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Abstract- We have analyzed memory footprint and combinational complexity to arrive at a systematic design strategy to 
derive area-delay-power-efficient architectures for two-dimensional (2-D) finite impulse response (FIR) filter. We have 
presented novel block based structures for separable and non-separable filters with less memory footprint by memory sharing 
and memory-reuse along with appropriate scheduling of computations and design of storage architecture. The proposed 
structures involve L times less storage per output (SPO), and nearly L times less energy consumption per output (EPO) 
compared with the existing structures, where L is the input block-size. We have also proposed separate generic structures for 
separable and non-separable filter-banks, and a unified structure of filter-bank constituting symmetric and general filters. 
The proposed unified structure for 6 parallel filters involves 3.6L nearly times more multipliers, 3L times more adders, (N²-
N+2) less registers than similar existing unified structure, and computes times more filter outputs per cycle with times less 
MBW than the existing design, where is FIR filter size in each dimension. ASIC synthesis result shows that for L=4 filter 
size (4*4), input-block size , and image-size (512*512), proposed block-based non-separable and generic non-separable 
structures, respectively, and 5.81 times and 15.63 times less EPO than the corresponding existing structures. The proposed 
unified structure involves 4.64 times less ADP and 9.78 times less EPO than the corresponding existing structure. 
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I. INTRODUCTION 
 
Two-Dimensional (2-D) digital filters are frequently 
used in 2-D signal processing as well as the image 
and video processing applications such as image 
enhancement, image restoration, template matching, 
face recognition. feature extraction for bio-metric 
systems, and video communication etc. The 2-D FIR 
filters are more popularly used compared to its 
infinite impulse response (IIR) counterpart due to 
their numerical stability and simplicity of design. The 
system function of 2-D FIR filter is often non-
separable, while in a few cases, it is separable when 
impulse response [h(i,j)]is expressed as 
[h(i,j)]=[h1(i)+h2(j)]. The non-separable and 
separable system functions are, respectively, given 
as: 

 
 
where [h(l,k) ]is the impulse response matrix of the 
non-separable 2-D FIR filter of size (N*N) while 
h1(i)and h2(j) are the impulse responses of 1-D FIR 
filters used for row-wise and column-wise processing 
of 2-D input. 
 
Some systolic architecture has been suggested for 
VLSI implementation of 2-D FIR filters to achieve 
high-throughput and low-latency implementation. 
Recently, some efficient structures have been 
proposed for 2-D IIR filters and shown that non-
separable 2-D FIR filters can also be realized 

efficiently using those structures. In all these existing 
designs, systolization of the structure is considered as 
the major issue, and a substantially large number of 
delay elements are placed in the data-path to avoid 
global communication. Similarly, the symmetry of 
impulse response matrix has been exploited to reduce 
the hardware and time complexities of the structures. 
In the last four decades, several design approaches 
have been suggested for reducing the arithmetic 
complexity of one-dimensional (1-D) FIR filters. All 
those methods are now quite mature, and can be 
applied to reduce the complexity of 1-D filters, which 
could be used for the implementation of 2-D FIR 
filters as well. On the other hand, memory 
complexity constitutes the dominant part of overall 
area complexity of these structures, and plays a 
significant role in power efficient realization of 2-D 
FIR filters. Keeping that in view, in this paper, we 
present memory-centric designs of 2-D FIR filter for 
the reduction of total memory usage, memory-reuse, 
reduction of memory band-width and memory-
sharing, which could lead to area-delay-power-
efficient structures. 

 
Fig.1 Conventional structure of 2-D FIR filter. (a) Non-

separable method, (b) Separable method. 
 
Many image processing applications use 2-D filter 
banks comprised of both separable and non-separable 
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filters. One such application is biometric system 
where Gabor filter bank is used for feature extraction 
for face recognition and finger-print matching. The 
Gabor filter bank is generated for different center 
frequencies and orientations. Consequently, 
constituent filters are both separable and non 
separable types with symmetry as well as without 
symmetry. Recently, a unified structure has been 
proposed in for the realization of filters with 
diagonal, four-fold rotational, quadrant and octal 
symmetries. However, this structure does not favor 
the realization a filter-bank since only one filter can 
be realized at a time. Moreover, separable filters 
cannot be realized using this structure.  
 
The main objective of unified structure of is to 
achieve saving of arithmetic resources, but in this 
paper, we aim at presenting a unified memory-
efficient structure for filter bank with separable and 
non-separable 2-D FIR filters. 
 
The main contributions of this paper are: 
• Analysis of memory footprint and exploration of 
possible storage optimization to have a memory-
efficient design strategy for the implementation of 2-
D FIR filter. 
• Shared memory design for separable and non-
separable structures. 
• Scheduling of computations and architecture design 
for memory-reuse and memory band-width reduction 
in separable filters. 
• Unified structure of filter bank comprised of 
separable and non-separable filters with low memory 
footprint per output.  
 
II. PROPOSED DESIGN STRATEGY 
 
To arrive at the proposed design strategy we analyze 
here memory complexities of possible configurations 
of 2-D FIR filter. The system function of non-
separable 2-D FIR filter (given by (1)) can be written 
in a split form as: 
 
Computations of (3a) and (3b) can be performed by a 
direct- form or a transposed-form structure to have 
four possible configurations such as fully-direct 
(direct-direct), fully-transposed (transpose-
transpose), hybrid-1 (direct-transpose), and hybrid-2 
(transpose-direct), for the realization of non-
separable H(z1,z2) for N=4. Since, the bit-widths of 
arithmetic units, buses and registers in the data-path 
are different for input signals and intermediate 
signals, the overall memory requirements of different 
configurations are different in terms of number of 
storage bits, although all of them have the same 
number of delay elements. Since all the delay 
elements of this structure are placed on the input path 
only.  
 

This is a very useful feature to be exploited for 
memory footprint reduction in 2-D FIR filter 
structure. 
 

 
Fig.2. Four different configurations for realization of 2-D FIR 

filter for N=4. (a) Fully-direct structure, (b) Hybrid-1 structure 
(c) Hybrid-2 structure, and (d) Fully-transposed structure, 
where represents a shift-register of words and 

represents a single register. 
 
Exploration of Memory-Reuse Possibilities 
To explore the memory reuse possibilities, let us 
consider the input data-flow of fully-direct structure 
for the computation of m-th row of outputs 
{y(m,n),y(m,n+1),y(m,n+2),y(m,n+3)} for N=4. The 
samples required to compute a given filter output is 
shown in a pair of curly braces and the corresponding 
filter output is shown at its right. Each arrow shows 
the source (shift-register/register) of samples. To 
compute each output of (4*4) filter, 16 input-samples 
corresponding to 4 rows and 4 columns of 2-D input 
are required. Out of 4 rows (numbered as m, m-1, m-
2, m-3),the m-th row is the current input-row and 
others are immediate past rows. Memory-unit uses 
three shift-registers (SR-1,  SR-2, SR-3) to buffer 3 
past (m-1, m-2, m-3)-th rows of input\ samples. The 
required (n-1, n-2, n-3)-th columns of samples of a 
particular-row are provided by the serial-in parallel-
out. (SIPO) shift-register of (N-1) words, all the 16 
input-samples required to compute the filter output 
are obtained from the memory-unit and current input. 
Therefore, memory used by fully-direct structure to 
compute each output is (3M+2) words, where SRs-
unit (3M) provides words and fixed register-unit 
provides 12words.Memory band-width (MBW) of 
the structure is 15 (read operations on SR-unit is 3, 
and 12 values are obtained from register-unit to 
compute an output). This can be generalized to find 
the number of memory words used by fully-direct 
structure to be [(N-1)(M+N)] and MBW to be (N²-1). 
 
Memory-Sharing in Generalized 2-D FIR Filter 
Structures 
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The fully-direct non-separable structure as well as the 
conventional separable structure use shift-registers to 
store M words each, but shift-registers of fully-direct 
non-separable structure stores input pixel values 
while those of separable structure stores intermediate 
values. Due to the difference in bit-width, a common 
shift-register unit cannot be shared by these two 
structures. A different design approach for separable 
filter is required where the shift-register unit stores 
the input signal only. For this purpose, we have used 
an efficient decomposition scheme for 2-D separable 
filter in the following.The input-output relation of 
separable 2-D FIR filter, given by (2), can be written 
as: 

 
Computation of (4) can be expressed in split form as: 

 
According to (5), input-vectors are fed to the row-
filter in column overlapped order, and the row-filter 
generates intermediate values column-wise exactly in 
the same order as the column-filter consumes 
intermediate values. Consequently, transposition-unit 
in this case is comprised of fixed registers instead of 
shift-registers. 
 
Data-flow of a shared shift-register unit is shown in 
for N=4, where the input-data requirement of both 
fully-direct non-separable and separable structures is 
taken care of by the shared shift-register unit. A 
shared shift-register unit not only offers memory-
saving, but also allows parallel realization of both 
non-separable and separable filters. It is shown in the 
later Sections that the parallel implementation of 
generalized structure offers higher area-delay-power 
efficiency over sequential structure. Keeping these 
facts in view, we have outlined here a systematic 
memory-centric design strategy to derive an area-
delay-power efficient structure for 2-D FIR filter. 
• A fully-direct form structure should be used for 
non-separable filter to have less storage-complexity. 
• A block implementation of fully-direct structure 
should be used for MBW reduction. 
• Separable structure based on the proposed 
decomposition algorithm could be derived for shift-
register sharing with non-separable filter structure. 
• Appropriate algorithm partitioning and scheduling 
scheme need to be used for separable filter to 
minimize memory bandwidth and increase register 
sharing. 
 

III. BLOCK FORMULATION OF 2-D FIR 
FILTERS 

 
For Non-Separable Filter 
Let us consider a non-separable filter which 
processes a block of L input samples and generates a 
block of L outputs in every cycle. The k-th block of 
filter output of the m-th row ym,k is computed by 
relation; 

 
The intermediate vector vi,k is computed by product 
of input matrix and impulse-response vector hi, and 
given by 

 
We find v(i(kL-l)) is the inner-product of (l-th 
row of matrix )and hi, given by 

 
B. For Separable 2-D FIR Filter 
Let us consider a separable filter which processes a 
block of L input samples and generates a block of L 
outputs in every cycle. The k-th block of filter output 
of the m-th row ym,k is computed in this case by two 
successive matrix-vector products given by 

 
 
IV. PROPOSED STRUCTURES 
 
Block-Based Structure for Non-Separable 2-D FIR 
Filter The computation of (8) and (10) are mapped 
into a fully direct L parallel structure to derive the 
proposed block-based structure for non-separable 2-D 
FIR filter. The proposed structure is shown in for 
N=8 filter-size and block-size L=4. It consists of one 
memory-module and one arithmetic module. 
 
Memory-Module Design 
The memory-module is comprised of one shift-
register array and N input-register units (IRUs). The 
shift-register array further consists of [L (N-1) =28] 
shift-registers of P words each, where P=M/L. 
Proposed structure receives a block of L input 
samples and computes a block of L outputs in each 
cycle. All the samples of each input-block belong to 
the same row and the inputs are fed to the structure 
block-by-block and then row-by-row in serial order 
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Fig. 3. Data-flow in a shared shift-register unit of fully-direct 

structure and separable structure. 

 
Fig.4. Proposed block-based structure for non-separable 2-D 

FIR filter for block-size L=4 and filter-size N=8. 
 
Arithmetic-Module Design:  
The arithmetic module is comprised of N functional-
units (FUs) and one adder tree (AT).In each cycle, N 
FUs of arithmetic module receive N sets of L input-
vectors from N IRUs of storage-module such that 
(i+1)-th FU receives L input-vectors generated by 
(i+1)–th IRU and it performs L separate inner-
product computation with the (i+1)- th row of 
impulse-response matrix [hi]to obtain -point partial 
output-vector[vi]. Internal structure of FU consists of 
L inner-product cells (IPCs). Each IPC performs N-
point inner product of input-vector and weight-
vector. Finally, N partial-output vectors of N FUs are 
added together in an adder-block one block of output 
in every cycle, where one clock period 
T=TM+TA+TFA(2log2N-1),TM,TA and TFA are, 
respectively, one multiplication time, addition time 
and one full-adder delay. One complete row of output 
is obtained in P cycles and the entire output matrix of 
size (M*M) in MP cycles. 
 

 
Fig. 5.Internal structure of (i+1)-th input register unit (IRU) 

for L=4 and N=8. 

Block-Based Structure for Separable Filter 
The proposed block-based structure for separable 2-D 
FIR filter is shown in Fig. 10. It consists of one 
processing cell (PC) and one transposition-unit (TU), 
where a PC consists of two FUs. Input-vectors of 
(k+1)-th and k-th cycles of the m-th set input cycles 
are shown in Fig. 10 for N=8 and L=4. Components 
of each input-vector are shown in the rectangular box 
adjacent to its left. 
 
V. SIMULATION RESULTS 
 
Block diagram 

 
 
RTL schematic 
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Technology schematic 

 
Design summary 

Device Utilization Summary 
(estimated values) [-] 

Logic Utilization Used Available Utilization 

Number of Slices 184 4656 3% 

Number of Slice 
Flip Flops 35 9312 0% 

Number of 4 input 
LUTs 338 9312 3% 

Number of bonded 
IOBs 27 232 11% 

Number of 
MULT18X18SIOs 16 20 80% 

Number of GCLKs 1 24 4% 

  
Simulation output 

 

CONCLUSION 
 
We have analyzed memory footprint and 
combinational complexity of 2-D FIR structures to 
arrive at a systematic design strategy to derive area-
delay-power-efficient architectures. Based on this we 
have presented novel block-based separable and non-
separable structures, generic structures for separable 
and non-separable filter-banks and unified structure 
for concurrent realization of both separable and non-
separable Filter-banks. It is shown that storage 
requirement of proposed structures does not change 
with input block-size L. Similarly, the storage size of 
generic non-separable structure is independent of the 
number of parallel filters (P) in a filter-bank. 
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