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Abstract In this paper we did a study of logic gates obtained in the operation of a three-core
non linear directional coupler (TNLDC) and an asymmetric two-core coupler (DNLDC)
operating in the CW regime (the laser signals have the same wavelength). The symmetric
three-core coupler (TNLDC), with their cores identical, in a planar arrangement, was studied
using a control pulse applied to the first core. The second structure is an asymmetric two-
core coupler (DNLDC). Looking at the transmission characteristics of the device, through the
direct and cross channel, we did a study of the extinction ratio (Xratio) of these devices. For
both devices we did a numerical investigation with the objective to implement logic gates.
The DNLDC supplied AND, OR and XOR gates while the TNLDC supplied AND, NAND,
OR, XOR and NOT gates. In comparing the performance of both switches operating as logic
gates (DNLDC and TNLDC) we define, for the first time, a figure-of-merit of the logic gates
(FOMELG). In this criteria the FOMELG is defined as a function of the extinction ratio of
the gate outputs. Comparing the same gates of the three and two-core NLDC we observe
that the logical gates of the three-core TNLDC present a better performance than the one
of the two-core DNLDC considering the figure of merit FOMELG, besides the fact that is
simpler to fabricate a symmetrical coupler (with identical cores) comparing with an asym-
metric coupler. We believe that the use of this figure of merit will be useful in the study of
the performance of logic gates to be used in communication systems.
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1 Introduction

Optical glasses have a number of advantages as nonlinear materials for all-optical devices.
Their high transparency permits long interaction lengths in guided-wave structures and essen-
tially eliminates the thermal heating problems that have affected the performance of all-optical
devices made from semiconductor and nonlinear organic materials (Friberg and Smith 1987).

The interest that telecommunications companies have shown in increasing the data trans-
mission capacity in their networks and the recent advances at the photonic device level it
has generated intense research effort on ultrafast, nonlinear, all-optical switching devices.
One reason for the current upsurge of interest in photonic switching has been the realization
that all-optical devices have the capability to switch at rates much higher than those possible
with electronics technology. Such high rates are likely to be necessary in future high-speed
communications and computing systems (Smith 1984).

Several all-optical switching devices have been proposed and analyzed in the literature
(Valkering et al. 1998, 1999; Chu et al. 1993, 1995; Agrawal 2001; Jensen 1982; Trillo et al.
1988; Kitayama and Wang 1983; Kivshar 1993; Akhmediev and Ankiewicz 1993, 1997;
Akhmediev and Soto-Crespo 1994; Weiner et al. 1989; Chiang 1997a,b; Shum et al. 1999;
Ramos and Paiva 1999) and the phenomenon of nonlinear directional coupling have been
widely investigated for applications to all-optical ultrafast switching (Betts et al. 1991; Zang
and Forest 1992; Sombra 1992; Chen et al. 1992; Nobrega and Sombra 1998; Castro et al.
2003; Buah et al. 1997; Donnelly et al. 1983; Deering et al. 1993; Atai and Malomed 2003;
Griffin et al. 1991; Friberg et al. 1988; Kaup et al. 1997; Mak et al. 1998; Malomed et al. 1996;
Lopez et al. 1994), the possibility of performing all classical logic operations by purely opti-
cal means (Wang and Liu 1999; Fraga et al. 2006; Trivunac-Vukovic and Milovanovic 2001;
Trivunac-Vukovic 2001; Yang 1991; Yang and Wang 1992).

Directional fiber couplers constitute an essential component of a lightwave system. They
are use routinely for a multitude of fiber-optic devices that require splitting of an optical field
into two coherent but physically separated parts and vice versa. Fiber couplers are called sym-
metric when their cores are identical in all parameters. Switching is the process of energy
redistribution among the cores for a given input. Since the transmission characteristics of
this device are determined by the input power of the signal, by increasing the input power
above a critical level the input signal can be switched from one core to other depending on
the coupler length.

A two-core nonlinear directional fiber coupler (DNLDC) consists (see Fig. 1b), of two
closely spaced, parallel, single mode waveguides constructed from a material with an inten-
sity dependent index of refraction. At low light levels, the device behaves as a linear directional
coupler. Because of evanescent coupling, signals introduced into channel 1 (direct channel)
transfer completely to channel 2 (cross channel) in one coupler length Lc. Higher intensities
induce changes in the refractive index and detune the coupler. Coupler is inhibited for input
powers above the critical power:

PC = Aλ

n2 LC
(1)

where A is the effective mode area, λ is the pump wavelength and n2 is the nonlinear refractive
index (Jensen 1982; Trillo et al. 1988; Kitayama and Wang 1983), LC is the half-beat-length
of the coupler, where LC = π/2K for the two-core DNLDC and LC = π/

√
2K (K is the

linear coupling coefficient between adjacent guides, K = 0.3312 m−1 for our numerical
simulations) for the three core TNLDC. For the TNLDC (see Fig. 1a) we have a symmetric
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Two- and three-modes nonlinear optical fiber couplers 1193

Fig. 1 (a) Schematic of three-core TNLDC of length LC. (b) Schematic of two-core DNLDC of length LC

coupler, composed of three guides. Under these conditions we are assuming coupling length
(LC) around 4.74 m for two-core coupler and 6.70 m for three-core coupler.

Lossless device is an idealized situation. In practice, large or small, material loss is
unavoidable, especially when nonlinearities are based on absorptive process in semiconduc-
tors. The absorption, uniformly distributed over the device, will set a limit to the operation of
the device (Chen et al. 1992). In Nobrega and Sombra (1998) we did a study on the symmetric
nonlinear directional (double core) coupler with loss. The presence of loss is responsible for
the increase of the critical power of the coupler and a strong deformation of the nonlinear
transmission of the device. We have investigated the effect of the self phase modulation profile
(SPM) on the performance of an increasing self phase modulation (SPM) profile coupler. We
have shown that appropriate shaping of the nonlinear SPM profile is quite effective to recover,
almost completely, the original switching behavior associated to the lossless situation.

In this paper, we compare the performance of an asymmetric two-core DNLDC with a
symmetric three core TNLDC operating in the CW regime. The performance was studied in
view of the possible use of these devices as logic gates in optical networks. A new figure of
merit, will be defined, and used to compare the performance of these devices.

2 Theoretical framework

For the symmetric three-core TNLDC (Fig. 1a), the cores are assumed to be the same with the
nonlinearity in the fiber described by the Kerr effect, and neglecting high order dispersion and
loss. This device is constituted of three cores, where those channels can be used as input and
output. Previous studies have demonstrated that the three-core TNLDC offers some advan-
tages over the usual two-waveguide coupler as described by Jensen. These studies indicates,
by comparison with the two wave-guide coupler, that the n-wave-guide couplers (n > 2)

have more output states, with sharper switches characteristics, and display greater sensitiv-
ity to the input state, which are very important characteristics for the all optical switching
schemes proposed (Stegeman and Wright 1990; Da Silva and Sombra 1998). The price for the
improvement in the switching is however, the growth of the critical potency. The three-core
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nonlinear fiber coupler in a parallel arrangement is described by the coupled NLSE’S (2–4),
where considered that the interactions between the cores 1 and 3 are worthless, only existing
joining between the neighboring closer cores. Thus,

− i
du1

dz
= R(z) |u1|2 u1 + Ku2 (2)

−i
du2

dz
= R(z) |u2|2 u2 + K(u1 + u3) (3)

−i
du3

dz
= R(z) |u3|2 u3 + Ku2 (4)

where K is the linear coupling coefficient between adjacent guides and R(z) = 0.25 W−1m−1

is the SPM profile.
For the asymmetric DNLDC (Fig. 1b), the nonlinearity is a function of the z coordinate

only in channel 2. For the sake of convenience we neglect the weak nonlinear cross-phase
modulation (XPM). The coupled differential equations describing the evolution of the slowly
varying complex modal amplitudes uν of the aligned two-core coupler are:

− i
du1

dz
= R(z) |u1|2 u1 + K u2 (5)

−i
du2

dz
= Q(z) |u2|2 u2 + K u1 (6)

where K is the linear coupling coefficient between adjacent guides, R(z) = 1 W−1m−1 and
Q the SPM profile, which is proportional to the nonlinear refractive index n2 (Jensen 1982;
Trillo et al. 1988; Kitayama and Wang 1983):

Q = ±4K

PC
= ±4K n2 LC

Aλ
(7)

for the Kerr-law nonlinearity with + designating self-focusing materials, and PC is the critical
power defined before. A large number of studies have been trying to quantify the nonlinear
refractive index n2. It was found a relation between the nonlinear index of refraction n2, the
linear index of refraction n0 and the Abbe number ν. Recently, using the bond orbital concept
the following equation was obtained (Boling et al. 1978; Lines 1991):

n2 = Z(n2
0 − 1)d2

n0 E2
S

10−16
(

cm2

W

)
(8)

where Z is the cation’s valence, d is the bond length and Es is the Sellmeier gap (mean energy
difference between valence and conduction band) valid to crystalline system.

In this paper, we do a study of the asymmetric coupler, where one of the guides present
an increasing SPM profile (Q(z)) where the first guide remains constant (R(z) = 1). We will
study two simple coefficient of SPM profiles, for the DNLDC, namely constant and linear
(increasing and decreasing).These profiles expressed in terms of the parameters β(maximum
value of Q) and L (length of the coupler) are:

Q(z) =
(

(β − 1)

L
z + 1

)
Linear (9)

Q(z) = β Constant (10)
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Two- and three-modes nonlinear optical fiber couplers 1195

Note that in these normalized SPM profiles the coefficient Q(z) monotonically increases
from 1 to a final value of β, after a length L of the coupler. For the constant profile (Eq. 10)
there is no variation along the coupler.

3 Numerical procedure

We have analyzed numerically the signal transmission through the two-core, DNLDC (Eqs. 5
and 6) with profile given by Eq. 7 and the three-core, TNLDC (Eqs. 2–4) nonlinear directional
fiber coupler. For the DNLDC, the initial pulse at the input core is given by:

u1(0, τ ) = Ai (11)

u2(0, τ ) = Bi exp(i�φ) (12)

where �φ is the dephasing between the two input lasers.
For the TNLDC, the initial pulse at the input core is given by:

u1(0, τ ) = Ai exp(i�φ) control signal (CP) (13)

u2(0, τ ) = Bi (14)

u3(0, τ ) = Ci (15)

where �φ is the signal applied to the first core that plays the role of a control signal (CP), that
we can assume value “1” (with a phase difference of �� = �θπ between the inputs I1 and
I2) or “0”, depending on the need of obtaining a certain logic gate. The inputs I1 and I2 are
excited in agreement with a sequence of combinations (0;0), (0;1), (1;0), (1;1). In accordance
with the signals of the outputs O1 and O2, we calculate the Extinction Ratio (dB). In this
paper the Extinction Ratio is represented as XR1 (for O1 output) and XR2 (for O2 output).
For the TNLDC the sign “1” applied the control signal (CP) and the inputs I1 and I2 refer to
a pump power of 1 W.

These systems of linearly coupled (Eqs. 2–4) was solved numerically using the fourth
order Runge–Kutta method with 1,024 temporal grid points taking in account the initial
conditions given by Eqs. 13–15.

We can define the transmission Ti as a function of the signal energies:

Ti =
∫ +∞
−∞ |ui (LC )|2dt∫ +∞
−∞ |u1(0)|2dt

(16)

With i = 1, 2 for DNLDC and i = 1, 2, 3 for the TNLDC with length of LC.
The extinction ratio of an on-off switch is the ratio of the output power in the on state to

the output power in the off state. This ratio should be as high as possible. For our NLDC it
is expressed by:

Extinction − ratio = X (R) =
∫ +∞
−∞ |u1(LC )|2dt∫ +∞
−∞ |u2(LC )|2dt

(17)

where the extinction ratio in dB units is:

Extinction − ratio [dB] = Xratio = X R = 10Log10 X (R) (18)
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Fig. 2 Xratio level for the
symmetrical three-core TNLDC
as a function of the �� = �θπ

parameter, obtained from the
numerical solution of Eqs. 2–4
with CP = 1(��), (I1; I2) =
[(0; 0); (0; 1); (1; 0); (1; 1)],
K = 0.3312, LC = π/

√
2K,

R(z) = 0.25

4 Results and discussion

In Fig. 2 we have the extinction ratio results concerning the configuration where CP=1(��)

and the input signals are pulses in sequences of (0;0), (0;1), (1;0), (1;1). For the TNDLC with
CP=1(��) and the inputs (I1; I2) = (0; 0) we have that, for any phase �� applied to the
control pulse (CP), the extinction ratio (O1/O2) is around −32 dB. It means that 99.87% of
the output energy in the control signal is switched for the O2 output.

In Fig. 2 we have the extinction ratio results concerning the configuration where CP=1(��)
and (I1; I2) = (0; 1). We can notice that the values of XR1(dB) is always negative for any
variation of �� = �θπ , with strong fluctuations. It means that the switched energy is
alternating between O2 and O1 outputs. However the majority of the power is present in O2

channel. At the dephasing values around �� = 0.493π,�� = 0.998π and �� = 1.507π ,
we have the Xratio around −51.86 dB. It means that for this input dephasing the switched
signal is predominantly in O2. For CP = 1(��) and (I1; I2) = (1; 0) we verify that the values
of XR1(dB) are alternated (some times positive and negative). This behavior is due to the
fact that in this condition practically all the energy is transferred periodically between O1

and O2 outputs, being a small fraction of this energy present in OCONTROL (output control).
The largest intensities for XR1(dB) are reached when �� = 0.140π , and �� = 1.819π

with 7.80 dB. For �� = 0.380π,�� = 0.973π and �� = 1.567π the fractions of energy
in the O1 and O2 outputs are identical, providing null values for XR1(dB) and XR2(dB). For
CP = 1(��) and (I1;I2) = (1;1), for �� = 0.585π , we have the largest intensity, in mod-
ule (around 13.28dB), for XR1(dB). For this configuration, O2 and O1 have a low fraction
of energy and the largest portion of the energy is in the OCONTROL (output control). For
�� = 0.280π,�� = 0.897π,�� = 1.523π and �� = 1.663π the fractions of energy in
the O1 and O2 outputs are identical, providing null values for XR1(dB).

Table 1 shows the values of XR1(dB) and XR2(dB) as well as the fraction of switched
energy for all configurations.

In the configuration where CP = 0 and the inputs (I1; I2) = (0; 0), we have for the three-
core TNLDC the trivial solution. The phase �� does not have any influence in the operation
of the logic gate, Thus the outputs XR1(dB) and XR2(dB) always present a constant value
(see Tables 1 and 2).

To implement the logic gates we select the phases �� = 1.81π and �� = 0.63π ,
with CP = 0 or CP = 1, as we can verify in Tables 1 and 2. For the first case (Table 1), with
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�� = 1.81π we implemented the AND, NAND, XOR and NOT logical gates and for the
second case, Table 2, with �� = 0.63π , one can notice the operation of AND, NAND, OR,
XOR and NOT logical gates.

Considering all the studied configurations in Tables 1 and 2, we can conclude that the
logic gates AND, XOR, OR and NAND and NOT were obtained. In our analysis we can look
for the extinction ratio to have an exact view of the performance of the logic gate. In Table 1
we have three possibilities to have the AND gate. The signal inputs I1 and I2 are the same.
However the control signal was modified. For the sequence of the input signals (00),(01),(10)
and (11) we choose four different configurations for the control pulse CP (column values in
Table 1): (1,1,1,0), (0,1,1,0), (1,1,0,0) and (1,1,1,1). All these three possibilities are leading
for three different AND gates (see Table 1). In comparing the three logic gates, we choose to
create a figure of merit defined as a function of the extinction ratio of the gate outputs. We
will look for the sum of the module values of the extinction ratio (XR) for each output of
the logic gate. In this criteria we choose to not consider the trivial condition, where the input
is (00) and the gate output is also 0. Which it is the case for AND, XOR and OR gates. For
gates where for the input (00) we have output 1, will be taken in the value of the FOMELG
parameter:

FOMELG (dB) = |X R(1, 0)| + |X R(0, 1)| + |X R(1, 1)| (19)

FOMELG (dB) = |X R(0, 0)| + |X R(1, 0)| + |X R(0, 1)| + |X R(1, 1)| (20)

for gates with and without the trivial configuration respectively.
Looking now for the three AND gates in Table 1, we can say that the value for the FOMELG

parameter will be 70.31, 70.31 and 37.47 dB. One can say that the first two configurations
of the AND gate are equivalent and present better behavior compared to the third one. This
criteria will be useful in comparing the performance of the double and triple couplers.

For DNDLC (two-core coupler) we have the extinction ratio measured with the incident
power present in input 1 (u2 = 0). In this configuration we are looking for the dependence of
the Xratio as function of the final value of the nonlinear profile β. In this study three different
couplers were examined. In the first one (C) the asymmetric coupler is composed of two
guides: guide 1(R(z) = 1) and guide 2(Q(z)) with the higher nonlinearity. For this guide the
profile is constant with value Q(z) =β. In the second case (I) one has an increasing profile
(Eq. 9) where the nonlinearity increases from 1 to the final value β. In the last coupler (D) one
has a decreasing profile where at the beginning of the coupler the value of the nonlinearity is
β and decreases to 1 at the end of the coupler. It is equivalent to the sample coupler discussed
before, however the pump laser is incident in the output of the fiber (O1, see Fig. 1a).

In Fig. 3a, we have a pump power incident in channel 1 (I1 = 0.95 W).One can notice that
for β = 1 all the couplers present the same Xratio value around −10.5 dB. It means that all
the light is switched to port 2 of the coupler (O2). With the increase of the nonlinearity we
can notice that for all the couplers the Xratio is decreasing with the lowest value obtained for
the decreasing profile (D) with Xratio =−15.68 dB around β ≈ 1.74. With the increase of
the β value one has an increase of the Xratio value. It means that the light is switching back
to first guide. In Fig. 3b, one has the Xratio study for the same incident light, pumping now in
channel 2 (I2). In this configuration for β = 1, the output light is present in channel 1 (O1).
The Xratio is positive with value around 10.61 dB. However with the increase of the β value
the Xratio value start decreasing indicating that the light is switching back to channel 2. All
the couplers present a minimum in the Xratio value (see Fig. 3a). For the constant profile this
minimum is around Xratio ≈−59.57 dB for β ≈ 1.63. For the decreasing (D) and increasing
(I) couplers the Xratio ≈−15.58 dB for β = 2.06 and Xratio ≈−13.88 dB for β = 2.55.
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Fig. 3 (a) Xratio level of the
couplers C,I, and D (DNLDC) as
a function of the β parameter,
obtained from the numerical
solution of Eqs. 5 and 6 together
with Eqs. 9 and 10 with
I1 = 0.95 W, K = 0.3312,
LC = π/2K, Q(z), R(z) = 1.
(b) Xratio level of the couplers
C,I, and D as a function of the β

parameter, obtained from the
numerical solution of Eqs. 5 and
6 together with Eqs. 9 and 10
with I2 = 0.95 W, K = 0.3312,
LC = π/2K, Q(z), R(z) = 1

Considering these two input situations (1,0) and (0,1) one has to choose now the configura-
tion of the (1,1) in trying to implement the logic operation. Considering the best performance
of these two configurations one choose two values for the β parameter: 1.74 and 2.22. As
suggested by others authors we explore the situation where both input channel were excited
(see Fig. 1b) considering a phase difference between these two pulses (see Eqs. 2 and 3).

In Fig. 4a, we have the Xratio of the same couplers considering β = 1.74 with
I1 = I2 = 0.95 W and a phase difference of �φ = �θπ . It is clear that for �θ = 0
the incident signals are switched between the two guides with stronger presence of light
in guide 1 (D coupler) and guide 2 (I and C couplers). With the increase of the dephasing
value (�φ) the Xratio is increasing for all the couplers with maximum value of (+16.50 dB)
obtained for the constant profile (�φ = 0.34π). For the I and D couplers the values were
around +12.92 dB at �φ = 0.48π) and +11.60 dB at �φ = 0.21π respectively. With the
increase of the dephasing value one has an inversion of the switching behavior. The majority
of the power is switched for channel 2 (see Fig. 4a). The higher level of inversion is obtained
for the D coupler (−11.95 dB at �φ = 1.85π). In Fig. 4b, one has the same study, however
considering β = 2.22. This value is associated to second higher Xratio observed for pump
in channel 2.

The Xratio of the same couplers considering β = 2.22 with I1 = I2 = 0.95 W with a
phase difference of �φ is shown in Fig. 4b. It is clear that for �φ = 0 a stronger presence of
light in guide 1 (D coupler) and guide 2 (C and I couplers) was observed (see Fig. 4b). With
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Fig. 4 (a) Xratio level of the
couplers C,I, and D (DNLDC) as
a function of the input energy
(W), obtained from the numerical
solution of Eqs. 5 and 6 together
with Eqs. 9 and 10 with
I1 = I2 = 0.95 W, �� = 0.34π ,
β = 1.74, K = 0.3312,
LC = π/2K, Q(z), R(z) = 1.
(b) Xratio level of the couplers
C,I, and D as a function of the
input energy (W), obtained from
the numerical solution of Eqs. 5
and 6 together with Eqs. 9 and 10
with I1 = I2 = 0.95 W,
�� = 0.34π , β = 2.22,
K = 0.3312, LC = π/2K, Q(z),
R(z) = 1

the increase of the dephasing value (�φ) the Xratio is increasing for two of the couplers with
maximum value (+23.40 dB) obtained for the constant profile (�φ = 1.68π). For the I and
D couplers the values were around +15.72 dB at �φ = 0.51π and +13.60 dB at �φ = 0.12π

respectively.
In Tables 3 and 4 one has a summary of the results considering the three couplers with

different dephasing values (�φ = 0.34π and 0.416π ), β = 1.74 and 2.22 respectively and
coupler length of LC = 4.74.

In comparing the performance of both switches operating as logic gates (DNLDC and
TNLDC) we will use the figure-of-merit of the logic gates (FOMELG).

In Table 5 we have the FOMELG parameter for the DNLDC and TNLDC obtained from
Tables 1 to 4. Comparing the logic gates that present the trivial configuration, which are the
AND, XOR and OR gates in our present case (see Eq. 19). For the DNLDC the best gate
is the AND gate and XOR gate obtained for the constant profile with FOMELG = 42.18 dB.
For the OR gate the FOMELG parameter is around 16.91 dB (increasing profile). However
these values are well behind when compared to the FOMELG obtained from the TNLDC.
The AND and XOR gates is around 70.31 dB. For the OR gate the TNLDC is presenting a
value of FOMELG which is almost double (in dB units, 31.75 dB) the value presented by
the DNLDC (16.91 dB). We can conclude that the three-core coupler (TNLDC) is presenting

123



1202 J. W. M. Menezes et al.

Ta
bl

e
3

A
sy

m
m

et
ri

c
co

up
le

rs
op

er
at

in
g

w
ith

(�
φ

=
0.

34
π

),
β

=
1.

74
an

d
co

up
le

r
le

ng
th

of
L

C
=

4.
74

I 1
I 2

C
on

st
an

t(
C

)
In

cr
ea

si
ng

(I
)

D
ec

re
as

in
g

(D
)

O
1

O
2

O
1

O
2

O
1

O
2

X
R

1
(d

B
)

X
R

2
(d

B
)

X
R

1
(d

B
)

X
R

2
(d

B
)

X
R

1
(d

B
)

X
R

2
(d

B
)

0
0

0
0

0
0

0
0

(0
.1

34
)

(0
.8

65
)

(0
.0

60
)

(0
.9

40
)

(0
.0

26
)

(0
.9

74
)

1
0

−8
.1

0
dB

+
8.

10
dB

−1
1.

95
dB

+
11

.9
5

dB
−1

5.
74

dB
+

15
.7

4
dB

0
1

0
1

0
1

(0
.0

17
)

(0
.9

81
)

(0
.4

81
)

(0
.5

19
)

(0
.1

32
)

(0
.8

69
)

0
1

−1
7.

61
dB

+
17

.6
1

dB
−0

.3
3

dB
+

0.
33

dB
−8

.1
8

dB
+

8.
18

dB
0

1
1

1
0

1
(1

.9
52

)
(0

.0
44

)
(1

.0
54

)
(0

.9
44

)
(1

.7
16

)
(0

.2
84

)
1

1
(�

�
=

0.
34

π
)

+
16

.4
7

dB
−1

6.
47

dB
+

0.
48

dB
−0

.4
8

dB
+

7.
81

dB
−7

.8
1

dB
1

0
1

1
1

0
A

N
D

G
at

e
(w

ith
ga

in
)

X
O

R
G

at
e

–
O

R
G

at
e

A
N

D
G

at
e

(w
ith

ga
in

)
X

O
R

G
at

e

123



Two- and three-modes nonlinear optical fiber couplers 1203

Ta
bl

e
4

A
sy

m
m

et
ri

c
co

up
le

rs
op

er
at

in
g

w
ith

�
φ

=
0.

41
6π

,β
=

2.
22

an
d

co
up

le
r

le
ng

th
of

L
C

=
4.

74

I 1
I 2

C
on

st
an

t(
C

)
In

cr
ea

si
ng

(I
)

D
ec

re
as

in
g

(D
)

O
1

O
2

O
1

O
2

O
1

O
2

X
R

1
(d

B
)

X
R

2
(d

B
)

X
R

1
(d

B
)

X
R

2
(d

B
)

X
R

1
(d

B
)

X
R

2
(d

B
)

0
0

0
0

0
0

0
0

(0
.3

27
)

(0
.6

71
)

(0
.1

40
)

(0
.8

59
)

(0
.0

48
)

(0
.9

51
)

1
0

−3
.1

2
dB

+
3.

12
dB

−7
.8

8
dB

+
7.

88
dB

−1
2.

97
dB

+
12

.9
7

dB
0

1
0

1
0

1
(0

.1
03

)
(0

.8
96

)
(0

.1
13

)
(0

.8
86

)
(0

.0
41

)
(0

.9
58

)
0

1
−9

.3
9

dB
+

9.
39

dB
−8

.9
4

dB
+

8.
94

dB
−1

3.
69

dB
+

13
.6

9
dB

0
1

0
1

0
1

(1
.8

88
)

(0
.1

1)
(1

.0
1)

(0
.9

9)
(1

.4
14

)
(0

.5
84

)
1

1
(�

�
=

0.
41

6π
)

+
12

.3
5

dB
−1

2.
35

dB
+

0.
09

dB
−0

.0
9

dB
+

3.
84

dB
−3

.8
4

dB
1

0
1

1
1

0
A

N
D

G
at

e
(w

ith
ga

in
)

X
O

R
G

at
e

A
N

D
G

at
e

O
R

G
at

e
A

N
D

G
at

e
(w

ith
ga

in
)

X
O

R
G

at
e

123



1204 J. W. M. Menezes et al.

Table 5 FOMELG parameter obtained from Tables 1 to 4 (see Eqs. 19 and 20)

Figure-of-merit of logic Two core coupler DNLDC Three core coupler TNLDC
gates-FOMELG (dB)

AND 42.18 dB (C,�φ = 0.34π ) 70.31 dB (�φ = 1.81π )
31.73 dB (D,�φ = 0.34π ) 55.81 dB (�φ = 0.63π )
30.5 dB (D,�φ = 0.416π ) 37.47 dB (�φ = 1.81π )
24.86 dB (D,�φ = 0.416π )
16.91 dB (I,�φ = 0.416π )

XOR 42.18dB (C,�φ=0.34π) 70.31 dB (�φ = 1.81π )
31.73 dB (D,�φ = 0.34π ) 55.81 dB (�φ = 0.63π )
30.5 dB (D,�φ = 0.416π )
24.86 dB (D,�φ = 0.416π )

OR 16.91 dB (I,�φ = 0.416π ) 31.75 dB (�φ = 0.63π )
12.76 dB (I,�φ = 0.34π )

NAND 70.31 dB (�φ = 1.81π )
55.81 dB (�φ = 0.63π )
37.47 dB (�φ = 1.81π )

NOT 99.74 dB (�φ = 1.81π )
88.31 dB (�φ = 0.63π )

better performance for the FOMELG parameter when compared to the two-core (DNLDC)
device.

The TNLDC present two extra gates, NAND and NOT which is presenting values of
FOMELG (without the trivial situation, see Eq. 20) of 70.31 and 99.74 dB respectively.
These extra logic gates were not observed in the DNLDC switch.

5 Conclusion

A full set of logic functions including AND, NAND, XOR, NOT and OR gates are numerically
demonstrated using a two-core (DNLDC) and three core (TNLDC) switches operating in the
CW regime. We have shown that logic gates AND, OR and XOR can be constructed from
an asymmetric two-core NLDC while the symmetrical three-core NLDC produced logical
gates NAND, AND, OR, XOR and NOT.

For the TNLDC, the phase �� = 1.81π , generated more efficient logical gates than the
phase �� = 0.63π , however the phase �� = 0.63π supplied a bigger number of logic
gates where the logic gate OR is only implemented with this phase. With �� = 1.81π , the
logical gates AND, NAND, XOR and NOT were implemented and with �� = 0.63π the
logical gates AND, NAND, OR, XOR and NOT were obtained.

For the DNLDC the best performance for the logic gates AND and XOR were obtained for
the constant profile (42.18 dB for both gates) compared to the D and I couplers (for β = 1.74,
see also Table 5). For β = 2.22 the I coupler presents the best performance for OR logic
gate. The OR logic gate is only implemented in the I coupler (increasing profile coupler).

In comparing the performance of both switches operating as logic gates (DNLDC and
TNLDC) we will use the figure-of-merit of the logic gates (FOMELG).

In this criteria the FOMELG is defined as a function of the extinction ratio of the gate
outputs. We will look for the sum of the module values of the extinction ratio (XR) for each
output of the logic gate. We choose to not consider the trivial condition where the input is
(00) and the gate output is also 0. Comparing the logic gates that they present the trivial
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configuration, which are the AND, XOR and OR gates in our present case (see Eq. 19). For
the DNLDC the best gate is the AND gate and XOR gate obtained for the constant profile with
FOMELG = 42.18 dB. For the OR gate the FOMELG parameter is around 16.91 dB (increas-
ing profile). However these values are well behind when compared to the FOMELG obtained
from the TNLDC. The AND and XOR gates is around 70.31 dB. For the OR gate the TNLDC
is presenting a value of FOMELG which is almost double (31.75 dB) the value presented by
the DNLDC (16.91 dB). We can conclude that the three-core coupler (TNLDC) is presenting
better values for the FOMELG parameter when compared to the two-core (DNLDC) device
for the studied gates.

The TNLDC presents two extra gates, NAND and NOT which is presenting values of
FOMELG (without the trivial situation, see Eq. 20) of 70.31 and 99.74 dB respectively. These
extra logic gates were not observed in the DNLDC switch.

Comparing the same gates of the three and two-core NLDC we observe that the logical
gates of the three-core NLDC presented a better performance than the one of the two-core
NLDC considering the figure of merit FOMELG, besides the fact that is simpler to build
symmetrical coupler with their cores identical in all parameters than asymmetric coupler. We
believe that the use of this figure of merit will be useful in the study of the performance of
logic gates to be used in communication systems.
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