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Abstract 
 

The Discrete Cosine Transform (DCT) is the most popular and 
effective one in practical applications because it gives an almost 
optimal performance and an important component of image and video 
compression can be implemented at acceptable cost. This project 
presents an efficient algorithm for implementing the Discrete Cosine 
Transform (DCT) with Distributed Arithmetic (DA). The design is free 
of multipliers, DA-Based ROM and ROM accumulators, thereby the 
High-throughput DCT designs have been adopted to fit the 
requirements of real-time applications. The Proposed architecture in 
brief addresses a DA-based DCT core with an Error Compensated 
Adder Tree (ECAT) which operates shifting an addition by unrolling 
all the words required to be computed. Furthermore, the ECAT circuit 
alleviates the truncation error for high accuracy design. The DA 
precision in this work is chosen to be 9 bits instead of the traditional 12 
bits. By using the proposed architecture the speed is improved, area 
occupied is reduced and having low error rate using the proposed 
ECAT. 
 
Keywords: Discrete Cosine Transform (DCT); Distributed Arithmetic 
(DA); Error Compensated Adder Tree (ECAT). 
 
 

1. Introduction 
The system should always provide correct and accurate results in earlier digital VLSI 
design. The analog computation produces “good enough” results rather than accurate 
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results. The data processed by many digital systems may already contain errors and 
during the signal processing, errors may occur. 

To deal with error tolerant problems, some truncated adders/multipliers have been 
reported, but are not able to perform well in its speed, power, area, or accuracy. Of 
course, not all digital systems can engage the error-tolerant concept. In digital systems 
such as control systems, the correctness of the output signal is extremely important and 
the high-throughput DCT designs have been adopted to fit the real time applications, 
this denies the use of the error compensated adder tree circuit. Hardware complexity 
will be reduced if truncation error minimized. 

 In general, the truncation part (TP) is usually truncated to reduce hardware costs in 
parallel shifting and addition operations, known as the direct truncation (Direct-T) 
method. Thus, a large truncation error occurs due to the neglecting of carry 
propagation from the TP to Main Part (MP).Distributed arithmetic is a bit level 
rearrangement of a multiply accumulate to hide the multiplications. It is a powerful 
technique for reducing the size of a parallel hardware multiply accumulates that is well 
suited to FPGA design. The Discrete cosine transform (DCT) is widely used in digital 
image processing, especially in image transform coding.  

Distributed arithmetic was introduced about two decades ago and has been 
exploited widely in VLSI implementations of DSP architectures. Many commercial 
DSP chips employ Distributed Arithmetic approach. Most of these applications are 
computation intensive with multiplier and/or adder being the predominant operator. 
The main advantage of distributed arithmetic approach is that it speeds up the 
multiplication process by pre-computing all the possible medium values and storing 
these values in a ROM. The input data can then be used to address the memory and get 
the result directly. 

 
 

1.1 Existing System 
1. The multiplier based discrete cosine transform were presented and 

implemented. It led into more complexity in hardware structure on application 
specific integrated circuit (ASIC) products in terms of fabrication and also 
increases in terms of truncation error. 

2. The ROM based distributed arithmetic (DA) were applied in DCT core. Still 
large truncation error occurred. 

3. Poor performance in terms of speed of multiplication process due to applied 
multiplier based DCT core on FPGA implementation. 

 
1.2 Disadvantages of Existing: 

1. Poor performance in terms of high accuracy design for real time applications in 
DCT core on FPGA implementation. 

2. Does not achieve in terms of implementation on CMOS technology DCT core. 
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2. Methodologies 
2.1 Mathematical Derivation of Distributed Arithmetic 
The inner product is an important tool in digital signal processing applications. It can 
be written as follows: 

(1) 
 
Where Ai, Xi and L are ith fixed coefficient, ith input data, and number of inputs, 

respectively. Assume that coefficient 4i is Q-bit two’s complement binary fraction 
number. Equation (1) can be expressed as follows: 

 

 

(2) 

 

 
 

 
 

 
Note that y0 may be 0 or a negative number due to two’s complement 

representation. In (2), y0 can be calculated by adding all Xi values when Ai,j=1 and 
then the transform output Y can be obtained by shifting and adding all nonzero yi 
values. Thus the inner product computation in (1) can be implemented by using 
shifting and adders instead of multipliers. Therefore, low hardware cost can be 
achieved by using DA-based architecture. From Eq(2), the shifting and addition 
computation can be written as follows: 

 

 
(3) 

 
In general, the shifting and addition computation uses a shift-and-add operator in 

VLSI implementation in order to reduce hardware cost. However, when the number of 
the shifting and addition words increases, the computation time will also increase. 
Therefore, the shift-adder-tree (SAT) operates shifting and addition in parallel by 
unrolling all the words needed to be computed for high-speed applications. However, a 
large truncation error occurs in SAT, and an ECAT architecture is proposed in this 
brief to compensate for the truncation error in high-speed applications. 
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Figure 1: Q P-bit words shifting and addition operations in parallel. This image 

appears courtesy of [IEEE Transaction On (VLSI) Systems, VOL. 19, NO. 4, APRIL 
2011]. 

 
In Fig. 1, the Q P-bit words operate the shifting and addition in parallel by 

unrolling all computations. Furthermore, the operation in Fig. 1 can be divided into 
two parts: the main part (MP) that includes most significant bits (MSBs) and the 
truncation part (TP) that has least significant bits (LSBs). Then, the shifting and 
addition output can be expressed as follows: 

  
The output Y will obtain the P-bit MSBs using a rounding operation called post 

truncation (Post-T), which is used for high-accuracy applications. However, hardware 
cost increases in the VLSI design. In general, the TP is usually truncated to reduce 
hardware costs in parallel shifting and addition operations, known as the direct 
truncation (Direct-T) method. Thus, a large truncation error occurs due to the 
neglecting of carry propagation from the TP to MP. In order to alleviate the truncation 
error effect, several error compensation bias methods have been presented. All 
previous works were only applied in the design of a fixed-width multiplier. Because 
the products in a multiplier have a relationship between the input multiplier and 
multiplicand, the compensation methods usually use the correlation of inputs to 
calculate a fixed or an adaptive methods, compensation bias using simulation or 
statistical analysis. Note that the addition elements yqp in the TP in Fig. 1 (where 
1<=Q<= (Q-1) and P-q-1<=p<=(P-1)) are independent from each other. Therefore, the 
previous compensation method cannot be applied in this work, and the proposed 
ECAT is explained as follows. 

 
2.2 Proposed Error-Compensated Scheme:  
From Fig. 1, Eq(4) can be approximated as 

 
Where sigma (σ ) is the compensated bias from the TP to the MP as listed in (6)–

(8) 
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2.3 Performance Simulation for an Error-Compensated Circuit :  
In this subsection, comparisons of the absolute average error ξ , the maximum error 
ξmax, and the mean square error ξmse for the proposed error-compensated circuit with 
Direct-T and Post-T are listed. The ξ,, ξmax and ξmse are defined as follows: 
 

 
 

2.4 Proposed ECAT Architecture:  
The proposed ECAT architecture is illustrated in Fig.2 for (P,Q)=(12,6) (case 3), 
where block FA indicates a full-adder cell with three inputs (a, b, and c) and two 
outputs, a sum (s) and a carry-out (co). Also, block HA indicates half-adder cell with 
two inputs (a and b) and two outputs, a sum (s) and a carry-out (co). The area and 
delay are synthesized using a Synopsys Design Compiler with the Artisan TSMC 0.18- 
μm Standard cell library. 
 
 

 
 

Figure 2: Proposed ECAT architecture of shifting and addition operators for the 
(P,Q)=(12,6) example. This image appears courtesy of [IEEE Transaction On (VLSI) 

Systems, VOL. 19, NO. 4, APRIL 2011]. 
 

The proposed ECAT has the highest accuracy with a moderate area-delay product. 
The shift-and-add method has the smallest area, but the overall computation time is 
equal to 10.8ns that is the longest. Similarly, the SAT , which truncates the TP and 
computes in parallel, takes 3.72 ns to complete the computation and uses 406 gates, 
which is the best area-delay product performance. However, for system accuracy, the 
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SAT is the worst option shown in Table I. Therefore, the ECAT is suitable for high-
speed and low-error applications.  

 
Table 1: Comparisons of the proposed ECAT with other architectures for a six 8-bit 

words example. This table appears courtesy of [IEEE Transaction On (VLSI) Systems, 
VOL. 19, NO. 4, APRIL 2011]. 

 

 
 

2.5 Proposed 8x8 2D DCT Core Design 
The 1-D DCT employs the DA-based architecture and the proposed ECAT to achieve 
a high-speed, small area, and low-error design. The 1-D 8-point DCT can be expressed 
as follows: 

 
Where Xm denotes the input data Zn denotes the transform output 0≤n≤7; kn=1/√2 

for n=0 and kn=1 for other n values. 
 

 
Figure 3: Architecture of the proposed 1-D 8-point DCT. This image appears courtesy 

of [IEEE Transaction On (VLSI) Systems, VOL. 19, NO. 4, APRIL 2011]. 
 

The eight separated ECATs work simultaneously, enabling high-speed applications 
to be achieved. After the data output from the DA-Butterfly-Matrix is completed, the 
transform output Z will be completed during one clock cycle by the proposed ECATs. 
Furthermore, the proposed 2-D DCT core synthesized by using Xilinx ISE 12.2, and 
the Xilinx XC2VP30 FPGA can achieve 792 mega pixels per second (M-pels/sec) 
throughput rate (up to about 7 folds of previous work ). 

The proposed DCT core uses low-error ECAT to achieve a high-speed design, and 
the DA-precision can be chosen as 9 bits to meet the PSNR requirements for reducing 
hardware costs. The proposed DCT core has the highest hardware efficiency. 
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3. Simulation Results: 
 

 
 

Figure 4: Simulation results of Distributed Arithmetic DCT. 
 
 

4. Conclusion 
This paper presents an FPGA implementation of efficient architecture for computing 
the 2-D DCT with distributed arithmetic. The proposed architecture requires less 
hardware than conventional architectures which use the original DCT algorithm or the 
even-odd frequency decomposition method. The modules of the transpose memory and 
parallel Distributed Arithmetic 2-D DCT architecture were designed and synthesized. 
The paper contributed with specific simplifications in the multiplier stage, by using 
shift and adds method, which lead to hardware simplification and speed up over 
architecture. 
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