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In this paper is presented the all-optical AND and OR gates with high contrast ratio in a single inter-
ferometric configuration, i.e., when two logic signals are modulated in the input of the interferometer, so
we have the OR gate in the first output and the AND gate in the second output. These logic gates were
obtained by numerical investigation of the Mach-Zehnder interferometer constituted of dual-core
nonlinear photonic crystal fiber operating with ultrashort fundamental solitons of 100 fs. To represent
the logic information, pulse amplitude modulation by amplitude shift-keying was used.
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1. Introduction

The photonic crystal fibers (PCF) constitute a new class of op-
tical fibers. It is formed by materials with low and high refractive
index. The material which composes the core of PCF is non-doped
silica. The region of low refractive index is composed of a periodic
array of air holes which extends throughout its entire length. Be-
cause of its features, PCFs have found many important applications
such as dispersion control [1], endless single-mode operation [2]
and super-continuum generation [3].

It has been shown theoretically and experimentally that the
dual-core optical fiber employs two central coupled regions which
can be used as a directional optical coupler [4,5]. The nonlinear
directional coupler (NLDC) constituted of dual-core optical fibers
offers possibilities for switching, routing and modulation of optical
signals over the nonlinear interaction in the coupling region be-
tween the wave guides [6,7]. Therefore, some of these properties
are expected and can be improved in dual-core photonic crystal
fiber. Its structure is shown in Fig. 1. The distance C separates the
two cores, the hole-to-hole space is A and the diameter of air holes
is d.

A full model for ultrashort pulse propagation in dual-core PCF
to explain the experimental results has been presented in [8]. In
[9] was made the correction in the term referring to the coupling
coefficient dispersion and it was found that this term being much

* Corresponding author.
E-mail address: claudio.nasce@gmail.com (J. Nascimento).
URL: http://www.ppgeec.ufc (J. Nascimento).

http://dx.doi.org/10.1016/j.0ptcom.2015.07.013
0030-4018/© 2015 Elsevier B.V. All rights reserved.

shorter than one meter is sufficient to cause significant distortion
for ultrashort input pulses. After these two papers, investigations
have been made to some applications in all-optical logic gates. In
[10] has been proposed a logic gate OR using amplitude shift
keying (ASK) with length propagation 1.8 cm. To emphasize the
importance of this result, a similar result was previously obtained
in dual-core optical fiber with propagation of 64.3 m in [11]. In
[12] the AND and OR gates were obtained in the numerical study
of triple-core PCF with ASK modulation where one of the three
cores receive a pulse to activate the logic gates. In addition, in-
vestigations using on-off keying modulation were performed [13].

In this paper, we have investigated numerically the behavior of
the Mach-Zehnder interferometer composed of two NLDC (Fig. 2)
to obtain logic gates. All-optical AND and OR gates were found
without a pulse to activate the logic gates to ASK (passive logic
gates to ASK). The contrast ratio to AND and OR gates are high,
showing the high performance to both logic gates. Furthermore,
the OR and AND gates are found in the same configuration of MZI,
i.e., we have two logic gates in the same device. This is a topic of
attractive research because two logic gates in the same inter-
ferometer are useful to saving-space in complex circuit designs
and ultrashort pulses are necessary to increase the performance of
processing information. Furthermore, the Mach-Zehnder inter-
ferometer with dual-core photonic crystal fiber has been im-
plemented experimentally [14].

This work is organized as follows: in Section 2 we show the
theoretical modeling based on the pair of coupled mode equa-
tions; in Section 3 is presented the PAM-ASK for hyperbolic secant
pulses; in Section 4 we present the details of the numerical
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Fig. 1. Cross-section schematic of the dual-core photonic crystal fiber.
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Fig. 2. Schematic of the proposed system. Mach-Zehnder Interferometer con-
stituted of photonic crystal fibers.

method applied in the solution of the pair of coupled mode
equations; in Section 5 the study of energy transmission in the
Mach-Zehnder interferometer is analyzed to verify which para-
meters can be used to implement amplitude shift-keying in the
output; in Section 6 we present a discussion about the found re-
sults; finally, in Section 7 we present the conclusion.

2. Theoretical model

In this study, to form the Mach-Zehnder interferometer it is
necessary to cascade two nonlinear couplers (see Fig. 2). The first
coupler divides the input signals into two parts that interact with
each other and soon after the phase shift is applied. Then, in the
second coupler, the two pulses interfere with each other and they
are routed to the output. The ports S; and S, are the inputs and the
ports S3 and S; are the outputs. There are two modulators (&)
performing pulse amplitude modulation with amplitude shift-
keying (PAM-ASK) and two phase controls (A®; and Ad,).

The nonlinear coupled mode equation comes from the Non-
linear Schrédinger Equation (NLSE). It rules the behavior of elec-
tromagnetic fields in a coupler with a high nonlinearity and high
order dispersion effects. Then, for an envelope propagating in a
nonlinear directional coupler (NLDC) made of PCF and operating
without loss (due to the propagation length), we have
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where z is the distance along the fiber. t is the time coordinate

with reference to the transit time of the pulses. a; and a, are the
amplitude envelopes of the pulses carried by the two cores, re-
spectively. f», 5 and f, are the group-velocity dispersion (GVD),
third-order dispersion (TOD), and fourth-order dispersion, re-
spectively. y is the nonlinear parameter that accounts for self-
phase modulation (SPM). # is a small ratio that measures the re-
lative importance of cross-phase modulation (XPM) with regard to
SPM. The time-varying term next to the SPM and XPM terms re-
presents self-steepening (where @ is the angular optical fre-
quency). Tr is the Raman scattering coefficient. kg is the coupling
coefficient and «; is the coupling coefficient dispersion given by
k1 = dko/dw (evaluated at the pulse carrier frequency). The coupling
coefficient dispersion k; is a measure of the wavelength depen-
dence of the coupling coefficient. It is equivalent to the inter-
modal dispersion of the composite two-mode fiber structure
[9,15,16].

The photonic crystal fibers have a high nonlinearity. The fol-
lowing equation describes the effective nonlinear parameter

. 271y
WAy’ 3)

where Ag is the effective mode area and A is the wavelength. In
this study, we have not considered saturation effects of the non-
linearity for intense fields [17,18]. According to Eq. (3), a decrease
of effective area increases the nonlinearity. That makes the PCF
very nonlinear compared to the conventional optic fiber. Due to
the presence of materials with different features of nonlinearity,
the following equation gives the effective area of PCF:
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where E(x,y) is the transverse electric field and #,(x, y) is the
nonlinear coefficient of the material. Effective nonlinearities of the
order of 640 W-1km~! have been reported in a solid core PCF [19].

The interaction between the propagating fields in a NLDC oc-
curs by transmission and coupling of pulses that propagate
through it. For this, it is necessary that the distance between the
two guides is in the order of decay of evanescent radiation [17].
The input power is critical in the coupling process between the
guides. When a port of the coupler is excited with a high power,
beyond the critical power, the light will not be transmitted to the
other guide, following then, through the same guide. However,
when we activate the guide with a low power, all the energy is
transmitted to the other guide [18]. The length of the coupling Lc is
that in which a low power pulse propagating in one of the guides
is totally switched to the other core [15]. This length is defined by

Lc = 2z/x where k is the linear coupling between the two guides.
When the light incidence in a guide is low, the device behaves

as a linear coupler, i.e. the optical ray propagates periodically be-
tween the guides that forms the coupler. However, the transmis-
sion features are destroyed to high incident power values due to
the change in the refractive index. When the incident power is the
same as critical power, the light will emerge equally in both
NLDC's outputs [15]. That block on transmission happens for
powers beyond the critical power:

P Aerd
c = ,
nniLe (5)

where 5y, is the nonlinear refractive index and L¢ is the necessary
coupling length to the full energy transfer from a guide to the
other.



A. Aratijo et al. / Optics Communications 355 (2015) 485-491 487

3. Pulse amplitude modulation with amplitude shift keying

The pulse amplitude modulation with amplitude shift keying
(PAM-ASK) in this paper is able to transmit one symbol for each
sent pulse. We had utilized a(z, t) as the reference pulse in the
hyperbolic secant with an amplitude aq [4,6,12]. The modulated
signals have the same form of the reference pulse, but the am-
plitudes (ap + ¢) and (ap — ¢) represent the bit 1 and bit 0, re-
spectively, where ¢ is the coding parameter. Then, the pulses in
ASK are defined as follows:

arer (0, t) = ap sech(t), 6)
azero (0, t) = (ap — e)sech(t), %)
aone(0, t) = (Ao + &)sech(t). @)

We have the form of the pulses before and after the modulators
¢ (see Fig. 2). Then, for PAM-ASK, every pulse with an amplitude
greater than the reference amplitude is considered as the logic
level 1 and every pulse with an amplitude smaller than the re-
ference amplitude is considered as the logic level 0.

4. Numerical method

We investigated the performance of the device showed in
Fig. 2. The system is composed of two NLDC-PCF and two PAM-
ASK modulators. The parameter of the modulator is defined as &
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Fig. 3. The transmissions T3 and T4 as a function of the input power pulse (P;,).
Three numerical simulations are realized for A®; = 0.4z (a), A®y = 0.6z (b) and
Ay = 0.8z (c). The parameters A¢1=0 and L=1.1875cm are fixed for all
simulations.

and represents the displacement of the amplitude for definition of
its logic value. After passing through the PAM-ASK modulator, the
pulse enters the NLDC-PCF as shown below:

Sk = [ao + (- 1)1*be]sech(t), ©)

where the index k = 1, 2 makes a reference to the ports 1 and
2 respectively, ag = \/E is the amplitude, P, is the peak power of
the pulse and ¢ is the encoding parameter. When b represents the
logic value 1, we will have (ap + £)sech(t). When b is the logic value
0, we will have (ap — e)sech(t). The amplitude of the modulated
pulses is calculated from the temporal position of its respective
maximal intensity.

According to Eqs. (1) and (2) the reference frame moves with a
group velocity (vg), so the time is ¢t = t' — z/vy [9]. We used the
fundamental soliton propagation, i.e. the first order soliton. So, the
non-linearity length is the same as dispersion length (Ly; = Lp).
We applied full temporal width at half maximum (TFWHM) of the
input pulse At = 100 fs. We neglected the fourth order dispersion
and operated in negligible loss regime due to the small length of
the fiber. We have analyzed two couplers of dual-core photonic
crystal fibber, constituted of silica, with air-hole diameter of
d = 2 um, hole-to-hole distance A = d/0.9, distance between the
cores C = 24, coupling length L¢ = 1.8 cm, wavelength close to the
region 4 = 1.55 ym and an effective area Aqy = 41 pm?. The corre-
sponding parameter for Eqs. (1) and (2) are B, = — 47 ps?/km,
fp3=0.1ps*/km, y =3 x 103Wm! and y/o = 2.6 x 10-18s/Wm
[15]. The amplitude is defined as \/P_m (P, is the input peak power
of the pulse) and the cascaded couplers are numerically solved by
Egs. (1) and (2) using the fourth order Runge-Kutta method. The
critical power is R-= 109 KW and the peak power for the first
order soliton propagation is By = 4.56 KW.

5. Study of energy transmission in the Mach-Zehnder
interferometer

As the Mach-Zehnder interferometer of Fig. 2 has two non-
linear couplers (dual core PCFs), this section presents a transmis-
sion study under the influence of the following parameters: pulse
power, coupling length and phase shift. The transmission is de-
fined as a function of the input signal by

A °; ISk(Z, )2 dt
- /21510, )R dt’ 10

where Si(Z, t) are the output signals (k=3,4) when the signal
$1(0, T) is inserted in the port S;. The parameter Ty is the relation
between the input signal energy and output signal energy (S3 and
S4).

Now we will show how the coupler length modifies the curves
of transmission as a function of the input power pulse. For this, a
simulation is carried out fixing the phase controls (A®= 0 and
A®,=rx[2) and varying the input power pulse,
4,56 KW < Py, < 863.8 KW. Three simulations are performed with
different coupler lengths (L=09cm, L=1.1875cm and
L =1.35cm). In Fig. 3(a) are shown the transmissions T3 and Ty
when L = 0.9 cm. We note at P, = 4.56 KW that T3 = 0.5173 and
Ty = 04827 (I + Ts = 1, i.e., energy conservation). When the input
power increases there is more energy in the A guide. T; = 0.841 is
the maximum value at 721.9 KW. In Fig. 3(b), the curves T5 and T,
are illustrated to L = 1.1875 cm. The behavior of the transmission
in this simulation is different from the behavior shown in Fig. 3(a).
Note that for P, = 4.56 KW we have T,=0.42 and T3=0.58. The
transmission T3 is growing with input power until maximum value
T; = 0.8191 in 656.5 KW. Then it decreases to T = 0.7801 when
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Fig. 4. The transmissions T5 and T, as a function of the input power pulse (Pi,).
Three numerical simulations are realized for A®y = 0.4z (a), A®y = 0.6z (b) and
A®y =08z (c). The parameters A¢1=0 and L=1.1875cm are fixed for all
simulations.

Pin = 863.8 KW. Finally, the transmissions T3 and T4 are shown in
Fig. 3(c) when L = 1.35 cm in the simulation. We also note that the

behavior of transmission is different from Fig. 3(b) and (c). When
Pin = 4.56 KW, then T3=0.7423 and T,=0.2577. For higher input
power values, we noticed a decrease of energy in the A guide.
Tz = 0.5669 is the minimum value when P;, = 547.4 KW. After this,
T5 has a rapid growth reaching 0.8411 in P;, = 863.8 KW.

Fig. 4 shows the study of transmission varying the input power
pulse to the three phase shifts after the first coupler: A&, = 0.4z,
AP, = 0.6r and AP, = 0.8z. The coupler lengths are fixed at
L =1.1875cm and the first phase shift is fixed too (A®; = 0). In
this study transmission the input power varies between 4.56 KW
and 863.8 KW. In Fig. 4(a) are shown the transmissions T5 and Ty
when A®; = 0.4z. We note that there is more energy in the B guide
when P, = 4.56 KW (T = 0.7724) and T, increases when Py, is in-
creased until 623.8 KW. After this value, T; decreases reaching
0.5246 when Pj, = 863.8 KW. However, when A®,; = 0.6z (see
Fig. 4(b)), we note more energy in the A guide to P, = 4.56 KW.
The energy is larger in this guide until Py, = 863.8 W. In Fig. 4
(c) also the energy remains in the A guide. However, we note that
for Pi; = 362 KW we have Tz = 0.9784, i.e., almost all power re-
mained in the A guide.

Fig. 5 shows the difference between the output pulse ampli-
tudes and reference amplitude pulses in the ports Ss and S,. The
“Reference line” divides the figure at bit 1 (up) and bit 0 (down).
So, considering i=3 and 4, when the amplitude of the output
signal (As;) is greater than the reference amplitude (A,) we obtain
the bit 1, i.e., eour = (Asi — Ar) > 0 represents bit 1. Then, likewise
eout = (Asi — Ar) < 0 represents bit 0. We analyzed the behavior of
the output amplitude of the MZI according to the encoding para-
meter PAM-ASK. The encoding parameter variation analyzed was
0 < lel < 15W1/2, From these results we can verify that the value of
the coding parameter is not unique. Thus, it is possible to perform
logic expressions, as well as fundamental all-optical logic gates
from a MZI constituted of photonic crystal fiber. In order to justify
this argument, we can see that the input (0,1) and (1,0) are always
in different regions separated by the reference line in all the range
of &. However, we can surpass this point by inserting the phase
control in the input pulses (as shown in Fig. 2). Our objective is to
explore the MZI-PCF behavior around the reference line, because

—5—S1=O;SZ=O —n—S1=O;Sz=1 —A—S1=1;82=0 +S1:1;82:1

Reference Line

50

3

50

-50 .

0 5

10 15

Coding parameter ASK - | ¢ | W 172

Fig. 5. Amplitude modulation measured on the output pulse S3 (a) and S, (b) as a function of the coding parameter without phase control.
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the changes of the logic levels are most likely.

We conclude that the switching of the output pulses in the
Mach-Zehnder interferometer is sensitive to adjustments in the
coupler lengths, the phase shifts and the powers of the input
pulses.

6. Results and discussions

The pulses inserted at S; and S, inputs pass through the
modulator device where they are modulated to bit 0 or 1, ac-
cording to Eqgs. (7) and (8). Then, they undergo its first phase
shifting and pass through the first NLDC-PCF. Lastly, they undergo
the second phase shifting, pass through the second NLDC-PCF and
follow to the output ports. All logic gates were found investigating
the output signals. In the following figures, analogous to Fig. 5, the
“Reference line” divides the figure at bit 1 (up) and bit O (down).
Then, considering i=3 and 4, when the amplitude of the output
signal (As;) is greater than the reference amplitude (A;) we obtain
the bit 1, i.e. ew = (Asi — Ar) > 0 represents bit 1. Likewise
eout = (Asi — Ar) < 0 represents bit 0.

In Fig. 6 the coding parameter has been considered lel = 6W1/2,
the control phase A®; is fixed in 0.642z and both couplers have
length L = 1.1875 cm. The phase shifting A¢; is varying in the
interval [0, 27]. The &,,; axis is defined as the difference between
the amplitude of the output signal in Sy, As,, and the amplitude of
the reference pulse A, eu = (As, — Ar). The horizontal line in
0 named “Reference line” represents the bit transition. When
eour > 0 the pulse represents the bit 1 and when gy < 0 it re-
presents bit 0. The analysis of these output signals are performed
for each combination set of four inputs [(Sy, S2) = (0, 0),
51, 5)=(0,1), 51, S5)=(@1,0), (5,5)=(1,1]. In the interval
[0.3627, 0.6937] (limited between the vertical dashed lines) note
that only the curve representing (S;, S2) = (1, 1) is greater than
zero. This mean that we have an AND gate in this interval. Only the
input (1,1) has output 1, while the other inputs have output 0.

In Fig. 7 we observed the &, in port S3 of the same experiment
(coding parameter lel = 6W1/2, the control phase Ad; = 0.6427 and
L=1.1875cm for both couplers). Note that only the curve

35

representing (S, S3) = (0, 0) is smaller than zero in the interval
[0.3067, 0.491x] (between the dashed lines). This means that there
is an OR gate in this interval in the port S5. The phase A®; = 0.4x
(marked by the vertical dot-dash line in Figs. 6 and 7) is contained
in the intervals [0.3627z, 0.6937z] and [0.3067, 0.491x]. Therefore,
this MZI has two logic gates, AND and OR. To observe the pulses in
the ports S3 and S; we plot in Figs. 8 and 9 all output pulses when
the inputs [(S, $2)=(0,0), S, S2) =01, E,S52)=(1,0),
(51, S2) = (1, 1)] are modulated in the input.

In Figs. 8 and 9 we note high contrast in the pulse intensities.
We also noticed that the shapes of the pulses have not changed
significantly, because the power in the pulses is much lower than
the critical power. When the carrier power is close to the critical
power or the coding parameter is very high, then the amplitude
begins to generate small peaks due to Raman scattering. Therefore,
it was important for this result to avoid very high powers. The data
these amplitudes can be found in Table 1.

Table 1 summarized the extracted data from Figs. 8 and 9. In
the port S5 the amplitude modulation parameter in the output, eyt,
has values equal to -2.267W'/2 (logic level 0), 4.879W1/2,
5.593W1/2 and 3.121W1/2 (logic levels 1) for the distinct combi-
nations of the input levels (53, S52) =(0,0), (S, S5)=(,1),
Sy, S2) = (1, 0), (51, S2) = (1, 1), respectively. These values confirm a
logic gate OR. Similarly, in the port S, the amplitude modulation
parameter, e, has values equal to 4.233W1/2 (logic level 1),
—-8.695W1/2, —1.919W1/2 and -2.136W'/2 (logic levels 0), corre-
sponding to a logic gate AND. In Table 1, we also report the con-
trast ratio CR of these logic operations which gives the relative
energy contained in the pulses corresponding to bits 1 and O,
measured in decibels. For the OR operation, each pulse re-
presenting bit 1 is compared with the single pulse of bit 0 using
the formula 10 logm(P/P(zERO)). Where the Pzgo) is the power of the
output pulse in S3 when the logic values (0,0) are modulated in the
input and P is the power of the other output pulses. In this case, all
results are positive because the bit 0 has lower energy. Similarly,
each pulse representing bit 0 of the AND operation is compared
with the pulse corresponding to bit 1 using the formula
10 log;(P/Rone))- Where the Rone, is the power of the output pulse
in S4 when the logic values (1,1) are modulated in the input and P

30
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15

W 1/2)

10 |
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—— Input: S1 =0; 82 =1
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—%— Input: 81 =1; 82= 1
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Fig. 6. Amplitude modulation eour (W1/2) measurement in the output Sy, as a function of the phase shift A®; € [0, 2z] where A®q = 0.642z and coupler length L = 1.1875 cm.
The AND gate is observed in the interval [0.3627, 0.6937z]. The AND gate obtained when A®; = 0.4z is highlighted.
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Fig. 8. Time intensity of the output pulse at S5. The MZI parameters are coding parameter lel = 6W1/2, L = 1.1875 cm for both couplers, the control phases A = 0.642z and

APy = 0.4r.

is the power of the other output pulses. In this case, all results are
negative because the bit one has more energy. In the case of CR,
the farther from zero, higher is the contrast.

7. Conclusion
This study is a numerical simulation of a Mach-Zehnder in-

terferometer constituted of dual-core Photonic Crystal Fiber that
behaves as a nonlinear directional coupler. The amplitude keying

in the interferometer is studied to implement logic gates. There-
fore, to represent the logic values 0 and 1, amplitude pulse mod-
ulation by amplitude shift-keying was used. The modulated pulses
are the fundamental solitons of 100 fs. Nowadays, research in ul-
trashort pulses are necessary due to the crescent requirement of
bandwidth in telecommunication systems.

On the whole, we conclude that ranging the power of the en-
coding parameter, the length of nonlinear photonic coupler and
the phase modulators it is possible to control the amplitude keying
in the Mach-Zehnder interferometer to obtain logic gates.
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Fig. 9. Time intensity of the output pulse at S4. The MZI parameters are coding parameter lel = 6W1/2, L = 1.1875 cm for both couplers, the control phases A®7 = 0.642z and

A®y = 04rn.

Table 1
Values corresponding the logic gates AND and OR. The AND and OR gates were

obtained when lel = 6W1/2, L = 1.1875 cm, Ad1 = 0.6427 and Ad; = 0.47.

S Sz S4 cout (W112) CR (dB)
AND

0 0 0 —8.695 —2.34
0 1 0 -1.919 —1.50
1 0 0 —2.136 —149
1 1 1 4233

OR

0 0 0 —2.267

0 1 1 4.879 0.85

1 0 1 5.593 0.84

1 1 1 12.544 1.56

Moreover, there exist two inputs and two outputs in the inter-
ferometer, we demonstrate that it is possible to find two logic
gates in a single configuration of the Mach-Zehnder inter-
ferometer constituted of dual-core PCF. This result is not common
and it is useful in saving space in complex circuit designs.

The AND and OR gates are found when we configure the Mach-
Zehnder interferometer with the following values: the encoding
parameter lel = 6W!/2, the length of the couplers are
L=1.1875cm, the phase modulators A®;=0.642z and
A®, = 0.4z. In this configuration, when we modulate all logic va-
lues of Truth Table, the contrast ratio is high in all output pulses.
Hence, the two logic gates presented in this paper have high
performance.
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