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Abstract — Fully-pipelined and parallel modular structures
are presented in this paper for efficient har dware realization
of discrete Hadamard transform (HT). From the kernel
matrix of HT, we have derived four different pipelined
modular designs for transform length N = 4. It is shown
further that the HT of transform-length N = 8 can be
obtained from two 4-point HT modules, and similarly, the
HT of transform-length N=16 can be obtained from four 4-
point HT modules. Long-length transforms may, however, be
computed from these short-length modules as N-point
transforms can be computed from 2M number of M point
HT-modules, where M = NY2, The proposed architecturesare
coded in VHDL, simulated by Xilinx |SE tool for validation
and testing; and synthesized thereafter to be implemented in
FPGA device Virtex-E. From the synthesis result, it is found
that the pro-posed designs involve consider ably less number
of dlices.

Keywords — Hadamard Transform, Parallel Processing,
Pipelining, FPGA, DOT.

|. INTRODUCTION

The Hadamard transform (HT) is one of the frequently
encountered discrete orthogonal transforms (DOT) [1-6].
It belongs to the class of rectangular real-valued DOT,
which can be used for various basic digital signal
processing (DSP) operations including the computation of
the discrete Fourier transform (DFT), implementation of
digital filters and spectral estimation [2]. It is considered
as an important tool for speech processing and error
control coding [3, 4]. Not only is it used frequently for
audio and video processing, but also has a lot of other
applications in signal and image processing [7,8]. The 2-
dimensional (2-D) HT based on its 1-D counterpart is well
known for its application in lossless image compression
[3]. The simplicity and orthogonality of the HT has been
utilized for efficient generation of pseudo noise sequences
for code divison multiple access (CDMA) technique in
spread spectrum communication systems[9, 10]. Recently,
it isaso found to have application in quantum information
processing and quantum cryptography, where HT is used
as a quantum gate [5]. Several other applications of HT
and its variations may be found in [2].

Apart from its wide application domain, HT is popular
for the simplicity and regularity of its kernel matrix con-
sisting only of 1s and -1s. The simplicity of kernel of HT
leads to reduced arithmetic-complexity and efficiency of
hardware and software implementations compared with
other sinusoidal DOTSs like DFT, discrete cosine transform
(DCT) and discrete sine transform (DST). Unlike the
sinusoidal DOTSs, it does not involve any multiplication
operations, and can be computed by additions and
subtractions only. In order to reduce the number of
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additions, several fast algorithms have been proposed in
[2] and [11]. Along with the growing commercia interest
in integrating various signal and image processing systems
for high-volume applications, there has been a
considerable interest to design dedicated circuits for
hardware implementation of HT. Field programmable gate
array (FPGA) devices are becoming increasingly popular
in the last a few years, not only due to their lower cost
compared with the application specific integrated circuits
(ASIC) but dso for their scope for reusability as
programmable device and increasing transistor density
available in it to implement various complex algorithmsin
signal processing, image processing and communication.
In recent years, we therefore observe a growing interest
for efficient implementation of various computation-
intensive algorithms including the HT in FPGA platform
[10, 12]. In this paper, we propose simple and efficient
pipelined de-signs for implementation of HT for transform
length N=4, 8 and 16, which can be used to generate HT
of higher transform-lengths.

The rest of the paper is organized as follows. The
algorithms of FPGA implementation of HT are derived in
Section 2, and the proposed architectures are described in
Section 3. The implementation results are given in Section
4 and conclusions are outlined in Section 5.

Il. MATHEMATICAL FORMULATION

TheHT of asequence {x(n) forn=0,1, 2, ..., N -1}
may be defined as

X() = Y ' (Hy(k.n).x(n) )
for0<k <N -1, where Hy isaHadamard
matrix of size N x N, which is defined recursively as

Hy =Hy;, H; (2
where  represent the kronecker product
1 1
Ho=|, _ ®)
Hadamard matrix Hy may therefore be given by
Hy :(sz HNIZJ 4
H N/2 -H N/2

Using (4), the HT of N-point sequence {x(n)}, given by
(1) can be written as,

X3 He 1 1

2 N/2 1 1

2

1
X3 1 1 1 -1
X2 1 -1 1 -1 9
g |=Ha2® 0
X3 -1 -
x4 1 -1-1 1
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Where

Xa=[ X(@Q) X(2)...oevvvnnn.. X(N/4—- D7
Xi=[ X(N/4) X(N/4)........ X(N/2 - D7
X3=[ X(N/2) X(N/2+1)...X(3N/4 — D]

X3=[ X(3N/4) X(@N/4+1)..X(N — 1)]T  (10)
Such that

Xi=Hyyalxs + x§ +x3 + x3) (119)
Xi:HN/A}(xi —xF +x3 — xf) (11b)
Xi:HN/A}(xi +xF — X3 — xf) (11c)
Xi:HN/z}(xi —x; — X3 +xf) (11d)

It may be noted from (7) that the HT of an N-point
sequence could be obtained from two N/2-point sequences
derived from the original sequence. Similarly, from (11),
we find that N-point HT can also be obtained from four
N/4-pint HT of four sequences derived from the original
sequence by suitable add/subtract operations. The
recursive behaviour of Hadamard matrix can therefore be
utilized to compute an N-point HT by 2-point or 4-point
HT. In the next Section we have shown that 4-point HT is
fairly simple to implement in a single PE to be used
further for the computation of HT of higher lengths.

I11. PROPOSED PIPELINED AND PARALLEL
ARCHITECTURE FOR FPGA IMPLEMENTATION

Some different computing structures are derived here for
4-point HT, and used them further to generate the efficient
structures from HT of higher lengths.

tag-1 tag-2 tag-3

0 1

0 0 0

1 1 0

0 x(2) 1 x(3) 1
x(1) 1 A A 282

|
x(ox(3)x(2)x(1)x(0)

(a) Proposed 4 point linear HT structure
Yin tag

PE
Xin . Xout

If tag=1 Xoue = Xin + Vi
Else Xour = Xin — Vi
(b) Function of the PEs.
Fig-1
3.1 Sructure for 4-point HT
The HT of a4-point sequence {x(0), X(1), X(2), X(3)}
can be obtained from (1) and (2) as

XO0) (1 1 1 1
X@| |1 -1 1-1
X2 |11 -1 -1
X@) 1 -1-1 1

Since the HT kernel given by (12) involves only 1s and
-1s, it would be possible to design simple adder-based
modules for computing the 4-point HT shown in Figs.1-3.
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The single-array structure of Fig.1 consists of 3 PEs,
where each PE either performs an addition (for tag=1) or a
subtraction (for tag=0). The function of each PE is
described in Fig.1(b).The tag-bits may be fed to the
individual PEs through 4-bit shift-registers. But, it is more
efficient to use a tag-bit generator to obtain the necessary
tag-bits for the PEs. Each of the PEs is fed with the input
sample in a staggered manner to maintain the necessary
data-dependence requirement. It will yield the first output
after three cycles, and it will produce a throughput of 1
output in every cycle, thereafter. The duration of cycle
period of the PEsis T = T, where T, is the time required
for an addition operation.

To have higher throughput a 2-dimensional (2-D)
structure for the computation of 4-point HT [shown in
Fig.2] can be used instead of linear array design of Fig.1.
The 2-D structure of Fig.3 consists of eight 2point 1D
hadamard structure. The proposed 2-D structure yields its
first out-put three cycles after the first input arrives at the
structure and yields four output during every cycle after
the horizontal and vertical pipelines are filled in the first
seven cycles. The duration of cycle period of the 2-D
structure is T = T, (the same as that of linear array of
Fig.1). The linear array of Fig.1 can be extended further
for any higher-length HT, so that a linear array consisting
of (N — 1) PEs can be used for N-point HT. Similarly, the
2-D array of Fig.2 can also be extended further for higher-
length HT, so that a 2-D array consisting of N(N —1)
add/subtract cells can be derived accordingly for N-point
HT.

Using the kernel values of (12), we can aso have a two-
stage agorithm for computation of 4-point HT as follows.
3.11Sep 1
Compute the following in parallel:

a(0) =x(0) +x(1)

a(1) = x(2) +x(3) 13
a(2) = x(0) - x(1)
a3) = x(2) - x(3)
3.1.23ep 2:
Compute the following in parallel:
X(0) =a(0) +a(1)
X(1) =a(0) - a(1) (14)

X(2) =a(2) +a(3)
X(3) =a2) - a@3)

Based on the two-stage algorithm of eq.(13) and (14)
two pipelined structures [shown in Figs.3] are derived for
four-point HT. The transverse pipelined structure for 4-
point HT is shown in Fig.3. The transverse pipelined
structure of Fig.3 consists of an addition module (AM),
subtraction module (SM) and a pair of add-subtract
module (AS). The AM consists of two adders, while SM
consists of two subtractors. Each AS module consists of an
adder and a subtractor. During every cycle the 4-point.
3.4.2 Structure for 2-point 2-D hadamard transform
Using the procedure explained above

X X
Input matrix: [X]:( " 12}
Xa X2
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Result after row wise transformation
[U]_(X11+X12 X21+X22j
X1~ X2 X~ X
Result after column wise transformation
Xq1 + X Xoq + X
[\/]:( 91t X2 X1 22}
X1 =X Xy~ Xy

It can be seen that ull and u2l are the 2-point 1-D
hadamard transform results of inputs x11 and x12.
Similarly ul2 and u22 are the the 2-point 1-D hadamard
transform of x21 and x22.

Result after column- wise calculation:

[V] _ (X11 + X12)+ (le + Xzz) (Xll — X2 )+ (le + Xzz)
(X11 + X12)_ (X21 + Xzz) (Xll - XlZ)_ (X21 + Xzz)
=[Y] = {output matrix}

X113 xll+x12+x21+x22
2p-1D A 2p-1D
X12-= 11+x12-x21x22
X21=> i 11-x12+x21 %22
2plD y 2p-1D
X2 > (11+x21+x02-X23

Fig.2.

On the basis of above 2point 2D hadamard structure of 4
point, 8 point structure can be made. It can be seen that
Long-length transforms can be computed from these short-
length modules as N-point transforms can be computed
from 2M number of M point HT-modules, where M =

x11 2 v
; -point y12
2 ——— 4 2-point point ——» v
w21 * 1D 1 > y21
1-DD ] * oy
x22
y13
x13 =¥ 2-paint 2-point : .‘;14
x14 > —_—  »
y23
x23 1-D D — ! 24
x24 !
. y3
:; —* 2_point 2-point a2
e
JE— 1-D v
x41 1D a2
x42
x33 | . — Y32
X34 2-point 2-point — v
x43 1D 1-D | v43
x44 * ya4

Fig.3. Structure of 4 point 2D architecture

[V.SIMULATION RESULTS

To study the performance of the proposed architectures
of HT, the proposed design is coded in VHDL and
simulated by using Xilinx I1SE tool. The word-length of
both input and the output words are taken to be 4-bit wide.
The power consumption of the proposed design are
obtained from the synthesis results for N. The Power of
the structures in terms of best-achievable-frequency (BAF)
is obtained after performing place-and-route by using the
place-and-route tool available in the Xilinx 1SE package.
The timing results of pipelined and proposed parallel
structure are listed in Table.
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Proposed Structure
Device Length Oof 1
Slices Slices
Virtex-E 4 22 32
16 177 256
64 710 -

V. CONCLUSION

Simple and efficient fully-pipelined and parallel
structures are de-signed for implementation of the HT.
Four different pipelined and parallel modules designs are
presented for transform length N = 4. It is shown that the
HT of transform-length N = 8 can be obtained from two 4-
point HT modules and the HT of transform-length N = 16
can be obtained from four 4-point HT modules. Higher
length transforms may however be computed from these
short-length  modules as N-point transforms can be
computed from 2M number of M point HT-modules,
where M = N¥2. The proposed architectures are coded in
VHDL, simulated by Xilinx ISE tool for validation, and
synthesized for virtex-E device available Xilinx tool.
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