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Abstract

In this paper, a generic filter bank architecture for 2D FIR filter is proposed
using block processing, symmetry in the filter coefficients, and memory-
based multipliers. The different symmetry filters are considered as sub-filters
of the filter bank to decrease the number of multipliers and the desired filter
can be selected using control logic to reduce the power consumption. The
block processing is incorporated to increase the throughput of the filter. Due
to this block processing, memory sharing and memory reuse are achieved to
optimize the architecture in terms of area, memory, and power. In each filter,
the conventional multipliers are replaced with Distribute Arithmetic (DA)
based memory multipliers to decrease the delay, power, and area of each sub-
filter. The proposed design is coded by Verilog HDL and synthesized using
Cadence Genus tools in 45 nm technology. The physical design is carried out
using Cadence Innovus tools. The proposed design results are compared with
state-of-the-art works.
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1 Introduction

The two-dimensional (2D) digital filters are widely used in many image
processing applications such as biometric systems, image restoration, image
enhancement, face recognition, and pattern recognition systems, etc. [1, 2].
The Finite Impulse Response (FIR) is mostly used for image processing
applications rather than Infinite Impulse Response (IIR) filters because of
simple to design and more stable. The 2D FIR filter architecture implementa-
tion in VLSI is a challenging task for researchers. The low power, high speed,
and compact area architecture are always preferable for the above appli-
cations. The Application Specific Integrated Circuit (ASIC) design-based
dedicated architectures need to be implemented for real-time applications.

1.1 Literature Review

Many algorithms to design the 2D FIR filters and many types of architectures
of 2D FIR filters are proposed in the literature. Few of them are reported
in this paper and motivated from this to implement an efficient 2D FIR
filter architecture. The 2D FIR filter architectures using separable and non-
separable concepts with block-processing are proposed in [3]. In this paper,
generic separable, generic non-separable, and unified 2D FIR filter archi-
tectures with various symmetry filters as sub-blocks are implemented with
less memory. The low power memory-efficient 2D FIR filter architecture is
implemented using high speed and power-efficient Carry Look Ahead (CLA)
adders in the paper [4]. A new approach-based FIR filter systolic architecture
is proposed without block processing by Vinitha et al. [5]. The symme-
try properties can reduce the computations in systolic architectures [6, 7].
In these works, the 2D IIR filter architectures with various symmetry are
proposed. Four types of power-efficient symmetrical 2D IIR filters and mul-
timode architectures are also implemented. They are focused on critical path
and symmetry only, but single input and single output approaches are only
presented.

In the above existing works, power hunger conventional multipliers
are used. The complex multiplier block in the filters is replaced with
the Distribute Arithmetic (DA) technique. In recent years, DA techniques
have attained great importance in the FIR filter implementation to reduce
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the complexity of architecture with high throughput and regularity. Kumar
et al. [8, 9] proposed block-based 2D FIR filter architectures and 2D IIR filter
architectures using the DA method. Recently, Odugu et al. [10] proposed
novel low complexity 2D FIR filter architectures using Canonical Signed
Digit (CSD), Horizontal Common sub-expression Elimination (HCSE), and
Vertical Common sub-expression Elimination (VCSE). The design of filters
with circular symmetry is presented and optimized architectures are imple-
mented using benefits in the CSD representation of filter coefficients. In this
work, the multiplierless 2D FIR filters are implemented without any block
processing for circular symmetry.

Multiplier less DA-based FIR filters are presented in [11, 12]. In this
work, the review of DA methods for efficient and cost-effective structures
of FIR filters is explained. Park et al. [13] have been proposed an efficient
DA-based reconfigurable filter structure. Mohanty et al. [14] have been
introduced a block-based 1D filter, which is based on a completely DA based
reconfigurable FIR filter for Software Defined Radio (SDR) channelizer for
narrow banding filter applications, in which block processing and DA tech-
nique have been used to improve the sampling rate and to reduce the power
consumption. The memory sharing is introduced between the consecutive DA
blocks to get area – delay – power-efficient 1D FIR filter.

Meher et al. [15, 16] proposed a new approach in the memory-based
multipliers using LUT. In this paper, odd multiples are only stored in LUT and
even multiples of coefficients are generated using shifting. Memory-based
LUT multipliers are considered for the implementation of 1D FIR filters
and the results are compared with DA-based FIR filters. This LUT-based
multiplication process is discussed by Vinitha et al. [17], using even multiples
storage methods. The encoder and shifting blocks are eliminated and hard-
ware requirement is diminished. The Dual-port LUT concept is acquainted
rather than single-port LUT multiplication by D. F. Chiper et al. [18]. Sharma
et al. [19] presented a modified (Odd Multiples Storage) OMS-LUT design
for memory-based multiplication. Recently, Odugu et al. [20] proposed a
novel 2D FIR filter using approximation multipliers. These multipliers are
designed using approximate 4:2 compressors to improve the design metrics
of multiplier and filter. Significant improvements are achieved in terms of
power, area, and delay without compromising accuracy. Few novel points
are considered from the literature, and a new memory-based multiplication
process is carried out in the proposed 2D FIR filter banks.

In the literature, there is no combination of block processing and symme-
try in 2D FIR filters. In this paper, block processing is incorporated to attain
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memory reuse and improve the throughput. Four types of symmetry coeffi-
cients, such as diagonal symmetry, four-fold symmetry, quadrant symmetry,
and octagonal symmetry are utilized to decrease the number of multipliers
in filter structure and using these symmetries circular, diamond, and fan-
type filters can be designed [21]. Further, the complexity of the remaining
multipliers is low area memory-based LUT-DA multipliers.

The contributions of this work are as follows:

â Block processing is introduced to improve the throughput and to reuse
the memory registers.

â Four types of symmetries for 2D FIR filters are analyzed and considered
to reduce the number of multipliers.

â Conventional multipliers are replaced with memory-based LUT mul-
tipliers to decrease the power consumption and area of the arithmetic
modules of each symmetry filter.

â A generic filter bank architecture is implemented in the ASIC design
platform.

The paper is organized as follows: Section 2 describes the design concepts
of block processing and different symmetry in coefficients of 2D FIR filter. In
Section 3, the proposed filter bank architecture is described and the complete
architectures of a general filter of 2D FIR filters using enhanced dual-port
LUT-based multipliers. The comparison of results with existing architectures
is explained in Section 4. The paper’s conclusions and remarks are discussed
in Section 5.

2 Block Processing or Parallel Processing in 2D FIR Filter
Architecture

In the digital filters, the block processing concept increases the throughput
of the architecture. If the input block size is L, then the filter produces ‘L’
outputs per one iteration, which means L times throughput is increased. The
general expression of the 2D FIR filter is given by Equation (1),

H(z1, z2) =

N−1∑
i=0

N−1∑
j=0

hij z
−i
1 z−j

2 (1)

where [hij ] is a coefficients matrix for 2D FIR filter for order N. If the
block size is ‘L’, then the kth block output of the 2D FIR filter is given by
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Equation (2).

ym,k =

N−1∑
i=0

Vi,k (2)

Where ym,k is the overall filter output and it is given by Equation (3).

ym,k = [y(m, kL) y(m, kL− 1) . . . y(m, kL− L+ 1)]T (3)

and Vi,k is an intermediate vector and it can be written as an Equation (4).

Vi,k = [v(i, kL) v(i, kL− 1) . . . v(i, kL− L+ 1)]T (4)

Here, Vi,k is the product of the coefficients matrix with the input matrix
Am−i

k and represented by Equation (5),

Vi,k = Am−i
k · hi (5)

Where, Am−i
k is part of the input matrix is shown by Equation (6), from

(m− i)th row of the input image matrix.

Am−i
k =


x(m− i, k) x(m− i, kL− 1)

x(m− i, kL− 1) x(m− i, kL− 2)
...

...
x(m− i, kL− L+ 1) x(m− i, kL− L)

. . . x(m− i, kL−N + 1)

. . . x(m− i, kL−N)
...

. . . x(m− i, kL−N − L+ 2)

 (6)

The filter coefficients matrix is denoted by Equation (7),

hi = [hi0, hi1, . . . hiN−1]
T (7)

The internal vectors of the matrix Vi,k are the inner product of coefficients
matrix hij and Sm−i

k is the lth row of Am−i
k is shown in Equation (8).

v(i, kL− 1) = Sm−i
k,l · hi (8)
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The 2D FIR filters such as fully direct form, fully transposed form,
direct-transposed form, and transposed-direct form structures are available
to implement the architecture. From these, a fully direct form of 2D FIR filter
is considered in this paper for memory reuse. The memory requirement is
less for a fully direct 2D FIR filter because it is dependent on input word
length only. This feature can be used to reduce the memory storage in 2D
filters. The higher input block size is increases the hardware complexity in the
architecture and also improves the throughput of the filter. The overhead area
can be compensated using different symmetry of coefficients in the filters.

2.1 Different Symmetry Types of 2D FIR Filters

The multiplier is a complex and most power-consuming block in any filter
structure, which can be reduced using specific symmetry in filter coefficients.
In this paper, four types of symmetries such as diagonal, four-fold rotational,
quadrantal, and octagonal symmetries in the 2D filter coefficients are incor-
porated in the filter bank as sub-filters blocks to reduce the area, delay, and
power. The four symmetries in the 2D FIR filter are designed by the following
transfer functions [6]. The output to input relation of diagonal symmetry filer
is given by Equation (9),

Y

X
=

N∑
i=0

hiiz
−i
1 z−i

2 +

N−1∑
i=0

N∑
j=i+1

hij(z
−i
1 z−j

2 + z−j
1 z−i

2 ) (9)

The transfer function of the four-fold rotational symmetry filter is
represented by Equation (10).

Y

X
= vhuuz

−u
1 z−v

2 +
u−v∑
i=0

N−i−1∑
j=i

hij

× (z−i
1 z−j

2 + z−j
1 z

−(N−i)
2 + z

−(N−i)
1 z

−(N−j)
2 + z

−(N−j)
1 z

−(N−i)
2 )

(10)

where, u = bN2 c, and v = (N + 1)mod2,
The transfer function of the quadrantal symmetry filter is expressed as

Equation (11).

Y

X
=

N∑
j=0

hujz
−u
1 z−j

2 +

N−1∑
i=0

N∑
j=0

hij(z
−i
1 z−j

2 + z
−(N−i)
1 z−j

2 ) (11)
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Figure 1 (a) Coefficients of general filter (b) coefficients of diagonal symmetry (c) coeffi-
cients of four-fold rotational symmetry (d) coefficients of quadrantal symmetry (e) coefficients
of octagonal symmetry filters.

The symmetry in octagonal filter coefficients is given by hij = hji =
h(N−i)j for all i, j. The overall transfer function of the octagonal filter is
shown in Equation (12).

Y

X
= vhuuz

−u
1 z−v

2 +

u−v∑
i=0

hiu

× (z−i
1 z−u

2 + z−u
1 z

−(N−i)
2 + z

−(N−i)
1 z

−(N−u)
2 + z

−(N−u)
1 z−i

2 )

+
u−v∑
i=0

hii(z
−i
1 z−i

2 + z−i
1 z

−(N−i)
2 + z

−(N−i)
1 z

−(N−i)
2 + z

−(N−i)
1 z−i

2 )

+

u−v−1∑
i=0

u−v∑
j=i+1

hij(z
−i
1 z−j

2 + z−i
1 z

−(N−j)
2 + z

−(N−i)
1 z−j

2

+ z
−(N−i)
1 z−j

2 + z
−(N−i)
1 z

−(N−j)
2 + z−j

1 z−i
2

+ z−j
1 z

−(N−i)
2 + z

−(N−j)
1 z−i

2 + z
−(N−j)
1 z

−(N−i)
2 ) (12)

The coefficient matrix of general filter (without symmetry) and 2D diago-
nal, four-fold rotational, quadrantal, and octagonal-FIR filter coefficients for
order N = 4 is shown in the 4 × 4 matrices in Figure 1.

3 Proposed Filter Bank Architecture of 2D FIR Filters

In this work, four efficient symmetrical 2D FIR filters are analyzed and used
to implement one generic filter bank architecture. This generic 2D FIR filter
architecture consists of a storage memory unit and arithmetic module block.
The memory unit is mutually shared by all the sub-filters of the arithmetic
module. The sharing of a common memory unit decreases the overall memory
requirement of the filters. The proposed 2D FIR filter bank architecture is
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Figure 2 The proposed architecture of block-based 2D FIR filter bank.

shown in Figure 2 for order N and block size is L. It consists of four filter
modules with common Shift Register Block (SRB) Array and Register Unit
(RU) array, which are used for memory reuse and memory sharing to reduce
the storage memory of the filter bank.

From a two-dimensional input matrix with a size of M × M, the block
of ‘L’ current samples is given to the SRB array. These block input samples
are passing through N − 1 shift register blocks of the SRB array and each
SRB consists of L number of registers is shown in the Figure 3(a). Further,
the outputs of all SRB blocks and current samples are applied to the N
number of corresponding RUs of RU-Array. The RU is constructed by N − 1
D Flip-Flops, which gives the required past and present samples for the
systolic operation of block processing with memory reuse. The RU produces
NL samples as shown in the Figure 3(b). The Total N × NL number of
samples are produced by N number of RUs and applied commonly to each
sub-arithmetic module of the filter bank.

The common storage memory unit is the advantage of the filter bank and
it is shared by all individual filters. Each L block-sized 2D FIR sub-filter
required the memory of (M + N) (N − 1). If four filters are individually
implemented, then the total memory is required to be 4 × (M + N) (N − 1).
But, the proposed filter bank needs the memory of (M + N) (N − 1), which
is required for one filter. So, the filter bank saves the memory 4 times due to
the memory sharing concept.
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(a) 

 
(b) 

Figure 3 (a) The structure of the SRB array for N = 4 with L = 4 (b) Internal structure of
RU for N = 4 and L = 4.

In the proposed filter bank architecture, to select the desired filter with
specific symmetry a control logic block is required. Whenever one filter is
chosen for processing the input samples and the other filters must be shut off
and saves the power consumption per output. Otherwise, all filters also can
be selected for parallel processing of all symmetry filters. The control logic
enables signals to select the desired symmetry sub-filter as well as the parallel
realization in the arithmetic module block. Each sub-module gives L number
of outputs corresponding to the L number of input samples per one iteration.

3.1 Arithmetic Module of Sub-filter

The arithmetic module block of the filter bank consisting of four symmetry
filter sub modules. Each sub-arithmetic module is constructed by multipliers,
adders, and adder tree blocks. The internal structure of the diagonal symmetry
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Figure 4 The internal structure of the arithmetic module of the diagonal symmetry filter for
N = 4 and L = 4.

2D FIR filter arithmetic module is shown in Figure 4 as an example. The
multipliers are most complex blocks than adder blocks. So, optimization is
required for the implementation of multipliers. In this paper, the multiplica-
tion process is done by the DA technique using memory-based or LUT-based
multipliers.

3.2 LUT Based Memory Multiplier

The LUT is considered as a memory to store the values of precomputed filter
coefficients. Based on the applied input, the corresponding address is fetched
and stored coefficient values are given by LUT. The output values of LUT
are appropriately shifted and accumulated is called DA multiplication. In
this multiplication process, one is a fixed coefficient and the other one is
a variable input sample. Consider ‘x’ is a binary input with the length of
W-bits, and ‘H’ is a filter coefficient constant with the length of D-bits. The
LUT should store the 2W possible values. In the conventional LUT-based
multiplication method, 2W words are used to design the LUT to store all
possible pre-computed partial products.
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Table 1 Multiplication approach of Memory-based multiplier [16]
Value to be Actual Input Required Number of Control

Address Word Stored Bits (W) Product Shifts Lines
A2A1A0 Name in LUT x3x2x1x0 Value Required S1S0

0 0 0 W0 H 0 0 0 1 H 0 0 0
0 0 1 0 21 × H 1 0 1
0 1 0 0 22 × H 2 1 0
1 0 0 0 23 × H 3 1 1

0 0 1 W1 3H 0 0 1 1 3H 0 0 0
0 1 1 0 21 × 3H 1 0 1
1 1 0 0 22 × 3H 2 1 0

0 1 0 W2 5H 0 1 0 1 5H 0 0 0
1 0 1 0 21 × 5H 1 0 1

0 1 1 W3 7H 0 1 1 1 7H 0 0 0
1 1 1 0 21 × 7H 1 0 1

1 0 0 W4 9H 1 0 0 1 9H 0 0 0
1 0 1 W5 11H 1 0 1 1 11H 0 0 0
1 1 0 W6 13H 1 1 0 1 13H 0 0 0
1 1 1 W7 15H 1 1 1 1 15H 0 0 0

The LUT size corresponding to the number of input sample bits can be
reduced to (2W/2) words. This is achieved by storing the only odd multiples
of coefficient H in LUT. Next, the even multiples of coefficients are derived
by using the left shift operations to the odd multiples produced by LUT
memory. This method of odd multiples storage and even multiplies generation
is described in Table 1 for 4-bits of the input sample. Here, the 8-address
locations are used to store the odd multiples of coefficient H, such as H, 3H,
5H, 7H, 9H, 11H, 13H, and 15H. and the even multiples are estimated by the
left shift operations of H, such as 2H, 4H, 8H by 1, 2, and 3 times left shift
operations to H respectively. Next, 6H and 12H products are determined by
a left shifting of 3H, and the remaining 10H is getting from 5H, and 14H is
derived from 7H respectively. The product output corresponding to the input
sample all zeros i.e x = 0000 is determined by resetting the LUT.

The LUT-based memory multiplier according to Table 1 is shown in
Figure 5. It consists of a 4-to-3 encoder, a 3-to-8 decoder, control logic to
produce Reset (RESET), and the control lines {S0, S1}to produce shifts
required for the computation of even multiples of coefficients such 2H, 4H,
8H, 10H, 12H, and 14H. Two bits are enough to produce the maximum of 3
shift operations, so two control signals are taken in the structure. Extra 4 bits
are essential to computing the highest odd multiple value 15H is precomputed
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Figure 5 Structure of memory-based LUT multiplier.

and stored in LUT. Eight odd multiples of coefficients with (D + 4) bits. The
decoder output is the address for the LUT and the corresponding location is
read and it is applied to the NOR cell. The NOR cell is designed by D+4 NOR
gates with one common input of reset (RESET). The RESET is derived from
the applied input sample using a control logic circuit. Next, the NOR cell
outputs are shifted using barrel shifter according to the control signals {S0,
S1} from the control logic. The barrel shifter has 2 x (D + 4) AOI (AND OR
INVERT) gates or 2×1 multiplexers. Finally, the barrel shifter output is
the multiplication result of the coefficient and input sample. The Boolean
expressions of the 4-to-3 encoder are expressed in Equation (13)(a)–(c),

A0 = (x0x1) · (x1x2) · (x0 + (x2x3) (13a)

A1 = (x0x2)·(x0 + (x1x3) (13b)

A2 = x0·x3 (13c)
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The control logic signals (RESET and S0, S1) are given by Equation
(14)(a)–(c).

S0 = (x0 + (x1 + x2) (14a)

S1 = (x0 + x1 (14b)

RESET = (x0 + x1) · (x2 + x3) (14c)

4 Results

The proposed filter bank architecture with block processing and symmetry
is implemented in the platform of Application Specific Integrated Circuit
(ASIC). The proposed filter bank and sub-blocks are coded using Verilog
Hardware Description Language (HDL) and validated and synthesized using
Cadence Genus tools in 45 nm CMOS generic library. The order of each filter
is considered as N = 4 with an input block size of L = 4. Next, the physical
design is done using Cadence Innovus tools. In the physical design, proper
floor planning, placement, clock tree synthesis, and routing are carried out
for the optimized design.

For comparison purposes, the filter bank architecture was also imple-
mented using conventional multipliers. The VLSI design metrics such as area,
delay, and power consumption of filter banks implemented by conventional
multipliers and LUT multipliers are compared in Table 2 for the input sample
bits of W = 4, 8, and 16.

The proposed 2D FIR filter bank architecture using LUT multipliers
is attained 27% of area saving than the conventional multipliers based

Table 2 Comparison of performance metrics of filter bank architectures for N = 4 and L = 4,
for input sample bits W = 4, 8 and 16
Type of the
Filter Bank Area (µm2) Delay (ns) Power (mW)
Input
Sample Bits W = 4 W = 8 W=16 W = 4 W = 8 W=16 W = 4 W = 8 W=16
Filter bank
with Con-
ventional
multipliers

97288 198565 256955 12.77 13.25 13.89 2.74 3.582 4.961

Filter bank
with LUT
multipliers

89441 149925 187658 4.81 5.06 6.56 1.908 2.118 2.986
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Figure 6 Area and Delay comparison of filter banks for input sample bits W = 4, 8, and 16.

Figure 7 Power comparison of the filter bank architectures with W = 4, 8, and 16.

Table 3 Comparison results of proposed filter bank with existing works for N = 4 and L = 4
Block Area Delay Power Area-Delay-Product PDP

Architecture Size L (µm2) (ns) (mW) (µm2·ms) (mW·ns)
Mohanty [3] 4 791361 12.16 6.0934 9.6 74.08
Kumar [8] 4 325825 6.53 10.05 2.124 65.6
Kumar [9] 4 233031 4.68 6.02 1.088 28.16
Alawad [22] 4 156153 11.82 2.016 1.844 23.8
Proposed Filter
bank architecture

4 149925 5.06 2.118 0.756 10.716

architecture for W = 16, N = 4, and L = 4. The delay of the proposed
work is 53% less than the delay of conventional multiplier-based filter bank
architecture. The power consumption improvement of the proposed work is
40% obtained than the filter bank with normal multipliers. The graphical
representation of the area, delay, and power consumptions of the proposed 2D
FIR filter bank architecture with LUT-based multipliers is shown in Figures 6
and 7 respectively.

The proposed 2D FIR filter bank is compared with the state-of-the-
art works in Table 3. It can be observed that the proposed architecture is
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Figure 8 Comparison of ADP and PDP of proposed work with existing works.

 
Figure 9 Layout of proposed filter bank architecture for L = 2, N = 4.

improved in terms of area, delay, power, ADP, and PDP than existing archi-
tectures. The ADP of the proposed architecture is 12.6 times less than when
related to the architecture of Mohanty et al. [3]. The ADP of the proposed
architecture is 2.8 times less than the architecture of Kumar et al. [8], 1.43,
and 2.43 times lesser than the works of Kumar et al. [9] and Alawad et al. [22]
respectively. The PDP of the proposed work is 6.9, 6.12, 2.62, and 2.22
times lesser than the works of Mohanty et al. [3], Kumar et al. [8], Kumar
et al. [9], and Alawad et al. [22] respectively. The comparison analysis of
ADP and PDP of existing architectures with the proposed 2D FIR filter bank
architecture is presented in Figure 8. The final physical layout generated by
cadence Innovus tools for the proposed filter bank architecture is shown in
Figure 9. The layout area of the proposed 385.6 µm × 388.8 µm.
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5 Conclusion

The block-based 2D FIR filter bank architecture is proposed and implemented
with four symmetry filters using optimized memory-based Look-up-table
(LUT) multipliers. The common memory unit is shared by four symmetry sub
filters to reduce the overall memory requirement. The number of multipliers
is decreased by incorporating the various symmetries in the filter coefficients
of the 2D FIR filter. Memory sharing in the filter bank and memory reuse due
to block processing is achieved. Significant Power saving is also obtained
due to the control logic used in filter bank architecture to select the desired
filter. The complex multiplier blocks are replaced with the memory-based
LUT multipliers. The ASIC synthesis results of the proposed architecture for
N = 4 and L = 4 with input sample bits of w = 4, 8, and 16 are validated and
compared with state-of-the-art works. The proposed architecture of the 2D
FIR filter bank outperforms the existing 2D FIR filter architectures in terms
of area, delay, power consumption, and memory.
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