competitive compression 

rate, without introducing any quality loss. RFCAVLC8t 

achieved better compression results than works [5] and [6], 

even without introducing any quality loss. These two related 

works used only low-resolution sequences to generate the 

presented results, while our results were all generated using 

high-resolution videos. The work [6] presents a hardware 

design able to process HD 1080p sequences in real time. 

Another very important issue that was not cited in works [5] 

and [6], is that the error generated in the reference frames will 

cause two collateral effects: (1) the references used in encoder 

and decoder sides will be different, and this can cause a very 

expressive quality degradation in the decoder side; and (2) the 

error inserted in the reference frames will be propagated 

among other frames of the video sequence. Thus, the 

evaluation of the PSNR loss comparing the reference frame, 

before and after the compression process, as presented in 

those papers, is not a robust metric to evaluate the impacts that 

this loss can cause in the global coding system.  

V. DESIGNED HARDWARE ARCHITECTURES 

Fig. 1 presents the architectural design of the RFCAVLC 

encoder. The first module that is used is the Average 

Calculator. This module calculates the average value of the 

encoded area (4x4 block). This value is then used by the Table 

Selector to set the multiplexing unit to the correct position, so 

the correct table is selected in the coding process for this 

block. The Sample Controller module decides which block 

sample is going to be encoded at each new cycle. The eight 

static Huffman tables were designed using multiplexor trees, 

and the select statement is switched based on the encoding 

sample. 

An additional assembling unit is required in order to 

normalize the output from the encoder to the reference 

memory, since RFCAVLC8t works with variable-length 

coding, and commercial memories work with fix-length words. 

 

Fig. 1 RFCAVLC8t Encoder Architecture 

The Assembler was designed as a circular 66-bit buffer, 

since the largest word produced using the specified 

configurations is 33 bits wide (and the worst case involves 

writing the longest word two times in a row). Whenever 32 

continuous bits of information are written in the circular 

buffer, this word is written in the reference frames memory, 

and the position is reset. While the writing operation takes 

place, the remaining space in the buffer is used to receive 

more inputs from the RFCAVLC encoder. 

Fig. 2 shows a simplified block diagram of the designed 

architecture for the RFCAVLC decoder. 

 

 

Fig. 2 RFCAVLC8t Decoder Architecture 

The coded blocks are stored in the external memory. Each 

encoded block consists of 3 bits that indicate the table that 

must be consulted, and a variable-length bit sequence that 

composes the 16 block samples. The Control Unit receives the 

table identifier, and then sends this identifier to the Translator 

component. The Parser receives as input 64 bits and it has an 

internal buffer of 96 bits that works like a queue to store the 

input. The Parser output is a word of 33 bits (largest size of a 

coded word). This word is sent to the Translator module. In 

addition, the Parser component emits a signal to the Control 

Unit, informing whether its buffer has enough space for a new 

input. 

The decoding process is performed in the Translator 

module, where the eight decoding tables are located. This 

module receives as input 33 bits that represent a coded word. 

This size is used to ensure that at least one sample is encoded 

per cycle. The 33-bit input is processed by the table indicated 

by the Control Unit. 

The Assembler component receives the decoded samples 

and stores them in a 128-bit buffer. When the buffer is filled, 



the 4x4-samples block is completed, so it can be used in the 

ME process. 

All this process was designed to use a single clock cycle. 

Hence, one luminance sample is decoded per cycle by the 

RFCAVLC8t architectures. 

VI. HARDWARE RESULTS AND RELATED WORK 

COMPARISON 

The RFCAVLC architecture was described in VHDL and 

synthesized to the EP4S40G2F40I2 Altera Stratix 4 FPGA 

device, using Altera Quartus II [10] synthesis tool. Table III 

presents the synthesis results targeting this device. The results 

are presented separately for the RFCALVC Encoder and 

Decoder and also for the complete RFCAVLC codec, 

integrating booth solutions. 

TABLE III - SYNTHESIS RESULTS FOR A STRATIX 4 FPGA 

Results Encoder Decoder RFCAVLC 

ALUTs 1,563 5,056 6,516 

Registers 169 852 1,147 

Frequency 295.92MHz 198.89MHz 198.30MHz 

Throughput 
45 fps 

(WQSXGA) 

30 fps 

(WQSXGA) 

30 fps 

(WQSXGA) 

 

The RFCAVLC architectures are able to encode one 

sample per cycle. Based on this fact, and considering that the 

integrated architectures reached a maximum operation 

frequency of 198 MHz, this means that 198 million samples 

per second can be processed. This processing rate allows the 

designed architectures to process very high-definition videos 

in real time. For example, the RFCAVLC architecture is able 

to process 30 WQSXGA frames (3200 x 2048 pixels) per 

second. Considering common HD resolutions, such as HD 

720p (1280x720 pixels) and HD 1080p (1920x1080 pixels), 

the RFCAVLC codec is able to process 214 and 95 frames per 

second, respectively. Considering the achieved throughput, it 

is possible to conclude that the RFCAVLC clearly is not a 

bottleneck in the complete video coder system. Based on these 

results, it is also plausible to infer that this architecture brings 

a negligible overhead to the system in terms of both hardware 

cost and performance. 

From all previously cited related works, the only one that 

presents a hardware design for reference frame compression is 

that presented in [6]. Table IV shows a comparison between 

this work and related work, aiming at 30 frames per second in 

HD 1080p resolution. 

TABLE IV – ARCHITECTURE COMPARISONS WITH RELATED WORK 

Work Technologies 
Area 

Utilization 
Frequency Throughput 

RFCAVLC8t FPGA 6,516 aluts 65 MHz HD 1080p  

@ 30 fps Gupte [6] ASIC 65nm 14 K gates 250 MHz 

 

Work [6] presents an ASIC implementation using a 65nm 

technology. The synthesis results showed a hardware resource 

utilization of 14K gates and reached a performance to process 

HD 1080p resolution at 30 frames per second at 250 MHz. 

However, these results cannot be fairly compared to our work, 

since different technologies were used. Our architectures can 

achieve the same processing rate of [6] at 65 MHz (almost one 

quarter of frequency), which means that our work can 

probably achieve the same performance with lower power 

consumption. Moreover, our solution is the only lossless 

hardware solution. 

VII. CONCLUSION 

This work presented the RFCAVLC8t, a solution for 

memory bandwidth reduction in video coding systems through 

lossless reference frames compression. The RFCAVLC uses a 

lossless context adaptive variable-length method with eight 

static code tables and blocks with 4x4 samples to reach the 

desired bandwidth reduction. The decision of which table will 

be used is simple and it is based on the average samples value 

of each 4x4 bock. RFCAVLC achieves an average memory 

bandwidth reduction of more than 31%. This bandwidth is 

reduced for both reading and writing operations. This method 

is inspired in the Huffman coding algorithm and it is fully 

compliant with state-of-the-art coding standards, such as the 

H.264/AVC and the emerging HEVC. 

This work also presented the complete architectural design 

of the RFCAVLC, including coder and decoder. This design 

presented a very low hardware cost and reached a processing 

rate of more than 198 millions samples per second, which is 

enough to process high definition videos like HD 1080p at 95 

frames per second. The achieved performance also allows the 

processing of very high definition videos in real time. For 

example, the RFCAVLC architecture is able to process 

WQSXGA (3200 x 2048 pixels) frames at 30 frames per 

second. 
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