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Abstract Floating-point arithmetic units form the backbone of the state-of-the-art
digital signal processing algorithms. Low power and area efficient design is always a
key requirement for applications that use these algorithms. This requirement is more
relevant for computationally intensive jobs that use higher-order multipliers. This
paper attempts to study the possibility of addressing this issue using vedic arithmetic
based floating-point unit. Vedic mathematics is an ancient Indian mathematics system
that has come back to prominence in the last century. In this paper, we design a
IEEE 754 single precision floating-point multiplier with the integer multiplication
being carried out in a vedic mathematics style using different sutras. Nikhilam and
Urdhva Tiryagbhyam sutras and their combination are used to design the same. This
implementation is compared with conventional implementations using Booth and
array multipliers. The designs are simulated using Verilog and synthesized using
gpdk 90 nm technology. The results show that vedic multiplier based design gives
competing results for multipliers of larger sizes. Low power and area efficient design
is achieved for higher order multipliers when the design is based on the combination
of Nikhilam and Urdhva Tiryagbhyam sutras. Thus for DSP applications using large
multipliers, it is envisaged this approach of vedic multiplier design would lead to
more efficient system implementations.

Keywords Floating-point unit - IEEE 754 standard - Vedic multiplier - Urdhva
Tiryagbhyam sutra + Nikhilam sutra

1 Introduction

Demand for high speed and low power computations has been steadily increasing
for various digital signal processing (DSP) systems [1]. Floating-point multipliers
(FPM) are widely used in DSP systems and the efficiency of these DSP systems rely
heavily on the constituent FPM. Due to the complexity of the arithmetic involved
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in analyzing floating-point numbers, FPMs are generally area and power hungry
devices. Hence, it becomes imperative to look at design solutions for FPMs that have
low power and area especially for multipliers of larger sizes.

Floating-point multiplier uses adders, shifters and integer multipliers to perform
floating-point multiplication [2—4]. The design of the integer multiplier block is one
of the key components in the FPM design. Traditionally, array multipliers and Booth
multipliers [5, 6] have been used by researchers for designing the integer multiplier
in FPMs [7, 8]. Array and Booth multipliers are fast but they consume large area and
power respectively.

One alternative that is less explored is the use of Vedic multipliers to do the same.
Vedic multipliers are generally designed using two sutras (aphorisms) namely Urd-
hva Tiryagbhyam and Nikhilam. Tiwari et al. in [9], Kanhe et al. in [ 10] and Havaldar
etal. in [11] have used Urdhva Tiryagbhyam sutra for the multiplier implementation
while Patel et al. in [12] and Budhiraja in [13] have designed both Urdhva Tiryagb-
hyam and Nikhilam based multipliers. An example of a vedic mathematics based
multiplier-accumulator block is given in [14]. Works like these have analyzed and
shown the implementation results for different multiplier sizes using the above two
sutras independently but they have not explored the possibility of using both the
sutras in one design itself.

The hardware structure of the Urdhva Tiryagbhyam based design is very similar
to an array multiplier that requires multiple adders at the final stage of calculation.
Thus it becomes less efficient while dealing with large numbers. Nikhilam sutra
based design is more effective for large numbers but its efficiency is fully harnessed
only when the numbers being multiplied are close to a reference value. This paper is
aimed at designing an integer multiplier by using the combination of both the sutras
and analyzing the area and power of the resultant floating-point multiplier.

It has been also noticed that a relative analysis of the effect of multiplier size
among the different implementations is missing in most of the published work. This
paper analyzes the area and power overhead for different multiplier sizes for both the
vedic and the conventional methods and shows how the vedic multiplier out-performs
the conventional methods, especially for large multiplier sizes.

This paper is organized as follows. Section 2 introduces the IEEE 754 floating
point representation that is followed by the description of the floating-point multi-
plication algorithm in the subsequent section. Vedic multiplication is introduced in
Sect. 4 where the various sutras and the multiplier design based on those are dis-
cussed. Section 5 details the reader with the results and discussions and the paper
concludes in Sect. 5.

2 1EEE 754 Standard for Floating-Point Representation

Floating-point number representation is a method to represent a wide range of real
numbers using limited number of bits. The decimal point is not fixed and is made to
float i.e., the decimal point can be located anywhere with respect to the significant
numeral of the specified number. Floating-point numbers are represented using IEEE
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Fig. 1 IEEE 754 standard of a single precision floating-point number

754 standard and can be either based on single or double precision methodology.
Floating-point numbers are represented using significant (mantissa), the base and an
exponent. Single precision involves the use of 32 bits with 8 bits for the exponent
and 23 bits for the mantissa with one bit as the sign bit [15]. Figure 1 shows the
single precision floating- point representation.

Apart from this, the standard also describes double and quadruple precision for-
mats that use 62 and 128 bits for representation respectively [16].

3 Floating-Point Multiplication

Figure 2 shows the flowchart used for the design of the floating-point multiplication
unit for multiplying 2 numbers M and N.

The main component is the integer multiplier that is designed using multiple
techniques including Booth recording, array multiplication with carry look-ahead

M_EXP N_EXP M_MANTISSA N_MANTISSA
(8 bits) {8 bits) {23 bits) (23 bits)

N/

M_SIGN N_SIGN
(1 bit) (1bit) INTEGER
MULTIPLIER
(VEDIC, BOOTH,
_ CLAMULTIPLIER)
XOR

TRUNCATE

NORMALIZATION

RESULT

Fig. 2 Single precision floating-point multiplier structure
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adder and vedic sutras. Booth multiplier and carry-look ahead adder based array
multiplications are designed using conventional methods [5, 6]. The reader is now
guided through the design of the vedic sutras based technique in the following section.

4 Vedic Multiplier

Vedic sutras (aphorisms)

In vedic mathematics, all the mathematical principles are presented in the form of
aphorisms known as sutras. There are sixteen fundamental sutras that cover all the
branches of mathematics [17]. The list of these sutras along with their meanings are
elucidated in [9] and is being reproduced here. The sutras are as follows:

e (Anurupye) Shunyamanyat

e Chalana-Kalanabyham

e Ekadhikena Purvena

e Ekanyunena Purvena

e Gunakasamuchyah

e Gunitasamuchyah

e Nikhilam Navatashcaramam Dashatah
e Paravartya Yojayet

e Puranapuranabhyam

e Sankalana-vyavakalanabhyam
e Shesanyankena Charamena

e Shunyam Saamyasamuccaye
e Sopaantyadvayamantyam

e Urdhva-Tiryagbhyam

e Vyashtisamanstih

e Yaavadunam

In this work, we use the Urdhva Tiryagbhyam and the Nikhilam Sutras for the
design of our integer multiplier.

4.1 Urdhva Tiryagbhyam Sutra

Urdhva Tiryagbhyam, that translates to ‘Vertically and Crosswise’, is a multiplication
formula that can be used for numbers in any base. Figure 3 shows an example
for multiplying two 3-bit numbers using this sutra. The same methodology can be
extended for multiplication of larger numbers also.

Figure 4 shows the gate level implementation of a Urdhva Tiryagbhyam sutra
based 2 * 2 multiplier and Fig. 5 shows the hierarchical design of a 4 * 4 multiplier
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Fig. 3 An example for Urdhva Tiryagbhyam sutra

using 2 * 2 component multipliers. In the same manner, higher order multipliers can
be built using the corresponding lower level component multipliers.

Similar to array multipliers, it can be seen that the partial products are generated
in parallel and not in a sequential manner which makes it relatively fast since the
delay associated is mainly the carry propagation delay through the adders in the
array. However, this design is not very efficient while dealing with large numbers
since the size of the adder array increases and carry propagation logic suffers from
large delay [9]. To overcome this, carry look ahead adder may be used in the final
stage but that will come with higher area penalty.
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Fig. 4 Design of 2 * 2 vedic multiplier using Urdhva Tiryagbhyam sutra
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Fig. 5 Design of hierarchical 4 * 4 vedic multiplier using Urdhva Tiryagbhyam sutra based 2 * 2
component multipliers
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4.2 Nikhilam Sutra

Nikhilam sutra is an alternative sutra that is commonly used for multiplying large
numbers. This sutra can be used for multiplying all numbers, however its effectiveness
is more while dealing with large numbers. Figure 6 runs through an example using
two numbers G and H. In this example, the numbers are in base 10 (decimal) and the
common reference is taken as some power of the base such that both the numbers
are either lesser or greater than the common reference. Here, both numbers are less
than 107 and so we take the reference as 100.

Figure 7 shows the generalized algorithm for a 16 * 16 multiplier. In this case,
since we deal with 16 bit binary numbers we take the reference as 2'6.

Effectiveness of Nikhilam sutra: Nikhilam sutra analysis involves calculating the
complements of numbers from the common reference. A detailed hardware imple-
mentation of a multiplier using Nikhilam sutra has been performed by Patel et al. in
[12] and they show how Nikhilam sutra implementation is more effective than the

* INPUT G=94
* INPUT H=96
* Reference=100

G'=100- G=100- 94=6

H’=100- H=100- 96= 4

94 ><: 6
96 a4
90 24 —» FINALANSWER——» 9024

T

G'*H'=6*4=24
G-H'=94-4=90
OR

H-G’'=96-6=90

Fig. 6 An example for Nikhilam sutra
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Fig. 7 Algorithm for 16 bit multiplication using Nikhilam sutra

Urdhva Tiryagbhyam sutra. However, they also point out that this is valid only when
the numbers are close to the reference value.

4.3 Fusion of Nikhilam and Urdhva Tiryagbhyam Sutras

To overcome the limitations of Urdhva Tiryagbhyam and Nikhilam sutras based mul-
tiplier designs, an implementation that combines both the sutras at different levels of
hierarchy is being proposed in this paper. This combined design is produced by mod-
ifying the Urdhva Tiryagbhyam based design by using Nikhilam based multipliers
as the sub-modules for lower level multiplications. For e.g., a combined implemen-
tation of the 4 * 4 design is got by replacing the 2 * 2 multipliers in Fig. 5 with
the Nikhilam equivalent multiplier. Similarly, for 8 * 8, 16 * 16 and 32 * 32 mul-
tipliers, the underlying sub-multipliers are designed using 4 * 4, 8 * 8§ and 16 * 16
Nikhilam based designs respectively. Figure 8 shows the block level design of a 32
* 32 multiplier designed by this methodology.
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Fig. 8 Hierarchical structure of a 32 bit vedic multiplier using Nikhilam-Urdhva Tiryagbhyam

combination

5 Results and Discussions

The following multipliers were designed and performance was analyzed.

e Conventional Multipliers

— Array multiplier with carry look ahead adder
— Booth multiplier

e Vedic Multipliers using

— Urdhva Tiryagbhyam sutra
— Nikhilam sutra
— Nikhilam-Urdhva Tiryagbhyam combination

Multipliers of sizes 2 * 2,4 * 4,8 * 8, 16 * 16 and 32 * 32 were designed using
Verilog and synthesized using gpdk 90 nm technology in Synopsys. Total power
consumed and the area utilized were calculated and Tables 1 and 2 show the results

for all the cases.

Table 1 Power (WW) dissipated for multipliers of different orders

Multiplier order | Multiplier type
Array Booth | Urdhva Nikhilam | Urdhva
Tiryagbhyam Tiryagbhyam +
Nikhilam

4*4 01.12 1.75 | 00.48 02.73 02.02
8§*8 08.07 08.59 | 02.80 07.89 02.46
16 * 16 49.83 48.05 | 14.11 40.835 08.87
32%32 27549 | 263.60 | 62.96 197.75 39.77
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Table 2 Area (um?) utilized for multipliers of different sizes

H. Loganathan et al.

Multiplier order | Multiplier type
Array Booth Urdhva Nikhilam | Urdhva
Tiryagbhyam Tiryagbhyam +
Nikhilam
4*4 17.27 21.77 10.75 42.61 33.19
8*8 79.29 80.01 52.53 103.86 48.41
16 * 16 353.00 328.48 247.92 438.73 139.40
32%32 1577.41 | 1335.19 | 1167.35 1756.44 | 456.00

The same results are plotted graphically and given in Figs. 9 and 10 showing
the power and area for the different order multipliers for each of the five different
implementations.

It can be seen that as the multiplier size increases, there is a rapid increase in
the power and area of the conventional multipliers while the increase is gradual for
the vedic multipliers (one exception being the area of the Nikhilam based design).
Among the vedic multipliers, Nikhilam and Urdhva Tiryagbhyam based designs by

250 -

200 -

Power (uW)
g
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s

2X2 ax4

ax8

16X16 32X32

Multiplier size

= ARRAY MULTIPLIER

~—BOOTH MULTIPLIER

~#—VEDIC MULTIPLIER- URDHVA
TRIYAKBHYAM

~—— VEDIC MULTIPLIER-NIKHILAM

-~ VEDIC MULTIPIER-
NIKHILAM+URDHVA
TRIYAKBHYAM COMBINATION

Fig.9 Power plot of different multipliers of different orders. It can be seen that the combined use of
Nikhilam and Urdhva Tiryagbhyam sutras results in the least power dissipation and the difference
is prominently seen for higher order multipliers



Low-Power and Area-Efficient Design of Higher-Order ... 485

2000 —=—ARRAY MULTIPLIER
1800
~+—BOOTH MULTIPUER
1600
—4—VEDIC MULTIPLIER- URDHVA
1400 TRIYAKBHYAM
=~ LW ~#—VEDIC MULTIPUIER-NIKHILAM
g
‘; 1000
v 4~ VEDIC MULTIPIER-
< a0 NIKHILAM+URDHVA
TRIYAKBHYAM COMBINATION
600
400
200
0

22 axa 8x8 16X16 E7DEY)
Multiplier size

Fig. 10 Area plot of different multipliers of different orders. It can be seen that the combined use
of Nikhilam and Urdhva Tiryagbhyam sutras results in the least area utilization and the difference
is prominently seen for higher order multipliers

themselves are not very much area-power efficient while considering multipliers of
large sizes. On the other hand, multiplier design using Nikhilam-Urdhva Tiryagb-
hyam combination gives the least area and power and the difference is significant for
higher order multipliers.

6 Conclusions

A comparative analysis of floating-point multipliers using conventional multipliers
(array and Booth) and vedic multipliers as the component integer multiplier unit
has been done. Urdhva Tiryagbhyam sutra and Nikhilam sutra based designs were
explored and a new design utilizing the two sutras together is proposed. Calculation
of area and power of the different designs showed that the combined use of Nikhilam
and Urdhva Tiryagbhyam based design is very efficient in terms of power and area
for higher order multipliers and can be used for designing large multipliers for DSP
applications.
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