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Resumo – O padrão de vídeo MPEG-2 utiliza a Transformada 
Discreta de Co-senos (DCT) em blocos de 8x8 pixels para ex-
plorar, eficientemente, a correlação espacial entre pixels adja-
centes. Este artigo propõe uma implementação em FPGA da 
DCT bi-dimensional (DCT-2D) dentro do Open Core Protocol 
(OCP). O cálculo da DCT-2D é obtido ao se aplicar a DCT-1D 
nas linhas de um bloco 8x8 seguido da aplicação da DCT-1D nas 
colunas do bloco resultante. A performance alcançada habilita o 
circuito a ser usado em Codecs para TV’s de alta definição. 
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Abstract - The MPEG-2 video standard uses Discrete Cosine 
Transform (DCT) in blocks of 8x8 pixels to efficiently explore 
the space correlation between adjacent pixels. This paper pro-
poses a bi-dimensional DCT (DCT-2D) FPGA implementation 
according to the Open Core Protocol standard (OCP). The DCT-
2D calculation is obtained by applying the DCT-1D to the lines 
of the 8x8 blocks and then applying the DCT-1D to the columns 
of the resultant block. Performance evaluation shows that the 
circuit can be used in High Definition Television codecs. 
 
Keywords - Discrete Cosine Transform (DCT), Open Core Proto-
col (OCP), MPEG, HDTV, VHDL, FPGA 
 

I. INTRODUCTION 
Generally, video sequences contain a substantial amount 

of statistical redundancy between adjacent pixels and between 
consecutive frames. The goal of video compression is the 
reduction of the number of bits to be stored or transmitted [1]. 

The basic statistical property used in video coding is the 
correlation between adjacent pixels and between consecutive 
frames. The MPEG-2 video standard [2] uses bi-dimensional 
Discrete Cosine Transform (DCT -2D) [1] in blocks of 8x8 
pixels to efficiently explore the space correlation between 
pixels in the same frame. The main objective of DCT is to 
concentrate the energy of the image in few important coeffi-
cients. 

The Open Core Protocol standard (OCP) [3] constitutes a 
set of signals definitions and communication protocols that 
standardize the interconnection of circuit modules, reducing 
the project time and maintenance cost of systems on chip 
(SOC). 

This paper presents a high performance and low cost 
FPGA [4], [5] implementation of the DCT-2D for HDTV [6], 
[7] following the OCP standard. 

Section II introduces the DCT-2D and section III pre-
sents the proposed architecture; section IV describes the 

simulation and synthesis methodology; section V presents 
experimental results; finally, conclusions are presented in 
section VI. 

 
II. THE DISCRETE COSINE TRANSFORM 

Normally, video pictures present high correlation be-
tween adjacent pixels. In this case, an appropriate transform 
can be used to concentrate the energy in few coefficients. In 
MPEG-2, DCT [1] is applied to the intra-frames and also to 
the images that represent the prediction errors between frames 
(MPEG) [2]. To increase the performance, the image is di-
vided in small blocks of 8x8 pixels where DCT -2D is applied. 
A formula for the 8x8 DCT -2D can be written in terms of the 
pixels values, f(i, j), and frequency domain coefficients, F(u, 
v): 
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DCT is a separable transform; this means that a multi-
dimensional transformation can be carried through by a se-
quence of one-dimensional transformations. The advantage of 
this property is the lower complexity of DCT -1D [1].  

The DCT -2D calculation can be obtained by the applica-
tion of the DCT-1D to the lines of the 8x8 blocks and poste-
rior application of the DCT -1D to the columns of the resultant 
block.  The DCT -1D is given by: 
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Figure 1 – Architecture of the DCT 

 
III. DCT/IDCT ARCHITECTURE IMPLEMENTED IN FPGA  

Figure 1 shows the DCT/IDCT architecture implemented 
in FPGA. It is composed of the follo wing main blocks: Line 
Unit (LineUnit); Line Block (LB); Column Unit (ColUnit); 
Column Block (CB); Serialization Unit (SU); Line Coeffi-
cient Block (LCB); Column Coefficient Block (CCB); Line 
Multiplexer (LM); Round Unit (RU); and the Control Unit 
Block (CUB).  

The major diference between the DCT and the inverse 
DCT (IDCT) architecture is the LCB, CCB coefficient values. 
They are specific for each implementation. 

Equation (2) when applied at a line of eight values gen-
erates the following relations, where each F(u) coefficient 
represent a position in resultant line: 

F(0) = 0.354 [ f(0) + f(1) + f(2) + f(3) + f(4) + f(5) + f(6) 
+ f(7) ] 

F(1) = 0.490f(0) + 0.416f(1) + 0.278f(2) + 0.098f(3) - 
0.98f(4) - 0.278f(5) - 0.416f(6) - 0.490f(7) 

F(2) = 0.462f(0) + 0.191f(1) - 0.191f(2) - 0.462f(3) - 
0.462f(4) - 0.191f(5) + 0.191f(6) + 0.462f(7) 

F(3) = 0.416f(0) - 0.98f(1) - 0.490f(2) - 0.278f(3) + 
0.278f(4) + 0.490f(5) + 0.98f(6) - 0.416f(7) 

F(4) = 0.354f(0) - 0.354f(1) - 0.354f(2) + 0.354f(3) + 
0.354f(4) - 0.354f(5) - 0.354f(6) + 0.354f(7) 

F(5) = 0.278f(0) - 0.490f(1) + 0.98f(2) + 0.416f(3) - 
0.416f(4) - 0.98f(5) + 0.490f(6) - 0.278f(7) 

F(6) = 0.191f(0) - 0.462f(1) + 0.462f(2) - 0.191f(3) - 
0.191f(4) + 0.462f(5) - 0.462f(6) + 0.191f(7) 

F(7) = 0.98f(0) - 0.278f(1) + 0.416f(2) - 0.490f(3) + 
0.490f(4) - 0.416f(5) + 0.278f(6) - 0.98f(7). 

The F(u) coefficient is obtained from the sum of the 
products of each incoming f(i) line pixel of the 8x8 matrix 
pixel and the specific cosine value as showed in equation (2). 
To obtain the DCT -2D coefficients another operation must be 
made using the results obtained in the previous operation and 
cosine values  (specific cosine values from CCB). 

To simplify and to increase the performance of the circuit 
two units, Line Unit (LineUnit) and Column Unit (ColUnit) 
were designed to perform operations in the lines and columns 
of the blocks, respectively. The LineUnit is composed of a 
series of 8 independent circuits called Line Block (LB) that 
perform operations in the block lines. The Column Block 
(ColUnit) performs operations in the block columns as 
showed in Figure 1. 
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A. Line Unit (LineUnit)  
The Line Unit is composed of eight Line Block (LB). 

The Line Block is composed by one Multiplier ACCumulator 
(MACC) [8] and one internal memory (MEM INT) that stores 
the operation result as showed in Figure 2.  

Figure 2 – Architecture of LB 
 

The MACC receives the f(i) pixel to be processed and the 
specific coefficient value Coef(i) from the Line Coefficient 
Block (LCB) and performs the operation f(i) x Coef(i). After 
eight interactions the final sum of products is stored in MEM 
INT and the fl(i) output is used as input to perform the DCT -
2D calculation by the Column Unit (ColUnit). 
 
B. Column Unit (ColUnit) 

The Column Unit is composed of eight Column Block 
(CB). The Column Block is composed of one MACC as 
showed in Figure 3. 

Figure 3 – Architecture of CB 
 

The MACC receives the fl(i) output from the Line Unit 
(LU)  to be processed and the specific coefficient value 
Coef(i ) from the Column Coefficient Block (CCB) perform-
ing the operation fl(i) x Coef(i). Each CB calculates the spe-
cific DCT-2D coefficient  

After eight interactions the final sum of product is com-
pleted and the DCT-2D coefficient output used as input to 
perform the serialization by the Serialization Unit. 

  
C. Control Unit Block (CUB) 

The CUB controls the data path and generates all signals 
to control the other blocks of the proposed DCT -2D circuit.  

The CUB generates too the signals that define a point to 
point interface between two communicating entities such as 
IP Cores and bus interface modules (OCP).  

This protocol delivers the only non-proprietary, open, li-
censed, core centric protocol that describes the system level 
integration requirements of intellectual property (IP) cores. 

In the proposed architecture, DCT-2D acts as a slave of 
the OCP instance using the basic signals: Clock, MAddr, 
MCmd, SCmdAccept, SData and SResp, and the Control 
signal of the control and status signals group as showed in 
Figure 4. 

 

Figure 4 – The DCT-2D as an OCP IP slave  
 

Table I lists the width, the type (data or control) and the 
function of each OCP signals used. 

  
TABLE I – I/O Signals of the Chip 

 
Signal Width I/O D/C Function 
Clock 1 bit I C System Clock 
MAddr 14 bits I D/C Transfer data. The last six bits of the MAddr represents the chip 

address and the first eight bits the incoming pixel. 
MCmd 3 bits I C Transfer command (001 – Write ; 010 – Read; 000 – Idle) 
Control 6 bits I C DCT-2D address chip - set by user. 
Sdata 16 bits O D  Output data. The first 12 bits represent the output DCT-2D coef-

ficient, the 13th bit (=1) indicates the first coefficient value and 
the last three bits are “don’t care” bits. 

SCmdAccept 1 bit O C Indicates acceptance of write data (SCmAccept = 1). 
Sresp 2 bits O C Response field to a transfer request; (00 – No response; 01 – 

Data valid ). 
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D. Serialization Unit (SU)  
The Serialization Unit (SU) performs a serialization 

step in DCT-2D coefficient from Column Unit generating 
one output pixel by clock cycle. 

 
E. Round Unit (RU) 

The Round Unit (RU) converts the integer value that 
represents each DCT-2D coefficient in 12 bits value.  
 

IV.  SYNTHESIS AND SIMULA TION METHODOLOGY 
The DCT-2D was described in VHDL [8]. The general 

architecture was divided in blocks as showed in Figure 1. 
The blocks were divided in sub-blocks. At sub-blocks level, 
behavioral descriptions were made and at block level struc-
tural descriptions connecting the sub-blocks were con-
structed and validated using the Max_Plus [9],[10] and 
Quartus II Web Ed ition software from Altera [11].  

The  DCT-2D acts as a slave of the OCP instance using 
the basic signals: Clock, MAddr, MCmd, SCmdAccept, 
SData and SResp, and the “Control” signal of the control 
and status signals group.  

The simulation process was divided in two steps: The 
first step: “initialization” is necessary to reset the circuit and 
to synchronize the first input pixel in the next step. The 
MAddr word format in Figure 5 shows the “Address” field 
that must contain the DCT-2D address set in the Control 
input. 

As showed in Figure 7 the control word (MCmd = 001) 
indicates that the last six bits of the MAddr (000001) repre-
sents the chip address and it will be accepted at the rising 
edge of the clock signal (point A of the Figure 7).  In this 
point the DCT output SCmdAccept = 1, indicates this accep-

tance. This corresponds to the end of the “Initialization” step.  
In the second step, the incoming pixel is sent to circuit 

through the MAddr bus in the first eight bits. The MAddr is 
read at the rising edge of the clock signal (point B of Figure 7).   

 

Figure 5 - MAddr word format 

Figure 6 – Sdata word format 
 

After 64 incoming pixel (8x8 matrix pixel) the DCT -2D 
coefficients are send to the output data Sdata (16 bit bus) in the 
rising edge of the clock signal, the Sresp output (01) indicates 
valid output in Sdata bus, as showed in the point B of Figure 8. 
The first 12 bits of the Sdata word is the output DCT-2D coef-
ficient, the 13th bit (=1) indicates the first coefficient value and 
the last three bits are “don’t care” bits as showed in Figure 6. 

 
   

 
 
 
 
 

Figure 7 – Initialization step 
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Figure 8 – Read step 
 

V. EXPERIMENTAL RESULTS 
The DCT-2D was synthesized using Altera tools [9], 

[10], [11]. Results in terms of number of logic cells, memory 
utilized, frequency of operation and device used are showed 
in Table II. The maximum frequency of 75.53 MHz for the 
Stratix Family [11] (EP1S10F484C5) device show that each 
8x8 input block is processed in 0.84 µs, allowing a maximum 
throughput of 75 Mpixel/s, compatible with the HDTV speci-
fications [6], [7]. The synthesis results from the 
EP1S80B956C6 and EP1C6T144C6 devices show that each 
8x8 input block is processed in 0,96 µs and 0,97 µs respec-

tively, with a maximum throughput also compatible with the 
HDTV specifications. 

Figure 9 shows the original and the reconstructed image 
used to validate the DCT-2D implementation. There are no 
visual differences between the images. 

Figure 10 shows numeric results in one specific block. 
The application of the DCT in original 8x8 block (a), gener-
ates a corresponding DCT block (b). The application of the 
IDCT in (b) generates a reconstructed block as showed in (c). 
Figure 10(d) shows the obtained errors between original and 
reconstructed pixel values. 

 

TABLE II – Synthesis results of the DCT – 2D 
 

Device Logic El ements I/O Pins Memory Bits DSP Blocks Freq. MHz 
EP1S10F484C5 
(Stratix Family) 

4.065 
 (38 %) 

51 2.656 (< 1%) 48 (100 %) 75.53 

EP1C6T144C6 
(Ciclone Family) 

4.536  
(75 %) 

51 4.184 (4 %) - 66.20 

EP1S80B956C6 
(Stratix Family) 

2.209 
(2 %) 

51 2.624 (< 1 %) 80 (45 %) 67.26 

 

  
(a) Original Image (b) Restored Image 

Figure 9 – DCT/IDCT result application 
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98 92 95 80 75 82 68 50 
97 91 94 79 74 81 67 49 
95 89 92 100 72 79 65 47 
93 87 90 75 70 100 63 45 
91 85 88 73 68 75 61 43 
89 83 86 71 66 73 59 41 
87 81 84 69 64 71 57 39 
85 79 82 67 62 69 55 37 

(a) An 8x8 block of pixel values 
 
 
 

98 92 96 80 75 82 68 49 
97 91 94 79 74 81 66 49 
95 89 92 100 72 80 65 47 
93 87 90 76 70 100 63 45 
91 85 88 73 68 75 61 43 
89 83 86 72 66 73 59 41 
87 81 84 69 64 71 57 39 
85 79 82 67 62 69 55 37 

(c) The Corresponding IDCT coefficient values 
(Reconstructed pixels values) 

 

597 105 -24 30 -34 17 21 -5 
38 0 -3 -1 1 2 0 -4 
-7 3 4 -4 2 -1 -4 7 
-4 1 6 0 -2 -4 -1 8 
-1 -3 2 6 -6 -4 5 1 
5 -2 -3 4 -3 0 4 -5 
2 2 -4 -5 5 5 -4 -3 
-1 4 -2 -8 7 5 -7 0 

(b) The Correspondig DCT coefficient values 
 
 
 

0 0 -1 0 0 0 0 1 
0 0 0 0 0 0 1 0 
0 0 0 0 0 -1 0 0 
0 0 0 -1 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 -1 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 

(d) The errors between original and  
reconstructed pixels values 

 
Figure 10 – Results at pixel block level 

 
VI. CONCLUSIONS AND FUTURE WORKS 

The design of an FPGA implementation of bi-
dimensional DCT (DCT-2D) according to the OCP standard 
has been described. The results show that it is possible to 
implement all the DCT-2D functions in a single FPGA chip 
compatible with HDTV specifications. The use of FPGA 
devices opens new possibilities through reconfiguration, 
which is important to assure a rapid development and 
prototyping of DCT-2D chips. 

New FPGA families appearing in the market, allo wing 
the implementation of more complex cores with significantly 
improved performance, encourage further researches to opti-
mize DCT-2D project design adding new functionalities for 
HDTV applications in the same chip. 
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