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Abstract:

This paper presents an efficient implementation of
Finite Impulse Response Filter (FIR) using Modified
Distributed Arithmetic (DA) architecture using shared
look-up table (LUT). It is based on distributed arithme-
tic (DA) combined with a look-up table (LUT) reduction
technique which allows the direct mapping to recon-
figurable LUTs of the latest Xilinx FPGAs. Convention-
ally, for reconfigurable DA-based implementation of
FIR filter, the lookup tables (LUTs) are required to be
implemented in RAM and the RAM-based LUT is found
to be costly for ASIC design. Therefore, a shared-LUT
implementation is proposed to realize the Distributed
Arithmetic computation. The LUT is for higher order fil-
ter. Each LUT operates different set of filter taps. The
proposed architecture provides less latency and less
area compared with existing structure of FIR filter.

Index Terms:

Distributed Arithmetic, Finite Impulse Response, Field
Programmable Gate Array, Look Up Table.

I. INTRODUCTION:

Digital Signal Processing (DSP) has been increasing in
popularity due to the declining cost of general purpose
computers and Application Specific integrated circuits.
Since many data communications applications have
been moving to digital, the need for digital filtering
methods continues to grow[1][2]. Along with the ad-
vancement in Very Large Scale Integration (VLSI) tech-
nology and the DSP has become increasingly popular
day by day, the high speed realization of FIR digital fil-
ters with less power consumption has become much
more demanding.
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Since the complexity of implementation grows with
the filter order and the precision, real-time realization
of these filters with desired level of accuracy is a chal-
lenging. Several attempts have, been made to develop
dedicated and reconfigurable architectures for real-
ization of FIR filters in Application Specific Integrated
Circuits (ASIC) and Field-Programmable Gate Arrays
(FPGA) platforms.

A distributed arithmetic (DA)-based technique has
gained substantial popularity in recent years for high-
throughput processing capability and increase in reg-
ularity, which results in cost and area-time efficient
computing designs. The main operations required for
DA-based designs are a sequence of lookup table (LUT)
which followed by shift accumulation operations of the
LUT output. The convention DA implementation used
for implementing an FIR filter assumes that impulse re-
sponse coefficients are fixed, and this behavior makes
it possible to use ROM-based LUTs.

The memory requirement for DA-based implementa-
tion of FIR filters, has been exponentially increases
with the order of filter. To eliminate the problem for
such a large memory requirement, systolic decomposi-
tion techniques are implemented by Meher et al. for
DA-based implementation of long-length convolutions
and FIR filter of large orders For a reconfigurable DA-
based FIR filter whose filter coefficients dynamically
change, we need to use reconfigurable RAM based
LUT instead of ROM-based LUT. Further approach is
to store the coefficients in the analog domain by using
serial digital-to-analog converters resulting in mixed-
signal architecture [10]. We also find quite a few works
on DA based implementation for adaptive filters [11],
[12] where the coefficients change at every clock cycle.
In this approach, we present efficient schemes for the
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optimized shared-LUT implementation of reconfigu-
rable FIR filters using shared DA technique, where
LUTs are shared by the DA units for bit slices of differ-
ent weightage. In addition, the filter coefficients are
subdivided into a number of LUT to reduce the size
of the LUT and dynamically changed in runtime with a
very small reconfiguration latency.In the next section,
we briefly discuss the mathematical background of DA-
based implementation of FIR filter. In section lll derives
the FIR structures for the proposed algorithm. Section
IV gives the proposed structure. We provide the syn-
thesis results of proposed and existing designs in Sec-
tion V. The conclusion and the scope of the future work
are presented in section IV.

Il. FORMULATION OF THE ALGORITHM:

The output of an FIR filter of length N can be comput-
ed as an inner product of the impulse response vector
(h(k), fork=0,1,...,N -1)and aninput vector (x(n - k),
fork=0,1,...,N-1), whichis given by

N—-1
y(n) = > h(k)xz(n — k).
k=0 (1)

For simplification of subsequent derivation, let us
remove time index n as

N -1
y= >  h(k)s(k)
e ()
Where s(k) = x(n - k). Assuming L to be the word length,
the input sample s(k) may be expressed in two’s
complement representation, i.e,,

L—1
s(k) = — [s(B)]o + > _ [s(R)]; 27"
e €)
where [s(k)]l denotes the [th bit of s(k). Substituting (3),
we can write (2) in an expanded form, i.e,,

N=1 N-1 L-1
y=—_ h(k) [s(k)]o+>_ h(k) {Zj [s(k)], 2 ‘} -
k=0 Je=0 I=1
(4)

To convert the sum-of-products form of inner product of
(2) into a distributed form, the order of summations
over the indices k and I in (4) can be interchanged to
have

Volume No: 2 (2015), Issue No: 7 (July)

y=— 3 hE) [s(k)]p + 3 2! {'Z_j (k) [-«{kn,}

k=0 =1 k=0
®)

and the inner product given by (5) can be computed as

L—1
¥ = E 2-'C; — Co
=1

(6a)
Where
N-1
Cr = > h(k) [s(k)], -
k=0 (6b)

Since any element of the N-point bit sequence [s(k)]
[ for 0 < k < N - 1} can either be 0 or 1, the partial sum
Clforo <l<L-1canhave 2N possible values. If all the
2N possible values of Cl are precomputed and stored in
the LUT, the partial sums Cl can be read out from the
LUT using the bit sequence {[s(k)]I foro <k <N -1}as
address bits for computing the inner product.Without
aloss of generality, and for simplicity of discussion, we
may assume the signal samples to be unsigned words
of size L, although the proposed algorithm can be used
for two’s complement coding and offset binary cod-
ing also. We can always obtain unsigned input signal
by adding fixed offset when the original input signal is
signed. The inner product given by (6a) then can be ex-
pressed in a simpler form, i.e.,

—1
Yy = E 2~ 'Cy
1=0 (M

so that no sign reversal of LUT output is required.We
can use (7) directly for straightforward DA-based im-
plementation of FIR filters using the LUT containing 2N
possible values of Cl. For large values of N, however,
the LUT size becomes too large, and the LUT access
time also becomes large. The straightforward DA-based
implementation is, therefore, not suitable for large fil-
ter orders. When N is a composite number given by N
= PM (P andM may be any two positive integers), one
can map the index kinto (m + pM)form=0,1,...,M -1
andp=0,1,...,P-1toexpress(7)as

L-1 P-1
y= ;g (Z Si.p)

p=0

(8a)
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where Sl,p is the sum of partial product of M samples
represented as

M-1
Stp = h(m+pM)[s(m+pM)],
= (8b)
forl=0,1,...,L-1andp=0,1,...,P-1.

For any given sequence of impulse response {h(k)},
the 2M possible values of Sl,p corresponding to the 2M
permutations of M-point bit sequence {(s(m + pM))I},
form=0,1,...,M-1andl=0,1,...,L-1, may be
stored in the LUT of 2M words. These values of Sl,p can
be read out when the bit sequence is fed to the LUT as
address. Equation (8) may, thus, be written in terms of
memory-read operation as

L1 P-1
y=3"2 [Z ﬂbz.pi]
=0 p=0

where F(blp)=5Ip,and
by p={[s(pM)], [s(1 + pM)), ...

@

operation.
I1l. FIR FILTER REALIZATION USING DA:

The proposed structure of the DA-based FIR filter for
ASIC implementation is shown in Fig.1. The input sam-
ples {x(n)} arriving at every sampling instant are fed to
a serial-in—parallelout shift register (SIPOSR) of sizeN.
The SIPOSR decomposes the N recent most samples to
P vectors bp of lengthM forp=o0,1,...,P-1andfeeds
them to P reconfigurable partial product generators
(RPPGs) to calculate the partial products according to
(8b). The structure of the proposed RPPG is depicted
in Fig.2 for M = 2. For high-throughput implementation,
the RPPG generates L partial products corresponding
to L bit slices in parallel using the LUT composed of a
single register bank of 2M - 1 registers and L number of
2M: 1 MUXes.

In the proposed structure, we reduce the storage con-
sumption by sharing each LUT across L bit slices. The
register array is preferred for this purpose rather than
memory-based LUT in order to access the LUT con-
tents simultaneously. In addition, the contents in the
register-based LUT can be updated in parallel in fewer
cycles than the memory-based LUT to implement de-
sired FIR filter.
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L, [sS(M=1+pM)];}

for0</<L —1and0=<p <P — 1. The bitvector bp is used as
address word for the LUT, and F{ «) is the memory-read

The width of each register in the LUT is (W + _log2M )
bits, where W is the wordlength of the filter coeffi-
cient. The input of the MUXes are o, h(2p), h(2p + 1),
and h(2p) + h(2p + 1); and the two-bit digit bl,p is fed
to MUXIforo <l <L -1asacontrol word. We can find
that MUX | provides the partial product Sl,p foro <[ <
L -1 given by (8b).
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Fig.1. Structure of the high-throughput da-based fir
filter.
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Fig.2. pth RPPG forM =2

IV. PROPOSED DA TECHNIQUE FOR 3RD OR-
DER FIR FILTER:

Coefficients = 4
No. of inputs = 4
LUT size = 24 = 16 memory location

In this method possible outputs are pre computed and
storedin LUT.LUT addressed through input of the filter.
For 4 tap filter,4 tap represents the no. of co-efficient
of the filter as well as it represents the no. of inputs to
the filter and address bit for the LUT.
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Each location has different output for the correspond-
ing inputs .The possible inputs for this filter is 0(0000)
- 15(1111).For each input the computation of output is
easy by using this technique.

*|nput = 1011 means

Output =1.ho+0.h1+1.h2+1.h3

= ho+h2+h3

*|nput = 1111 means

Output = ho+ h1+h2+h3

e|nput = 0101 means

Output = h1+h3

*|nput = 1010 means

Output = ho+h2

It represents the addition of high level input co-effi-
cient. We can easily find 16 output for corresponding
input with-out any mathematical calculation. Table 1
shows the content of the LUT for 3rd order filter

For Example:

Input = Xo, X1,X2,X3

X0 =1011=11

X1=1101=13

X2 =1010=10

X3 =1001=9

ho=ht1=h2=h3=1

Address Data

0000 o
0001 h,
0010 h,
0011 h,+h,
0100 h,
0101 h,+h,
o110 h, + h,
o111 h, +h,+h,
1000 h,
1001 h, +h,
1010 h,+h,
1011 h,+h, +h,
1100 h,+h,
1101 h,+h, +h,
1110 h,+h +h,
1111 h,+h, +h,+h,

Table I LUT Table for 3rd Order Filter

Step 1:

Store the values in input buffer.
Xo[o] X1[o] X2[0] X3[0] =1101
Xo[1] X1[1] X2[1] X3[1] =1010
Xo[2] X1[2] X2[2] X3[2] =0100
Xo[3] X1[3] X2[3] X3[3] =1111
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Step 2:

Read the values from LUT for corresponding values in
buffer.

Output of LUT:

O1=0011=3

02=0010=2

03 =0001=1

04=0100=4

Step 3:

If the value is multiplied by 2, it implies left shift.
Output = O1 + Shift the value of O2 one time + Shift the
value of O3 2 times + Shift value of O4 3 times.
Output=3+4+4+32=43.

A.LUT Partitioning:

The above technique holds good only when we go for
lower order filters. For higher order filters, the size of
the LUT also increases exponentially with the order of
the filter. For a filter with N coefficients, the LUT have
2N values. This in turn reduces the performance.There-
fore, for higher order filters, LUT size to be reduced
to reasonable levels. To reduce the size, the LUT can
be subdivided into a number of LUTs, called LUT parti-
tions. Each LUT partition operates on a different set of
filter taps. The results obtained from the partitions are
summed.Suppose the length LK inner product, then
Eq.5 becomes

LK
A k; AX,
= (10)

Then the sum can be partitioned into L independent Kth
parallel DA LUTs resulting in

—1[N-1
— X, +A
Y lgu néo LI Ll+n

For 3rd order filter

(11)

e Number of partition = 2

¢2 LUT tables are used .Each has 2 inputs

* Memory location = no .of partition * 2n = 2%*22 = 8
location

en = number of inputs of LUT
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B.3rd Order FIR Filter with Partition Method:

LUT is divided into LUT 1&LUT 2.Each LUT has 2 inputs
and 4 memory location. It shown in figure 3.

» Input =1011 means

» First 2 bits are address bit of LUT 1, output becomes
10 = ho

» Remaining 2 bits are address bit of LUT 2, output be-
comes11=h2+h3

» Output = output of LUT1 + output of LUT 2 = ho+ h2
+h3

LUT 1
(1] 1]
Nn]
01 hy |
10 h;
1]
11 ha+hs
+ |- Cratpue
*q’z] (111} 0
i o1 h;
10 h, [~
x[3]
11 hyhy
LUT 2

Fig.2. 3rd order FIR filter with partition method
In this method the memory location reduced to 8
loca-tions. Previous method 16 memory location re-
quired to produce the same output.

C.3rd order FIR filter Summary:

» Normal method use : 4 multiplier 3 adders

» In DA technique : Memory location = 24 =16 loca-
tion

» LUT partition method: Memory location = 2%22 = 8
location

V. RESULT ANALYSIS:

For the DA-based designs, the duration of minimum
clock periods depends on the delay of the final adder
stage in the PSAT. However, the critical path of the
structure in Fig. 1 depends on the parameter M. Spe-
cifically, if M is large, the longest path might be the de-
lay of the RPPG plus the delay of the adder in the first
stage of the PAT. otherwise, the delay of the final stage
of the PSAT becomes the critical path of the filter.It is
found that the proposed structure shown in Fig. 1 (us-
ing RPPG) produces the most number of output per
cycle (NOC) with the systolic structure among all the
listed structures.

Volume No: 2 (2015), Issue No: 7 (July)

The throughput rate is the amount of output produced
during a duration amounting to the critical path. There-
fore, if M is small, the proposed structure in Fig. 1 offers
the highest throughput, and it involves nearly L times
less LUT resource than that of the systolic structure
since N/M register arrays are shared to realize the LUT
function corresponding to all the bit slices of different
weights.The proposed structure shown in Fig. 2 guar-
antees a higher throughput than the structures of [6]
and [12] for R < L and fewer adders and smaller LUT
than the systolic structure. The structure shown in Fig.2
involves fewer adders and registers, but marginally
larger LUT, than the structure shown in Fig. 1.The pro-
posed DA-based structure (see Fig. 1) is written in Ver-
ilog hardware description language and synthesized by
Xilinx Compiler. The proposed structure has less area
and shorter MSP compared with the DA-based struc-
ture and involves 68% less ADP, respectively.

A.Design Summary Report:

FIL_DA_TOR.
Project File: CESIGH_FIR.xee Parser Do Ha Errore
onudke Harne! OO FIR_Ds_TEP_4 Tiplersaeatla i Slale! Synresred
Targrt Drvior: 2 20 16008 455120 = Errome i Ervors
Produck Ver: SE 132 . H Warrengs
Durign Goak [ [ TS———
Dorign Strategy: i Dol furioched = Timing €oastrants:
Envirenment: * Fanal Temwng Score:
Logic Utiization | uned Avarabie utization
Fhumber of Shoes -5 147D it
Fumber of S Fip Flogs. ) v %
Feamber of 4 inguit L8 £l 25504 o
Pumiser of bonded 108s E ] 35 L)
Famber of GELKS 1 Y %

Fig.3. Summary report for da-based modifier fir filter

B.RTL Schematic:
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Fig.4.RTL Schematic for da-based modified fir filter
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Fig.5. Simulation result for da-based modified fir filter

VI. SUMMARY AND CONCLUSION:

Finite Impulse Response filter plays an important role
in many Digital Signal Processing applications. In this
method, the multiplier less FIR filter is implemented us-
ing Distributed Arithmetic which consists of Look Up
Table and then partitioning is involved. Memory access
time is less than multiplication time. LUT partition re-
duces memory requirements. This technique reduces
the delay, area, power consumption. This technique
reduces the delay by 15%, area by 34% and LUT by 75%.
The performance can be further improved by pipelin-
ing all the partial tables and design suitable for large
filter orders.
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