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The Two-Dimensional Discrete Cosine Transform / Inverse Discrete Cosine Transform (2-D 
DCT/IDCT) is a key algorithm in image and video coding applications. Therefore, the 
optimization of its hardware implementation requires low complexity design. For this purpose, a 
possible solution is to avoid multiplications and to replace them by additions and shifts, while 
meeting the requirement of real time applications. In this paper, an optimized design for a 
multiplierless hardware implementation of fast 2-D DCT/IDCT based on modified Loeffler 
algorithm is achieved, in which a new approach is used to reduce the amount of additions and 
shift operators. This approach is based on the combination of three representations of constant 
coefficient multiplications: natural binary, canonic signed digit (CSD) and a new signed digit 
representation. The optimized 1-D DCT/IDCT design is developed, by selecting for each 
constant coefficient multiplication the suitable representation method that allows simultaneously 
a maximum frequency operation and a minimum number of additions and shift operators. The 
hardware implementation of 2-D DCT/IDCT is performed with the optimized 1-D DCT/IDCT 
design and a robust transpose buffer. All these pipelined hardware implementations are 
described in VHDL hardware language, synthesized and implemented on low cost FPGA. This 
proposed 2-D DCT/IDCT design reduces the computational complexity compared to other 
previous designs. The implementation results of the proposed 2-D DCT/IDCT show an increase 
of the maximum frequency by 14% and a decrease of resources usage by 18.5% in comparison 
with previous design based on modified Loeffler algorithm.  

Keywords: DCT/IDCT; signed digit; multiplierless; hardware implementation; optimized design.  

 
1. Introduction 
 

The DCT and IDCT are used as main components of many international standards such 
as Joint Photographic Experts Group (JPEG) [1], Moving Picture Experts Group 
(MPEG1/2/4) [2], H.261 [3] and H.263 [4]. All these standards use DCT to achieve data 
compression by converting the spatial domain data into frequency domain data. The IDCT 
is used to decode the data in frequency domain and then to reconstruct the image. Indeed, 
the DCT/IDCT is a very powerful tool for image and video compression [5, 6], its hardware 
implementation is necessary to keep the high performances of real time applications [7]. 
The DCT/IDCT algorithm is a complex one with many floating point multiplications while 
new mobile devices require both strong computing capability and power consumption 
efficiency. Thus, it is preferable that hardware implementation of DCT/IDCT to be 
performed with additions and shifts instead of multiplications, in order to reduce the power 
consumption and the resources usage [8, 9]. Furthermore, the multiplierless hardware 
implementation method does not need any hardware implementation of a memory. 
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Several optimized algorithms of 1-D DCT/IDCT [10, 11, 12, 13] have been proposed, in 
which 1-D DCT based on Loeffler algorithm [13] presents a minimum number of 
multiplications, which requires only 11. 

Recent optimizations to reduce the required hardware of DCT/IDCT algorithm [8, 14, 
15] have been applied to arithmetic operators, in which the multiplierless implementation is 
based on natural binary representation of multiplier coefficients. In other works [9, 16], the 
power consumption is reduced by using a multiplierless implementation based on CSD 
method [17, 18]. 

In this paper, a new algorithm is presented for signed digit representation, which 
represents the signed constant expressions as a minimum number of signed digits. Then, an 
optimized DCT/IDCT hardware design based on multiplierless method is proposed, in 
which three different representations of constant coefficient multiplications are used: 
natural binary, CSD [17, 18] and a new signed digit representation. The goal of this 
optimization is to improve the hardware implementation in term of the frequency operation 
and the resources usage. The new approach consists in optimizing the multiplierless 
hardware implementation of each constant coefficient multiplication. This is done by 
choosing the appropriate representation which allows the highest frequency and the 
minimum number of additions and shifts. 

In this work, the constant coefficients use 12 bits precision as recommended by IEEE 
1180-1990 standard [19] and also as used in other published works [20, 21]. For 2-D 
DCT/IDCT, the transpose buffer is implemented as proposed in [22], characterized by an 
efficient area while keeping the high-throughput in full pipeline. These hardware 
implementations are performed on an Altera low cost Cyclone II (EP2C35F672C6) FPGA, 
in order to compare their performances with other published works. 
 
2. DCT/IDCT architecture 
 

The 2-D DCT and 2-D IDCT are defined respectively in equations (1) and (2): 
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where F(k,l): coefficient value in transform domain, 
   f(x,y): coefficient value in spatial domain, 
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The computational complexity of 2-D DCT/IDCT can be reduced by using the row-
column approach [23, 24], in which two 1-D DCT/IDCT steps are used to obtain the 2-D 
DCT/IDCT coefficients. The 8-point 1-D DCT and 1-D IDCT are expressed respectively in 
(4) and (5): 
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The flow graph algorithm (FGA) is an efficient technique to perform the hardware 
implementation of fast DCT/IDCT with a minimum number of arithmetic operations [25, 
11, 13]. In this paper, the modified FGAs of Loeffler algorithm proposed in [8, 26] have 
been used to implement 1-D DCT/IDCT. These modified FGAs of 1-D DCT and 1-D IDCT 
are given respectively in Fig. 1 and Fig. 2, in which the maximum frequency is increased by 
53% and 40% in comparison with the original Loeffler algorithm. These gains are obtained 
thanks to the optimization of critical paths in pipelined operation. The theoretical values of 
different unsigned constants used in Fig. 1 and Fig. 2 are defined in the Table 1. 
 

 
Fig. 1: FGA of 8-point DCT based on modified Loeffler algorithm 

 
 



J. Electrical Systems 10-1 (2014): 78-92 
 

 81

 
Fig. 2: FGA of 8-point IDCT based on modified Loeffler algorithm 
Table 1: Theoretical values of 8-point DCT and IDCT constants 

1-D DCT   1-D IDCT  
Constants Theoretical Values  Constants Theoretical Values 

A2 2 ( sin(3π/8) + cos(3π/8) )  C2 2 ( sin(3π/8) - cos(3π/8) ) 
A3 2 ( sin(3π/8) - cos(3π/8) )  C3 2 ( sin(3π/8) + cos(3π/8) ) 

A23 2  cos(3π/8)  C23 2  cos(3π/8) 
A4 sin(3π/16) + cos(3π/16)  C4 cos(3π/16) - sin(3π/16) 
A7 cos(3π/16) - sin(3π/16)  C7 sin(3π/16) + cos(3π/16) 
A47 cos(3π/16)  C47 cos(3π/16) 
A5 sin(π/16) + cos(π/16)  C5 cos(π/16) - sin(π/16) 
A6 cos(π/16) - sin(π/16)  C6 sin(π/16) + cos(π/16) 
A56 cos(π/16)  C56 cos(π/16) 

 
3. Constant expression representations 
 
3.1. CSD representation 
 

The signed digit number representation was proposed in [17] to limit the carry 
propagation to one position to the left during the operations of additions and subtractions. 
Therefore, the carry propagation chains are eliminated. The CSD representation [18] is a 
signed digit data representation containing the fewest number of nonzero bits, which can 
reduce the number of additions in multiplications [27]. It can also reduce the power 
consumption and the area [28]. 

The CSD representation of a constant coefficient, c, is expressed as follows: 

{ }1,0,12
1

0
−=⋅= ∑

−

=
i

N

i

i
i ccc                    (7) 

The properties of CSD number representation are: 
1) two consecutive bits in a CSD representation cannot be nonzero; 
2) it contains the minimum possible number of nonzero bits. 

In CSD representation, the symbols 1 and -1 are respectively represented by ‘+’ and ‘-’. 
Let’s take 119 as an example to illustrate the difference between natural binary and CSD 
representations, 119 contains 6 partial products since its natural binary representation is 
1110111. Whereas, in CSD representation, 119 is represented by +000-00- which is 27-23-
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20 and contains only 3 partial products. Generally, the statistical study [17] proves that the 
average of nonzero elements in N-bit signed digit numbers tends asymptotically to N/3 + 
1/9. 
 
3.2. New algorithm for signed digit representation 
 

This subsection presents an algorithm for signed digit representation that allows the 
fewest number of nonzero bits. The objective is to look for the possibility to obtain 
occurrences of more signed common subexpression (SCS) [29], in order to decrease the 
number of additions and shifts in multiplierless implementation of constant coefficient 
multiplications. Further gain is obtained by representing the signed constant coefficient 
multiplication as signed digit with ‘0’, ‘+’ and ‘-’. Indeed, this avoids the use of hardware 
implementation of two's complement arithmetic in the case where the signed digits are not 
all equal to ‘-’. 

The signed data representation X using the new method is expressed as follows: 

{ }1,0,12
1

0
−=⋅= ∑

−

=
i

N

i

i
i xxX                    (8) 

where N is the smallest integer that verifies |X| < 2N-1 . 
The computation principle of the signed digits xi is given by the following top level 

algorithm: 
Begin 
Step 1: for each i, initialize xi by 0. 
Step 2: look for an integer i that verifies: 2i-1≤ |X|<2i, let A=2i-1 , B=2i and C=(A+B)/2. 
Step 3: in order to obtain a minimum possible number of nonzero bits, look for the nearest 
value of power of 2 among A and B. 
If A≤|X|≤C compute xi-1 while xi keeps 0, if x>0 xi-1 will be affected by 1, else if x<0 xi-1 

will be affected by -1. 
If C<|X|<B compute xi while xi-1 keeps 0, if x>0 xi will be affected by 1, else if x<0 xi will 
be affected by -1. 
Step 4: if xi-1 is computed, X will be affected by (X-xi-1·2i-1), else if xi is computed, X will 
be affected by (X-xi·2i). 
Step 5: if X≠0 go to Step 2. 
End. 

In order to represent a constant coefficient value, an array of characters ‘0’, ‘+’ and ‘-’ 
has been used; its size is N, which depends of the absolute value of the constant coefficient. 
The detailed algorithm of converting signed decimal is presented in Fig. 3. 

For example, 579322 12 ≈⋅  is represented by “++00-0--0000+” in the new 
representation method, whereas its representation in CSD method is “+0-0-0+0+0000+”. In 
general, the number of nonzero bits in CSD and the new representation method is the same, 
but two consecutive bits can be nonzero in the new representation method. 
 
4. Implementation of multiplierless 1-D DCT using three methods 
 

The FGA of 1-D DCT indicated in Fig. 1 uses the unsigned constant coefficient 
multiplications. Table 2 contains the different representation methods of these constant 
coefficients with 12 bits precision. The multiplications are avoided by using multiplierless 



J. Electrical Systems 10-1 (2014): 78-92 
 

 83

method based on common subexpressions. The multiplierless hardware implementation of 
1-D DCT is performed for each representation method: natural binary representation, CSD 
and the new signed digit representation. Natural binary representation is used with the 
classical common subexpression, whereas CSD and the new representation method are used 
with signed common subexpression [29]. This is done in order to look for the effects of 
each representation method, on the performances of 1-D DCT hardware implementation in 
term of computational complexity, resources usage and maximum frequency. 

Taking 2  as an example of constant coefficient multiplier, in the new signed digit 
representation, it is expressed as follows: 
 

1276410 222222
-0000-0-00.02

−−−−− +−−−+≈

+++≈                     (9) 

 
Fig. 3: The new algorithm of signed digit representation 
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Table 2: Three representation methods of unsigned constant coefficient multiplications 
Coefficient  Unsigned 12 bit precisions CSD representation  New signed digit representation 

2   1.0110101000012 +0.-0-0+0+0000+ 0+.+00-0--0000+ 

A2  1.1101100100002 +0.00-0-00+0000 +0.00-0-00+0000 

A3  0.1100001111112 0+.0-000+00000- 0+.0-000+00000- 

A23  0.1000101010012 00.+000+0+0+00+ 00.+000+0+0+00+ 

A4  1.0110001100012 +0.-0-00+0-000+ 0+.+0-00+0-000+ 

A7  0.0100011010102 00.0+00+0-0+0+0 00.0+00+00-0--0 

A47  0.1101010011102 0+.0-0+0+0+00-0 0+.00-0--0+00-0 

A5  1.0010110100002 0+.0+0-0-0+0000 0+.00++00--0000 

A6  0.1100100100102 0+.0-00+00+00+0 0+.0-00+00+00+0 

A56  0.1111101100012 0+.00000-0-000+ 0+.00000-0-000+ 

The signed common subexpression within the new representation method of 2 : is 
“++” or “--”, its number of occurrences is 2. Taking “++” as a signed common 
subexpression which is used in this multiplierless implementation of 2 . 
Indeed, let 
 

10 22 −+=f                             (10) 
Therefore 
 

1264 2222 −−− +⋅−−≈ ff                       (11) 
Equation (11) needs 5 additions and 5 shifts when there is no factorization in the 

multiplierless operation of 2 , whereas it needs just 4 additions and 4 shifts if the 
factorization operator is used. 
 
Let z = 2 · x                             (12) 
 
Let y1 = f · x , thus in hardware implementation: 
 
y1 = x + x>>1                           (13) 
 
Let y2 = (2-12 - 2-4) · x and y3 = (f - 2-6 · f) · x , thus in hardware implementation: 
 
y2 = x>>12 - x>>4 and y3 = y1 – (y1>>6)                  (14) 
 
Finally: 
 
z = y2 + y3                            (15) 

Therefore, the computation of z requires 3 additions delay. At the first addition delay y1 
and y2 are computed; followed at the second addition delay by the computation of y3; and at 
the last addition delay z is computed. 

In this work, the latency of the multiplierless computation has been reduced to a 
maximum of 3 additions delay for each constant multiplication. Consequently, this 
increases the maximal frequency in pipelined operation. Table 3 summarizes this 
optimization for the three representation methods. 
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It is worthwhile to note that the inputs of 1-D DCT are 12 bits wide while paths between 
pipelined stages are 16 bits wide, this is in order to satisfy the highest precision as 
recommended by IEEE 1180-1990 standard and used in other published work [21]. 

Table 4 presents the computational complexity, resources usage and maximum 
frequency of 1-D DCT implementations based on natural binary, CSD and the new signed 
digit representation. Results of 1-D DCT implementations when compared to natural binary 
method, show the saving of 2 additions and 2 shifts obtained with CSD method. Otherwise 
4 additions and 7 shifts are saved with the new signed digit representation. The CSD 
implementation results are better than the natural binary method relatively to the frequency 
of operation and resources usage. The new signed digit representation presents the lowest 
resources usage and the highest maximum frequency in comparison with the two other 
methods; this is thanks to the reduction of computational complexity. These results prove 
the improvements brought by the new signed digit representation. 

Table 3: Multiplierless implementation of 1-D DCT constant coefficient multiplications 
based on three representation methods 

Coefficient 

 
Implementation based on  
natural binary representation 

Implementation based  
on CSD representation 

Implementation based on new 
signed digit representation 

 
Implementation 

Latency 
(add) 

 
Implementation 

Latency 
(add) 

 
Implementation 

Latency 
(add) 

2   

y1=x>>12+x>>7; 
y2=x+x>>2; 
y3=y1+y2; 
z=y3+y2>>3; 

3  

y1=x>>5+x>>7; 
y2=y1-y1<<4; 
y3=x<<1+x>>12;
z=y2+y3; 

3  

y1=x+x>>1; 
y2= x>>12-x>>4; 
y3=y1-y1>>6; 
z=y2+y3; 

3 

A2  

y1=x>>5+x>>4; 
y2=x>>8+x; 
y3=y1+y2; 
z=y3+y1<<3; 

3  
y1=x>>8-x>>5; 
y2=x<<1-x>>3; 
z=y1+y2; 

2  
y1=x>>8-x>>5; 
y2=x<<1-x>>3; 
z=y1+y2; 

2 

A3  

y1=x>>12+x>>11; 
y2=y1+y1<<2; 
y3=y1<<4+y1<<10; 
z=y2+y3; 

3  
y1=x>>6-x>>12; 
y2=x-x>>2; 
z=y1+y2; 

2  
y1=x>>6-x>>12; 
y2=x-x>>2; 
z=y1+y2; 

2 

A23  

y1=x>>12+x>>9; 
y2= x>>7+x>>5; 
y3=y1+y2; 
z=y3+x>>1; 

3  

y1=x>>12+x>>9;
y2= x>>7+x>>5; 
y3=y1+y2; 
z=y3+x>>1; 

3  

y1=x>>12+x>>9; 
y2= x>>7+x>>5; 
y3=y1+y2; 
z=y3+x>>1; 

3 

A4  

y1=x>>8+x>>7; 
y2= x>>12+x; 
y3=y1+y1<<5; 
z=y2+y3; 

3  

y1=x>>6-x>>8; 
y2= x>>12-x>>3;
y3=y1<<7+y1; 
z=y2+y3; 

3  

y1=x>>6-x>>8; 
y2= x>>12+x; 
y3=y1+y1<<5; 
z=y2+y3; 

3 

A7  
y1=x>>11+x>>7; 
y2=y1+y1<<5; 
z=y2+x>>9; 

3  

y1=x>>11+x>>9;
y2=x>>5+x>>2; 
y3=y1+y2; 
z=y3-x>>7; 

3  
y1=x>>11+x>>8; 
y2=y1<<6-y1; 
z=y2-x>>10; 

3 
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A47  

y1=x>>10+x>>9; 
y2= x>>11+x>>6; 
y3=y1+y1<<8; 
y4=y2+x>>4; 
z=y3+y4; 

3  

y1=x>>8-x>>11; 
y2= x>>4+x>>6; 
y3=x-x>>2; 
y4=y1+y2; 
z=y3+y4; 

3  

y1=x-x>>3; 
y2= x>>5+x>>6; 
y3=y1+y1>>8; 
z=y3-y2; 

3 

A5  
y1=x>>8+x>>6; 
y2=y1+y1<<3; 
z=y2+x; 

3  
y1=x>>6-x>>8; 
y2=y1<<4-y1; 
z=y2+x; 

3  
y1=x>>8+x>>7; 
y2=y1<<4-y1; 
z=y2+x; 

3 

A6  
y1=x>>11+x>>8; 
y2=y1+y1<<6; 
z=y2+x>>1; 

3  

y1=x>>8+x>>11;
y2=x-x>>2; 
y3=y1+y2; 
z=y3+x>>5; 

3  

y1=x>>8+x>>11; 
y2=x-x>>2; 
y3=y1+y2; 
z=y3+x>>5; 

3 

A56  

y1=x>>8+x>>7; 
y2=x>>12+x>>1; 
y3=y1+y1<<3; 
y4=y2+y1<<5; 
z=y3+y4; 

3  
y1=x>>12-x>>8; 
y2=x-x>>6; 
z=y1+y2; 

2  
y1=x>>12-x>>8; 
y2=x-x>>6; 
z=y1+y2; 

2 

 
Table 4: Comparison of 1-D DCT multiplierless implementations based on different 

representation methods 

Features 
  Implementations of 1-D DCT based on 

 Natural binary representation CSD representation New signed digit representation
Adds  72  70 68 

Shifts  49  47 42 
Total Logic 
Elements  1130  1110 1100 

Max. Freq. 
(Mhz)  125.08  129.17 140.49 

 
5. Proposed combination of methods for DCT/IDCT design and implementation 
 
5.1. Optimization of 1-D DCT/IDCT hardware implementation 
 

Table 4 shows that the new signed digit representation presents the best implementation 
results of 1-D DCT. But the comparison of the multiplierless implementation of each 
constant coefficient using three representation methods presented in Table 3, shows that 
each representation method presents advantages and disadvantages in term of the number of 
additions and shifts. For example in Table 3, the multiplierless implementation of A47 
requires a minimum number of additions and shifts with the new signed digit 
representation. However, the natural binary method allows a minimum number of additions 
for the multiplierless implementation of A6. These observations have led us to develop a 
new approach for optimizing the multiplierless 1-D DCT/IDCT which is explained as 
follows: for each constant coefficient multiplication, the representation method which 
allows a minimum number of additions and shifts for its multiplierless implementation is 
selected. When there is more than one method that requires the same resources while its 
representation is not the same, experimentally the one allowing higher frequency is 
selected. Indeed this approach gave a better 1-D DCT/IDCT than the three representation 
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methods. Tables 5 and 6 summarize these optimizations and comparisons with the other 
methods for 1-D DCT and 1-D IDCT. 

 
Table 5: The proposed optimal implementation of 1-D DCT constant coefficient 

multiplications 

Coefficient 

 Selected implementations based on   

 Natural binary 
representation 

CSD 
representation 

New signed digit 
representation  Implementation 

Latency 
(add) 

2      √  

y1=x+x>>1; 
y2= x>>12-x>>4; 
y3=y1-y1>>6; 
z=y2+y3; 

3 

A2    √ √  
y1=x>>8-x>>5; 
y2=x<<1-x>>3; 
z=y1+y2; 

2 

A3    √ √  
y1=x>>6-x>>12; 
y2=x-x>>2; 
z=y1+y2; 

2 

A23  √  √ √  

y1=x>>12+x>>9; 
y2= x>>7+x>>5; 
y3=y1+y2; 
z=y3+x>>1; 

3 

A4  √     

y1=x>>8+x>>7; 
y2= x>>12+x; 
y3=y1+y1<<5; 
z=y2+y3; 

3 

A7     √  
y1=x>>11+x>>8; 
y2=y1<<6-y1; 
z=y2-x>>10; 

3 

A47     √  

y1=x-x>>3; 
y2= x>>5+x>>6; 
y3=y1+y1>>8; 
z=y3-y2; 

3 

A5  √     
y1=x>>8+x>>6; 
y2=y1+y1<<3; 
z=y2+x; 

3 

A6  √     
y1=x>>11+x>>8; 
y2=y1+y1<<6; 
z=y2+x>>1; 

3 

A56    √ √  
y1=x>>12-x>>8; 
y2=x-x>>6; 
z=y1+y2; 

2 

 
As shown in Table 5, the optimized 1-D DCT implementation is achieved by selecting 

for each constant coefficient multiplication the suitable representation method. Indeed, the 
representation of the constant coefficient multiplication 2 is not the same in three 
methods; but both the number of digits and the number of occurrences of SCS are the same 
in each, so experimentally the new representation method is selected because it allows 
higher frequency. The constant coefficient A2 has the same representation in CSD and new 
representation method which both requiring 3 additions less than natural binary 
representation, thus CSD or new representation method can be selected for A2 hardware 
implementation. A3 is similar to A2. The representation of A23 is the same in the three 
methods; therefore its implementation requires the same resources. Representations of A47 
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in the three methods are different, but the implementation of the new representation is 
selected, which requires fewer resources in comparison with the others. In the same way, 
the appropriate representation methods have been selected for the other coefficients in 
Table 5 and in Table 6 for 1-D IDCT. 
 
5.2. Optimization of 2-D DCT/IDCT hardware implementation 
 

The 2-D DCT/IDCT hardware implementation has been performed by using the row-
column approach [23, 24], in which the optimized 1-D DCT/IDCT design is used. Fig. 4 
shows the 2-D DCT/IDCT hardware architecture used in this paper; it requires two blocks 
of 1-D DCT/IDCT, one block for right shift by 3 bits and the transpose buffer [26]. 

In 2-D DCT/IDCT architecture, the efficient low area architecture is used for the 
transpose buffer [22], while keeping the high-throughput in the full pipeline. Indeed, 8 
output pixels are obtained by 2-D DCT/IDCT architecture at every clock cycle in the full 
pipeline without interruption. Fig. 5 shows the low area transpose buffer architecture which 
contains one memory of 64-word 12-bit wide. The 8×8 array of 12-bit wide words is 
designed to receive the inputs from the vertical as well as from the horizontal direction, and 
to shift data in the same direction during every 8 clock cycles. At the beginning, the control 
unit delays the block memory operation by 4 clock cycles in order to achieve the full 
pipeline in 1-D row DCT/IDCT architecture. Then, the first 1-D DCT/IDCT architecture 
writes the output values line by line in horizontal direction until the full pipeline in 
transpose buffer. Thereafter, when the second 1-D DCT/IDCT architecture reads the input 
values column by column from one direction of memory (Vertical or Horizontal), the first 
1-D DCT/IDCT architecture writes simultaneously the output values line by line in the 
same direction (Vertical or Horizontal) during 8 clock cycles. The control unit block is 
designed to generate the control signals for managing the operation of this architecture. 
Indeed, these control signals allow to shift data and to switch the select lines of the 
multiplexer and demultiplexer, in order to switch the direction of data flow after every 8 
clock cycles. 
 

Table 6: The proposed optimal implementation of 1-D IDCT constant coefficient 
multiplications 

Coefficient 

 Selected implementations based on   

 Natural binary 
representation 

CSD 
representation 

New signed digit 
representation  Implementation 

Latency 
(add) 

2      √  

y1=x+x>>1; 
y2= x>>12-x>>4; 
y3=y1-y1>>6; 
z=y2+y3; 

3 

C2    √ √  
y1=x>>6-x>>12; 
y2=x-x>>2; 
z=y1+y2; 

2 

C23    √ √  

y1=x>>12+x>>9; 
y2= x>>7+x>>5; 
y3=y1+y2; 
z=y3+x>>1; 

3 

C3    √ √  
y1=x>>8-x>>5; 
y2=x<<1-x>>3; 
z=y1+y2; 

2 
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C4  √     
y1=x>>11+x>>7; 
y2=y1+y1<<5; 
z=y2+x>>9; 

3 

C47     √  

y1=x-x>>3; 
y2= x>>5+x>>6; 
y3=y1+y1>>8; 
z=y3-y2; 

3 

C5  √     
y1=x>>11+x>>8; 
y2=y1+y1<<6; 
z=y2+x>>1; 

3 

C56    √ √  
y1=x>>12-x>>8; 
y2=x-x>>6; 
z=y1+y2; 

2 

C6    √   
y1=x+x>>2; 
y2=y1-y1>>4; 
z=y2+x>>8; 

3 

C7     √  

y1=x>>6-x>>8; 
y2= x>>12+x; 
y3=y1+y1<<5; 
z=y2+y3; 

3 

 
 

 
Fig. 4: Pipelined 2-D DCT/IDCT architecture 

 

 
Fig. 5: Low area architecture of transpose buffer 

 
6. Results and discussion 
 

As shown in Table 7, the 1-D DCT/IDCT architecture proposed in [30] is based on 
Loeffler algorithm and used 11 embedded multipliers in FPGA with a maximum frequency 
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of 83.33 Mhz. The proposed 1-D DCT and 1-D IDCT design increases the maximum 
frequency respectively by 75.8% and 70% when compared to [30]. The new approach used 
for optimizing the multiplierless implementation brings meaningful improvements in term 
of frequency operation, in comparison with other implementations results presented in 
Table 4. On the other hand, the method used in [15] to compute the IDCT for image and 
video coding applications of mobile devices is based on B.G. Lee algorithm [25], in which 
multiplications are replaced with addition and shift operators to realize the fixed-point 
computation, while keeping the highest precision as recommended by IEEE 1180-1990 
standard. In this paper, the multiplierless method is based on the three representation 
methods and exploited the redundancy of SCS [29]. The proposed multiplierless 1-D 
DCT/IDCT based on modified Loffler algorithm [8, 26] saves 16% of additions and 30% of 
shifts compared to 1-D IDCT proposed in [15]. In order to save logic elements in pipelined 
hardware implementation of DCT/IDCT, 16 bits wide are used only in paths which are 
descended from multiplication operators indicated in Fig. 1 and Fig. 2. So the number of 
these paths is not the same in FGAs of 1-D DCT and 1-D IDCT, which explains the 
difference in term of corresponding implementation results although they have the same 
number of additions and shifts. 
 

Table 7: Comparison for various 1-D DCT/IDCT architectures 

Features   1-D IDCT [15] 1-D DCT/IDCT [7] Proposed 1-D DCT Proposed 1-D IDCT
Multipliers  0 11 0 0 

Adds  80 29 67 67 

Shifts  60 0 42 42 
Total Logic 
Elements  - - 1078 1211 

Max. Freq. 
(Mhz)  - 83.33 146.56 142.05 

 
The proposed 2-D DCT design achieves a maximum speed of 142.9 Mhz with a 

throughput of 1143.2 Mpixels/s, while the proposed 2-D IDCT design achieves a maximum 
speed of 138.26 Mhz with a throughput of 1106.08 Mpixels/s. Indeed as presented in Table 
8, the implementation results show a decrease respectively of the amount of additions and 
shift operators of 2-D DCT/IDCT by 7% and 16% in comparison with [26] while there is 
also an increase of the maximum frequency and the throughput of 2-D IDCT by 14%. This 
is explained by the efficient selection for the appropriate representation method for each 
constant coefficient that improves resources usage, maximum frequency and computational 
complexity. In term of resources usage, the proposed 2-D IDCT presents a decrease of 
18.5% in comparison with [26]. Also, it is worth to note that the 2-D IDCT proposed in 
[31] used multiplierless method for hardware implementation of the constant coefficient 
multiplications, but at the accuracy of 10 fractional bits. Although the accuracy of 12 
fractional bits is used in this paper, the proposed 2-D IDCT presents an increase of 
maximum frequency by 17.8% and a decrease of resources usages by 40.7% compared to 
[31]. Finally, the proposed 2-D DCT/IDCT also presents significant improvements of 
computational complexity, while reducing the amount of additions and shifts respectively 
by 89% and 90% in comparison with [15]. 
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Table 8: Comparison for various 2-D DCT/IDCT architectures 

Features 2-D IDCT [26] 2-D IDCT [15] 2-D IDCT [31] Proposed 2-D DCT Proposed 2-D IDCT 
Adds 145 1265 - 135 135 

Shifts 110 960 - 92 92 
Total Logic 
Elements 3643 - 5015 2741 2971 

Max. Freq. 
(Mhz) 121.37 - 117.37 142.90 138.26 

Throughput 
(Mpixels/s) 970.96 - - 1143.2 1106.08 

 
7. Conclusion 
 

In this work, an optimized multiplierless 2-D DCT/IDCT design has been presented, in 
which a new approach is used for optimizing multiplierless hardware implementation for 
faster 2-D DCT/IDCT. This approach is based on combination of three representation 
methods which are the natural binary, the CSD and the new signed digit representation. For 
each constant coefficient multiplier, the appropriate representation method is selected 
according to better compromise between hardware consumption and frequency operation. 
The implementation results of the proposed 2-D DCT/IDCT design show the reduction of 
computational complexity while increasing the maximum frequency in comparison with 
other previous designs. 
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