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Abstract—The concept of approximate computing gives scope for applications in various
areas. Signal processing and image processing applications doesn’t require exact arithmetic
designs. The outputs of their huge computational units provide error tolerance where
approximate computational blocks can be made use of. Computational blocks include
inexact adders and multipliers at the basic level. Approximate computing develops
simplified units saving complexity and power consumption compared with the exact designs.
An advanced multiplier design is introduced in the paper which makes use of the concept of
altered partial products using two different signals propagate and generate to replace the
original partial products. Two sorts of 32-bit multipliers are explored in the paper. The 32-
bit multipliers implementation is done in Verilog, simulation is performed using the
Cadence Native Compiler and synthesis is accomplished using Cadence Encounter making
use of 45nm technology.

Index Terms— approximate computing, arithmetic designs, inexact multipliers, partial
products and Cadence Encounter.

|. INTRODUCTION

Many of the computer based arithmetic circuits inculcate digital logic designs for gaining reliability at the
top. Most of the applications based on multimedia and image processing always allow imprecise and
inaccurate values producing useful results. At each time, exact arithmetic blocks doesn’t succeed in providing
efficient designs. To develop best designs for these circuits, inexact units can be employed. Multipliers and
adders stand as the building blocks for the computer arithmetic designs. So if approximation is developed
using these blocks, efficient designs can be presented.

Full adders are highly used for the addition operations in approximate computing. The full adder designs are
explored for approximate designs [1-3]. These designs discuss about different approximate adder blocks. For
the design of approximate multipliers different truncation schemes are discussed in [4-6]. A group of partial
products are truncated in these designs to generate approximate multipliers.

In the works of [7], two different types of segment based multipliers were discussed. In this, Static Segment
Multiplier (SSM) is studied. In SSM, instead of multiplying two p-bit multipliers, a segment of them is
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chosen and multiplication is performed. Segment length can be varied. If the multiplier is 16-bit one, length
of the segment can be any number less than 16. The obtained result can be extended to 32 bit by appending
zeros at their respective positions. The segments are chosen based on the leading “1” bit position. If the MSB
contains leading “1” bit the segment from it is chosen else it will be from LSB. From [8], inexact 2*2
multiplier designs are generated. This multiplier uses only 3-bits to represent the result. For example the
result of 9 (1001) uses four bits but it represented as 7(111). This multiplier saves 1-bit position saving the
number of adders used. Using these inexact 2*2 blocks higher order multipliers such as 4*4, 8*8 and 16*16
even higher orders can be designed. The multiplier discussed in [9] is Partial Product Perforation (PPP)
multiplier. In this design some of the partial products are perforated. The elimination is done in a row wise
manner. Since some of the partial products are eliminated, the number of adders used gets reduced providing
approximation. In the discussion of [10] two types of approximate 4-2 compressors were discussed. These
compressors offer less area and power when compared with the exact one.

Il. ALTERED PARTIAL PRODUCT MULTIPLIER

A. Transformation of Partial Products

Generally multipliers are solved in three basic steps. They are partial product generation, reduction of partial
products and adding final rows of partial products. Of these stages, partial product reduction occupies more
area and power. So any approximation is concentrated on this stage. Approximation includes basic blocks
such as adders and compressors. Compressors are used instead of using more number of full adders. Different
compressor based designs are discussed in the works of [11-14]. In this paper, approximate half adder, full
adder and 4-2 compressor are used to solve the multipliers. Basically, any arithmetic block is directly applied
to the partial products but here first the partial products are transformed to new terms and are applied. Two
signals termed as propagate (p) and generate (g) are used for the transformation. Fig. 1 shows the block
diagram for the transformation of generated partial products to changed partial products whereas Fig. 2
shows the same for an 8-bit multiplier. The an, , term indicates the generated partial products. Most of them
are transformed to two new terms pn, , and gp, ». The term py, , is obtained using an OR gate and g, , using
AND gate clearly shown in Fig.1. By applying approximation to newly obtained products instead of the
original partial products provides huge area and power savings.

Partial product generation
designated by a, ,

y

Altering partial products
using propagate (Pp o)
and generate (g, )

A 4

Pmn = Qmn + QGnm

Imn = Ampn " Anym

Fig 1. Block Diagram for Altering Partial Products
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Fig 2. Transformation of Original Partial Products to New Altered Partial Products
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B. Inexact Arithmetic Blocks

Compressors and adders form the basic blocks for the multiplier reduction process. This section presents
approximate half adder, full adder and 4-2 compressor designs. Fig. 3 and 4 shows the block diagrams of
inexact half adder and full adder. Half adder shown in Fig. 3 replaces XOR gate used in exact one using OR
gate saving the delay caused by XOR gate. Full adder in Fig. 4 uses only three gates instead of five gates
used in exact adder saving area and power. Fig. 5 shows the inexact 4-2 compressor design. This design has
only four inputs and two outputs whereas the exact design has five inputs and three outputs.

a b
" — v
q 2-input AND gate —» Camy -
b > ¢ 2-input OR gate
¢ v v ¥
_., ]
2-input OR gate » Sum 2-input XOR gate 2-input AND gate
‘ Sum * Carry
Fig 3. Block Diagram of Inexact Half Adder Fig 4. Block Diagram of Inexact Full Adder
al a2 a3 a4
e S 1
2-input XOR gate 2-input AND gate 2-input AND gate — 2-inputXOR gate

2-input AND gate

2-input OR gate

3-input OR gate

Fig 5. Block diagram of Inexact 4-2 Compressor

C. 16-Bit Altered Partial Product Multiplier
Fig. 6 and 7 show the levels 1, 2, 3 and 4 of 16-bit Multiplier ML architecture.
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Fig 6. Stage 1 of Multiplier ML
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Fig 7. Stages 2, 3 and 4 of the Multiplier ML

Fig. 6 shows the level 1 architecture of 16-bit Multiplier ML. All the partial products from column 4 to
column 28 are altered using the propagate and generate signals designated as p and g. All the propagate
signals are grouped to form half adders, full adders and 4-2 compressors. The generate signals are solved
using the OR gates. All the columns are grouped using the approximate arithmetic units. In this
implementation Fig. 3, 4 and 5 showing approximate half adder, full adder and 4-2 compressor are used to
group the partial products. Level 1 is solved to form level 2. The s and ¢ represent the sum and carry signals.
The g signal in level 2 represent the output of OR gates from level 1. The final two rows of the level 4 are
given to the ripple carry adder to from the 32 bit output.

D. 32-Bit Altered Partial Product Multiplier
Fig. 8 and Fig. 9 show the block diagrams of 32-bit Multiplier ML and Multiplier L.

| Consider two 32-bit operands, multiplicand designated as “1” and multiplier designated as “m™. |

!

| Partial products generated from the multipliers are designated as ama. |

.

| Arrange all the partial products as in Multiplier ML tree structure as shown in Fig.6. |

A 4

Propagate signal p and generate signal g are obtained using the equations
Pmn = @mn + Qpm

Imn = Qmn - Anm

'

Consider partial products from column 4 to column 60, alter the partial products using the
propagate and generate signals and arrange them as in Fig. 6

.

A tree structure consisting of 63 columns is obtained at this stage as in Fig. 6. Consider the half adder, full adder
and 4-2 compressor designs discussed in Figures 3, 4 and 5. All these blocks are approximate blocks.

v

In Multiplier ML all the altered columns are approximated. So apply the arithmetic blocks in Figures 3,4 and 5
to all the altered columns of the multiplier wherever needed.

Fig 8. Block Diagram of 32-bit Multiplier ML

The 32-bit multipliers implementation flow is shown Fig. 8 and 9. Fig. 8 shows the 32-bit Multiplier ML
block implementation. In this multiplier, approximate arithmetic units are applied to all the columns of the
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multiplier. Fig. 9 shows the 32-bit Multiplier L block implementation. In this implementation the
approximate arithmetic blocks are applied only to the least significant 31 columns of the multiplier.

Consider Fig. 8, the ML in the Multiplier ML relates to both the most significant and least significant parts of
the multiplier. So approximation is applied to all the columns whereas in Fig. 9, the L in Multiplier L relates
to the least significant columns of the multiplier. So approximation is applied only to the least significant
columns.

Firstly, consider 32-bit multiplicand and 32-bit multiplier. The result obtained is of 64 bit. In normal
multipliers approximation is applied directly to all the partial products of the multiplier. Here in this concept,
the original partial products are transformed to altered partial products using the propagate and generate
signals. To these altered partial products approximation is applied. In the multiplier designs, the propagate
signals are grouped by using half-adder, full adder and 4-2 compressors and generate signals are grouped by
using OR gates. In the design of Multiplier ML all the half adders, full adders and 4-2 compressors used were
approximate blocks. In the design of Multiplier L, to group the least significant 31 columns approximate half
adder, full adder and 4-2 compressor are used and for the remaining most significant columns exact units are
used.

Consider two 32-bit operands, multiplicand designated as “I” and multiplier designated as “m™.

A 4
| Partial products generated from the multipliers are designated as anx. |

!

| Arrange all the partial products as in Multiplier ML tree structure as shown in Fig.6. |

A 4

Propagate signal p and generate signal g are obtained using the equations
pm,n = amJl + an,m

Imn = @mn " Cnm

!

Consider partial products from column 4 to column 60, alter the partial products using the
propagate and generate signals and arrange them as in Fig. 6

|

A tree structure consisting of 63 columns is obtained at this stage as in Fig. 6. Consider the half adder, full adder
and 4-2 compressor designs discussed in Figures 3, 4 and 5. All these blocks are approximate blocks.

v

In Multiplier L the 31 least significant altered columns are approximated. So apply the arithmetic blocks in
Figures 3, 4 and 5 to only the least significant 31 altered columns of the multiplier wherever needed. To the
remaining columns exact arithmetic units are applied.

Fig 9. Block Diagram of 32-bit Multiplier L

I1l. RESULTS AND DISCUSSION

Fig 10 shows the simulation result for the 32-bit Multiplier ML and Fig 11 shows the simulation results for
the 32-bit Multiplier L.

Name By Cusor &~ |4

'b 1111111 000
'b 1111111 000

'b 00000000

Fig 10. Simulation results for 32-bit Multiplier ML
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Fig 11. Simulation results for 32-bit Multiplier L

Fig. 12 and Fig. 13 show the area results for the 32-bit Multiplier ML and 32-bit Multiplier L in 45nm
technology. Fig. 14 and Fig.15 show the power results of 32-bit Multiplier ML and 32-bit Multiplier L in
45nm technology.
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Fig 12. Area results for 32-bit Multiplier ML in 45nm Technology Fig 13. Area results for 32-bit Multiplier L in 45nm Technology
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Fig 14. Power results for 32-bit Multiplier ML in 45nm Technology  Fig 15. Power results for 32-bit Multiplier L in 45nm Technology

Table I shows the synthesis results of different 16-bit multipliers in terms of area and power. All these results
are compared in 180nm and 45nm technologies. Multiplier ML and Multiplier L show huge reduction in area
occupied and power consumed when compared with the different multiplier implementations.

Exact Dadda Multiplier is implemented using exact 4-2 compressors. In CM1, approximation is applied to all
columns of the multiplier whereas in CM2 approximation is applied to the least significant columns. SSM
stands for the static segment multiplier design. In this paper a 12-bit segment is chosen to design this concept.
The 24-bit result is extended to 32-bit by appending zeros at the appropriate positions. PPP stands for the
partial product perforation multiplier. In this paper third and fourth rows of the partial products are
eliminated and to the remaining partial products approximation is applied. UDM stands for the under
designed multiplier.

Table Il shows the synthesis results for the proposed 32-bit multiplier designs. Comparisons are made
between Multiplier ML, Multiplier L and the exact 32-bit Dadda multipliers. All the multipliers are designed
for 180nm and 45nm technologies. 32-bit Multiplier ML consumes less area and power when compared with
the other multipliers. Multiplier L consumes less area and power compared with the 32-bit exact Dadda
Multiplier.
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TABLE |. SYNTHESIS RESULTS OF 16-BIT DIFFERENT MULTIPLIERS AND ALTERED PARTIAL PRODUCT MULTIPLIERS (MULTIPLIER ML,
MULTIPLIER L)

180nm 45nm
Technology Technology
Multiplier type Area Power Area Power
@) | EW) | @m) | (W)
Exact Dadda Multiplier 23371 6258 3604 1659
Multiplier ML 14403 2366 2951 894
Multiplier L 16639 4347 3081 1323

Compressor based Multiplier 1(CM1) 16096 3226 2781 1035

Compressor based Multiplier 2 (CM2) 19972 5161 3262 1431

Static Segment Multiplier(SSM) 13435 4887 3921 1324

Partial Product Perforation
Multiplier(PPP)

20411 5552 3162 1528

Under Designed Multiplier(UDM) 17101 5805 2797 1548

TABLE Il. SYNTHESIS RESULTS OF 32-BIT MULTIPLIERS FOR 180NM AND 45NM TECHNOLOGIES

180nm Technology 45nm Technology

Multiplier Type Area Power Area Power

(um?) (pW) (um’) (W)

Exact Dadda Multiplier 90930 23909 15238 4992

Multiplier ML 50801 6134 10722 1972

Multiplier L 57607 14971 11348 3614

Fig. 16 and Fig. 17 show the layout designs for 32-bit Multiplier ML and Multiplier L.

Fig 16. Layout for 32-bit Multiplier ML Fig 17. Layout for 32-bit Multiplier L
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V. CONCLUSION

Multipliers play a prominent role in the design of huge computational blocks. Multipliers are the integral part
of any circuit that is built in present world. They are the building blocks of many complex designs. A circuit
that consumes low power are preferred in modern days. In this fast moving generation, low power consuming
devices are well appreciated and are preferred. So in this paper, a low-power and low-area 32-bit altered
partial product multipliers are proposed.
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