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Exploiting Silicon-on-Insulator Microring
Resonator Bistability Behavior for All Optical
Set-Reset Fip-Flop
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Abstract—We propose an all optical flip-flop circuit composed
of two Silicon-on-insulator microring resonators coupled to straight
waveguides by exploiting the optical bistability behavior due to the
nonlinear Kerr effect. We used the transfer matrix anaysis to
investigate continuous wave propagation through microrings, as well
we considered the nonlinear switching characteristics of an optical
device using a double-coupler silicon ring resonator in presence of
the Kerr nonlinearity, thus obtaining the bistability behavior of the
output port, the drop port and aso inside the silicon microring
resonator. It is shown that the bistability behavior depends on the
control of the input wavelength.

Keywords—All optica flip-flops, Kerr effect, microring
resonator, optical bistability.

[.  INTRODUCTION
PTICAL flip-flops made with optical resonators are the
fundamental building blocks of optical sequential logic
circuits [1] that could be used for memory and buffering
applications [2].

Flip-flops are basic electronic devices to store information,
used as elementary processing units, and represent an example
of competitive bistable systems [3].

In optical domain, optical resonator structures can store
light for short periods of time, due to the extremely short
photon lifetime [3]. Many researches on all-optical memories
with logic gates with semiconductor microresonators [4],
bistable laser diodes [5], nonlinear polarization switches [6],
coupled polarization switches [7], and set-reset flip-flops by
fiber loop resonators [8], nonlinear effects of coupled
microring resonators and waveguidse [3] have been shown.
Moreover, an al-optica flip—flop memory based on the
optical bistability of a microring resonator was reported
[9].Optical bistability in a resonator allows the construction of
al optical flip-flops and other devices exhibiting dynamic
optical memory [10], [11].

This effect in microrings has been theoreticaly and
experimentally studied [1], [12], and a unified anaytical
theory for optical bistability inside microring resonator has
been developed [11].
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All-optical high-speed flip-flop circuits can be realized by
exploiting the Kerr nonlinear effect since it allows much faster
switching speeds than those achieved by using free-carrier or
thermal nonlinearities[13], [14].

In this framework, we propose an implementation of an all
optical set-reset flip-flop based on the optical bistability
behavior of silicon microring resonators due to the nonlinear
Kerr effect.

Il.  PROPOSED DESIGN

We propose to use two continuous wave (CW) signals, set
and reset, and two silicon base microrings. Figure 1 depicts
the structure, where L; = 10 um and L, = 20 um are the
lengths of the straight waveguides before and after the
coupling points of microrings MR1 and MR2, where MR1 has
a bistable behavior, while MR2 does not operate in the
bistability region.
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Fig. 1 Schematic of the proposed optical flip flop

Following [15], by using two silicon-on-insulator (SOI)
microring resonators (MR1 and MR2) with the same radius,
Eum, and coupled to a set of waveguides, an all optical set-
reset flip-flop can be realized. The optical parameters of MR1
are therefore chosen to get such a bistable device.

In the proposed implementation, the Set beam in input to
the upper straight waveguide is a CW signal at 1550 nhm with

incident intensity I, =2.38 %W/ . which is dlightly
detuned to the resonance wavelength of MR1, thus causing the

bistability behavior of MR1. The Reset beam in input to the
lower straight waveguide is a CW signal at 1518 nm with
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incident intensityl;,, = 2.05 'ﬂ"fr..-'l_w_. which is tuned to the
resonance wavelength of MR2; in this way, the ring bistability
behavior will completely disappear as MR2 has not hysteresis.
The bias signal in input to the mid straight waveguide isa CW
signal at 1561.94 nm; it is worth noting that it is initially red
tuned to the resonance wavelength of both MR1 and MR2, as
well the bias beam intensity should be kept at a level low
enough not to excite nonlinear effects.

The optical flip-flop operation will be expressed by the
transmission of the CW biasto the Q or § ports.

I11.  OPTICAL BISTABILITY INDUCED BY KERR

We will follow the theoretica analysis [15] of the
consequence of linear loss and nonlinear Kerr effect
simultaneously on the nonlinear switching in the double
coupler nonlinear SOl microring resonator, combined with
transfer matrix analysis (TMA) to assess the behavior of the
proposed structure. While TMA efficiently gives the system
behavior based on the coupling coefficients between the
waveguides and the microrings, investigating the nonlinear
switching in the double coupler nonlinear microring resonators
let us to assess the bistability of microrings. Vanishkorn et al.
[15] have investigated the nonlinear switching characteristics
of an optical device using a double-coupler silicon ring
resonator in the presence of the linear losses, the Kerr
nonlinearity, two -photon absorption (TPA), free-carrier-
induced absorption and dispersion, and thermo-optic effect.
Using the same notation for considering a CW signa at a
wavelength 1 propagating inside a straight SOl waveguide
coupled laterally to a silicon microring of radius R asin [11],
[15], the evolution of the electric field E, associated with this
optical wave can be described according to a nonlinear
differential equation:
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A(2) is the complex amplitude, |A|? represents its intensity,
related to the electric field as E, = @A(z)efo* with @ =
(Z—::) Uszng1z . where p, and e, are the intrinsic
permeability and permittivity of vacuum, respectively;
By = nyk is the propagation constant with k = % where @ is

the angular frequency of CW signal, n, is the linear refractive
index, and c is the speed of light in vacuum. The parameters
entering “(1),” are asfollows: a, 8 and y = kn, govern linear
losses, two-photon absorption, and the Kerr effect, n, being
the nonlinear Kerr parameter.

The parameters ¢, and &; account for the free-carrier effects
and are defined as follow:
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where o = o, (m:r) with o, =145x10"%'m?, w, =

15::f0_6 Hz, and g, = 5.3 x 10727m3 and T is the effective

free-carrier life-time [11], [16]. A schematic diagram of a
double coupler nonlinear ring resonator and details of the
notation used is depicted in Fig. 2.
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Fig. 2 Schematic of the double coupler ring resonator and details of
the notation employed

Nolinear Kerr effect, two photon absorption and thermo-
optic effects, which cause the change of the refractive index,
can induce the bistability behavior in the microring resonators
[9], [15]. In this paper, the only effect considered is nonlinear
Kerr effect, as the impact of TPA on the attenuation of optical
wave is relatively small compared with other loss sources
[11].

The evolution of the electric field of “(1),” with # =0 in
the form of A(z) = ,/1(z)e'*® aong both the straight ring
waveguidesin Fig. 2, isgiven by [15], show in “(3),”:

-0z
Iye

I(z) = (3a)
J1+ED - 2]
H(2) = Po + ylalyrr(2) —i(ln]—u—az) (3b)
R L A (6
tan™! .',,1"||‘%r - tan™! |I(2)J%|
Lesr(2) = — (3o)
fgf il

where I, and ¢, are the values of intensity and phase at z =
Oand L.gr is the generalized effective length. Coupling
between the input/output signals and the circulating field in
the microring at point z = 0 isdescribed by :

E, = rE; +iyFE, (4a)
E, = rE; + ixE, (4b)
E; = rE(2nR) (4c)
E¢ = ixE(nR) (4d)
Es=0 (4€)

where y and r are the field coupling and transmission

1448



International Journal of Engineering, Mathematical and Physical Sciences
ISSN: 2517-9934
Vol:6, No:11, 2012

coefficients between the straight ring waveguides such that
x%+1r? =1, for lossess coupling.

By eliminating E; from “(4a),” and “(4b),” and noting that
E; = rE(2nR) , the intensity I, has been expressed by [15],
I, = |E,|?/@% intermsof I, = |E,|?/&? as,

[,.3[.'" +1(2nR) — 2,/1,1(2nR) cos A¢||
1’4 = (1 _ T-E

©)

where A¢ = 2nRB, + ¢p(2nR) — ¢pyis the phase shift
acquired during one round trip within the ring; a similar
relation for the intensity I can be obtained from “(4d),” and
“(4e),” by [15]:

Ig = x*I(wR) = (1 — r*)I(nR) (6)
According to the energy conservation law:
I = Iy + 1, — (rI(2nR)) )
As L; and L, are the lengths of the straight waveguides
before and after the coupling points (see Fig. 2), the intensities
at the input and output ends of the straight waveguides can be
related to I, and I, by:
L(Ip)e*k

o) = (8a)
J1+ 2D - e2e1)

L, ]D —al,
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Equations “(8),”give the evolution of the input-output
relation in a parametric form, where the parameter I, lies in
theinterval [0, o]. By noting that E, = E(0), we can also earn
the intensity inside the microring.

IV. RESULTS
A more direct evidence of the ring bistability is the
observation of a hysteresis loop in the transfer function, output
power versus input power, of the ring resonator [12], [17],
[18].
To illustrate such a bistable behavior, we focus on a silicon
ring resonator with Eum radius, and =ct L; = [, = 10um |5ce

Fig. 2) and m, =348, a=19/ p=05".

n,=6x107° M f. r=1ns, y=080 this ring is
similar to [15]. The bistable behavior of the output port, drop
port and inside the ring was shown in Fig. 3a, Fig. 3b and Fig.
3c, respectively. Theintensity inside the ring is higher than the
one at the drop port, and the intensity at the drop port is a bit

higher the one at the output port. Part of the curves with
negative slope represents unstable branch and the arrows show
abrupt changes that occur in the outputs at the boundaries of
unstable regions A-B (C-D).
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Fig. 3 Bistable characteristics of a silicon ring resonator a) at the
output channel b) at the drop channel c) inside the ring

The bistable behavior in microring resonators can change
by several parameters, by varying the coupling coefficient [15]
or by varying the wavelength [11]. The bistable behavior of
silicon ring resonators depends on the operating wavelength,
Fig.4 shows the effect of the incident wavelength on the
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hysteresis behavior inside the ring. It can be noticed that a
decrease in A from 1550 to 1546 nm changes the bistability
behavior, such that in A = 1546 bistability will disappear.
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Fig. 4 Bistable behavior inside the silicon ring resonator with Sum
radii at A = 1550 (solid curve), A = 1549 (bold dotted curve),
A = 1548 (dash-dot curve), A = 1547 (dashed curve), 1 = 1546
(pale dotted curve), solid slope line shows field enhancement inside
ring for resonance wavelength

It is worth pointing out that in this paper, the bistable
behavior of the inside ring was earned by using an analytical
theory for optical bistability inside microring resonators [11],
while in [9] the bistable behavior of the inside ring was earned
by solving athird-order polynomial equation for intensity.

V. DISCUSSION

With reference to Fig. 1, let both MR1 and MR2 be in the
off state, hence the input bias (E,;,s) goes to the output port,
Epias 1S initidly red tuned to the both microrings MR1 and
MR2. The presence of a CW signal, which is called set, at
1550nm with amplitude greater than the input intensity for
turning on MR1 (point A in Fig. 3(c)) at the input set port
causes to switch MR1 into the on state.

According to Fig. 3(c), after that set signal is coupled to
MRL1 by increasing the input field intensity up to the point A,
an increase in the field intensity in the microring is produced
(point B). At point A, the instability due to the positive
feedback causes ajump to the BE branch [9]. Because of Kerr
effect the refractive index will change in such a way which
cause to red shift of resonance wavelength of MR1enough to
bring the bias light into the MR1, therefore Q will be on. In
the bistable region, when the incident power is decreased, the
field intensity in the microring is intense enough to maintain
resonance between the microring and input frequency and
therefore, hysteresis behavior occurs. Therefore, when Set is
turned off, MR1 is still in the previous situation with red
shifted in wavelength by bias light which is routed into the Q
port. When the incident power to the bistable microring
decreases and reaches the C point on the BE branch due to the
positive feedback, ajump down to the point D occurs, and the
ring will be off [9]. MR1 remains on until areset signal turns
on the input reset port.

The reset causes a change in the refractive index of MR2
red shifting in resonance wavelength enough to bring the bias
light into MR2 and turns it on Therefore, the Bias signal,
before arriving to MR1, will couple to MR2 and (I will be on.
Since MR2 is not in bistability region, after turning off the
reset, MR2 also turns off and the bias light goes back to the
waveguide.

The set signal should turn on in tyz; ps before turning off
the reset (tyzy = 15 ps is the time reguired for turning on
MR1 by set signal), after turning off reset, the bias will couple
to MR1 and Q will be on again.

Transfer matrix analysis (TMA) [19], [20] alows to
calculate the red shift of resonance wavelength of microrings
MR1 and MR2. In Fig. 5, the resonance wavelength and the
wavelength red shift of both MR1 and MR2 silicon ring
resonator with Eum radii are reported; as shown in the figure,
Epias (A =1561.94 nm) can couple to MR1 (or MR2) after
turning on the set signal (or the reset signal).

L3615 L5616 1.5‘617 1.5618 L..‘;‘EL'J 1.3I62 15621 1.5I622 L5623
h.m)

Fig. 5 Resonance wavelength of MR1 (MR2) showing only one of
itsresonances: 1 = 1561.84 nm and red shift 2 = 1561.94nm. The
solid line is the resonance wavelength of the ring, the dashed lineis

the shift wavelength, in MR1 with 23,4 F¥ {2 Incifient intensity at
1550 nm (set) ,in MR2 with 20.5 W'} 7 eitdent intensity at 1518

nm (reset). T(db) isthe corresg)onding output power

VI. CONCLUSION

We have proposed an all-optical set-reset flip-flop by
exploiting the bistability behavior of two SOI microrings with
the same radius. The bistability behavior of a double coupler
microring resonator based on SOI was analyzed, showing that
the bistability behaviors are caused by the feedback
mechanism and the nonlinear Kerr effects. By changing the
CW wavelength, the refractive index of the resonators is
temporarily altered through the Kerr effect and the bistability
characteristics of the rings takes place. The switching of the
bias light into each microring causes to turn on the output
signals, thus yielding aflip-flop behavior for device.
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