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All-optical loadable and erasable memory cell design based on
inversionless lasing and electromagnetically induced transparency

effects

N. Gholipour Verki, A. Hajibadali, K. Abbasian, A. Rostami

Abstract. Aloadable and erasable all-optical memory cell is designed
by using two coupled micro-ring resonators with electromagnetically
induced transparency (EIT) and lasing without inversion (LWI). To
read out stored data, an additional phase is introduced in the upper
ring resonator due to EIT. To compensate the fibre loss, use is made
of LWI. The EIT is induced by inserting A-type three level quantum
dots in the right-hand half of the upper ring and LWI is implemented
by inserted Y-type four level quantum dots in the left-hand half of
both rings. This optical memory cell can operate at a low light power
level corresponding to several photons.

Keywords: micro-ring resonator, memory cell, quantum dot, lasing
without inversion, electromagnetically induced transparency.

1. Introduction

There is an increasing demand in high-throughput networks
supporting data transmission rates on the order of several
hundred terabits per second for voice, video, image, and data
applications. Thus, an all-optical memory is one of the impor-
tant elements for quantum and classical optical information
processing and communication. To design an all-optical
memory, different approaches are examined. Nevertheless,
the problem still remains unsolved. Highly integrated photonic
circuits are required for future compact communication sys-
tems [1]. Due to their wavelength-scale dimensions and high
quality factors, a micro-ring resonator is a promising device
which can be widely used as basic building block of such inte-
grated photonic systems. Besides, micro-ring resonators are
used in various optical components, e.g., optical filters [2—4],
switches, modulators [5, 6], sensors [7] and optical memories [8].

Advances in the field of all-optical techniques for infor-
mation processing include improvement of buffers [9], regis-
ters, etc. The memory cell is one of the key building blocks
that can be used to implement a variety of all-optical process-
ing applications, including optical packet storage. Several types
of serial optical memory suitable for storing optical packets
have been demonstrated using recirculating optical fibre
loops [10].
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A promising optical memory was demonstrated by dual
micro-ring lasers using an injection lock. However, this method
is not convenient for serial connection because counterpropa-
gating clockwise and counterclockwise directions are the direc-
tions of the two operating laser modes. The flip-flop memory
is one of the most interesting memory types. However, realisa-
tion of ultrafast flip-flop operation with the picosecond switch
time for the GHz data memory is still a great challenge [11].
Therefore, Yunhong Ding et al. [12] demonstrated a loadable
and erasable optical memory cell based on an active micro-
ring optical integrator associated with ITI-V electroabsorption
modulators (EAMs). Another promising approach was pro-
posed for designing a loadable and erasable optical memory
cell based on dual micro-ring optical integrators. The optical
integrator, which can generate an optical step function for
data storing, is synthesised using active media for loss com-
pensation and a tunable phase shifter for data reading at any
time. The phase shifter can be realised by cross phase-modu-
lation induced by another control light [as in a semiconductor
optical amplifier (SOA)] or by changing the carrier density
induced by an electro-optic (EO) effect using laterally inte-
grated p—i—n diodes. The gain medium can be implemented
using active waveguides made of InGaAsP/InP materials or
using a porous silicon waveguide (doped with Er’* and Yb**)
on a dielectric insulator, pumped by a 980-nm laser [11].

In this paper, we have simulated a loadable and erasable
optical memory cell based on dual micro-ring optical integra-
tors coupled via a 3x3 coupler with EIT and LWI. These dual
optical integrators can realise a scheme of a controllable opti-
cal memory cell with a phase shift element introduced to read
stored data and with an active medium for loss compensation.
The phase shifter and required gain is realised by electromag-
netically induced transparency and lasing without inversion,
respectively.

The main reason for selecting such a structure is the devel-
opment of an all-optical memory cell. As far as we know, this
can be done at the present level of technology by using the
EIT and LWTI effects. On the other hand, any information has
advantages and disadvantages. In our opinion, the complexity
of the considered all-optical systems is an admissible disadvan-
tage, at least till now advantages of all-optical systems have
outweighed their disadvantages.

2. Theory and mathematical background

The scheme of the all-optical memory cell, based on the con-
cept of an optical integrator with one micro-ring [13], is pre-
sented in Fig. 1. The scheme contains two micro-rings with
gain media as optical integrators of the same size, coupled via
a 3x3 coupler. The upper integrator has a phase shifter, which
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Figure 1. Scheme of the all-optical memory cell [11]:
(AR) antireflection coating; (A) amplifier (due to LWI); (PS1) phase
shifter Ag,,.x = T (due to EIT); (PS2) phase shifter A¢ = /2 (due to EIT).

plays a critical role for the data reading process. In Fig. 1 E;(?)
is the field of injected data pulse from the input port, which is
split into two beams by a lossless and polarisation indepen-
dent 50:50 splitter. The light field injected into the upper inte-
grator is equal to E;,(1)/v2. The stored light field in the upper
integrator is denoted by E,(¢). An additional phase shift /2 is
introduced into the field of the lower light beam so that the
light field injected into the lower integrator is equal to —E;,()/
V2. The output field from the memory cell is denoted by Es(7).
If the stable light field amplitude in the upper integrator can
be described by E| = E;;, the stable light field amplitude in the
lower integrator will be E; = —Ej,;. In the upper integrator the
light field phase changes by A¢(z). The phase shifter can be
realised by cross phase-modulation induced by electromagneti-
cally induced transparency and the gain medium is imple-
mented by lasing without inversion in media containing
A-type three level quantum dots and Y-type four level quan-
tum dots, respectively. The light field in the integrator is
described by [11]

E; = Ejexp(ip) (j=u,d), (1)

where u and d represent fields in the upper and lower integra-
tors, respectively; E; is the light field amplitude; ¢ = k gz is the
light field phase; and z is the propagation direction. Then, the

amplitude and phase propagation equation can be written in
the form [11]

OF;
5 = (& - aEj,

37 2

0
% = kerr,
where g and « are the gain and loss coefficients. In the right-
hand half of the upper integrator, we used three-level quan-
tum dots to implement the phase shifter. Therefore, the equa-
tion for the light field phase in the upper ring has the form

¢ph—sh = ¢(Z = Zp) + A¢(t)’ (3)

where z,, is an optional position of the phase shifter in the
right-hand side of the ring. The light field in the 2x2 coupler
is given by

E=VI—d'E—iVd El, (j=u,d), 4)

where E7, is the optical data bit injected into the optical inte-
grator, EY. = —EY = E,,/v2 is the input field at the input port
of the memory cell.

The length of two integrators should be equal; otherwise,
there will be a phase shift between the fields of these integrators.
Therefore, the upper and lower integrators would be identical
with the same gain g, loss «, loop delay 7, length L and have a
polarisation independent 2x2 coupler. However, we have a
phase shifter in the upper integrator. The 3x3 coupler between
the upper and lower integrators is symmetrical; the coupler is
also assumed to be lossless and polarisation independent, and
its transmission characteristics can be described by the matrix [11]:

%(1 + cos(V2p)) igsm(m) —%(1 — cos(V2p))

%) V2

T= i72sin(\/§77) cos(v27) i%sin(ﬁn} . (5)

V2

1 .
—5(1 —cos(v2p)) i 5

sin(v2n) %(1 + cos(v27))

where 7 = v27/4 characterises the coupling strength between
two adjacent waveguides of the 3x3 coupler. Also, the light
fields in the 3x 3 coupler satisfy the equation

A [4)
la) X T 12
7 Control l)’z
field
4
Probe . [c),13)
field

Y3

by —X 1)
a b c

Figure 2. (a) Scheme of a Y-type four level quantum dot, (b) a A-type three level quantum dot and (c) three-dimensional representation of a quan-

tum dot.
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We have obtained the required gain due to LWI, which is
implemented by inserting Y-type four level quantum dots in
the left-hand half of both rings (Fig. 2a).

In Fig. 2a, y1, y,, 73 correspond to spontaneous decay rates
of atomic system levels. The control laser field with the Rabi
frequency €25 = dy,E5/h is nearly resonant with the transition
|2) « |4). The control laser field with the Rabi frequency
Q, = dy;E5/1 is nearly resonant with the transition |3) < |2),
and the probe laser field with the Rabi frequency Q; = d\,E,/h
is nearly resonant with the transition |2) « |1) (here d,,, dss,
and dj, are the dipole matrix elements of the corresponding
transitions). The quantities A; = w{y — vy, Ay = w3 — v, and
Az = w4y — v3 represent the corresponding detunings of fre-
quencies vy 53 [14].

Equations for the wave functions and for the total Hamil-
tonian are given by

lw(0) = e1(Dexp(Hiw 1) | 1) + ext)exp (Hiwa1) [ 2)

The equations of motion for the density matrix elements have
the form

p == H.p) =~ (Hp —pH). (12)
pr2=—(y1 +y2 +iA)pr - (%Q3exp(i¢3))p14

- (%QzeXp(i‘Pz))Pn =P
P14 = —(§Q3exp(i¢3))mz (Y1 Ty +i(A - A3)p1s

+ (5 Q1exp(i1)) P
P23 =—(y2 +14y)pa3 + (593 exp(ip3)) P34

+ (5 Qexplig))piz + 5 Larexp(igy),

2 2 a3

paa = ~(5 Dsexplin) pn — (73 - (4 + As))psy

=113+ (5 22exp(i2)pas,

Pra = ~(5-2oexplin)) p12 + (4 21explig)pay

+ e3(t)exp(—iw;t) | 3) + ca(t)exp(—iw,1) |4), 7 .
63() P( 3)| > 64() p( 4)| > ( ) —77p34—(71+1(A1+A2))P13,
H=H,+ H,|, ®) i i
P =-Np1a+ (Eglexp(igbl))pm + (EQzeXp(—i%))pm
where
—(y2 ty3—143)p2.
Hy= hlo | 1){1] + w,]2)(2]| + w;]3)(3|
The terms with # = p+/y1v; in equation (13) represent the
+wy|4)(4], ) : )
vacuum-induced coherence, the parameter p is defined as p =
dirdpl(|dis| |dyy|) = cosg, where ¢ is the angle between the
Hy =- E[ Qexp(-ig )exp(—iv,n)|1)(2] dipole matrix elements d;, and dj,.
2 This system of equations can be written in the matrix form
+ Qs exp(-ig, 1) exp(-iv,1)|2)(3] )
R=-MR+ 4, (14)
+ Qsexp(-ig;0)exp(-ivy1)|4)(2]] + H.c. (10)
p12 P12 0
We consider dipole allowed atomic transitions |2) < |1), P14 P14 . 0
|2) © |4) and |3) < |2). We assume that the population is o |po _|p2 _ %Qzexp(—igbz)
initially in the ground level |3): R= pal R = Pl A= 0 ’ (15
P13 P13 0
P =p%) =pid =0, pi=1. (11) P2 P24 0
71+ y2+i4 %523 exp(ig3) 0 0 %92 exp(ig2) PYYIY3
%Q3 exp(igs) ¥+ y3+ i(A — As) 0 0 0 - %Qlexp(—iq)l)
0 0 ptids  —lQiexp(-igy —1Qiexp(io 0
M= . , (16)
0 0 %93 exp(—ig3) vz —i(Ar+ 4y JARLVE - %Qz exp(ig2)
%92 exp(ig2) 0 —%91 exp(—ign) VARNE 71— 1(A+ A) 0
PVYY3 —%Ql exp(ipy) 0 —%QZ exp(ip2) 0 V2 +y3—i4;
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By solving the above equations, we obtain

6
pr=R(,1)=> M'(1j)A(.1)
i=1

= M(1,3)4(3,1). 17
By using the macroscopic polarisation equation, the equation
for the susceptibility can be written in the form

_ P _2Nup’w (1)
&0 E &0 Q 1 h
where Q; is the Rabi frequency of the probe field, g are the
dipole matrix elements and N, is the atom number density;
x=x"*tix’ (19)
where y'u " are the real and imaginary parts of the complex
susceptibility.
Thus, the gain is

k

—_k 20
g X (20

The phase shifter in the upper integrator is implemented
by EIT, which is induced by the A-type three level quantum
dots inserted in the right-hand half of the upper ring, as shown
in Fig. 2b.

After some similar mathematical manipulations, the real
and imaginary parts of the optical susceptibility for the A-type
three level quantum dot are given by

2

N,
== by £ (B - QL @D
0
N. w02
= SR R+ ) — (A - s - QL (22)
Sof"lZ

where Z = (A% —y,y, - Qil4P + Ay + 7)), A= 0 —v, 71,
V2, 73, £, and N, are the detunings of the probe frequency
from resonance, decay rates of atomic level populations, Rabi
frequency of the control field, and the density of doped nano-
crystals.

The changes in the refractive index n and the propagation
constant of the probe signal k are described by

’

e
Bn—nz, (23)

Sk = 2 Vo1

where v and ¢ are the frequency and velocity of light in vacuum,
respectively. By using 8¢ = 8k L/2, we obtain the required phase
shift for reading the stored data (L is the perimeter of the ring
resonator).

3. Simulation results

By using of Y-type four level and A-type three level quantum
dots with appropriate parameters, we obtained the required
gain and phase difference at a wavelength of 1.55 um. For
Y-type four level quantum dots, the wavelength dependences
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Figure 3. Wavelength dependences of (a) real and (b) imaginary parts
of the susceptibility and of (c) the gain in the Y-type four level quantum
dots aty; = 10%s7L, y, =3 = 2x 1010 71, N, = 7.07x 10> cm3, g, =
8.01x10% C m, E, = 1.3166 V m™!, E;; = 2.0143x105V m'}, E, =
1.988x10°V m™, Ay=-A;, A;=0,¢; =g, =p3=0.
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Figure 4. Wavelength dependences of (a) real and (b) imaginary parts
of the susceptibility and of (c) the phase shift in the A-type three level
quantum dots aty; = 1x102 s, y, =y3 = 1x108s7!, N, =9x10*' cm,
©ab =8.01x10% C m, E,; = 6.5828x10° V mL.
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of the real and imaginary parts of susceptibility and gain are
shown in Fig. 3.

For A-type three level quantum dots, the spectral depen-
dences of the real and imaginary parts of susceptibility and the
phase shift are illustrated in Fig. 4. One can see that the phase
required to read the stored data is equal to m and achieved at
A=1.55um.

In simulating the cell operation in time, we used an InP
ring of length L = 2nr ~ 126 um and assumed that the required
gain is ensured by InGaAsP quantum dots as the gain
medium. In this case, the typical effective refractive index is
ner = 2.8 and the loss is, as a rule, from 15 to 40 cm™! (a =
25 cem ! [11]).

Figure 5 shows the temporal parameters of the all-optical
memory cell. When the data bit is injected into the memory
cell, the data is stored during 33.19 ps (Fig. 5¢). One can see
that whenever there appears the required phase shift after
applying the control field to the phase shifter segment, we can
read the stored data.

1.0
0.8
0.6
0.4

I, (arb. units)
o

100 150 200 250 300 350 400 t/ps

pin/rad
(3]
o

100 150 200 250 300 350 400 t/ps

1.0} = |
0.8+ Storage time

0.6
0.4+
0.2F

Stored data

0 50 100

150 200 250 300 350 400 t/ps

1.0OF
0.8
0.6 d
0.4F
0.2F

I,y (arb. units)

0 50

100 150 200 250 300 350 400 t/ps

Figure 5. Temporal characteristics of the memory cell. (a) The input
pulse with the FWHM 7, ~ 11.75 ps, (b) the phase-shifter pulse with
the FWHM 7/, & 16.6 ps, (c) the pulse of the data stored in the micro-
ring resonator, (d) and the pulse of the read-out information with the
FWHM 7y, ~ 5.7 ps.

4. Conclusions

We have designed a loadable and erasable all-optical memory
cell due to LWI and EIT effects. To compensate for the fibre
loss, we have used LWI. Then, to read out stored data from

the memory cell, we have produced an additional phase in the
upper ring due to EIT. Also, we have illustrated that the time
required to read the stored data can be reduced to 5.7 ps. This
structure has more advantages over other structures, because
it is miniaturised for further integration and does not need an
additional optical filter for high speed operation. Besides, the
rate of the designed memory cell is higher than that in the
previously reported approaches. We have also analysed the
frequency response of the proposed device.
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