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Abstract
The proposed 1 × 8 and 8 × 1 all-optical controllable switch arrays can switch an optical pulse
from an input port to one of eight output ports or from one of the eight input ports to only
one output port. Where, the switching wavelength can be controlled by control fields to use
for different optical pulses. In this paper dipole induced transparency (DIT) effect is used in
photonic crystal quantum electrodynamics (PC-QED) cavity doped with a Λ type three-level
nanocrystal as an all-optical switch. Then by coupling these switches, the above-mentioned
arrays are designed. Finally, the cross talks of these arrays are investigated for different cases
of applying the control fields.
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Introduction
There is an increasing demand for highthroughput networks, supporting data velocity on
the order of several 100 terabits/second (Tb/s) for voice, video, images, and data communications.
However, implementations of high speed alloptical networks still need the realization of highspeed optical memories (to buffer the data) and
optical header recognizers (to separate header
from payload).
The multiplexer/demultiplexer and router as important parts of DWDM, has to be able to support
the channel spacing of 0.4 nm (50 GHz) and should
be able to launch at least a hundred wavelengths

into as many fibers with minimal losses [1]. So,
their internal switches should be fast sufficiently.
Thus, optical switching will role as a core technology in next-generation photonic networks, and optical switching devices are crucial equipment’s in
the line switching part in next-generation optical
routers. These devices must be capable of switching optical routes based on standards, independent
of wavelengths in DWDM bands and independent
of optical modulation formats and communication
speeds.
The main optical switching technologies include
thermo-optic, electro-optic, acousto-optic and
liquid crystal switching [2-4]. Common approaches
to waveguide switching include several variations
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of thermo-optic and electro optic techniques.
Thermo optic switches exploit materials that
have slightly different refractive properties at
different temperatures. Electro-optical switching
approaches use liquid crystals which affect the
polarity or phase of the light and make the light tend
toward one output waveguide or the other. In all of
these switching methods, heat dissipation, power
consumption, and operation speed are the main
problems [3]. As line rates of fiber increase beyond
100 Gbit/s, these switching will become more
challenging, from the point of above problems. So,
all-optical switches are the best alternatives.
Control of light by light is essential in all-optical
communication and optical computing. In the past
two decades, all-optical switches based on optical
bistability (OB) in two-level atomic systems have
been extensively studied [4]. Several emerging
technologies, such as integrated all-optical signal
processing and all-optical quantum information
processing, require strong and rapid interactions
between two distinct optical signals [4]. All-optical
switching has mainly been performed using active
elements such as semiconductor optical amplifier
gates [5]. Photonic switching in passive materials
[6,7] suffers from small all-optical nonlinearities,
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requiring a too high switching energy. Semiconductor quantum dots (QDs) are expected to provide
improved all-optical nonlinearities [8] due to their
delta-function density of states. Nonlinearities up
to 12 orders of magnitude larger than those observed in common materials with low losses can be
achieved using materials exhibiting electromagnetically induced transparency (EIT) [9,10]. However,
the large group velocity mismatch between the
two interacting pulses puts a lower limit on the required intensity for a full π phase shift to a few photons per cubic wavelength [9]. This problem can
in principle be overcome by cavity quantum electrodynamics (CQED) [11,12]. A cavity coupled to a
dipole can exhibit similar properties to an atomic
three-level system in EIT. When the cavity-dipole
system is driven by an external ﬁeld, the cavity ﬁeld
can destructively interfere in an analogous way to
the excited state population of a three-level atom
[13]. For this reason, we refer to this effect as dipole induced transparency (DIT). In demonstrated
system of dipole-induced transparency (DIT) in a
photonic crystal cavity-waveguide, the path of an
optical ﬁeld propagating in a waveguide can be
switched by the presence of a dipole emitter [11].
DIT is extended to all-optical switching, i.e. the
spatial mode of an optical ﬁeld can be switched

Figure 1: PC-QED cavity-waveguide switch system, including schematic of a Λ type 3-level nano crystal doped in
PC cavity.
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by the intensity of another optical ﬁeld [14-16]. In
traditional optical bistability systems there are limitations for applications because the only controllable optical beam is the input field, which is part
of the bistable curve in the input-output plot. But,
the situation changes for multilevel atoms inside
a cavity. Because of new control fields application
between the different atomic levels, new physical
mechanisms such as quantum interference and coherence effects, which can greatly modify the absorption, dispersion and nonlinearity of the system
[9]. A lot of phenomena such as electromagnetically induced transparency (EIT), lasing without inversion (LWI), refractive index enhancement without
absorption, Kerr cross-phase modulation [17,18],
and spontaneous emission cancellation have been
predicted and experimentally demonstrated. Recently, EIT has been harnessed for implementing
different building blocks of a quantum network,
such as all-optical switches and transistors [1922], quantum storage devices [23], and conditional
phase shifters [24,25]. The most interesting results
such as linear and cross-phase modulation susceptibilities and sharp absorbance and transparent
spectrums have been obtained. Thus, the feasibility of all-optical controllable switches with different
specifications as two-photon, double state switch,
and very rapid switches with giant cross-phase
modulation have been reported [14-16].
In this paper, the dispersive properties of DIT
is investigated for a ﬁeld driving a cavity coupled
to two identical waveguides as shown in Figure
1, interacting with a resonant Λ type 3-level nano
crystal. We use it in Purcell regime. The parameter
that characterizes this interaction is the Purcell
factor, which is the ratio of the dipole decay rate
when coupled to a cavity to the decay rate when
decoupled. When the Purcell factor is much larger
than one, losses due to cavity leakage and dipole
absorption are cancelled. This is a manifestation
of destructive interference which inhibits the light
from entering the cavity.
Here, dipole induced transparency (DIT) is used
to design an array of 1 × 8 all optical controllable
switch. In each case of turning on or off the control
fields the input signal transmits to one of outputs.
The spectral properties of transmission and phase
of outputs of switch that represent the dispersion
have been illustrated for different outputs and
the crosstalk which shows the leakage of signal
to other ports or the mixing of signal in different
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channels has been calculated. The maximum
crosstalk of -31 db is obtained for switch which is
negligible with communication standards. Also,
the switching wavelength is controlled by Rabi
frequency of control fields to use for different
optical pulses. Properties are investigated to apply
in router of a DWDM system. In this paper, we
propose an all-optical controllable switch array to
apply in DWDM system. Interestingly, we expect to
modify router’s speed, power loss, cross-talk and
other characteristics as integrality by replacing this
switch arrays in place of existing switches.
The paper’s organization is as follows. Theory
of operation is presented as section II. In section
III, simulation results are discussed, and section IV
contains conclusion.

Theory of DIT Operation
The used all-optical controllable switch consists
of two waveguides ‘a’ and ‘b’ coupled together by
using a two-dimensional photonic crystal quantum
electrodynamics cavity (PC-QED) doped with three
level nanocrystal (Quantum Dot) with the cavity
coupling rate g and the cavity decay rate γ. A probe
ﬁeld is guided by the waveguide ‘a’ in the crystal
plane. A monochromatic laser as the control ﬁeld
propagates in the third-dimension perpendicular
to the crystal plane and drives the quantum dot
through the cavity. As illustrated in Figure 1 the
probe field is coupled to 1 − 3 transition and the
control field is applied in resonant with 2 − 3
transition. In absence of the control ﬁeld, a resonant
coupling between the cavity and the dipole emitter
keeps each waveguide transparent for an input
ﬁeld. By applying the control ﬁeld corresponding
to Purcell regime, the dipole emitter would be
detuned from the cavity by an optical Stark shift,
and it causes the waveguide become opaque and
the cavity becomes transparent. Then, the input
ﬁeld can be switched to the waveguide ‘b’ via PhC
cavity at near-resonant wavelengths.
The Hamiltonian of system is [15-17]:
=
Η

((ω13 − iΓ / 2) 3 3 ) + (ω12 ) 2 2 + (ω0 − iκ / 2) c + c
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+∫
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− ωa
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−
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+
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ω b + (ω )b(ω )d ω

(ω )c − c + a (ω ))d ω + i

γ
2π

∫

ωb

−ωb

( b + (ω )c − c + b(ω ))d ω

Where, σ-13, σ+13, σ-23 and σ+23 are corresponding
upward and downward transition operators for
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the dipole emitter. c and c+ are annihilation and
creation operators for the cavity mode, ω0 is the
ω
cavity frequency, κ = Q0 is the intrinsic decay rate
of the cavity (in the absence of coupling to the
waveguides) g is the cavity mode coupling rate,
γ is the cavity waveguide decay rate and Q is the
cavity quality factor. Ω1 is the Rabi frequency of
∧

The switching operation is managed by the
following transmission relation.

Based on the Hamiltonian of system the
equations of motion for time dependent operators
are [15-17]:
∂σ 13
= − igc − iΩc eiϕσ 12 − i∆ 0σ 13 − Γ31σ 13 ,
∂t

∂σ 12
= − iΩc eiϕ σ 13 + igσ 32 c − i ( ∆ 0 − ∆ 23 ) σ 12 ,
∂t
∂σ 32
= igc +σ 12 − i∆ 23σ 32 − Γ32σ 32 , 		
∂t

(2)
(3)
(4)

∂c
κ

= −  iω0 + γ +  c − γ ain − igσ 13 ,
2
∂t


(5)

aout − ain = γ c, 				

(6)

bout − bin = γ c, 				

(7)

g2
)ain
−iδ13 + ( Γ / 2 ) − S
g2
(−iδ 0 + γ + (κ / 2 ) −
)
−iδ13 + ( Γ / 2 ) − S

, (8)

g2
)bin
−iδ13 + ( Γ / 2 ) − S
g2
(−iδ 0 + γ + (κ / 2 ) −
)
−iδ13 + ( Γ / 2 ) − S

, (9)

−γ bin + (iδ 0 + (κ / 2 ) −
aout =

∧

the control field. a (ω ) and b (ω ) denote the field
annihilation and creation operators for the modes
of the two waveguides with a definite bandwidth,
respectively.
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−γ ain + (iδ 0 + (κ / 2 ) −
bout =

Where, ∆ 0 = ω − ω0 , ∆ 23 = ωc − ω23 , ∆13 = ω − ω13 are
the cavity resonance, control field and probe field
frequency detuning and S (δ c , Ω, Γ) with following
equation is the dependency of the output fields to
the control field known as Stark shift [15,16].
S=

Ω2
,				
−i∆ 23 + Γ / 2

(10)

The transmission probability for probe modes a,
b is obtained as:
〈 a + out aout 〉
, 			
(11)
Ta =
〈 a + in ain 〉
Tb =

〈b + out bout 〉
, 				
〈 a + in ain 〉

(12)

Figure 2: Proposed 1 × 8 switch array.
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According to Figure 2, transmission coefficient
for different outputs can be expressed as the
multiples of Ta (Ωi ) and Tb (Ωi ) .
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From equations 8-13 the transmission coefficient of outputs E01 and EO2 are obtained as bellow.
For other outputs, the same manner is utilized.
g2

i∆ 0 + (κ / 2 ) −

Ωi 2
−i∆13 + ( Γ / 2 ) −
3
−i∆ 23 + Γ / 2
T1 = ∏ (
),
2
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2
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−i∆13 + ( Γ / 2 ) −
−i∆ 23 + Γ / 2

−γ

T2
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iδ 0 + (κ / 2 ) −

(14)

Ω12
−i∆13 + ( Γ / 2 ) −
−i∆ 23 + Γ / 2

)

g2

(15)

2

Ωi
−i∆ 23 + Γ / 2
(
),
∏
g2
i =2
−i∆ 0 + γ + (κ / 2 ) −
Ωi 2
−i∆13 + ( Γ / 2 ) −
−i∆ 23 + Γ / 2
3

−i∆13 + ( Γ / 2 ) −

The crosstalk for different channels of switch
can be calculated via the following relation.
crosstalk = 20 log Ti ,

(i = 1 − 8)

Table 1: The switching propagation of switch arrays.
Ec3

Ec2

Ec1

Eout

off

off

off

Eo1

off

off

on

Eo2

off

on

off

Eo3

on

on

on

Eo4

on

off

off

Eo5

on

off

on

Eo6

on

on

off

Eo7

on

on

on

Eo8

In 8 × 1 switching case the operation is reversed
and with the same control fields the input signal
from eight inputs is transmitted to one output port.
The planar scheme of the switch array design is
illustrated in Figure 2 (Table 1).

Simulation Results

×

g2
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(16)

An ensemble of these switches are coupled to
design a 1 × 8 and 8 × 1 switch. In this 1 × 8 switch
shown in Figure 2, an optical pulse is inserted as
input, and applied control fields to cavities control
the propagation of the input optical pulse to only
one of the eight outputs. As illustrated in Figure 2,
for each of eight cases of the table, the input signal
transmits to one of outputs. If all of the control
fields are off, all of Q-cavities will be opaque and
the input pulse will propagate to Eo1. For the case
of Ec1 on the input pulse will switch to output Eo2. In
the case of only Ec2 is on the input signal transmits
to output Eo3, while for the case of both Ec1 and Ec2
on, the input pulse switches to Eo4. With only Ec3
on, the input signal will be switched to Eo5 but if in
addition one of Ec1 or Ec2 turns on the input pulse
will be switched to Eo6 or Eo7, respectively. Finally,
if all control fields Ec1, Ec2 and Ec3 turn on the input
pulse will be switched to Eo8.

Figure 3 shows the pulse propagation in 1 × 8
switch for the case of Ec1 is on. As represented in
Figure 3a the input pulse is transmitted to Eo2 in
resonant region of the first PC-QED cavity mode
with the fiber mode. As we saw in Figure 2, Ec1 is
also used as control field of the third, sixth and
seventh PC-QED cavities. So, cross talks between
these cavities outputs, Eo2, Eo4, Eo6 and Eo8, are
seemed to be stronger than other cavity’s outputs.
However, we have shown in Figure 3c and Figure 3d
that these cross talks can only reach to very weak
values -83.4 dB and -166 dB, respectively. Thus, we
can neglect these very weak cross talks. The slope
of phase gives the experienced group delays of a
pulse in switching through a cavity. In Figure 3b,
we observe a very large dispersion in near-zero
detuning region, which results in a group delay τg =
(γ + κ/2)/g2 [8]. So, the second derivative of phase
near zero detuning regions vanishes, ensuring that
the transmitted pulse preserves its shape, and is
not distorted by the cavity. The used parameters
are ∆13 = 2 GHz, ∆23 = 5 GHz, κ = 100 GHz, g = 330
GHz, γ = 6 THz, Γ = 1 GHz, and E1 = 2.63e4 V/m.
The propagation results, with only control field
EC2, is similar to the case of EC1 is on. In this case the
input pulse will transmit to output 3 in resonance
region of cavity mode with fiber mode. Cross talks
between the cavities outputs, Eo4, Eo7 and Eo8, are
seemed to be stronger than other cavity’s outputs.
But Eo4 and Eo7 equally have negligible cross talks
-83.4 dB and Eo8 has -166 dB.
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b)

d)

Figure 3: Optical pulse propagation in 1 × 8 switch with only Ec1 on. a) The outputs of the first PC-QED cavity; b)
The phase of these outputs; c) The outputs of the third and fifth cavity; d) The output of the seventh cavity.

Figure 4 shows pulse propagation in 1 × 8 switch
for the case of both Ec1 and Ec2 are on. As represented
in Figure 4a the input pulse is transmitted to Eo4 by
the third PC-QED cavity in resonant region of this
cavity’s mode with the fiber mode. According to
Figure 2 EO2, EO3 and EO8 must have greater cross
talks than other outputs. However, we have shown
in Figure 4a and Figure 4c that these cross talks can
only reach to very weak values -31 dB and -83.6 dB,
respectively. Thus, we can neglect all of these cross
talks.
The propagation results, with only control field
EC3, is similar to the case that only control field EC1 is
on. In this case the input pulse will transmit to Eo5 in
resonance region of the cavity mode with the fiber
mode. In this case cross talks between the cavities
outputs, Eo6, Eo7 and Eo8 are seemed to be strongest.
However, Eo6 and Eo7 equally have cross talks -83 dB
and Eo8 has -166 dB.

When both control fields EC3 and EC1 are on, the
simulation results become similar to the situation
that EC2 and EC1 are on. In this case the input signal
transmits to Eo6. So, Eo2 and Eo4 have equal cross
talks -31 dB and Eo8 has -83.6 dB. Also, we will have
the same results for the case that both EC3 and EC2
are on, the input signal transmits to Eo7. So, Eo3 and
Eo5 have equal cross talks -31 dB and Eo8 has -83.6
dB which are negligible. Finally, as illustrated in
Figure 5 if all control fields EC3, EC2 and EC1 turn on,
the input signal will transmits to the Eo8. In this case
Eo4, Eo6 and Eo7 are seemed to have the strongest
cross talk, but they reach to only weak value of -32
dB.
Figure 6 illustrates the wavelength controllability of the proposed switch array by amplitudes of
the control fields, Ec = 2.63 × 104 v/m, Ec = 2.17 × 104
v/m, Ec = 1.9 × 104 v/m and Ec = 1.71 × 104 v/m, from
left to right, respectively. Where the cross talks are
shown, also. It is observed that by decreasing the
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b)

c)

Figure 4: Optical pulse propagation for the case of both Ec1 and Ec2 are on. a) The outputs of the first, second and
third PC-QED cavity; b) The phase of outputs; c) The outputs of fourth, fifth, sixth and seventh PC-QED cavity.

a)

b)

Figure 5: Optical pulse propagation for the case of all Ec1, Ec2, and Ec3 are on. a) The outputs for all of the PC-QED
cavities; b) The phase of these outputs.

amplitude of the control field and consequently the
Rabi frequency of the control field the transmission
peak has a right shift toward upper frequencies
while the amplitude of transmission has decreased

negligible so we can change switching frequency in
50 GHz spacing, corresponding to wavelength spacing of 0.4 nm in DWDM system by varying the control field amplitude. Thus, this switch array can be
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Figure 6: Pulse propagation for different wavelengths. Red lines for Ec = 2.63 × 104 v/m, green lines for Ec = 2.17 ×
104 v/m, blue lines for Ec = 1.9 × 104 v/m and purple lines for Ec = 1.71 × 104 v/m.

used in router of DWDM system. Also, other outputs spectra are illustrated to show the cross talks
of them, which are calculated in above sections.

Conclusion
On the base of an all-optical controllable switch
by a three-level nanocrystal in a PC-QED, we have
proposed two expandable arrays of all-optical
switches for use in optical network systems. We
have studied their optical controllability and cross
talks which are acceptable to use in optical DWDM
systems in replace of electro-optical routers. This
replacement will cause a revolution in data traffic
and speed of processing in those systems. Proposed
switch arrays can be controlled in scale of 50 GHz
corresponding to 0.4 nm wavelength spacing which
is suitable for DWDM. The highest magnitude cross
talk of -31 dB is calculated, which is lower than
acceptable value.
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