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Abstract—With the advancements in semiconductor technology,
there has been an increased emphasis in low-power design
techniques over the last few decades. Reversible computing has
been proposed by several researchers as a possible alternative to
address the energy dissipation problem. Several implementation
alternatives for reversible logic circuits have also been explored
in recent years, like adiabatic logic, nuclear magnetic resonance,
optical computing, etc. Recently researchers have proposed
implementations of various reversible logic circuits in the all-
optical computing domain. Most of these works are based on
semiconductor optical amplifier (SOA) based Mach-Zehnder
interferometer (MZI), which provides desirable features like low
power, fast switching and ease of fabrication. In this paper we
present an all-optical implementation of a digital multiplexer
using MZI switches. Both non-reversible and reversible versions
of multiplexer design are proposed, along with analytical
evaluation of the design complexities both in terms of delay and
resour ce requirements. The final optical net lists obtained have
been compared against traditional reversible synthesis
approaches, by using an available synthesis tool and then
mapping the reversible gates to MZI switch based
implementations. Some techniques for optimizing the final
optical net lists have also been proposed. Synthesis results for
some reversible benchmark circuits and the standard functions
of three variables are also shown.

Keywords:Reversible logic, optical computing, MZI switch, low-
power design

[. INTRODUCTION

Reversible logic is becoming a popular emergingagam
because of its applications in various emergindprietogies
like quantum computing, DNA computing, optical cartipg,
etc. [3], [11], [15], [16], [19]. It is also consded as an
alternate low-power design methodology. A reveesitikcuit
consists of a cascade of reversible gates withoytfanout or
feedback connections, and the number of inputsautputs
must be equal. There exists various ways by whéslensible
circuits can be implemented like NMR technology ticgd
technology, etc. [4], [7], [12], [14]. In the opsicdomain, a
photon can store information in a signal havingpzest mass
and provide very high speed. These properties ofgshhave
motivated researchers to study and implement riblers
circuits in optical domain. Theoretically from tlecade old
principles of Landauer [10] and Bennett [2], reVl@eslogic is
considered as a potential alternative to low-poggnputing.
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Optical implementation of reversible gates can be jpossible
alternative to overcome the power dissipation problin
conventional computing. In recent times researctese
investigated various reversible logic gates and gdeoptical
implementations using micro- resonator [18] and
semiconductor optical amplifier (SOA) based Mach+¥idr
interferometer (MZI) switch [4], [8], [9], [12], B], [14], [19].
Also MZI-based implementation of reversible logates offer
significant advantages like ease of fabricationh lsigeed, low
power, and fast switching time [4], [14]. In thiaper, an all-
optical implementation  methodology of reversible
multiplexers has been proposed. Cost and delaysigain
implementing arbitrary functions using such mulpldkers
have also been discussed. The rest of the papegasized as
follows. Section Il provides a brief summary of MFAsed
switch, reversible logic circuits, and implementirayersible
logic gates using MZl-based switches. Section Hbatibes
the proposed all-optical multiplexer design methotbgy,
followed by discussions on implementing arbitrampdtions

in Section IV. Section V summarizes the results of
experimental studies, followed by concluding remsaik
Section VI.

II. LITERATURE SURVEY

In this section we briefly discuss some relevantkamund
about MZI-based optical switch, various reversigges, and
their all-optical implementations.

A. MZl-based all-optical switch
Mach-Zehnder interferometer (MZI) is one of thdicként
configurable building blocks in optical computin@]1Some
of the main advantages for using MZI switches imiows
circuit design methodologies are their compact,séase of
fabrication, thermal stability and fast switchinigée [3], [14].
Recently optical switches based on MZI have atehany
researchers in the area of all-optical reversibbaicl
implementations [3], [8], [9], [12]. An all-opticd¥1Z] switch
can be constructed using two SOA and two couplBBA
amplifies an optical signal with- out convertingtat electric
signal and uses a semiconductor to administer thm g
medium. A coupler is a passive optical componentkvican
either combine or split a signal based on appbeati
requirement. Figure 1(a) shows the schematic dmagnd a
MZI switch. It consists of two input ports and tvawtput
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ports. At the input port, the optical signal emgrat port A is
called the incoming signahl) and the optical signal comi
from port B is termed as control signaR}. The output port
are termed as bar poand cross port. The switch works
follows.
* When both incoming signall) at A and control signak®)
at B are present, there will be a presence of leghbvar por
and no light at cross port.
* When there is incoming signall) at A and no contl
signal §2) at B, then there is absence of light at bar pod
presence of light at cross port.
If we represent presence of light as Boolean 1,as#nce c
light as Boolean 0, the working principle of the M&nitch
can be expressed in terms of folbowing Boolean equation
[AB) = (AR AT
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B. Reversible logic circuits

A Boolean function f : B~ Bn is said to be reversible if it
one-toone and bijective. In other words, for every in
vector, there must be a unique output vector, acel wersa. A
reversibbe logic circuit consists of a cascade of revees
gates, with several constraints. Sfieaily, the number o
input and output lines must be equal, and theraatalbe any
fanouts or feedback connections [16]. Various reibde gate:
have been used bgsearchers for synthesizing reversible |
netlists, like NOT, CNOT [5], Toffoli [20], Fredkif6], Peres
[17], etc. In a reversible gate netlist, extra itspare ofter
added to make a function reversible, which areedatlonstan
input or ancilla inpti The outputs that are not used in
circuit but required to maintain reversibility aralled garbag
outputs. In the proposed reversible multiplexerigieswe
have used one ancilla input line.

C. Implementing reversible gates using MZI sw

Severa researchers have studied and propose-optical
implementations of reversible and nmversible gates lik
Toffoli, Fredkin, Peres, XOR, NOR, etc. [3], [4}13], [19],
[22], and some function implementations like adff§rand
signed adder [1]. In bthe works, the optical cost of imf
mentation has been estimated as the number of Miftles
required, since the costs of beam splitters anchmambiners
are relatively small. And the delay has been catedl as th
number of stages of MZI switchenultiplied by a uni\. Only

S0A bared MZI Switch
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one work exists in the literature that discussesighll-optical
realization of multiplexer [12]; however, the - posed
implementation using Feynman and Toffoli gates dstly
both in terms of optical cost and delay. the imple-
mentation proposed in the present work, both thealpcost
and delay are much smaller as compared to thah
Figures 2 and 3 respectively show the-optical realizations
of a CNOT gate and ai8put Toffoli gate. For the CNOT ga
realization, the optical cost is 2, while the delay 1A.
Similarly, for the Toffoli gate realization, the tigal cost is 3
while the delay is &. For a multipl-control Toffoli gate with
n inputs, the optical cost is n, and the delayagd(r— )+ 1]A
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-

Fig 2 All-optical CNOT gaie nealimbion
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Fig. 3. Al-optical Toffoli gaie mealization
I1l. PROPOSED ALLOPTICAL MULTIPLEXER DESIGN

In this section, we present the-optical implementation of a
digital multiplexer using MZI switches, beam s@it anc
beam couplers. In the following subsections, weulis the
design of a (2x1) non-revsible al-optical multiplexer,
followed by its generalization to (2nx1) multiplex@hen &
design extension to make the multiplexer desigrenslle is
suggested, that requires one additional ancila

A. Design of (2x1) multiplexe

The schematic dggam of a (2x1) multiplexer is shown
Figure 4(a), where 10 and 11 are the two inputs] &nis the
select line. The function implemented at the outisutlsc
shown. The albptical implementation of the multiplexer
shown in Figure 4(b), which conts of a beam splitter (BS)
for splitting the select input S, two MZI switcheghich
generates the subfunctions 10.S, 10.S, S.1 and X
respectively, andinally a beam coupler (BC) that combir
two of the MZI outputs to realize the desired fimwality at
thefinal output F. The BC essentially performs thedagiOR
function in the digital domain. In the earlier refgal works
on implementing logic functions using MZI switches, BS
and BC [8], [9], the cost of implementation (reéfrto as
optical co$) has been estimated as the number of
switches required, as the relative costs of BS Bfdare
small. Similarly, the delay is measured as the tleraf the
longest cascade of MZI switches. Denoting the uoitsost
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and delay by MZI and, for the inplementation as shown

Figure 4(b), Similarly, an (8 x 1) multiplexer can be built ugitwo(4 x1)
M(1) = 2Mz and one (2x1) multiplexers, for whi
D(1) = 1A M(3) = 6«2 + 2 = 14MZ|
D(3)=3A

where M (x) and D(x) respectively denote the optical cost

and delay for a (27 % 1) multiplexer. Generalizing, an (2n x 1) multiplexer can be bugtng two

(2n-1 x 1) and one (2 x 1) multiplexers, as shon Figure 6.

e B We have seen earlier that M(1) = 2, M(2) = 6, an@M: 14.
h— " e We can express the optical cost M(n) as a recuereslation
1 and solve it as follows
(@) M(n)=2M(n—-1)+M(1)

Fig. 4. A 2-to-1 MUX (a) schematic diagram, (b) all-optical implementation

B. Design of (2n x1) multiplexer =L M(1) 42" 4272 42
We now show how a multiplexer of any larger size te ;

constructed using smaller multiplexers as basiclding =
blocks. This is a standard approach followed inventional = (2" -2) MzI (1
logic design; however, in the context of the present wark,
shall be analyzing the costs and delays with ragpeihe al- o X X . )
optical implementations. A (4x1) multiplexer can The allgpt|cal |mplementat|ons of mult_|plexer as discusise
constructed using three (2x1) multiplexers, as shipwFigure the previous subsection are not reversible. Onsilple

5(a), where 10, 11, 12|13 are the inputs, SO, S1 are the se —

C. Reversible implementation of the multiple

lines, and F is the output. Each of the three ipleltiers car - —‘
be replaced by their corresponding @fitical netlists, to ge —>
the final netlist asshown in Figure 5(b). For th T
implementation, J_'
M(2) = 6 MZI ; 2;‘&1 1
D(2) = 2A — .
S foud "
l, —=
t L e S S
e | f
B ® Fig.6. A 2"to-1 MUX
5 approach to have a reversible implementation otiHiphexer
(a) is to ddine a suitable reversible embedding for a (2 >
multiplexer, and use it to build larger multiplexers. As
s alternative, we can add an extra ancilla line amdeha
k-1

b — —* b

—|___ reversible implementation, as shown in Figu
R e e
Jy — Reversibla — |

o Mz E'A[
) I
. w [ S—+ MK

t - =t > Fel§ 44§

Mz
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(b) Fig. 7. Resersible multiplexer with one ancilla line

Fig. 5. A 4-to-1 MUX (a) schematic diagram, (b) all-optical implementation In this work, we have followed the second apprc
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IV. IMPLEMENTING ARBITRARY FUNCTIONS USING
MZI-BASED MULTIPLEXERS

It is a wellknown design practice to implement arbitrary lo
functions using multiplexers. Any function of n iales car
be implemented using an (2h x 1) multiplexer, with al
additional inverter if required. Figure 8(a) shott® ruth
table of an example @ariable function, and Figure 8(b) t
corresponding implementation using a (4x1) multiple An
all-optical implementation of the function is shownFigure
8(c), which requires 6 MZI switches, 5 beam spiitteand :
beam couplers.

A. Optimization rules

It may be observed that in the afptical multiplexe-based
realization of functions, some of the MZI switcheave
constant inputs (0 or 1). Some of these MZI swisciray be
eliminated from thdinal netlist. These may be smarized in
terms of the following four optimization ruli

a) If the upper input of a MZI switch is 0, bothetbutputs
will be 0’s and the switch can be deleted fromrbdist. This
is illustrated in Figure 9(a).

b) If the lower input of a MZI switclis 0, the upper outpi
will also be 0, and the upper input will get coptedhe lowel
output. In this case also, the MZI switch can bietded (sec
Figure 9(b)).

c) If the upper input of a MZI switch is 1, the twatputs will
be respectively the lowdanput and its complement. A M.
switch in this cofiguration can be used as an inverter (Fi¢

9(c)).

- 1-1-1-I'
~—oo=~0oqgy
~o=0=o=cgl0
‘-ooooo—%ﬂ

c —
o —]
0 —
c —

—-F

(d)

Fig. 8. Example function {a) truth table, (b) multiplexer realization. {c)
all-optical implementation, (d) after applying optimization rules
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d) If the lower input of a MZI switch is 1, the ugpinput get:
copied to the upper output, and the lower outpabbes 0
Here again the switch car loleleted (see Figure 9(

0 —» —»-0 A —> — 0
MZI Mzl

A—> —>0 0 —> —A
@ (b)

1 = —A A= —A
'H] _ "%

A—> —A 1 — — 0
] (d)
Fig. 9. The optimization rules

As an example, we apply the optimization rules he al-
optical netlist of Figure 8(c). After applying theles, the
netlist shown in Figure 8(d) results, which corssist 4 MZ|
switches, 3 beam splitters, and 1 bearrpler.

V. EXPERIMENTAL RESULT¢

To compare the proposed approach with conventioe-
versible circuit synthesis, experiments have besmied out
on some standard reversible logic benchmarks fravLB®
[21]. A summary of the results has been tabulat Table I.
The first three columns of the table show the benchn
number of inputs, and number of outputs, respegtivEhe
next two columns show the gate count (GC) and qumrost
(QC) of the reversible gate netlist available id][2The nexi
two columns show the number of MZI switches (Optical Ci
and the corresponding number of stages requiredaylp
when each of the Toffoli gates in the netlist isoerted intc
its equivalent albptical realization. An -input multiple-
control Toffoli gate carbe realized using n MZI switche
with [log2(n-1) + 1]number of stages. The last two colur
show the corresponding values using the proposdtipiexer
based approach. It may be noted that the opticstl @ad the
delay as reported in Table | for theoposed approach uses a
straight-forward multiplexer based rdzation without using
the optmization rules as discussed in the previous sectfc
the rules are used, significametuctions in the number of M.
switches are expected. The table shows that theabmosts
for some of the benchmarks are less in the propagptbach
while for some others it is more. However, the yelare
significantly less for all the benchmarlin the multiplexer
based approach. It is known that all 256 possibé®I&an
functions of three variables can be expressedrimgef 13
standard functions [23]. Table Il compares the agbtcosts
and the delays for these 13 standard functions, tia
proposed method against the corresponding coststeepby
Kotiyal et al. [8]. The optical cost reported fdret propose:
method incorporates the optimization rules discdissethe
previous section. It can be seen that the prop
implementations requiresignificantly less number of MZI
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switches and also less delay as compared to [8 dl-
optical implementations of two of the functions 9Fénd F13
after optimization using the rules are shown inuég 10

TABLE ]
SYNTHESIS RESULTS ON BENCHMARKS

Proposed Method |
Optical Cost | Deay

‘ Benchmark ‘ Pl ‘ PO REVLIB Netlist [21] [
|

|[ TG T QT Opical Cost | Delay

4at5-v1 4473 12 10A 14 A
088 [A] 1] 5] 4 15 11A 14 A
mod5> )B4 1T [ 8] D 19 15A 14 A
exl Slrny4 3 B5A 30 4A
alu-v2_31 SPrfn)m 4 HA 30 1A
alu-vd_36 STI 713 18 14A 30 4A
majority 239 | 5 | | 8| 1% P 18A 30 4A
symb s T[0T 5 407 82 54
TABLET

OPTICAL COST AND DELAY ANALYSIS COMPARISON FOR 13 STANDARD 3-VARIABLE BOOLEAN FUNCTIONS

Function | Standard Function [ Kotiyal et al. [8] [ Proposed Fmplementation |
No. | Optical Cost ] Delay || Optical Cost T Telay |
I F=ABC 6 1A 2 2A
F2 | F=A4B 3 2A 1 1A
F03 F=ABC + ART 12 6A 4 3A
F4 | F=ABC+ABC 12 64 § 3A
F03 F=AB+BC 5 3A 3 2A
Flb | F=AB+A'B'C 10 6A 3 1A
FO7 F=ABC+ ABU + AB'C" 0 124 6 3A
F3 | F=A 1 1A 0 DA
F9 | F=AB+BC+AC 10 6A 4 2A
FI0 | F=4AB+BC 9 5A 4 A
FIl F=AB+BC+ABT 11 5A 4 2A
FII | F=AB+AH 1 4A 3 1A
F3 F=ABC+ABC+AB'C"+A'BC u 1A 7 3A

(b) Function F13

Fig. 10. All-optical implementation of two standard functions
Result analysis:

Final Results

RTL Top Level Output File Name
Top Level Output File Name

: MUX _4tol.r
:MUX_4

Output Format :NGC
Optimization Goal : Speed
Keep Hierarchy :NO
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Design Statistics

#10s 113
Cell Usage :

# BELS 07
# LUT2 :5
# LUT4 12
# 10 Buffers .13
# IBUF 16

# OBUF 7

Selected Device : 3s100evq:-4

4 out 60 0%
7 outdf920 0%

Number of Slices:
Number of 4 input LUTSs:
Number of |Os:

Number of bonded 10Bs: 13 outof 66 19%
End module
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VI. CONCLUSION

In this paper all-optical implementation of mulggers us- ing
Mach-Zehnder Interferometer (MZI) based switchesieha
been presented, along with analysis of the corredipg costs

and

delays. Using one ancilla line, a reversiblpl@mentation

of multiplexer is also proposed. A method for resitgle
implementation of functions using MZI switches asoime
optimization rules have also been presented. Exmerial
results for some of the benchmarks reveal thatptioposed
all-optical implementation results in significantss delay as
compared to the one based on conventional revergjbte
implementations. Comparison with a recent work tfor 13
standard 3-variable functions has also been repontdich
demonstrates significant improvements both in terofis
optical cost and delay.
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