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have been proposed in [9] for RFIR Þlters, speciÞcally
for SDR channelizer. Recently, Park and Meher [10] have
proposed an interesting DA-based architecture for RFIR Þlter.
The existing multiplier-based structures use either direct-
form conÞguration or transpose form conÞguration. But, the
multiplier-less structures of [9] use transpose form conÞgura-
tion, whereas the DA-based structure of [10] uses direct-form
conÞguration. But, we do not Þnd any speciÞc block-based
design for RFIR Þlter in the literature. A block-based RFIR
structure can easily be derived using the scheme proposed
in [15] and [16]. But, we Þnd that the block structure obtained
from [15] and [16] is not efÞcient for large Þlter lengths and
variable Þlter coefÞcients, such as SDR channelizer. Therefore,
the design methods proposed in [15] and [16] are more suitable
for 2-D FIR Þlters and block least mean square adaptive Þlters.

In this paper, we explore the possibility of realization of
block FIR Þlter in transpose form conÞguration in order
to take advantage of the MCM schemes and the inherent
pipelining for area-delay efÞcient realization of large order
FIR Þlters for both Þxed and reconÞgurable applications. The
main contributions of this paper are as follows.

1) Computational analysis of transpose form conÞgura-
tion of FIR Þlter and derivation of ßow graph for
transpose form block FIR Þlter with reduced register
complexity.

2) Block formulation for transpose form FIR Þlter.
3) Design of transpose form block Þlter for reconÞgurable

applications.
4) A low-complexity design method using MCM scheme

for the block implementation of Þxed FIR Þlters.
The remainder of this paper is organized as follows.

In Section II, computational analysis and mathematical
formulation of block transpose form FIR Þlter are presented.
The proposed architectures for Þxed and reconÞgurable
applications are presented in Section III. Hardware and time
complexities along with performance comparison are
presented in Section IV. Finally, the conclusion is drawn
in Section V.

II. COMPUTATIONAL ANALYSIS AND MATHEMATICAL

FORMULATION OF BLOCK TRANSPOSE

FORM FIR FILTER

The output of an FIR Þlter of lengthN can be computed
using the relation

y(n) =
NŠ1�

i= 0

h(i ) · x(n Š i ). (1)

The computation of (1) can be expressed by the recurrence
relation

Y(z) = [ zŠ1(· · · (zŠ1(zŠ1h(N Š 1) + h(N Š 2)) + h(N Š 3))

· · · + h(1)) + h(0)]X(z). (2)

A. Computational Analysis

The data-ßow graphs (DFG-1 and DFG-2) of transpose form
FIR Þlter for Þlter lengthN = 6, as shown in Fig. 1, for

Fig. 1. DFG of transpose form structure forN = 6. (a) DFG-1 for
output y(n). (b) DFG-2 for outputy(n Š 1).

Fig. 2. (a) DFT of multipliers of DFG shown in Fig. 1(a) corresponding to
output y(n). (b) DFT of multipliers of DFG shown in Fig. 1(b) corresponding
to output y(n Š 1). Arrow: accumulation path of the products.

a block of two successive outputs{y(n), y(n Š 1)} that are
derived from (2). The product values and their accumulation
paths in DFG-1 and DFG-2 of Fig. 1 are shown in data-
ßow tables (DFT-1 and DFT-2) of Fig. 2. The arrows in
DFT-1 and DFT-2 of Fig. 2 represent the accumulation path of
the products. We Þnd that Þve values of each column of DFT-1
are same as those of DFT-2 (shown in gray color in Fig. 2).
These redundant computation of DFG-1 and DFG-2 can be
avoided using nonoverlapped sequence of input blocks, as
shown in Fig. 3. DFT-3 and DFT-4 of DFG-1 and DFG-2
for nonoverlapping input blocks are, respectively, shown
in Fig. 3(a) and (b). As shown in Fig. 3(a) and (b), DFT-3
and DFT-4 do not involve redundant computation. It is easy
to Þnd that the entries in gray cells in DFT-3 and DFT-4 of
Fig. 3(a) and (b) correspond to the outputy(n), whereas the
other entries of DFT-3 and DFT-4 correspond toy(nŠ 1). The
DFG of Fig. 1 needs to be transformed appropriately to obtain
the computations according to DFT-3 and DFT-4.

B. DFG Transformation

The computation of DFT-3 and DFT-4 can be realized by
DFG-3 of nonoverlapping blocks, as shown in Fig. 4. We refer
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Fig. 3. DFT of DFG-1 and DFG-2 for three nonoverlapped input blocks
[x(n), x(nŠ 1)], [x(nŠ 2), x(nŠ 3)], and[x(nŠ 4), x(nŠ 5)]. (a) DFT-3 for
computation of outputy(n). (b) DFT-4 for computation of outputy(n Š 1).

Fig. 4. Merged DFG (DFG-3: transpose form type-I conÞguration for block
FIR structure).

Fig. 5. DFG-4 (retimed DFG-3) transpose form type-II conÞguration for
block FIR structure.

it to block transpose form type-I conÞguration of block FIR
Þlter. The DFG-3 can be retimed to obtain the DFG-4 of Fig. 5,
which is referred to block transpose form type-II conÞguration.
Note that both type-I and type-II conÞgurations involve the
same number of multipliers and adders, but type-II conÞgura-
tion involves nearlyL times less delay elements than those of

type-I conÞguration. We have, therefore, used block transpose
form type-II conÞguration to derive the proposed structure.
In Section II-C, we present mathematical formulation of block
transpose form type-II FIR Þlter for a generalized formulation
of the concept of block-based computation of transpose form
FIR Þlers.

C. Mathematical Formulation of the Transpose
Form Block FIR Filter

Suppose in every cycle, the block FIR Þlter takes a block
of L new input samples, and processes those to produce a
block of L output samples. Thekth block of Þlter outputyk is
computed using the relation

yk = Xk · h (3)

where the weight vectorh is deÞned as

h = [ h(0), h(1), . . . , h(N Š 1)]T.

The input matrixXk is deÞned as

Xk =
�

x0
k x1

k . . . x4
k . . . xNŠ1

k

�
(4)

wherexi
k is the(i + 1)th column ofXk are deÞned as

xi
k =[ x(kL Š i ) x(kL Š i Š 1) · · · x(kL Š i Š L + 1)]T. (5)

Substituting (4) in (3), the matrix-vector product is expressed
in the form of scalarÐvector product as

yk =
NŠ1�

i= 0

xi
k · h(i ). (6)

Suppose N is a composite number and decomposed as
N = M L, then indexi is expressed asi = l + mL, for
0 � l � L Š 1, and 0� m � M Š 1. Substitutingi = l + mL
in (5), we have

xl+ mL
k = xl

kŠm. (7)

Substituting (7) in (4), we have

Xk =
�
x0

k x1
k · · · xLŠ1

k x0
kŠ1 x1

kŠ1 · · · xLŠ1
kŠ1 · · ·

x0
kŠ M+ 1 x1

kŠ M+ 1 · · · xLŠ1
kŠ M+ 1

�
. (8)

Substituting (8) in (3), we have

yk =
LŠ1�

l= 0

MŠ1�

m= 0

xl
kŠm · h(l + mL). (9)

The input matrix Xk of (8) has an interesting
feature. The data blockx0

k is the current block,
while {x0

kŠ1, x0
kŠ2, . . . , x0

kŠ M+ 1} are blocks delayed
by 1, 2, . . . , ( M Š 1) cycles. The overlapped blocks
{x1

kŠ1, x1
kŠ2, . . . , x1

kŠ L+ 1} are, respectively, 1 clock cycle,
2 clock cycles, . . . , ( M Š 1) cycles delayed version
of overlapped block x1

k. To take the advantage of
this feature, the input-matrixXk is decomposed into
M small matrices Sl

k, such that S0
k contains L input-

blocks {x0
k, x1

k, . . . , xLŠ1
k }, and S1

k contains input blocks

{x0
kŠ1, x1

kŠ1, . . . , xLŠ1
kŠ1 }. Similarly, the input block

{x0
kŠ M+ 1, x1

kŠ M+ 1, . . . , xLŠ1
kŠ M+ 1} constitute the matrixSMŠ1

k .
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V. CONCLUSION

In this paper, we have explored the possibility of realization
of block FIR Þlters in transpose form conÞguration for area-
delay efÞcient realization of both Þxed and reconÞgurable
applications. A generalized block formulation is presented
for transpose form block FIR Þlter, and based on that we
have derived transpose form block Þlter for reconÞgurable
applications. We have presented a scheme to identify the MCM
blocks for horizontal and vertical subexpression elimination in
the proposed block FIR Þlter for Þxed coefÞcients to reduce
the computational complexity. Performance comparison shows
that the proposed structure involves signiÞcantly less ADP
and less EPS than the existing block direct-form structure
for medium or large Þlter lengths while for the short-length
Þlters, the existing block direct-form structure has less ADP
and less EPS than the proposed structure. Application-speciÞc
integrated circuit synthesis result shows that the proposed
structure for block size 4 and Þlter length 64 involve 42%
less ADP and 40% less EPS than the best available FIR Þlter
structure of [10] for reconÞgurable applications. For the same
Þlter length and the same block size, the proposed structure
involves 13% less ADP and 12.8% less EPS than that of the
existing direct-from block FIR structure of [15].
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