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Abstract: FIR digital filter is one of the fundamental components in many digital signal processing and
communication systems. In this work, a low-power finite impulse response (FIR) is designed using truncated
multipliers, which consumes less power and low cost. MCMA (Multiple constant multiplication/ accumulation)
in a direct FIR structure is implemented using an proposed truncated multiplier design. The MCMA module is
realized by accumulating all the PP (partial products) where unnecessary PP bits (partial product bits) are
removed without affecting the final precision of the outputs. Comparisons with previous FIR design approaches
shows that the proposed design achieve the best area and power results. The numbers of operations used by
stages are reduced in proposed truncated multiplier design. The simulation results indicate that the power is
saved about 15% using truncated multiplier when compared to the conventional multiplier.

Index terms — Digital signal processing (DSP), finite impulse response (FIR), truncated multipliers, Multiple
constant multiplication/ accumulation (MCMA), VLSI design.

. Introduction
Finite impulse response (FIR) digital filter is widely used as a basic tool in various digital signal
processing and image processing applications. It is also used in many portable applications with less area and
power consumption. A general FIR filter of order M can be denoted as,

M-—1

y[n| = Z a;x[n —i|.
i=0

There are two basic FIR structures, direct form and transposed form, as shown in Fig. 1. In the direct
form in Fig.1(a), the multiple constant multiplication (MCM)/ accumulation (MCMA) module performs the
concurrent multiplications of individual delayed signals and respective filter coefficients, followed by
accumulation of all the products obtained. Thus, the operands of the multipliers in MCMA are delayed input
signals x[n — i] and coefficients a;.
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Fig.1. Structures of FIR filters: (a) Direct form and (b) transposed form.
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In this brief, low power implementations of FIR filters based on direct structure in Fig.1 (a) with
truncated multipliers. Thus, MCMA module is realized by accumulating all the partial products (PPs), where
unnecessary PP bits (PPBs) are removed without affecting the final precision of the outputs.

The structure of direct form FIR filter consists of delay elements, structure of adders and multiplier

circuit. The proposed method develops a truncated multiplier and thus, the proposed truncated multiplier is
placed instead of normal multiplier in the structure.
Multiplication of two numbers generates a product with twice the original bit width. It is usually desirable to
truncate the product bits to the required precision to reduce the area cost, leading to design of truncated
multiplier. In this brief, a new truncated multiplier design can achieve faithful results. The proposed truncated
multiplier design jointly considers the tree reduction, truncation, and also the rounding of the PP bits during the
design of fast parallel truncated multipliers, hence, the final truncated product satisfies the precision
requirement.

I1. Reduction Of Parallel Tree Multiplier
A parallel tree multiplier design consists of three steps, i.e., PP generation, PP reduction, and final carry
propagate addition. PP generation produces PP bits from the multiplicand and the multiplier. The goal of PP
reduction is to compress the number of PPs to two, which is to be summed up by the final addition. The two
most famous reduction methods are Wallace tree [4] and Dadda tree [5] reductions. Wallace tree reduction
manages to compress the PPs as early as possible, whereas Dadda reduction only performs compression
whenever necessary without increasing the number of carry-save addition (CSA) levels.

TABLE | Number of FAs and HAs in one column for the reduction of h Bits

#ofbits | #ofbuts after reduction =1 | # of buts affer reduction =2
(height) (Scheme 1) (Scheme 2)
before | # of carry bits # of camy bits

reduction Mgg T Ny - Ngs + Tyia b

2 | |
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Fig. 2. Tree reduction of 8 x 8 multiplication Scheme 1 and (b) Scheme 2 in Table I. (a)
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Scheme 1
(b) (38 FAs, 8 HAS). (b) Scheme 2 (35 FAs, 7 HAS).

To allow more flexible column-by-column reduction to be used in the proposed truncated multiplier
design in Section 111, two reduction schemes are presented that intend to minimize the use of half adders (HAs)
in each column because the full adder (FA) cell has a higher compression rate compared with the HA cell. Table
I shows the number of FAs nga and HAs nya required to compress a column of h bits to one bit (Scheme 1) or
two bits (Scheme 2) using FAs (3-2 counters) and HAs (2-2 counters). In this brief, we adopt hybrid Scheme-1
and Scheme-2 reductions for the truncated multiplier design in Section 1l in order to minimize the area cost.

Fig. 2(a) and (b) shows the reduction procedures by Scheme 1 and Scheme 2 to each column of PP bits,
starting from the least significant column. Column heights h, including the carry bits from least significant
columns, are also shown on the top row where the columns that need HAs are high-lighted by square boxes.
Note that Scheme 1 in Table | is only used to determine whether an HA is needed and how many FAs are
required in the per-column reduction that does not exceed the maximum number of CSA reduction levels. It is
not necessary that the number of bits after the reduction is always one.

I11. Proposed Truncated Multiplier Design
A.PP truncation and compression

The objective of the truncated multiplier design is to compute P MSBs of the product with a maximum
truncation error of no more than 1 ulp, where Lulp = 27" .

The FIR filter design in this brief adopts the direct form in Fig.1 (a) where the MCMA module sums up
all the products a”; x x[n — i]. Instead of accumulating individual multiplication for each product, it is more
efficient to collect all the PPs into a single PPB matrix with carry-save addition to reduce the height of the
matrix to two, followed by a final carry propagation adder.

In order to avoid the sign extension bits, we complement the sign bit of each PP row and add some bias
constant using the property s = 1 — s, where s is the sign bit of a PP row, as shown in Fig.3. All the bias
constants are collected into the last row in the PPB matrix. The complements of PPBs are denoted by white
circles with overbars.

In the proposed truncated multiplier design in FIR filter implementation, it is required that the total
error introduced during the arithmetic operations is no larger than one ulp. Fig.4 compares the two approaches.
In [2], the removal of unnecessary PPBs is composed of three processes: deletion, truncation, and rounding.
Two rows of PPBs are set undeletable because they will be removed at the subsequent truncation and rounding

[1].

Fig.3. Generation of PPBs considering sign extension and negation.
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Fig.4. Truncated multiplier designs using (a) the approach in [2] and (b) proposed design.

Fig.4 (a) shows an example of the approach in [2], where the gray circles, crossed green circles, and
crossed red circles represent respectively the deleted bits, truncated bits, and rounded bits. In this brief, the
proposed design of the truncated multiplier design is shown in Fig.4 (b). Only a single row of PPBs is made
undeletable (for the subsequent rounding), and the PPB elimination consists of only deletion and rounding. The
error ranges of deletion and rounding in the proposed design are as follows:

! 1 1
-ulp<Ep <0 - _}ulp <Ep=Ep+ _—lulp < ;-)tll])
Ip<ER <0 ll F-F"ll<ll
—ulp< Ej < - 5Ulp <Ep=Ep+ 3ulp < sulp

—ulp < E=(Ep + Eg) < ulp.

Since the range of the deletion error in the proposed design is twice larger than that in [2], hence, more PPBs
can be deleted, leading to smaller area in the subsequent PPB compression.

Fig.5 shows the overall FIR filter architecture using multiple constant multipliers/ accumulators with
truncation that removes unnecessary PPBs. The white circles in the L-shape block represent the undeletable
PPBs. The deletion of the PPBs is represented by gray circles. After PP compression, the rounding of the
resultant bits is denoted by crossed circles. The last row of the PPB matrix represents all the offset and bias
constants required including the sign bit modifications.
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Fig.5. Overall FIR filter architecture using multiple constant multipliers/ accumulators with truncation.

B. Extension to Booth Multipliers
Although the proposed truncated multiplier designs for unsigned multiplication are demonstrated, the same
approach can be extended for signed multipliers or Booth multipliers as well.

IV. Experimental Results
The software used for the simulation purpose is ModelSim SE 6.3f and power analysis is demonstrated using
Xilinx ISE 8.1i.

In this section, the proposed truncated multiplier design developed will be better performance than the
previous applications. Most of prior FIR filter designs are based on the transposed structure because the major
goal is to minimize the cost of adders in MCM that takes less than 20% of the total area. However, the SAs are
not optimized, and the area of DFFs in the transposed forms is larger because of the range expansion of the
results after MCM.

Although the area costs of the proposed designs are significantly reduced, but the critical path delay is
increased because all the operations in the MCMA are executed within one clock cycle. It is possible to reduce
the delay by adding pipeline registers in the PP compression as suggested in [3], where the major goal is to
minimize the number of FAs, HAs. In this brief, we focus on low power FIR filter designs with moderate speed
performance for mobile applications where area and power are important design considerations. In addition,
unlike other methods, the proposed method does not increase the height of the PP matrix, which leading to a
smaller delay.

Fig.6 shows the simulated result of proposed truncated multiplier design. The input of the truncated
multiplier design is given and the final target precision output.Fig.7 shows the simulation result of FIR filter
architecture using truncated multiplier design. Thus, the process is executed within one clock cycle.
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Fig.6. Simulated result of truncated multiplier using proposed design
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Fig.7. Simulated result of FIR filter using proposed design
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The power consumption for the implementation of FIR filter using proposed truncated multiplier
design is less when compared to the previous approaches. Fig.8. illustrates the power required for FIR filter
using proposed design.
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Fig.8. Power Analysis of FIR filter using proposed design.

V. Conclusion
This brief has presented low power FIR filter designs using the proposed design. Although most prior
designs are based on the transposed form, we observe that the direct FIR structure with proposed truncated
multiplier design leads to the smallest power consumption.
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