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Abstract

The lasing without inversion phenomena in the three-level nanoparticles inserted in the micro
ring resonators as the active gain medium for loss compensation in the all-optical memory
unit cell is investigated. The effect of parameters such as pumping rate is analyzed. Also, the
electromagnetically induced transparency effect in the three-level quantum dots is utilized as
an on/off phase shifter for data reading at requested time. The optical integrator generates
an optical step function to save the input data. Both the input data into the memory and the
output read out are the return-to-zero Gaussian signals. Since, the light in the integrator is
mostly erased during the rising edge of the phase shift pulse, the output data has the narrower
pulse width. Finally, the effect of the power coupling coefficient of the directional couplers on
data storage and read out process is investigated. Device minimizing for integrated purposes
and high-speed data saving are the main advantages of the optical integrator-based memory.
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Introduction critical for buffering of the telecommunication data
[2]. The all-optical memory or buffer as a key el-
ement in the optical packet switching (OPS) net-
works can resolve the packet contention problem.
Tunable optical delay lines and optical memories
as important building blocks in advanced photonic
integrated circuits (PICs) will offer the possibility to
combine the numerous optical functions including
the switching, modulation and amplification on a
single substrate for the optical information pro-
cessing in the all optical communication networks.
Most of the optical buffering schemes such as slow-
ing light, the optical fiber loop and so on, produce a
delay time of the data stream. The storage time in

The optical memory, as an important element
in the future all optical computing and all optical
networks, is attracting wide attention. Most of the
current optical memories depend on the high non-
linear properties of the materials such as silicon, in
which the optical properties can be changed upon
triggered by the light [1]. However, such kind of
the memory normally requires the high operating
power or the complex structure. Due to the ev-
er-increasing speed of the fiber-optic-based tele-
communications, the high-speed optical memories
adaptedtothe densely on-chip integration, become

*Corresponding author: Nasibe Pasyar, Faculty of Electrical and Computer Engineering, University of

Tabriz, Tabriz, Iran, Tel: 5166615813

Accepted: November 08, 2018; Published: November 10, 2018 A
Copyright: © 2018 Pasyar N. This is an open-access article distributed under the terms of the Creative Commons “"H"m ’” ‘""mlm“
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 91772631'509009
original author and source are credited.

Pasyar N. Int J Opt Photonic Eng 2018, 3:012

Pasyar N (2018) Coupling Dynamics of All-Optical Memory Cell Based on Active Micro Ring Optical Integrator with LWI and EIT

Phenomena. Int J Opt Photonic Eng 3:012



Pasyar N. Int J Opt Photonic Eng 2018, 3:012

ISSN: 2631-5092 | e Page 2 of 10 e

the fiber loop optical memories, can be up to 1ms.
However, the setup is bulky because typically at
least several meters long of fiber are required for
the fiber loop [1,2].

Flip-flop memory is one kind of the most interest-
ing memory types. However, it is still a great chal-
lenge to realize ultra-fast flip-flop operation with
the switching time on the picosecond time scale
for GHz data memory [3]. Two SOA-based ON/OFF
switches and two coupled semiconductor optical
amplifier- Mach Zender interferometer (SOA-MZI)
gates forming an optical flip-flop have demonstrat-
ed an optical random access memory (RAM) cell
[4]. An all-optical switch by a composite slab of line-
ar medium (LM) and non-linear medium (NLM) has
been massively used as the building block to pro-
pose 1-bit Random Access Memory (RAM) circuit.
An all-optical clocked D flip flop is the main storing
element of the proposed RAM with the storing and
reading time of fs [5].

All-optical Ternary-Content Addressable Memo-
ry (T-CAM) cell is demonstrated that operates at 10
Gb/s and comprises two monolithically integrated
InP Flip-Flops (FF) and a SOA-MZI optical XOR gate.
The two FFs are responsible for storing the data
bit and the ternary state ‘X’, respectively, with the
XOR gate used for comparing the stored FF-data
and the search bit. The experimental results reveal
error-free operation at 10 Gb/s for both Write and
Ternary Content Addressing of the T-CAM cell, indi-
cating that the proposed optical T-CAM cell could in
principle lead to all-optical T-CAM-based Address
Look-up memory architectures for high-end rout-
ing applications [6].

Slow light devices have been extensively build
using the coupled resonator optical waveguides
(CROW) [7,8]. Random access all-optical memory
unit cells are also designed using the ring resona-
tors in which a data bit is stored in a resonator. It
is shown that the losses in the resonators, the ex-
tinction ratio and the chirp of the variable coupling
medium that injects and extracts data into and out
of the resonators, and the chirp on the input sig-
nal are the limiting factors in the resonator-based
optical memories [9]. The optomechanical effect
between the silicon beam and the ring resonator
is used to design the nano-optomechanical static
RAM (SRAM) integrated with the light modulation
system on a single silicon chip in which the bistabil-
ity of the silicon beam due to the non-linear optical
gradient force generated from a ring resonator de-
termens the memory states. The optical SRAM has
write/read time around 120 ns, which is much fast-

er as compared with the traditional MEMS memory
[10].

Also, a memory unit cell has been presented
in [11,12] based on the micro ring resonators in
which the electro absorption modulator (EAM) in
the Mach Zender interferometer (MZI) form op-
erates as an optical switch. The proposed unit cell
cannot operate as an all-optical element and has
large size to appear in the integrated chip [11,12].
A dynamical slow light cell with dual-microring res-
onator configuration and the far-field coupling has
been demonstrated by controlling the group delay
through thermo-optically detuning the resonant
frequencies of the two rings in which the usable
group delays up to 24 ps are measured, with losses
<1dB[13].

The Micro ring resonator (MRR) has been used
for chaotic signals generation and trapping along
the fiber optic communication [14]. By proper se-
lection of the parameters such as the refractive in-
dices of a silicon waveguide, coupling coefficients,
coupling loss and the input power, the nonlinear
behavior can be operated. The signal trapping
could be obtained after the signals were transmit-
ted along the fiber optic and finally received by
suitable optical receiver. In this case the FWHM
and FSR of the trapped signals have been reported
as 600 fm and 45 pm [14,15].

Electromagnetically induced transparency (EIT)
has been used for slowing down light pulses to
store in EIT media. By this means, multiple light
pulses have been stored in Pr:YSO crystal by angu-
lar multiplexing and achieved addressable all-opti-
cal delay lines and buffer memories without cross-
talk among different channels [16]. Recently, an EIT
optical memory scheme based on the interaction
of cold cesium atoms with the evanescent field sur-
rounding an optical nano fiber has been proposed
and experimentally demonstrated [17]. Using EIT,
long storage times of greater than 1 s for quantum
memory and greater than 1 min for optical mem-
ory have been demonstrated. Currently, most EIT
guantum memory schemes are based on rubidium
(Rb) atoms or cesium (Cs) atoms, and the corre-
sponding operating wavelengths are 780 nm and
795 nm for Rb or 852 nm and 895 nm for Cs [18]. In
comparison to EIT memory based on a warm atom-
ic vapor, the cold atoms system can provide a much
longer spin coherence time, resulting in a longer
available storage time. Because it is implemented
off resonance, Raman quantum memory requires
a very strong control beam. The strong control
beam likely causes spontaneous four-wave-mixing
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(SFWM), and results in a high number of noise pho-
tons that are in the same spatial, temporal and fre-
guency mode as the retrieved signal photons [18].
The problem is particularly severe in warm atom-
ic ensembles. Raman memory in cold atoms can
eliminate large Doppler broadening and uses small
off-resonant detuning and a weaker control field.
Recently, Raman memory in cold atoms has been
demonstrated with very low noise and has been
used for non-classical light storage [19,20]. Quan-
tum memories for photons, where non-classical
states of photons are mapped onto stationary mat-
ter states and preserved for subsequent retriev-
al, are technical realizations enabled by exquisite
control over interactions between light and matter.
The ability of quantum memories to synchronize
probabilistic events makes them a key component
in quantum repeaters and quantum computation
based on linear optics. Quantum networks will en-
able extraordinary capabilities for communicating
and processing quantum information. These net-
works require a reliable means of storage, retriev-
al, and manipulation of quantum states at the net-
work nodes. A node receives one or more coherent
inputs and sends a conditional output to the next
cascaded node in the network through a quantum
channel. This basic functionality is demonstrated
by using the quantum interference mechanism of
electromagnetically induced transparency in a qu-
bit coupled to a superconducting resonator. The
first observation of EIT is reported using all dipole
allowed transitions in a A-type system implement-
ed with superconducting quantum circuit. A micro-
wave bias is applied to the qubit-cavity system to
prepare a A-type three-level system of polariton
states. Then two interchangeable signals, a probe
tone and a control tone are inserted, and it is ob-
served that transmission of the probe tone is con-
ditional upon the presence of the control tone that
switches the state of the device with up to 99.73%
transmission extinction [21].

In this paper, Electromagnetically Induced Trans-
parency (EIT) and Lasing Without Inversion (LWI)
techniques in the three level quantum dots (QDs)
doped into the active microring resonators as the
optical integrators in the all-optical memory unit
cell are applyed to make a delay line to achieve the
required phase shift and amplify the optical pulse,
respectively. A single optical integrator generates
an optical step function for the Gaussian input pulse
[10]. The proposed dual optical integrators can
realize a scheme of controllable optical memory
unit with a phase shift element introduced for the
data reading control, the data bit can be read out

at any time needed. The compact size for densely
integration and large-scale data storage and being
very convenient to be cascaded are the main ad-
vantages of such optical memory unit. Secondly,
the read-out response time of the read operation
is very fast. The high speed operations in picosec-
onds scale is demonstrated. The main advantage of
the optical integrator-based memory compared to
the flip-flop memory, is that the rising edge is the
cumulative time integral of the input pulse, so it is
as fast as the bit rate, and this performance is very
important for the high-speed data storage. Also,
the read out time depends on whenever the phase
shifter pulse is applied. Here, The effect of param-
eters such as pumping rate on optical susceptibility
and LWI gain in three-level nanoparticles doped to
the ring resonator as the active gain mediume for
optical power loss in data storage is investigated
and EIT technique for the required phase shift for
the data read has been processed. Finally, the pow-
er coupling coefficient of 2 x 2 directional couplers
in ring resonators are changed and its effect on the
data storage and the pulse read out process is in-
vestigated.

Memory Design

The memory structure contains optical integra-
tor based on a 2 x 2 direct coupler as shown in Fig-
ure 1, where, o' is the power coupling coefficient
of the directional coupler. The field propagated in
the counter clockwise direction in the resonator,
is enhanced due to the positive feedback in each
round-trip or the sampling period T, until all the in-
put light pulse is injected.

Then, because of the loss compensation sup-
plied by the active gain medium, the light intensity
is still kept on. By doping the 3-level nanocrystals
(quantum dots) into the gain and phase shifter seg-
ments in the ring resonator and using the LWI and
EIT techniques we get the required gain and phase
shift to read out the stored data. The 3-level A type
nanoparticles doped into the ring resonator as the
gain segment is illustrated in Figure 1. The control
field is applied in resonant with the |2)-|3) tran-
sition and the probe field is applied to the [1)-|3)
transition, respectively.

Electromagnetically induced transparency and
LWI process

In the 3-level QD structure considered in Figure
1, the levels |1) and |3) are coupled by the probe
field of amplitude E, and frequency Vi whose
dispersion and absorption we are interested. Level
|2) is coupled to level |3) by a strong control field
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Figure 1: An optical integrator with three level A-type QD as the gain segment.

anti-reflection coating

of frequency v.. The Hamiltonian of three-level
N-type atomic system can be written as [22]:

H = h(oy3]3)(3) + (hey)[2)(2] —;(Qpe_iwpe_ivpt 3)(1]+ Qe Pee el )2+ e (1)

Where; Vp,vc,h,ha}w,ha;lz,ﬁpe_wP,ch_i(pc,H.c. are the

probe field frequency, the control field frequency,
the reduced plank constant, the energy of atomic
level |3), the energy of atomic level |2), the com-
plex Rabi frequency of the probe field coupled to
atomic transition |1) - |3), the complex Rabi frequen-
cy of the control field coupled to atomic transition
|3)~|2) and the Hermitian conjugate, respectively.
With the substitution of QPe_l(pp = S%;fp,

where, @, is dipole moment element and based
on the Hamiltonian, the equations of motion for
the density matrix elements can be expressed as
[22,23]:

P31 _

= —(y +iA +
P (n +id)p3y

15031Ep +LQ e—i(pc (2)
h 27°¢

P21>

P21
- _ 3
5 (3)

Solving the coupled set of equations, the time
dependent density matrix element can be written
as [24]:

. [ j
(}/3 + lA)pZI + EQCel(BC P31>

1503 IEP (7/3 +iA)
2?{(}/1 +iA)(y3 +iA)+ Q2 /4} ’

The linear susceptibility of the system is:

_ 2[ Jeivt’ (5)

Using the relation of polarization in equation (5),
and by using the density matrix approach and the
rate equations, one can find the electromagnetical-

(4)

p31(0) =

P
6‘OE

£13P31 82332
6‘0E SoE

l:

ly susceptibility of the medium as a function of the
weak probe field. The imaginary part of susceptibil-
ity, Im(y) determines the absorptive properties of
the medium and the real part, Re(y) is related to
the refractive index. So, for the case of EIT by using
the equations (2), (3), and (5) the following expres-
sion for real and imaginary parts of the complex op-
tical susceptibility is obtained [22,24].

2
[} N 80 A
= B )+ (A2 =y —Q2 /) (6)
Sth
Ns0§1 2 2 2
"= LA +73) - 3 (AT 3 —Qc /)L (7)
Sth
E
Q. - £32%
h (8)

2 2 2 2 2
Z = (A —}/172—Qc/4) +A (]/1+}/2) .

Where, v,A= @31 =V, Q. 80,130,516, Ny, 71,72,73
are the probe field frequency, the resonance de-
tuning of |1)-|3), the Rabi frequency, the vacuum
dielectric constant, the reduced plank constant,
the dipole moment element of |3)-|2), the prop-
agation wave vector, the refractive index of the
wavegiude, the optical wave velocity in vacuum,
the atomic density of doped nanocrystals and the
atomic decay rates, respectively.

For the analysis of lasing without inversion
(LW1), a single mode field of frequency v and com-
plex amplitude E(t) interacts with the three-level
atomic system, so the interaction Hamiltonian with
some substitutions is written as the following:

h El i El i
1 = a3 3) 3 + Ghor[2) 2 -2 5y 20y oy e (9)

In this case the equations of motion for the el-
ements of the population matrix are given by [24]:
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Where, r, is the pumping rate. The equation of
motion for the field amplitude is given by [22,24]:
OE(t v i
9EQ) _ ——Im{eth[go23p32(t)+5013p31(t)]}, (16)
ot )
We assume E(t) to be slowly varying function of
time.

For certain choices of parameters, the absorp-
tion terms proportional to p;; and p,, will cancel
the coherence terms proportional to p;, and p,,
leading to lasing without inversion. This happens in
the case that:

VDENTIV3TY, £32 T 031 0

0 0
Y >0, 'DI(Z) = ‘pél)

(17)

i
e ,

and

73<V>72=7N~7 £32 = £31 = 0

o374,

Based on basic relations of optical susceptibili-
ty equations (6), (7) with gain and refractive index,
the following relations are written [22].

g= —gz",ﬁn:n%, (19)

(18)

0 0
V=031, p1(2) = ‘pgl)

Nef f =n+on, (20)

Memory structure

In the all-optical memory structure illustrated in
Figure 2, the gain and phase shifter segments are
doped by 3-level nanoparticles to utilise EIT and
LWI effects.

Two identical micro rings with the gain mediums
as the optical integrators are coupled via a 3 x 3
coupler. The phase shifter in the upper integrator
plays a critical role for the data writing and reading
operations. The input data pulse is splitted into two
beams by a lossless and polarization independent
50:50 splitter. An additional m/2 phase shift is in-
troduced into the /2 changed phase of the low-
er beam after the splitter to achive the phase dif-
ference of m between two beams. The light fields
injected into the upper and lower integrators are
Ey /N2 and ~Ein®/¥2, respectively. The light

=
e

E () pata input
n

50:50 spliter

Figure 2: The all-optical memory cell structure.
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fields stored in the upper and lower integrators
are represented by E (t) and E (t), respectively. The
output field from the memory unit is denoted by
E.(t). The amplitude and the phase propagation
equations can be described as [11]:

OE; )
—= =(g-)E;, i = (u,d)
Oz (21)
op _
ot
2izvneﬁr
keﬁf = f’ (22)

Where, kofy 8-t and nypp are the effective wave

number of the field, the gain coefficient, the optical
loss of the microring resonator and the effective re-
fractive index, respectively.

Assuming that the location of the phase shifter
is z, the output light phase of the phase shifter and
the light field in the 2 x 2 coupler satisfy the follow-
ing relations [11]

P phaseshifter = #(2 =2p) + Ad(0), (23)
Ej =\1-a'E; - jJa'E;, (24)

Where, E' is the optical data stream injected
into the optical integrator, and E_ is the input field
at the input port of the memory unit.

The following transfer functions are considered
for 3 x 3 couplers [25]:

(s} 1)/ (i) /(s o)1)/

o
Eg Ey (cos(ﬁqo)fl)/ i25in(«/§i70% (cos(ﬁqo)H% 1

Where, 5, characterizes the coupling strength
between the two adjacent waveguides in the 3 x 3
couplers. The 3 x 3 coupler is designed as 7, = \/5%
, thus the transfer function of 3 x 3 coupler is re-
duced as [11,24]:

iy Ba@ 2 J16a exp(=y L)1 exp(=jeT 12) (26)
int\@) - 1 ' >
Ein(@ 2y S @A) + DG - exp(27 L))" exp(-joT)
= 5O L iagy - (6% (- & yexp(=27 L)) exp(—j30T 1 2)
out @ 2 (i N R (27)

1= %(CXP(]’M(!)) +DIG(-a yexp(-27 D)2 exp(- jaT)

Where, G,a',y,L,0,T and ae are the optical gain,
the power coupling coefficient, the waveguide loss,
the length of ring resonator, the angular frequen-
cy of the optical pulse, the loop delay in the ring
resonator and the magnitude of phase shift in the
phase shifter segment, respectively. Initially the
phase shifter is adjusted to A¢(1)=0. Thus, there is
no light at the output port 5 and the data is stored

in the micro ring integrator and H,,;(0)=0. If the
phase shifter is turned to Ap(r) =6 under the gain
matching condition, after a round trip from port
4 (6) to 1 (3), the fields are changed and given by
[11,24]:

Ey E cos(H/Z)Eil.lt exp(j6/2)
Es | =T| Ey | = exp(—jwT) —\/Esin(H/Z)Eim exp(j0/2)
Eg Es —co8(6/2)Ejpy exp(j6/2)

(28)

The remaining light intensity in the integrator
and output port after N round trips can be written
as:

2

(29)

N
L (g + NT) = ‘ 11 lcos(A¢(t0 +jT)/2)E;py
J =

’ (30)

Loyt (tg +NT) =

N
\2sin(Ad(iy +(N-DT)/2) TT Icos(A¢(t0 +(j~DT)/2) Ejpy
j=

Simulation Results

This section consists of the simulation results
based on the numerical investigation for the pro-
posed all-optical memory cell. After the illustration
of the optical susceptibility of three level QDs, the
simulation results of the gain medium implement-
ed by LWI effect and the phase shift realized by EIT
are considered. Finally, the operation of the optical
memory is illustrated and the effects of the coupling
coefficient on the intensity of the stored data into the
resonators and the read out pulse are investigated.

The real and imaginary parts of the optical sus-
ceptibility of the doped 3-level QDs in the case of
LWI, versus wavelength are illustrated in Figure 3
for different values of the pumping rates (10, 12.5,
15.6, 19.5 and 24.4 GHz) and the parameter values
of n, =10 1/cm?, y, =y, =1 THz, y3 =1GH:.

The real part of susceptibility, Re(y) in Figure
3a, is related to the refractive index and the imag-
inary part of susceptibility, Im(y) in Figure 3b, de-
termines the absorptive properties of medium and
it is proportional to absorption and the negetive
Im(y), means the existance of the gain. According
to Figure 3 by increasing the pumping rates the sus-
ceptibility peaks increase.

The LWI gain profile of the gain segments in the
integrators for different values of the pumping rates
(10, 12.5, 15.6, 19.5 and 24.4 GHz) is illustrated in
Figure 4. It is observed that by increasing the pump-
ing rate the LWI gain increases linearly. It is clear that
these gain segments in spite of amplifying the opti-
cal pulse as much as required, can operate as a sharp
filter. Also, it is observed that the gain is increased by
numbers of nanoparticles per unit volume.
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Figure 3: a) Real; b) Imaginary parts of the susceptibility for the doped 3 level QDs (Gain segments) versus wave-
length for the pumping rates (10, 12.5, 15.6, 19.5 and 24.4 GHz).
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Figure 5illustrates the electromagnetically induced
transparency (EIT) applied as an optical phase shift-
er with the following parameter values of the phase
shifter. n, =1.5x10'8 1/cm?, o = oo =5x1072" cou-

lomb. meter, y1 =60 GHz, y3 =0.1 MHz, Q. =12 THz
. According to the transparency profile of the phase
shifter segment in Figure 5a, in absence of the control
field, the signal field, which interacts with the reso-
nant two-level system, undergoes partial or complete
absorption. By applying the control field near the res-
onance wavelength of 1550 nm the absorption of the
signal is greatly reduced and EIT is obtained. It is ob-
vious in Figure 5b that the required phase shift, /2,
(which is necessary for reading the stored data) can
be realized in EIT window about 1550 nm wavelength
by applying the control field.

The data storing and read out process of the
proposed all-optical memory unit cell is illustrated
in Figure 6. The input Gaussian pulse to the all-op-
tical memory cell is presented in Figure 6a. The
input pulse is saved with a step function shape in
the integrators as the storage process in Figure 6b.
Finally, it is observed in Figure 6c that whenever
the required phase shift is occurred by applying
the control field of the phase shifter segment, the
stored data is read out.

By considering the Figures 6b and Figure 6c, one
can see that by applying the required phase shift,
the input pulse is occurred in the output port and
the integrators are deleted from the data.

Since, the light in the integrator is mostly erased
during the rising edge of the phase shift pulse so,
the FWHM of the read-out data is about 10.5 ps, a
little narrower than half of the FWHM of the phase
shift pulse with a value of 21.5 ps.

Then, the power coupling coefficient of the direc-
tional couplers in the ring resonators are changed
and its effect on data storage process is investigated.
Figure 7 represents different optical intensities saved
in the integrator with different power coupling coef-
ficient (a = 0.2, 0.3, 0.4 and 0.5). As shown in Figure
7a, the optical intensity kept on in the optical inte-
grator increases as the power coupling coefficient in-
creases. However, to satisfy the gain matching condi-
tion, more gain is requaired for larger power coupling
coefficient. As illustrated in Figure 7b in read out pro-
cess, the saved data is eareased in a sharp slope from
the integrator for larger values of a.

By applying the phase shifter pulse with the peak
value of m/2, the signal saved in integrators is read
out from the memory. The corresponding read out
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Figure 6: Data storing and read out process of optical memory unit cell, a) Input pulse; b) Saved data; c) Output pulse.
Power coupling coefficient (a = 0.5), refractive index of the fiber n = 2.8, A = 1550 nm, length of rings L = 1 um.
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pulses with different power coupling coefficient (a
= 0.2, 0.3, 0.4 and 0.5) are shown in Figure 8. The
larger amplitude of read out pulses is emerged by
increasing the coupling coefficient. From Figure 8,
we can find that the power coupling coefficient only
impacts the amplitude rather than the shape of the
read out pulse. According to Figure 8b, the output
pulse width is remained unchanged for different val-
ues of a.

Conclusions

The LWI phenomena in 3-level QDs inserted in
both resonators in the memory unit cell to realize
active gain medium is investigated. The real part
of susceptibility relating to the refractive index

and the imaginary part of susceptibility represent-
ing the absorptive properties of the medium are
changed by increasing the pumping rate. So, the
LWI gain is increased as the pumping rate increas-
es. Also, the EIT phenomena is realized to achieve
the required phase shift for pulse read out process.
The data write and read out process of the pro-
posed all-optical memory unit cell are illustrated.
Finally, it is observed that the optical intensity kept
on in the optical integrator increases as the pow-
er coupling coefficient of the directional couplers
increases, corresponding to the output pulse with
larger amplitude. The high speed operation and the
device minimizing for the integrated purposes are
the main advantages of the proposed memory cell.
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