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Abstract— In this paper, we have suggested unified systolic mesh architecture for the implementation of prime –
factor discrete Fourier transform (DFT), discrete Hartley transform (DHT), and discrete cosine transform (DCT).
Also, we have suggested a new decomposition scheme and a highly compact bilayer systolic architecture for high
throughput computation of prime – factor DHT. It is shown further, that the proposed DHT structure can be used for
efficient computation of prime – factor DFT, and DCT, as well. The transposition of the intermediate matrix is
avoided in the unified systolic architecture by orthogonal processing of data during the pair of matrix multiplications.
In the proposed bilayer DHT structure, the transposition of intermediate output is avoided by orthogonal alignment of
the arrays of output layer with respect to the arrays of input layer. Both the structures, therefore, provide saving in
hardware, as well as, time, which are required for transposition in the existing architectures. The area and time
complexities of the proposed bilayer DHT structure is nearly (1/4) and (1/2) times that of the unified architecture,
respectively, while both the structures require nearly the same amount of hardware.
Keywords— DCT, DHT, DFT, KLT
I.
INTRODUCTION
Discrete orthogonal transforms have evolved quite rapidly over the last three decades for their speech and image
processing applications. The discrete Fourier transform (DFT) is the most popular one, and the oldest among these
orthogonal transforms. Following the first Fourier transform (FFT) of Cooley and Tukey [1], several algorithms have,
therefore, been developed for the fast computation of the DFT [2-4]. The discrete Hartley transform [DHT] [5] has
become popular, in the recent years, as a real - valued alternative to the DFT for several one and two dimensional signal
processing applications for avoiding complex arithmetic operations. Hence, many fast algorithms have been reported in
the literature [6 - 11] for efficient computation of the DHT. Amongst all the discrete orthogonal transforms, the discrete
cosine transform (DCT) [12] is the most efficient for compression of speech and image data [13]. Performance of the
DCT is shown to be comparable to the optimal Karhunen Loeve transform (KLT) [12-14] for the purpose of data
compression, feature extraction and filtering applications. Therefore, several fast algorithm have been developed for the
efficient implementation of the DCT, in general purpose computers [15, 22].
Along with the growth of integrated circuit technology, high – performance application – specific dedicated processors
are evolving rapidly for digital signal processing applications. The VLSI systems yield high throughput of results by
maximising the processing concurrency, so that they provide less expensive and, more suitable alternative to general –
purpose computers, for real – time and on- line applications. Systolic architectures are emerging as the most popular and
dominant class of VLSI structures due to the simplicity of their processing elements (PE), modularity of their structure,
regular and nearest – neighbour interconnections between the PEs, high level of pipelineability, small chip – area, and
low power dissipation [23]. In systolic architectures, the desired data are pumped rhythmically in a regular interval across
the PEs for yielding high throughput by fully pipelined processing. Keeping these facts in view, some systolic
architectures have been suggested for the VLSI implementation of the DFT, DCT and DHT [22, 24 -32].
Prime – factor decomposition of the DFT can be done directly, ase−𝑗 (𝑙+𝑚 ) = e−𝑗 𝑙 e−𝑗𝑚 . But such a direct decomposition
is not possible in case of the DHT and DCT, because cas 𝑙 + 𝑚 ≠ cas 𝑙 𝑐𝑎𝑠(𝑚)and cos 𝑙 + 𝑚 ≠ cos 𝑙 cos(𝑚),
respectively. Yang [11] has suggested an index mapping scheme for the Prime – factor decomposition of the DHT, which
requires complicated manipulation of the input. Chakrabarti and Ja‘ Ja‘ [28] have presented a bit serial solution for small
DHT modules, and they have suggested a systolic architecture for prime – factor DHT [29] which is computed via four
temporary outputs. Chang and Lee [30] have proposed two different CORDIC (Co-ordinate Rotation Digital Computer)
systolic arrays for computation of the DHT of any given transform length. The structure of Chang and Lee has poor
throughput rate, though they are hardware efficient due to their CORDIC processing, as they do not use any prime –
factor scheme. Meher et al, [31] have proposed a systolic structure for computing the prime – factor DHT of transform
length N-4M, where M is prime to 4. Yang and Narasimha [17] have suggested a prime-factor DCT algorithm which does
not involve complex multiplications, unlike those of [27] and [32]. Lee [18] has proposed another index mapping scheme
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for prime-factor DCT which is more efficient compared with that of Yang and Narasimha [17]. But, the input index
mapping of Lee [18] would not be feasible in variable – size applications, and it requires extra memory as it constructs
and combines two index tables. Lee and Huang [22] have suggested a scheme for prime – factor decomposition of the
DCT which involves simpler and more efficient index mapping compared with those of [17,18], and is devoid of
complex arithmetic operations , as well. Also, they have proposed two systolic architectures comprising of two matrix
multiplication units and a transposition unit.
In this paper, we have suggested a unified systolic mesh architecture for the implementation of prime – factor DCT, DFT
and the DHT. To obtain the computing algorithm, we have proposed a new prime – factor decomposition scheme for the
DHT, and we have used the decomposition scheme of Lee and Huang [22] for the DCT. Apart from that we have
proposed a systolic algorithm for massively parallel implementation and a highly compact bilayer 2 – D architecture for
high – throughput computation of the prime – factor DHT. It is shown that the proposed DHT structure can be used for
efficient computation of the prime – factor DFT and DCT, as well.
In the following Section, we have presented the algorithm and the unified systolic architecture for the DFT, DHT and the
DCT. Section III deals with the proposed bilayer DHT architecture and its algorithm. Concluding remarks are given in
Section IV.
II.

COMPUTING ALGORITHM AND THE UNIFIED SYSTOLIC ARCHITECTURE FOR THE DFT,
DHT AND THE DCT
Due to the exponential nature of the Fourier kernel, the DFT is directly decomposable when the transform length is
comprised of two relatively prime factors. In view of systolic implementation of the prime – factor DFT, we have
outlined its decomposition scheme in Subsection A. In Subsection B, we have proposed a new decomposition scheme for
prime – factor DHT. For implementing the prime – factor DCT, we have reviewed the decomposition scheme of Lee and
Huang [22] in the Subsection C. The proposed unified structure is given in Subsection D.
A. Prime – factor Decomposition of the DFT
The DFT of sequence { x (n), n = 0, 1, 2, ………, N−1} may be defined as
𝑁−1

𝑥 𝑛 e−𝑗 2π𝑘𝑛 /𝑁 for 𝑘 = 0, 1, … … , 𝑁 − 1

𝐹 𝑘 =

(1)

𝑛=0

For the transform length N = N1 x N2, where N1 and N2 are relatively prime, the indices k and n in (1) may be mapped into
pairs of indices (k1, k2) and (n1, n2), respectively, according to the following equations [33]:
k = (k1N2s1 + k2N1s2 ) mod N
(2a)
n = (n1N2 + n2N1) mod N
(2b)
for k1 and n1 = 0, 1, …….., N1−1 and k2 and n2 = 0, 1, ……..N2 – 1
where
N2s1 = 1 mod N1 and N1s2 = 1 mod N2
(3)
Using (2) and (3), (1) may be expressed in 2-D form as
𝑁1 −1 𝑁2 −1

𝑥(𝑛1 , 𝑛2 ) 𝑒 −𝑗 2π𝑘 1 𝑛 1 /𝑁1 𝑒 −𝑗 2π𝑘 2 𝑛 2 /𝑁2

𝐹 𝑘1 , 𝑘2 =

(4)

𝑛 1 =0 𝑛 2 =0

B. Prime – factor Decomposition of the DHT
The DHT of a real – valued sequence { x (n), n = 0, 1, 2, ………, N−1} may be defined as
𝑁−1

𝐻 k =

𝑥 𝑛 (cos
𝑛=0

2𝜋𝑘𝑛
2𝜋𝑘𝑛
+ sin
)
𝑁
𝑁

for 𝑘 = 0,1, … … 𝑁 − 1

(5)

Using the mapping of (2) and (3) for N = N1 x N2, (5) may be expressed as
𝑁1 −1 𝑁2 −1

𝐻 𝑘1 , 𝑘2 =

𝑥(𝑛1 , 𝑛2 ) cos2π
𝑛 1 =0 𝑛 2 =0

𝑘1 𝑛1 𝑘2 𝑛2
𝑘1 𝑛1 𝑘2 𝑛2
+
+ sin2𝜋
+
𝑁1
𝑁2
𝑁1
𝑁2

(6)

Equation (6) may be otherwise be written as
𝑁2 −1 𝑁1 −1

𝐻 𝑘1, 𝑘2 =
𝑛 2 =0 𝑛 1 =0

2π𝑘1 𝑛1
𝑥 𝑛1 , 𝑛2 cos
+
𝑁1

𝑁1 −1

𝑥 𝑛1 , 𝑁2 − 𝑛2 sin
𝑛 1 =0

2𝜋𝑘1 𝑛1
2π𝑘2 𝑛2
cas
𝑁1
𝑁2

(7)

2π𝑘1 𝑛1
𝑁1

(8)

assuming 𝑥(𝑛1 , 𝑁2 ) = 𝑥(𝑛1 , 0)
Besides, it can be found that,
𝑁1− 1

𝑛 1 =0

2𝜋𝑘1 𝑛1
1
𝑥 (𝑛1 , 𝑛2 ) cos
=
𝑁1
2

𝑁1 −1

[ 𝑥 𝑛1 , 𝑛2 + 𝑥 (𝑁1 − 𝑛1 , 𝑛2 )] cas
𝑛 1 =0

and
𝑁1− 1

𝑛 1 =0

2𝜋𝑘1 𝑛1
1
𝑥 (𝑛1 , 𝑁2 − 𝑛2 ) sin
=
𝑁1
2

𝑁1 −1

[ 𝑥 𝑛1 , 𝑁2 − 𝑛2 − 𝑥(𝑁1 − 𝑛1 , 𝑁2 − 𝑛2 )] cas
𝑛 1 =0
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Using (8) and (9) on (7), one may have
𝑁2 −1 𝑁1 −1

𝐻 𝑘1 𝑘2 =

𝑦 𝑛1 , 𝑛2 cas
𝑛 2 =0 𝑛 1 =0

2𝜋𝑘1 𝑛1
2𝜋𝑘2 𝑛2
cas
𝑁1
𝑁2

(10)

where
𝑦 𝑛1 , 𝑛2 =

1
𝑥 𝑛1 , 𝑛2 + 𝑥 𝑁1 − 𝑛1 , 𝑛2 + 𝑥 𝑛1 , 𝑁2 − 𝑛2 − 𝑥 𝑁1 − 𝑛1 , 𝑁2 − 𝑛2
2

(11)

C. Prime – factor Decomposition of the DCT
The discrete cosine transform (DCT) [12] of the sequence {𝑥 𝑛 , 𝑛 = 0, 1, … … . 𝑁 − 1} may be given by
𝑁−1

𝐶 𝑘 = (2/𝑁)1/2 ∊ 𝑘

𝑥 𝑛 cos 𝜋 2𝑛 + 1 𝑘/(2𝑁)

(12)

𝑛=0

and the inverse discrete cosine transform (IDCT) is defined by
𝑁−1
1/2

𝑥 𝑛 = (2/𝑁)

∊ 𝑘 𝐶 𝑘 cos 𝜋 2𝑛 + 1 𝑘/(2𝑁)

(13)

𝑘=0

where
(2)−1/2
for 𝑘 = 0
1
for 1 ≤ 𝑘 ≤ 𝑁 − 1
Scaling factor ∊ 𝑘 and normalising factor (2/𝑁)1/2 in (12) and (13), may, however be ignored to obtain
∊ 𝑘 =

𝑁−1

𝑥 𝑛 =

𝐶 𝑘 cos 𝜋 2𝑛 + 1 𝑘/(2𝑁)

(14)

𝑘=0

When transform length N = N1 x N2, N1 and N2 being relatively prime the indices n and k in (14) may be mapped into
(n1, n2) and (k1, k2) as
𝑛1 = n mod 2N1 and 𝑛2 = n mod 2N2
𝑛1

if 𝑛1 < N1

n1 =

(15a)
2N1 – 1 - 𝑛1

otherwise

and k = (N2 k1 + N1k2) mod N
Using (15),(14) may be expressed as
𝑥 𝑛1 , 𝑛2 =

𝑁1 − 1
𝑘 1 =0

𝑁2 − 1
𝑘 2 =0

𝑦 𝑘1 , 𝑘2 cos

(15b)
𝜋 2𝑛 1 +1 𝑘 1
(2𝑁1 )

cos

𝜋 2𝑛 2 +1 𝑘 2
(2𝑁2 )

(16)

where

y ( 𝑘1 , 𝑘2 ) =

C ( 𝑘1 , 𝑘2 )
C ( 𝑘1 , 𝑘2 ) + C ( 𝑘1 , 𝑁2 − 𝑘2 )
C ( 𝑘1 , 𝑘2 ) + C ( 𝑁1 − 𝑘1 , 𝑘2 )
−C ( 𝑁1 − 𝑘1 , 𝑁2 − 𝑘2 ) + 𝐶(𝑁1 − 𝑘1 , 𝑘2 )
−C ( 𝑁1 − 𝑘1 , 𝑁2 − 𝑘2 ) + 𝐶(𝑘1 , 𝑁2 − 𝑘2 )

if ( 𝑘1 , 𝑘2 )
if ( 𝑘1 , 𝑘2 )
if ( 𝑘1 , 𝑘2 )
if ( 𝑘1 , 𝑘2 )
if ( 𝑘1 , 𝑘2 )

ϵ
ϵ
ϵ
ϵ
ϵ

E
A
B
C
D

(17)

E = { (𝑘1 , 𝑘2 )|𝑘1 = 0 or 𝑘2 = 0 }
A = { (𝑘1 , 𝑘2 )| f (𝑘1 , 𝑘2 ) < 𝑁 𝑎𝑛𝑑 𝑔 𝑘1 , 𝑘2 > 0 ∶ 𝑘1 𝑘2 ≠ 0 }
B = { (𝑘1 , 𝑘2 )| f (𝑘1 , 𝑘2 ) < 𝑁 𝑎𝑛𝑑 𝑔 𝑘1 , 𝑘2 < 0 ∶ 𝑘1 𝑘2 ≠ 0 }
C = { (𝑘1 , 𝑘2 )| f (𝑘1 , 𝑘2 ) > 𝑁 𝑎𝑛𝑑 𝑔 𝑘1 , 𝑘2 < 0 ∶ 𝑘1 𝑘2 ≠ 0 }
(18)
D = { (𝑘1 , 𝑘2 )| f (𝑘1 , 𝑘2 ) > 𝑁 𝑎𝑛𝑑 𝑔 𝑘1 , 𝑘2 > 0 ∶ 𝑘1 𝑘2 ≠ 0 }
f (𝑘1 , 𝑘2 ) = 𝑁2 𝑘1 + 𝑁1 𝑘2 and 𝑔 𝑘1 , 𝑘2 = 𝑁2 𝑘1 − 𝑁1 𝑘2
Due to orthonormal feature of the DCT, the forward transform, may however, be realized by the transpose of the inverse
transform.
D. Unified Systolic Architecture for Implementation of DFT, DHT and the DCT
Equations (4) (10) and (16) may be expressed in a common form :
XT = D [C Y] T
(19)
Where, X and Y are matrices of size 𝑁1 x𝑁2 while C and D are matrices of sizes 𝑁1 x 𝑁2 and 𝑁2 x 𝑁2 , respectively,
which represent the transform kernel. For avoiding the transpose operation, (4),(10) and (16) may otherwise be expressed
as
𝑁2 −1

𝑋𝑙m =

𝑍𝑙𝑗 𝐷𝑚𝑗

(20a)

𝑗 =0

for
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𝑁1 −1

𝑍𝑙𝑗 =

𝐶𝑙𝑖 𝑌𝑖𝑗

20b

𝑖=0

where l = 0 , 1, …, N1 -1 and m = 0,1,…, N2 -1
=

x (i,j)
Y (i,j)
Y (i,j)

for DFT
for DHT as given by (11)
for DCT as given by (17) and (18)

(21)

Clj

=

e−𝑗 2𝑙𝑖 /𝑁1
cas[ 2𝑙i/N1 ]
cos [ (2𝑙 +1) / ( 2N1)]

for DFT
for DHT
for DCT

(22)

Dmj

=

e−𝑗 2𝑚𝑗 /𝑁2
cas[ 2𝑚𝑗/N2 ]
cos [ (2𝑚 +1) j/ 2N2)]

for DFT
for DHT
for DCT

(23)

Yij

As given by (20 ), each of these transforms may be computed in two distinct stages. In the first stage, one has to perform
multiplication of matrix [ Yij ] of size N1 x N2 with N1 – point transform kernel [ Cli ] of size N1 x N1 to obtain an
intermediate matrix [ zlj] of size N1 x N2 (20b) . In the second stage, each row of intermediate matrix [zlj] is multiplied
with the rows of N2- point transform kernel [ Djm] of size N2 X N2 , according to (20a). Multiplications of both these
stages may be mapped into a systolic mesh containing N1x N2 PEs for fully pipelined processing. The proposed systolic
structure for computing N- point transform, ( N = N1 x N2) , is shown in Fig. 1a. The function of each PE is depicted Fig .
1b. The first row of the N1- point transform kernel [Cli] is fed to the first array. The successive rows of the transform
kernels are fed to the successive arrays, staggered by one time-step with respect to the preceding one. The first column of
the input matrix [Yij] is fed to the first PE of the first array. The successive columns are fed to the successive PEs of the
first array in subsequent time-steps. The columns of the N2 – point transform kernel [ Djm] are fed to the different PEs of
the first array at the lag of N1 time – steps with respect to the corresponding columns of the input matrix [Yij]. In the first
stage of computation, the (j +1) th PE of (l + 1) th array computes an element Zlj of the intermediate matrix in N1 time –
steps , where a PE performs a multiplication and adds the result to the content of the accumulator A1 , in every time –
step . At the end of N1 time – steps , this accumulator content is transferred to the accumulator A2 while A1 is reset to
zero . In the second stage of computation, in each array , the multiplication of one row of the intermediate matrix [ Zlj]
III.

STRUCTURE FOR HIGH THROUGHPUT PRIME-FACTOR
COMPUTATIONOF DFT FROM THE PROPOSED DHT STRUCTURE
A. Algorithm for Systolic Implementation of the DHT
The arguments of sine and cosine functions of (6) may be expanded to yield
𝑁2 −1

𝐻( 𝑘1 , 𝑘2 ) =

𝑤 ( 𝑘l , 𝑛2 ) cos
𝑛 2 =0

2𝜋𝑘2 𝑛2
2𝜋𝑘2 𝑛2
+ sin
𝑁2
𝑁2

DHT,

AND

SCHEME FOR

(24)

where S
𝑁1 −1

𝑤 𝑘1 , 𝑛2 =

𝑦 ( 𝑛l , 𝑛2 ) cas
𝑛 1 =0

2𝜋𝑘1 𝑛1
𝑁1

(25)

Equation (24) can be expressed as
(𝑁2 −1)/2

𝐻 𝑘1 , 𝑘2 =

𝑍1 ( 𝑘l , 𝑛2 )cos

2𝜋𝑘2 𝑛2
2𝜋𝑘2 𝑛2
+ 𝑍2 𝑘1 , 𝑛2 sin
𝑁2
𝑁2

𝑛 2 =0

for 𝑘1 = 0,1,2,…, ( 𝑁1 - 1 ) /2 and 𝑘2 = 0,1,2,…, (𝑁2 - 1 ) /2
and

(26a)

(𝑁2 −1)/2

𝐻 𝑘1 , 𝑁2 − 𝑘2 =

𝑍1 ( 𝑘l , 𝑛2 ) cos

2𝜋𝑘2 𝑛2
2𝜋𝑘2 𝑛2
+ 𝑍2 𝑘1 , 𝑛2 sin
𝑁2
𝑁2

𝑛 2 =0

for 𝑘1 = 0,1,2,…, ( 𝑁1 - 1 ) /2 and 𝑘2 = 1,2,…, (𝑁2 - 1 ) /2
where
Z1 ( k1, n2 ) = w ( k1, n2 ) + w ( k1, N2- n2)
© 2015, IJARCSSE All Rights Reserved
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Z2 ( k1, n2 ) = w ( k1, n2 ) −w ( k1, N2 - n2)
for 𝑛2 = 1,2,…, ( 𝑁2 - 1 ) /2 , and Z1 ( k1, 0 ) = Z2 ( k1, 0 ) = w ( k1, 0 )
Using (25) and ( 11), (27), may be simplified to yield
(𝑁1 −1)/2

𝑍1 𝑘1 , 𝑛2 =

A 𝑛1 , 𝑛2 cos

2𝜋𝑘1 𝑛1
2𝜋𝑘1 𝑛1
+ B 𝑛1 , 𝑛2 sin
𝑁1
𝑁1

(28)

C 𝑛1 , 𝑛2 cos

2𝜋𝑘1 𝑛1
2𝜋𝑘1 𝑛1
+ D 𝑛1 , 𝑛2 sin
𝑁1
𝑁1

(29)

𝑛 1 =0

and
(𝑁1 −1)/2

𝑍2 𝑘1 , 𝑛2 =
𝑛 1 =0

where ,
A(n1 , n2) = 𝑥 𝑛1 , 𝑛2 + 𝑥 𝑛1 , 𝑁2 − 𝑛2 + 𝑥 𝑁1 − 𝑛1 , 𝑛2 + 𝑥 𝑁1 − 𝑛1 , 𝑁2 −𝑛2
B(𝑛1 , 𝑛2 ) = 𝑥 𝑛1 , 𝑛2 + 𝑥 𝑛1 , 𝑁2 − 𝑛2 − 𝑥 𝑁1 − 𝑛1 , 𝑛2 − 𝑥 𝑁1 − 𝑛1 , 𝑁2 −𝑛2
C(𝑛1 , 𝑛2 ) = 𝑥 𝑛1 , 𝑛2 + 𝑥 𝑁1 −𝑛1 , 𝑛2 − 𝑥 𝑁1 − 𝑛1 , 𝑁2 − 𝑛2 − 𝑥 𝑛1 , 𝑁2 , −𝑛2
D(𝑛1 , 𝑛2 ) = 𝑥 𝑛1 , 𝑁2 −𝑛2 + 𝑥 𝑁1 − 𝑛1 , 𝑛2 ) − 𝑥(𝑛1 , 𝑛2 − 𝑥 𝑁1 − 𝑛1 , 𝑁2 −𝑛2
for 𝑛1 = 1,2,…., (N1 – 1 ) /2 and n2 = 1,2,…., (N2 -1 ) /2
and
A ( 0 , n2) = B(0 , n2) = 𝑥 ( 0 , n2) + 𝑥( 0 , N2 – n2 )
C ( 0 , n2) = D ( 0 , n2) = 𝑥 ( 0 , n2) −𝑥( 0 , N2 – n2 )
for n2 = 1,2,… (N2−1 ) /2
A(n1,0) = C (n1, 0) = 𝑥 (n1,0) + 𝑥(N1−n1, 0)
B(n1,0) = D(n1,0) = 𝑥(n1,0) – 𝑥 (N1−n1, 0)
for n1 = 1,2,.., (N1 -1 ) /2
A(0,0) = B (0,0) = 𝑥(0,0 ) , C (0,0) = D ( 0,0 ) = 𝑥(0,0)
Substituting ( N1−k1) for k1 in ( 26 a) and ( 26b), respectively, one may have

(30)
(31)
(32)
(33)

(34)

(𝑁2 −1)/2

𝐻 𝑁1 − 𝑘1 , 𝑘2 =

𝑍1 (𝑁1 − 𝑘l , 𝑛2 )cos

2𝜋𝑘2 𝑛2
2𝜋𝑘2 𝑛2
+ 𝑍2 𝑁1 −𝑘1 , 𝑛2 sin
𝑁2
𝑁2

𝑛 2 =0

for k1 = 1,2,…, ( N1−1 ) /2 and k2 = 0,1 ,…, (N2−1 ) /2
and

(35a)

(𝑁2 −1)/2

𝐻 𝑁1 − 𝑘1 , 𝑁2 − 𝑘2 =

𝑍1 (𝑁1 − 𝑘l , 𝑛2 )cos

2𝜋𝑘2 𝑛2
2𝜋𝑘2 𝑛2
− 𝑍2 𝑁1 −𝑘1 , 𝑛2 sin
𝑁2
𝑁2

𝑛 2 =0

for k1 = 1,2,…, ( N1−1) /2 and k2 = 1,2,…, (N2−1)/2
where
Z1(N1−k1, n2 ) = w ( N1−k1, n2 ) + w ( N1−k1, N2−n2 )
Z2( N1−k1, n2 ) = w ( N1−k1, n2 ) −w ( N1−k1, N2−n2 )
for n2 = 1,2,.., ( N2−1)/2 , Z1( N1−k1,0 ) = Z2 (N1−k1,0) = w ( N1−k1,0)
Using (25) and ( 11), ( 36) can be simplified to yield
(𝑁1 −1)/2

𝑍1 𝑁1 − 𝑘1 , 𝑛2 =

(35b)
(36)

A 𝑛1 , 𝑛2 cos

2𝜋𝑘1 𝑛1
2𝜋𝑘1 𝑛1
− B 𝑛1 , 𝑛2 sin
𝑁1
𝑁1

(37)

C 𝑛1 , 𝑛2 cos

2𝜋𝑘1 𝑛1
2𝜋𝑘1 𝑛1
− D 𝑛1 , 𝑛2 sin
𝑁1
𝑁1

(38)

𝑛 1 =0

and
(𝑁1 −1)/2

𝑍2 𝑁1 − 𝑘1 , 𝑛2 =
𝑛 1 =0

B. Computation of the Prime – factor DFT and DCT from DHT
From ( 1) and ( 5) it may be shown that
F(k) = [ H(k) + H( N−k) ] /2 −j [ H (k) – H(N−k) ]/2
Using the mapping of ( 2a), the prime –factor DFT components may be computed from the DHT components as :
F( k1, k2) = [H( k1,k2) + H ( N1−k1 , N2 – k2)] /2−j [H (k1,k2) – H (N1−k1,N2−k2)]/2
It is shown in (34) that the DCT of (12) can be expressed as
1
C(k) = [ H (k) cas (kπ/2N) + H (N – k ) cas (kπ/2N)]
2
where { H (k) } represents N – point DHT of { 𝑥 (n) }
𝑁
x (2n)
0≤n≤( )–1
2
given that 𝑥 (n) =
𝑁
x (2N – 2n – 1)
≤n≤N–1

(39)
(40)
(41)

(42)

2
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The prime – factor DCT may be thus be obtained from DHT as
1
C (k1 , k2) =
[H (k1 , k2) cas (−kπ/2N) + H (N1 –k1, N2 – k2) cas (kπ/2N)]
(43)
2
where k is given by (2a)
C. Systolic Architecture for High Throughput Computation of Prime – factor DHT
The proposed bilayer architecture for computation of prime – factor DHT consists of two layers of systolic arrays placed
one over the other. For computation (N1 x N2) – point DHT, the lower layer consists of (N2+1) / 2 linear arrays and the
upper layer consists of (N1+1)/2 linear arrays as shown in Fig. 2a and 3a, respectively. The input samples are fed to the
arrays in the lower layer, while output samples are obtained from the arrays of the upper layer. Therefore the arrays of the
lower layer termed as the input arrays and the arrays of the upper layer as the output arrays. Each input array consists of
(N1+1)/2 number of locally connected identical PE-1s. Function of each PE-1 is shown in Fig. 2b. Similarly, each output
array consists of (N2+1)/2 number of locally connected identical PE-2s. The function of each PE-2 is shown in Fig. 3b.
The lower layer makes the first stage of computation to provide the intermediate results [Z1(k1, n2)] and [Z2(k1, n2)] to the
upper layer. The upper layer makes the second stage of computation to yield the desired DHT components. The elements
of n2th column of A(n1,n2), B(n1,n2), C(n1,n2) and D(n1,n2) are fed to the (n2+1) th input array staggered by one time –
step with respect to the input of n2 th input array. The output arrays of the upper layer are placed orthogonally with
respect to the input arrays of the lower layer, such that each PE in the output array is placed over a PE of the input array.
Each PE in the output array, therefore, receives its desired input in the proper sequence of time.
From the last PE-2s of the output arrays, the structure provides four DHT components H(k1,k2), H(N1−k1, k2), H (N1,
N2 −k2) and H(N1 − k1, N2 − k2) simultaneously. Therefore, the DFT of real-valued data, as well as, the DCT can
conveniently be computed from the output of the structure according to equations (40) and (43).
IV. CONCLUSION
In this paper we have suggested a unified systolic mesh architecture for the implementing the prime – factor DFT, DHT
and the DCT. For implementing DHT, we have suggested a simple scheme for prime – factor decomposition. Also, we
have suggested an efficient algorithm for high throughput implementation of the prime – factor DHT using a highly
compact 2-D systolic architecture. It is shown that the DCT, as well as, DFT of real-valued data can also be obtained
from the output of the DHT structure.
The proposed unified systolic architecture (Fig. 1a) requires N1 x N2 number of identical PEs. In each PE there are two
multipliers, two adders and two accumulators. The area complexity of the proposed structure is O (N1 x N2). The first
transform component is obtained after (N1+N2) time – steps. The first set of transform components is obtained after 2
(N1+N2–1) time –steps. However, the successive sets of transform components are obtained in N2 time–steps.

Fig. 1 a: Unified systolic architecture for implementation of the DFT, the DHT and the DCT
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The throughput rate of the proposed structure would, therefore, be R = (N1 / T) where T is the duration of the time step
given by T = (Tmult + Tadd). Tmult and Tadd are respectively the time required for performing a real multiplication and a real
addition in the PE. It is interesting to note that the transposition of the intermediate matrix is avoided in this structure by
orthogonal processing during the pair of matrix multiplication, i.e if the processing for the first matrix multiplication
takes place along X – direction, the processing for the second matrix multiplication is carried out along Y– direction. Due
this feature, the structure is highly compact, offers saving of transposition hardware and at the same time yields high
thourghput with less latency. The proposed bilayer DHT structure (Fig. 2a) requires (N1+1) (N2+1) / 4 number of PEs.
There are four multipliers, four adders and four accumulators in each PE. There are four multipliers and four adders in
1
each PE- 2 of the output arrays. It gives the first DHT component after [ 𝑁1 + 𝑁2 + 1] time – steps. First set of DHT
2
components are obtained in (N1+ N2 – 1 ) time – steps . However, successive sets of DHT are obtained in every (N2+ 1)/2
times steps. The through put the rate of the structure would, therefore, be R = 2 (N1 + 1)/T. The transposition of the
intermediate output is avoided here by orthogonal alignment of the output arrays with respect to the input arrays so as to
save the hardware for transposition, to reduce the chip area and latency. The area and time complexities of the bilayer
DHT structure are nearly ( ¼) and ½ times that of the proposed unified structure, while both the structure require nearly
the same amount of hard ware.

ALGORITHM
1. A2= A1
A1 = 0
2. A1= A1+Cin.Zin
X out=Xin+A2.Din
Cout= Cin
Dout= Din
Zout = Zin
Count=Count+1
If(Count=N1) goto 1
else
goto 2
endif
Fig . 1b: Function of each PE.

Fig.2a: Structure of the lower layer of the bilayer DHT architecture
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1.

P = A +A
1

1

2

P = A +A
2

3

P =A -A
3

1

P =A -A
4

3

4

𝐶1𝑖𝑛 = cos

2
4

A =A =A =A =0
1

2

2𝜋𝑘1 𝑛1
𝑁1

3

4

𝑆1𝑖𝑛 = sin

Count=0
2.

2𝜋𝑘1 𝑛1
𝑁1

A = A +Ain.C in
1

1

1

A =A +Bin.S in
2

2

1

A =A +Cin.C in
3

3

1

A =A +Din.S in
4

4

1

Aout = Ain
Bout= Bin
Cout=Cin
Dout= Din
Count=Count+1
If(Count= (N +1)/2) then
1

goto 1
else
goto 2
end if
Fig.2b: Function of a processing element-I of the input array

Fig. 3a: Structure of the upper layer of the bilayer DHT architecture
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For continuous processing in every time-step
C2out= C2 in
S2out=S2 in
X1out= X1 in + P1.C2 in
X2out= X2 in + P2. S2 in
X3out= X3 in + P3. C2 in
X4out= X4 in + P4. C2 in
Fig.3b function of processing element – II of the output array
C2in =cos

2πk 2 n 2
N2

,

S2in = sin

2πk 2 n 2
N2
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