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ABSTRACT

Finite Impulse Response (FIR) is thought to be one amongst the most
important operations in digital signal processing. Parallel FIR filter
has various applications in video compression and equalizers.
Implementation of traditional parallel FIR filter offers high speed at
the expense of increased hardware by the block size. This huge
hardware penalty can't be tolerated in many design situation. So, it's
necessary to style parallel FIR filter structures that is implemented
with low area than traditional block FIR filtering structures. This
paper addresses the design of higher order Parallel FIR filters using
small sized filters using FFA algorithm. The Parallel Fast FIR
Algorithm specially targets within the sharing of filter coefficients
.The Parallel Fast FIR algorithm gives the output with delay of
13.0825 ns which is 47 you quicker than Parallel FIR Algorithm
which produces the output with delay of 17.9675 ns. The Parallel
Fast FIR Algorithm has been implemented in Four tap , Eight tap FIR
filter and sixteen tap FIR filter yet in Parallel FIR Algorithm and
Traditional FIR algorithm.

Key words : Finite impulse response, delay, sharing of filter
coefficients and Fast FIR algorithm.

1. INTRODUCTION

High Speed and Low Power processors are at a greater
demand. Many application uses FIR filter which operates at
high frequency like video processing[1] and in multiple-input
multiple-output ~ (MIMO)  systems[2][18]where  high
throughput and low power is mandate. Computation Sharing
Multiplier provides 41% reduction in power [12].In Parallel
processing technique multiple inputs are processed at a time
and multiple outputs are produced. The hardware is increased
block size times and thus area increases. The data processing
technique loses its advantage in practical implementation as
there is increase in hardware linearly with respect to the block
size. Literature provides a wide variety of papers that propose
the ways to implement it with lesser hardware[2][3][4-6].
Developing small size parallel FIR filters and then cascading
it to build large ones is a solution[6]. L-parallel filter using
approximately (2L-1) subfilter blocks can be implemented,
each of which is of length N/L usingFast FIR algorithms
(FFAS)[15] . There is an advantage when FFA structures are
used. It overcomes the constraint of increase in the hardware
implementation as the block size increases. Parallel FFA
implementation offers reduction in multiplication operation
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from L x N to (2N-N/L). This paper offers the design of higher
order filters using poly phase decompositions by the
application of FFA . The reduction in area is achieved by the
implementation of FFA .Many High Level transformations
have been used to design several VLSI Architectures.[6][7]
[13-17].

2.DESIGN APPROACH FOR FIR FILTER

In this paper FIR filters are designed in three different forms
conventional, traditional parallel filter and Parallel FFA

filters. The design of all the three forms are separately given in
the forthcoming sections.

2.1Conventional FIR Filter

Finite impulse response (FIR) filter is considered one
amongst the foremost operations in digital signal processing.
A linear time invariant (LTI) FIR filter is one of the basic
building blocks common to most DSP systems. The output of
an FIR filter is a sequence generated by convolving the
sequence of the input samples with N filter coefficients. The
filter expression can be described by

N-1
Y(n)=2,_, h(x(n — k) (1)
Where N is the length of the filter , h(k)denotes the kth
coefficient, and x(n-k)denotes the sampled input data at time
n-k.
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Figure 1: Conventional 4 Tap FIR Filter
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A 4 tap FIR Filter structure as realised by equation 2 and
the structure is shown in Figure 1.1t is a Single Input and
Single Output (SISO) system with the output
Y (n)=HO*x(n)+H1*x(n-1)+H2*x(n-2)+ H3*x(n-3) (2)
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2.2 Traditional Parallel FIR Filter

Convolution is the main operation used in FIR filter which
has a high computatinal complexity.It makes use of a special
hardware which is more suitable or increasing the
computational performance. The SISO system must be
converted into an MIMO (multiple input and multiple output)
system to obtain a parallel processing structure. A traditional
4 parallel FIR filter accepts 4 inputs per clock cycle and thus
the level of parallel processing L=4[19]. Block processing is
applied to FIR filter to improve the throughput or to achieve
low power. In previous designs of FIR filter , FIR filter
involved the replication of hardware unit in the original
design in its application. An area of L x A is required by an
L-parallel circuit if the area of the original circuit is A. As
there is a limitation in the design area, the increase in the
computational complexity incurred by parallel processing
cannot be endured. Hence it is better to recognize the parallel
FIR filtering structure than traditional parallel FIR filtering
structure as it occupies less area.

2.3 Formulation of Traditional Parallel FIR Filters Using
Polyphase Decompostion

An N-tap FIR filter obtained from an input sequence x(n) of
infinite length sequence and the impulse sequence h(n) of
length N, in z-domain as [15]

Y(2) = H@)X@) = XN2th(n)z 2 x X2 o x(nN)z™ (3)

The L-parallel FIR filters are derived by using poly phase
decomposition by decomposing X(z),H(z) and Y(z) into L sub
sequences as follows :

Xi(2)= ),z x(Lk+/),i=01...L-1 (&
®)
(6)

N
M@ = ¥ k), j=01.. L1

V(@) =Y,z y(Lk+D),1=01..L-1

The L output subsequence y(Lk+1) (0< 1 <L —-10<k <
o0) can be computed using an combination of L sub filters
from the L input subsequence’sas

x(Lk+i) (0<i<L-10<k< )

L-1

yk=2"" Z k+1HiXL+k—i + 2o HiXkoi, 0k <
1=

L-2

Yi-1 = Xico HiXp—1-

()
(8)

For a 4 tap ,the design procedure for the traditional parallel
filter The input sequence x(Z) is given as

X(2)=Xo(2*)+2 X1 (2" +7 X (2%)+Z2 3 Xa(2%) (9)
H(z )=Ho(z*) +z™* Hi(z%)+22 Hy(z*)+z H3(z?) (10)
Y(2)= Yo+zt Y1422 Y23 Y,

=X(z)H(z) (11)

=(Ho+Z ™" Hi+27? Hy+z7® Ha)( Xo+Z™ Xy #2% Xp+27° Xy)
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= XO HO"'Z_4 Xl Hg"’Z_4 X2 H2+ Z_4 Xg H1+Z_1 ( XO Hl +X1 H0+
2_4 Xg H2+ 2_4 X2 H3)+ 2_2 ( XO H2 +X1 H1+ X2 H0+ 2_4 Xg H3)+
2_3 ( Xl H2 +X3 H0+ X2 H1+ XO Hg)

Y0= XO HO"'Z_4 Xl Hg"’Z_4 X2 H2+ 2_4 Xg Hl

Y1= XO Hl +X1 H0+ 2_4 Xg H2+ 2_4 X2 Hg

Y2 = XO H2 +X1 H1+ X2 H0+ 2_4 Xg Hg

Y3 = H2X1 + HOX3 + H3X0 + H1X2

This can also can be written in matrix form as

Y=HX
Yol [Hy z*H, z*H, z™*H, || X,
Y, ., H, z'H, z7H, || X:
Y, H, z°H,|| X
Ys H1 H, |LXs
P von

a3k __#Cﬁ lg-:ﬁku )

er_\nns]

I
33k+1)

A3k}

x(Ek+3) z
_.| H | 7+ | |
1

Figure 2: Traditional 4 Tap Parallel FIR Filter

Figure 2 shows the resulting 4 tap traditional parallel FIR
filter by polyphase decomposition, which requires 2.25(N)
multiplications and 9(0.25N-1+20) additions.

2.3 Parallel FIR Filters Based On Fast FIR Algorithms

The number of samples processed in parallel in a clock
cycle gets increased with the complexity of traditional block
filter. So to reduce the hardware complexity, Fast FIR
algorithms are developed. This Fast Filtering Algorithms
(FFA's) will reduce the complexity of parallel filtering
structures. (2N-N/L) multiplication is required for the parallel
filtering structure. The number of multiplications are reduced
with significant increase in the number of adders for higher
values of N. Replacing multipliers with add operations is
advantageous because adders have a smaller implementation
cost than multiplier in terms of silicon area. It becomes
unmanageable when the number of adders increase for higher
L values. Therefore, a balance between multipliers and adders
can be maintained. An (n x n) FFA produces a FIR filtering
structure which is equivalent to a parallel FIR filter of block
size n. These structures produces a set of filters of length N/n
consisting of n filters that are introduced during ployphase
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decomposition. With the addition of some pre- and
post-processing steps that are performed in junction with the
filtering operations the proper filter transfer function is
realised.Higher Order filters can be designed by recursively
applying lower order parallel FFA.This paper contibutes to
the design of higher order filters with 4,8,16 tap length using
the lower order FFA designed. Consider the design of 4
parallel FIR structure. The design is derived by applying 2
parallel FFA recursively. The design is obtained by following
process:

For a block of 3|ze 4,

Y= Y0+Z Y1+Z Y2+Z Y3 5

= (XO +7 X1+Z X2+Z X3 )(HO +7 Hl +zZ
(13)

Reduced complexity 4-parallel FIR filter is obtained by
applying 2-parallel FFA and then applying it for second
time.Equation 13 can be wrltten as

Y=(Xp +7° Xl)(Ho +Z Hy)

where Xo—X0+Z Xy Xl—X1+Z X3

Ho—H0+Z H, ) Hl—H1+Z Hs

When the 2-parallel FFA is applied for first time ,

output equations become

H2 + 7 H3)

(14)
the

Y =Xo Ho +27% Xy Hy + 27 ((Xo + X1 ) (Ho + Hy') = Xo Ho
= X1 Hi) (19)

By applying the 2-parallel FFA again Xo Ho , 22 X, Hy
and (XO +X; ) (Ho + Hy') toin the above equation we get,
Xo Ho term can be solved as
XOY HOY = (XOY + Z_1 Xzy) (HOY + Z_1 sz)
=X0H0+Z_4X2 H, +
2% ((Xo+ Xz ) (Ho + Hp) = Xo Ho = X, Hy ) (16)
Xy H; term can be solved as
le H1’ = (X1’ + Z_1 ng) (H1’ + Z_1 Hgy)
=X1H1+Z_4X3 H3+
CZ2((K*+ Xg) (Hr+ Hg) = Xy Hy = X3 Hg ) (17)
(Xo + Xy ) (Hy + Hy’) term can be solved as
= [(Xo +X4) +2° (Xo + X3) ][(Ho + Hy) + 2* (Hy + Hy)] (18)
= (XO + Xl) (HO + Hl) +27Z (X2 + Xg) (H2 + H3) +
2_2 [(X0+X1 +X2+ X3) (H0+ Hl + H2+ H3)
- (Xo + X1) (Ho + Hy) - (Xa+ X3) (Hz+ Ha) (19)
After performing these calculation the structure is drawn as
shown below in Figure 3.
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Figure 3: 4-parallel fast FIR filter by cascading two 2-parallel FFA
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From the analysis it is understood that the resulting
4-parallel filtering structure requires 9N/4multiplications and
20+9(N/4 -1) additions for implementation. The reduced
complexity 4-parallel filtering structure represents an
hardware (area) savings of nearly 44%when compared to the
4Nmultiplications required in the traditional 4-parallel
filtering structure.

2.4 Design of 8 Tap Parallel FIR Filter Using 4 parallel
FFA:

The design of 8 tap parallel FFA filter can be done in
two different ways namely cascading two four tap FFA filter
and cascading four two tap FFA filter .For designing eight tap
using two 4 tap FFA filter , the design equation will be as
follows.It is known that the output equation can be written as
Y =Y+ 2t Y1422 Y, 428 Y5+ 20 Y, + 20 Ys 420 Y +27 Y,

= (XO + Z_1 X1+Z_2 )(2"'2_3 X3+ 2_4 )(4"'2_5 Xs+ Z_6 X + 2_7

X7) (HO + Z_1 H; + 2_2 H, + Z_3 Hs. 2_4 H, + 2_5 Hs + Z_6 He

+2" Hy) (20)

Reduction of complexity in 8 tap parallel FFA filter is done
by first applying 4 tap parallel FFA and then applying it for
the second time.
Y=(Xo + 2% Xy) (Ho + 2 Hy)
where X()': Xo + 2_2 X, + 2_4 Xy + Z_6 Xs:
X1'= X1+ 2_2 Xs+ 2_4 Xs+ Z_6 X5
H()’: Ho + 2_2 Hy+ 2_4 H, + 2_6 He )
H1’ =H; + 2_2 Hs+ 2_4 Hs+ 2_6 H,
When the 4-parallel FFA is applied for first time ,
output equations become
Y= XO HO +Z7 Xl H1+Z ((XO +X1)(H0 +H1) XO HO
- XiH;) (22)
By applying the FFA again Xo Ho , 2% X4 Hy and
(XO + Xl ) (Ho + Hy) to in the above equation we get,
Xo Ho term can be solved as
XO, HOI = (XO + Z_2 Xy + Z_4 Xs + Z_6 Xs ) (HO + 2_2 Hy+ 2_4 H,

(21)

the

+7 HG) (23)
—(Xo"'Z Xi) (Ho +2* Hl)
XO —XO +7 X2 ) Xl—X1+Z X3
Ho— H0+Z H2 , Hl—H1+Z H3

"Y - Xo Ho+ z2 Xy Hi+ 28 ((Xo+ Xi ) (Ho+ Hy") —
Xo Ho
—X1 Hi)
XO HO term can be sqlved as ,
XO HO = (XO +Z Xz) (H0+Z Hz)
—XO HO +27 X2 H2 +Z ((XO +X2) (H0+ Hz)—
o Xo Ho = X, Hz) (25)
Xy Hi term can be solved as
Xl Hl = (X1+ z X3) (H1+ z H3)
—Xl Hl +27Z X3 H3 + 27 ((X1+X3)(H1 +H3)—
Xq Hl X3H3) (26)
(XO + Xl ) (HO + Hl") term can be solved as
= [(X0+X1) +Z (Xz +X3)] [(Ho + Hl) +Z (H2+ Hs)]
= (X0+ Xl) (H0+ Hl) +27Z (X2+ Xg) (H2 + H3) +Z [(XO
+X1"j X2+,X3 ) ,(H0+,H1+ Ha+ Hz ) - (Xo+ X1) (Ho+ Hy)
- (X2 + X3) (H2 + Hs) (27)

(24)

After performing these steps the structure is drawn as
shown below in Figure 4.
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Figure 4: Eight Parallel Fast FIR filter by cascading two 4-tap FFA
filter
2.5 Design of 8 Tap Parallel FIR Filter Using 2 parallel FFA:

For designing eight tap using 2 tap FFA filter , the design equation

will be as follows:

It is known that the output equation can be written as

Y = Yo+ 2 Y 422,428 + 20+ 20 Ys 420 Y 427 Y,
=Ko+ Z X422 Xt 73 Xg + 74 Xy+2° X+ 28 Xg + 27 X7) (Hp +

Z'H + 22 Hy + 28 Ha 27 Hy + 2° Hs + 2° Hg + 27 Hy)
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Figure 5: Eight Parallel Fast FIR filter by cascading four 2-tap FFA
filter

Reduction of complexity in 8 tap parallel FFA filter is done by first
applying 2 tap parallel FFA and then applying it for the necessary
times. Here in this design 2 FFA will be applied four times to obtaina
eight FFA architecture.By applying the 2-parallel FFA again X, Hy ,
72 X, Hy and (Xo + Xi ) (Ho + Hy’) in the above equation the
structure for 8 tap parallel FIR filter using 2 FFA is obtained as in
Figure 5.

3. SIMULATIONRESULTS

The conventional, traditional parallel and parallel FFA
designs for various order of the filter 2,3,4,8,16 are verilog
coded and simulated in Modelsim. The simulations results for
4 tap all forms of FIR filter designed is shown in figure 6.
The Figure 6 shows the output of the Four Tap Conventional
FIR filter.

Figure 6: Output of Com)entional 4 tap Filter

When the input is x=00000010 and 5% filter coefficients are
h0=00000001; h1=00000001; h2:00080 01; h3=00000001, the
output is y=00000100. These outputs are produced in the fifth clock
cycle by traditional FIR filter.
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Figure 7: Output of Traditional 4 Parallel Filter

Figure 7 shows the output of traditional parallel FIR filter of
order 4.When the inputs are x0=00000010; x1=00000010;
x2=00000001; x3=00000001 and the filter coefficients are
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h0=00000001; h1=00000001; h2=00000001; h3=00000001,
the outputs are y0=0000010; y1=00000100; y2=00000101;
y3=00000110. These outputs are produced in the third clock

Figure 8 reveals the output of proposed parallel FFA filter.
When the inputs are x0=0000000000000001;

cycle by parallel FIR filter.

B 00 0, S gt 5, s th 4h, 20 s 4h 40, gh. s 28, 1 o

=

Figure 8: Output of 4 Tap Parallel FFA FIR Filter

x1=0000000000000001,

X2=0000000000000001,;

x3=0000000000000001 and the filter coefficients are
h0=0000000000000001; h1=0000000000000001, the outputs
are y0=00000100; y1=00000000; y2=00000110;
y3=11111110. These outputs are produced in the third clock
cycle by parallel Fast FIR Algorithm.

4. PERFORMANCE ANALYSIS OF THE DESIGNED
FIR FILTERS

The designed FIR filters of different order of all three
forms are implemented in Xilinx which belongs to the family
of Spartan 3E with package PQ208 of speed grade -5. Table 1
represents the comparison between the conventional FIR
filter, Traditional parallel FIR filter and Parallel Fast FIR filter
algorithm in terms slices, LUTs and delay time.
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Table 1 : Hardware Utilisation Details
Parameters 2 Tap Filter 3 Tap Filter 4 Tap Filter 8 Tap Filter 16 Tap Filter
CF TPF | FFA | CF TPF | FFA | CF TPF | FFA | CF TPF | FFA | CF TPF | FFA

Adders 1 2 2 2 10 6 3 12 6 7 56 12 15 240 80
Number of | 20 18 7 281 181 17 584 453 30 600 450 362 712 547 428
Slice Registers
No of LUT's 36 31 12 500 324 30 806 613 46 1034 | 964 640 1112 | 1040 | 823
Maximum 13.99 11.45 | 10.82 | 21.03 | 18.07 | 13.03 | 31.33 | 20.25 | 15.12 | 31.12 | 22.10 | 13.41 | 32.56 | 29.22 | 23.12
Combinational
Path Delay(ns)

The results of traditional FIR filter , parallel FIR filter and

parallel Fast FIR filter are compared based on the number of ;

slices,4 input LUTs and maximum combinational delay. It is Adders-Using4and 2 FFA

observed that on an average the number of LUT’s is 1;2

decreased to 55.2% and Combinational delay is reduced to 2 100

65.88%. fw

% :: 5 Wi FRA
= n . W2FFA
0 =+
BTap 16 Tap
Different Length of Filter

Figure 9: Comparison of Adders using 4 and 2 FFA
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Figure 9 shows the results of design of 8 tap and 16 tap using
lower order FFA. It is seen that there is reduction of 20% in
delay and 30 % in slices. Here it is better to prefer eight tap
using 2 FFA than 4 FFA because it has better reduction in
delay and the slices compared to others.

LUTs Using 4 FFA and 2 FFA

1500 -
E 1000 -
m—l
B
5 500 - H4FFA
0 41— H2FFA

ETap

16Tap

Different Length of Filter

Figure 10: Comparison of Area using 4 and 2 FFA

Figure 10 reveals the comparison of area for the design of 8
and 16 tap FIR filter using 4 FFA and 2 FFA .1t is seen that
there is reduction of 28% in area using 2 FFA in 8 Tap and
21% using 2 FFA in 16 Tap.Thus 2 FFA can recursively be
applied to design higher order filters.

Delay using 4 FFA and 2 FFA

40 ]
- 30 -
E
0 -
'E': o 4FF
& 10 -
_ 13.4 W 2FF
0+

Tap 16Tap

Different Length of Filter

Figure 11: Comparison of Delay using 4 FFA and 2 FFA

Figure 11 reveals the comparison of delay for the design of 8
and 16 tap FIR filter using 4 FFA and 2 FFA .1t is seen that
there is reduction of 25% in delay on an average using 2 FFA
in 8 Tap and 16 Tap. Thus 2 FFA can recursively be applied
to design higher order filters.

5. CONCLUSION

This paper addressed the usage of Parallel Fast FIR
algorithm (FFA) for various filter orders. It is observed that on
an average of 42.39% of reduction in the hardware was
achieved. The Parallel Fast FIR filter shows delay reduction
of about 34.4275 % when compared to Parallel FIR filter.
Thus high sped and low area can be achieved if FFA is
implemented for different applications. In future, the folding
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architecture can be implemented for the reduction of adders in
Parallel Fast FIR algorithm.
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