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Abstract 

Most hardware optimization schemes for  f u e d  
digital filter implementation rely on the use of 
Canonical Signed Digit filter coefficients lo replace the 
costly miiltipliers by shifters and adders. This paper 
further leverages on the optimally encoded coefficients 
generated by any existing filter coeficient synthesis 
algorithm by introducing two techniques to increase the 
performance and reduce the circuit complexity for the 
direct form FIR filter implemenlation based on the 
multiplierless structure. Firstly, merged arithmetic is 
used to merge the shifi and add operations with the 
accumulation operations. The circuit complexity is 
greatly reduced in the proposed structure and the 
latencp of the system can be tailored to the required 
throughput rate by having multiple merged arithmetic 
blocks if necessary. Secondly, a generalized hybrid 
adder allocation scheme is developed. The resulting 
CSA structure achieves a 30% - 40% saving on silicon 
area compared to those with the traditional Wallace 
structure, and at the same time the width of the final 
stage Carry Propagation Adder is shortened which 
effectively reduces the critical path delay. 

1. Introduction 

Finite Impulse Response (FIR) filters play a key role 
in modem communication system thanks to its 
versatility, stability, and simplicity. The demand for 
high data rate in digital signal processing applications 
has forced researchers to trade programmability for 
reduced circuit complexity in the design and 
implementation of fixed high-speed FIR filters [ I ,  21. 
Recent trend towards the fixed FIR filter design has 
moved beyond increasing the throughput rate to the 
overall design constraint of low power, high 
performance and silicon area efficiency in dedicated 
ASIC realization. It is also important that the design 
methodologies and solutions addressing such complex 
cost functions be readily supported by automated 
synthesis of modern silicon compiler, and the 
optimality of the solutions can be made scalable to the 
cell library with the advent of process technology. 

It is generally agreed that the dominant area-time 
limiting factor for FIR filter implementation is the 
multiplier associated with each tap and the linear 
accumnlation of the partial sums. For an N-tap direct 
form FIR filter structure, it has N multiplications and 
(N-I) two-operand additions, which leads to a delay of 

T,,, + (N-l)xTcdd, where T,,,, and T,, are the latencies 
of the multiplier and the adder, respectively [I] .  Reutz 
[2] suggested the use of adder tree for the accumulation 
process, which reduces the delay to TmCm + 
(log,.sN)xT,dd. Reutz’s proposed structure gives 
superior performance in terms of delay, which increases 
logarithmically rather than linearly with increasing 
filter length. However, expensive multipliers are still 
used in the proposed solution. 

The idea of designing multiplierless FIR filters can 
be found in recent literature [3-51. The general idea of 
going ‘multiplierless’ in digital filter design is to 
approximate each filter coefficient with several Signed- 
Power-of-Two (SPT) terms [3, 6, 71. With filter 
coefficients represented by sums of SPT terms, the 
multiplication operations are replaced hy simpler and 
faster shift and add operations. As the filter coeficients 
for a specific application is fixed, it is more 
advantageous to realize the multiplication with ‘shift 
and add’ than employing the generic multiplier. If the 
number of bits to be shifted and the direction of shiR 
are known a priori, shifting can be readily replaced by 
hard wiring at no cost of active devices. Hence the cost 
function can be simply approximated by the total 
number of adders used. 

When the multiplication operations are decomposed 
into shift and add operations, i t  is possible for us to 
merge the multiplications with the linear accumulation. 
Studies on conventional multiply accumulator have 
shown that the ‘merged arithmetic’ approach always 
leads to higher speed and incurs lower component 
count, hence, dissipates less power [XI. In this paper, 
we describe the use of  merged arithmetic in the 
realization of the direct form FIR filter, i.e., the 
intermediate multiplications and the final accumulation 
stage are merged into a single operation block. Upon 
merging; the large number of computational intensive 
multiplications is now replaced with simple ‘shift’ and 
‘add’ operations. The result is a large irregular adder 
tree formed by the full adders (FA) and half adders 
(HA). This large adder tree needs to be reduced to a 
two-operand addition in a number of stages by fast and 
cost effective carry-save adders. Only one carry 
propagate adder is needed at the last stage to sum up the 
two final operands. The performance of classical tree 
reduction strategies, such as the Wallace tree [ 1 I ]  and 
Dadda tree [I21 to the compression of the merged 
arithmetic block are scrutinized and a new adder-based 
hybrid tree reduction scheme with adder reallocation to 
improve the area-efficiency is proposed in this paper. 
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The remaining of this paper is organized as follows: 
In Section 2, the method of constructing the 
multiplierless merged arithmetic operation block is 
described. The devised hybrid tree reduction scheme is 
illustrated in Section 3. Experimental results and 
comparisons of various strategies on reported FIR 
filters are included in Section 4 and the concluding 
remarks are drawn in Section 5 .  

2. Merged arithmetic architecture for FIR 
filter 

Merged arithmetic can he readily applied to the 
direct form FIR filters. Fig. 1 shows a traditional FIR 
filter structure in direct form. 

Figure 1 : Direct form FIR filter 

The transfer function of the direct form FIR filter 
realized in merged arithmetic can be expressed as  
follows: 

where x -k i s  the nth input sample delayed by k clock 
periods; y, and hk are the nth output value and the 
coefficient of the kth filter tap, respectively. 

To realize a 'multiplierless' implementation, the 
filter Coefficients have to be represented in Signed 
Powers-of-Two (SPT) form. The nth filter coefficient, 
h(n) or h, of Eqn. (I) ,  can he expressed as a sum of SPT 
terms [9] as follows: 

h(n)= 2 s , ( r 1 ) 2 - ~ ~  
k=I 

where L is the number of nonzero digits in the SPT 
representation of the coefficient h(n). sh € ( I ,  -1 )  and 
pk is the position of the kth nonzero digit. 0 5 pk < M 
where M is the maximum number of hits used to 
represent the filter coefficients. 

In digital filter coefficient synthesis, the Canonical 
Signed Digit (CSD) and Minimal Signed Digit (MSD) 
are two commonly used number representations as both 
forms guarantee the least number of SPT terms for each 
coefficient. As a result, these representations yield the 

least number of partial products for a given precision. 
In the proposed implementation scheme, each filter 
coefficient is represented in either CSD or MSD 
representation. 

In Fig. 2, we implement a halfband filter with 
normalized passband and stopband frequencies at 0.1 
and 0.4, respectively using the proposed merged 
arithmetic architecture. The CSD coded filter 
coefficients are generated by Chen & Wilson's filter 
coefficient synthesis algorithm [6] and the minimal set 
of CSD coded coefficients that meets the filter 
specifications is summarized below: 

h(0) = h(14) = -2.' 
h(2) = h(l2) = 2 ~ 6  ~ 2.'- 2." 
h(4) = h(l0) = -2~' + 2.'- 2.'' 
h(6) = h(8) = 2-2 ~ 2.' + 2." 

h(1) = h(13) = 0 
h(3) = h(l1) = 0 
h(5) = h(9) = 0 
h(7) = 2.' - 2 ~ 3  + 2" 

With the filter coefficients represented in SPT terms, 
the multiplierless multiplication can be achieved by 
shifting (rewiring) the delayed version of the input 
signals to the right by the numbers of bits dictated by 
the powers of the SPT terms. Using the dot notation 
where each dot represents a binary variable of 
increasing significance with its position from the right, 
the adder structure obtained by merging the 
multiplications with the final accumulation is derived in 
Fig. 2. In Fig. 2, an input signal length of 6 bits is 
assumed for brevity 

...... ...... 
. * I , . *  ...... 

8 . .  1.. 

...... U! ...... .. 1.1. 

0 0 0 0 0 0 0 0 0 l l 1 1 1 1 1  I 1 1  
1 2 3 4 5 6 7 8 3 0 1  23456789 ................... .................. .................. ................. ............... q ............... .......... ......... 

, * * * * *  , 
* * . * .  , *. 

Figure 2. Merged arithmetic filter structure 

In the above example, we replaced the fifteen 6-bit 
multiplications and fourteen 12-bit accumulations with 
a Carry Save Adder (CSA) tree, where its longest 
column has 13 input hits. The adder-based tree- 
structured merged arithmetic operation block creates a 
greater opportunity for optimization by silicon compiler 
when integrating long (high order) filter into a single 
chip from the perspective of poweridelaylarea 
efficiency measures for the targeted technology of 
implementation. 

This CSA tree is to he column compressed in stages 
to a final two-operand addition in the last stage. The 
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maximum number of stages needed to arrive at this last 
stage using classical column compression strategy, e.g., 
the Dadda’s strategy, can be found by solving the 
following recurrence function [IO].  

n(h) = L3n(h-1)/21 ( 3 )  

where n(h) denotes the maximum height of the adder 
tree and h denotes the maximum number of stages 
needed. 

From Eqn. 3,  it is deduced that five stages are 
sufficient for the tree reduction of the merged 
arithmetic block of Fig. 2. In the tree reduction process, 
only FAs and HAS are used. The FAs and HAS 
allocated in each stage execute in parallel with no intra- 
stage carry propagation. Hence, each stage is estimated 
to have a delay of one TFA where TFA is the delay of a 
primitive FA cell. With the proposed implementation 
scheme, the latency for the above FIR filter will be 
5xTFA + TcpA, where the second term is the delay of the 
final Carry Propagation Adder (CPA), and TcpA is 
dependent on the width of the CPA. With our proposed 
column compression technique, viz. the hybrid tree 
reduction strategy, we are able to shorten the width of 
the CPA, and hence reduce TcpA. 

3. Hybrid tree reduction scheme 

The area (number of FAs and HAS) and time 
(number of stages) complexities of CSA tree are usually 
reduced by the celebrated Wallace and Dadda tree 
reduction strategies. The Dadda strategy uses less 
hardware resources but may result in a longer CPA and 
the number reduction stages may exceed the theoretical 
lowest bound. On the other hand, the Wallace strategy 
yields a shorter CPA and optimal number of stages at 
the expense of using more hardware resources. Our 
proposed hybrid tree reduction scheme strives for an 
even shorter CPA with only a small amount of 
hardware in excess to that required by the Dadda tree 
structure. 

The proposed hybrid scheme is a combination of the 
Wallace strategy and the Dadda strategy. The merged 
operation block is partitioned into two sub-blocks, and 
then the Wallace strategy and the Dadda strategy are 
applied on each sub-block independently. This can be 
better illustrated with the help of an example, as shown 
in Fig. 3 .  

Fig. 3 uses the same filter example from the previous 
section, with a correction vector incorporated to resolve 
the sign extension problem [IO]. In Fig. 3 ,  the reduction 
rule of Wallace strategy is applied to the bits to the 
right of the arrow; whilst the Dadda’s reduction rule is 
applied to those to the left of the arrow. The partition 
line (marked by the arrow) is strategically determined 
according to the merits of the two reduction methods. 
For the hits on the right, the aim is to reduce each 
column to a single-bit output in the last stage (Stage 5 
in this example) so as to minimize the length of the 

CPA. As the Wallace tree always produce a shorter 
CPA than the Dadda tree, we will first study the output 
of the Wallace tree for the given merged arithmetic 
block to find out the maximal number of consecutive 
single-bit columns from the least significant bit (LSB) 
position that can be produced at the last stage. For ease 
of exposition, the Wallace-structured CSA tree for the 
same FIR filter is shown in Fig. 4. 

0 5 10 15 20 

Figure 3. CSA tree reduction with the proposed 
hybrid structure 

Figure 4. CSA tree reduction applying 
Wallace’s strategy 

From Fig. 4, it is observed that there are four 
consecutive single-hit outputs from the LSB in the last 
stage of the CSA tree. Using this information, a line is 
drawn between bit 4 and bit 5 from the LSB to partition 
the structure into two portions. For the left portion of 
the structure, it is unlikely that the width of the CPA 
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can be further reduced by any strategy employing only 
FAs and HAS. Therefore, we employ the Dadda’s 
strategy to minimize the amount of hardware in that 
part of structure. 

It some cases, the application of Dadda’s rule yield 
one extra stage than the Wallace-structured tree. This 
extra stage increases the throughput rate of the FIR 
filter. To maintain the same latency, we combine the 
first and second reduction stages of the left portion, 
making the total number of reduction stages required 
the same as the Wallace-structured merged arithmetic 
block. 

4. Results and Discussions 

A MATLAB program is written to automate the 
generation of the hybrid tree architecture given the set 
of filter coefficients in SPT representation. The 
program output is the synthesizable VHDL codes 
comprising primitive instances of full adders, half 
adders and basic gates. Various filters are used as test 
cases, and the results of the resource utilization of the 
merged arithmetic blocks for some benchmarked filters 
under different column compression strategies are 
summarized in Table 1 for comparison. 

In Table 1, the coefficients of Filters # I ,  #2 and #3 
are generated from Chen and Wilson’s algorithm [6] 
with different coefficient codeword lengths of 11, 14 
and 10 bits; the coefficients of Filter #4 are taken from 
Samueli’s paper [4] with word length of 9 bits; and the 
coefficients of Filter #5 are obtained from Yli- 
Kaakinen’s paper [5] with word length of 10 bits. For 
all test cases, we assume that the input signals are 8 bits 
long. 

Table 1. Comparison of various structures 

Filter 

Filter #I  No. of HAs 
(28 taps) Area 1638 765 1080 

CPA width 

We adopt Wang, Jullien and Miller’s definition of 
area metric [14] to evaluate the area costs in the three 
CSA tree reduction schemes. The metric Area in Table 
1 is defined as follows: 

Area = K x max(ni(k)) (4) 

where K is the number of stages required; N(k) is the 
number of FAs and HAS allocated for Stage k .  

From Table 1, it is worth noting that although the 
Dadda-structured merged arithmetic blocks use the least 
hardware, they always have the longest CPA amongst 
all. Compared the Wallace structure with the proposed 
hybrid structure, it is noticed that the latter occupy only 
60% - 67% of the area of the first ones. I t  is also 
observed that the proposed structure leads to a shorter 
CPA. In the five examples shown above, the CPA 
widths for the hybrid structure are all one bit shorter 
than the corresponding Wallace structure. In general, 
the hybrid structure always yields a CPA that has the 
same or even shorter width than its Wallace structured 
counterpart. 

In [ 141, Wang, Jullien and Miller introduced another 
metric, area efficiency, which provides an indication of 
how efficient the silicon area is being utilized. The area 
efficiency is defined as follows: 

where N is the total number of FAs and HAS used in 
the CSA tree. 

In the proposed scheme, we reallocate some of the 
adders to increase the area efficiency. As the area is 
calculated by the product of the maximum number of 
adders in one stage and the number of reduction stages, 
the silicon area can be better utilized by reallocating the 
adders in such a manner that the adders are distributed 
more evenly across different stages. One possible 
scenario of reallocating adder across the stage boundary 
is illustrated in Fig. 5. 

(4 (b) 

Figure 5. Reallocation of adde r s  
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In Fig. 5,  a FA in the second stage is reallocated to 
the first stage, making the maximum number of  adders 
used in every stage reduced to two. The area utilization 
has been improved from 53% in Fig 5(a) to 80% in Fig. 
5(b). Although not always possible, similar operations 
may be performed on every stage of the tree, especially 
on those stages that have a large number of adders. This 
is to avoid having an excessive number of adders 
concentrated in one or two stages. Comparison of the 
three CSA structures using the same set of filter 
examples as Table I with and without the adder 
reallocation is summarized in Table 2. 

As shown in Table 2, there are various degrees of 
improvements on area efficiency, except for Filter #4. 
The degree of improvement is greatly influenced by the 
dependencies between the adders across stages. 

5. Conclusion 

Considerable effort has been expended in the design 
of digital filter to meet the design specifications with a 
minimal number of signed-power-of-two terms to 
eliminate the use of multipliers [I, 3-61, In this paper, 
we present some techniques on the implementation of 
direct form FIR filter, which further reduce the latency 
and hardware requirements of the multiplierless FIR 
filter architecture. By employing merged arithmetic, 
many slow and complex two operand additions can be 
combined in a hierarchy of fast carry-save-adders and 
only a single carry propagate adder is needed in the 
final stage. A hybrid tree reduction scheme is 
developed to  optimally allocate the carry-save-adders in 
the merged arithmetic block of the FIR filter to achieve 
a shorter final stage CPA while constraining the 
solution to have a minimal extra hardware in 
comparison to that of the Dadda’s tree reduction 
scheme. Meantime, the area efficiency is enhanced with 
the use of a simple adder reallocation technique. 
Although not explicitly presented in this paper, multiple 
merged arithmetic blocks may be generated for a long 
filter to allow more flexibility for the proposed CSA 
scheduling and allocation program to optimize the 
throughput rate under the area constraint or optimize 
the area utilization under the tight timing constraint. 

Table 2. Comparison on area efficiency 

efficiency 

47.94 49.54 
60.00 77.50 29.17 
50.60 54.71 
60.29 60.29 
60.58 61.73 1.89 
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