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ABSTRACT:

Approximate circuits can reduce the hardware overhead saving power consumption and occupied area. Digital
processing at nanoscale accepts this as an attractive strategy. For computer arithmetic designs approximate
computing is particularly interesting scenario. A new design approach is presented for multiplier
approximation. Approximate arithmetic blocks such as half-adder, full-adder and 4-2 compressor are not
applied directly to the partial products of the multiplier; instead the original partial products are transformed to
new partial products and are applied. The approximation is used in two forms of multipliers. Two approximate
new16-bit multipliers are presentedand their results are compared with the different multiplier designs. The
multipliers are implemented in Verilog, synthesis is performed using Cadence Encounter RTL compiler and
layout is generated with Cadence Encounter.The newly designed multipliersalong with different concept

oriented multipliers are synthesized and were compared using 180nm and 45nm technologies.
Keywords: Approximate circuits, approximate multipliers, 4-2 compressor, Cadence Encounter.
I. INTRODUCTION

For signal processing and multimedia based applications, exact arithmetic units are not always necessary. They
can be replaced with the approximate circuits. Research based on inexact computing is on upswing for error
tolerant applications. In computer arithmetic designs, addition and multiplication are the most frequently used
operations. Inexact computing aims at designing simplified approximate circuits for low power consumption
and high performance based applications [1-2]. In [3], for digital signal processing applications, approximate
full-adders are proposed at transistor level. For accumulating the partial products in the multiplier, their
respective full-adders proposed were utilized.

For faster multiplier circuit designs compressors have been used widely for lowering the dissipation of
power. Exact and optimized 4-2 compressor designs were proposed in [4-6]. Two designs of approximate 4-2

compressor circuits are presented in [7] and are used in the reduction tree of partial products of Dadda
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Multiplier. These compressors produce nonzero results for input value zeros. The design which was opted

eliminates this drawback reducing error in most significant parts of the multipliers.

In [8] segment based multipliers are discussed. In Static Segment Multipliers (SSM), multiplication is
done by selecting proper segments of length p from n bit multiplier based on the leading one bit positions of the
operands. Instead of n x n multiplication, p x p multiplication is done and then the result is extended to 2n bits
by properly appending zeros. In [9] Partial Product Perforation (PPP) multiplier is discussed which excludes k
successive partial products starting from position of j where j € [0.n — 1] andk € [L.min{n —j.n — 1J] for an
n-bit multiplier. In [10], an inaccurate 2 x 2 building block based on altering an entry in the k-map is proposed.
This block is used to develop 8 x 8, 16 x 16 and other higher approximate multipliers. In [11] 16-bit Dadda
Multipliers are designed achieving low area and power compared with the exact designs.

I1. PROPOSED ARCHITECTURE

2.1 APPROXIMATE ARITHMETIC UNITS

Approximate units or blocks include half adders, full adders and 4-2 compressors for reduction of partial
products of the multipliers. Table 1 shows approximate half-adder truth table.Table 2 shows approximate full
adder truth table and Table 3 shows approximate 4-2 compressor truth table. Approximate half -adder, full-adder
and 4-2 compressor are employed to solve the partial products. The sum and carry for half adder are shown in
(1, 2):

Sum =yl +y2 Q)

Carry = yley2 2

Table.1. Approximate Half-Adder truth table

Inputs Correct Approximate

_ outputs Outputs Absolute
difference

Yyl |y2 | Carry | Sum | Carry | Sum

010 0 0 0 0 0

01 0 1 0 1 0

110 0 1 0 1 0

111 1 0 1 1 1

Table.2. Approximate Full-Adder truth table

Inputs Correct Approximate
outputs outputs Absolute

yl | y2 | y3 | Carry | Sum | Carry | Sum Difference
0|00 0 0 0 0 0
0|01 0 1 0 1 0
o|1]|0 0 1 0 1 0
0|11 1 0 1 0 0
11010 0 1 0 1 0
11011 1 0 1 0 0
11110 1 0 0 1 1
1711 1 1 1 0 1
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The XOR gate in adders and compressors tend to more area and delay. In half adder XOR gate is
replaced with OR gate to obtain the Sum output. In full-adder one of the two XOR gates in the calculation of
Sum are replaced by OR gate. This leads to error in the last two cases. Absolute difference is the difference
between approximate and the exact result.

The Sum and Carry signals are the outputs of these circuits. The weight of carry is more than the
sum.Error in carry produces an error difference of two in the output. Approximation is done so that the absolute
difference between the correct output and approximate output is set at one. The equations for Sum and Carry

signals for the approximate full-adder are given in (4, 5):

W1=yl4y2 @)
Sum = W1 G y3 4
Carry = W1 »y3 (5)

Table.3. Approximate 4-2 compressor truth table

Inputs Apg;?;&?;ate Absolute
yl|y2 |y3|y4d | Carry | Sum Difference
0|0|0]0O 0 0 0
ololol1] o 1 0
olol1]o0o] o 1 0
00|11 1 0 0
0(1]0]O0 0 1 0
011|011 0 1 1
0o|11|11]0 0 1 1
0|1 1 1 1 1 0
1,000 0 1 0
110011 0 1 1
110|110 0 1 1
1101 1 1 1 0
111010 1 0 0
111011 1 1 0
1111110 1 1 0
1 1 1 1 1 1 1

For the cases where all inputs are zero the approximate compressors in [6] produce nonzero output.
This leads to high error in most significant parts of the partial product reduction tree. So an approximate 4-2
compressor isconsidered whichovercomes this drawback. In this three bits are required only if all the inputs are
1.If all the four inputs are one then the output “100” is replaced with “11” to maintain minimum error distance.
One out of the three XOR gates is replaced with OR gate for sum computation.The expressions for Sum and

Carry for approximate 4-2 compressor are shown in (8, 9):

Wi=yley2 (6)
W2 =y3eyé @)
Sum =yl ©y2) + F3 P y4) + WL+ W2 ®)
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Carry = W1 + W2 9)

To make the Sum “1” corresponding to the inputs where all are ones, an additional term y1 ¢ y2 ¢ y3 * y4 is

added to the expression of Sum.

2.2 8-BIT MULTIPLIER A
Multiplier implementation comprises three basic steps: partial products generation, reduction of partial products
and the addition of sum and carry rows to obtain the final result. Of them partial product reduction stage utilizes
more area and power. In this regard approximation is applied in this stage. To describe the proposed multiplier
architecture, an unsigned 8-bit multiplier is employed.Consider two inputs & = E/_yb; 2" and ¢ = N ptm2™

which are of 8-bit and are unsigned. The result of AND operation between the bits of &; and &, is given by the
partial product &; ., = &; * &y shown in Fig. 1.The partial products a, m and am, i are grouped to form modified

partial products. The resulting signals form p; . (propagate) and g (generate) signals shown in (10, 11):

Prm = Gpm T G (10)

Qi,m = ai,m . ﬂ'rr.,E (11)

214 213 212 211 210 29 28 2? 26 25 24 23 22 21 20
a7 @y @75 @yq Q@73 QAyp @azyy A0 8go 850 940 Q30 G20 Q10 Qo0
g7 ds;7 @847 az7 a7 d17 dp7 do6 90,5 0,4 0,3 Qo2 01
@5 Qdg5 Q84 dg3 dg2 A1 As,1 Qg1 A3,1 @21 Ay
@56 Q45 @36 Q25 A1e A15 A14 A13 A1
@55 @54 @ds3 852 42 Az a3
d4,5 d35 dps da4 dp3
A4,4 A3 Az3

dz,4

4
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Ga,z

Fig. 1. Altering exact partial products to transformed partial products

The partial products from column 4 having weight 3 to column 12 having weight 11 are altered. The
exact and altered partial product matrices are shown in Fig. 1.The arrangement of generate signals is done in a
column manner. To group these, OR gates are used. As the number of generate signals increase in a column the
error probability gets increased. So the number of OR gates used to combine the generate signals is kept at 4. If
a column has m generate signals, [m/4] OR gates are used

The reduction of transformed partial products of 8-bit inexact multiplier is shown in Fig. 2. Fig.2 shows
the design of 8-bit Multiplier A where inexact computational units were used in all the columns of the
multiplier. In the first stage, from column 4 to column 13, three approximate 4-2 compressors, one approximate
full-adder, three approximate half-adders, four 2-input OR gates, four 3-input OR gates, one 4-input OR gate are

used.
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Fig.2. Design of 8-bit Multiplier A
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In the second stage one approximate half adder, eleven full adders were used for reduction. The final
level contains two rows A and B, are resolved by applying these to a ripple carry adder to obtain final sixteen
bit result.Design of Multiplier B is same as Multiplier A whereas the approximate adders and compressors are
applied to the least significant n-1 columns and exact units to the remaining most significant columns.
2.3.16-BIT MULTIPLIER A
Fig. 3 shows the level 1 architecturefor 16-bit Multiplier A. From the level 1, the grouping of four indicates the
approximate 4-2 compressor; three indicates the full-adder and two is the half adder. The generate signals
designated as g are grouped using two, three and four input OR gates. The propagate signals designated as p are
grouped using 4-2 compressors; three using full adders and two using half adders. Fig. 4 shows the levels 2, 3
and 4 designated as L1, L2 and L3. The s and ¢ designations used in the levels 2,3 and 4 are the sum and carry

signals. Sixteen rows in level 1 are reduced to six in level 2; four in level 3 and two in level 4.

32 31 30 29 28 27 26 256 24 23 22 21 2019 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
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Fig.3. Architecture for level 1 of 16-bit Multiplier A
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Fig.4. Architecture for level 2, 3 and 4 of 16-bit Multiplier A

2.4.16-BIT MULTIPLIER B

Fig. 5 shows the level 1 architecture for 16-bit Multiplier B. From the level 1, the grouping of four indicates the
approximate 4-2 compressor; three indicates the approximate full-adder and two is the approximate half adder
for the least significant fifteen columns of the multiplier. The columns from sixteen to thirty two use exact half-
adder, full-adder and 4-2 compressor units. The generate signals designated as g are grouped using two, three
and four input OR gates. The result of OR gates in the level 1 are designated as g in levels 2 and 3. The cin
signal is the fifth input to the exact compressor from column sixteen.The arrow mark output from the
compressor is the cout Signal given as an input to the compressors in the next higher columns. Fig. 6 shows the
levels 2, 3 and 4 designated as L1, L2 and L3. The s and ¢ designations used in the levels 2, 3 and 4 are the sum
and carry signals. Sixteen rows in level 1 are reduced to six in level 2; four in level 3 and two in level 4. The
rows in level 4 are given to the ripple carry adder to generate the 32-bit result.
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Fig.5. Architecture for level 1 of 16-bit Multiplier B
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Fig.6. Architecture for level 2,3 and 4 of 16-bit Multiplier B

I11. RESULTS AND DISCUSSIONS

Consider Table.4, where exact 16-bit Daddamultiplier is designed using tree structure. In MultiplierA,
approximate blocks such as half-adder, full-adder and 4-2 compressor which are discussed in section Il are
applied to each column of the multiplier while to the least significant n-1 columns in case of MultiplierB.
Multipliers based on Compressor (MC1 and MC2) architectures are implemented for 16-bit. Design2 from [7] is
used to implement MC1 and MC2. For MC1 approximate compressor design is applied to all the columns of the
multiplier whereas for n-1 least significant columns in case of MC2. Multipliers based on the segment length
criteria are implemented from [8] designated as Static Segment Multiplier(SSM). The length of the segment
used is 12-bit segment for 16-bit SSM design. Length of the result is 24-bit which is extended to 32 bit by
properly appending zeros at appropriate positions. Multiplier based on Partial Product Perforation (PPP) is
designed [9] for j=2,k=2 for a 16-bit multiplier. An Under Designed Multiplier (UDM) of 16-bit is implemented
using the 2x2 approximate building blocks in [10].
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Fig.7. Simulation results of 16-bit MultiplierA
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Fig.8. Simulation Results of 16-bit MultiplierB

Volume 8, Issue X, OCTOBER/2018 Page No:1527



International Journal of Management, Technology And Engineering

ISSN NO : 2249-7455

Multipliers in Table 4 are designed for n=16. Table 4 provides the area, power and area-power product

results of different multipliers along with the newly designed MultiplierA and B and their comparison for

180nm and 45nm technologies.
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Fig.10. Power results for 16-bit Multiplier A (a) 180nm technology (b) 45nm technology
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Fig.12. Power results for 16-bit Multiplier B for (a) 180nm technology (b) 45nm technology

Fig.9, 10 displays the synthesis results of area and power regarding 16-bit Multiplier A whereas Fig.

11,12 displays the results of area and power of 16-bit Multiplier B. The technology schematics of 16-bit

Multiplier A and B are produced in Fig. 13 and layouts were displayed in Fig. 14. Multiplier A and B provides

huge power and area savings when compared with the different multiplier designs presented.

Table.4. Synthesis results of Exact, MC1 and MC2,SSM, PPP, UDM and newly designed
Multipliers A and B

Multiplier type Technology Power Area APP
(nm) (W) (Hm?) (Um?« pW)(107)

Exact 180 6258 23371 14.62

45 1660 3604 0.59

Compressor 180 3227 16096 5.19

based Multiplier
1 (MC 1) 45 1036 2781 0.28
Compressor 180 5161 19972 10.3
based multiplier

2 (MC 2) 45 1431 3262 0.40

Static Segment 180 4888 13435 6.56
Multiplier

(SSM) 45 1612 3890 0.62

Partial Product 180 5553 20411 11.33
Perforation

Multiplier (PPP) 45 1528 3162 0.48

Under Designed 180 5806 17101 9.92
Multiplier

(UDM) 45 1548 2797 0.43

- 180 2366 14403 3.4

Multiplier A 45 894 2951 0.26

- 180 4347 16639 7.23

Multiplier B 45 1323 | 3081 0.47
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Fig.13. Technology Schematic of 16-bit (a) MultiplierA (b) Multiplier B

Fig.14. Layout of 16-bit (a) MultiplierA (b) Multiplier B

IV.CONCLUSION

In this scenario, for effective approximate multipliers to be proposed, the existing partial products are modified
using propagate and generate signals. Generate signals were resolved using OR gates. Approximate half-adders,
full-adders and 4-2 compressors are used to solve the left-over partial products. Two forms of approximate
multipliers were proposed where approximation is applied to all columns of the multiplier in the former case and
to n-1 least significant columns in the latter one. These effective proposed multiplier designs can be used in

applications where power and area can be saved in an efficient manner.
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