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Abstract: In this paper the high speed and low power 16x16edic
Multiplier fundamental block is designed by using éw power and
high speed modified carry select adder. Modified Qay Select
Adder employs a newly incremented circuit in the Cay Select
Adder (CSA) which is known to be the fastest addeamong the
conventional adder structures. Multiplication namely Vedic
multiplication has been introduced which is quite dferent from
normal multiplication by shift and addition operations. Normally
a multiplier is a key block major power dissipationsource. This
paper presents a new design methodology and lessnm efficient
Vedic Multiplier based up on ancient Vedic Mathemaic
techniques. This paper presents a technique for NxN
multiplication is implemented and gives very less elay for
calculating area efficient Vedic multiplier based a the crosswise
and vertical algorithm. Comparisons with existing onventional
fast adder architectures have been made to provesitefficiency.
The performance analysis shows that the proposed dritecture
achieves three fold advantages in terms of delay-ea-power. The
synthesis results of the Vedic multiplier has compad with the
booth, array multiplier by different technologies.

Keywords: CSA, Multiplier, Vedic multiplier, LP-gate, high delay
block.

l. NTRODUCTION

Multiplication is one of the fundamental block atmost all
the arithmetic logic units. This Vedic multiplicati is mainly
used in the fields of the Digital Signal Process{B$P) and
also in so many applications like Fast Fourier $fam,
convolution, applications[2,3,9]. In most of the BS
algorithms multiplier is one of the key componend dence a
high speed and area efficient multiplier is neeckat
multiplication time is also one of the predomingattor for
DSP algorithms. The ancient mathematical technidiles
Vedic mathematics used to reduce the computatitmed
such that it can increases speed and also reqlaes
hardware. There are sixteen sutras and sixteemssysub
formulae) constructed by swahiji. Vedic is a worbtained
from the word “Veda” and its meaning is “store hewd all
knowledge”. Vedic mathematics mainly consists of thé
sutras which it can be related to the differentnbhes of
mathematics like algebra, arithmetic geometry.
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II. ANCIENT VEDIC MATHEMATICAL ALGORITHMS

The Vedic mathematics mainly reduces the complgicéy

calculations in to simpler by applying sutras atext above.
These Vedic mathematic techniques are very effi@ed take
very less hardware to implement. These sutras arelyrused

for multiplication of two decimal numbers and wetend

these sutras for binary multiplications. Some ef tdchniques
are discussed below.

A. Urdhva -Tiryagbhyam Sutra (Vertically and Crosay.

Booth multipliers are generally used for multiptioa
purposes. Booth Encoder, Wallace Tree, Binary Asldard
Partial Product Generator are the main componeses dor
Booth multiplier architecture. Booth multiplier msainly used
for 2 applications are to increase the speed byatexh of the
partial products and also by the way that the glptioducts to
be added. In this section we propose a Vedic nligiéion
technique called “Urdhva-Tiryakbhyam - Verticallynda

crosswise.” Which can be used not only for decimal

multiplication but also used for binary multiplicat? This

technique mainly consists of generation of parfiedducts
parallel and then we have to perform the additiperation

simultaneously[3]. This algorithm can be used faP,24x4,

8x8....NxN bit multiplications. Since the sums dhéir partial

products are calculated in parallel the Vedic militir does
not depends upon the processor clock frequencycdithere
is no need of increasing the clock frequency anthef clock

frequency increases it will automatically leadshe increase
in the power dissipation. Hence by using this Vadidtiplier

technique we can reduces the power dissipation. ma

advantage of this Vedic multiplier is that it caduces delay
as well as area when compared with the other ntieltip

B. Example for Decimal
Mathematics:

To illustrate this technique, let us consider twecithal

numbers 252 and 846 and the multiplication of tvecichal

numbers 252x846 is explained by using the line rdiag
shown in below figurel. First multiply the both nliens
present on the two sides of the line and then diigst is stored
as the first digit of the result and remaining tligi stored as
pre carry for the next coming step and the progess on and
when there is more than one line then calculatetbduct of
end digits of first line and add the result to thepduct

Multiplication Using Vedic
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obtained from the other line and finally storestaresult an
carry. The obtained carry can be used a carryHerfarther
steps and finally we will get the required resuhieh is the
final product of twodecimal numbers 252x846. Take -
initial carry value as the zero. For clear undewitag purpost
we explained the complete algorithm in the belowe
diagram such that each bit represents a circlenamdber of
bits equal to the number of circles present.

STEPL STEP2 STEP3
151 181 -y

Result= 11 Rewlt= 38 l Result= 4%
§ 46 PreCany= 0 § 46 PreCary= | § 46 PreCany= 3

1 11 91 19 L &2 51
STEP4 STEP S
151 151
Result= 48 Result= 16

§46 Pre Cany= § § 40 PreCany= §

3192 53 1131381 11

151x846=113192

Figure 1. Multiplication of two decimal numb
[ll. MODIFIED VEDIC MULTIPLIER ARCHITECTURE

The architectures for 2x2, 4x4, 8x8, 16x16. . .NkN
modules are discussed in this section. In thisia®gcthe
technique used is ‘Urdhvairyakbhyam’ (\ertically and
Crosswise) sutra which is a simple technique

multiplication with lesser number of steps and atsweery less
computational time. The main advantage of this ¥
multiplier is that we can calculate the partial guwots anc
summation to & done concurrently. Hence we are using
Vedic multiplier in almost all the ALU’s.

A. 2x2 Vedic Multiplier Block

To explain this method let us consider 2 numbets ®ibits
each and the numbers are A and B where A=a0al ah@R
as shown in the beloline diagram. First the least significe
bit (LSB) bit of final product (vertical) is obtadd by taking
the product of two least significant bit (LSB) ba§ A and B
is aOb0. Second step is to take the products inoaswise
manner such as the leasgnificant bit (LSB) of the firs
number A (multiplicand) is multiplied with the nelxigher bit
of the multiplicand B in a crosswise manner. Thdpat
generated is TCarry bit and 1bit used in the result as she
below. Next step is to take product ofribst significant bit:
(MSB) and for the obtained result previously ob¢gircarry
should be added. The result obtained is used afotith bit
of the final result and final carry is the othet.

s0 = a0b0
1)
clsl = alb0 + albl
2
c2 2 = cl + albl
©))

The obtained final result is given as c2s2s1s0.x2 ¥Yedic
multiplier block is implemented by using two hatfders anc
four two input and gates as shown in lw Figure 2.

B. 4x4 Vedic Multiplier Block

In this section, now we will discuss about 4x4 kidic
multiplier. For explaining this multiplier let usonsider twc
four bit numbers are A and B such that the indigichits car
be represented as the A3A1A0 and B3B2B1B0O. Th
procedure for multiplication can be explained imts of line
diagram shown in below figure. The final output che
obtained as the C6S6S5S4S3S2S1S0. The partial qgisoale
calculated in parallel and hence delay obtainedeiseased
enormously for the increase in the number of Hite Leas
Significant Bit (LSB) SO is obtained easily by nipllying the
LSBs of the multiplier and the multiplicand. Heré&e
multiplication is followed according to the steggwn in the
line diagam in figure 3. After performing all the steps
result (Sn) and Carry(Cn) is obtained and in theesavay a
each step the previous stage carry is forwardethéonexi
stage and the process goes on.

by 2@ Dby a3 bsby  aidg biby a8
A A
2x2 VEDIC 1% VEDIC 2x1 VEDIC 2x2 VEDIC
MULTIPLIER MULTIPLIER MULTIPLIER MULTIPLIER
(3-0) (3-0) (3-0)
Yy A Y¥Yyy
4 BIT RIPPLE CARRY ADDER 3-2) 10
ea (3-0) 00
! Py
4 BIT RIPPLE CARRY ADDER
0 A 32)
[ §] -
r l y Y l J
4BIT RIPPLE CARRY ADDER | @
(3-0)
'y .
a3 51 8% 5% 4 LX) 510N

Figure 2 Block Diagram of 4x4 bit Vedic Multiger

C. 8x8 Vedic Multiplier Block

In this section, now we will discuss about 4x4 Widic
multiplier. For explaining this multiplier let uouasider two ¢
bit numbers are A and B such that the individugs lsan be
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represented as the A7ABA5A4A3A2A1A0
B7B6B5B4B3B2B1B0. The procedure for multiplicatican
be explained in terms of line diagram shown in befigure 4.
The final output can be obtained as

16S15S14S13S512S11S10S9S8S7S6S554S3S52S1S0.

partial products are calculated in parallel andckedelay
obtained is decreased enormously for the increas¢he
number of bits. The Least Significant Bit (LSB) SGbtained
easily by multiplying the LSBs of the multiplier dnthe
multiplicand. Here the multiplication is followea@ording to
the steps shown in the line diagram in figure 4teAf
performing all the steps the result (Sn) and Cd@y) is
obtained and in the same way at each step thequegtage
carry is forwarded to the next stage and the psgess on.

bey apy bag Ay bey 2y bay  apy)

RN

4x4 VEDIC 4x4 VEDIC 4x4 VEDIC 4x4 VEDIC
MULTIPLIER MULTIPLIER MULTIPLIER MULTIPLIER
8 BIT MODIFIED CARRY SELECT ADDER

<

000 ‘ 8 BIT MODIFIED CARRY SELECT ADDER .

I |

8 BIT MODIFIED CARRY SELECT ADDER

(7-0) (7-0) (7-0)

(9)

(4

(3-0)

'

1] Sges) Sey S

Figure 3. Block Diagram of 8x8 bit Vedic Multiplier

For clear understanding, observe the block diagriom&x8

as shown below and within the block diagram 8x8altpthere
are four 4x4 Vedic multiplier modules, and threedified

carry select adders which are of 8 bit size arel.ufbe 8 bit
modified carry select adders are used for addiion

two 8 bits and likewise totally four are use atembediate
stages of multiplier. The carry generated from fimst

modified carry select adder is passed on to the mexified

carry select adder and there are four zero inputssécond
modified carry select adders. The arrangementeofiibdified
carry select adders are shown in below block dragweich

can reduces the computational time such that thkey @an be
decrease.

D. 16x16 Vedic Multiplier Block

In this section, now we will discuss about 4x4 Kiedic

multiplier[10]. For explaining this multiplier letis consider
two 8 bit numbers are A and B such that the indialdbits

and diagram shown in below figure 5. The final outpancbe

obtained as the C16S[31:0]. The partial producte ar
calculated in parallel and hence delay obtainedeisreased

theenormously for the increase in the number of Qitsee Least

Hignificant Bit (LSB) SO is obtained easily by niplying the
LSBs of the multiplier and the multiplicand. Herdet
multiplication is followed according to the stegwwn in the
line diagram in figure. After performing all theeps the result
(Sn) and carry (Cn) is obtained and in the sameataach
step the previous stage carry is forwarded to & stage and
the process goes on. 16 Bit Modified Carry Seleddiéx: The
Block diagram of the proposed Architecture consisfs
following parts

1) Ripple carry adder

2) Basic Unit (Binary to Excees-1 Converter)

3) Multiplexer

1) Ripple Carry Adder: Ripple carry adder is desijrusing
multiple full adders to add 8-bit numbers. Each fadider
inputs a Cin, which is the Cout of the previous exddrhe
adder is called a ripple-carry adder, since eaay chit
"ripples” to the next full adder. The layout of iaple-carry
adder is simple, which allows for fast design tirhewever,
the ripple-carry adder is relatively slow, sinceteéull adder
must wait for the carry bit to be calculated frome fprevious
full adder. Ripple adder is a combination of 4fatiders in
which output carry is used as input carry to thet figl adder.
RCA uses large number of AND, OR, NOT gates. It thes
advantages of high speed and less delay.

2) Binary to Excess-1 Code Converter: In BinaryExcess
one converter we are using XOR, AND, NOT gates by
implementing these gates we are reducing the tineadelay,
power consumption because of reduction in humbegabés
when compared to normal ripple carry adder. ThatBBary
to Excess-1 Code Converter is shown in figure 5e Th
additionis achieved. Using BEC together with a ipléxer
(mux) one input is the output of ripple carry addets as it
input and another input of the mux is the BEC ottfihis
gives the two partial results in parallel and thex\are used to
select either BEC output or the direct inputs adtay to the
given control signal.

The Boolean Expressions of 4-bit BEC given below
X0=~B0

X1 =B0 "Bl

X2=B2"~B0&B1)

X3=B3" B0 &B1 &B2)

3) Multiplexer: Multiplexer is also called Univetslement or
Data Selector. A Multiplexer has of 2”n inputs hawselect
lines Basically MUX operation based on the selaoed.
Depending upon the select line the input is Sernti¢coutput.
Multiplexers used to increase the amount of daa¢hn be
sent over the network. In this experiment, for e®RDA we
are using the five 2:1 Multiplexers and the outpcts be

can be represented as the A [15:0] and B [15:0]e Thobtained as the five values and among them onebeaised

procedure for multiplication can be explained ins of line

as the carry for the next block and remaining carused for
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the representation of the output. The 16 Bit MedifiCarry
Select Adder is shown in below figure 6. The valoég bit
can be taken and remaining can be obtained fromnéhe
blocks. Like that we will obtain totally sixteen tputs and
those are outputs of the sixteen bit addition. The
Multiplexers can give the outputs as the ripplencadder or
the binary to excess one converter output. Basedruphe
control signal we are selecting the output.

For clear understanding, observe the block diagfams6x16

as shown below and within the block diagram 16xitélty
there are four 8x8 Vedic multiplier modules, ancbéh

modified carry select adders which are of 16 lzi¢ sire used.

The 16 bit modified carry select adders are usedddition
of two 16 bits and likewise totally four are userdermediate
stages of multiplier. The carry generated fromfirsd
modified carry select adder is passed on to thé mexlified
carry select adder and there are eight zero irfputsecond
modified carry select adders. The arrangementeofriibdified

carry select adders is shown in below block diagrdrith an
reduces the computational time such that the delaybe decrease.

B3 B2 Bl BO
BIB2BLBO gy pmimg Bl BO BO
X3 1 X0

x2 X
s eills < U 1
Figure 4. 4 Bit Binary to Excess-1 Code Converter

ASZL ATLIE].
Bl Bl1L:g]

A S N

Sum[15:12]

Sum[11:8]

Figure.5 .16 Bit Modified Carry Select Adder

b[li:s] 55 'J[m] 0155 b[ls:a] arna) b[m] A7)
v
§x§ VEDIC §x§ VEDIC §x§ VEDIC $x8 VEDIC
MULTIPLIER MULTIPLIER MULTIPLIER MULTIFLIER
16 16 16

‘ 16 BIT MODIFIED CARRY SELECT ADDER ‘0 0o 0]100 [15:8] | [7:0]

- kL
I

16 BIT MODIFIED CARRY SELECT ADDER | [15:8]

v
tdy Sp1ag Sisa) Spra
Figure 6. Block Diagram of 16x16 bit Vedic Multipti

IV. RESULTS AND COMPARISON

In 2x2, 4x4, 8x8, 16x16 multiplication operationsere/
designed using Verilog HDL and simulation is penfied in

Modelsim, NCLaunch. RTL compilation is performed RC

and physical design is carried out using EncourRai_

Compiler under Cadence environment. The comparttiable

for power, delay area is given in the below tablde

comparison results of Vedic multiplier with the oo
multiplier is given within the below table.

N R T A R e T R R R AR T N

Figure 7. 4x4 Bit Vedic Multiplier
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Figure 9 8x8 Bit Booth Multiplie
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Figure 10 16x16 Bit Vedic Multiplie
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Figure 11 Technology Schematic for 8x8 Vedic Multip
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Figure.12. Structurefahe BEC-based CSLA

A. Logic Expressions of the SCG Unit of the Convemdl
CSLA

As shown in Fig. 1(a), the SCG unit of the convemi CSLA
[3] is composed of two bit RCAs, where n is the adder-
width. The logic operation of the-bit RCA is performed in
four stages: 1) haBum generation (HSG); 2) h-carry
generation (HCG); 3) fulkum generation (FSG); and 4) -
carry genergon (FCG). Suppose twc-bit operands are added
in the conventional CSLA, then R(-1 and RCA-2 generate
n-bit sum (sO and s1) and out-carry (cOout and clout) cor-
responding to inputarry (cin =Oand cin =1), respective
Logic expressions of RCA-ard RCA-2 of the SCG unit of
the n-bit CSLA are given as

(i) =A(i) & Bli) ¢(i) = A(i) - B(i) (la)
s1(i) =sp(i) @ ci(i- 1) (1b)
(i) =cy(i) +s5(0) - }(i-1) y=ci(n-1) (lc)
s3(i) =A(i) @ B(i) (i) = A(i)- B(i) (2a)
51(i) =s5(i) @ ey(i— 1) (2b)
(i)

{
e(i) =e(i) +80) - ci(i-1) ehy=eiln-1) ()

where &(—1) =0,¢l(-1)=1,and0<i < n—1.
As shown in (1a)dc) and (2e-(2c), the logic expression of
{s0 0(i),c0 0(i)} is identical to that of {s1 0()1 0(i)}. These
redundant logic operations can be removed to havepa-
mized design for RCA, in which the HSG and HCG
RCA-1 is shared to construct R(-2. Based on this, [4] and
[5] have used an adahe circuit instead of RC-2 in the
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CSLA, in which a BEC circuit is used in [6] for treame
purpose. Since the BEKased CSLA offers e best area—
delay—power diciency among the existing CSLAs,
discuss here the logic expressions of the SCGoditiite BE(-
based CSLA as well.

B. Logic Expression of the SCG Unit of the B-Based
CSLA As shown in Fig. 2, the RCA calculate-bit sum s0 1
and cOout corresponding to cin =0. The BEC uniéiezs sO :
and cOout from the RCA and generates (n -bit excess-1
code. The most significabit (MSB) of BEC represents clo!
in which n least sigficant bits (LSBs) represent s1 1. 1
logic expressions of the RCA are the same as thosn in
(1a)«1c). The logic expressions of the BEC unit of ti-bit
BEC-based CSLA are given as

51(0)=5(0) j(0)==}(0) (3a)
si(i) =s(i) @ cli- 1) (3b)
(i) =81(i) - eyfi 1) (3)
¢ =dn-1)acn-1) (3d)

for]<i<n-1

We can find from (1a)—(1c) and (3€&3d) that, in the case
the BECbased CSLA, cl1 1 depends on sO 1, which other
has no dependence on sO 1 in the case of the comval
CSLA. The BEC method therefore increases data diee
in the CSLA. We have considat logic expressions of ti
conven-tional CSLA and made a further study on the «
dependence tdind an optimized logic expression for t
CSLA. It is interesting to note from (1g}€) and (2&(2c)
that logic expressions of sO 1 and s1 1 are idarexcept the
terms cO 1 and c1 1 since (sO 0 = s1 0 = s0). ditiad, we
find that cO 1 and c1 1 depend on {s0,c0,cin}, wieére cO C
=¢1 0. Since c0 1 and c1 1 have no dependenceé brasd s:
1, the logic operation of cO 1 and c1 1 can becleel bfore
sO 1 and s1 1, and the select unit can select rone the se
(sO 1,51 1) for the finldum of the CSLA. Wefind that a
significant amount of logic resource is spent for caltndgsO
1,s1 1}, and it is not an f&fient approach to reject one s-
word dter the calculation. Instead, one can select ¢gglired
carry word from the anticipated carry words {cO ari} to
calculate the finabum. The selected carry word is added \
the half-sum (s0) to generate the fisalm (s). Using thi
method, one candve three design advantag

1) Calculation of sO 1 is avoided in the SCG u

2) the nbit select unit is required instead of the (n +itl dnd
3) small outpuiarry delay. All these features result in
area—delay and energyfiefent design for te CSLA. We have
removed all the redundant logic operations of —(1c) and
(2a)«2c) and rearranged logic expressions of —(1c) and
(2a)«2c) based on their dependence. The proposed
formulation for the CSLA is given as

12

spli) = A1) @ B(i) eoli) = A(t) - B(i) (4a)
(i) =cl(i— 1) - sp(i) + o) for (}(0)=0)  (4b)
e1 (i) :c’{{r’ —1)-s4(t) + eo(t) for ({-f(ﬂ} =1) (4c)
e(iy =cl(i) if (e, = 0) (4d)
eli) =ei(i) if(cn=1) (4e)
Cout =c¢(n — 1) (4f)
5(0) =s0(0) @ ein s(i) = soli) @ e(i — 1). (4g)

V. PROPOSED ADDER DEIGN

The proposed CSLA is based on the logic formulagjiwen in
(4a)«4q9), and its structure is shown in Fig. 3(a).dhsists ol
one HSG unit, one FSG unit, one CG unit, and oneufiis
The CG unit is composed of two CGs (CGO and C
corresponding to inpuwtarry ‘0’ and ‘1’. The HSG receive
two n-bit operands (A and B) and generate -sum word sO
and halfearry word cO of width n bits each. Both CGO :
CG1 receive sO and c0 from the HSG unit and geaévad -
bit full-carry words cO 1 and c1 1 responding to input-carry
‘0’ and ‘1", respectively. The logic diagram of tHSG unit is
shown in Fig. 3(b). The logic circuits of CGO an&T are
optimized to take advantage of tfixed input-carry bits. The
optimized designs of CG0 and CG1 are showFig. 3(c) and
(d), respectively. The CS unit selects cfinal carry word
from the two carry words available at its inputelinsing the
control signal cin. It selects cO 1 when cin =thestvise, it
selects c1 1. The CS unit can be implemented wsin-bit 2-
to-l MUX. However, wefind from the truth table of the C
unit that carry words cO 1 and c1 1 follow a sfic bit
pattern. If cO 1(i) = ‘1’, then c1 1(i)=1 , irresgeve of sO(i)
and cO(i), for0O< i < n-1. This feature is used for loc
optimizationof the CS unit. The optimized design of the
unit is shown in Fig. 3(e), which is composed cAND—-OR
gates. Thdinal carry word c is obtained from the CS unit. -
MSB of c is sent to output as cout, anc-1) LSBs are
XORed with (r-1) MSBs of hatsum (s0) in the FSG [shown
in Fig. 3(f)] to obtain (A1) MSBs of fine-sum (s). The LSB
ofs0 is XORed with cin to obtain the LSB o

Final Results

RTL Top Level Output File Name
Top Level Output File Name

:vedic_16x16
:vedic_16

Output Fomat :NC
Optimization Goal . Spe
Keep Hierarchy b
Design Statistics

#10s 164
Cell Usage :

# BELS 27

# LUT2 141

# LUT3 12

# LUT4 14

#  MUXF5 .
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# 10 Buffers 164
# IBUF 132
# OBUF 132

Selected Device : 3s500efg320-4

Number of Slices: 417 outdb56 8%
Number of 4 input LUTSs: 735 out &312 7%
Number of 10s: 64

Number of bonded 10Bs: o4t of 232 27%

1850.0)
End Time:

1000 s 5‘0 ‘ 15‘0 ‘ 25‘[ ‘ 35‘0 ‘ 45‘0 ‘ 55‘0 ‘ 65‘0 ‘ 75‘0 ‘ 95‘0 ‘ 940

NEE 1 0 0 199 1
NEE 1 0 ] 28 3
Postg 3 ( ]

‘ by b

. Desgn Surmay | [y]vede 16016y | [ vede 16ty | () vedc_16ct6rnge [ tow_vedic_16l6itm

Simulated output:

1000

'L, Design Summay ved\chﬂSv Qved\chﬂSngr @ved\chﬂSngc [t vedc_Toct6tow DS\mu\aﬁUn

13

VI. CONCLUSIONM

The proposed Vedic multiplier gives less power comgtion
when compared to other multiplier techniques beeathe
number of additions gets reduced by applying Ur-
Tiryakbhyam which is a hort approach form of
multiplication. This multiplier has very less delbgcause ¢
addition new module of modified carry select addEhis
technique can be used well in DSP applicationss aguare
for the given number and cube also. Reducing tHay is
very much advantage because it can increases speethis
Vedic multiplier is very useful for low power andgh speec

applications.
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