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I. ABSTRACT

An implementation of a high speed, low power VLSI chip to compute the 2-D Discrete Cosine Transform (DCT) function of an 8 x 8 element matrix is presented.  The minimal number of adder and multiplier can save the power consumption in the chip during the computing operation.  The basic architecture consists of a 1-D row DCT followed by a transpose operation and another 1-D column DCT.  With the layout editor MAGIC, customization for adder and multiplier is necessary in the design process.  Using VHDL to generate, test and synthesis the logic function needs to perform before the logic cell assembles for ensure the logic is correct.  

II. INTRODUCTION

Multimedia communication typically involves the transfer of large amount of data.  Therefore, compression of video, audio, and image data is essential for a cost-efficient use of existing communication channels and storage media.  The DCT helps separate the image into parts of differing importance with respect to the image's visual quality.  

The DCT chip presented here will form a part of one such image compression system.  The system is based on a 2-D block cosine transform coding scheme, where the image is of size 256x256 and each block is of size 8x8.  There are two main computational task involved.  The first consists of computing the 2-D DCT on blocks of size 8x8, while the second task consists of quantizing the transform coefficients using scalar quantizers. We present an implementation of a chip that computes the DCT of an 8x8 element block.

The mathematical representations of the 2-D Forward DCT and the 2-D IDCT are represented in the following:

Forward DCT:
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Inverse DCT:
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where:
C(u) = 
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for u,v = 0


C(u) = 
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for u,v = 1 through N-1;


N = 4, 8, or 16

In the design, N = 8.  F(u,v) is called the (u,v)th transform coefficient.  The above formula shows that the 2-D DCT can be computed by applying the 1-D DCT to each of the columns of the matrix separately and then applying the 1-D DCT to each of the rows separately.  This is the separability property of the 2-D DCT.  All the 2-D DCT processors developed so far have made use of this property of the 2-D DCT.

In this report, we present the design of the 2-D DCT function under VLSI architecture for image processing.  The design layout will be at cells block level, which it does not show in great detail for the entire chip design.

III. BACKGROUND

The DCT application can have many purposes.  Such as filtering, teleconferencing, high-definition television (HDTV), speech coding, image coding, data compression, and more.  All of these use DCT algorithm for compression and/or filtering purposes.  The DCT has the energy packing capabilities and also approaches the statistically optimal transform in decorrelating a signal.  It was implemented with discrete components at the board level.  This was followed by its implementation using general purposes (DSP) chips.  Also, image compression boards and multiprocessor workstations based on DCT have been developed by industry.  For our project, it is using the algorithm for image compression purpose.  With high speed and low power design, it is best for handheld device use.  Such device consumes power from its battery.  It is an impact to have low power consumption for the device, because battery carry limited power.  Therefore, the design must have low power consumption components to compose the chip.  Otherwise, the device will be force to offline due to insufficient power supply.  Furthermore, high-speed algorithm is necessary for urge of current software and operating system.  The performance of the chip is optimized and specified for image compression purposes. 

IV. DCT Algorithm

a)  2-D DCT ARCHITECTURE

As shown on below, the forward 2-D 8x8 DCT is defined use the mathematical equation. 
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where:
C(u) = 
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for u,v = 0


C(u) = 
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for u,v = 1 through N-1; N = 4, 8, or 16

 
There exist alternative DCT definitions in which the output of forward DCTs is multiplied by certain coefficients. The DCT implementation uses different computations for 1-D transforms for rows and columns. The forward 2-D DCT processes rows first, then columns; the inverse 2-D DCT applies the 1-D transform to rows first. They are shifted to the left in order to reduce the subsequent computational errors. To increase the performance, we use a scaling algorithm in which intermediate results are multiplied by scaling coefficients during the 1-D row transforms. Effectively, this does not require additional arithmetic operations.


The two dimensional (2-D) Discrete Cosine Transform (DCT) forms the cornerstone of many image processing standards such as JPEG and MPEG. A direct implementation of the (8x8) point 2-D DCT requires an immense amount of computation, typically 2048 multiplications for 2-D DCT. As multipliers cost more in terms of hardware than adders, the goal of research in this area has been reduce the number of multiplications whilst still achieving a highly regular VLSI architecture. Many proposed solutions are based on “row column decomposition” implementations which allows the 2-D DCT to be implemented by two one dimensional (1-D) DCTs separated by a transposition memory. 
b)      1-D DCT ARCHITECTURE

The derivation of the l-D DCT architecture can be more easily explained by examining

the l-D DCT in matrix form, given as below:
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Where C(k) = cos (2∏K/32). As multipliers are m times more complex than adders, the aim is to reduce the number of multiplications at the expense of additions. The sparse matrix approach achieves this by manipulating the terms in the input matrix as shown in equation.
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The following equations are derived from the matrix above.
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The circuit consists of 38 multipliers and 8 adders and 8 subtracters connected in a regular matrix of cells. Bit serial logical adders and subtracter cells have been used and the array multipliers have been implemented. The bit serial multiplier will be pipelined every two cells. The serial logical adder and subtracter equation is implemented by use K-map. The following table showing the equations and results.


Sum = A ( B ( Cin



Difference = A ( B ( bin

Carry = AB + ACin +BCin 


Borrow = A’B + A’bin + Bbin 

Multiplications are expensive and slow operations. Multipliers are in affect complex adder arrays. Consider the two unsigned binary numbers X and Y that are M and N bits wide respectively. X and Y in a binary representation are as below.
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With Xi, Yj € {0,1}. The multiplication operation is then defined as follow:
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The multiplicand is consecutively multiplied with every bit of the multiplier, resulting in a number of partial products. These intermediate results are adder after the proper shifting has been applied. Use the algorithms of two binary number multiplications to implement the array multiplier. The array multiplier consists numerous of AND and full adder. This type of multiplier requires M-bit (Multiplicand) x N-bit (Multiplier) number of AND gates and full adders.   


The transpose component is an array of 8x8, 12-bit shift registers. It receives the output from the 1-D DCT (row), and transposes the row to the column of the second 1-D DCT input. The shift register used to store the bits into registers. Then, connect the metal plate to other shifter’s input, and shift the each 12 bits arrange as column format.

V. DCT Flowchart

1D-DCT
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2 D DCT Flowchart
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VI. Power Consumption High Speed Processing

To reduce the power consumption and achieve high speed processing, the multiplier has to modify into more efficient one. Since the multiplier, which used in DCT is always a variable multiply to a constant. Therefore, the zeros in a constant can be ignored. This process will not only lower power consumptions, also minimizes the stages of the multiplier. Also, since the output of the multiplier will have 20 bit outputs, but there are eight bit behind the decimal points.  We will take only three bits and the rest will be ignored. Therefore, the multiplier will be further reduced. The diagram shown below is a of the example: Grey is ignored part

VII. Multiplier Logic
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The original equations will be further deduced, by using common factor. Those equations will share resource as much as possible. By doing this, we will use less component and reduce the power consumption. These equations shown below is after reduction:

Y(0) = c4[j + k+l+m]
Y(2) = c2[j-k] + c6[m-l]

Y(4) = -c4[j+k+l+m]

Y(6) = c6[j-k] –c2[m-l]

Y(1) = e + f + h + [c+c3-c5-c7]a

Y(3) = e + g + I + [c1+c3+c5-c7]b

Y(5) = e + g + h + [c1+c3-c5+c7]c

Y(7) = e + f + I + [-c1+c3+c5-c7]d

a = x0–x7; b= x1-x6; c = x2–x5; d = x3-x4
j = x0+x7;  k = x1+x6; l = x2+x5; m= x3+x4

e = c3[a+b+c+d]

f=[c7-c3][a-d]

g=[-c1-c3][b+c]

h=[c5-c3][a+c]

I=[-c5-c3][b+d]
This process, of course, will lower the power consumption, but it will require more stages to complete the calculation. Therefore, it will slow down the circuit. The period is 23ns same as the delay of the multiplier, and adder only need 1ns. We can, then, perform 1 to2 adders operation in one stage, and multiply operation in one stage. Then the speed of the circuit will not be sacrifice.

VIII. DCT Software Simulation

Before starting hardware assembling, we use software application to simulate the algorithm.  The purpose of using software application for simulation, it is to verify the correctness of the logic function.  Skipping this step will result in frustration in finding errors during hardware assembling.  It is extremely difficult to locate the error during the VLSI design.  The following is the software application using Java language to manipulate the DCT algorithm.

public void transform() {


g = new int[8][8];


for ( int i = 0; i < 8; i++ ) {



for ( int j = 0; j < 8; j++ ) {




double ge = 0.0;




for ( int x = 0; x < 8; x++ ) {





for ( int y = 0; y < 8; y++ ) {

double cg1 = (2.0*(double)x+1.0)*(double)i*Math.PI/16.0;

double cg2 = (2.0*(double)y+1.0)*(double)j*Math.PI/16.0;





ge += ((double)f[x][y]) * Math.cos(cg1) * Math.cos(cg2);





}




}










double ci = ((i==0)?1.0/Math.sqrt(2.0):1.0);




double cj = ((j==0)?1.0/Math.sqrt(2.0):1.0);




ge *= ci * cj * 0.25;




g[i][j] = (int)Math.round(ge);



}


}

}

The main function of the program, at first to create a 2-D arrays for substitute the 2-D matrix in the algorithm.  The four for loops is for implement the 2 summations in the algorithm.  The method shown above performs a DCT algorithm on the 2-D array.  Use the output of the array, and then perform transposition.  The array after transposition will be use for DCT algorithm for row transformation.  The output after this operation is the final result after the data compression.  However, the transposition method is not complete due insufficient knowledge of how transposition works in the DCT algorithm.  In the coming semester, fully understand the purpose of transposition is the first priority.  After all the key components figure out, the entire VLSI architecture design will be design in details.

This is the sample input and output matrices for the DCT java application.

Input matrix = 
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The following is the matrix after the DCT algorithm.

Output matrix after DCT = 
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The following matrix is the output after IDCT algorithm.

Output matrix after IDCT using DCT matrix = 
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By compare the input matrix and the IDCT matrix, it is confident that the algorithm and software is correct.  Because the IDCT matrix is suppose to be the same as the input matrix.  IDCT is to use DCT matrix to go back to the original matrix.  This way is to double-check the simulation process.  However, this software simulation does not include transposition part.  According to the output result acquired from Sachidanandan[52].  The simulation includes DCT and transposition.  The following is the output result in the paper, which it is the result we are expecting to have.

Output matrix after DCT and transposition =
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The coming semester will insert the transposition into the Java code and hopefully the output will be the same as the matrix above.

IX. Transpose

The purpose of the transpose component is to make matrix transposition.  It is between two 1-D DCTs component in the entire architecture.  Refer to the DCT architecture figure, the transpose takes output from the first DCT operation. The output of the transpose goes into the next DCT component.  

The easiest way to explain how it works is to change row elements to column element.  The following is the example of how a matrix transpose.
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Before explain how to implement this component.  We must understand what are the input and output.  The input from the DCT has 14 bits for each of the number.  These 14 bits represent signed and real number.  However, how these bits represent decimal and sign do not have to care.  Because the value of these input numbers will not change after this operation.  

There are 64 numbers for the 8 x 8 matrix.  They will enter into the transpose 8 numbers per clock cycle.  After 8 clock cycles, entire set of input will be save inside the component using registers.  Numbers enter into this is vertically enter instead of horizontally.  Because the first step to do transpose is to have row element change to column element.  In order to do this, wiring inside the VLSI circuit layout can do it.  The following demonstrates how each clock cycle affects the position of numbers.
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         Figure 1: First clock cycle.                            Figure 2: Second clock cycle.

Notice that each clock cycle enters new set of inputs and data inside the register shift to the left.  Therefore, all 64 numbers enter into registers after eight clock cycles.  Each box above represents 14 registers and each register stores 1 bit of data. Also, each of these boxes are connect to each other.  Between boxes, there is small combinational logic to control data shift to left and downward.  This logic is a switch to control the dataflow.  When the control is low, data flows to left.  Otherwise, data flows downward.  The figure below is the logic diagram for the switch.
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After 64 numbers store in the transpose, which is the 8th clock cycle, the control signal turns on.  The first set of output unlatches when the control signal is asserted.  In order to get all output, it requires 7 more clock cycles to unlatch rest of the data inside the registers.  The total time it takes to make the matrix transposition is 292ns.  Each clock cycle time set to 20ns.


In the timing comparison between DCT and transpose component, this component takes the most time in the entire design.  To increase the speed of the entire design, there should have 2 different speed clock time.  For this design, the transpose shares the same clock signal as the DCT.  DCT takes at least 20ns for each clock cycle.  During the simulation, the time takes data flow to another register with passing switch is about 2ns.  Therefore, with higher frequency clock cycle for the transpose will reduce the time to process entire matrix.  However, the input from DCT cannot catch up with such speed.  That is why we use the same clock signal for DCT and transpose component.  The size of this is 3412( * 9442( with 0.6 micro technology.  Its size cannot reduce much, because wires and registers are very packed.  The arrangement of cells and wire designed before the actual wiring the layout.
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   Figure 3: Transpose before expand cell.             Figure 4: Transpose after expand cell.

X. Hardware Building Block

Mirror adder with 24 transistors
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Transpose Architecture
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1D DCT Architecture (First Version)
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1D DCT Architecture (Final Version)
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XI. Hardware Printouts and simulations
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1bit Full adder (from Library):
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Multiplier:

1 bit Transpose:
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8x8 Transpose:
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Register (14-bit):
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1 D DCT Part One:
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1 D DCT Part two:
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Multiplier Simulation:

Transpose Simulation:
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1 D DCT Part One Simulation:

1D DCT Part two Simulation:
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XII. Problems


To implement the 2D 8X8 discrete cosine transform into transistor level circuit is challenging. Besides the complicated equations and algorithm that derivate from the N by N matrix form, some sophisticated and logical problems are discovered while we are implementing the circuit. There are three major problems cause error in our design circuit. First, each addition or subtraction level may introduce an extra bit on next level. Second, carry in, carry out, and signed bits must be considered carefully. Third, significant error due to the negative number as an input of a multiplier.


1) A problem of an extra bit will cause overflow to the next level of carry ripple adder. It may cause the an error occurred on output. For example, if two 64 8-bit binary number added together, the correct number should be equal to 128. However, without the additional bit on next level the result change to –127.

	Correct
	Incorrect

	                                  01000000 = 64
	                              01000000 = 64

	                                  01000000 = 64
	                              01000000 = 64

	                                010000000 = 128
	                              10000000 = -127



2) The carry in, carry out, and sign bit will cause the significant error on accuracy of the result coming out from the carry ripple full adders. Carries may cause small error on a large integer input and large error on a small integer input. However, the sign bit will cause a 50% error on the result from carry ripple full adders. Theoretically, the accuracy of binary number is N - 1. however, the a signed binary number would have accuracy of N - 1 – 1 = N – 2 which due to an extra sign bit. This problem can be solved if we repeat the sign bit on the output.


3) the negative input to the multiplier is a biggest problem that we are still facing now. For this problem, to detect or to identify the sign bit of the input signal is importance. Our idea is to construct a combinational circuit to detect the signal, reverse it and reverse the output of the multiplier.

XIII. Comparison

	
	Conventional Design
	First version
	Final version
	

	Numbers of adder
	56
	28
	32
	

	Numbers of Multiplier
	32
	16
	14
	

	
	
	
	
	

	
	
	Speed of Multiplier 
	
	

	Array (16x16)
	Split Array(16x16)
	Wallace (16x16)
	Modified Booth (16x16)
	Our Design (12x8)

	92.6ns
	62.9ns
	54.5ns
	45.4ns
	~23ns

	
	
	Power(mW)
	
	

	43.5
	38
	32
	41.3
	22.5


XIV. Conclusion and Result
We finished all the components of the in 1D DCT. The multipliers are, at less, twice faster than the conventional design, and consume half of the power. This can be done by ignore the zeros’ in the multiply constant and the insignificant parts of the answer. The circuit is further reduced. Therefore, it consumes less power. The reduction will more stages, because the scares of resources. This can be countered by doing multi-stage in one period. The multiplier operation will take one period and one or two adders operations will perform in one period. Then, there will be less power consumption without comprising the speed. The 1 D DCT and Transpose is finished and the simulation is shown above. The area of the 1D DCT chip is .8mm x .6mm. The total delay 258.16ns. The Transpose is 292ns. The area is .2mmx.5mmThe results is the same as the calculation. We don’t have time to construct the 2 D DCT. But, it is simple. It just need to connect two 1D DCT to the transpose.

XV.  ACKNOWLEDGEMENT

Kenneth Short gives reference on VHDL and recommends a VHDL textbook for our team to read.

John Murray gave information about the reasons for and how to use transposition in the DCT algorithm.  

XVI.  REFERENCES

1.
K.R. Rao and P. Yip, “Discrete Cosine Transform”, Algorithms, Advantages, and Applications, Academic Press Inc, 1990.

2.
Jan M. Rabaey, “Digital Integrated Circuits”, A Design perspective, Prentice Hall, Upper Saddle River, New Jersey 07458, pp. 234-246 and 384-421, 1996.

3.
M. Morris Mano and Charles R. Kime, “Logic and Computer Design Fundamentals”, Second Edition Updated, Prentice Hall, pp. 125-144, 2001.

4.
Chi-Tsong Chen, “Digital Signal Processing”, spectral Computation and Filter Design, Oxford University Press, pp. 191-213, 2001.

5.
R. F. Woods, D. Trainor and J.P. Heron, “Implementing the 2D DCT using full custom, semi-custom and programmable design style”, Proc. Of first Advanced Video Compression Engineering Conf., Cambridge, England, July 8-11,pp. 59-67, 1996.

6.
S.Y. Kung, “VLSI Array Processor”, Prentice- Hall, Englewood Cliffs, New Jersey, 1988.

7.
Peter J. Ashenden, “The Designer’s Guide to VHDL”, System on Silicon, Morgen Kaufmann Publishers, 2002.

8.
P. H. Ang, P. A. Ruetz and D. Auld, “Video Compression makes big gains”, IEEE Spectrum, October 1991, pp16-19.

9.
N. Zhuang and H. Wu, “A new Design of the CMOS Full Adder”, IEEE j.solid-state circuits, Vol.27, pp. 840-844, may 1992.

10. N.H.E. Weste and K. Eshrahgian, “Principles of CMOS VLSI Design”, Reading, MA: Addison-Wesley, 1985.

11. S. Sachidanandan “Design, Implementation and Testing of an 8 x 8 DCT Chip”, First Edition, System Research Center of University of Maryland, 1985

A





B





B





A





A





A





B





B





Ci





A





VDD





VDD





B





Ci





A





B





Ci





/Co





A





B





Ci





Ci





A





B





/S





VDD











� EMBED Excel.Sheet.8  ���






































� EMBED PBrush  ���























� EMBED PBrush  ���









- 2 -


[image: image58.jpg]o (2 Goov bvp [o /o =(} go° & vdo pe

i
==

PO ES=ECo

time (ns)
000 5000 10000 15000 20000 250,00 30000

00 0.0 >, 0 | 5 D ) 1100

<615 = 4] 2.6




[image: image59.jpg]clk
ntrol

h| Occc 0924 34d9 355a 01bd 177t 2b07 0774 0000

g| 3333 36db 0924 1777 Obaa 1afd 0038 3c62 0000

f| 03c3 1555 071c 36b8 0606 Obda 2aa8 1580 0000

e| 3c3c 2aaa 38e3 2492 Offf 0755 0e61 153t 0000

d| 2ba7 1b7b 3f38 3ff0 0df3 Oabd 1500 2a86 0000

c| 1691 3578 003f 000e 3c20 06ef 15a0 Obbe 0000

b| 02f8 Oadé 0e01 0b87 0de0 0773 1abb Oaa5 0000

a| 3béc 3f8c 3bfc 3d7a 2c08 1fed 35c0 3b76 0000
ao 0000 3b6e| 0218 1691 2ba7 3c3c 03c3 3333 Occc ;(;);
bo 0000 3f8c| Oad6 3578 1b7b 2aaa 1555 36db 0924 /0000
co 0000 3bfc| 0e01 Q03f 3138 38e3 071c 0924 34d9 ’00;
do 0000 3d7aj 0b87 000e 3ffo 2492 36b8 1777 355a {0000
eo 0000 2c06| 0Ode0 3c20 0df3 Offt 0606 Obaa 01bd ;;J;
fo 0000 1féd| 0773 06ef Oabd 0755 Obda 1afd 177f 0000
go 0000 35c0f 1abb 15a0 1500 Oe61 I 2aa8 0038 2b07 @
ho 0000 3b76| Oaa5 Obbe 2a86 153f 1580 3c62 0774 0000

ns)
0.00

5000

100.00

150.00

200.00

25000

300.00

340.00




[image: image60.jpg]0
1
x0 10
‘, x1 40
x2 66
x3 60
x4 a0
x5 c0
x6 80 - 3
x7 ¥ £ el S

outa V XXXXX z UJ]IHHH]IH 0013c
outb XXXXX HWHHHE 00285
outc XXXXX HMM 0008c

[ outd XXXXX muﬂ[[ﬂ] 07ceb

time (ns)
| oo 25.00 50.00 75.00 100.00 125.00

175.00 20000 220,




_1100622722.unknown

_1101282882.unknown

_1101284680.unknown

_1114160320.xls
Sheet1

		

																								x																1

																						x		x																1

																																								0

																		x		x		x		x																1

																																								0

																																								0

												x		x		x		x		x		x		x																1

										x		x		x		x		x		x		x		x																1

								x		x		x		x		x		x		x		x																		1

																																								0

																																								0

																																								0

		x		x		x		x		x		x		x		x		x		x		x		x

												Output





Sheet2

		





Sheet3

		






_1114288823

_1114695765.unknown

_1114286525

_1101284700.unknown

_1101284620.unknown

_1101284656.unknown

_1101282883.unknown

_1101241948.unknown

_1101243560.unknown

_1101282881.unknown

_1101244711.unknown

_1101242932.unknown

_1100622793.unknown

_1101157512.unknown

_1101240452.unknown

_1101156854.unknown

_1100622754.unknown

_1100220497.unknown

_1100220592.unknown

_1100622413.unknown

_1100622505.unknown

_1100220547.unknown

_1100220321.unknown

_1100220477.unknown

_1100220281.unknown

