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Fig. 8. Power line interference removal in ECG signal. (a) Input waveform
of the comb filter. (b) Output waveform of the comb filter.

IV. A PPLICATION EXAMPLE

A major problem in the recording of ECG is that the measurement
signals degraded by the power line interference. One source of
interference is electrical field characterized by noise concentrated at
the fundamental frequency 60 Hz. The other source is magnetic field
which is characterized by high harmonic content. The harmonics are
due to the nonlinear characteristics of transformer cores in the power
supply [8]. Thus, to use comb filter to reduce interference becomes
an important subject in ECG measurement.

In this example, we utilize the comb filter designed by the method
in Example 4 to remove power line interference. The samples used
here have 8 bits and the sampling rate is 600 Hz. Fig. 8(a) shows
the input waveform that is ECG signal corrupted by harmonic
interference with fundamental frequency 60 Hz. The specification
of comb filter is chosen as

Hd(!) =
0; ! = 0:2k� k = 0; 1; � � � ; 5
1; otherwise.

(29)

Fig. 8(b) shows the waveform of comb filter output with zero initial.
From this result, it is obvious the interference has been removed by
our comb filter except some transient states appear at the beginning.

V. CONCLUSION

In this paper, a new comb filter design method using fractional
sample delay has been presented. First, the specification of the comb
filter design is transformed into that of fractional delay filter design.
Then, the FIR and allpass filter design techniques are directly used
to design fractional delay filter with transformed specification. Next,
we develop a constrained fractional delay filter design approach to
improve the performance of the direct design method. Finally, several
design examples and an experiment of the power line interference
removal in ECG signal are demonstrated to illustrate the effectiveness
of this new design approach.
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A Complete Pipelined Parallel CORDIC
Architecture for Motion Estimation

Jie Chen and K. J. Ray Liu

Abstract—In this paper, a novel fully pipelined parallel CORDIC archi-
tecture is proposed for motion estimation. Unlike other block matching
structures, it estimates motion in the discrete cosine transform (DCT)
transform domain instead of the spatial domain. As a result, it achieves
high system throughput and low hardware complexity as compared to the
conventional motion estimation design in MPEG standards. That makes
the proposed architecture very attractive in real-time high-speed video
communication. Importantly, the DCT-based nature enables us not only
to efficiently combine DCT and motion estimation units into a single
component but also to replace all multiply-and-add operations in plane
rotation by CORDICs to gain further savings in hardware complexity.
Furthermore this multiplier-free architecture is regular, modular, and
has solely local connection suitable for VLSI implementation. The goal
of the paper is to provide a solution for MPEG compatible video codec
design on a dedicated single chip.

I. INTRODUCTION

Because of the simplicity of the block matching motion estimation
(BKM-ME), it has been adopted in MPEG and H.263 standards.
However, the computational complexity of BKM-ME is very high,
i.e.O(N4) for aN �N block, hence high hardware complexity. To
reduce the computational complexity, some simplified block search
methods (such as logarithmic search, three-step search, etc.) and
the corresponding structures have been proposed. Those methods
pick several displacement candidates out of all possible displacement
values in terms of minimum mean absolute difference values of the
reduced number of pixels and still require two or more sequential
steps to find suboptimal estimates. A good review paper about VLSI
architectures for video compression can be found in [1]. Besides
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(a)

(b)

Fig. 1. Coder structures: SD-ME—spatial-domain motion estimation.
TD-ME—Transform-domain motion estimation. (a) Conventional hybrid
coder structure. (b) Fully DCT-based coder structure.

the block-based approaches, the manipulation of video data in the
DCT domain has been recognized important in many advanced video
applications [2]. Many manipulation functions can be performed in
the DCT domain more efficiently than in the spatial domain due to a
much lower data rate. Therefore, how to design and implement such
a system in a cost-effective way have become a big challenge to us.

In this paper, a novel fully pipelined parallel CORDIC [3] archi-
tecture (CORDIC-DXT-ME) is proposed. Unlike any block search
motion estimation structures, the CORDIC-DXT-ME estimates mo-
tions in the DCT transform domain instead of the spatial domain.
As a result, it achieves high system throughput and low hardware
complexity as compared to the conventional motion estimation design
shown in Fig. 1(a) in MPEG, H.263 standards. The throughput of
the conventional coder is limited by the processing speed of the
feedback loop which is the major bottleneck of the entire digital
video system for high-speed real-time applications. On the other
hand, the CORDIC-DXT-ME works solely in the DCT transform
domain so that we can move DCT/IDCT out of the loop as shown in
Fig. 1(b). Now the performance-critical feedback loop of DCT-based
coder contains only transform-domain motion estimation unit (TD-
ME) instead of three major components (DCT, IDCT, SD-ME). This
not only reduces the complexity of the coder but also achieves higher
system throughput. In addition, the DCT-based nature of CORDIC-
DXT-ME enables us not only to efficiently combine the two major
processing components, the DCT and motion estimation, into one
single component of relatively low complexity but also to replace
all multiply-and-add operations in plane rotation with CORDIC
processors. CORDIC with simple shift-and-add is more efficient in
evaluating trigonometric functions and hyperbolic transformations,
it is extremely simple and quite compact to realize while being no
slower than the bit serial multipliers widely proposed for VLSI array
structures. Those major advantages along with the regular, modular
and only local connected properties of the proposed architecture make
the MPEG, H.263 compatible real-time video codec design on a single
dedicated chip feasible.

In the next section, we will describe the CORDIC-DXT-ME design
in detail. We then present simulation results in Section III to show
the performance of the proposed architecture. Finally, this paper is
concluded in Section IV.

II. CORDIC-DXT-ME DESIGN

As well known, Fourier transform (FT) of a signalx(t) is related to
FT of its shifted (or delayed ift represents time) version,x(t� �);
by this equation:

Ffx(t� �)g = e
�j!�

Ffx(t)g; (1)

whereFf�g denotes Fourier transform. The phase of the FT of the
shifted signal contains the information about the amount of shift�;

which can easily be extracted. However, the discrete cosine transform
(DCT) or its counterpart, the discrete sine transform (DST), does
not have any phase components as usually found in discrete Fourier
transform (DFT), but this shift information is actually preserved in
the pseudo phasesof DCT (or DST) coefficients of moving images
[4]. Therefore, DCT pseudo-phase technique [4] can exact motion
displacement directly from the consecutive images and results in low
computational complexityO(N2) as opposed toO(N4) for BKM-
ME. Based on this technique, we design a fully pipelined parallel
CORDIC-DXT-ME architecture. It employs a highly hierarchical and
modular design. The actual design proceeds in a bottom–up manner,
but for clarity of presentation, we have used the top–down method
of description.

A two-dimensional image, depending upon the application, will
have a certain number of pixels in every row and column. For the
sake of simplicity, take an image whose pixels are encoded in gray-
scales as an example. Each pixel typically would have 256 gray levels
represented by an 8-b word. For complicated video sequences in
which objects may move across the border of blocks in nonuniform
background, preprocessing can be employed to enhance the features
of motion objects and keeps the computational complexity of the
overall motion estimation low [4]. Under that circumstance, the
CORDIC-DXT-ME takes either edge extraction or frame differen-
tiation of the consecutive frames as input frame. The input frame is
further divided into blocks ofN�N pixels, and the motion estimation
is computed for each of the blocks. The input data is fed in serially
to CORDIC-DXT-ME staring from the top left pixel to the top right
pixel, and then on to the next row, and so on for every block, until
the entire image is estimated.

The assembled block diagram of CORDIC-DXT-ME is outlined in
Fig. 2. It has four major processing stages:

1) The N � N block of pixels at the current framext are fed
into type II DCT/DST(2D-DXT-II) coder which computes four
coefficientsXcc

t (k; l);Xcs

t (k; l);Xsc

t (k; l) andXss

t (k; l):

X
cc

t (k; l) =
4

N2
C(k)C(l)

N�1

m;n=0

xt(m;n)

� cos
k�

N
(m+ 0:5) cos

l�

N
(n+ 0:5) ;

for k; l 2 f0; � � � ; N � 1g (2)

X
cs

t (k; l) =
4

N2
C(k)C(l)

N�1

m;n=0

xt(m;n) cos

�
k�

N
(m+ 0:5) sin

l�

N
(n+ 0:5) ;

for k 2 f0; � � � ; N � 1g; l 2 f1; � � � ; Ng (3)

X
sc

t (k; l) =
4

N2
C(k)C(l)

N�1

m;n=0

xt(m;n)

� sin
k�

N
(m+ 0:5) cos

l�

N
(n+ 0:5) ;

for k 2 f1; � � � ; Ng; l 2 f0; � � � ; N � 1g (4)
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Fig. 2. The assembled block diagram of CORDIC-DXT-ME.

X
ss
t (k; l) =

4

N2
C(k)C(l)

N�1

m;n=0

xt(m;n)

� sin
k�

N
(m+ 0:5) sin

l�

N
(n+ 0:5) ;

for k; l 2 f1; � � � ; Ng (5)

where

C(k);C(l) =
1
p
2
; for k = 0 or N ,

1; otherwise.

Meanwhile, theN � N type II DCT/DSTcoefficients of the
previous frame are transformed totype I DCT/DST(2D-DXT-I)
coefficientsZcc

t�1(k; l); Z
cs
t�1(k; l); Z

sc
t�1(k; l) and Zss

t�1(k; l)
defined similarly totype II kernels in (2)–(5) such as

Z
cs
t�1(k; l) =

4

N2
C(k)C(l)

N�1

m=0

N�1

n=0

xt�1(m;n)

� cos
k�

N
(m) sin

l�

N
(n) ;

k 2 f0; � � � ; Ng; l 2 f1; � � � ; N � 1g:

(6)

2) The pseudophases computation module utilizes all the previous
computed parameters and takesO(N) times to produce two
pseudo-phase functionsf(k; l) and g(k; l); which will be
discussed in details later.

3) Then f(k; l) and g(k; l) undergotype II inverse IDCT/IDST
(2D-IDXT-II) transform to generateF (m;n) andG(m;n) in
view of the orthogonal property

F (m;n) = IDCSTII(f(k; l))

=
4

N2

N�1

k=0

N

l=1

C(k)C(l)f(k; l)

� cos
k�

N
m+

1

2
sin

l�

N
n+

1

2

= [�(m�mu) + �(m+mu + 1)]

� [�(n�mv)� �(n+mv + 1)] (7)

G(m;n) = IDSCTII(g(k; l))

=
4

N2

N

k=1

N�1

l=0

C(k)C(l)g(k; l)

� sin
k�

N
m+

1

2
cos

l�

N
n+

1

2

= [�(m�mu)� �(m+mu + 1)]

� [�(n�mv) + �(n+mv + 1)] (8)

wheremv;mu are the peak positions used in determining the
integer-pel motion vectors.

4) Finally, we search the peak values based on sinusoidal orthog-
onal principles amongF (m;n) andG(m;n) to determine the
integer-pel motion vector(m;n):

In what follows, we describe the detailed design of each block given
in Fig. 2.

A. Time-Recursive 2D-DXT/IDXT-II Programmable Module
and Type Transformation Module

Unlike the commonly used 2D-DCT structures (such as ma-
trix factorization, systolic structure implementation, etc.), the time-
recursive DCT architecture derived in [5] is able to simultaneously
generateDCT and DST outputs, which can be used in computing
pseudo phases later. The time-recursive updating of 1D-DXT-II is
given by (9) at the bottom of the page. Here the time indext in Xc

t (k)
and Xs

t (k) denotes that the transform starts fromx(t) and ends
with x(t + N): Both conventional MAC-based (multiplication and
accumulation) lattice structure and its corresponding CORDIC-based
architecture are shown in Fig. 3. It is well known that the orthogonal
rotation of the lattice structure in (9) is numerically stable so that the
roundoff errors will not be accumulated. This nice numerical property
is very useful in finite-precision implementation. The multiplications
in the plane rotation encircled by dot-boxes in Fig. 3(a) are replaced
by CORDIC processors shown in Fig. 3(b).

The type II one-dimensional time-recursive inverse IDCT/IDST
(1D-IDXT-II) is defined as

x
c
t(n) =

t+N�1

n=t

C(k� t)X(k) cos
(k � t)(2n+ 1)�

2N
;

n 2 f0; � � � ; N � 1g

x
s
t (n) =

t+N

n=t+1

C(k� t)X(k) sin
(k � t)(2n+ 1)�

2N
;

n 2 f0; � � � ; N � 1g

and the time-recursive updating is given by

xct+1(n)
xast+1(n)

=
cos

2n+ 1

2N
� sin

2n+ 1

2N
�

� sin
2n+ 1

2N
� cos

2n+ 1

2N
�

�
xct(n)
xast (n)

+
�

1
p
2
X(t)

(�1)nX(t+N)

+
1
p
2
� 1 X(t+ 1)

0
: (10)

Xc
t+1(k)

Xs
t+1(k)

=
cos

k�

N
sin

k�

N

� sin
k�

N
cos

k�

N

�
Xc
t (k)

Xs
t (k)

+
cos

k�

2N
sin

k�

2N

� sin
k�

2N
cos

k�

2N

�
2

N
(�x(t) + (�1)kx(t+N))

0
: (9)
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(a)

(b)

Fig. 3. 1D-DXT-II structure with �c(m) = cos(mk�=2N) and
�s(m) = sin(mk�=2N): (a) lattice structure. (b) corresponding CORDIC
structure.

The purpose to introduce the auxiliary variablexast (n) in (10) is to
maintain the same lattice structure as in 1D-DXT-II case andxast (n)
is defined as

x
as

t (n) =

t+N�1

k=t

C(k � t)X(k) sin
(k � t)(2n+ 1)�

2N
;

n 2 f0; � � � ; N � 1g: (11)

The auxiliary variablexast (n) is related toxst (n) by

x
s

t (n) =x
as

t (n) + (�1)n
1
p
2
X(t+N); n 2 f0; � � � ; N � 1g:

From the above discussion, we observe that both 1D-DXT-II
and its inverse 1D-IDXT-II share a common computational mod-
ule with only some minor differences in the data inputs and the
rotation angles. Therefore, we can integrate both modules into one
programmable module as shown in Fig. 4. The setting of switches
SSS

:
= [s0s1s2s3s4s5s6] in Fig. 4 is for the 1D-DXT-II and the

complementary setting is for its inverse 1D-IDXT-II.N such module
can be used for parallel computing 1D-DXT/IDXT-II coefficients for
different channels.

Based on the same approach as in one-dimensional case, we extend
and modify the two-dimensional design in [6] to interleave 2D-DXT-
II with its inverse 2D-IDXT-II as shown in Fig. 5. The following is
an example to calculate DCCT, DSCT, DCST and DSST coefficients.
When row data vectors ofN �N block of pixels arrive, the left 1D-
DXT/IDXT Array in Fig. 5 performs DCT and DST transform on
them. AfterN clock cycles, the 1D-DCT-II coefficients are available
and stored in the upper Circular Shift Matrix meanwhile its 1D-DST-
II counterpart are stored in the lower Matrix. The operations of the
right 1D-DXT/IDXT Array and Shift Register Array in Fig. 5 are the

same as those in the left. Therefore, after2N clock cycles, the 2D-
DXT-II coefficients can be simultaneously generated. By resetting the
switches of the programmable module in Fig. 4, which corresponds
to those modules for different channels in 1D-DXT/IDXT Array in
Fig. 5, we can also simultaneously generate the inverse 2D-IDXT-II
coefficients. The multiplexer (MUX) in Fig. 5 is used to control the
input data flow.

A closer look at the right-hand side of (7) and (8) tells us
that bothF (m;n) and G(m;n) can be dually generated by us-
ing the time-recursive structure in Fig. 5. We can use MUX to
select N of f(k; l); l 2 f1; � � � ; Ng; followed by g(k; l); l 2
f0; � � � ; N � 1g; alternatively for differentk: As a result, the left
1D-DXT/IDXT Array in Fig. 5 generates one-dimensional inverse
IDST (f(k; l)) which enter the lower Circular Shift Matrix and
thenIDCT (g(k; l)) which enter the upper Matrix in turn. The two-
dimensionalIDCST (f(k; l)) andIDSCT (g(k; l)) can be obtained
independently afterwards. Therefore, from implementation point of
view, we can interleave the 2D-DXT-II module used in the first stage
with the 2D-IDCT-II module in the third stage of Fig. 2. Overall
Xcc

t (k; l);Xcs

t (k; l);Xsc

t (k; l) andXss

t (k; l) can be simultaneously
generated when the pixels of the current framext are selected as
input, or F (m;n) and G(m;n) are generated whenf(k; l) and
g(k; l) are in turn selected by MUX in Fig. 5.

Note that the type I 2D-DXT-I coefficients
Zcc

t�1(k; l); Z
cs

t�1(k; l); Z
sc

t�1(k; l) and Zss

t�1(k; l) required by
the pseudo-phase computation in the second stage of Fig. 2 can
actually be obtained by the plane rotation of thetype II 2D-DXT-II
kernels as follows:

cos � cos� cos � sin� sin � cos� sin � sin�
� cos � sin� cos � cos� � sin � sin� sin � cos�
� sin � cos� � sin � sin� cos � cos� cos � sin�
sin � sin� � sin � cos� � cos � sin� cos � cos�

�

Xcc

t�1(k; l)
Xcs

t�1(k; l)
Xsc

t�1(k; l)
Xss

t�1(k; l)

=

Zcc

t�1(k; l)
Zcs

t�1(k; l)
Zsc

t�1(k; l)
Zss

t�1(k; l)

(12)

where� = (k�=2N); � = (l�=2N): The lattice and its correspond-
ing CORDIC structures are depicted in Fig. 6(a) and (b).N such
modules can be used for parallel transformation for different channels.
It requires a total of4N CORDICs and takesO(N) times to perform
rotation from type II 2D-DXT-II to type I 2D-DXT-I.

B. Pseudo-Phase Computation and Peak Searching

In a two-dimensional space, the two pseudo-phase functionsf(k; l)
and g(k; l) are defined by taking the block boundary into consider-
ation [4], as shown in (13) and (14) at the bottom of page 658.
The pseudo-phase computation kernel,gCS(k; l) and gSC(k; l) for
k; l 2 f1; � � � ; N � 1g which will be discussed in details later, have
two-dimensional relationship and are more complicated to solve than
those at block boundary.

1) Pseudo-Phase Functions at Block Boundary:In what follows,
we usef(k; l) computation at the block boundary as an example. It
is also applicable tog(k; l) at the block boundary.

To solvef(0; l) in (13) is equivalent to solve the following linear
equation

Zcc

t�1(0; l) Zcs

t�1(0; l)
�Zcs

t�1(0; l) Zcc

t�1(0; l)
f(0; l)
�

=
1
p
2

Xcs

t (0; l)
Xcc

t (0; l)
(15)
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Fig. 4. 1D-DXT/IDXT-II programmable module.

Fig. 5. Time-recursive structure for 2D-DXT-II and its inverse.

where� stands fordon’t care. (15) can be converted to

f(0; l)
� =

1p
2

1

H

cos  � sin 
sin  cos 

Xcs
t (0; l)

Xcc
t (0; l)

(16)

where H = (Zcc
t�1(0; l))

2 + (Zcs
t�1(0; l))

2 and  =

tan�1(Zcs
t�1(0; l)=Z

cc
t�1(0; l)): The corresponding CORDIC

structure is shown in Fig. 7. The similar approach can be applied
to computef(k;N):

It is much easier to computef(0;N) by using only one CORDIC
operating inlinear backward rotation modefollowed by a right shifter
to halve the result.

2) Pseudo-Phase Kernel Functions:As mentioned in [4], the
pseudo-phase kernel functionsf(k; l) and g(k; l) of integer-pel

displacements between previous framesxt�1 and current framext
are computed by solving thesystem equation:

Zcc
t�1(k; l) �Zcs

t�1(k; l) �Zsc
t�1(k; l) Zss

t�1(k; l)
Zcs
t�1(k; l) Zcc

t�1(k; l) �Zss
t�1(k; l) �Zsc

t�1(k; l)
Zsc
t�1(k; l) �Zss

t�1(k; l) Zcc
t�1(k; l) �Zcs

t�1(k; l)
Zss
t�1(k; l) Zsc

t�1(k; l) Zcs
t�1(k; l) Zcc

t�1(k; l)

ZZZ (k;l)

�
gCC(k; l)
gCS(k; l)
gSC(k; l)
gSS(k; l)

~� (k;l)

=

Xcc
t (k; l)

Xcs
t (k; l)

Xsc
t (k; l)

Xss
t (k; l)

~x (k;l)

;

for k; l 2 f1; � � � ; N � 1g (17)
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(a) (b)

Fig. 6. The structure oftype II to type I coefficients conversion. (a) Lattice structure. (b) Its CORDIC structure.

Fig. 7. The pseudo-phasef(k; l) computation at block boundary.

where(m;n) is the displacement and~�m;n is the pseudo-phase vector
which also equals to[�; f(k; l); g(k; l); �]TTT . Note thatZZZt�1(k; l) 2
RRR4�4 in (17). If we adopt Gauss elimination or Givens rotation
method to solve for pseudo-phasef(k; l) and g(k; l); it incurs a
heavy computational burden. However, by exploring the structure
embedded in theZZZt�1(k; l); we can reduce the 4�4 problem in (17)
to 2�2 case. Let us first introduce the following lemma which leads
to an efficient way of solving (17).

Lemma 1: If (Zsc
t�1(k; l)=Z

cc
t�1(k; l)) = (Zss

t�1(k; l)=Z
cs
t�1(k; l));

thenZZZt�1(k; l) is an orthogonal matrix.
Proof: Let

K =(Zcc
t�1(k; l))

2 + (Zcs
t�1(k; l))

2 + (Zsc
t�1(k; l))

2 + (Zss
t�1(k; l))

2

� = tan�1
Zsc
t�1(k; l)

Zcc
t�1(k; l)

; � = tan�1
Zss
t�1(k; l)

Zsc
t�1(k; l)

: (18)

f(k; l) =

gCS(k; l); for k; l 2 f1; � � � ; N � 1g
1
p
2

Zcc
t�1(k; l)X

cs
t (k; l)� Zcs

t�1(k; l)X
cc
t (k; l)

(Zcc
t�1(k; l))

2 + (Zcs
t�1(k; l))

2
; for k = 0; l 2 f1; � � � ; N � 1g

1
p
2

Zcs
t�1(k; l)X

cs
t (k; l) + Zss

t�1(k; l)X
ss
t (k; l)

(Zcs
t�1(k; l))

2 + (Zss
t�1(k; l))

2
; for l = N; k 2 f1; � � � ; N � 1g

1

2

Xcs
t (k; l)

Zcc
t�1(k; l)

; for k = 0; l = N:

(13)

g(k; l) =

gSC(k; l); for k; l 2 f1; � � � ; N � 1g
1
p
2

Zcc
t�1(k; l)X

sc
t (k; l)� Zsc

t�1(k; l)X
cc
t (k; l)

(Zcc
t�1(k; l))

2 + (Zsc
t�1(k; l))

2
; for l = 0; k 2 f1; � � � ; N � 1g

1
p
2

Zsc
t�1(k; l)X

ss
t (k; l) + Zss

t�1(k; l)X
sc
t (k; l)

(Zsc
t�1(k; l))

2 + (Zss
t�1(k; l))

2
; for k = N; l 2 f1; � � � ; N � 1g

1

2

Xsc
t (k; l)

Zcc
t�1(k; l)

; for k = N; l = 0:

(14)
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Fig. 8. Folded pipeline structure for pseudo-phase computation.

Then,

Zcc

t�1(k; l)p
K

= cos� cos�

Zcs

t�1(k; l)p
K

= cos� sin�

Zsc

t�1(k; l)p
K

= sin� cos�

Zss

t�1(k; l)p
K

= sin� sin�:

ThereforeZZZt�1(k; l) can be rewritten as the matrix shown at the
bottom of the page. The matrixAAA is an orthonormal matrix because
AAAAAAT = AAAAAA�1 = III: Hence,

ZZZt�1(k; l)ZZZ
T

t�1(k; l) = KIII

By apply the lemma to thesystem equation, we can solve for the
pseudo-phase information as (19) at the bottom of the page. Both
lattice and its corresponding CORDIC structures to solve forf(k; l)
and g(k; l) in (19) are similar to those in Fig. 6.

If (Zsc

t�1(k; l)=Z
cc

t�1(k; l)) 6= (Zss

t�1(k; l)=Z
cs

t�1(k; l)); it is more
difficult to find the pseudo-phase functions. Fortunately, we are only
interested in solving pseudo-phasef(k; l) and g(k; l); so we can
multiply both sides of thesystem equationby ZZZT

t�1(k; l) and obtain
the desired reduced2 � 2 equation:

K J

J K

f(k; l)
g(k; l)

=
Zcs

t�1(k; l) Zsc

t�1(k; l)
Zsc

t�1(k; l) Zcs

t�1(k; l)
�Xcc

t (k; l)
Xss

t (k; l)

�

ZZZt�1(k; l) =
p
K

cos� cos� � cos� sin � � sin� cos� sin� sin�
cos� sin� cos� cos � � sin� sin � � sin� cos�
sin� cos � � sin� sin� cos� cos� � cos� sin�
sin� sin� sin� cos� cos� sin � cos� cos�

:

AAA

�
f(k; l)
g(k; l)
�

=
1

K

cos� cos� cos� sin� sin� cos � sin� sin �
� cos� sin� cos� cos� � sin� sin � sin� cos�
� sin� cos� � sin� sin� cos� cos� cos� sin�
sin� sin� � sin� cos� � cos� sin� cos� cos �

AAATTT

Xcc

t (k; l)
Xcs

t (k; l)
Xsc

t (k; l)
Xss

t (k; l)

(19)
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(a) (b) (c)

Fig. 9. Simulation on the “Miss America” sequence. (a) Frame 90. (b) Frame 91. (c) Reconstructed frame.

+
Zcc

t�1(k; l) �Zss

t�1(k; l)

�Zss

t�1(k; l) Zcc

t�1(k; l)

Xcs

t
(k; l)

Xsc

t
(k; l)

�

�
=

P

Q
(20)

whereK is defined in (18) andJ = 2 � [Zcs

t�1(k; l)Z
sc

t�1(k; l) �

Zcc

t�1(k; l)Z
ss

t�1(k; l)]:

Then f(k; l) and g(k; l) can be found as

f(k; l)

g(k; l)
=

1

�

K �J

�J K

P

Q
; where

� =K
2
� J

2
: (21)

From the above discussion, we observe that the computations of
�1 and�2 defined in (20) are similar. We thus employ the folding
technique [7] to reduce the number of the CORDICs in the design.
The folded architecture given in Fig. 8 requires 10 CORDICs which
is almost half of the number of CORDICs used in the unfolded
pipeline architecture. This reduction in hardware is achieved at the
expense of increasing the latency of that module. The switch settings
in Fig. 8 are for computingK;�1 and the complementary settings
are for computingJ;�2: The latches, Ds in Fig. 8, driven by two
nonoverlap clocks are introduced across the feed-forward cut-set not
only to reduce the critical path but also to synchronize the pseudo-
phase computation. Here some CORDIC processors are operated in
the somewhat less often,hyperbolic rotation modesto evaluateP;Q
and the pseudo phasesf(k; l) and g(k; l): Overall the structure is
fully pipelined and it takesO(N) time to compute two pseudo-phase
functionsf(k; l) and g(k; l):

The two-dimensional search for the peak value amongF (m;n)

andG(m;n) in [4] can be reduced to the one-dimensional search by
the row-column decomposition search which looks for the peak value
of each row, followed by a vertical search of the previous results. In
summary, to processN�N block of pixel, the hardware cost of each
component and throughput of the system in Fig. 2 are summarized
in Table I.

III. SIMULATION RESULTS

Simulations have been performed on the “Miss America” sequence
in QCIF format with frame size 176�144 using the proposed archi-
tecture. The original frame 90 and 91 are shown in Fig. 9(a) and (b)

TABLE I
HARDWARE COST AND THROUGHPUT

and the reconstructed frame 91 based on the moving vectors obtained
from CORDIC-DXT-ME is shown in Fig. 9(c).

IV. CONCLUSION

In this paper, we propose a novel low-complexity high throughput
CORDIC architecture (CORDIC-DXT-ME) for motion estimation.
This proposed multiplier-free and fully pipelined parallel structure
requires20N CORDICs and27N adders to processN � N block
of pixels. In addition, this fully DCT-based coder exhibits accurate
motion estimate. Its regular and modular structure along with only
local connection makes MPEG, H.263 compatible video codec design
on a dedicated single chip feasible.
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