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Abstract. FIR (Finite Impulse Response) filters play a predominant role in digital
signal processing due to their phase linearity. It can be easily implemented in the
hardware and is very stable compared to IIR due to its non-feedback nature. The
main drawback of FIR filter is that it takes more time to compute since there are
more coefficients. Hence it is very essential to speed up the multiplication process
of the FIR filter system. One of the best techniques to improve the speed is to use
memory-based computation using Anti-Symmetric product coding (APC) and
Odd multiple storage (OMS) techniques. This paper uses the APC-OMS based
multiplier in the design of 8-TAP FIR filter. The APC-OMS multiplier used in the
8-TAP FIR filter reduces the LUT size. The design is implemented and verified
using Verilog HDL on a Xilinx Zynq-7000 series FPGA. The proposed design
reduces the FPGA area utilization and improves the performance compared to
the some of the state-of-the-art works. The proposed design can be operated at a
maximum clock frequency of 464.04 MHz.
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1 Introduction

The finite impulse response (FIR) filter is the significant filter to be used in digital signal
processing Applications. “FIR digital filters find extensive applications in mobile com-
munication systems such as channel equalization, matched filtering, and pulse shaping,
due to their absolute stability and linear phase properties” [2]. FIR filters are used for
certain applicationswhere phase sensitivity is essential. Some of the applications are data
communication, seismology, and mastering. FIR filters are designed on FPGA mainly
because of its dedicated Hardware. The multiplier in FIR filter is designed using APC-
OMS technique. FIR filter structure consists of Multipliers, Adders and Delay elements
are shown in Fig. 1.

“Memory-based computing is a class of dedicated systems, where the computational
functions are carried out by look-up tables (LUT)” [3, 5]. “Memory-based computing is
well suited for many digital signal processing (DSP) algorithms, which involve multi-
plication with a fixed set of coefficients” [7]. “Optimization of LUT for Memory based
computing can be performed using the APC-OMS technique and the odd multiples of
the fixed coefficients are required to store in LUT which is termed as the odd multiple
storage (OMS)” [4]. “While in the antisymmetric product coding (APC) approach, the
product words are stored as antisymmetric pairs” [6].
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Fig. 1. Structure of FIR filter.

The equation of nth order digital filter (FIR) can be written as:

y(n) =
∑N

i=0
bi ∗ (x[n − i]) (1)

• x[n] represents the I/p of the signal
• y[n] represents the o/p of the signal
• N represents order of an FIR filter (Delay points)
• N+1 represents no. of Taps.

2 Related Works

In [9], the authors proposed a high-speed FIR filter using adders and shifters and imple-
mented the design on a Xilinx FPGA and achieved a maximum clock frequency of
235.026 MHz. The author has used add and shift method instead of multiplier to reduce
chip size.

In [8], the authors proposed the design of FIR by means of vedic multiplier and
implemented on Xilinx FPGA and achieved maximum clock frequency of 109 MHz.

In [7], the authors proposed LUT based multiplier design using APC-OMS based
technique and implemented using TSMC 90nm technology. The author also synthesized
CSD- based multiplier using the same technology library and compared it with LUT
design and described the area utilization of LUT design is efficient over CSD- based
multiplier.

In [11], the authors proposed an efficient FIR filter EMSmultiplier and implemented
using virtex-7, and achieved amaximum clock frequency of 433.46MHz for the 16-TAP
filter of input word size 4. Operating frequency can be higher by using APC-OMS based
multiplier.

In [12], the authors proposed a FIR filter using birecorder multiplier and imple-
mented. In a Xilinx FPGA and achieved maximum frequency of 157.227 MHz.

3 Techniques for Optimization of Memory

3.1 APC for the Optimization of Look up Table

The word length L = 5 of an input X and its values can be seen in the first and the third
column of Table 1. Product values are defined by the multiplication of corresponding
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X input with the fixed coefficient A. The sum of the product values, which are situated
at the 2nd and 4th column equals 32A.The values situated at third column are two’s
compliment to the values which are situated at the first column of the Table 1. The final
APC words are to be seen corresponding to different Addresses, which were written for
different input values. These address inputs are located in the 5th column of Table 1.
The terms u and v are defined as product values and are situated at second and fourth
column. The subsequent equation determines the values of both u and v.

v = (u + v)

2
− (v − u)

2
and u = (u + v)

2
+ (v − u)

2
(2)

We know (u + v) = 32A, substituting this equation in Eq. (2)

v = 16A −
[
(v − u)

2

]
and u = 16A +

[
(v − u)

2

]
(3)

In Eq. 3, we can see the negative symmetry on u and v. since considering the nature
we can reduce the LUT size to half by storing the [v−u]/2 for the inputs situated at
the same row of the table. The values in 2nd and 4th are known as product values.
Those values are asymmetric to each other. The product can be found by using the next
equation.

Product word = (APC word) ∗ (sign value) + 16A (4)

The product word can be found by the addition of 16A to the multiplication equation
of sign value of MSB of input X with APC word. If the MSB (most significant bit) of
input X is 0 then the sign value is −1. Likewise, if the MSB of the input is 1, then the
sign value is −1.

3.2 OMS for Optimization of Look up Table

Address inputs from APC are taken as inputs in OMS (odd multiple storage) method.
Those address inputs are situated in the 1st column of Table 2. And the corresponding
product values of the address inputs are located in the 2nd column. The Required input
values of shifted input are accessed by doing a left shift operation. Shifted APC can be
found in the 5th column.

An active high signal (RESET signal) is given to reset the LUT output to derive the
APC word 0. For 00000(X), the encoded word “16A” can be derived by left shifting the
“2A” 3 times. It is stored at the address 1000.

Product value of input(X) 00000 is 0. For the input 00000(X), the APC word to be
stored is 16A. APC words are said to be dissimilar to each other due to its procedure.

The inputs and product values are said to be unsigned values. It reduces half of the
LUT size. Initially it requires 32 address locations, now it is reduced to half. It will be
further reduced when these values are given to OMS technique.

Addresses from APC design are given as an input to OMS (odd multiple storage) in
order to further reduce the size of LUT. The LUT size can be reduced by only storing
the odd address and its corresponding product values.
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Table 1. APC words of dissimilar various I/p values (L = 5)

Input (X) Product values Input (X) Product values Address
(x3’x2’x1’x0)

APC words

00001 A 11111 31A 1111 15A

00010 2A 11110 30A 1110 14A

00011 3A 11101 29A 1101 13A

00100 4A 11100 28A 1100 12A

00101 5A 11011 27A 1011 11A

00110 6A 11010 26A 1010 10A

00111 7A 11001 25A 1001 9A

01000 8A 11000 24A 1000 8A

01001 9A 10111 23A 0111 7A

01010 10A 10110 22A 0110 6A

01011 11A 10101 21A 0101 5A

01100 12A 10100 20A 0100 4A

01101 13A 10011 19A 0011 3A

01110 14A 10010 18A 0010 2A

01111 15A 10001 17A 0001 A

10000 16A 10000 16A 0000 0

Odd multiple storage design reduces the LUT size further lower than the APC (Anti-
symmetric product coding). Amaximum of three left shifts are produced by using Barrel
shifter. Itmay possibly be further used to derive rest of all the evenmultiples of coefficient
A.

In the Table 2, it has been seen that all the stored APC words are the odd multiples
of coefficient A. Address d3, d2, d1, d0 derives the storage address of the APC words
which defines the 5-bit input values.

Odd multiple storage technique can be the efficient way to reduce the size of the
LUT. This can further reduce the design and resource utilization of any FPGA. Here it
leads to reduce power dissipation as the resources are low.

4 Implementation of the Look up Table Multiplier

4.1 Design on Look up Table Multiplier Using APC-OMS Based Technique

The subsequent block diagram in Fig. 2 is the multiplier, which uses the APC-OMS
technique. It is a Look up Table (LUT) multiplier. Address Generator and the control
circuit block takes 5bit input X of L = 5 and generates output of 4bit address. Control
circuit is used to control Barrel shifter by using S0 and S1. Address decoder takes d0,
d1, d2 and d3 as inputs and decodes nine outputs. The nine outputs are given as I/p’s for
LUT block, there it generates 9 words with the width of 4bit.
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Table 2. OMS Words of dissimilar various I/p values (L = 5)

Input (X’)
x3’x2’x1’x0’

Product values No. of shifts Shifted input
(X”)

Stored APC
word

Address
d3d2d1d0

0001 A 0 0001 A 0000

0010 2*A 1

0100 4*A 2

1000 8*A 3

0011 3A 0 0011 3A 0001

0110 2*3A 1

1100 4*3A 2

0101 5A 0 0101 5A 0010

1010 2*5S 1

0111 7A 0 0111 7A 0011

1110 2*7A 1

1001 9A 0 1001 9A 0100

1011 11A 0 1011 11A 0101

1101 13A 0 1101 13A 0110

1111 15A 0 1111 15A 0111
W
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Fig. 2. Look up table multiplier using APC-OMS technique

The shifted product value from Barrel shifted goes to sign determination of input
(X). The sign can be determined by the MSB (most significant bit) of the input X. If the
input has the MSB as 0. Then the sign value should be taken as −1 and if the MSB of
the input is 1, then the sign value is taken as −1.



330 B. Kartheek and N. Purnachand

5 Simulation Results

The 8-TAP FIR filter using APC-OMS based lookup table (LUT) multiplier is coded in
Verilog HDL and simulated and synthesized in Xilinx vivado 2018.3. Figure 3, 4, 5, 6,
7, 8 and 9 and Table 3 shows the o/p waveforms of the FIR filter and its RTL schematic,
synthesis, and summary report. Summary reports show the LUT utilization percentage
amongst the Overall LUT’s and also flip-flops utilization. This shows the consumption
of Area and resources are very low. So, gradually the power consumption also reduces.
Since, it is an 8-tap FIR filter, it requires 8 clock cycles to produce the output.

Fig. 3. RTL Schematic

Fig. 4. Schematic diagram of adder module in FIR filter

Schematic diagram of Adder module of FIR filter is shown in the Fig. 4. Schematic
block generates RTL_ADD (register transfer level) to describe an adder. InputA[7:0] and
b[7:0] is given to the RTL input I0[7:0] and I1[7:0] and generates the output of O[8:0].
The output can be taken as sum [8:0]. Likewise, the synthesis diagram of D-Flip-Flop
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Fig. 5. Schematic diagram of D-Flip flop module in FIR filter

uses RTL_MUX and RTL_REG_SYNC. There are 7 such adders used to design the FIR
filter. Since, 8-TAP filter requires 7 adders to design it.

From Fig. 5, the D-flip flop delays one clock period for the input signal to give the
output. The delayed input can be convoluted with the multiplier and to be added with
the next delayed input.

Fig. 6. Schematic diagram of Multiplier module in FIR filter

RTL Schematic is done using Xilinx vivado tool. The schematic diagram shows the
multipliers, adders and the D-Flip flops. D Flip flops are used to delay the inputs. Here
there are 8 multipliers, since it is an 8tap FIR filter and 7 D-Flip flops. The 7 Flip-flops
represents the order of FIR filter. The multiplier has encoder, control, LUT3X8, nor cell
and Barrel shifter. Control block is used to manage the complete signal. Nor cell is used
for RESET operation. Figure 6 shows the schematic representation of the multiplier
module. The barrel shifter shifts the products words based on the select lines S0 and S1.
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Fig. 7. Simulation result of 8-TAP FIR filter

Fig. 8. Simulation result of 8-TAP FIR filter

FromFig. 7 and 8, the given input can be convolutedwith themultiplierwith symmet-
rical coefficients of 4. It gives linear phase response due to its stability. The simulation
runs in ps(picoseconds) scale.
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Fig. 9. Synthesis (schematic) on Zynq-7000 board library

Synthesis represents the design of FIR filter on zynq-7000 board and the usage of
I/O ports, net lists, buffers and flip-flops of the board library.

In Fig. 7, we have given 0010 as an input (a [3:0]) and y [14:0] as an output. It
took 8 cycles to produce output. The output y [14:0] is an amplified output. The usage
of multipliers, symmetric coefficients upsurges the amplitude and response of the input
signal. The maximum frequency response can be determined by creating the timing
constraints in Xilinx. XDC file can be created at Top module of the design hierarchy.
The input clock waveform of 10 ns is given to the implemented design to get the analysis
of design regarding setup and hold time violations. The implemented design is free of
setup and holds time violations and attained the max frequency of 464.04 MHz.

Table 3. Summary of synthesis report

Synthesis results

[8] [9] Proposed work

FPGA & technology virtex-5 (65 nm) Spartan-3 (45 nm) zynq-XC7Z014S (28 nm)

# slices - 144 26

FPGA slice LUTs 204 92 29

FPGA slice flip-flops - - 28

Max. clock frequency 109 MHz 235.02 MHz 464.04 MHz

The proposed work is compared with two other technologies. The usage of FPGA
and Technology, no. of slice LUT’s, no. of FPGA slice Flip-Flops and Maximum clock
frequency is written in 1st column of Table 3. The utilisation of slice LUT’s are lesser
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than the compared reference FIR filters. We used zynq-XC7Z014S 28 nm technology to
design and implementation of the FIR filter. Zynq-XC7Z014S is the library of zynq-7000
product family.

6 Conclusion

The Design of an 8-tap FIR filter using APC-OMS look up table multiplier remains
completed by writing Verilog HDL code in Xilinx vivado 2018.3. The result shows
the utilization of LUT’s in FPGA (zynq-7000) library is 0.11% whereas the utiliza-
tion of Flip-Flops is 0.03%. The maximum operating clock frequency of this design is
464.04 MHz and the Area utilization for this design is very low and thus it leads to less
power consumption. The design of 16, 32 tap FIR filters can further implemented.

7 Future Scope

The design can be extended for higher order filters (like 16, 32 TAP filters) where high
performance is required. It can be used in different FIR applications like mastering,
study of seismology etc.
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