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Abstract—This letter proposes a new distributed arithmetic
(DA) algorithm for low-power finite-impulse response (FIR) filter
implementation. The characteristic of the proposed algorithm
is that the FIR filters using the proposed algorithm do not need
to employ two’s complement representation in lookup tables as
well as multiply-and-accumulation blocks. Thus, the proposed
algorithm can minimize the dynamic power consumption of the
FIR filters. The experimental results show that the lowpass FIR
filter using the proposed algorithm achieves 29% and 26% power
consumption reduction compared to that using the conventional
algorithm for zero-mean random inputs and speech inputs,
respectively.

Index Terms—Distributed arithmetic, lookup table (LUT), low-
power finite-impulse response (FIR) filter.

I. INTRODUCTION

INITE IMPULSE response (FIR) filters using dis-

tributed arithmetic (DA) are widely used to implement
pulse-shaping filters, digital phase-locked loop (PLL) fre-
quency synchronizers, discrete cosine transform (DCT) cores,
and so forth in hand-held applications where low-power con-
sumption is required. DA is a bit-serial operation that computes
the inner product of two vectors (one of which is a constant) in
parallel [1], [2]. DA eliminates the need for multiply operations
by using lookup tables (LUTs). In general, the FIR filters using
DA consist of multiple LUTs and multiply-and-accumulation
(MAC) blocks [1].

In most digital circuits, two’s complement is used to represent
numbers, since arithmetic operations are easy to perform. How-
ever, the use of two’s complement representation can increase
the dynamic power consumption of the digital circuits when the
signals being processed in the digital circuits switch frequently
around zero and do not utilize the entire bit size, as presented in
[3]. One approach to minimize the dynamic power consumption
of the digital circuits is to use the sign magnitude representation
[3]. Although it can be adopted into the FIR filters to reduce
power consumption, the hardware complexity of the FIR filters
can increase, since the positive and negative arithmetic opera-
tions are performed separately in the sign magnitude represen-
tation. Thus, in this letter, a new DA algorithm is proposed to
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reduce the power consumption of the FIR filters without using
the sign magnitude representation.

II. CONVENTIONAL DA ALGORITHM FOR
FIR FILTER IMPLEMENTATION

In this letter, the notations of [1] are used to express following
equations. The conventional DA algorithm with offset-binary
coding for an N-tap FIR filter is given by [1]
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where {c;}’s are coefficients and {x;}'s are W-bit filter inputs
using two’s complement representation. d; ; is obtained as
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where ;-1 denotes the (W — 1)th bit of z; and
di; € {—1,1}.In (1), a is implemented by a 2"-word LUT,
while the second term of (1) is a constant value. Thus, the FIR
filter can be implemented with one 2"V -word LUT and one MAC
block. The MAC block performs as Z;:;l m;2~7, where m;
is the jth input of the MAC block. As shown in (1), in the con-
ventional DA algorithm, the 2 -word LUT can be implemented
with a 2¥~1-word LUT with a 2 x 1 multiplexer (MUX) and
a sign conversion block, since d; ; is +1 [1]. The 2 x 1 MUX
selects one value between {d; w_-1-j,-..,dy_1,w—-1-;} and
=1 x {dy,w-1-j,..-,dN—1,w—1-;} according to do w —1—;.
The output of the 2x 1 MUX becomes the input of the
2N¥=1_word LUT. The sign conversion block performs two’s
complement of the output of the 2V !-word LUT when
dyw_-1-; = —1. To reduce the hardware complexity of the
2% _word LUT, the LUT decomposition can be used [1], [2].
If the LUT decomposition is adopted into the 2V -word LUT,
the 2"¥-word LUT can be implemented with multiple smaller
LUTs and adders. If the V input elements of the 2”-word LUT
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are divided into M datasets, the 2%¥-word LUT can be designed
with M2N/M=1_word LUTs with M 2 x 1 MUXs, M sign
conversion blocks, and (M — 1) adders.

III. PROPOSED DA ALGORITHM FOR
FIR FILTER IMPLEMENTATION

The objective of the proposed DA algorithm is the minimiza-
tion of dynamic power consumption of FIR filters. In the pro-
posed algorithm, since d; ; is —1 or 1, the N-tap FIR filter is
given by
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where ;7 is expressed as
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where sign(x) denotes the sign of z. In the proposed algorithm,
a of (3) is implemented with a 2" -word LUT that has an input
of {dO.H"—l-ju dl,W—l—j\ sy dN-l,Hr"—l—j } similar to that of
the conventional algorithm. Thus, the proposed algorithm does
not require additional hardware blocks for the operations of
u;7. The main characteristic of the 2¥-word LUT is to gen-
erate only nonnegative values. Table I shows the LUT exam-
ples of the conventional and the proposed algorithms where
y = c1m + caxe(e; = —1,¢p = 2). In the proposed algo-
rithm, the equation y = —x; + 2z is writtenas y = 3 — 2 y,,,
where y, = w1 + 2up. uy is calculated from sign(c¢;) X 21,
while the value of u; is determined by sign(¢s) X x2. The LUT
for y,(= wuy + 2u3) is shown in Table I, where the proposed
LUT generates only nonnegative values. Since a of (3) is im-
plemented with a 2N _word LUT and the second term of (3)is
a constant value, the N-tap FIR filter using the proposed al-
gorithm can be implemented by one 2V-word LUT and one
MAC block similar to that using the conventional algorithm.
The LUT decomposition of [1] and [2] can be also used to re-
duce the hardware complexity of the proposed 2 -word LUT. If
the LUT decomposition is adopted into the 2 -word LUT, the
2N _word LUT can be implemented using M2~/ _word LUTs
and (M —1) adders in case the N input elements of the 2¥ -word
LUT are divided into M datasets.

Since the proposed LUTs generate only nonnegative values,
the FIR filter using the proposed algorithm does not require
two’s complement representation in the operations of the FIR
filter except in the final subtraction between the first and the

when sign(c;)d; w—1-; =1

when SigH(Cg)d,";V_l_j = -1 {4)

IEEE SIGNAL PROCESSING LETTERS, VOL. 11, NO. 5, MAY 2004

TABLE 1
LOOKUP TABLE EXAMPLES OF THE CONVENTIONAL AND THE PROPOSED
ALGORITHMS WHERE Y = —x; + 21, =3 — 2(u; +2uy) =3 -2 Yp

Conventional 2*-word Proposed 2*-word
= 3 LUT contents (=y) LUT contents (=y,)
1 1 1 1 (u=1, u=0)
1 -1 -3 3 (w=1, u=1)
-1 1 3 0 (u=0, u=0)
-1 -1 -1 2 (w=0, ur=1)

second term of (3). Thus, the proposed algorithm can minimize
the dynamic power dissipation of the FIR filter.

IV. EXPERIMENTAL RESULTS AND CONCLUSION

To compare the hardware complexity and the power
consumption between the conventional and the proposed
algorithms, two lowpass FIR filters are implemented: one for
the conventional algorithm and the other for the proposed algo-
rithm. The specifications of the two FIR filters are as follows.
If the input signal frequency is f,, the passband edge frequency
and the stopband edge frequency of the FIR filters are 0.26 f,
and 0.37f,, respectively. The peak ripple value in the passband
is 0.7 dB, and the minimum attenuation in the stopband is 50
dB. The number of taps required for above filter specifications
is 48. The bit size of the coefficients is 12, and the input bit size
of the FIR filters is set to 16 (W = 16). In this letter, two input
signals, which are random inputs with zero mean and speech
inputs, are used to compare the power consumption between
the conventional and the proposed FIR filters.

Fig. 1 shows the block diagram of the conventional and the
proposed 48-tap FIR filters. In Fig. 1, the difference between the
two filters is the constant and the gain value in the ‘A’ region as
shown in (1) and (3). In Fig. 1, Kcony and K, are the constant
values of the second terms in (1) and (3). The clock frequency
of the Clk16 is 16 times faster than that of the Clk1. Since the
48-tap FIR filter of Fig. 1 operates at the clock rate of Clk16
and W = 16, the FIR filter is implemented using one 2**-word
LUT, one MAC block, and one adder. The operations of the
FIR filter are as follows: each bit of the filter input (= z; ;)
is first converted to d; ; by using (2). In this letter, the value
of d; ; is represented by mapping O for 1 and 1 for —1. d, ; is
delivered into the s2p_reg48_j, which is a 48-bit shift register.
The 48-bit 16 x 1 MUX selects one among the 16 outputs of
the 48-bit shift registers according to the output of the four-bit
counter. The 48-bit output of the 48-bit 16 x 1 MUX is used
as the input of the 2**-word LUT. The MAC block performs
the MAC operations of the outputs of the 2*-word LUT during
16 Clk16 cycles. After the 16 Clk16 cycles, a filter output is
calculated from the output of the MAC block and the constant
values Kconv O Kprop.

As mentioned earlier, the LUT decomposition can be used to
reduce the hardware complexity of the 2%®-word LUT. As shown
in Fig. 1, if the 48 input bits of the 2**-word LUT are divided
into four datasets, the 2*3-word LUT can be implemented using
four 2'2-word LUTs and three adders. The 2'?-word LUTS are
also designed with multiples of smaller LUTs and adders. If the
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Fig. 1. Block diagrams of the conventional and the proposed 48-tap FIR filters (/W = 16, N = 48).
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Fig. 2. The 2"*-word lookup tables for the conventional and the proposed 48-tap FIR filters. (a) Conventional 2'2-word LUT [1]. (b) Proposed 2'2-word LUT.

2'%2_word LUTs are implemented using multiples of 2*-word
LUTs and adders, the 12 input bits of the 2'2-word LUTs should
be divided into three datasets and four datasets for the conven-
tional FIR filter and the proposed one, respectively. Fig. 2 shows
the 212-word LUTs for the conventional and the proposed 48-tap
FIR filters. In Fig. 2(a), T represents a one’s complementer. As
shown in Fig. 2(a), the 2'?-word LUT for the conventional al-
gorithm requires three 23-word LUTs with three 2 x 1 MUXGs,
three one’s complementers, and two adders to implement the
2'%2.word LUT. The 2 x 1 MUX is implemented using XOR
gates as shown in Fig. 2(a). The one’s complementer performs
the bitwise negation of its input signal when its control bit is 1.
Although a sign conversion block is implemented with a one’s
complementer and an incrementer, the incrementer for the sign
conversion block may not be required, since the carry input of
an adder is used to perform the increment operation shown in
Fig. 2(a).

Fig. 2(b) shows the 2!2-word LUT for the proposed 48-tap
FIR filter. In the proposed algorithm, four 23-word LUTs and
three adders are required to implement the 22-word LUT. Un-
like the conventional 2'?-word LUT, the proposed one requires
an additional 23-word LUT and one adder. However, the pro-
posed 2'2-word LUT does not require three 2 x 1 MUXs and
three one’s complementers of the conventional one.

To confirm the merit of the proposed LUT, the transition rates
for the outputs of the conventional and the proposed 23-word
LUTs are estimated and compared using C simulations with
10000 randomly generated 16-bit input signals before imple-

L} T T T L} L
—s— Conventional |1
| —*— Proposed

0.6

S e

044

03

024

{1 g5t el =

Average transition rate

i | L e St S R i o s,

-~

v . .

0 2 4 6 8 10 12 14
Bit number

Fig. 3. Average transition rates for 13-bit outputs of 2%-word LUTs of the
conventional and the proposed 48-tap FIR filters.

-

menting the conventional and the proposed FIR filters. In this
letter, the transition rate represents the average number of signal
transitions (0 — 1 or 1 — 0) per one Clk16 cycle. Fig. 3 shows
the average transition rates for the 13-bit outputs of 2%-word
LUTs of the conventional and the proposed 48-tap FIR filters.
The transition rate of each bit is averaged over all outputs of
23-word LUTs. As shown in Fig. 3, the 13-bit outputs of the
proposed 23-word LUTs have lower transition rates than that
of the conventional 2%-word LUTS, since the proposed LUTs
do not require two's complement representation. Thus, the dy-
namic power of the proposed 2*-word LUTs as well as that of
the adders following them can be less than that of the conven-
tional ones, since the adders do not require two’s complement
representation in the proposed algorithm [3].
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TABLE 1l
COMPARISON OF HARDWARE COMPLEXITY AND POWER CONSUMPTION OF THE
CONVENTIONAL AND THE PROPOSED 48-TAP FIR FILTERS

Conventional Proposed
filter filter
Gate count 10,647 10,344
Random i
ominput | 121659 8.6962
(1.2288 MHz)
Power (mW) P
pecc Iﬂ])l.ll
03877 0.2883
(44.1 kHz)
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Fig. 4. Average transition rates for the output bits of 13-bit adders and 30-bit
adders in 2"?-word LUTs and MAC blocks of the conventional and the proposed
48-tap FIR filters.

In the proposed algorithm, the FIR filter does not require
two’s complement representation and perform sign extension
in the MAC block, since the input of the MAC block is al-
ways nonnegative. Thus, it can reduce the dynamic power con-
sumption of the MAC block without using the sign magnitude
implementation.

The conventional and the proposed 48-tap FIR filters are
designed in hardware description language and synthesized to
gate-level circuits with a 0.25-pm 2.5-V standard cell library
[4]. The synthesized gate-level netlists are used for power
consumption simulation using DesignPower (Synopsys, Inc.)
[5]. The DesignPower performs gate-level circuit simulations
to measure the power consumption of the two FIR filters: 2500
randomly generated 16-bit input signals and 120000 16-bit
speech input signals are used as input stimuli for the power
consumption simulation. The clock frequency of the random
signals and the speech signals are 1.2288 MHz and 44.1 kHz,
respectively. The DesignPower can estimate the total power,
which consists of net switching power, cell internal power, and
leakage power by using the standard cell library supporting the
power estimation [4]. The estimated total power consumption
Piotal i given by

Protal = CLVpp f* + IscVpp + It Vpp. (5)

In (5), CL. Vbp, f, Isc, and I;, represent load capacitance,
supply voltage, operating frequency, short circuit current, and
leakage current, respectively. The increase of transitions at each
node in FIR filters causes the increase of C', [3]. In (5), the first,
the second, and the third term denote net switching power, cell
internal power, and leakage power, respectively, where the net
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switching power and the cell internal power are referred to as
the dynamic power.

Table II compares the hardware complexity and the power
consumption of the conventional and the proposed FIR filters.
In this letter, the gate count of a two-input NAND gate is 1.
As shown in Table II, the hardware complexity of the proposed
FIR filter is slightly smaller than that of the conventional FIR
filter. There are two reasons for this. First, the hardware com-
plexity of the three conventional 2%-word LUTs with three 2 x 1
MUXs (2 58) is larger than that of the four proposed 2*-word
LUTSs (= 38), since the conventional 23-word LUTs use two’s
complement representation. Second, the hardware complexity
of three 13-bit one’s complementers (= 104) is also slightly
larger than that of the one 13-bit adder (= 92). Fig. 4 shows the
average transition rates for the output bits of the 13-bit adders
and 30-bit adders in the 2!%-word LUTs and MAC blocks of the
conventional and the proposed FIR filters. The DesignPower is
also used to estimate the transition rates for the output bits of
adders in the two FIR filters by performing gate-level circuit
simulations. The 2500 randomly generated 16-bit input signals,
and 120000 16-bit speech input signals are also used as input
stimuli to estimate the transition rates. In Fig. 4, high transition
rates larger than one result from spurious transitions (glitches).
As shown in Fig. 4, the adder outputs of the proposed filter have
lower transition rates than those of the conventional one. Thus,
the proposed algorithm can significantly reduce the dynamic
power consumption of the 2!?-word LUTs and MAC blocks.
As shown in Table II, the proposed FIR filter consumes approx-
imately 29% and 26% less power compared to the conventional
one for the random input signals and the speech input signals, re-
spectively, since the overall power dissipation of digital circuits
using 0.25-pum technologies depends on their dynamic power
dissipation. When the input signals are random, the power con-
sumption reduction of the proposed FIR filter is maximized.

In conclusion, this letter proposes a new DA algorithm for
low-power FIR implementation. The LUTs of the proposed al-
gorithm generate only nonnegative values. Thus, if the LUT
decomposition is used to reduce the hardware complexity of
LUTs, the FIR filter using the proposed algorithm does not
require two’s complement representation in the LUTs and a
MAC block. The characteristics of the proposed algorithm min-
imize the dynamic power consumption of FIR filters using DA.
Thus, the proposed DA algorithm can be used for implementing
FIR filters for hand-held applications that require low-power
consumption.
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