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Abstract—- In this paper we describe the performances of different kinds of all-optical logic gates reported up to now.
We introduce all-optical logic gates based on semiconductor optical amplifiers such as ultrahigh speed logic gates
exploiting four-wave mixing, cross gain modulation, cross phase modulation, and cross polarization modulation. We
demonstrate the performances of all-optical logic gates using delayed interferometers, such as all-optical gates based
on Mach-Zehnder and nonlinear loop mirror interferometers. We describe the performances of semiconductor based
microring resonator logic gates, such as all-optical logic gates based on nonlinear photonic crystal, couplers and
waveguides, lasers and cavities. We illustrate optical gates based on electro-absorption modulator, nonlinear fibers,
nanoslabs, and optical thyristor. We introduce molecular logic gates and logic gates based on thermal lens effects
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I. INTRODUCTION

Nowadays ultra compact all-optical integrated
circuits become attractive in communication systems
and high-speed signal processing. All-optical gates are
the basic block of the optical devices and networks.
These devices can perform many advanced functions
such as all-optical computing, bit-error rate
monitoring, all-optical packet address, payload
separation, etc. All-optical processing is especially
required in the systems and networks, which want to
avoid opto-electronic conversions and need high speed
data receptions and transmissions.

In this paper, a deep review of different kinds of
all-optical logic gates exploiting different basics and
phenomena are reviewed and described. The paper
structure is as follows: in the section I all optical logic
gates based on semiconductor optical amplifiers
exploiting various working mechanism such as
nonlinear effects of four wave mixing, cross gain
modulation, cross phase modulation, cross polarization
modulation, nonlinear interferometers, delayed
interferometer, delayed interferometer, Mach-Zehnder

interferometers, nonlinear loop mirror interferometers
are presented. In section III and IV, optical logic gates
microring resonators such as single, cascaded,
nonlinear photonic crystals are described. In section V,
all optical logic gates based on directional couplers,
waveguides, lasers, cavities are illustrated. In section
VI, and VII all-optical logic gates based on electro-
absorption modulator and nonlinear effects in optical
fibers are described, respectively. In section VIII-XI,
optical polarization, vertical cavity laser and thyristor
structure, molecular, polymer, thermal lens are
respectively presented. The paper is concluded section
XII.

II. ALL-OPTICAL LOGIC GATE BASED ON
SEMICONDUCTOR OPTICAL AMPLIFIERS

Semiconductor optical amplifiers and their
components are very interesting as the basis of the all-
optical logic gates. Semiconductor optical amplifiers
are characterized by a nonlinearity that is four orders
of magnitude higher than that of high-nonlinear fibers.



SOAs have small footprint, and are easy to implement,
able to be stable cascaded circuits at high speed
communication. The devices have integration potential
for mass production and commercial availability.
There are several nonlinear effects based on SOAs.
These devices have various working mechanisms,
such as four-wave mixing (FWM) [1-21], cross-gain
modulation (XGM) [22-33], cross-phase modulation
(XPM) [34], cross-polarization modulation (CPM)
[35-41], and nonlinear polarization rotation [42-48].
Some of the logic gates using single SOA [49-56] and
some of them use SOAs in interferometric forms [57-
130]. Usually the XGM method needs more than one
SOA. The implementation of logic gates based on
XGM is easy but their speed limits to slow gain
recovery in active region of SOAs. In the FWM
technique pattern dependent degeneration can be
reduced due to the constant intensity nature of the
signals in logic gates. FWM is limited by conversion
efficiency and must lie within certain wavelength for
efficient FWM effect. The CPM effect requires
matching both the polarization and the wavelength of
the input beams, which impose an exact technical
procedure for practical applications. Of course it
should be considered that in the CPM method only
two input signals without an additional CW beam are
needed, which enable us to get more compact designs.
The XPM method limits the operating speed of such
devices due to the intrinsic slow carrier lifetime of the
SOAs. The operating speed can be increased by
utilizing of a high-power CW beam, different
interferometer structures, differential scheme, and
using quantum-dot semiconductors

A. Ultrahigh-speed logic gates exploiting four-wave
mixing SOAs
Here we introduce all optical logic gates based on

FWM in SOAs [1-6, 8-13]. The information is
encoded in polarization of the input signal. Even
though these devices are simple but they can generate
several logic functions by exact tuning the polarization
in the output and input. In binary encoding, the logical
“one” is distinguished with a linear polarization state
and the logical “zero” with orthogonal one. The two
data streams are injected to the SOA at the
wavelengths λ1 and λ2 as the pump and the probe
signals. The logic gates can be grasped by detecting
the idler signal generated due to the FWM of λ1 and λ2
[1].

The FWM effect in the SOA acts only when the
probe and the pulse components are in the same
polarization. Therefore, when the polarizations of two
signals are parallel, the resulting intensities and
polarization states of the idler signals are as shown in
Figure 1.

If the output is directly detected by an optical
receiver, the polarization states can be ignored and
results an XNOR gate. Anyway, if the idler is isolated
in two polarization components by polarization
splitter, AND and NOR logic gates are generated.

If the polarization states of the inputs are
orthogonal, XOR operation is gained by direct
detection and two logical functions 1 2⋅D D and

1 2⋅D D are obtained by utilizing polarization splitter.

Figure 1. Schematic view of all-optical AND, XNOR, XOR,
NOR, 1 2D D⋅  and 1 2D D⋅ logic operations [1].

An XOR logic gate based on FWM in SOA, with
optical RZ-DPSK is reported in [2]. The proposed
XOR gate can be in two-input or three-input mode,
which offers better flexibility for cascading. This logic
gate operates up to 20 Gb/s. The proposed all-optical
XOR gate with its truth table is depicted in Figure 2. A
reconfigurable logic gate based on SOA exploiting
FWM and XGM effects is shown in Figure 3. It has
two polarization-aligned input data signals, ‘A’ and
‘B’, and a probe co-propagating at the same
wavelength of generated FWM term.

1ϕ 2ϕ 3ϕ 1 2 3ϕ ϕ ϕ− − Boolean

0 0 0 0 0
0 0 π -π 1
0 π 0 π 1
0 π π 0 0
π 0 0 π 1
π 0 π 0 0
π V 0 2π 0
π π π π 1

Figure 2. All-optical XOR based on FWM in SOA [2].

The SOA-based devices are unable to process
ultrafast signals due to the limited SOA gain recovery
speed; here a method to overcome this limitation is
proposed. Using a propagating continuous-wave
(CW), reduces the SOA response time. The presence
of the CW light increases the main saturation level of
SOA, thus the dynamics of gain recovery reduces after
the arrival of the input signals. In this way, the ability
to process the signals in SOA-based gates is improved
[3]. When both signals are present in the SOA, due to
the FWM effect the idler component is generated, and
the channel is saturated, so the probe signal
experiences a very low gain. The idler component can
be filtered optically and the output is in high state. If
both the input data signals are absent the FWM effect
does not take place and the SOA is not saturated.
Therefore, the SOA now is amplifier and the probe
beam is experienced by high amplification.



In the absence of the idler component at the FWM
wavelength, the output is in the high level. In case that
one input is present, the FWM effect does not occur,
but the SOA is saturated (each one of the input power
is sufficient to saturate the device), so the gain of
probe is strongly reduced. Different states of this
XNOR are demonstrated in Figure 3.

Figure 3. Different states of proposed XNOR gate [3].

By splitting the output in two part and utilizing two
BPF, or using a tunable filter, AND, NOR, NOT logic
functions can be obtained. If the probe signal is ‘OFF’,
and the BPF is adjusted at λFWM, the structure
represents a logic operation AND. Moreover in the
case that the probe wavelength is not tuned at the
FWM wavelength, and the BPF centered at the probe
wavelength, the NOR function is generated. Finally
the NOT operator can be obtained when only one
input signal is inserted.

Figure 4. Scheme of reconfigurable logic gate [3].

All optical XNOR and AND gates simultaneously
realized in the single SOA [4], and a complicated all-
optical logic gate based on FWM for CSRZ-DPSK
and format conversion from CSRZ-DPSK to RZ-
DPSK by HNLF is reported in [5]. This XOR logic
gate operates up to 40 Gbs-1. The principle operation
of the FWM gate is shown in Figure 5.

Figure 5. Operation principle for FWM based XOR logic gate [5].

A novel scheme for ultrafast 40 Gb/s
multifunctional all-optical logic gate was proposed,
which can perform not only as the simple logic gates

of AND, OR, XNOR, XOR, and etc, but also can
perform as the complex gates including half adder,
half subtractor, decoder, and comparator based on
FWM in SOAs with PolSK modulated signals [6].

An AND/OR 40 Gb/s all-optical logic gate is
recently proposed to process NRZ-OOk, RZ-OOk, and
CSRZ-OOK format signals. AND and OR logic gates
are achieved through a single logic unit, which is
compact and cost-effective for processing application
[9].

Other kinds of all-optical AND and OR logic gates
based on cavity-enhanced FWM combined with
optical injection locking phenomenon integrated in
SRLs at speed of 2.5 Gb/s have been experimentally
demonstrated [7].

B. All-optical logic operation using cross gain
modulation in SOA
The XGM method needs more than one SOA. The

speed is limited to the slow gain recovery in active
region of SOA but the method is easy to implement.

This 10 Gb/s NAND gate works due to the XGM
effect of SOA. The carrier density will affect the other
inputs, so it is possible to influence a signal at one
wavelength the input gain for another wavelength.
When a high power signal passes through the SOA, it
causes carrier depletion in active region of amplifier.
Therefore a deep gain saturation is taken place,
causing an intensity reduction of incoming probe
signal which leads no pulse existence in the output
[22].

The schematic diagram of the NAND gate is
shown in Figure 6. In the NAND gate( )A AB+ , A is
obtained by using clock signal as probe beam and
signal ‘A’ as the pump beam.

Figure 6. The implementation of NAND logic operation [22].

In the BA , signal ‘A’ works as probe beam and
signal ‘B’ works as pump signal in the SOA-2. The
NAND logic function is the sum of the two signals
AB and A .

An interesting optical gate based on XGM was
proposed in [29] that uses reflected input beam for the
production of cross gain modulation. It does not use an
extra continuous wave (CW) source. This structure
shows no reduction in the performance in addition to
surpassing integrability and simpler form.

This logic gate is similar to the nonlinear optical
gate which uses auto-correlated XGM in folded
tandem-SOA but without extra CW. The performance
factors can be increasing the mirror reflectance.



The novel idea of this logic gate, according to [29],
is shown in Figure 7a, compared to the CW assisted
gate depicted in Figure 7b.

In both schemes, there are two SOAs connected
with a 3-dB coupler with outer edge receiving the
input power (the input port of the SOA1) and CW (the
input port of the SOA2) in CW assisted gate and
reflected input instead of CW in folded type. In the
second type, the pattern of the CW signal propagating
through the SOA2 has been inverted by XGM effect.
After entering the SOA1 again the input power
modulates it by utilizing the XPM effect. This process
in the presence results in “0” of the input signals and
“1” in the absence of the inputs. In the reflected input
acts as a CW signal.

(a)

(b)
Figure 7. The structure of the optical logic gate based on auto-

correlated XGM effect in folded tandom-SOA (a), compared to the
CW assisted gate (b) [29].

This is a three input AND-NOR gate, the
performance of which demonstrated in Figure 8. The
probe signal at wavelength λs, is shown 0x x= in
logic operation. The Ppump is the sum of Ppump1 and
Ppump2 with wavelengths λp1 and λp2, respectively and
in logic operation as shown by 1 2y x x= + . The logic
operation is obtained at output wavelength λs. As long
as one of the two pump inputs exits, 1=y and the
SOA is deeply saturated, so the output signal will be
‘zero’. When two pump signals are absent, SOA
works normally and the probe signal appears in the
output. The combination of probe and pulse signal
generates high output only when pump signals are
absent and the probe beam exists. Thus we can obtain
x y⋅ and in presence of three inputs 0x x= and

1 2y x x= + , the Boolean ( )0 1 2x x x⋅ + logic gate can
be achieved [23].

The switching speed has been enhanced by adding
the third SOA in the dual ultrafast nonlinear
interferometer XOR gate (DUX) to benefit from the
turbo-switch effect. A CW laser at wavelength of 1552
nm has been employed as the probe beam, and the 3 ps
1557nm control pulses A and B have been used. The
differential delay of PM is 5.75 ps. The control pulse

energies needed for switching are as low as 54 and 62
fJ.

C. Proposal for boolean logic gates exploiting XPM
An arbitrary two-input logic gates (AND, NAND,

OR, XOR, XNOR, NOR) based on single SOA and
optical filters are proposed [34]. Two input data with
Pico second pulses and a probe signal are fed
simultaneously into the SOA. The spectrum of the
probe signal will be extended due to XPM effect, and
different logic functions are obtained, such as AND,
OR, XOR, and NOR by tuning the optical filters and
using different frequency components. Finally, the
logic XNOR and NAND are achieved by combining
the two logic operators. A simple digital schematic
view of these logic gates their truth table are illustrated
in Figure 9 [34].

1 2y x x= + 0x x= Probe
output Notes

0 0 0

Probe output power is
low with low probe

power and low pump
inputs

0 1 1
Probe output is high

with high probe power
and low pump inputs

1 0 0

Probe output is low due
to SOA gain saturation

in the presence of a high
input pump power and a 

low input probe

1 1 0

Probe output is low due
to SOA gain saturation

in the presence of a high
pump power and a high

input probe power

Figure 8. Principle of the AND-NOR operation based on XGM
[23].

Two data signals ‘A’ and ‘B’, and the probe signal
are injected to the SOA. Due to cross phase
modulation (XPM), the probe signal has some
frequency shifts. Data ‘A’ and ‘B’ have equal peak
power with RZ format. The frequency shift of the
probe signal depends on the peak power of the inputs.
The logic function is obtained by tuning the optical
bandpass filter (OBF) at different wavelengths. Figure
10 depicts that the output peak power depends on and
the wavelength and the filter detuning. P11 and P10
represent the states when both or one of the input
pulses are present, respectively.

If both of the input signals are present, the probe
signal receives much stronger blue shift at the
wavelength compared to the case that only one input
pulse is present. By adjusting the OBF to select the
stronger shift and reject the weaker one, the AND
logic gate is created. In similar way, if the OBF is
tuned to select the weaker wavelength shift and reject
the stronger one, an XOR gate is generated. As shown
in Figure 10, if the OBF is tuned at middle region of
the weaker and the stronger blue-shift the probe pulse
can be generated when both of the inputs exist or
either of the inputs is present. In this manner we can
obtain an OR logic function.



Figure 9. The digital logic schematic view and the truth table of
the digital logic gates [34].

Figure 10. The output peak power variations as a function of
filter’s detuning [34].

If the OBF has small detuning from the probe
signal, the XGM is dominant to invert the output
pulses. Thus the small detuning filter is useful to speed
up the amplitude recovery. In this way, the NOR gate
in dark RZ (DRZ) is achieved. As shown in Figure 11
with proper power proportion, the XNOR/ NAND is
obtained by mixing AND/ XOR and NOR.

Figure 11. Schematic diagram of the arbitrary logic gates [34].

According to the optimization of these logic gates,
the probe wavelength must be near 1552 nm and 1554
nm. The wavelength of data signals is at 1563 nm. The

data signals have pulse width of 2.5 ps and the peak
power of 10 mV.

D. All-optical AND gate utilizing cross polarization
modulation effect
An all-optical 10 Gb/s AND gate exploiting cross

polarization modulation (CPM) in the SOA is shown
in Figure 12. This device needs no additional
continuous-wave beam to carry the logic information
out of the gate and the output is gained at wavelength
of one of the input data. The input logic signal A at
wavelength λ1 and B at wavelength λ2 is injected into
the SOA, concurrently. The intensity of the input data
modulates the carrier density in active region and
induces different phase shift on TM and TE modes.
Thus the polarization states of one beam at the output
of the SOA will be modulated by the intensity of
another input of the SOA. This is so called cross
polarization modulation. Afore-mentioned output is
obtained at one of the input wavelengths. Here the
filter is tuned at wavelength λ1. So if input ‘A’ is in
‘OFF’ state, the output will be in low level. But in case
the input A is in ‘ON’ state, the presence or absence of
the input B influences its polarization and results in
different states [42].

The polarization change of signal ‘A’ is converted
to intensity information after polarizer. The polarizer
is tuned orthogonally to the state when signal A is
‘ON’ and signal ‘B’ is ‘OFF’. Thus, only when input
A is in the ON-state and B is in the OFF-state the
polarization of input signal A will be rotated by the
intensity of signal ‘B’ due to CPM, and the output will
be in high level after the polarizer.

Figure 12. Proposed AND logic function [42].

The simulation results show that the higher output
power can be obtained when the input power of both
signals increase. Higher power of signal ‘B’ will
strengthen the CPM effect on signal ‘A’, so higher
output power is gained. Higher input ‘A’ weakens the
XGM effect in SOA and increases its output. Thus
higher power of both inputs improves the logic
operation.

E. All-optical logic gates exploiting nonlinear

interferometers

Here we introduce different schemes of all-optical
logic gates based on interferometric structures, such as
turbo switches [61, 62], delay lines [63-65], Mach-
Zehnder interferometer [66-4, 7-38], nonlinear optical
loop mirror [39-41], ultrafast nonlinear interferometers
[42-44], and Michelson interferometer.

A scheme to speed up the optical switches is using
two nonlinear ultrafast interferometers based on SOA,



which was enhanced by merging the turbo switch
configuration. In this technique a turbo-switch
configuration is adopted instead of a single SOA [62].
The turbo-switch consists of a pair of SOAs separated
by a wide band-pass filter (BPF), to prevent the pump
pulses from entering the second SOA, as shown in
Figure 13. Measurements have shown that the overall
response time of a turbo-switch is about four-folded
faster than a single SOA [61].

Figure 13. A turbo-switch configuration. PC is the polarization
controller [61].

A and B input probe pulses are launched into a
polarization-maintaining fiber (PMF) with the same
intensities on the fast and slow fiber axes. As a result,
the TE pulse lags the TM pulse by Δt, this delay
depends on the PMF length [62].

As shown in Figure 14, a control pulse is injected
between two probe pulses, in which it induces π-radian
phase shift experienced by TE mode alone. The probe
pulses are introduced to another PM fiber by a delay
line of -2Δt. The fast and slow axes of the fiber are
orthogonal to the former PM fiber, so reversal of the
delay between TE and TM pulses result TE mode
leads the TM pulse by Δt. The control pulse B is
introduced between TM and TE probe pulses before
entering SOA2. The imposed π-radian phase shift
adopts TM mode. The third PM fiber with delay of Δt
resynchronizes the TE and TM modes at the end of
fiber. If two control pulses are present and identical,
the nonlinear phase shift between two TE and TM
mode is zero. (π and –π), like the result when both
control pulses are absent. In the cases either one of ‘A’
or ‘B’ is present, the induced phase shift will be ±π. π-
radian phase difference between TM and TE pulses
gives polarization rotation of π/2 when they recombine
at the polarizer, which is crossed with the unrotated
probe. A pulse is generated after polarizer even if one
of the control signals is presented. Thus the operation
of device satisfies XOR logic function.

F. All-optical logic gate using SOA and delayed

interferometer

Several kinds of logic gates were demonstrated
based on SOA-delayed interferometer. An inverter
function at speed of 100 Gb/s [63], an OR function at
20 Gb/s [64], an OR logic gate at 80 Gb/s [65]
operates based on SOA-DI.

Their operations are similar, so we consider one of
them. In the all-optical OR operator based on SOA-DI
at 80 Gb/s, the DI is based on polarization maintaining
loop mirror. This technique has advantages over SOA
Much Zehnder interferometer (MZI) gates. The SOA-
DI gates require one SOA and operate at low power
consumption. The SOA-MZI devices due to their
differential schemes can operate in higher speed in

comparison with DI type. This all-optical logic gate is
based on gain saturation and phase modulation signals
in the SOA. The schematic view is shown in Figure
15.

Figure 14. Configuration of XOR logic function, where PMs are
polarization-maintaining fibers and PCs are the polarization-

controlling [62].

Figure 15. Experimental setup for the OR function, ML: mode
locked fiber laser, PC: polarization controller, DFB: distributed

feedback laser, BPF: band pass filter, DCF: dispersion compressing
fiber, PMF: polarization maintaining fiber [65].

Two input signals A and B in company with CW
signal are injected into the SOA. Two inputs impose a
time variant phase shifts to the CW which operates as
the probe signal via XPM effect. The CW signal is
injected into a polarization maintaining loop mirror.
The CW is polarized along fast and slow axis of the
PMF before injection into the polarization maintaining
loop (PML). The CW signal splits into clockwise
(CW) and counter clockwise (CCW) components. The
polarization controller is adjusted to make
90° rotation. So, the CW and the CCW components
are polarized along two axis of the fiber. So, the fiber
birefringence along two fast and slow axes imposes
the differential phase delay of 0k nLΔ , where k0 is the
wave vector, nΔ is the refractive index difference
between two slow and fast axes, L is the PML fiber
length. According to this differential phase shift the
CW and the CCW components interfere at the coupler
and create required logic operation. In the absence of
signal ‘A’ or ‘B’, there is no output pulse after the DI.
If ‘A’ or ‘B’ or both of them are present, the SOA gain
saturates and imposes a time dependent phase shift on
the CW signal. The Signal enters the PC and the
coupler split it in two CW and CCW components in
the loop mirror. The clockwise and the counter
clockwise signals travel along the fast axis and the
slow axes, respectively. Since the two components
arrive at different times due to the birefringence of the
fiber. The different time dependent phase of the two
components and the output pulse of the coupler are
shown in Figure 16.

The phase gate can be easily tuned by the variation
of the fiber length. For appropriate operation each of
‘A’ and ‘B’ should saturates the SOA. In the presence



of both of the inputs, the phase shift introduced to CW
due to the gain saturation are the same as when either
‘A’ or ‘B’ is present. This gate works in the third
communication window, and its speed is limited by
gain recovery time. The Q-factor is a function of gain
recovery time and the alpha-factor.

Figure 16. δΦ represents the time dependent phase shift induced
by inputs, ( )δΔ Φ represents the phase difference between the CW

and CCW components at the coupler, and the pulse output
represents the power output (bottom) [65].

G. All-optical logic gate based on Mach-Zehnder
interferometer
The schematic view of the first all-optical XNOR

logic gate which is demonstrated base on Mach-
Zehnder Interferometer (MZI) with simple structure
operated at 10 Gb/s is shown in Figure 17. It operates
in cross-phase modulation (XPM) mode. Because of
the counter propagation scheme, there is no need to
frequency selective filter after MZI output. Two input
data are combined and coupled into the lower arm of
the MZI. The clock signal is split and launched into
the MZI arms. When the signal with high power is
launched into the IN port, it modulates the carrier
density and as a result the refractive index of the SOA
in lower arm of MZI, prepares a phase-modulating
signal. At the output of the MZI, two split of probe
pulses interfere constructively or destructively,
depends upon the phase shift created in the SOA of the
lower arm of MZI. Figure 17(b) shows the whole
operation this optical logic gate . The logic gate output
is “one” whereas the two pump inputs are the same.
Thus there is no difference in phase of the two arms of
the MZI, and the output is “zero” when two input
signals are different [71].

The optimum CW input power signals is about 2
dBm, and the wavelengths of the clock and the input
CW signals are 1553.8 nm and 1545 nm, respectively.
This gate operation speed can increase up to 40 Gbs-1.
The XNOR structure is based on the wavelength
conversion by XPM.

The XOR logic operation is indispensable to
critical networking function, such as switching, signal
regeneration, etc. Several analyses are reported for the
schematic diagram is shown in Figure 18. One of them
can operate up to 20 Gbs-1 [72], and the second is
demonstrated at 10 Gbs-1 and 40 Gbs-1 [73] and
another form is reported in [74-79].

This optical XOR gate is consisted of symmetric
MZI and one SOA located in each arm. A clock pulse

enters the port1 and splits in two equal parts through
the coupler C1 as the probe beam. The probe and the
pulse beams counter propagate through both arm of
the MZI (CMZI). If pump signals A and B are the
same, the MZI are balanced and there is no signal at
port3. When two pump signals are different, due to the
XPM effect in the SOA two different phase shifts
occur. Thus induced probe signal switches out from
port3.

(a)

(b)
Figure 17. (a) Schematic diagram and (b) illustration of the

principle of operation of XNOR logic gate [71].

Because of CMZI formation of this XOR function,
BPF is not necessary after MZI and the device can be
compact. Both SOAs are polarization independent and
the polarization-dependent effect is negligible. The
schematic diagram is shown in Figure 18(b) operates
like previous in Figure 18(a). To achieve ideal
interfering in MZI, phase difference must be kπ, where
k is an odd integer number. To have satisfactory
operation the phase shift is unnecessary to be kπ.
Appropriate switching can be achieved by less power
energy, even if Δφ is less than π. Because of the
carrier life time, the speed of gate is limited so this
logic gate can operate up to 40 Gb/s [73].

Figure 18. Configuration of 10 Gb/s all-optical XOR gate [72].

The schematic view shown in Figure 20 is an all-
optical 10 Gb/s NAND gate SOA based symmetrical
MZI demonstrated for the first time. The input signal
B combined with clock pulses through the coupler C2



and WDM2 enters the lower arm of MZI. Signal A as
the second input signal enter to upper arm of MZI via
WDM1. A clock pulse as a probe signal enters through
port5 [82].

Figure 19. . Configuration of a 40 Gb/s all-optical XOR gate [73].

The probe signal is split in two equal parts by C1
and is transmitted in two arms of MZI. The input
signals ‘A’ and ‘B’ and the clock pulse have the same
amplitude. The scheme is filter free, because the input
signals and the probe pulse propagate concurrently.

Figure 20. Schematic diagram of an all-optical NAND gate based
on SOA-MZI [82].

The combination of signal B and clock pulse
modulates the carrier density and hence the refractive
index of SOA2. Signal ‘A’ modulates the refractive
index of SOA. Two parts of the probe pulse interfere
via coupler C3. As a result the refractive index of
SOAs is modulated by the input data signals due to the
XPM effect. The phase shift experienced by the probe
pulses, determines the output signal of the MZI. If data
A and B are in high level, the date signal from port3
and port4 are identical and two probe pulses interfere
destructively at the output of the MZI. In the other
cases the controls signal at port3 and port4 are
different which generate a pulse at wavelength of the
probe signal at the output. The schematic shown in
Figure 21 demonstrates a multiple logic gates with
XOR, OR, NOR, XNOR, and NAND functions [86].

The design of structure of Figure 21 is optimized
by tuning optical gain and phase shifts to obtain the
output pulses with maximum Extinction ratio (ER).
The XOR diagram was previously introduced. Pin is
the optical power level of the CW probe signal
entering the two parallel MZI structures. For NOR and
OR function, first A and B signals are combined and
launched to upper arm of SOA-MZI. For NOR gate
the phase shifter which is placed in the upper arm of
the MZI should be tuned to zero. Thus the probe parts
interfere constructively when two input data are zero.
In OR gate operation, if two inputs are zero, they
interfere destructively and the output will be zero.
Because of phase shift due to XPM in the presence of

one of the inputs or both of them, the output is ‘1’, so
we can obtain OR logic operator.

Another form of NAND logic function is
introduced here, which is the sum of XOR and NOR
gates. Thus XOR, NOR, and NAND gates can be
concurrently operated. The wavelength of the probe
input signal is 1549.79 nm and the pump input signals
in the upper and the lower MZI are 1551.47 nm and
1553.79 nm, respectively. The probe and the pump
(PAH=PBH) and (PAL=PBL)) input power levels are 0.2
mw, 0.15 mw, and 0.001 mw.

Figure 21. . Conceptual multiple logic gates based on SOA-MZI
[86].

The first type 42.6 Gb/s of XOR logic based on
SOAs are reported in [90]. In the paper, two types of
SOA-MZI based and dual ultrafast nonlinear
interferometer (UNI) arrangement are compared. As
declared formerly the high speed operation is limited
by the carrier life time in SOA. In order to solve the
limitations imposed by carrier life time, a differential
scheme for XOR operation is considered that has
potential of working over 100 Gb/s [91].

Figure 22. Schematic diagram of an SOA-MZI as the XOR gate
operation with differential phase scheme [91].

An XOR gate with differential phase modulation
based on SOA-MZI is shown in Figure 22. Two inputs
at wavelengths λ1 and λ2 are combined before coupling
into ports 1 and 2 of the MZI. In the port1, data ‘A’ is
T ps ahead of signal ‘B’ and in port2 data ‘B’ is T ps
ahead of signal ‘A’. The combined input data
modulate the SOA gain, and as a result the phase of
co-propagating CW probe signal. At the output of the
MZI two split probe signal interfere constructively or
destructively. If two input data are identical the probe
signal interfere destructively, and the output will be in
low level. When two input data are different, for
example, data ‘A’ is “1” and data ‘B’ is “0”, the phase
shift on the lower arm is induced first and open the
switching window, T ps later the phase shift in upper
arm is induced so the switching window is closed. The
duration of phase difference is controlled by T ps



delay and not by gain recovery time. As a result this
gate has higher speed for differential operation. The
wavelengths of the inputs A and B are 1545 nm and
1550 nm, respectively. For 10 Gb/s operating, delay
time, T, should be 35 ps. In higher speed the delay
time becomes shorter.

This conceptual AND logic gate works based on
cross phase modulation of two inputs in SOA based
MZI. The incoming signals modulate the gain and the
phase of SOAs placed in each arm of the MZI. The
interferometric optical signal carries the logic AND
information. The schematic view of the proposed
AND logic function are introduced in Figure 23. The
signal ‘B’ with wavelength λ2 is coupled into middle
port and split into equal parts. By exactly tuning
injection currents and the phase shifter located in each
arm, the MZI will be balanced at the beginning [92].

The input signal ‘A’ and the delayed version of it
enter the upper and lower arms of MZI structure. The
presence of A and A-delayed influences B signal in
the upper and lower arms of MZI, respectively, due to
the XPM in SOAs. The signal ‘A’, if it is present,
induces a phase shift on signal ‘B’, and two part of
signal ‘B’ interfere at the output of MZI instructively.
In fact, ‘A’ and A-delayed signals (if ‘A’ is ‘1’)
modulate the carrier density and the gain of SOA in
both arms of MZI, and as a result the refractive index
of SOAs. Thereby this happening specifies the phase
of signal ‘B’ at the output. As a matter of fact, signal
‘A’ opens a window for passing signal ‘B’, and after T 
ps A-delayed closes it. Thus, if ‘B’ and ‘A’ are ‘1’, the
output will be ‘1’, but if A= ‘0’ there is no phase gate
and the output is ‘0’ for the both states of B=’0’ or B=
‘1’. In the case A= ‘1’ and B= ‘0’ the window is open
but there is no signal to pass through it, therefore the
output is in low level. Since the relative delay between
signals ‘A’ and ‘B’ leads to switch phase gate for
signal ‘B’, the phase change of ‘B’ depends on the
delay time. To achieve the best signal to noise ratio
during the AND operation, the optimum delay time is
2.25 ps. Q factor decreases with increasing the carrier
life time. Input data ‘B’ and signal ‘A’ are at λ2=1550
nm and λ1=1555 nm, respectively. In this way the
logic function AND is realized. Operation at higher
data rate is feasible using SOAs with shorter phase
recovery time. The real reason for limited speed of all
optical logic gates based on SOAs and spatially SOA-
MZI is the carriers’ long life time in bulk SOAs,
which decreases the output quality factor below the
acceptable range. Using quantum-well and quantum-
dot SOAs can improve the optical switching operation.
An AND logic gate based on QW-SOA is investigated
in [106]. It can operate up to 1 Tb/s using 800 fJ
optical pulses with duration of 200 fs while having
contrast ratio larger than 11 dB.

An ultrafast XOR logic gate based QD-SOA is
designed similar to the former one based on SOA-
MZI. Optical amplifiers having nano-sized
semiconductor particles, called quantum-dots, show
attractive features such as an ultra wide operating
wavelength range, suppressed waveform distortion in
the high power output, and capability of noise
reduction. The ultrafast gain response and the fast gain
regeneration are the key properties that make QD-
SOAs suitable for regeneration, amplification and also

application in logic gate operating due to the XPM and
XGM effects [111].

In the paper, an ultrafast all-optical signal
processor based on QD SOA-MZI is presented
theoretically. For Q factor of 6, the bit rate is up to
(100-200) Gb/s depending on the value of the bias
current I ̴ (30-50) mA. Speed of this logic gate is
limited by relaxation time of electron transition
between wetting layer (WL), the exited state (ES) and
the ground state (GS) in QD conduction band.

Figure 23. Proposed AND logic gate in differential scheme [92].

An AO-XOR gate based on integrated SOA-MZI
composed of symmetrical MZI and two QD-SOAs
located in each arm is depicted in Figure 24 [111].

Two data signals ‘A’ and ‘B’ with the same
wavelength are injected in each arm of the MZI
separately. A clock pulse as the probe enters in the
MZI. The detuning Δω of signals ‘A’, ‘B’ and probe
pulse must be less than homogeneous bordering of
QDs spectrum.

Figure 24. an all optical XOR based on QD SOA-MZI [111].

The simulation has been for L= 1500 μm, W = 10
nm, 1560B nmλ = , 1550A nmλ = , and 15300p nmλ = .

Recently a Tb/s optical gate based on QD-MZI-
SOA using XGM effect is theoretically analyzed,
which has capability of operation up to 2.5 Tb/s with
appropriate quality factor [114]

In order to reduce the switching power
consumption, different ring resonator structures have
been used in the arms of MZI instead of SOAs [116].

Control of light in all-optical devices is proposed
by the use of III-V semiconductors due to their
stronger and faster nonlinearity compared to the
silicon to achieve the high-density integration with
CMOS fabrication technology. Thus, control of light
in Si-based devices has received increasing interests.
The all-optical MZI-XOR gate based on Si slot
waveguides is demonstrated in Figure 25. Si strip
waveguides are used as the input and output
waveguides. In the arms of the MZI two nonlinear



elements (NLEs) are located to achieve nonlinear
phase shift due to the XPM effect.

The NLEs are implemented with slot waveguides,
consisting of two parallel Si strip waveguides. The gap
between them is filled with low index nonlinear
material that consists of silicon nanocrystals (SiC)
embedded in silica (SiO2). Its Kerr nonlinearity
coefficient is two orders of magnitude higher than that
of Si. The nonlinear properties of Si-nc/SiO2 material
and the effective refractive index can be tuned based
on Si-nc density and size. If two inputs are identical,
the control signal interferes destructively at the output
because of π-shifter is placed in upper arm of the MZI,
which can be easily implemented by changing the
optical length of one of both arms. If only one of the
inputs is present the nonlinear phase shift that depends
on its power, makes them to interfere constructively at
the output [116].

(a)

(b)
Figure 25. Schematic view of the proposed MZI XOR logic gate

(a). The nonlinear elements in the arms of MZI are slot waveguides
(b) [116].

All designs have been performed at
communication wavelength of 1550 nm and for TE
polarization. According to the simulation and
calculation results for 16

2 10n −=  m2/W the required
power is 2.5 W. Moreover, the device length and the
required input power could be reduced by use of
resonant structures such as resonators are illustrated in
Figure 26.

Figure 26. (a) Ring resonator side coupled for reduction of device
length and required input power of the nonlinear elements of MZI-
XOR logic gate of Figure 25, (b) mirror formed into the slot
waveguide, (c) top view of the coupled resonator waveguide [116].

For ring resonator radius of 10 μm, the intensity
inside the ring will be 20 times higher than that of the

input waveguide. The incident frequency of the data
signal can be red-detuned from resonance to avoid
saturation that prevents the effective nonlinear phase
shift to reach the value of π. However, the required
power for the same value of n2 reduces to less than
0.13 W.

H. Ultrafast all optical XOR based on non-linear
loop mirror interferometer

1) Ultrafast all-optical Boolean XOR gate with

semiconductor optical amplifier Sagnac

interferometer

In this section we explain two types of devices
based on Sagnac interferometric structure. In the first
one, the SOA as the nonlinear medium placed
asymmetrically with respect to the center, as depicted
in Figure 27. To perform 10 Gb/s XOR logic function
two control signals ‘A’ and ‘B’ enters into loop
through two couplers, which can be wavelength or
polarization selective. A clock stream is injected to the
loop via 3dB coupler splitting into equal parts of
clockwise (CW) and the counter-clockwise (CCW)
[117, 118].

The data pulses should arrive at the SOA just
before their corresponding co-propagating clock
components and their energy must be 10 times higher
than that of clock pulse. Any of the data pulses
modulates the carrier density and the refractive index
of the SOA. This causes a phase shift due to the XPM
on clock pulse arriving at the SOA exactly after the
data signal. In the case that two data signals are
identical, the signals ‘A’ and ‘B’ have effect on the
CW and CCW clock components, respectively.

Figure 27. Configuration of asymmetrical XOR gate based on
Sagnac interferometric structure [117].

If two data pulses are different, for example ‘A’ is
‘1’ and ‘B’ is ‘0’, the CW pulse experiences a
saturated gain in SOA. The CCW counterpart arrives
in the SOA after a relative delay due to the asymmetry
in partial recovery gain. The difference in gain and
phase of two parts of clock pulse causes constructive
interference when arriving the coupler and producing a
signal at the output. It means that when either data is



‘1’, it is depicted on that exits the gate, so XOR
operation is achieved. The time difference in the
arrival of the complementary clock pulses at the SOA
is defined as asymmetry time, Tasym. This parameter
determines the width of gate’s switching window. In
order to achieve optimum operation, Tasym can partially
be adjusted by using an optical delay line in the loop.
The delay must be more than half of the period of the
clock, Tper. An additional requirement for clock pulse
to be fully transmitted is its width, TFWHM, which
should be less than switching window, and also the
width of the switching window cannot be shorter than
the data pulse width. Moreover, the asymmetry must
be less than the SOA gain recovery time that is
expressed by carrier lifetime parameter, Tcar [117].

The frequency of the data pulses is located at the
peak of the SOA gain spectrum at 1550 nm. The SOA
carrier lifetime is the most crucial and imposes stricter
limitation on the performance of the gate. For this
reason, it is necessary to utilize either the complex
gain recovery enhancement techniques or to use the
technology of quantum dot to reduce the carrier life
time. The first method has been utilized below.

The second device based on Sagnac interferometer
is shown in Figure 28. The operation of this scheme
with 80 Gb/s is simulated correctly with high
performance. This scheme is proved to exceed the
speed limitation imposed by carrier life time of the
SOA [118].

There are four ports A, B, C, and D. Two data
trains enter the loop mirror via A and B. The clock
pulses as probe signal are injected into the loop
through 50/50 coupler, which split in two CW and
CCW parts, and recombined there. At port D, the
XOR logic results of data A and B, at probe
wavelength are obtained.

Figure 28. . Schematic diagram of symmetric XOR based on
Sagnac interferometer [118].

It is obvious that signals A and B affect the right
and left nonlinear elements, respectively. If data
signals ‘A’ and ‘B’ are different, the differential phase
shift between CW and CCW is not zero, so two data
signals interfere constructively at port D and the
output will be ‘1’. In the case that two inputs are
identical, the structure is balanced and the differential

phase shift is zero, hence the output becomes ‘0’. So
the all-optical XOR function is realized.

In this section, all-optical logic gates using ring
resonator as NLE and the proposed logic gates based
on semiconductor micro-racetrack resonators [132-
143], and logic operation based on photonic crystal
will be described subsequently [144-160].

The two first logic gates operate as AND/NAND.
They have the same configurations, but one of them is
based on GaAs [132, 133] and the other is based on
compact silicon [134]. The logic gate based on GaAs
operates up to 30 Gb/s. It uses two photon absorption
effect (TPA). The silicon logic gate is based on the
free-carrier dispersion effect in silicon and TPA effect
and can operate at 310 Mb/s with extinction ratio of 10
dB. The operations of the two gates are similar, but
their difference is in experimental results.

III. PHOTONIC AND/NAND LOGIC GATE USING

SEMICONDUCTOR MICRORESONATORS

A. All-optical AND/NAND logic operation using a
microring resonator
The all-optical AND/NAND logic gate using a

microring resonator exploiting TPA effect is operating
up to 30 Gb/s [132].

(a)

(b)
Figure 29. (a) Scanning Electron Microscope (SEM) image of the
InP racetrack resonator, (b) Measured (line) and fitted (dash)
spectral response at port of the resonator [132].

The nonlinearity used in the all-optical gate is the
variation of the refractive index due to the two- photon
absorption (TPA) effect. When pump beam has energy
more than half of the band gap energy of the resonator
material, the photons are absorbed, TPA and hence
free carriers are generated.



The amount of carriers is proportional to the
squared of intensity, which is quadratically
proportional to the field increment inside the
resonator. The phase change needed for switching
resonator is reduced by FE2. So, the optical power
required for switching resonator is proportional to the
square of field enhancement power of six of the field
enhancement (FE). The free carriers decrease the
refractive index and cause a blue shift in its resonance
wavelength. If probe beam is tuned initially at
resonance frequency, the output will be in low level or
'0'.

Figure 30. The performance of the AND logic gate. (a)' A' and (b)
'B' are two input data and (c)'F=A.B' is the output signal tuned to

next higher resonance [132].

‘A’ and ‘B’ are input data, when either A or B is
one, the amount of phase shift obtained by resonator is
not enough to switch out of resonance. If both of the
inputs are in high level, the nonlinear transmission of
resonator enhances the switching and brings the probe
out of resonance to high level. This returns to the
function AND of logic gate. If the probe beam is
initially out of resonance, the device can be operated
as a NAND logic gate. This device is demonstrated
and tested with InP and GaAs core. The demonstrated
all-optical logic operation in [133] is the first optical
logic function using compact silicon resonator and is
fabricated on silicon on insulator substrate.

Figure 31. The logic operation: (a) A and (b) B are inputs; (c)
output 'F' is tuned at probe resonance wavelength; and (d) output 'F'
when the probe was initially blue tuned out of resonance [132].

The InP device shown in Figure 29, consists of a
racetrack resonator that has a 10 μm radius and a 3 μm

straight coupling section. In the InP device the probe
beam tuned at resonance wavelength at 1560 nm, and
was 10 mw as the input of the device. The pump pulse
energy is 18 PJ as the input of the operator.

The diagrams in Figure 30 are the plot of time
traces of the inputs and the output data patterns
illustrating AND gate operation, and Figure 31 (a) and
(b), are the plot of time traces for the inputs ‘A’ and
‘B’. Figure 31 (c) shows the plot of the output probe,
‘F’, when the probe beam was initially tuned to
resonance. It confirms that the output is in high level,
only when both ‘A’ and ‘B’ are ‘1’, demonstrating
AND logic gate. If the probe beam was initially 0.4
nm blue tuned to resonance wavelength. When both A
and B are '1', the generated carriers shift the resonance
wavelength to bring the probe beam in resonance in
nonlinear regime and make low transmission, this is
the NAND logic gate. The switching window is 35 ps.
It is limited by carrier life time and detection system.

B. Cascaded integrated photonic AND logic gates based
on GaAs ring resonators
Figure 32 shows two cascaded AND logic gate is

demonstrated using two symmetric GaAs ring
resonator to perform more complex logic operation.
The cascaded AND logic gate has 3 input and 1
output. ‘A’ and ‘B’ are the data pulse and ‘D’ is a
continuous wave to be used to switch ON and OFF
manually. Two ring resonators work as two cascaded
AND logic gate [135].

The band gap energy is planned to be 800 nm, so
1550 nm pump pulse can be partially absorbed
through TPA inside the ring resonator and free carriers
are generated. This additional carrier decreases the
refractive index of the resonator and makes a blue shift
in the resonance wavelengths. According to some
estimation the intensity required to spectral shift of 0.2
nm in ring is 12 GW/cm2.

(a)

(b)

Figure 32. . (a). Double-ring device, (b) Cascaded two AND device
[135].

Figure 33 shows the performance of the AND gate.
‘A’ and ‘B’ are tuned at 1558.6 nm and ‘D’ at 1548.18
‘nm’. In Figure 33(b) when the CW probe beam D is
‘ON’ and pump pulse A is ‘ON’, the pulses of A and
‘D’ change the refractive index of the ring and blue
shift switching D' out of first ring, so first ring works
as an AND gate.



In Figure 33(c) when ‘D' reaches the second ring,
it will be switched out of ring at right time if B is ‘ON’
and the second beam works as another AND gate If
‘D’ is ‘OFF’ there is no output at port F even if ‘A’
and ‘B’ are in high level. The pump pulse wavelength
is at 1558.6 nm with 18 and 16 pJ per pulse at input
[135].

(a)

(b)

(c)

Figure 33. All-optical AND gate: (a) pump input and left shift of
probe signal, (b) D input is ON, (c) D is OFF [135].

IV. ALL-OPTICAL LOGIC GATES BASED ON

NONLINEAR PHOTONIC CRYSTAL MICRO RING

RESONATORS

Nowadays ultra-compact all-optical integrated
circuits become the most attractive appliance for real
time information communication. Photonic crystals
(PCs) are one of the best candidates because the size
of photonic crystal logic gates can be reduced to the
order of the wavelength. In this device nonlinear
properties of Kerr effect in Si nanocrystal and its
derivations are utilized. Si nanocrystals show high
nonlinearity in the third window of communication.
Strong nonlinearity and compatibility with Si
technology make it more interesting than the other
semiconductor crystals.

Dependency of this material to intensity is due to
the Kerr effect and two-photon absorption. Two
nonlinear parameters, which describe the two effects,
are related to the real (n2) and imaginary (β) parts of
the third order nonlinear susceptibility (χ3). Because
the real part of nonlinearity is one order of the
magnitude higher than its imaginary part, TPA is

negligible compared to the nonlinear Kerr effect at this
wavelength [151].

The intensity-dependent all-optical logic gates
based on MZI photonic crystal (PC) devices [148, 150,
156, 160] and resonator-based type [144-147, 149,
151-155, 157-159] are described here. The resonator-
based are smaller and required lower switching power
for operation. In the photonic crystal medium if the
height of the glass rods in air is high enough in
comparison with the propagating wavelength, and the
structure is excited by localized source, the structure
behaves as two dimensions instead of three
dimensions. There are different types of PC-microring
resonators (MRR) with different radius, which have
different resonant frequency, quality factors, and mode
type [144].

All-optical switches and logic gates can be
implemented with different designs. One shape is
consisted of two parallel waveguide and a PC-MRR
between them as in part1 and part2, port4. This
structure in this posture cannot be cascaded with the
same structure due to the inseparable ports, but by a
brief change can build cascadable one. With T-shaped
structures, there is potential to cascade two more
switch and logic gates as the NOR gate in part2.

V. CONTROLLABLE PHOTONIC CRYSTAL LOGIC

GATES

The two most common devices used in processing
systems are memory elements like flip-flaps and
latches. The controllable logic gate consists of a
photonic crystal ring resonator, placed between two
parallel waveguides, as demonstrated in Figure 34.
This ring resonator is built by replacing Si rods with
GaAs with the same radius. GaAs rods has the same
refractive index as the background in linear regime in
the absence of high power clock pulse, but in the
presence of high power input clock signal, the high
power electromagnetic field intensities, created by the
resonant phenomenon in the ring, change its refractive
index. So the resonant wavelength increases due to the
nonlinear Kerr effect at 1550 nm. This wavelength
variation depends on the Kerr coefficient and the
quality factor (Q) of the resonator which represents the
lightwave confinement in the resonator.

Figure 34. All-optical PC controllable gate [151].

TABLE I. DATA TRANSMISSION IN THE PRESENCE AND ABSENCE
OF THE CLOCK SIGNAL [151].

X Clk Y
Power
W/μm

Logic
level

Power
W/μm

Logic
level

Power
W/μm

Logic
level

33 1 330 47.855 1

0 0 330 14.72 0
33 1 0 1.87 0
0 0 0 0 0

Input data with 33 W/μm power are injected from
port A. If the clock pulse is low level, the device will
be placed in “cross” state and the data pulses exit from
port C. However, in case a that the clock pulses with



330 W/μm power flow into port D, the resonant
frequency of the ring will be changed and the input
data exit from port D. In the design of this logic gate, a
coupler is added beside port B for adjusting the logic
level of the device. This coupler couples 20% of the
flowing power in the waveguide terminated to port D.
Data transmission in the absence and presence of clk
signal is summarized in Table 1.

This optical logic gate defines 0 to 16 W/μm as the
logical ‘0’ and 30 to 50 W/μm as the logical ‘1’.
Obviously this device can operate as instrument for
applying clock signal in optical sequential devices.

A. All-optical NOR gate based on nonlinear

microring resonator

Now a T-shaped all-optical switch based on
photonic crystal microring resonators are described.
By cascading two of these switches a NOR gate is
created. The T-shaped switch is shown in Figure 35.
This switch has two input ports, A and C, for the data
and the pump signals, respectively. When there is no
pump signal, ring resonator cannot resonate because
the data wavelength is higher than its resonant
wavelength in the linear regime, so we can receive
input A at output B and there is no signal at port C.
The efficiency of the transmission is approximately
81%. In the presence of pump signal due to nonlinear
Kerr effect, a blue shift in resonant wavelength of
microring is induced, now the frequency of the input
data and the ring resonant frequency are equal. So, the
lightwave will be confined in the ring and there is no
energy at port B [154].

In the logic NOR gate structure there are three
input ports as ‘A’, ‘D’, and ‘C’ as shown in Figure 36.
Signal ‘A’ acts as a probe signal that carriers NOR
result operation between ‘C’ and ‘D’ to output ‘B’.

In the proposed NOR logic gate two switch act
separately, if one or both of the pump signals are
present, the resonant wavelength in the rings is blue
shifted in nonlinear regime, so the power of data
signal, 'A', is confined in one or both of the resonators
and therefore the output will be OFF. In the case that
both inputs are absent, none of the rings resonates, and
hence the output ‘B’ is ON.

Different states of the NOR gate is demonstrated in
Figure 37. The NOR gate works at wavelength of
1550 nm, and its switching time is about 3 ps (333
Gb/s).

(a)

(b)
Figure 35. All-optical T-shaped switch (a) no pump signal (ON)

and (b) with high intensity pump signal (OFF) [154].

Another proposed NOR logic gate consisting of
two Kerr nonlinear ring resonators, located above a
common waveguide to impose logic function to the
probe signal transmitting through, it is depicted in
Figure 38. Three linear ring resonators are placed
below the common waveguide for filtering and
preventing disruptive interaction of two linear ring
resonators. There is a parallel waveguide to each of the
rings as controller in nonlinear regime and as the
receiver for the filters.

Figure 36. The NOR gate structure [154].

A weak CW probe beam, P, is injected to the
middle waveguide. When one of the input signals A or
B or both of them are present, the high Q factor of
resonator causes considerable variation of the
nonlinear refractive index of the inner resonator rods
and imposes blue shift at resonant wavelength. So the
weak probe signal drops in its related ring resonator
and gives logic ‘0’ in the output. In the case that both
of the input signals are absent, the probe beam will be
guided through the common waveguide and the output
would become logic 1. When signal A is ON and



signal B is OFF, the probe is confined in the first ring
and just 6% of it transmits to output port. The same
procedure happens, when signal A is OFF and B is
ON. Also when both of the input signals are present
3.3% of the probe can be received in the output
(Figure 39).

(a)

(b)

(c)

(d)
Figure 37. . Four states of the proposed NOR gate [154].

Figure 38. Schematic diagram of the conceptual NOR gate. The
materials of different rods are introduced in the figure. The rods are

embedded in BSC glass background [157].

By this method, the response time of the logic
NOR gate is less than 7.2 ps, so it can operate as a
logic gate with bit rate of 138.9 Gb/s.

Figure 39. Electric field distribution when (a) signals A and B are
on, (b) signal A is on and signal B is off, (c) signal B is on and

signal A is off, (d) signal A and B are off [157].

VI. ALL OPTICAL LOGIC GATE BASED ON

COUPLERS AND WAVEGUIDES

A. All optical logic gates based on directional

coupler

A simple fundamental device for optical logic
gates is the optically controlled directional coupler, as
shown in Figure 40. This device can be constructed in
variety of nonlinear materials [161].

Figure 40. . An optical directional coupler switch [161].

Optical control signal launched at port C allows
input signals A and B pass directly through coupler. In
the absence of the control signal, the switch is in cross
state so the input signals are exchanged before arriving
at output ports. By cascading these, as shown in
switches like Figure 41, arbitrary optical gates can be
formed.

Various types of all optical logic functions
including AND, OR, XOR, NOR, XNOR, and NAND
exploiting cascaded nonlinear fibre couplers structure
are reported in [162]. Figure 42 shows the schematic
of several cascaded nonlinear couplers.



Figure 41. Cascading two directional Coupler switches [161].

Optical logic gates based on directional couplers
utilize different nonlinear effects such as self-phase-
modulation (SPM) [163], localized optical
nonlinearity [164], pulse position modulation (PPM)
[165], coupler assisted distributed feedback (DFB)
waveguide [166], Coupler with triple core [167] and
multi-mode interference (MMI) devices [168].

Figure 42. . Schematic view of a cascaded nonlinear coupler device
[162].

B. All optical logic gates based on waveguides

All optical gates based on waveguides employ
different nonlinear effects for nonlinear switching such
as nonlinear polarization rotation in birefrigent
waveguides [169, 170], Kerr nonlinear effect [171],
two photon absorption in silicon waveguides [172,
173], stimulated Raman scattering, free carrier
absorption, and cross phase modulation in silicon-on-
insulator waveguides [174], and complicated optical
gates such as half-adders and half-subtracer based on
sum-frequency and difference-frequency generation in
a periodically poled Lithium Niobate waveguides
[175-187].

Figure 43. Experimental setup of an FBG based AND logic gate
[188].

Bragg grating is consisting of a periodic
modulation of the refractive index of a medium. The
bragg grating devices are bistable, and have two low
reflectivity and low transmission states. The high
transmission state in resonant profile is called gap
soliton [188]. The experimental setting of an all-
optical AND gate based on fiber Bragg grating (FBG)
are shown in Figure 43.

If one of the inputs is present, it is reflected by the
grating and if both of them are present due to the gap
soliton formation, both input pulses are transmitted.
Different kinds of all-optical logic gates based on

Bragg gratings are demonstrated in various
configurations [188-196].

VII. OPTICAL LOGIC GATES BASED ON LASERS AND

CAVITIES

Nonlinear Fabry-Perot (FP) etalons and laser
cavities are the candidates for optical logic gates and
processors.

Bistability is defined as existence of two different
states for the same input value, even though it is not
requisite for such logic gates. If a resonant cavity is
filled with a nonlinear material, the absorption or the
index of refraction varies with the intensity of light. If
the absorption is a function of light intensity, its value
decreases with increasing intensity. If the refractive
index of medium depends on intensity, the etalon in or
out of resonance will be tuned with light at fixed
wavelength [197].

Nonlinear material by exploiting resonant cavities
loop mirrors and lasers are designed and generated up
to now [198-214] and different kinds of logic gate
based on the material with absorption effect, called
saturable absorber [215-219].

Figure 44. . Scanning electron micrograph of integrated MEMS
logic NOR gate [209].

In this chapter, one example of the both kinds will
be described. This explanation is about the first
attempt to realize a single chip solution to the optical
logic gates using MEMS technology and may motivate
growth of other all-optical gates using MEMS optical
devices. The all-optical logic gate is based on MEMS
and tunable lasers. The MEMS structures including
the adjustable coupler, movable mirror, comb-drive
actuator, FP lasers, and a curved mirror, are fabricated
on an SOI wafer by using deep-reactive-ion-etching
(DRIE) process with structure layer of 100 μm thick as
shown in Figure 44. This logic gate is demonstrated at
100 Mb/s but has potential to work up to 10 Gb/s. The
schematic view is shown in Figure 45(a). It consist of
two MEMS, external cavity tunable lasers (ECTL), a
FP chip and a band-pass filter.

The data NOR function is illustrated in Figure 44.
The data ‘A’ and ‘B’ radiate from two MEMS external
cavity tunable lasers (ECTLs) (S1 and S2), and coupled
to mode locked FP laser. Therefore the FP laser locked
by means of the signals (A and B) through



nonlinearities, and a BPF is tuned on λ0, defines the
transfer window and select the preferred wavelength,
consequently obtain NOR function at λ0. The injection
locking laser just depends on input power rather than
the accurate phase matching and polarization control
[209].

Figure 45. (a) Schematic view of the MEMS all-optical NOR logic
gate, and (b) principle logic function [209].

Figure 46. (a-d). The logic NOR logic function based on MEMS
ECTL injection locking-mode FP. (e) relation of input and output
power in this NOR gate [209].

FP has a multi mode laser output, shown in Figure
46(b). As shown in Figure 46(c), in the presence of
‘A’, ‘B’ or both of them, the output of FP can be
locked on that wavelength, therefore the mode of λ0 is
suppressed to low power level. So only when both of
‘A’ and ‘B’ are zero the final output turns to high level
at λ0. Therefore the logic NOT function is realized. As
long as the FP chip remains locked, the output is
insensitive to variation of the input power.

There is a lockable wavelength range for injected
beam. If the input falls into lockable range, the input is
amplified strongly and other modes suppressed to very
low level. When the input power wavelength is
beyond the locking range, the output power is at low
level even if input power is high level. In Figure 47(a)
the bandwidth of FP is shown, it is about 30 nm, and λ0
is 1553.34 nm.

Figure 47. . Output of the FP chip in different states. (a) Original
multimode output of the FP chip, (b) output of MEMS ECTL, and
(c) single mode of the injection-locked FP chip [209].

After injection of inputs, the output wavelength is
equal to the output wavelength of the MEMS ECTL
that injected to FP chip, and become pure single-mode
at 1553.14 nm. It is obvious that there is a red shift of
Δλ = 0.2 nm after the FP. The reason is the optical
injection to the FP; it modulates the carriers and
refractive index, leading to FP mode shift.

For any wavelength in locked range, the increase
of input power causes the decrease of output power at
λ0, when λin is close to λ0. For instance, an injection
power at 1559.44 nm from -15 to 0 dBm produces -
20.8 dBm decrease in FP output power.

It is obvious that for proper NOR logic gate
operation, the injection power of input should be low
and high enough and a middle level power injection
may result in another type of logic operation. Smaller
detune from target wavelength, low power injection
requires for locking is shown in Figure 48. When
injection power is higher than -30.7 dBm, the FP can
be locked, and it is fully released from locking if input
power is below -46 dBm.

A comparison between measured output signal and
the Boolean NOR between signals A and B, approves
the logic NOR function.



Figure 48. Output power of logic NOR gate. External injection
power varies antithetical of different injection wavelength [209].

VIII. HIGH SPEED ALL-OPTICAL AND GATE USING

NONLINEAR TRANSMISSION OF ELECTRO-ABSORPTION

MODULATOR

Electro-absorption modulator (EAM) is an optical
device based on cross absorption modulation and uses
saturation of absorption property. In this method,
contrary to XGM method in SOAs, the output signal is
not inverted.

If the input signal is ‘1’ due to the generation of
free carriers the amount of absorption decreases, the
intensity of electrical field decreases and as a result the
absorption decreases. So, the probe signal is confront
with low absorption and its power remains constant. In
the case that input power level is ‘0’, the absorption
property remains firm and the output power decreases.

Here we introduce a bit-wise logical AND gate
operating based on EAM effect, shown in Figure 49.
This 10 Gb/s logic gate is pumped with two counter-
propagating data streams and has extinction ratio of
more than 10 dB [220]. According to [219] with the
proper timing between two counter-propagating pulse
streams, the case that one of the inputs is detected as
the output has better performance compared to the
case of using the CW probe only. The transmission
window time can be reduced down to 10 ps due to
attenuation of the input power. So the operating speed
can be increased up to 100 Gb/s.

Figure 49 is the experimental setup of this AND
gate. The pump pulses were generated by mode locked
laser. After amplification in an erbium doped fiber
amplifier (EDFA), they were split by 3-dB coupler
into two counter-propagating streams and the relative
delay between two inputs was adjusted with variable
optical adjust line.

The output pulses from one of the EAM arms was
split off by 20-80 coupler to reach the output of the
AND logic gate. The extinction ratio of the gate at 5 pJ
in each input was 10 dB. The extinction ratio increases
as the input power is decreased. This optical logic gate
is suitable for cascading because the gate input and
output powers have the same wavelength that is

crucial for cascading and integrating the optical
devices.

Figure 49. Experimental setup for optical logical AND gate based
on EAM in a counter-propagating configuration [220].

IX. ALL-OPTICAL LOGIC GATE BASED ON HIGHLY-

NONLINEAR FIBERS

The all-optical logic gate based on nonlinearities of
optical fiber has potential of operating at terabits per
second, due to the immediate fiber nonlinearity. In
demonstration of all optical fiber logic gates, different
properties are used, such as birefringence and
polarizations rotation [228, 229], interferometric
structure such as nonlinear loop mirror and Mach-
Zehnder [230-237], Kerr nonlinearity [238, 239],
XPM effect [240], multilevel modulation and self
phase modulation (SPM) [241], FWM effect [242],
and XGM effect [246]. A quantum control-NOT gate
is reported in [244].

Because of the low nonlinearity of the
conventional optical fibers, long segments from
several kilometers to several meters are required, to
fulfill an optical logic gate. Hence the optical fibers
with high nonlinear index are built, to allow the use of
small 10 m segments of the fiber [239]. But it is still
very large compared to the semiconductor optical
amplifiers to be fabricated in compact size. We review
some kinds of this logic gates in this section.

A. All-optical XOR gate based on highly-

nonlinear fiber

This scheme is about 10 Gb/s XOR logic gate
based on Kerr effect in single highly-nonlinear fiber
(HNLF). In Figure 50 a conceptual diagram of this
device and its construction technique is shown. Due to
the Kerr nonlinear effect two input wavelengths λ1 and
λ2 vary the birefringence of the HNLF, so rotation of
the polarization of the third light at wavelength of λ3
occurs. The amount of induced birefringence is
proportional to ON/OFF states of two inputs. Output
λ3 becomes distinct after a polarizer represents the
XOR of two inputs. The logic device is made up of 2
km HNLF with nonlinear coefficient of 9.1 W-1Km-1

[238].

At input polarization states of λ1 and λ2 are
orthogonal and both of them are aligned with 45° shift
toward third CW at λ3. The polarizer placed at end of
fiber is orthogonal to original polarization state of λ3.



When both λ1 and λ2 are OFF, there is no output at λ3
after the polarizer. If one of the inputs is in high level,
the refractive index in the direction corresponding to
that input polarization (λ1 or λ2) will be changed. In
this condition, the polarization of lightwave λ3 will be
rotated and resulting an output after polarizer.

Figure 50. Concept of all-optical XOR gate based on Kerr
nonlinear effect in a single highly nonlinear fiber [238].

In the case that both of λ1 and λ2 are present the
birefringence induced by λ1 and λ2 are eliminated, so
there is no output after polarizer. Therefore the output
after polarizer at λ3 is XOR of the two inputs λ1 and λ2.
In experimental setup wavelengths of λ1 and λ2 are
1548 nm and 1550 nm, respectively, and wavelength
of is 1554 nm. Wave light and combined first and the
output of which is coupled with into HNLF. In this 2
km fiber the nonlinear coefficient is 9.1 1/w.km and
fiber loss is 0.45 1/dB.km. The input power of λ3 at
input into HNLF is 3 dBm and the optical power of λ1
and λ2 at input of logic gate are 0.11 W. The output
power is continuously change from -40 dBm up -15
dBm. When two inputs are equal output is -40 dBm
and when only one of them is present the output is -15
dBm. By using HNLF with higher nonlinearity or
using HNL (holy fiber) both of output power and ER
will be improved and required power can be
decreased.

B. 160 Gbs-1 Photonic logic gate based on cross-
phase modulation in the fibers
This part is about a fiber based all-optical logic

gate exploiting cross-phase modulation (XPM). Using
this technique, can obtain five logic operations (XOR,
OR, NOR, NAND and NOT) [239].

Figure 51. Scheme of reconfigurable all-optical gate. The Spectrum
of probe is broadened through XPM. BPF selects the slice that

provides the preferred logical Function [239].

Because of instantaneous response of fiber
nonlinearity, this kind of logic gates have potential to
work at Tb/s and with new highly nonlinear fiber can
use fiber segment <10 m to make them. The
conceptual scheme of the logic gate is shown in Figure
51. When two or more optical fields propagate

concurrently inside the fiber, they interact with each
other through fiber nonlinearity (Figure 52).

When only one of the pump signals is present a
BPF can be utilized to select weaker spectral
broadening caused by one Gaussian in order to obtain
XOR logic operation.

Figure 52. Spectral broadening the probe beam due to XPM. The
circles show wavelength where the BPF should be tuned for

operation of each logic gate [239].

A number of other logic gate such as AND,
NAND, OR, NOT, and NOR obtained by properly
tuning the optical filter. The spectral position of three
waves which determines the value parameters δ1 and
δ2, the value of initial delay between the two signals,
the peak power, and width of signal pulses are critical
operation parameters. When two high power pump
input with peaks Ps1, Ps2 and a weak probe beam with
peak Pr are coupled into high-nonlinear fiber
simultaneously, the probe beam will be experienced a
time dependent nonlinear phase shift through XPM. In
order to avoiding FWM between two strong signal and
modulation instability noise, both signals should have
wavelength shorter than the zero-dispersion
wavelength.

Three input Gaussian pulses are placed at 1535
nm, 1550 nm and 1580 nm. A typical 125 m long
highly-nonlinear fiber with nonlinear parameter γ =34
1/w.km, fiber losses 0.9α = dB.km-1 and zero-
dispersion wavelength λ0 =1560 nm, is considered.
The pulse width T0 is chosen to be equal to 1ps to be
short enough for 160 Gbs-1. Peak power for pump
pulses is 400 mW, and for probe pulse is 30 mW. In
order to achieve symmetrical broadening of probe
spectrum, the signal at 1553 nm must be placed 2 ps
prior to probe while the 1550 nm one has 0.28 ps
delay toward the probe pulse.

To sum up in terms of nonlinear media for optical
processing, the optical fiber have demonstrated
benefits of ultra-high speed due to femtosecond
response of Kerr nonlinear effect in silica, but the fiber
based configuration is so large in size as it usually as
to incorporate on cascading several stages.

C. A reconfigurable AND/OR logic gate exploiting
multilevel modulation and self-phase modulation
Two fiber-based optical logic gates are reported

need subtle control. However, the schemes require
exact polarization control on the input signals. Here



we demonstrate a 10 Gbs-1 reconfigurable logic
AND/OR logic gate optical multilevel modulation in
an EAM and SPM, that is polarization independent
[245].

As depicted in Figure 53, two data streams, data
‘A’ and data ‘B’, with equal power are launched into a
power addition module, which can generates three
level output signals. After converting this three level
to another wavelength by wavelength converter (WC),
it are fed into a section of polarization maintaining
fiber in which SPM broadens the different intensity
levels to different spectral widths. The zero level has
narrowest broadening, the highest level (level-2) has
broadest spectrum. When the spectral OBPF is placed
where that covered by both level-1 and level-2 but not
covered level zero, OR logic function is obtained.
When the OBPF is tuned at spectral region that only
covered the level-2, the all-optical AND logic gate is
generated. The AND and OR logic can be obtained by
two fixed OBPF or a tunable OBPF. This logic gate
works at third communication window.

Figure 53. Proposed AND/OR logic gate [245].

X. OPTICAL POLARIZATION BASED LOGIC

FUNCTIONS WITH NONLINEAR NANOSLAB

Here we introduce a XOR/XNOR logic gate, based
on non phase matched noncolinear second harmonic
generation from a symmetric crystalline Gallium
Nitride nanoslab. The functionality can be obtained by
using a crystalline medium belonging to symmetry
class as hexagonal like GaN. The group-III Nitride
semiconductors have a massive impact on photonics
due their transparency over large frequencies from
deep UV to far IR [254].

Figure 54. Non-collinear SHG experimental setup [254].

The polarization of the generated beam is a
function of both pump beams. Only some of all

possible polarization combinations are generated and
that the interaction of optical signals behaves as a
polarization based XOR/XNOR. Figure 54 shows the
experimental setup of this polarization based logic
gate.

If two pump signals are parallel polarized or
normal polarized, the generated SH is parallel
polarized, while if one of them is parallel polarized
and the other is normal polarized, the SH polarization
is normal polarized.

By setting the logical “0” to p̂ polarization and the
logical “1” to ŝ polarization the nonlinear interaction
behaves as XOR, when two equal bits arrive at the
input of gate, the output will be ‘0’ or p̂ polarized. As
two different bits arrive at input, the output bit will be
‘1’ or ŝ polarized. By inverting the bit polarizations,
by setting the logical ‘0’ to ŝ polarization and the
logical ‘1’ to p̂ polarization the nonlinear interaction
behaves as XNOR.

XI. OPTICAL GATES BASED ON VERTICAL CAVITY

LASER AND OPTICAL THYRISTOR STRUCTURE

Logic operation OR has been realized by
connecting parallel connecting of discrete optical
thyristor and AND logic gate has been realized by
connecting serial connecting optical thyristor [255,
256]. An optical logic AND/OR logic gate, that has
been demonstrated monolithically integration of a
vertical cavity laser with optical thyristor [257] is
explained briefly here.

Figure 55. Typical s-shaped I-V curve of an optical thyristor [257].

XII. ALL-OPTICAL MOLECULAR LOGIC GATES

An optical thyristor is a bistable device with an s-
shaped current-voltage curve (Figure 55). In forward
bias, the thyristor has three distinct states: (1) high
impedance region (off-state), (2) negative resistance
region, (3) low impedance region (on-state). In on
state, the optical thyristor emits as laser [257]. By
increasing the input optical power, I-V curve varies
from c1 to c3. If the driving voltage is upper than the
switching voltage the thyristor will be in on-state. Due
to shine light on thyristor and generation of carriers in
the gate layers, the switching voltage is reduced. c1 Is
the original I-Curve, c3 is the I-V curve when two
inputs are injected into thyristor, and c2 is I-V curve



when only one is injected into thyristor. When driving
voltage is between

2sv and
3sv the device only turns

on at c3 condition, thus providing AND logic
operation. If deriving voltage is between

1sv and
2sv ,

it turns on at c2 and c3 conditions, thus providing OR
logic function.

All-optical molecular device is one of the
candidates in ultrafast communication and computing
systems. Molecular devices offer number of
advantages of small size and nanometric dimensions,
weight, high speed, low propagation delay, and power
dissipation [259]. Organic molecules are promising
candidates. They can be easily produced and are cheap
to make and their properties can be tuned through the
chemical modifications [260]. Here we introduce some
kind of all-optical organic molecular devices, such a
half-adder [259] and bR based a NOR/NAND logic
gate, a multi function logic gate [263-266], a
microtubule based XOR gate [267], and some
chemical polymer based all optical logic gates [268-
270], different all-optical diodes, switches, and
integrated logic gate based on LB films [271-276], and
different complicated molecular based logic gates and
switches were demonstrated [277-296].

A. Half adder logic circuit with Azulene and
Rhodamine
Half-adder is basic component in digital

computers. For building a half-adder, a XOR and an
AND operation should work in parallel [259].

Figure 56. Schematic of half-adder circuit [259].

The half-adder is shown in Figure 56 and the truth
table for this operation is given in Table 1. The XOR
operation produces sum of two inputs, so-called ‘sum
out” and AND produces an output called “carry out”.
An all optical molecular half-adder is represented in
Figure 56. A molecular half-adder can be implemented
on molecules that have one photon absorption and two
photon absorption. This kind of molecule has 02 ss →

fluorescence and also is probed 01 ss → fluorescence.
Molecular fluorescence from

2s state seems to oppose
kasha’s rule. According to kasha’s rule photon
emission occurs from the lowest exited electronic
state 1s , .Azulene and its derivates and Rhodamine are
exception to this rule. Both of the XOR operation
produces sum of two inputs, so-called ‘sum out” and
AND produces an output called “carry out”.

Figure 57. Scheme of all-optical molecular half-adder [259].

TABLE II. TRUTH TABLE FOR HALF-ADDER [259].

1ω 2ω Midway sum Carry 1

0 0 0 0
1 0 1 0
0 1 1 0
1 1 0 1

The output is probe as 02 ss → only when both
and inputs 1ω and 2ω are present (AND logic
operation), the sum output is probed as for presence of
one of 1ω or 2ω photon excitation (XOR operation).
The degenerate case of logic function is also possible
when 21 ωω = .

An all optical molecular half-adder is represented
in Figure 57. A molecular half-adder can be
implemented on molecules that have one photon
absorption and two photon absorption. This kind of
molecule has 02 ss → fluorescence and also is probed

01 ss → fluorescence. Molecular fluorescence from

2s state seems to oppose kasha’s rule. According to
kasha’s rule photon emission occurs from the lowest
exited electronic state 1s , .Azulene and its derivates
and Rhodamine are exception to this rule. Both of
radiation are detectable, because emission from 2s
state is blue shifted in comparison to the emission
from 1s state.

B. All-optical logic gates with bacteriohodospin
All-optical logic gates with bR protein molecules

have been demonstrated based on different protocols,
NOT, NAND/NOR logic gate based on nonlinear
absorption [260], an AND gate using sequential photo
excitation [261], all-optical AND and OR based on
degenerate four wave mixing geometry [262], and all-
optical logic gates based on complementary
suppression-modulated transmission [263] and for
complicated structures, we can refer to [264-267]. We
suffice to explain some of them and to direct others in
this review paper. The photochromic protein
bacteriohodospin places in the purple membrane
fragments of Halobacterium halobium, is a proper
material for bio-molecular photonic applications. It
exhibits high efficiency. Response in the visible range,



low production cost, capability to form thin films in
polymers and gels, and etc [261]. The bR absorbs
green-yellow light and through the several
transformations generates a number of intermediate
states. The bR main photocycle is shown in Figure 58.

Figure 58. Photocycle of bR molecule [261].

After excitation with green-yellow light at 570 nm,
the molecules in the initial B state get transformed into
intermediate states like Figure 5. An important point is
the ability of all the intermediate states to switch back
to the initial B state by illuminating at corresponding
absorption peak wavelength. The absorption peak
wavelength each state is shown in Figure 58 in nm.

This all-optical gate has been demonstrated based
on all-optical switching of a CW probe at 640 nm
beam by the pump pulse beam at 570 nm due to
nonlinear exited states absorption. The transmitted
intensity of probe input is initially high due to low
linear absorption in absence of pump pulse (switch on
state). In presence of pump pulse due to enhancement
of O state population the absorption of the probe pulse
increases (switch off state). There is 6 ms delay
between the peak of the input and the minimum in the
output due to time taken to populate the O state.

Figure 59. Experimental setup for demonstrated all-optical logic
gate [265].

This switching configuration conform an all-
optical NOT gate. For NOR logic gates, consider two
pump pulses at 570 nm, the output is low if either one
or both of inputs are present and high in case none of
them is present.

In all-optical NAND logic gate if we consider a
threshold level, the output is high when either one or
none of inputs are present and low when both input
pump pulses are present.

Most of previous proposals [260-264] are based on
B and M or based on B and O two-state model. bR
photocycle is complex process, but in some situations

the intermediate states cannot be neglected. The
absorption of O state at 633 nm is larger than that of B
and M states so it largely varies the absorption
properties [265]. Based on optical switching and
pump-probe method and adjustment of intensities
compared with threshold intensity 11 kinds of binary
all-optical gates using the bR film are designed in ref.
[265]. The experimental setup of the all-optical logic
gate is presented in Figure 59.

Figure 60. . All-optical logic gate: (a) optical OR logic, (b) optical
AND logic, (c) and (d) is two inputs [265].

Two inputs at 532 nm acts as two inputs ‘A’ and
‘B’, and probe beam at 633 nm caries the logic
operation between them to output. When the
intensities of two green inputs are below
0.56 mW/mm2, there is no change in transmitted probe
beam. By considering threshold below or above this
level, this intensity can be supposed as “0” or “1”.
When pump intensity is high 0.56 mW/mm2 and probe
intensity is less than 3.1 mW/mm2, the probe beam
intensity increases in presence of one or both of pump
beam, this switching behave like OR logic gate Figure
60(a). AND logic gate can be obtained by setting the
threshold level as dashed line Figure 60(b).

Figure 61. . All-optical logic gate: (a)A/B logic operation, (b) and
(c) two optical inputs [265].

When one pump beam is less than 2/56.0 mmmW
and the other is higher than 0.56 mW/mm2, the
intensity of probe increases only when high intensity
pump beam is present , this shows configuration A/B
logic function (Figure 61).



In the case that both pumps are 0.56 mW/mm2 and
probe is less than 3.1 mW/mm2, when pump beam is
on, transmitted probe beam intensity is decreased due
to the increased absorption of Br state so in the
presence of one of the pump inputs or both of them,
the output probe intensity is reduced and in the
absence of pump beams, is high. This switching
characteristics, as shown in Figure 62, can be used for
demonstration of NOR logic gate [265].

Figure 62. All-optical logic gate: (a) optical NOR gate operation,
(b) and (c) are the normalized input [265].

In this manner by setting the pump and probe
intensities NOT, NA/NB, ( )BA⊗ , flip-flop, and etc
logic function can be demonstrated . 

Here we investigate the properties of the
cytoskeletal protein tubulin (microtubules-MTs),
which can be used in storing and processing
information in biomolecular circuits (Figure 63) [267].

C. Microtubules based XOR gate

The simulation is based on tubulin atomic structure
and amino acid. It has a permanent electric dipole
moment which changes the conformation of tubulin.
This property can be used for binary switching.

Figure 63. (a) Microtubule, (b) Neural axon, (c) soma of neuron
[267].

MT has two solitons traveling, two counter-
propagating MAPs to transmit to MT b. The solitons
arrive at MT b cancel each other. In this case if the
MAPs are arranged such each can transmit a soliton,
but if they both transmit, the solitons cancel each other
(Figs. 63 and 64) [267].

(a) (b)

Figure 64. . (a) A typical neuronal microtubule, (b) MT based XOR
gate, (a) Input MT, (b) Output MT (c) A MAP transmitting a

soliton, (d) A quiet MAP [267].

D. Polymer based photonic logic gate

First all optical molecular logic systems are based
on one coupling operation of two molecular switches
that is to say photo-acid [268].

Photo-acid transducers optical input to ionic output
(Sw1), and three states switch that respond to ionic
inputs and provides optical outputs (Sw2). The two
switches communicate with each other by chemical
signals and are connected serially, that output of Sw1
is as input of Sw2. this system can perform AND, OR,
and XNOR logic functions.

The proton inputs for 2+RU switch can be photo-
generated by dosing the amount of light absorbed by

+
− HME Photo-acid. Two input wavelengths are at 400

nm. The input string ‘00’ is dark condition which no
+H transfers. The inputs string ‘10’ and ‘01’ transfer

on proton from +
− HME to 2+RU so the complex

3+
− HRU is generated. The input string ‘11’ caused

two protons are transferred to +
− HME and the

complex 4
2
+

− HRU is gained.

Different logic functions with corresponding
threshold values can be obtained. If threshold A is
applied and luminescence intensity is obtained at 626
nm, the XNOR gate is obtained, if threshold B at 732
nm is used, the function’s behavior is like an OR
whereas the logic behavior is like an AND gate with
adoption of threshold ‘C’. By taking advantage of
getting different channel for outputs the three
fundamentals logic operations can be integrated
(Figure 65).

Other kinds of logic functions are presented based
on thin film so called polymer Langmuir-Blodget
films which are based on acrylamide polymer and its
copolymers [269].

By applying LB technique, monolayers with
different functions in molecular dimensions with
mimic photo energy conversion cab are assembled
[270].



Figure 65. Structure of two molecular switches, (a) Sw1:the acid
and light controlled balance, (b) Sw2: the acid based driven
interconversion between the three protonation states [268].

To fabricate photonic nanodevices, different
photoactive chromophores such redox species,
aromatic hydrocarbons, photonic nonlinear groups,
and metal nanoparticles into polymer nanosheet are
used. Here optical logic gates based on photo induced
electron transfer are introduced. Bottom-up
approaches such as self-assembled monolayer, layer
by layer, and LB method are based on molecular
interactions. By using super molecular chemistry and
polymer materials, the ultrathin films have been
extended to surface-based photonic devices. The
dimensions are in nanometer ranges which are much
smaller than the visible wave range. The special
arrangement of molecules enables the control of
electron transfer direction.

Figure 66. Response of device to different input strings, cycling
shaded and white bars represent the luminescence at 626 nm (out1)

and 732 nm (out2) [268].

The first photodiode based on LB films were
reported in [271].by changing the deposition of the
molecules, the direction of photocurrent can be
controlled to anodic and cathodic kind, and this
operation can switch and control the photocurrent
direction [272-274]. The polymer photodiodes have
been applied in generating logic operations [275, 276].

The AND and XOR logic gate are shown in Figure
12 are fabricated by connecting two polymer
nanosheet photodiodes in series. Phenanthrene and
anthracene were used as sensitizers and can be exited
at 300 nm and 380 nm.

Two excitation wavelengths 300 nm and 380 nm
used as inputs and photocurrent from assembly is as an
output. When the structure in Figure 66 is irradiated
with strings ‘01’ or ‘10’, the only irradiated diode
generates photocurrent and the other is in steady state.
If two diodes are connected in series like Figure 66(a),
the total photocurrent is low and in presence of both
wavelengths, both diodes generate photocurrent and
also transfer the charges to the electrode, there for
enhancing the total electron flow.

Figure 67. Photofunctional polymer nanosheet assembly for optical
logic (a) AND logic gate (b) XOR logic gate [269].

The basic operation of XOR gate is like the AND
gate but the only difference between them is the two
photodiodes are connected so that the photocurrent
directions are opposite so when both diodes are exited
simultaneously, a small current is observed, because of
the opposite directions of photocurrents Figure 66(b).
The directions of photocurrents are dependent on
which chromophore is exited and by changing the
irradiation wavelength; the output direction can be
controlled.

XIII. OPTICAL LOGIC GATE USING THE THERMAL

LENS EFFECT

A sensitive method of demonstrating all-optical
logic gates is using well known phenomenon so called
thermal lens effect (TL). In this technique, when
molecules of a material are illuminated with laser
beam, some of energy is absorbed by them, and the
molecules in ground state are excited to higher energy
level. The excess energy is dissipated by the
molecules. This non-radiative decay process causes
the heating of the sample, which generated a refractive
index gradient [297].

The total amount of heating depends on how
strongly the sample absorbs laser power. The
refractive most material decrease with increasing
temperature, thus cause the refractive index lowest at
the centre of beam path. Therefore the laser path is
shorter at beam centre. So the heated sample operates



as a lens that diverges or blooms the injected laser
beam [296].

It is obvious there are two kind of boundary, a
minimum level so called threshold intensity and a
maximum state that is saturation intensity. The
formation of thermal lens is shown in Figure 68. In
threshold laser intensity, the refractive index of the
sample becomes so large that the laser beam is
diverged like a bottle with dark centre surrounded by a
bright region. So we can demonstrate all-optical logic
gates by tuning the injecting beams intensities as
compared with threshold and saturation intensities
[297].

Figure 68. Thermal lens formation in a sample [296].

Figure 69. Schematic diagram of experimental setup logic gate.
BS1 and BS2 - Beam Splitter, C - Coupler, L1, L2 - Lens, DM -

Dichroic Mirror, S - Sample, F - Filter, PD - Photodiode, D –
Detector [297].

The conceptual schematic diagram of this optical
logic gate is shown in Figure 69. Laser radiation at
532 nm wavelength is used as pump inputs, and a low
power (1mw) intensity laser at 632.8 nm wavelength is
used as probe beam. The sample is form of disc
(thickness 3 mm and 1 cm diameter). And a filter is
placed after sample to select induced probe beam, is
tuned at 632.8 nm wavelength. Optical media used for
this study are chemically stabilized Rhodamine 6G
doped PMMA, due its transparency and resistance to
laser damage.

TABLE III. TRUTH TABLE OF NAND GATE OF FIGURE 68
[297].

I1 (Input) I2 (Input) Photodiode output
0 0 1
0 1 1
1 1 1
1 1 0

For realizing NAND logic gate, if I1 and I2 are
absent, sample works in normal form and photo-
thermal phenomena don’t occurs, so the probe beam
can pass through the sample and PD can detect it.
Output is in high level which gives the first condition

in Table III. If either both of pump beam are below the
threshold intensity, when one them is high output is
high and photo diode can detect it. If both of input
beams are present thermal blooming is so strong that
the output of photo detector is low which is taken as
zero. Figure 70 is shown output-input relation of TL
experiment that satisfies NAND logic operation.

Figure 70. Relationship between output of photo detector and input
power [297].

In order to realize AND logic function, we just
need two pump inputs and output can realize at beam
wavelength. It is obvious that when both pump beams
are absent output is zero. If either I1 or I2 is below
saturation and over threshold intensity (Figure 71),
when one of them is presented thermal lens signal is
low which can be considered as zero. In case both of
them are present, we can have the last condition of
Table IV.

TABLE IV. TRUTH TABLE OF AND GATE OF FIGURE 68 [297].

I1 (Input) I2 (Input) Photodiode
output

0 0 0
0 1 0
1 0 0
1 1 1

TABLE V. TRUTH TABLE OF OR GATE OF FIGURE 68 [297].

I1 (Input) I2 (Input) Photodiode
output

0 0 0
0 1 1
1 0 1
1 1 1

By tuning the input beams power, can implement
OR logic gate. If we adjust the input beams greater
than Is the output is high when one of inputs or both of
them are present, that can satisfies Table V.

The absorbed power must not be so large to
introduce photo degeneration of the dye and aberration
of thermal lens. In contrast to other optical logic gates
this method is sensitive as well as it does not required
any nonlinear optical materials.



Figure 71. Output-input characteristics for AND gate [297].

XIV. CONCLUSION

In this paper, we have instructively reviewed all
types of all-optical logic gates. The optical logic gates
those exploiting different optical basics that can be
used in optical computations, systems and networks to
avoid opto-electronic conversions. They can speed up
the information communication and computing in the
future optical computers, communication systems and
networks. We have described the performances of all
kinds of all optical logic gates. We have explained
briefly the advantages of optical gates. We have
illustrated all-optical logic gates based on SOAs and
nonlinear phenomena of FWM, XGM, XPM, and
CPM effects. We have depicted all-optical logic gates
utilizing interferometers, such as delayed
interferometer, Mach-Zehnder and nonlinear loop
mirror interferometers. We have introduced two types
of semiconductor microring resonator logic gates. We
have described the performances of all optical logic
gates based on nonlinear photonic crystal microring
resonators, couplers, waveguides, lasers, cavities,
electro-absorption modulator, nonlinear fibers,
nanoslabs, optical thyristor, and thermal lens. We have
also explained the molecular logic gates.
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