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Abstract. Reversible logic is emerging as a promising comguparadigm,
having its applications in low-power CMOS, quantwomputing, nanotech-
nology and optical computing. Firstly, we showednmmdified design of
conventional BCD subtractors and also proposedydsesif carry look-ahead
and carry skip BCD subtractors. The proposed desij carry look-ahead and
carry skip BCD subtractors are based on the noegigds of carry look-ahead
and carry skip BCD adders, respectively. Then, mieoduced the reversible
logic implementation of the modified conventionak well as the proposed,
carry look-ahead and carry skip BCD subtractorsciefit in terms of the
number of reversible gates used and garbage optpduced. To the best of
our knowledge, the carry look-ahead and carry 8D subtractors and their
reversible logic design are explored for the fiisie ever in literature.
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1 Introduction

The decimal arithmetic is receiving significanteation, as financial, commercial,
and Internet-based applications cannot tolerat@rergenerated by conversion
between decimal and binary formats [1]. The ma@rsideration in implementing the
BCD arithmetic is to enhance its speed as muchaossilple. Reversible logic is
emerging as a promising computing paradigm, havtagapplications in future
computing technologies such as optical computirapnotechnology and quantum
computing [6,7]. Reversible circuits are those witx that do not lose information,
and reversible computation in a system can be padgd only when the system
comprises of reversible gates. These circuits esr@igite a unique output vector from
each input vector and vice-versa; that is, thege dse-to-one mapping between input
and output vectors. Researchers like Landauer shown that for irreversible logic
computations, each bit of information lost genesatekTIn2 joules of heat energy,
where k is Boltzmann's constant and T, the absoltémperature at which
computation is performed [2]. Bennett showed thENR energy dissipation would
not occur if a computation is carried out in a rside way [3], since the amount of
energy dissipated in a system bears a direct oaktip to the number of bits erased
during computation.

The major goal in reversible logic design is to imize the number of reversible
gates used and garbage output produced (Garbaget oafers to the output that is
not used for further computations) [4,5].
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In this work, first, we showed a modified desigracdonventional BCD subtractor.
Two novel BCD subtractor architectures termed ClcAr(y look-ahead) and CAS
(carry skip) BCD subtractors are also proposed. gifoposed designs of CLA and
CAS BCD subtractors are based on novel designarm§ tcook-ahead and carry skip
BCD adders. It is to be noted that a BCD subtragtternally consists of nine's
complementer, BCD adder and parallel adder. Thaesgial emphasis has been laid
on their architecture to make them carry look-ahaad carry skip, to improve the
overall efficiency of the subtractor.

Second, this paper introduces reversible logic ém@ntation of the conventional
and the proposed carry look-ahead and carry skip Babtractors, efficient in terms
of number of reversible gates and garbage output. d€hieving this goal, novel
reversible gates have been proposed and noveliteemhave been adopted which
are discussed in appropriate sections in the paper

The paper is organized as follows. Section 2 dedtls the introduction of pro-
posed modified conventional BCD subtractor. Sec8ceind Section 4 introduce the
proposed carry look-ahead and carry skip BCD saturs, respectively. Section 5
deals with the introduction of basic reversibleegaused in the proposed work.
Section 6 deals with the reversible design of cativeal BCD subtractor introduced
in Section 2. Section 7 and Section 8 deal withréwversible design of proposed carry
look-ahead and carry skip BCD subtractors, respelgti Section 9 and 10 provide
the implementation results and conclusions of sk, respectively.

2 BCD Subtractor

In the BCD subtraction, the nine's complement of gubtrahend is added to the
minuend. In the BCD arithmetic, the nine's complamis computed by nine minus

the number whose nine's complement is to be condpdtkis can be illustrated as the
nine's complement of 5 will be 4 (9-5= 4), whichnclae represented in BCD code as
0100. In BCD subtraction using nine's complemeéhgre can be two possible

possibilities [8]:

1. The sum after the addition of minuend and the simemplement of subtrahend
is an invalid BCD Code (an example is when 5 igrauted from 8) or a carry
is produced from the MSB (an example is when lukgracted from 9). In this
case, add decimal 6 (binary 0110) and the end droarry (EAC) to the sum.
The final result will be the positive number reneted by the sum.

2. The sum of the minuend and the nine's complemetit@subtrahend is a valid
BCD code which means that the result is negativd &nin the nine's
complement form. An example is, when 8 is saditrd from 5.

In BCD arithmetic, instead of subtracting the numi®m nine, the nine's
complement of a number is determined by adding 1(@e&xrimal 10) to the one's
complement of the number. The nine's complemerniteuit using a 4-bit adder and
XOR gates is shown in Fig.1 [8]. We have realiteat there is no need to use XOR
gates in the nine's complementer for complementifihe use of NOT gates will
better suit the purpose and will reduce the conipglef the circuit, both in CMOS as
well as reversible logic implementation. The prambsnodified design of nine's
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complementer is shown in Fig.2; it replaces 4 XQiReg by 4 NOT gates and thus is
better compared to the existing design in litematdrhe one-digit BCD subtractor,
using the nine's complementer circuit, is showrFig.3. In Fig.3, after getting the
nine's complement of the subtrahend, it is addedh® minuend using the BCD
adder. Then theequired 1010 is added by using the complement@foutput carry
of the BCD adder. The sign represents whether the number storeditisep or
negative (for example, 5-8 will be stored as Sigaadl Magnitude (S3...S0) = 3).
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3 Proposed Carry Look-Ahead BCD Subtractor

As evident from Fig.3, the nine's complementer, B&fller and 4-bit adder are the
integral components of the BCD subtractor. Thus pvaose the replacement of the
conventional nine's complementer, the BCD adder ted4-bit adder by their carry
look-ahead counterparts. This will help us to desidaster and more efficient overall
BCD subtractor.

3.1 Carry Look Ahead BCD Adder

A carry look ahead BCD adder is proposed which isnedification over the
architecture proposed in [9,10] and is especiatiproved for making it suitable for
CMOS and reversible logic implementation. In thiegmsed CLA BCD adder, OR
gates used in the equations proposed in [9,10tarefully chosen and replaced by
XOR gates. One cannot replace the OR gates indbatiens in [9,10] randomly.
Hence, a rigorous study has been done and OR igaties equations in [9, 10] have
been replaced in certain places. The functionafieation of the proposed CLA BCD
adder is done in Verilog HDL using the Active HDILmsilator. The advantages of
using this approach are as follows:

1. In the conventional CMOS logic, the XOR gate candesigned, with a fewer
number of transistors compared to the OR gate.

2. In reversible logic, the multi-input XOR gate cae klesigned with a less
complex reversible gate and one less garbage octppared to the multi-input
OR gate. For example, the equaticBb®c can be realized with only one (3x3
reversible gate) and two garbage output compared+b+c ( here + refers an
OR gate), which can be realized with one 4x4 rshér gate and three garbage
output, or two 3x3 reversible gates with four ggdautput.Thus, in reversible
logic it is better to realize equations as XOR fiows. This advantage of XOR
gate will become more dominant as the input sizedseased beyond three.

Consider two BCD numbers a and b of 4 bits eadngu$ie proposed approach, the
modified functions used to generate the carry labkad BCD adder are as follows

/I 1 Part

glil=a[j]-b[]O j 32agenerate®
plil = afj] +b[]O j 3 3propagate®
hijl = a[j] ® b[jj0 j 3 -2half-adder°

12" Part

k=g[3]1® (p[3] - pl2]) + (p[3] - PI1)® (g[2] - p[1])

L=p[3]® (g[2] + (p[2] - 9[1])

(Here k and L are the carry generate and propdgattions of the first three bits of
the decimal number a and b (a[3]a[2]a[1] and b[[Ib[1]), respectively. The details
and complete description of k and L can be foun@jn



Efficient Reversible Logic Design of BCD Subtrasto 103

C1 =g[0] + (p[0] - Cin) acarry out of 1's positid

/13 Part
S[0] = h[0O@® Cin
S[1] = ((h[1®kK) - ~C1) + (~(h[1]® L) - C1)
S[2]=(~p[2]-9[1]) ® (~p[3]-h[2]- ~p[1]) ®
((9[31® (h[2]-h[1]))- ~C1)+ (((~p[3] - ~p[2] -
p[11® (g[2] - g[1])® (p[3] - p[2])) - C1)
S[3]=((~k- L)- ~C1)®(((g[3] - ~h[3]) ®
(~=h[3] - h(2] - h[1])) - C1)
Cout=k + (L - C1).

In the above equation§[3], S[2],S[1], S[O]represents the sum bits produced by
addition of BCD numbera andb with input carryCin. The output carry produced by
the CLA BCD adder is represented Ggut.

3.2 Carry Look-Ahead Binary Adder

As evident in the architectures of the nine's coenménter and the modified
conventional BCD subtractor shown in Figs.2 ante8pectively, the improvement in
the 4-bit adder is the key requirement to increthsdr efficiency. We propose the
replacement of 4-bit adder blocks with their cdogk-ahead counterparts. Recently,
a modified carry look-ahead adder (abbreviated &LA) is proposed which is
similar to CLA (carry look-ahead adder) in basiostuction [11]. The drawback of
MCLA is that, despite its faster speédpccupies a larger area due to the excessive
number of NAND gates used for faster carry propagatThis problem will
significantly increase when MCLA is used to deséghigher order CLA. This is the
reason why we are proposing a new carry look-alaelair, modifying the structure
of MCLA to make it more economical in terms of tiember of gates (area), without
losing its speed efficiency. The MCLA [11] uses thedified full adder (MFA) as
shown in Fig.4. In our proposed carry look-aheadeadhown in Fig.5, we propose
replacing the 4 MFA in the MCLA by a full adder to reduce the arfgamber of
gates) without sacrificing speed improvement.lt easily be verified that there will
be a reduction in the number of gates to genehatéinal carry, as shown in Fig.5. In
order to have further savings in terms of the nunabeates, the proposed 4-bit CLA
can be cascaded in a series to design an expandéd @LA, as shown in Fig.6.

-
’——G:

Si G P

Fig. 4. MFA (modified full adder)[11]
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Fig. 5. Proposed 4-bit Carry Look-Ahead Adder
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Fig. 7. CLA Nine's Complementer

Figure 7 shows the proposed nine's complementargugie proposed carry look-
ahead adder and using the proposed concept of DI gates for complement-
ting (rather than XOR gates). The proposed nine@snglementer satisfies the
requirements of the carry look-ahead approach ipgmtato fast speed and reduced
area (inherit property of proposed CLA).
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Evaluation of the Proposed Approach

The adders are coded in Verilog HDL and synthesirgdg Xilinx VirtexE FPGA.
For 16-bit addition, the CPA (carry propagate ajldexs a delay of 26.109 ns with
cell usage of 36, while MCLA has a delay of 16.984with cell usage of 46. The
proposed CLA takes 21.931 ns of delay with cellgesaf 35. It can be concluded
from the above results that the proposed carry-blwdad adder approach is of great
significance, since it provides a good speed, sitlhusage nearly the same as that of
the CPA. Thus, the proposed carry look-ahead aldaeing a delay in between the
MCLA and CPA, and an area nearly equal to CPAéshest choice.

3.3 Carry Look-Ahead BCD Subtractor

After having its key components (BCD adder, 4-hitler and nine's complementer)
designed in carry look-ahead fashion, the carrk-aloead BCD subtractor can be
designed by integrating the components. Figuredvshthe design of the proposed
carry look-ahead BCD subtractor. It is to be notieat we have laid emphasis on
improving the individual modules of the BCD subtma¢ to improve its overall
efficiency and make it more suitable for reversibigic implementation.

Y
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X Nine's Complementer

Proposed CLA
BCD Adder

Q \L_l
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{>O

Proposed CLA
Cin 4-bit Adder
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Fig. 8. Proposed CLA BCD Subtractor

4 Proposed Carry Skip BCD Subtractor

In order to design the carry skip equivalent of BeD subtractor, we propose the
carry skip equivalent design of its individual campnts.
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Fig. 9. Proposed Carry Skip BCD Adder

4.1 Carry Skip BCD Adder

In this work, we propose the design of carry skipBadder. It is constructed in
such a way that the first full adder block consisting of 4 full esldan generate the
output carry "Cout' instantaneously, dependingttom input signals and “Cin'. This
avoids carry to be propagated in the ripple caashion. Figure 9 shows the proposed
carry skip BCD adder. The working of the proposatycskip BCD adder (CS BCD
Adder) can be explained in this manner: In thelsii full adder operation, if either
input is a logical one, the cell will propagate tiary input to its carry output. Hence,
the " full adder carry input Ci, will propagate to itsrcy output G, when Pi=
Xi®Yi, where Xi and Yi represents the input signattte {" full adder. Thus, the four
full adders at the first level making a block canegrate a 2block® propagate signal
"P'. When "P' is one, it will make the block cariyput “Cin', to propagate as the
carry output "Cout' of the BCD adder, without wagifor the actual propagation of
carry in the ripple carry fashion. An AND gateuised to generate a block propagate
signal "P'. Depending on the value of "Cout', apgpiate action is taken. When
"Cout' is equal to one, binary 0110 is added to ltireary sum (correction logic to
convert sum in BCD format) using another 4-bit lbjnadder at the second level or
bottom level, as shown in Fig.9. The output cayeyerated from the bottom binary
adder is ignored, since it supplies information already available at the output carry
terminal.

4.2 Carry Skip BCD Subtractor

Figure 10 shows our proposed design of the carity BCD subtractor. It is to be
notedthat the carry skip implementation of the nine'sngdementer in the proposed
circuit will not be beneficial, making the carryolkoahead as the best choice for its
implementation. The carry skipping property of BeD adder can be beneficial only
when its input carry Cin=1. Thus, in order to egtrthe benefit of the carry skip
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property of the BCD adder in the proposed BCD mdbor, we have made the LSB
output (n[0]) of the nine's complementer as inpatry "Cin' of the carry skip BCD
adder and passed "0' in its place for additiotheoBCD adder (please refer Fig.10).
Therefore, the numbers passed for addition in caliyp BCD adder will be
X+(n[3]n[2]n[1]'0")+n[0], where n[0] will work as @n. The last block of the 4-bit
adder in the proposed circuit has also been desigmahe carry skip fashion to
further improve the efficiency of the proposed dasiThis will result in the
generation oCout in Fig.10 in carry skip fashion. As far as exigtiiterature and our
knowledge is concerned, the proposed circuit isrttaéden attempt to provide the
carry skip equivalent of the conventional BCD sabtor.

Y
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/,K—\ Complementer
| ‘ ‘ | n[3][a[2] [a[1] [=[0]
0
Proposed Carry Skip
BCD Adder
1
N \74 N
4 Y
0

FA '—I_“FA }—‘LFA }—|_|‘FA |>

83 82 851 S0
— NTagnitude ———

gn
N0 RBCD Owtput—

Cout
Si

Fig. 10.Proposed Carry Skip BCD Subtractor

5 Basic Reversible Gates

There are a number of existing reversible gatdgdrature. We have used Fredkin
gate [12,13], Feynman Gate [12,13], Toffoli Gat&]T12,13], New Gate (NG) [14],
New Toffoli Gate (NTG)[15], TKS[17], R2 Gate and -BSgate(3*3 and 4*4
Feynman gate, respectively) and TSG Gate[16] to design the reverdiile B
subtractors. Since the major reversible gate useatesigning the BCD subtractors
are Feynman, Modified Toffoli Gate [19], Toffolirédkin and TSG gate, only these
reversible gates are discussed in this section.
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5.1 Fredkin Gate

Fredkin gate is a (3*3) conservative reversiblegatginally introduced by Petri [12,
13] as shown in Fig.11. It is called 3*3 gate beeait has three input and three
output.

A —P=4A A rea

B— F [—o=ABtaCc X— gz X B—| TG OB

O — L R=ARB+A'C - —¥eY o —R=ABRaC
Fig. 11.Fredkin Gate Fig. 12.Feynman Gate Fig. 13.Toffoli Gate

5.2 Feynman Gate

Feynman gate [12,13] is a 2*2 one-through revessipte shown in Fig.12. It is
called 2*2 gate because it has 2 input and 2 oufoé-through gate means that one
input variable is also the output. An n input andutput Feynman gate can be
described as mapping (x1,x2,x3%..xn) to (x1,x2x3x1Dx2®B x3Bixn-1Dxn).

5.3 Toffoli Gate

Toffoli Gate (TG) [12, 13] isa 3*3 two-throughversible gate as shown in Fig. 13.
A n input and n output Toffoli gate can be desatibas mapping (x1,x2,x3%a..xn)
to (x1,x2,X3Y%..,(x1x2x3Yaxn-1Bxn).

5.4 TSG Gate

Recently, a 4*4 one-through reversible gate call8djate 2T SG° wagproposed [16].
The reversible TSG gate is shown in Fig.14. It barnverified that the input pattern
corresponding to a particular output pattern carubiguely determined. The TSG
gate can implement all Boolean functions. One efgrominent functionalities of the
TSG gate is that it can work singly as a reversfauleadder unit. Figure 15 shows
the implementation of the TSG gate as a revers$illl@dder. TSG can implement the
reversible full adder with a bare minimum of twalggge output (at least two garbage
output will be required to realize a reversibld adder).

A L p-a A— —

B 15¢ —o=acep B— T8¢ —AeE

o] - R=(A'C'®BYE D 0 — T ADBSCin=Sum

D §=(A'C'®B) De(ABaC) Cih— &S B)-Cinda B=Cout

Fig. 14.Reversible 4 *4 TS Gate Fig. 15.TSG as a Reversible Full Adder
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5.5 Modified Toffoli Gate

Modified Toffoli gate (MTG) is a 3*3 reversible gaand is shown in Fig. 16 [19]. An
n input and n output MTG gate can be describedmagping (x1,xX2,x3%a..xn) to
(X1,X2,X3Y%..,(x1|x2|x3[Yaxn-1@ xn).

A— —*A=P A —*A
A | p-a B—s NG *» AB®C=0 B— NG —>sR=Cont
BE—MTG—0Q=B C —*A'CgB=R 00— —A'gB'= S
C— —R=(A+B
(e @ (b)
Fig. 16.MTG Gate Fig. 17.(a) New Gate (NG)b) as a reversible half adder

5.6 New Gate (NG)

New gate (NG) [14] is another important 3*3 gateedisn our designs of BCD
subtractors, shown in Fig.17.a. New gate can worglyg as a reversible half adder
with minimum of one garbage output, as demonstriztddg.17.b.

6 Reversible Design of Conventional BCD Subtractor

It is evident from Fig. 3 that in order to desigversible BCD subtractors, the whole
reversible design must be divided into three sulohutes.

1. Design of theeversible nine's complementer (which, in turn, kmbe designed
using reversible parallel adders).

2. Design of theeversible BCD adder.

3. Integration of the modules using existing reveesigpites to design the reversible
BCD subtractor.

Our primary goal in this work is to design revetsilBCD subtractors with a minimal
number of reversible gates and garbage output.

6.1 Reversible Nine's Complementer

Figure 18 shows the proposed reversible nine's ¢em@nter using the NOT gates,
New gates (NG) and the 3*3 Feynman Gate (FG3). pheposed design is
implemented with 7 reversible gates and 3 garbageud. To minimize the garbage
at the bottom 4-bit adder, we have utilized theppied property of regenerating the
constant value at the garbage output (the constaptt "1' at the NG gate is
regenerated at one its garbage output and is usethput to FG3/Ne observed that
the SO can be directly generated without requiring angligoh circuitry (referring to
Fig. 1, we observed that second input to the fidlea is "0' as well as the Cin is')0
Further examination showed that there is no neethéofull adder in the™place, &'
place and % place of the bottom 4-bit adder. Half adders aridpdit XOR gate can
perform the required addition operations. The reée half adder can be designed
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by New gate (NG) with only one garbage output (rédeFig.17.b), and the 3 input
XOR gate can be designed using FG3 with only twmdage output. Utilizing the
reversible full adder in those places would hawedased the garbage, as at least two
garbage output are required in a reversible fulemdMoreover, the output carry is
not required in the nine's complementer. Thus, gishe reversible full adder would
have generated the output carry leading to anaserén garbage count.

4
oyl ald

FG3 Y1 NG = NG

1 I [ I I

lgl 2 * o3 +

S3 52 S1 S0
+— Nine's Complement Output —»

Fig. 18.Reversible Nine's Complementer

X3v3 0 X2 Y20 X1vL 0 x0 Yo O
T R A N AR A A N
4 | TSG TSG TSG TSG [Cin
lg7 [ [21
so3 Lgle — g|6|g5 e [,Te
NG o So2 Sol
gl [ =
gllING— —1
] :
NG TS
g9 o
FG TSG NG
X 7 L5
Jg o3 zl3 py
k. w v
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Fig. 19.Reversible Logic Implementation of the Conventid®d@D Adder

6.2 Reversible BCD Adder

Figure 19 shows the reversible implementation ef¢hnventional BCD adder using
the reversible TSG and New Gate. In BCD additibe,dteps are as follows:

Step 1: The two decimal digits (X and Y), together witketimput carry (Cin), are first
added using a 4-bit binary adder to produce tharpisum (S03,S02,S01,S0) and
output carry(c4).
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Step 2:When the output carry (c4) is equal to zero, mgitis added to the binary sum.
When it is equal to one, binary 0110 is added ®kmary sum using another 4-bit
binary adder. Instead of directly adding 0110isitadded by generating Cout=C4+
S03(S02+So01). In 0110 addition, where "1'is regglitCout is used instead.

In Fig.19, the 4 TSG gates at the top in Fig.19quer Step 1. The three New gates
generate Cout=c4+So03 (So02+Sol). The final addition is performad 0&b5, TSG
and FG reversible gateShe proposed BCD adder architecture in Fig. 19 usely
10 reversible gates and produces only 14 garbagputuAs can be observed in
Fig.19, the connections are carefully made to atle@dgarbage. The proposed BCD
adder is shown to be much better than the eanlmpgsed architecture both in terms
of number of reversible gates and garbage outpteRtly in [18], the BCD adder is
implemented with 23 reversible gates and 22 garloageut. A comparison between
our proposed design and the existing design is shiowable 1. The proposed design
in this paper is the most efficient design of reitde BCD adder and achieves an
improvement ratio of 2.3 and 1.69 in terms of thenber of reversible gates and
garbage output, respectively.

Table 1. A comparison of Reversible BCD Adder

Number of Gates Number of Garbage Outp ht
Proposed Circuit 10 13
Existing Circuit[18] 23 22
Improvement Ratio 2.3 1.69

6.3 Reversible BCD Subtractor

Figure 20 shows the reversible BCD subtractor usthg reversible nine's
complementer, reversible BCD adder, TSG, NG andchiFey gate (FG)n the above
sections, we have proven that the proposed reversitesigns of the nine's
complementer and BCD adder are designed with minimmber of reversible gates
and garbage outputn order to design a more efficient complete BCDtgactor in
terms of the number of reversible gates and garbatgut, we have used Feynman
Gate for generating the XOR/NOT function and copytine output (as fan-out is not
allowed in reversible logic). We chose Feynman gate it can generate the
XOR/NOT function and copy the output with minimuranmber of reversible gates
and garbage output. This can be understood byatietliat there are exactly two
output corresponding to the input of a Feynman,gat®' in the second input will
copy the first input in both the output of thategyalt makes the Feynman gate most
suitable for a single copy of bit, since it doe$ prduce any garbage output.

It is to be noted that we have carefully examitedarchitecture of BCD subtractors
and in the middle of Fig. 20 used the Feynman gadeshains for generating the XOR,
copying and NOT functions, with zero garbage. B #rchitecture is not deeply
examined, it can lead to an inefficiently desigmedersible circuit with increased
garbage. The reason for this stems from the fattwhen the Feynman gate is used for
generating the XOR and NOT functions, it produddeast one garbage output in both
cases.
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The bottom 4-bit binary adder required in BCD sabtor is also designed very
efficiently to minimize the garbage. This is aclidvby carefully passing the input
signal and thereby utilizing the garbage output fiother computation along with
identifying suitable places where reversible fulbars can be replaced by reversible
half adderslt is to benoted that we have designed the bottom 4-bit acdir 4
reversible gates and 4 garbage output. An inefficigpproach of simply designing
the 4-bit adder with the reversible full adder abldad to 8 garbage output (at least
two garbage output are produced in a reversiblé ddider). The BCD adder requires
10 reversible gates and 13 garbage output as praveve. The nine's complementer
is designed with 7 reversible gates and 3 garbamput The generation of XOR
functions, copying and NOT functions are desigmeduch an optimal manner that it
requires 5 Feynman gates with zero garbage oufpetbottom 4-bit reversible adder
is designed with 4 reversible gates and 4 garbagput Thus, the proposed
reversible BCD subtractor is designed with 10+7+2@lreversible gates while the
garbage output is minimal of 13+3+4=20.
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Fig. 20.Proposed Reversible BCD Subtractor

7 Reversible Design of Carry Look Ahead BCD Subtractor

As evident from the earlier discussion, the revdesimplementation of carry look-
ahead BCD subtractor will require the reversibl@lementation of carry look-ahead
BCD adder, the proposed carry look-ahead nine'spt¢ementer and 4-bit carry look-
ahead adder.
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7.1 Reversible Carry Look Ahead BCD Adder

The reversible logic implementation of the carrgkeahead BCD adder is shown in
Fig.21. The reversible gates used for designingptfoposed reversible carry look-
ahead BCD adder are Feynman gate (FG), TKS gate, Tddfoli gate (NTG), and
R2 gate (a 4*4 Feynman Gate) and TS-3 gate (trelsleff these reversible gates are
discussed in Section V). In the proposed reversibsliit, Feynman Gates (FG) can
be used for copying the output and to avoid thedanproblem. The proposed
reversible CLA BCD adder can be of significant use future computing
technologies. Furthermore, it is a hierarchicahaecture; hence, huge power savings
can be obtained by switching off the blocks whicé aot in use, through a control
circuitry. It is to be noted that appropriate resiele gates are used in Fig.21, to
design it overall efficient in terms of number ef/ersible gates and garbage output.
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Fig. 21.Reversible Implementation of proposed Carry Lotiedd BCD Adder
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7.2 Reversible Carry Look Ahead Adder

The key consideration while designing reversiblerycdook-ahead adder is to
generate Pi, Si and Gi' signals with the minimummber of reversible gates and
garbage output. Thus, in order to generate Pin&i@' signals with the best possible
case of 1 reversible gate and 1 garbage outpiute@st one garbage output will
be required to make the function Pi, Si and Gi'eesible. For two cases (input
combinations), we will get the same output which ba removed by addition of one
garbage bi}, we propose the design of a novel 4*4 revergifalie called RMF gate as
shown in Fig.22.a. The RMF gate can realize Piai®l Gi' signal as shown in
Fig. 22.b (termed as RMFA block). Thus, RMF is aldeealize the Pi, Si and Gi'
with the lower bound of 1 reversible gate and bgge output

A— —P=A A —P=A
— — '— - — —
B — (= A®B=Fi B = ADR
o BMFAL g somac=si o BMF L p-ssRac
1— —S=(AB&1=Gi D—r ——&=(AB&D)
(a) (b)

Fig. 22.(a) Proposed 4*4 Reversible Gate (b) RMF for Gatireg Pi,Si & Gi'
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Fig. 23.Reversible Carry Look-Ahead Adder

Figure 23 shows the complete reversible desigh®tbit carry look-ahead adder.
In the complete reversible design of proposed Capgpropriate reversible gates are
used wherever required for generating the functidtth the minimum number of
reversible gates and garbage output. The garbagetds not shown in Fig.23, but it
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can be identified as the output which is not usetuither computations. The fan-out
problem is also not considered just to simplify tiveuit, as it can be easily avoided by
using the Feynman gate. TKS and Peres Gate (NT@)bioation is used for
generating the multi-input NAND functions. Th8 Block (adding A3 & B3) in Fig.23
consists of only the TSG gate, as only the revirdidl adder block is required. The
reversible nine's complementer is designed with pineposed reversible CLA, as
shown in Fig.24, using NOT gates for complementing.

Fig. 24.Reversible Nine's Complementer

7.3 Reversible Carry Look-Ahead BCD Subtractor

After designing the individual reversible comporsenf the carry look-ahead BCD
subtractor, the components are combined togethdesmn the complete reversible
carry look-ahead BCD subtractor, as shown in Figle&s to be noted that we have
used the same strategy of connecting the Feynnias ga chains for generating the
XOR, copying and NOT functions, with zero garbagtése refer to Fig.8, in which
four XOR and one NOT gate is required in the midefiehe CLA BCD subtractor).
Thus, the architecture is designed efficiently énrmts of the number of reversible
gates and garbage output.

8 Reversible Design of Carry Skip BCD Subtractor

The reversible logic design of carry skip BCD subtractor requires trersible
design of carry skip BCD adder.
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8.1 Reversible Carry Skip BCD Adder

Figure 26 shows the block diagram of the reversibéery skip adder block
constructed with TSG gate, Toffoli gate (TG), Fredgate (F) and New gate (NG).
In this work, we have minimized thamber of reversible gates and garbage output
by adopting various strategies, and designed thesnsble carry skip BCD adder
with 12 reversible gates and 15 garbage outptie first strategy is tantroduce the

6 input Toffoli gate in the middle of Fig.26 torfmm the operation P & Cin, where
P is block propagate signal (P=p[0]&p[1]&p[2]&p[3Pnd Cin is the input carry. This
will minimize the garbage to 5 (if three input Talffgates were used for performing
P&Cin operation, the garbage count will be 8). Rafig to Fig.26, we have
efficiently regenerated th€in' at the garbage output of th& flll adder (TSG gate),
which helps in avoiding the garbage as well asfameout problem (the garbage of
this TSG gate is reduced to zero). Referring to.%ighe generation of Cout as
P1+C4+So03 (S02+So01l) is done using 4 input MTG gategre So3(So02+Sol) is
generated using two NG gates. MTG can implemeinp@t OR function with bare
minimum of 3 garbage output. Thus, the proposeeérsible carry skip BCD adder
only has 14 garbage output (that is, with only amee garbage output compared to
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Fig. 26.Reversible Logic Implementation of the Carry SRD Adder

the efficient design of reversible conventional BCD adgroposed in this work).
Furthermore, the proposed carry skip BCD addél be faster due to its carry
skipping property.

8.2 Reversible Carry Skip BCD Subtractor

Figure 27 shows the reversible implementation & fnoposed carry skip BCD
subtractor. It is to be notethat the proposed work is the maiden attempt taydes
reversible carry skip BCD subtractor. In the proposed reversible implementagon
reversible nine's complementer can be chosen flemine's complementer that we
designed, as shown in the above sections. The otileponentthe reversible carry
skip BCD adderis already shown in Fig.26. Another interestiognponent in Fig.27
is the reversible implementation of the bottom 4-bit carry skip addek,bihich we
have designed with 6 reversible gates and 7 garbageut. Thus, the proposed
reversible carry skip BCD subtractor is an effitidasign in terms of the number of
reversible gates and garbage outftutled us to conclude that utilizing the garbage
output for regenerating the constant input like atid 0" will significantly help in
reducing the garbage output. This can be consii@®the indirect contribution of
this paper to the reversible logic community.

9 Experimental Results

All the BCD adders and subtractors are coded inilégerHDL for functional
verification. The designs are synthesized in XilWfiexE FPGA using Xilinx 9.1 for
understanding the delay and area parameters [B@AFsynthesis results show that
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the conventional BCD adder has a propagation d#fldy.441ns with a cell usage of
12. The CLA BCD adder has a propagation delay d19ns with a cell usage of 29.
The carry skip (CAS) BCD adder has a cell usag@lofwith a propagation delay of
7.209ns when there is a carry skip. Otherwised#iay is nearly the same as that of
the conventional BCD adder. The conventional medifBCD subtractor has a
propagation delay of 16.029ns with a cell usag&7ofThe CLA BCD subtractor has a
propagation delay of 14.952ns with a cell usag8#%fThe carry skip (CAS) BCD
subtractor has a cell usage of 24 and propagattay @f 7.553ns when there is carry
skipping; otherwise, the delay is the same asdhé#te conventional modified BCD
subtractor. Tables 2 and 3 summarize the FPGA egighiesults for BCD adders and
BCD subtractors, respectively. It can be observed CLA BCD architectures are
fastest compared to other designs, but consumes amen. Carry skip designs seem
to be the attractive choice when there is an amestaint, and we require the
propagation delay better than the conventional B&ibtractors (the propagation
delay will be the same as that of the conventi®@@D subtractor except when there
is carry skipping).

The reversible logic implementation of the BCD addand subtractors are only
functionally verified due to lack of proper techogy to implement the reversible
gates. One of the existing ways of implementing the reversible gatesing
r-MOS technology [21,22]. r-MOS circuits make udenmre transistors compared
to CMOS circuits for implementing a design, hendéssigating more power. Thus,
r-MOS circuits show that it is conceptually possitd implement the reversible gate in
MOS transistors. However, they do not guaranteepgesver consumption compared to
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Table 2. Synthesis Results of BCD Adders

Conventional CLA BCD CAS BCD Adder
BCD Adder Adder
Delay 12.641 ns 11.619ng 7.20ns*
* Carry Skipping
Area (Cell Usage) 12 29 21

Table 3.Synthesis Results of BCD Subtractors

Conventional CLABCD CAS BCD Subtractor
BCD Subtractor Subtractor
Delay 16.029 ns 14.952ns 7.553ns*
* Carry skipping
Area (Cell Usage) 17 37 24

CMOS designs due to resistive contributions. Tdafywehis, we have designed various
reversible full adders using a combination of éxgstreversible gates in r-MOS, and
compared their power dissipation with CMOS full eddusing HSPICE tool [23] in
0.35um TSMC technology. SPICE simulations havergmahat r-MOS reversible full
adders consume more power than CMOS full adderdadtres resistive requirement of
MOS technology. Implementing reversible designs-MOS technology is equivalent
to a functional verification, which can also be ddn Verilog HDL. We have built a
library of reversible gates in Verilog HDL and uséetb code the proposed designs of
reversible BCD adders and BCD subtractors. Thetifumal verification is done using
the Active HDL simulator [24], which checks the i@mtness of our proposed designs.

10 Conclusions

In this work, we have proposed novel carry lookatheand carry skip BCD
subtractors based on novel designs of carry lo@adhand carry skip BCD adders,
respectively. The architectures are especiallyghesi to make them suitable for
reversible logic implementation. We have shown riheersible logic designs of the
modified conventional BCD subtractor (also proposedthis work), as well as
the proposed carry look-ahead and carry skip BGIDitactures, efficient in terms of
the number of reversible gates and garbage oufisufar as existinditerature and
our knowledge are concerned, this work is the nra@mtéempt to design carry look-
ahead and carry skip BCD subtractors and provideir threversible logic
implementation. All the designs are functionallyrified using Verilog HDL and
synthesized using Xilinx Virtexe FPGA. In a nutdhéhis paper provides the initial
direction toward building more complex systems wWhican execute more
complicated operations using reversible BCD aritticngnits.
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Combined Integer and Floating Point Multiplication
Architecture(CIFM) for FPGAs and Its Reversible Logic
Implementation
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Abstract— In this paper, the authors propose the idea of a
combined integer and floating point multiplier(CIFM) for
FPGAs. The authors propose the replacement of existing
18x18 dedicated multipliers in FPGAs with dedicated 24x24
multipliers designed with small 4x4 bit multipliers. It is also
proposed that for every dedicated 24x24 bit multiplier bleck
designed with 4x4 bit multipliers, four redundant 4x4
multiplier should be provided to enforce the feature of self
repairability (to recover from the faults). In the proposed
CIFM reconfigurability at run time is alse provided
resulting in low power. The major source of motivation for
providing the dedicated 24x24 bit multiplier stems from the
fact that single precision floating point multiplier requires
24x24 bit integer multiplier for mantissa multiplication. A
reconfigurable, self-repairable 24x24 bit multiplier
(implemented with 4x4 bit multiply modules) will ideally suit
this purpose, making FPGAs more suitable for integer as
well floating point operations. A dedicated 4x4 bit multiplier
is also proposed in this paper. Moreover, in the recent vears,
reversible logic has emerged as a promising technology
having its applications in low power CMOS, quantum
eomputing, nanotechnology, and optical computing. It is not
possible te realize quantum computing without reversible
logie. Thus, this paper also paper provides the reversible
logic implementation of the proposed CIFM. The reversible
CIFM designed and proposed here will form the basis of the
completely reversible FPGAs.

[. INTRODUCTION

Image and digital signal processing applications require high
floating point calculations throughput, and nowadays FPGAs are
being used for performing these Digital Signal Processing (DSP)
operations. Floating pomt operations are hard to implement on
FPGAs as their algorithms are quite complex [1]. In order to
combat this performance bottleneck, FPGAs vendors including
Xilinx have introduced FPGAs with nearly 254 18x18 bit
dedicated multipliers [2]. These architectures can cater the need
of high speed integer operations but are not suitable for
performing fleating point operations especially multiplication.
Floating point multiplication is one of the performance
bottlenecks in high speed and low power image and digital signal
processing applications [3]. Recently, there has been significant
work on analysis of high-performance floating-point arithmetic
on FPGAg[7,8,9,10]. But so far no one has addressed the issue of
changing the dedicated 18x18 multipliers in FPGAs by an
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alternative implementation for improvement in floating point
efficiency. It is a well kmown concept that the single precision
floating point multiplication algorithm is divided into three main
parts corresponding to the three parts of the single precision
format. In FPGAs, the bottleneck of any single precision
floating-point design is the 24x24 bit integer multiplier required
for multiplication of the mantissas. In order to circumvent the
aforesaid problems, this paper proposes a novel combined integer
and floating point multiplication architecture {CIFM). The CIFM
can perform both integer as well as single precision floating point
multiplication with a single dedicated 24x24 bit multiplier block
designed with small 4x4 bit multipliers. The basic idea is to
replace the existing 18x18 multipliers in FPGAs by dedicated
24x24 bit multiplier blocks which are implemented with
dedicated 4x4 bit multipliers, making the FPGAs suitable for
integer as well as floating point calculations. The proposed
architecture also brings the idea of reconfigurability and self
repairability [6] at runtime, thus providing a low power as well as
fault recovermg architecture m FPGAs. The proposed
architecture is especially designed for high performance and low
power floating point multiplications in FPGAs. Since, the authors
propose the idea of implementing CTFM with dedicated 24x24 bit
multiplier designed with small 4x4 bit multipliers. Hence, a novel
dedicated 4x4 bit multiplier beneficial in terms of speed, power
and area is also proposed in this paper. Furthermore, researchers
like Landauver have shown that for irreversible logic
computations, each bit of information lost, generates kTIn2 joules
of heat energy, where k is Boltzmann’s constant and T the
absolute temperature at which computation is performed [11].
Bennett showed that kTIn2 energy dissipation would not occur, if
a computation is carried out in a reversible way [12], since the
amount of energy dissipated in a system bears a direct
relationship to the number of bits erased during computation.
Reversible circuits are those circuits that do not lose information
and reversible computation in a systern can be performed only
when the system comprises of reversible gates. These circuits can
generate unique output vector from each input vector, and vice
versa, that is there is a one-to-one mapping between input and
output vectors. Thus, an NXN reversible gate can be represented
as  Iv(T1, T2,13,14, e IN).
Ov=(01, 02,03, .. ON).

Where Iv and Ov represent the mput and output vectors
respectively. Classical logic gates are irreversible since input
vector states cannot be uniquely reconstructed from the output
vector states. There are a number of existing reversible gates such
as Fredkin gate [13], TSG [4.5] and the New Gate (NG) [14].
As the Moore’s law continues to hold, the processing power
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doubles every 18 months. The current irreversible technologies
will dissipate a lot of heat and can reduce the life of the circuit.
The reversible logic operations do not erase (lose) information
and dissipate very less heat. Thus, reversible logic is likely to be
in demand in high speed power aware circuits. Reversible circuits
are of high interest in low-power CMOS design, optical
computing, nanotechnology and quantum computing. It has
been proved that the quanfum arithmetic must be built from
reversible logical components. The major constrainis in
reversible logic are

1. to ominimize the number of reversible gates.
2. fo minimize the number of garbage outputs. (Garbage output
refers o the output that is not used for further computations).

This paper also introduces the reversible logic
implementation of the proposed CIFM using a recently proposed
TSG gate [4,5] and New gate[l4]. The TSG gate has the
advantage that it can work singly as a reversible Full adder with
only two garbage outputs while the New Gate has the advantage
that it can work singly as reversible half adder with bare
minimum of one garbage output. Thus the highly optimized
reversible implementation of the CIFM is proposed, best in terms
of number of reversible gates and garbage outputs. Ii can be
considered as an aftempt to provide a primitive prototype of
components of reversible FPGAs.

II.  FLOATING POINT MULTIPLIER ARCHITECTURE

The single precision fleating point algorithm is divided into
three main parts corresponding fo the three parts of the single
precision format. The first part of the product which is the sign
is determined by an exclusive OR function of the two input
signs. The exponent of the product which is the second part is
calculated by adding the fwo input exponents. The third part
which is the significand of the product is determined by
muliiplying the ftwo input significands each with a “17
concatenated fo it. Figure 1 shows the architecture of the single
precision floating point multiplier. It can be easily observed
from the Figure 1 that 24x24 bit integer muliiplier is the main
performance bottleneck for high speed and low power
operations. In FPGAs, the availability of the dedicated 18x18
multipliers instead of dedicated 24x24 bit multiply blocks
further complicates this problem. This is the driving force that
leads to the proposal of CIFM architeciure suitable both for
integer as well as floating point multiplication operations.
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Figure 1. Single Precision Floationg Point Multiplication Architecture

III.  PROPOSED CIFM ARCHITECTURE FOR
MULTIPLICATION IN FPGAS

The authors propose the idea of a combined infeger and floating
point multiplier (CIFM) for FPGAs. In the CIFM, it is proposed
to replace the existing 18x18 bit multipliers in FPGAs with
dedicated blocks of 24x24 bit infeger multipliers designed with
4x4 bit multipliers(CIFM). The reason for this stems from the
fact that it will make the FPGAs also suitable for floating point
multiplication operations. The features of reconfigurabilty and
self repairability at run time are also proposed in the architecture
to attain low power and self repairability from faults.

A, Reconfigurability Feature

In the proposed architecture, the dedicated 24x24 bit
multiplication block is fragmented to four parallel 12x12 bit
multiplication modules as shown in Figure 2, where AH, AL, BH
and BL are each of 12 bits. The 12x12 multiplication modules are
implemented using small 4x4 bit multipliers as shown in
Figure 3. Thus, the whole 24x24 bit multiplication operation is
divided into 36 4x4 multiply modules working in parallel.
As shown in Figure 2, the proposed 24x24 bit multiplication
architecture is reconfigurable at run time with the outputs of
checkers working as confrol signals. If any of (A or B)’s mantissa
is only of 12 bits then the Checker will check this and will swiich
of the multiply blocks which are not required using the control
signal. Thus significant power saving can be aftained at run time
(on fly). The reconfigurability at run time for attaining low power
has also been extended to individual 12x12 bit multiply modules.

As shown in Figure 3, the 12 bit numbers A & B tfo be
multiplied are divided into 4 bits groups A3,AZ,Al and
B3,B2,B1 respectively. Checkers at A3,A2 and B3,BZ will
check whether the mantissas to be multiplied are of 12 bits, 8
bits or 4 bits. Then accordingly, will switch on or switch off, the
requited 4x4 multiply modules. Hence, there is a significant
reduction in power consumption if the numbers to be multiplied
are less than 12 bits, as only the required blocks are operating
while others are switched off.

B, Self Repairability

Self repairability at run time is also provided by providing a
redundant 4x4 multiply module to each 12x12 multiply module,
as shown in Figure 4. The product of the redundant multiplier is
distributed to all 4x4 bit multiplier blocks making the 12x12 bit
multiply module. The 4x4 muliiplier to be repaired is specified
by the given Aij, Bij and E bits. Then the 4x4 multiplier to be
repaired abandons its own output and replaces it by the one from
the extra multiplier. It should be noticed that the power supply of
the disabled unit (one of the nine 4x4 multiplier) will be turned
off through a power enable confrol fo reduce the power
dissipation. Thus, the proposed multiplier is also capable of
recovering from faults.

C.  Additional Advantages

The additional advantage of the proposed CIFM is that floating
point multiplication operation can now be performed easily in
FPGA without any resource and performance bottleneck. In the
single precision floating point multiplication, the mantissas are of
23 bits. Thus, 24x24 bit (23 bit manfissa +1 hidden bif) multiply
operation is required for getting the intermediate product. With
the proposed architecture, the 24x24 bit mantissa multiplication
can now be easily performed by passing it to the dedicaied 24x24
bit multiply block, which will generate the product with its
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