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Implementation of quantum optical tristate CNOT gate 
using frequency encoding principle with a semiconduc-
tor optical amplifier 
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Controlled NOT (CNOT) gate is well known because of its several advantages in quantum computing and informa-
tion processing. In the area of quantum computing, several methods of CNOT gates were established in last few 
years. In this paper, we propose a new approach of implementation of tristate CNOT operation with light as informa-
tion carrying signal. To do this, the frequency encoding method has been exploited for successful realization of the 
CNOT gate with light. 
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Quantum optical logic gates are the key components of a 
quantum optical computer. Quantum computation deals 
with qubits or quantum bits which are treated as the 
quantum analogue of classical bits and can be used to 
store quantum information[1]. Different types of encoding 
processes, such as phase encoding, frequency encoding, 
polarization encoding, intensity encoding, hybrid encod-
ing, etc are used for developing the qubits[2]. Optics is 
already regarded as a powerful and promising candidate 
in quantum computation, entanglement, communication 
and data processing because of its inherent nature of cre-
ating quantum states. Quantum optical logic systems are 
highly useful in superfast optical logic operation, data 
encryption, secured and noise free communication[1-3]. 
Recently, semiconductor optical amplifier (SOA) is re-
garded as a promising optical switch for its compactness, 
large optical gain, large bandwidth, high stability, fast 
response time, low power consumption, ease of fabrica-
tion in optical network and ability to show different types 
nonlinearities such as cross gain modulation (XGM), 
cross phase modulation (XPM), self-gain modulation 
(SGM), self-phase modulation (SPM), cross polarization 
modulation (XpolM), four wave mixing (FWM), etc[4,5]. 
Depending upon such nonlinearities, the device can be 
used in optical signal processing, fast optical switching, 
frequency conversion, signal amplification, etc[5,6]. Over 
last few decades, several well-known quantum optical 
logic gates and their integrated counterparts were imple-
mented using different techniques, where qubits are tact-
fully managed to do the logic operations[7-14]. A novel 
approach of implementing all-optical Pauli Y gate using 
phase and polarization encoding of light was proposed 

by DEY et al[8]. All-optical scheme for developing inte-
grated Pauli X, Y and Z gates was proposed, where elec-
tro-optic Pockels material was used as an optical 
switch[9,10]. Quantum optical tristate Pauli X, Y, Z gates 
have also been proposed, where phase encoding tech-
nique has been used to encode the qubits[11]. Implementa-
tion of quantum optical intensity encoded Fredkin and 
Toffoli gate using Kerr type nonlinear material have 
been also reported[12-14]. Implementation of quantum 
Fredkin gate and Swap gate using linear optical elements 
has been suggested by ZHU et al[15]. An implementation 
of Toffoli gate with superconducting circuits has been 
proposed by FEDOROV et al[16]. Design and realization 
of quantum optical two state CNOT gate has been pro-
posed by many researchers[17-22]. LOPES et al[19] de-
signed a linear-optical CNOT gate for two qubit photons 
where polarization and momentum of photon act as con-
trol and target qubits respectively. An optical implemen-
tation of quantum CNOT gate using polarization encoded 
qubits has also been reported[20,21]. Implementation of 
quantum optical two state CNOT gate has been also pro-
posed where switching operations were done by Kerr 
type nonlinear material[22]. Square root of various quan-
tum logic gates such as square root of Pauli gates and 
controlled Z gate have also been proposed[23-26]. In this 
paper, an all-optical scheme for realization of frequency 
encoded quantum optical tristate CNOT gate is proposed. 
A proper truth table and gate matrix for quantum optical 
tristate CNOT gate have been designed. The SOA based 
optical switches, such as frequency converters and 
add/drop multiplexers, are used to develop the whole 
system. Since the qubits are formed by using 
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frequency encoding principle, the system ensures very 
high bit rate, very low bit error rate and very high signal 
to noise ratio. Also, data handling capacity and speed of 
different types of optical digital, arithmetic and algebraic 
operations can be improved significantly due to the ap-
plication of tristate logic. The prime focus of this work is 
using tristate logic for implementation of the CNOT 
operation with light. CNOT gates in two qubits are al-
ready proposed by different researchers, but the use of 
tristate based two qubit CNOT gate hasn’t been pro-
posed. Here, the use of tristate logic accommodates 
more number of information for processing in compari-
son to two state systems. That is why this proposed sys-
tem is more flexible and advantageous than the two state 
CNOT gate. The use of frequency encoding principle 
and tristate logic system is the main point of attention 
here, which can make the system more practical. 

CNOT gate is one of the most essential logic gates in 
the logic family which is widely used to perform infor-
mation processing task in quantum optical logic systems. 
It is a two-qubit reversible logic gate where the first 
qubit is referred as the control qubit and the second qubit 
is referred as the target qubit. In tristate logic, informa-
tion is represented by three distinct states 0, 1 and 1.   
The proposed truth table of tristate CNOT gate is de-
picted in Tab.1[27]. Here, the operation of tristate two 
qubit CNOT gate is supported. It is seen that the output 
O1 is the straightforward output, the same as the input 
state A, whereas the output O2 is changed accordingly to 
the input state B. When the input state A is 1, the state 
B=1 changes to the state O2= 1 , the state B 1 changes 
to the state O2=1 and the state B=0 remains unchanged. 
When the input state A is 1,  the state B=0 changes to 
the state O2=1, the state B=1 changes to O2=0 and the 
state B= 1  remains unchanged.  

Tab.1 Truth table of tristate CNOT gate 

Inputs Outputs 
A B O1 O2 
0 0 0 0 
0 1 0 1 
0          1  0 1  
1 0 1 0 
1 1 1 1  
1 1  1 1 
1  0 1  1 
1  1 1  0 
1  1  1  1  

The gate matrix of quantum optical tristate CNOT 
gate   is   represented   by   a   9×9   square   matrix  as 
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The state of light can be represented by a 9×1 column 

matrix as 
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In tristate logic systems, the states 0 , 1 , 1 can be 

represented by 3×1 column matrices 

like
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0 0 ,
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respectively. 

From the truth table, one can notice that when the 
control qubit is in 0  state, the target qubit remains in 
the same state and when the control qubit is in 1  or 1  
state, the target qubit changes by following a tristate 
NOT operation. 

Now, when the control qubit is in 0 state, tristate 
CNOT gate transforms the basis states such that the tar-
get qubit remains in the same state. 

tristate CNOT00 00 ,                                           (1)      

    tristate CNOT01 01 ,                                               (2)                            

    tristate CNOT0 1 0 1 .                                        (3)                              

For control qubit in 1 state, the target qubit changes 
state by favouring a tristate NOT operation under the 
action of tristate CNOT gate and the basis states are 
transformed as shown in the following operations. 

tristate CNOT10 10 ,                                           (4)  

tristate CNOT11 11 ,                                               (5)  

tristate CNOT1 1 11 .                                               (6)                                                 

Again, when the control qubit is in 1  state, tristate 
CNOT gate transforms the basis states such that the tar-
get qubit changes by favouring a tristate NOT operation. 

tristate CNOT10 11 ,
                                           (7) 

tristate CNOT11 10 ,                                              (8) 

tristate CNOT1 1 1 1 .                                             (9)                             

Now expressing the operations Eq.(1) to Eq.(9) in ma-
trix form and then solving all the matrix equations one 
can have m1,1=1, m2,2=1, m3,3=1, m4,6=1, m5,5=1, m6,4=1, 
m7,7=1, m8,9=1, m9,8=1, and all other elements are zero.
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Finally, the gate matrix of quantum optical tristate 

CNOT gate becomes 

9 9

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

.0 0 0 0 1 0 0 0 0
0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 1 0



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The developed gate matrix for quantum optical tristate 
CNOT gate is unitary and reversible in nature, which is 
very much essential for a quantum operation[27].  

An all-optical scheme for realization of quantum opti-
cal tristate CNOT gate using frequency encoding tech-
nique is shown in Fig.1. SOA based optical switches, 
such as frequency converters and add/drop multiplexers, 
mirrors, optical pass filters, etc, are used to develop the 
entire system. Here, FCs are frequency converters; F1 is 
f1 pass filter, F2 is f2 pass filter, F3 is f3 pass filter; A1, A2, 
A3,, A4 are add/drop multiplexers; Cs are circulators; 
dotted lines represent probe beams. A and B are the in-
put optical channels that may have either f1 or f2 or f3 
frequency of light. O1 and O2 are output optical channels. 
Logic state ‘0’ is encoded by f1 frequency of light signal, 
‘1’ state by f2 and ‘ 1 ’ state by f3 frequency of light sig-
nal.   

 

 
Fig.1 Block diagram of tristate CNOT gate 

The design of the circuit with elements FCs, Cs, As 
and Fs is done in such a way that the required operation 
order is maintained. Output frequency O1 remains the 
same as that of the input frequency A and output fre-
quency O2 changes according to the input frequency B. 
If A takes the frequency f1, output O2 remains the same 
as that of B. When A takes f2 frequency and B takes f1, 

output O2 also remains the same as that of B. Again, 
when f2 frequency is applied at both the input channels A 
and B, then frequency applied at B changes to f3 and 
appears at O2. When A takes f2 frequency and B takes f3 
frequency, then one can get f2, frequency at the output 
O2. Now, when f3 frequency is applied at A and f1 at B, 
then f2 frequency is obtained from the output O2. When 
A takes f3 frequency and B takes f2, then the frequency 
applied at B changes to f1 and appears at O2. When f3 
frequency is applied at both the input channels A and B, 
output O2 remains the same as that of B. The detail op-
eration of the system is now described below.  

For all cases, output O1 is taken from the input optical 
channel A.   

In the first case, when A=f1, B=f1=f2=f3, f1 frequency 
of light signal from input optical channel A passes 
through the f1 pass filter F1 and is applied as a strong 
pump beam to the FC1. A constant probe beam of f4 fre-
quency is present at the input of FC1. So, f4 frequency of 
light signal is obtained from the output of FC1 and it acts 
as a strong pump beam of FC2. Now, light from input 
optical channel B is applied as a weak probe beam to the 
FC2. When B=f1, then f1 frequency is obtained from the 
output of FC2 which is transferred to the output optical 
channel O2. Remaining portion of the system does not 
work due to absence of pump beam. Similarly, when 
B=f2, then O2=f2 and when B=f3, we obtain O2=f3. 

When A=f2, B=f1=f2=f3, then f2 frequency of light from 
input optical channel A acts as a strong pump beam to 
the FC3 after passing through the f2 pass filter F2. A 
weak probe beam of f4 frequency is applied to the FC3. 
As a result, f4 frequency is obtained from the output of 
FC3 and acts as a strong pump beam to the FC4. Light 
from input optical channel B acts as a weak probe beam 
to the FC4. When B=f1, then f1 frequency is obtained 
from the output of FC4 and this frequency of light is re-
flected by the add/drop multiplexer A1 as it is tuned at f1 
frequency and is collected by circulator C1 and appears 
at the output optical channel O2. Rest of the circuit can-
not operate due to absence of pump beam. A2 is tuned at 
a frequency f3. When B=f2, then f2 frequency is obtained 
from the output of FC4 and it is passed by A1 and A2 and 
behaves as a strong pump beam to the FC5. A constant 
probe beam of f3 frequency is present at the input of FC5. 
So, at the output of FC5, f3 frequency is obtained which 
appears at the output optical channel O2. When B=f3, 
then f3 frequency of light is obtained from the output of 
FC4. A1 passes this frequency but A2 reflects it and it is 
then collected by the circulator C2 and is applied as a 
strong pump beam to the FC6. A weak probe beam of f2 
frequency is present at the input of FC6. So, f2 frequency 
of light is obtained from the output of FC6 and it appears 
at the output optical channel O2. 

When A=f3, B=f1=f2=f3, then f3 frequency of light from 
input optical channel A passes through the f3 pass filter 
F3 and it acts as a strong pump beam to the FC7. A weak 
probe beam of f4 frequency is present at the input of FC7. 
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So, f4 frequency is obtained from the output of FC7 and 
is applied as a strong pump beam to the FC8. Light from 
input optical channel B acts as a weak probe beam to the 
FC8. A3 is biased by f3 frequency and A4 by f1 frequency. 
Now, when B=f1, then f1 frequency is obtained from the 
output of FC8 then A3 passes this frequency but A4 re-
flects it and is collected by a circulator C4. It is then ap-
plied as a strong pump beam to the FC10. A weak probe 
beam of f2 frequency is present at the input of FC10. So, 
f2 frequency is obtained from the output of FC10 and it 
appears at the output optical channel O2. When B=f2, 
then f2 frequency is obtained from the output of FC8 and 
A3 and A4 both passes this frequency and is applied as a 
strong pump beam to the FC9. A weak probe beam of f1 
frequency is present at the input of FC9. As a result, f1 
frequency is obtained from the output of FC9 and it fi-
nally appears at O2. When B=f3, then this frequency of 
light is obtained from the output of FC8 and is reflected 
by A3. Then, it is collected by the circulator C3 and ap-
pears at O2. 

The truth table of quantum optical tristate CNOT gate 
with frequency encoded qubits is given in Tab.2. This 
table supports the logic of Tab.1. Here the output fre-
quency at O1 remains the same as that of the input fre-
quency applied at A. The output frequency O2 also re-
mains the same with that of the input at B when the in-
put frequency at A is f1(0). When f2(1) or f3( 1 ) fre-
quency of light signal is applied at the input A, the fre-
quency applied at the input B is changed by following a 
tristate NOT operation and appears at the output optical 
channel O2.  

 
Tab.2 Truth table of tristate CNOT gate with fre-
quency encoded qubits  

Input frequencies Output frequencies 
A B O1 O2 

f1(0) f1(0) f1(0) f1(0) 
f1(0) f2(1) f1(0) f2(1) 
f1(0) 3 (1)f  f1(0) 3(1)f  
f2(0) f1(0) f2(1) f1(0) 
f2(0) f2(1) f2(1) 3(1)f  
f2(0) 3 (1)f  f2(1) f2(1) 

3(1)f  f1(0) 3(1)f  f2(1) 

3(1)f  f2(1) 3(1)f  f1(0) 

3(1)f  3 (1)f  3(1)f  3(1)f  

 
To give a discussion about the result of operation, it 

can be said that a proper truth table for quantum optical 
tristate CNOT gate is proposed and then using this truth 
table, the gate matrix for tristate CNOT gate is devel-
oped. The gate matrix is unitary and reversible in nature, 
which is very much essential for quantum operations. 
After that, quantum optical tristate CNOT gate is im-
plemented using SOA based optical switches. In our 
proposed tristate system, ‘0’ state is encoded by fre-
quency f1, ‘1’ state by frequency f2 and ‘ 1 ’ state by fre-

quency f3. The current work is a proposal of two qubit 
tristate CNOT gate. In the same way, two qubit quater-
nary state CNOT gate can also be proposed.  

To conclude the description about the scheme, it can 
be said that the above implementation scheme of fre-
quency encoded tristate CNOT gate, the XGM character 
of SOA has massively been used. The novelty of the 
system is the inclusion of tristate operation with light. 
As SOA is used as optical switching device, high speed 
of operation (beyond GHz) is expected very easily. 
Again, because of accommodation of tristate operation, 
the domain of parallel information processing is also 
extended far. The whole system is frequency encoded 
system and therefore the signal to noise ratio is quite 
high and the bit error rate is quite low. From the power 
consumption point of view, this is also advantageous as 
the SOAs require very small power for their operation. 
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