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This article present a unique approach for the implementation of all-optical magnitude comparators and J-K flip-flop. In this
paper we have presented a numerical analysis of SisN4 based optical microring resonator. The SisN4 based microring
resonator is modulated using optical pump signal. In this article we have utilised the nonlinear properties of silicon nitride to
obtain the switching of signal and the theoretical study is proved using simulation results. We have also obtained the
various figures of merit like on-off ratio, extinction ratio, quality factor and finesse which proves the practical feasibility of the

proposed structure.
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1. Introduction

The current era is a generation of fast computing and
all-optical logic gates provide the platform for the
generation high-speed computation circuits and ultra-fast
processing units. The optical computation gives enormous
benefits over normal electronics components e.g. immune
to electronic interference, smaller size and higher
bandwidth. The logic gates/circuits using optical
components has been discussed various times and many
techniques have been utilized for the generation of all-
optical logic circuits. The implementation of the various
optical logic gate using photonic crystal was discussed in
[1]. The logic gates designed with much better accuracy
were explained using soliton conversion methods. [2-3].
Along with this many researchers have explained the
construction of logic circuits using semiconductor optical
amplifier [4]. The MMI based optical logic circuit based
on BPSK modulation was explained in [5]. Lots of efforts
were put in by various researches to explain combinational
circuits [6] and sequential circuits [7] with the help of
Mach Zehnder Interferometer. The importance of optical
sequential cannot be ignored, the demonstration of all-
optical sequential circuits using laser diodes [8] and using
soliton conversion [9] was explained extensively. A
method to obtain all-optical logic function using quantum
dot was also explained by researchers [10]. These all-
optical logic circuits and logic gates are basic bricks for
the formation of high-speed processors and large optical
networks. The logic circuits and basic logic gates utilizing
micro-ring resonators [11-13] as a basic block have shown
tremendous application and performance in integrated

optics [14].

This paper gives a detailed description of the
mathematical modelling of the ring resonator. In this paper
we have described the construction of 1 bit, 2 bit
magnitude comparators and J-K flip-flop using optical
microring resonator. The ring resonators circuits are more
suitable for monolithic integrated circuits fabrication and
proposed device can be used effectively. We have utilised
various combination of optical microring resonator to
obtain the desired result. The paper has been structured in
the following way section Il comprised of mathematical
analysis of the ring resonator and its switching operation
based on nonlinearity, section Il and IV includes the
structure of 1 bit comparator using a combination of
optical microring resonator and its result analysis, section
V and VI contains 2 bit comparator and its simulation
results, J-K flip-flop and its analysis are described in
section VIII and IX followed by conclusion
acknowledgement and biblography.

2. Mathematical analysis and operation
principle

The primary structure of optical microring resonator
includes one directional coupling between bus waveguides
and a ring cavity shown in Fig. 1. The ring resonator has
four-port structure Input, Through, Add and Drop as
shown. We have used nonlinear material SizN, for our
structure due to its higher bandgap energy. This material
has the linear refractive index of 1.98 and non-linear
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refractive index of 2.4x10™°cm?W. The fraction (a; the
coupling coefficient of input coupling region) of the
incoming signal has been transmitted to the ring
waveguide in the "on resonance" state of the ring, in this
state the constructive interference occurs and length of an
optical path of the signal is the multiple of effective
length. The drop port received the maximum output in "on
resonance" stage as the a, (coupling coefficient between
output bus waveguide and the ring) couples the signal in
this port. On the other hand, through port received the
minimum signal in this state. A logic switch can be
produced with this working ring resonator if we use non-
linear material of the construction of ring resonator.
Through the vertical pumping of the signal (as shown in
Fig. 2) in the ring resonator, the extra electron-hole pair
can be generated. These charge carrier due to non-linearity
of the material causes a shift in the refractive index and
hence change the resonant wavelength of the ring
resonator. Thus the shift in wavelength can be used to turn
the signal in "on" and "off" state at a particular output port
of the microring resonator.

If we assume the radius of the ring cavity is R then the
circumference of the ring also called the length of the ring
can be given by L = 2nR, a; and a, are the coupling
coefficient among the input-output waveguides and ring
cavity respectively. The attenuation constant of the cavity
given by "a", wave propagation constant is given by k,

where k, = (27“) .nerr and £ is resonant wavelength of
Zaneff

the cavity (£,es = ,mis integer) and n.g( is the
effective refractive index given by n.r = ny +n, |, itcan
also be denoted by n.rr =mny + (n,.P/Acsr), where P
and | are the power and the intensity of the pump signal
and ny, n, represent the linear and nonlinear indices of the
material, A,z is effective cross-sectional area, there is one
factor called the intensity insertion loss coefficients
denoted by v.

input port MY [ Y4l # through port
mJ Ccoupling region
Erh
Erc
Erd coupling region
drop port ﬁ 4 ._ . 4mmm add port

Fig. 1. Schematic of the ring resonator

DROP

THEOUGH

Fig. 2. Vertical pumping on ring resonator

Let us assume the incoming signal at the input port is
E;; and input signal at drop port is denoted byE;,. We also
assuming electric field at four different points (a, b, ¢, d)
are E.q, Ep, E,c, E,.q respectively and mathematically can
be given by [15-17]

E.n=(1- y)l/z UvarEin + 1= a5 Epq] @
E,, = E,,.exp (— aT'L).exp(jkn.g) (2)

Erc = (1 - Y)l/ZU\/q_Z- Ei2 + 1- az-Erb] (3)

a.L

E.q= E,.exp (— —).exp(jkn.g) 4)

4

Therefore the electric field relation for the through
port and drop port can be further denoted by [15]

E, = (1- V)l/z[i\/a_i- Eg+ J1—a;.Ey] )

Eg= (1- V)l/z[j\/a_z-Erb + J1—ay.Ep] (6)

If we further resolve the equations from (1) to (6) the
propagating fields at both the ports wiz. through and the
drop can be represented in the following form [16-17].

E — D(Vl_al)_D (1_02)xzexp2(j¢) E +
T 1 1-a/A-apxtexp?(jp) L
D@/ Cpxexp(d) . -

1-/1-a1/A-ap)x2exp?(jg) 2

Ed:
D(/1-a)-DVA-a)x’exp®(id) p
1-J1-ar/(—apx2exp2(jp) 2
—D,/(a1)y/(az)xexp(j$) E. ®)

1-/1-ar/(A—ap)x2exp?(jp) 1

For simplification, we have assumed D = (1 — y)'/?,
x = D.exp(—a:L) and ¢ = k,L/2. These equations are
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vital for understanding the working of ring resonator for
switching applications and also help to connect ring
resonator in cascade for complex configuration. For a
single stage of ring resonator if we kept E;, = 0 the output
optical intensities of both the ports through and drop can
be given by the following relations.

For further simplification assume y; = V(1 —a,)
and y, = V(1 — ap)

Igy= |2 = (1-y% )-(l—yzzxz? ~
Iiy Ei (1-y1Y2x%)?+4y1Y; X sin? ()
2 2 _2
la(g) = [P = Lotz —
Iy Ein (1=Y1Y2%)2 +4y1y, X Sin?(3)

At resonance the through port have zero intensity
(k,L = 2mm) as the signal is completely extracted by the
resonator. The minimum and maximum transmission is
this state of the structure can be given as

For through port

For drop port

_ (-] (1-y3)x

(1-y1y2%)? (13)

Tm ax

_ (-2)(1-y5)x

Tnin = (1+y1y2x)? (14)

3. Design of 1 bit magnitude comparator

The design of 1 bit comparator is shown in Fig. 3. The
layout of the design contains three microring resonators.
The microring resonator 2 and 3 has been pumped with the
optical pulse signal B and microring resonator 1 pumped
with signal A. The through port of mrr3 will give the high
output if bit A is less than B while the drop of mrr3
produce signal high if A is greater than B. On the other
hand whenever A is equals to B the through port of mrr2
will produce the output high. The operation of microring
resonator (mrr) will be same as explained in earlier section
i.e. the ring is assumed to be resonate at the particular
wavelength (£), the input signal incident at input port will

_ (y1ty20)? appear at drop port if there is no pumping or pumping
Timax = (1+y1y2%)? (11) pulse at logic low while input will appear at through port if
pump pulse is at level high. The design parameters of ring
T = (y1—y2%)? (12) resonators are shown in Table 1.
T (1-y1y,%)?
OPFTICAL INFUT
|:';_‘;:- OUTPUT 1
— — A=B
LA JMRRI1 | B JMER2
Y A YW A

OUTPUT 3

Fig. 3. Layout of 1 bit comparator

Table 1. Design parameters for ring resonator

S.N | Parameter Value

1 Coupling coefficients (g and a;) | 0.35

2 Resonance wavelength(4) 1.55 pm

3 The radius of the ring (R) 20 um

4 Intensity attenuation co-efficient | 0.0005 pm™

of the ring(a)

5 Coefficient of Intensity insertion | 5%

loss (y)
6. Ring width 900nm
7. Bus waveguide length, width, | 100nm,
height 900nm,
644nm
8. The gap between ring and bus | 450 nm

waveguides

4. Simulation analysis

The microring resonator is designed using SisN4. The
higher bandgap of silicon nitride and higher CMOS
compatibility making it a suitable candidate for resonator
design. The parameter considered for simulation purpose
is shown in Table 1. We have kept the coupling coefficient
0.35 to improve the figure of merit for our design. The
simulation output for 1-bit magnitude comparator is shown
in Fig. 4. The figure is shown four combinations of 1-bit
inputs. Column 1 and 2 represent two input bits A and B
while column 3,4 and 5 represents the three outputs(A=B,
A<B,A>B). The combination will produce respective
outputs
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Fig. 4. Output of 1-bit comparator varying from A=00 to 11 and varying B from 00 to 11(color online)

Case | (A=0, B=0): In this case, the input of the more
will be transferred to the through port of mrr 2. The
absence of the pumping signal will make the ring resonate
at the resonating frequency and produce output high at
A=B.

Case Il (A=0 and B=1): In this situation, the first
resonator transferred the output at its drop port which acts
as input for the second mrr and as the pumping pulse is
high at second and third resonator the signal is transferred
to their through ports. The output finally appeared at the
output through port of third mrr (A<B).

Case I11(A=1 and B=0): In this case the input signal is
transferred to the drop port of mmr2 as the first resonator
will be on resonance state while 2 and 3 mrr will be in off-
resonance state. The input of mrrl will finally appeared at
the drop port of mrr3 which gives the output A>B.

Case 1V (A=1, B=1): When both the pumping pulses
are high the input is transferred to the through port of 1
and 2 resonators and produce A=B high.

5. Design of 2 bit comparator

The layout of 2 bit magnitude comparator is shown in
Fig. 5. The implementation of the design includes 11 ring
resonators. The microring resonators have been applied
with 2 bit optical pulses A and B (A1A0, B1B0). The
input is provided at the input port of mrr 1 and input port
of mrr 6. The output A=B is taken from mrr 11. The
output A>B is a combination of mrr7, mrr8 and mrrl0.
Similarly the third output A<B is taken as the combination
of mrr4, mrr5 and mrr10.

— — A=B
rd Y ‘_,;/,5' g W / \\_\‘
Ao )1 [ B 2 [ A1 11
A AN \_/ A>B
l — | I
.',/'_‘R\-.. - & 7
B | —
N/
f (
4\
— Bi=A1
L -
A s N /9
l L )
%
7N
. LA
CW optical input q\___ _/- 10
(— B>A

Fig. 5. Layout of 2 bit magnitude comparator
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6. Simulation analysis

The layout of 2-bit comparator designed to given
three different output at an instant. The output A=B is a
combinational of mrrl, mrr2, mrrl0 and mrr 11. The
through port of mrr11 will give output A=B. Similarly, the
through port of mrr7 will give the output A>B which is a
combination of mrr7, 8 and 10. Similarly the drop port of
mrr 5 gives A<B which is a combination of mrr4, mrr5
and mrrl0. The outputs of 2 bit comparator is shown in
Fig. 6-9. The first two columns showing the pump signal
A(A1AQ) and next two columns are showing pump pulse
B(B1BO0) rest three columns are showing outputs A=B,
A<B, A>B. The different combinations of inputs for two-
bit comparator are explained below.

Case 1 (A=00, B=00): In this case, as both the pump
pulse are off, therefore, all the mrr's will be in on

1M 1+ 1M
z 05205 {50518
0L 0 -
012 012 012
1M 1M 1A
05 05 05
0 0 0
012 012 012
1 1 1“
05 05 05
0 0 L
012 012 012
1A 1A 1“
05 05 05
0 0 oL
012 012 012

resonance state. The input is inserted at the input port of
mrrl and mrr 6. As the pump signal is at logic O therefore
the signal is transferred to drop ports of both mrr, and then
appeared at the through port of mrr2 and 9 respectively.
These two outputs are taken as input and pump signal for
mrr 11 since the pump is high therefore the through port of
mrr1l will give the output A=B.

Case 2 (A=00, B=01): In this case except BO all pump
pulse are in low logic state. The inputs provided at the
input ports of mrrl and mrr 6. Since BO is high mrr 11 will
give low output. The signal from mrrl is transferred to
mrr4 and mrr5, in the same manner, the input of mrr6 is
transferred to mrr10. In the presence of high pulse at BO,
the combination of outputs from mrr4,5 and mrrl0 will
produce the signal high at drop port of mrr5 producing the
result B>A.

1 1M 1A 1
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Fig. 6. Output of 2 bit comparator taking A=00 and varying B from 00 to 11 (color online)
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Fig. 7. Output of 2 bit comparator taking A=01 and varying B from 00 to 11 (color online)
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Fig. 9. Output of 2 bit comparator taking A=11 and varying B from 00 to 11 (color online)

Case 3 (A=00,B=10): This time the pump pulse B1 is
logic high while rest are low. The signal is provided in the
same manner at mrrl and mrré. The signal transferred
from the drop port of mrr 10 to produce the output B>A.

Case 4 (A=00, B=11): In this situation when B1 and
BO is high. The through port of mrr 4 produce the signal
high which gives B>A rest all the signal will be in logic
low state.

Case 5(A=01, B=00): In this situation A0 is in logic
high state and rest of the signal are in logic low state. The
input from the input port of mrr 1 is transferred to the drop
port of mrr 8 and input from mrr6 is transferred to drop
port of mrrl0, both the signal combined to produce the
signal A>B high, all the other signals will be in the logic
low state.

Case 6(A=01, B=01): In this case, A0 and BO both
are high producing input for mrrll high. Similarly, the

output of mrr 9 will also in the logic high state as Al and
B1 are logic low. Thus the pump signal of mrrll is high
and input is also high producing A=B.

Case 7(A=01, B=10): This time input from mrr 6 is
transferred to drop port of mrr10 produce the signal B>A.

Case 8 (A=01, B=11): The pulses B0 and B1 are high
therefore again the signal from the drop port of mrrl0
produce B>A.

Case 9 (A=10, B=00): As A0 and BO are same
therefore the output will be decided as per Al and B1. The
signal from the input of mrr6 is transferred to the through
port of mrr 10 to produce A>B.

Casel0 (A=10, B=01): The input signal from mrr6
transferred to mrrl0, the through port of mrrl0 will
produce A>B.

Case 11 (A=10, B=10): As both the signal A0 and BO
are logic low, therefore, the through output of mrr2 will be
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high. Along with this through port of mrr9 is also high.
Both signals are combined to produce high output at the
through port of mrr11 which prove A=B.

Case 12 (A=10, B=11): In this case A1=B1, therefore,
the through port of mrr4 will produce B>A.

Case 13(A=11, B=00): In this case, as A0 and Al
both are one, therefore, mrr7, 8 and mrrl0 will produce
A>B.

Case 14(A=11, B=01): In this case, the input from the
mrré will be transferred to through port of mrrl0 to
produce A>B.

Case 15(A=11, B=10): The input from the mrrl is
transferred to mrr3. The mrr7 and mrr8 combined to
produce A>B.

Case 16(A=11, B=11): As both the signal AOA1 and
BOB1 are logic high therefore the through output of mrr2
and mrr9 will be high. Both signal are combined to

)

produce high output at the through port of mrrll which
prove A=B.

7. Layout of J-K Flip-flop

The layout design for J-K flip-flop contains three
microring resonator as shown in Fig. 10. The microring
resonators are expected to resonant on wavelength £. The
incidence of optical pump pulse caused the change in the
refractive index of the nonlinear material silicon nitride.
The change in refractive index can be used to switch the
input signal between through and drop ports of the
microring resonator. In the design, the through port of mrr
1 is connected to input port of mrr 3, similarly the drop
port of the mrr 2 is connected to add port of mrr 3. The
drop port of mrr 3 will give the next state output. We have
assumed the clock signal to be high.

Input signal

o

(o )
- )

Lo

Output
{Qnﬂ)

Fig. 10. Layout of J-K flip-flop

Table 2. J-K Flip-flop

Present | J K Next state(Qn+1)
state

Qn 0] 0 Qn

X 0 1 0

X 1 0 1

Q |11 Qn

8. Design and simulation

The simulation results of J-K flip-flop is shown in
Fig. 11. The flip-flop is designed using Si3N4 based
microring resonator. The working of J-K flip-flop can be
compared with the truth table of J-K flip-flop as shown in
Table 2. Assuming the previous state of the flip-flop is Qn
the detailed functioning of the circuit can be explained as
below

Casel (J=0, K=0): When both J and K pump pulses
are in off state. Both mrrl and mrr2 are in on-resonance
state, therefore the input is transferred to the add port of

mrr 3 and whatever is the value of pump pulse Qn the drop
port will give that output.

Case 2 (J=0, K=1): In this case when J pulse is off
then mrr 1 will be on —resonance while K is in off-
resonance state. Therefore irrespective of the value of
pump pulse Qn, the ouput at the drop port of mrr 3 will be
logic low.

Case 3(J=1, K=0): In this state, mrrl will be off-
resonance and mrr 2 will be on resonance therefore both
the inputs of mrr 3 will be logic high and it results in high
output at drop port of mrr 3 irrespective of value of pump
pulse Qn.

Case 4 (J=1, K=1): As both, the pump pulses are
logic high, therefore both the resonators (mmrl and mrr3)
are in the off-resonance state. Therefore the signal is
reached to input port of mrr 3 which gives high output at
the drop port when pump pulse Qn is low and vice-versa
and therefor toggled the previous state (Qn).
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Fig. 11. The output of J-K flip-flop (color online)

9. Factors influencing the performance of
microring resonator

The on-off ratio for the structure can be defined as the
fraction of intensity in on resonance state to the without
resonance state. The on-off ratio for the proposed structure
is calculated using equation 15 and based on the graph
obtained from simulation (shown below Fig. 12) and it

19

comes around 24.9 dB which is better than previously
proposed structure [13-14].

T
On — off ratio = —2ax(throughport) (15)

min(drop port)

—through port
——drop port
0.8
0.6
0.4+
0.24
0 T T T T T T T T 1
1.548 1.549 1.55 1.551 1.552 1.553 1.554 1.585 1.556 1.587

wavelength{microns)

Fig. 12. Intensities at the output port

The extinction ratio (ER) is also calculated for our
proposed structure as performance parameter, it can be
given as the ratio of the minimum intensity of output
signal for logical one (Pmin) to the maximum value of
output intensity for logical zero (Pax). Mathematically it
can be given as shown below, for our structure its value is
20.29 dB which is also better than previous designs [13-
14] as shown in Table 3. The contrast ratio (CR) achieved

from the simulation is 19.54 dB. The value for amplitude
modulation (AM) is calculated as 0.37 dB as per the
equation 18.

P(min)4

P(max),

ER = 10log (16)

CR = 10log 2tmean) (A7)

P(mean),
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_ P(max), . — FSR
AM = 1010g—P(min)1 (18) Finesse WHM (20)
2
Some other important performance parameters for the FSR = L)‘_ (21)
n

presented configuration of ring resonator are finesse and
quality factor. The finesse is the ratio of free spectral range
to the FWHM (full width half maximum). The physical
meaning of these two factors tells us about the number of
round trips made by the optical energy inside the ring
before getting lost due to losses. Mathematically quality
factor and finesse can be denoted by

resonant wavelength(4)

The FWHM for the resonant structure is calculated as
0.20 nm. Accordingly, the calculated value of the quality
factor for our structure is 7750. The FSR can be calculated
in terms of wavelength as given in equation 21. The
calculated value of FSR is 8 nm and as per FSR the value
finesse is 40. We have used the optimum value of coupling
coefficient to obtain the various figures of merit for the

Quality factor = e (19)  proposed design.as shown in Fig. 13.
Table 3. Comparison with the previous work
S.N | Parameters Rakshit et.al. | Kumar Proposed design
2012-16 et.al. 2016
1 Material used GaAs GaAs SizNy
2 Coupling coefficients (q; and a;) | 0..25 0.25 0.35
3 Ring radius 7.048um 7.048um 20 pm
4 On-off ratio 20 20 25
5 Extinction ratio 12 12 40.29
6 Quality Factor 1400 1400 7750
7 Finesse 15 15 40
1.3
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Fig. 13. (a) AM variation with coupling coefficient (b) CR variation with coupling coefficient (c) ER variation with coupling coefficient
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10. Conclusion

We have described the numerical analysis of
microring resonator especially for switching application.
This article showed a novel magnitude comparator design
and flip-flop using different combinations of the microring
ring resonator. We have also calculated the various figures
of merit (quality factor, on-off ratio, finesse, and contrast
and extinction ratio) which influence the performance of
ring resonators and proved the feasibility of the circuit.
The ring resonator designed in this article simpler and can
be utilized for many cascade application. The performance
of cascaded microring resonator is satisfactory and showed
a better result than previously reported work. The designed
structure can be utilized for the construction of high order
photonic integrated circuits. The optical logic circuits [18-
19] are the future of logic processing machines and we are
highly optimistic about the progress in this field in near
future.
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