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ABSTRACT 
Approximately ten percentage of the world’s population suffers from some type of hearing loss, yet only few percentage of 
people  use the hearing aid. The problems associated with wearing a hearing aid, customer dissatisfaction with the  hearing aid, 
the cost and the battery life time. Through the use of digital signal processing the digital hearing aid. In this paper flexibility of  
gain processing, updating filter coefficients using adaptive techniques and digital feed back reduction, etc. Currently lot of 
importance  is being given to low power VLSI design issues. Major focus in this paper is given to the impact of multipliers on 
the power consumption of digital hearing aids. At first booth multiplier and booth Wallace multipliers are designed. The 
multiplier which consumes less power is taken for designing hearing aid component. The implementation of the Hearing Aid 
system includes spectral sharpening for enhancement of speech signal and spectral sharpening for  reduction of noise. A 
fundamental building block, an adaptive filter, analysis of the  filter, synthesis filter are implemented using Booth multiplier 
and  Wallace multiplier. The simulation of the hearing aid is done both in MATLAB and VHDL. The results from MATLAB 
and VHDL are compared. The hearing aid is constructed, targeting FPGA. Using the synthesis report and the power 
calculation report we compare the relative power consumption of the adaptive decorrelator,  filter analysis and  filter  synthesis 
for these multipliers. The results show that the reduction in power consumption by using Booth Wallace multiplier and also -
that using this speed of the multiplier  is increased. However, since the total power consumption is dominated by the FIR, IIR 
lattice filters, and the total power saving depends on the order of the filter. The hearing aid component is designed in VHDL 
and implemented in FPGA(VIRTEXIIPRO) kit. 
Keywords: Array multiplier, parallel multiplier, propagat ion delay, LUT,  utilization and twiddle f actors. 
                     
 1. INTRODUCTION 
on power consumption. In this specifically interested on lowering the power consumption of digital hearing 
aids Hearing aids are one of many modern, portable, digital systems requiring power efficient design in order to prolong 
battery life. Hearing aids perform signal processing functions on audio signals. With the advent of many new signal 
processing techniques, their requirement for higher computational ability has put additional pressure. We investigate 
the use of multipliers for processing audio signals. Through comparison, we show how the power consumption can be 
lowered for audio signal processing using customized multiplier while maintaining the overall signal quality. Hearing 
aids are a typical example of a portable device. They include digital signal processing algorithms, which demand 
considerable computing power. Yet, miniature pill sized batteries store a small amount of energy, limiting their lifetime 
[7]. Consequently, it is mandatory to employ low-power design and circuit techniques without neglecting their impact 
on area occupation. Hearing impairment is often accompanied with reduced frequency selectivity which leads to a 
decreased speech intelligibility in noisy environments. One possibility to alleviate this deficiency is the spectral 
sharpening for speech enhancement based on adaptive filtering [1]; the important frequency contributions for 
intelligibility (formants) in the speech are identified and accentuated. Due to area constraints, such algorithms are 
usually implemented in totally time-multiplexed architectures, in which multiple operations are scheduled to run on a 
few processing units. This work discusses the power consumption in an FPGA implementation of the speech 
enhancement algorithm. It points out that power consumption can be reduced using Booth Wallace multiplier [8]. 
Several implementations of the algorithm, differing only in the degree of resource sharing are investigated aiming at 
power-efficiency maximization. At first an overview of the algorithm is given. Next the realized  architectures are 
presented. . 
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2. MULTIPLIERS  
Multipliers play an important role in today’s digital signal processing and various other applications. With advances in 
technology, many researchers have tried and are trying to design multipliers which offer either of the following design 
targets – high speed, low power consumption, regularity of layout and hence less area or even combination of them in 
one multiplier thus making them suitable for various high speed, low power and compact VLSI implementation. 
Characteristics of multiplier: 
1. Speed : Multiplier should perform operation at high speed. 
2. Area : A multiplier should occupies less number of slices and LUTs.                
3. Power : Multiplier should consume less power. 
Multiplication process has three main steps: 
1. Partial product generation. 
2. Partial product reduction. 
3. Final addition.  
For the multiplication of an n-bit multiplicand with an m bit multiplier, m partial products are generated and product 
formed is n + m bits long.  
Different types of multipliers:           
Here we discuss different types of multipliers which are 
1. Hearing Aid Architecture [14] 
2. Multiplier Background  
3. Speeding up multiplication  
           3.1 Sequential multiplier  
           3.2 Booth’s Multiplier 
           3.3 Wallace Multiplier 
4. Fast Adders. 
           4.1 Carry save Adder Tree (CSA) 
           4.2. Carry Look Ahead Adder (CLA)  
 
1. Hearing Aid Architecture: 
To ease the computational burden, the real-time implementation of the hearing aid utilizes spectral sharpening and 
noise reduction due to spectral sharpening design for the signal processing[6], which is illustrated in Figure 1.1, 1.2 
respectively. The input signal comes in on the upper left side of the figure, is sampled at a rate of 8 kS/s, and is 
delivered to the high pass filter and the filtered signal is used for updating the filter coefficients[2]. The sampled 
signal is also passed through analysis filter. The output of the analysis filter is passed through synthesis filter and then 
to a speaker. Speech enhancement usually results from adaptively filtering the noise reference signals and 
subsequently subtracting them from the primary input. 

                                                   
Figure 1.1: The Spectral Sharpening Filter for speech enhancement 

 

                                         
Figure1.2: Spectral Sharpening for Noise Reduction. 
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2. Multiplier Background: 
2.1 Basic Binary Multiplier: 
The shift-add Multiplier scheme is the most basic of unsigned Integer multiplication algorithms [4]. The operation of 
multiplication is rather simple in digital electronics. It has its origin from the classical algorithm for the product of 
two binary numbers. This algorithm uses addition and shift left operations to calculate the product of two 
numbers. Two examples are presented below 

                                                 
Figure 2.1 

Basic binary multiplication . example shows the multiplication procedure of two unsigned binary digits while the one 
on the right is for signed multiplication. The first digit is called Multiplicand and the second Multiplier. The only 
difference between signed and unsigned multiplication is that we have to extend the sign bit in the case of signed one, 
as depicted in the given right example in PP row 3. Based upon the above procedure, we can deduce an algorithm for 
any kind of multiplication which is shown in Figure 2.2. Here, we assume that the MSB represents the sign of digit. 

                                                          
Figure 2.2: Signed multiplication algorithm 

 
2.2 Partial Product Generation: 
Partial product generation is the very first step in binary multiplier. These are the intermediate terms which are 
generated based on the value of multiplier. If the multiplier bit is ‘0’, then partial product row is also zero, and if it is 
‘1’, then the multiplicand is copied as it is. From the 2nd bit multiplication onwards, each partial product row is 
shifted one unit to the left as shown in the above mentioned example. In signed multiplication, the sign bit is also 
extended to the left. Partial product generators for a conventional multiplier consist of a 
series of logic AND gates as shown in Figure 1.4. 

                                                                 
                                                       Figure2.3: Partial product  generation logic 
 
The main operation in the process of multiplication of two numbers is addition of the partial products. Therefore, the 
performance and speed of the multiplier depends on the performance of the adder that forms the core of the multiplier. 
To achieve higher performance, the multiplier must be pipelined. Throughput is often more critical than the cycle 
response in DSP designs[3][13]. Latency in the multiply operation is the price for a faster clock rate. This is 
accomplished in a multiplier by breaking the carry chain and inserting flip-flops at strategic locations. Care must be 
taken that all inputs to the adder are created by signals at the same stage of the pipeline. Delay at this point is referred 
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to as latency. 
 
3. Speeding Up Multiplication:   
Multiplication involves two basic operations - generation of partial products and their accumulation. Two ways to 
speed up multiplication 
1.Reducing number of partial products  and/or 
2.Accelerating accumulation 
 
3.1 Sequential multiplier: 
Generates partial products sequentially and adds each newly generated product to previously accumulated partial
 product. 
Example: add and shift method. Shift - Adder Multiplier: 
The following notation is used in our discussion of multiplication algorithms: 
a  Multiplicand a(k-1)a(k-2) ... a(1)a(0) 
x  Multiplier x(k-1)x(k-2) ... x(1)x(0) 
P Product  (axx) a(2k-1)a(2k-2)     ... a(1)a(0) 
Sequential or bit-at-a-time multiplication can be done by keeping a cumulative partial product (initialized to 0) and 
successively adding to it the properly shifted terms x(j)a. Since each successive number to be added to the cumulative 
partial product is shifted by one bit with respect to the preceding one, a simpler approach is to shift the cumulative 
partial product by one bit in order to align its bits with those of the next partial product. 
 
Parallel multiplier - Generates partial products in parallel, accumulates using a fast multi operand adder. Number of 
partial products can be reduced by examining two or more bits of a multiplier at a time. 
Example: Booth’s algorithm reduces number of multiplications to n/2 Where n is the total number of bits in a 
multiplier 
 
3.2 Booth’s Multiplier: 
In add and shift algorithm the initial partial product is taken as zero. In each step of the algorithm, LSB bit of the 
multiplier is tested, discarding the bit which was previously tested, and hence generating the individual partial 
products. These partial products are shifted and added at each step and the final product is obtained after n steps for n 
x n multiplication. The main disadvantage of this algorithm is that it can be used only for unsigned numbers [10]. The 
range of the input for a ‘n’ bit multiplication is from 0 to 2n-1 A better algorithm which handles both signed and 
unsigned integers uniformly is Booth’s algorithm[5]. Booth encoding is a method used for the reduction of the number 

of partial products  
Considering the first 3 bits of X, we can determine whether to add Y, 2Y or 0 to partial product. The grouping of X 
bits as shown below 

                                                
                               Figure 3.1: Multiplier bit grouping according to Booth           Encoding 
 
The multiplier X is segmented into groups of three bits (Xi+1, Xi, Xi-1) and each group of bits is associated with its 
own partial product row using Table 1: Booth encoding table 
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Booth’s algorithm is based on the fact that fewer partial products have to be generated for groups of consecutive ‘0’ in 
the multiplier there is no need to generate any new partial product. For every ‘0’ bit in the multiplier, the previously 
accumulated partial product needs only to be shifted by one bit to the right. The above can be implemented by 
recoding the multiplier as shown. 
Table 2: Multiplier recoding for radix-4 booth’s algorithm 

                                                 
 
It is based on portioning the multiplier in to overlapping group of 3- bits and each group is decoded to generate 
corresponding partial product. Each recoded digit performs a certain operation on the multiplicand shown above in the 
table:1.2 The primary advantage of using this multiplication scheme is that it reduces the number of 
partial products generated by half the number. 
For example consider 6X6 bit multiplication, number of partial products involved will be 3 where as in Add- Shift 
algorithm six partial products are needed. 

                                                     
n/2=3 steps;2 multiplier bits in each step All shift operations are 2 bit position shifts 
Accumulation of the partial products in multiplication is accelerated by adding all the partial products at atime. 
 
3.3 Wallace multiplier: 
Wallace trees are irregular in the sense that the informal description does not specify a systematic method for the 
compressor interconnections. However, it is an efficient implementation of adding partial products in parallel [10]. 
The Wallace tree operates  in three steps: 
1. Multiply: Each bit of multiplicand is ANDed with each bit of multiplier yielding n2 results. Depending on the 
position of the multiplied bits, the wires carry different  weights. 
2. Addition: As long as there are more than 3 wires with the same weights add a following layer. Take 3 wires of same 
weight and input them into a full adder. The result will be an output wire of same weight. If there are two wires of 
same weight, add them using half-adder and if only one is left, connect it to the next layer. 
3. Group the wires in two numbers and add in a conventional adder. A typical Wallace tree 
architecture as shown below. 

                                                           
                                                                     Figure 3.2 Wallace multiplier 
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In the above diagram ABO-AB7 represents the partial products Wallace multipliers consist of AND-gates, carry save 
adders and a carry propagate adder. 

                                              
                         Figure 3.3 Implementation of n bit CSA operation 
 
The n-bit CSA consists of disjoint full adders (FA’s). It consumes three -bit input vectors and produces two outputs, 
i.e., n-bit sum vector S and n-bit carry vector C. Unlike the normal adders [e.g., ripple-carry adder (RCA) and carry-
look ahead adder (CLA)], a CSA contains no carry propagation. Consequently, the CSA has the same propagation 
delay as only one FA delay and the delay is constant for any value of n[9][12]. For sufficiently large n, the CSA 
implementation becomes much faster and also relatively smaller in size than the implementation of normal adders. In 
Wallace multiplier carry save adders are used, and one carry propagate adder is used as shown in the figure3.3.The 
basic idea in Wallace multiplier is that all the partial products are added at the same time instead of adding one at a 
time. This speeds up the multiplication process 
 
4.Fast Adders 
The final step in completing the multiplication procedure is to add the final terms in the final adder. This is normally 
called “Vector-merging” adder. The choice of the final adder depends on the structure of the accumulation array. 
4.1Carry Save Adder Tree (CSAT): 
Carry Save Adder (CSA) can be used to reduce the number of addition cycles as well as to make each cycle faster. 
Figure 3.7 shows the implementation of the n-bit carry save adder. Carry save adder is also called a compressor. A full 
adder takes 3 inputs and produces 2 outputs i.e. sum and carry, hence it is called a 3:2 compressor. In CSA, the output 
carry is not passed to the neighboring cell but is saved and passed to the cell one position down. In order to add the 
partial products in correct order, Carry save adder tree (CSAT) is used. In carrysave adder (CSA) architecture, one 
adds the bits in each column of the first three partial products independently (by full adders). From there on, the 
resulting arrays of sum and carry bits and the next partial product are added by another array of full adders[10]. This 
continues until all of the partial products are condensed into one array of sum bits and one array of carry bits. A fast 
adder (carry select or look-ahead) is finally used to produce the final answer. The advantage of this method is the 
possibility of regular custom layout. The disadvantage of the CSA method is the amount of delay of producing the 
final answer. Because, the critical path is equivalent to first traversing all CSA arrays and then going through the final  
fast adder. In contrast, in Wallace tree architecture, all the bits of all of the partial products in each column are added 
together in parallel and independent of other columns. Then, a fast adder is used to produce the final result similar to 
the CSA method. The advantage of Wallace tree architecture is speed. This advantage becomes more pronounced for 
multipliers of bigger than 16 bits. However, building a regular layout becomes a challenge in this case. It can be seen 
that changing the Wallace tree multiplier into a multiplier/accumulator is quite simple. One needs to include the 
incoming data for accumulation in the set of partial products at the input of the Wallace tree section; and the Wallace 
tree will treat it as another Partial product[11]. Also, merging multiple parallel multipliers and adders is as simple. It 
only needs to include all partial product bits in the same column in the inputs to the Wallace tree adders. 
 
4.2.Carry Look Ahead Adder (CLA): 
The concept behind the CLA is to get rid of the rippling carry present in a conventional adder design. The rippling of 
carry produces unnecessary delay in the circuit. For fast applications, a better design is required. The carry-look-ahead 
adder solves this problem by calculating the 
carry signals in advance, based on the input signals. It is based on the fact that a carry signal will be generated in two 
cases: (1) when both bits Ai and Bi are 1,or(2) when one of the two bits is 1 and the carry-in (carry of the previous 
stage) is 1. For a conventional adder the expressions for sum and carry signal can be written as follows. 

                                             
It is useful from an implementation perspective to define S and Co as functions of some intermediate signals G 
(generate), D (delete) and P (propagate). G=1 means that a carry bit will be generated, P=1 means that an incoming 
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carry will be propagated to C0. These signals are computed  

                                               
We can write S and C0 in terms of G and P. 

                                           Lets assume that the delay through an 
AND gate is one gate delay and through an XOR gate  is two gate delays. Notice that the Propagate and Generate 
terms only depend on the input bits and thus will be valid after two and one gate delay, respectively. If one uses the 
above expression to calculate the carry signals, one does not need to wait for the carry to ripple through all the 
previous stages to find its proper value. Let’s apply this to a 4-bit adder to 
make it clear. 
C1 = G0 + P0.C0 . 
C2  = G1  +  P1.C1  =  G1  +  P1.G0  + P1.P0.C0 
C3 = G2 + P2.G1 +  P2.P1.G0 + P2.P1.P0.C0 
C4   =  G3  +  P3.G2  +  P3.P2.G1 +  P3P2.P1.G0  + P3P2.P1.P0.C0 
 The carry-out bit, Ci+1, of the last stage will be available after four delays (two gate delays to calculate the Propagate 
signal and two delays as a result of the AND and OR gate). The Sum signal can be calculated as follows, 
 

 
The Sum bit will thus be available after two additional gate delays (due to the XOR gate) or a total of six gate delays 
after the input signals Ai and Bi have been applied. The advantage is that these delays will be the same independent of 
the number of bits one needs to add, in contrast to the ripple counter. The carry-look ahead adder can be broken up in 
two modules: (1) the Partial Full Adder, which generates Si, Pi and Gi and (2) the Carry Look-ahead Logic, which 
generates the carry-out bits. 
 
5. RESULTS 
For comparison, we have implemented different multipliers in terms of delay(ns),area and power. These Multipliers 
were modelled in VHDL and synthesized by using Xilinx design suite14.4 

TABLE 3: PERFORMANCE COMPARISON OF ARRAY, BOOTH AND MODIFIED BOOTH MULTIPLIERS 
  

ARRAY 
 
BOOTH 

 
MODIFIED BOOTH 

 
DELAY(ns) 

  
 23.856 

  
30.798 

 
7.818 

 
POWER(mw) 

 
0.081 

 
0.014 
 

 
0.014 

 
BELLS(AREA) 

 
123 

 
458 

 
22 

 
I/O BUFFERS 

 
32 
(16+16) 

 
33 
(17+16) 

 
27 
(11+16) 

 
The above table shows the performance comparison of different multipliers. In array Multiplier more area and high 
Power consumption. In comparison use of booth multiplier Occupies more area, low power consumption and speed is 
almost same as array multiplier. The Modified Booth Multiplier is Best from the above multipliers because of area 
occupied is Less and more fastest multiplier in comparison to  array and booth multipliers .it is consuming low power 
also. 
                      
 6. CONCLUSION 
In this paper, the power savings associated with constructing a hearing aid using a different multipliers customized to 
the needs of the application is investigated. The hearing aid component for single stage and for multistage are 
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executed in MATLAB. We can see that the amplification depends on parameters of the analysis and synthesis filters 
and also on the number of stages taken to implement the design. Specifically, we compare the relative power 
consumption of two designs, one using the Booth’s multiplier, and the other using Booth Wallace multiplier. Each 
design is targeted in to an FPGA implementation. The synthesis report after simulation is used to evaluate relative 
power consumption. A hearing aid component, two multipliers, is implemented and 
evaluated. The hearing aid channel is also constructed. The implementation using the Booth Wallace multiplier is 
shown to provide significant power savings over that of booth multiplier. The power consumed is more using Booth 
multiplier than booth Wallace and is slower, shift/add multiplier is slower and consumes more power than booth 
Wallace multiplier. Since the total power consumption is dominated by the FIR, IIR lattice filters, the total power 
saving is on the order of the filters. Although the specific results presented for hearing aid component in VHDL 
section are limited to a single stage, using the results of single stage hearing aid in VHDL, we can compute the 
relative power savings for the hearing aid for multistage processing. The VHDL code for hearing aid component is 
dumped in VIRTEXII PRO kit and analyzed[15]. 
 
7. FUTURE WORK 
There are several future research directions are possible for further reduction of power and time delay consumption. 
One of the possible directions is radix higher-than-4 recoding. We have only considered radix-4 recoding as it is a 
simple and popular choice. Higher-radix recoding further reduces the number of PPs and thus has the potential of 
power saving. 
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