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 Abstract:  By exploiting the phenomena of optical switching, different logic functions 

for all-optical digital signal processing has been projected. This paper presents the 

application of optical switching to design of all-optical half adder and half subtractor 

by Mach-Zehnder interferometer. All-Optical half adder and half subtractor are 

designed with the optimized structure of 2 × 2 Mach-Zehnder interferometer switch by 

electro-optic effect in lithium niobate. Numerical simulations of the proposed structure 

have been conducted to verify the suitability of the designed structure using Opti-BPM 

software. The implementation of proposed structures is simulated in MATLAB 

software along with the mathematical description.  It is interesting to analyze that the 

proposed structures are useful to generate combinational and sequential logic circuits 

in high-speed optical signal processing and switching network.  

 

 Keywords: Switching phenomena, half-adder and half-subtractor, Beam propagation    
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1. Introduction 

 

The expansion of optical signal processing technology is necessary for future high-speed 

optical systems for signal manipulation to implement all-optical signal processing functions 

includes switching, multiplexing/demultiplexing, coding/decoding, logic gates, add/drop, 

multicasting etc. without optical to electronic conversion [1]. The rapid growth in switching 

technology, enhance the energy requirement and speed of operation in optical communication 

system [2]. All-optical switching in non-linear optics can be easily employed by an optical 

waveguide to maintain high-intensity light over a long distance which is limited in free space 

optics due to diffraction. Switching technology can be classified based on physical effect, 

device design and material used such as Electro-Optic, Acousto-Optic, Thermo-Optic, Opto-

mechanical and Optical Amplifier based switching. Out of these different switching 

technologies, electro-optic switching is employed in optical waveguides and directional 

couplers using popular electro-optic material Lithium-niobate (high electro-optic co-efficient) 

and Gallium Arsenide (low electro-optic co-efficient) having low attenuations and low power 

consumption in optical communication wavelengths. They are capable of fast switching speed 

in the range of microseconds to tens of nanoseconds by electro-optic effect [3-4]. Mach-

Zehnder interferometer (MZI) and multimode interferometer (MMI) are the most popular 



optical waveguide device used to implement all-optical digital processing circuits by an 

electro-optic effect. By using the phenomena of electro-optic effect in lithium niobite substrate 

the refractive index of a material is modulated by applying an external electric field to the 

interferometric arms. In recent years researchers focus to implement all-optical logic and 

arithmetic operations with mach-zehnder interferometer switch in optical signal processing. 

All-optical XOR/XNOR and AND gate has bee jn reported using Mach-Zehnder interferometer 

by electro-optic effect[5]. The universal logic gates have been investigated in terms of speed, 

latency and power consumption using a cascaded Mach-Zehnder interferometer switch 

structure [6]. By phase encoding using four wave mixing (FWM) in semiconductor optical 

amplifier (SOA), half addition and half subtraction are performed to implement superfast 

arithmetic logic unit (ALU) [7]. All-optical full adder with ER and Q-factor of 11.7 dB and 

12.5, is implemented using QD-SOA based mach-zehnder interferometer as a basic building 

block to perform other signal processing function [8]. Phase encoding scheme has been 

exploited to perform half addition and half subtraction to implemented digital comparator [9]. 

SOA-based all-optical half adder has experimentally demonstrated at 10 Gbit/s [10]. All-

optical half adder structure is proposed in a two-dimensional photonic crystal structure using 

non-linear resonant cavities [11]. Similarly, non-linear photonic crystal-based ring resonator is 

used to implement half subtractor [12].   

 

In this communication, Mach-Zehnder interferometer-based electro-optic switching 

configurations have been used to design half adder and half subtractor. The aim of this paper 

to realize half adder and half subtractor using a minimum number of Mach Zehnder 

interferometer switching configurations. The article is organized as follows: Section 2, 

describes the basic concept and operation principle of mach-zehnder interferometer. Section 3, 

is concerned with layout design structure and simulation results of the proposed half adder and 

half subtractor with the help of Beam propagation method (BPM) and MATLAB. Finally, the 

conclusion is drawn in sect 4. 

 

2. Design Concept and operational principle of Mach-Zehnder interferometer 

 

Many other different approaches have been proposed to design all-optical digital logic 

functions based on Periodically Poled Lithium Niobate Waveguide (PPLN) [13, 14], micro-

ring and nanoring devices [15], a terahertz optical asymmetric demultiplexer (TOAD) [16], 

non-linear directional coupler [17], non-linear effects in SOA-MZI[18–25]. Among these 

different technologies, Mach-Zehnder interferometer electro-optic switching configurations 

represents the best solution to implement all-optical logic functions using a conversion of phase 

modulation into intensity modulation because of compact size, low power consumption, low 

latency and thermal stability. Mach-Zehnder interferometer switch consists of one 2×2 optical 

splitter at the input ports and one 2×2 optical combiner at the output ports. Two interferometer 

arms are connected between splitter and combiner as depicted in figure 1. An optical signal is 

injected into input ports, which divide equally over the interferometer arms by splitter. The 

signal divides equally at the output of 2×2 splitter has a phase difference of π/2 rad. A 
constructive and destructive interference at the cross output port and bar output port are 

introduced if the two interferometer arms are equal.  In order to switch the signal from one 

output port to another, a phase shift π is required to introduce in one of the interferometer arms. 

For phase modulation to occur, these switches use metal electrodes over the interferometric 

arms to create refractive index variations by applying an electric field to the electrodes. One of 

the physical phenomena that can provide the required phase shift is electro-optic effect [26]. 

By utilizing EO-effect, mach-zehnder interferometer exhibits stable performance parameters 



for a wide range of optical power. Figure 1 shows the schematic layout of Mach-Zehnder 

interferometer-based electro-optic switch. 

 

 
Fig. 1. Schematic view of  electro-optic MZI switch 

 

 

As shown in figure 1, mach-zehnder interferometer switch is made by LiNbO3 optical 

waveguide and a pair of electrodes. The phase change induced by electro-optic effect having 

electrode length L, a separation between two electrodes d due to applied voltage V is given as 

 𝛥𝜑 = 2𝛱𝜆 [(𝑛32 ) 𝑉𝑑 𝑟]       (1) 

 

The amount of normalized power at different output ports of Mach-Zehnder interferometer can 

be obtained by electro-optic effect as follows: 

 

 𝑃𝑂𝑈𝑇1 =  |𝑗𝑒−𝑗(𝜑0) sin △φ2 |2 = 𝑠𝑖𝑛2 (△φ2 )                                              (2) 

 𝑃𝑂𝑈𝑇2 =  |𝑗𝑒−𝑗(𝜑0) cos △φ2 |2 = 𝑐𝑜𝑠2 (△φ2 )                   (3) 

 

3. Description and mathematical formulation of half adder and half subtractor using 

OptiBPM 

  

A half adder and half subtractor are combinational logic circuits that can perform addition and 

subtractions of two binary digits. A half adder gives two outputs Sum and Carry, similarly a 

half subtractor generates two outputs Difference and Borrow. To develop half adder and half 

subtractor, a basic Mach-Zehnder interferometer based electro-optic switch has been designed 

at a wavelength of 1.46 µm in Opti-BPM software [27]. Opti-BPM is based on FD-BPM that 

provides a complete analysis of optical waveguide devices and optical fiber including refractive 

index distribution, waveguide material, coupling, splitting, multiplexing and demultiplexing of 

optical signals [28].  

 

3.1 Design of Half adder using electro-optic effect based MZI structure 

Fig. 2 shows the Opti-BPM layout structure of the half adder. As shown in fig. 2, a half adder 

adds two binary numbers (A and B) and gives two binary outputs called Sum(S) and Carry(C).  

The device has three MZIs with two control signals X and Y. The control signals X and Y are 

the two electrode voltages applied at the center electrode of MZIs.  Using different 

combinations of control signals X and Y that are used to represent half adder the output power 

is obtained at different output ports. 



 
Fig. 2. Opti-BPM layout of Half Adder using MZI switch 

3.1.1 Normalized output power at various output ports of half adder 

Using the output power relationship of the single-stage Mach-Zehnder interferometer in 

equations 2 and 3, the normalized output power at output port 3 and port 1 can be 

represented by combining all possible minterms shown in table 1. 

 

For Sum: 

 

Output port 3 = 𝑚1 + 𝑚2 = |𝑂𝑈𝑇2𝑀𝑍𝐼3𝐸𝑖𝑛 |2 = 𝑐𝑜𝑠2 (∆𝜑𝑀𝑍𝐼12 ) ×  𝑠𝑖𝑛2 (∆𝜑𝑀𝑍𝐼32 ) + 

    𝑠𝑖𝑛2 (∆𝜑𝑀𝑍𝐼12 ) × 𝑐𝑜𝑠2 (∆𝜑𝑀𝑍𝐼22 )   (4) 

 

For Carry: 

Output port 1= 𝑚3 = |𝑂𝑈𝑇1𝑀𝑍𝐼2𝐸𝑖𝑛 |2 = 𝑠𝑖𝑛2 (∆𝜑𝑀𝑍𝐼12 ) × 𝑠𝑖𝑛2 (∆𝜑𝑀𝑍𝐼22 )     (5) 

 
Table 1 Truth table of half-adder for different combinations of control signals. 

 
Control signal X 

Input A 
Control signal Y 

Input B 
Port 3 (Sum) Port 1 (Carry) 

0 0 0 0 

0 1 1 0 

1 0 1 0 

1 1 0 1 

 

Various combination of control signals X and Y and their corresponding response applied 

to the given structure are used to represent half adder are discussed as follow 

 

Case 1: X=0, Y=0 

Here, the optical input signal is incident on the first input port of MZI1. The control signal 

X applied to the second electrode of MZI1 is low (0 V), so optical power emerges out at 

output port 2 of MZI1. The output power emerges out at output port 2 of MZI1 represents 

the input to MZI3. Now, if the control signal Y applied to MZI3 is also low, then the signal 

emerges out at output port 1 of MZI3. Hence, no optical signal appears at output port 1 and 

output port 3 of the structure shown in figure 2 represented by table 1. 

 

Case 2: X=0, Y=1 

In this case, a continuous optical input signal is provided at input port 1 of MZI1. As a low 

control signal is provided at the second electrode of MZI1 (i.e X=0), allows optical signal 



appears at the output port 2 of MZI1 and optical power comes out at port 1 of MZI1 

becomes 0. The output signal appears at output port 2 of MZI1 again becomes the input of 

MZI3. If the control signal applied to the second electrode of MZI3 is high (Y=1), the 

optical signal appears at output port 3 of MZI3 represents the sum of two bits. Hence, for 

X=0 and Y=1, the output power at output port 1= 0 and output port 3 =1 of MZI3. 

 

Case 3: X=1, Y=0 

In this case, the control signal applied to the second electrode of MZI1 is high (X=1), the 

optical signal again appears at the output port 1 of MZI1 that acts at the input of MZI2. 

Since control signal Y=0 at MZI2, the output signal gets out at output port 2 of MZI2. 

Now, the output signal at port 2 of MZI2 becomes the input of MZI3. For control signal 

Y=0 applied to MZI3, the optical signal appears at output port 2 of MZI3 represents again 

the sum of two bits. 

 

Case 4: X=1, Y=1 

In a similar manner, the combination of control signals X=1 and Y=1, the optical signal 

observed at the output port 1 of MZI. The signal appears at output port1 of MZI1 becomes 

the input of MZI2. As the control signal Y applied to the center electrode of MZI2 is high, 

the output power appears at output port 2 of MZI2. Therefore, due to the presence of each 

control signal the optical power appears at output port 1 of MZI2 represents carry = 1 and 

sum = 0. 

 

Table 1 represents the truth table of all possible combinations of the control signal and 

output optical signal obtained at the output port1 and port 3 of fig. 2. It has been shown that 

to obtain the SUM and Carry, minterms can be combined at output port3 and output port1. 

The Opti-BPM simulation results of the proposed device can be represented in table 2. 

Similarly, the MATLAB simulation results obtained are represented in fig. 3.  From fig. 3 

the First and second row represents the all possible combination of control signals X and 

Y provided to MZI1, MZI2 and MZI3. The third and fourth row of fig. 4 represents the 

SUM and CARRY of the half adder for given combinations of control signals. From Opti-

BPM results shown in table 2 and MATLAB results in fig. 3, it has been shown that the 

results obtained from Opti-BPM are exactly matched with the simulation results obtained 

in MATLAB for the proposed structure. 

 

Table 2 Simulation results for half adder for different control signals using Opti-BPM 

 
Optical 

signal 

X Y 

Opti-BPM results of Half adder SUM       CARRY 

 

Port 3      Port 1 

 

 
0 0 

 

                                             

 

 

0                    0 

 

 
0             1 

                           

 

 
1                    0 

Optical 

input signal 

Port 2 

Port 3 

Optical 

input signal 

Port 2 

Port 3 

Port 1 

Port 1 



 
 

1              0 

                           

 
 

1                    0 

 

 

1               1 

                           

 

 

0                    1 

 

        

 
Fig. 3. MATLAB simulation results of Half Adder. 

 

3.2 Design of Half subtractor using electro-optic effect based MZI structure 

 

Figure 4 represents the design of a 2-bit half subtractor that performs subtraction of two single-

bit numbers using Mach-Zehnder interferometer. The proposed design consists of three MZIs 

with two control signals X and Y as inputs and produce outputs as difference and borrow. 

 
Fig. 4. Layout of Half Subtractor 

3.2.1 Normalized output power at various output ports of half subtractor 

 

To perform half subtraction, the output expression of normalized output power at port 2 and 

port 3 can be calculated using the expression of single-stage MZI: 

Optical 
input signal 

Port 1 

Port 2 

Port 3 

Optical 

input signal

 

Port 3 

Port 2 

Port 1 



 

For Difference: 

 

Output port 2= 𝑚1 + 𝑚2 =|𝑂𝑈𝑇1𝑀𝑍𝐼21𝐸𝑖𝑛 |2
=𝑐𝑜𝑠2 (∆𝜑𝑀𝑍𝐼12 ) × 𝑠𝑖𝑛2 (∆𝜑𝑀𝑍𝐼22 ) + 

                                                                                 𝑠𝑖𝑛2 (∆𝜑𝑀𝑍𝐼12 ) × 𝑐𝑜𝑠2 (∆𝜑𝑀𝑍𝐼22 )    (6) 

 

For Borrow: 

Output port 3= 𝑚1 = |𝑂𝑈𝑇1𝑀𝑍𝐼3𝐸𝑖𝑛 |2 = 𝐶𝑜𝑠2 (∆𝜑𝑀𝑍𝐼12 ) ×  𝑠𝑖𝑛2 (∆𝜑𝑀𝑍𝐼32 )     (7) 

 

The proposed design of the half subtractor consists of three Mach-zehnder interferometer is 

shown in fig. 4 . The optical signal is given to the first input port of MZI1. The output ports of 

MZI1 are further connected to MZI2 and MZI3. Binary inputs are the control signals X and Y 

are in the form of electric signals to MZI1, MZI2 and MZI3. The output obtained for different 

combinations of control signal are discussed below: 

 

Case1: X=0, Y=0 

Figure 4 represents the optical signal is incident on input port 1 of MZI1. As the control signal, 

X provided to MZI1 is low, the optical signal appears at output port 2 of MZI1. This port is 

further connected to input port 2 and input port 1 of MZI2 and MZI3. Since the control signal 

Y provided to MZI2 and MZI3 is also low, the output appears at output port 1 and output port 

2 of MZI2 and MZI3. 

 

Case2 : X=0, Y=1 

In this case, the control signal X provided to MZI1 is low again. Due to this, the optical signal 

again appears at output port 2 of MZI1. As the voltage applied to the center electrode of MZI2 

and MZI3 is high (Y=1), the output signal appears at output port 2 and output port 1 of MZI2 

and MZI3 represents difference and borrow. 

 

Case 3 : X=1, Y=0 

When high voltage control signal X is provided to MZI1, the output signal emerging from 

output port 1 of MZI1. This output signal is the input provided to input port 1 of MZI2. Finally, 

due to the absence of control signal Y (Y=0) provided to MZI2, the output signal comes out at 

output port 2 of MZI2 represents the difference of 2 bits. 

 

Case 4: X=1 and Y=1 

Similarly, in this case, the combination of control signals provided to MZI1, MZI2 and MZI3 

is high. The light signal appears at the output port 1 of MZI1. The optical signal that appears 

at output port 1 of MZI1 will go to input port 1 of MZI2. Due to the presence of control signal 

Y=1, the output signal will go straight and appears at output port 1 of MZI2. 

 
Table 3         Different combinations of control signals for half subtractor 

 
Control signal 

X 

Control signal 

Y 

Port2  

(Difference)  

Port 3  

(Borrow) 

0 0 0 0 

0 1 1 1 

1 0 1 0 

1 1 0 0 

 



Table 3 shows different combinations of control signal X and Y provided to the proposed 

design and their corresponding results at port 2 (difference) and port 3 (Borrow). Table 4 shows 

Opti-BPM results for half Subtractor obtained by providing different combinations of control 

signals. In similar manner , MATLAB simulation results are represented in figure 5. From the 

figure 5, it has been seen that first and second row represents control signal X and Y provided 

to MZIs, and the last two rows represent the difference and borrow outputs. It is apparent from 

the figure that MATLAB simulation results are exactly matched with the Opti-BPM results 

obtained in table 4. 

 
Table 4  Results for half-subtractor for different control signals obtained through Opti-BPM 

 
Optical signal 

 

X Y 

 

Opti-BPM results of Half Subtractor Difference      Borrow 

 

PORT2           PORT3 

 

 

 

 

0 0 

 
                           

 

 

 
 

0                           0 

 

 

 

0             1 

                           

 

 

1                           1 

 
 

 

1              0 

                           
 

 
 

 

 
1                           0 

 

 
 

1               1 

                           
 

 

 
 

0                           0 

 

Optical 

input signal 

Port 2 

Port 3 

Optical 

input signal 

Port 2 

Port 3 

Port 1 

Optical 
input signal Port 1 

Port 2 

Port 3 

 

Optical 

input signal

 
Port 3 

Port 2 

Port 1 

Port 1 

Port 4 

Port 4 

Port 4 

Port 4 



 
Fig. 5. MATLAB Simulation results for different combination control signals given to half-subtractor. 

4. Conclusion 

In conclusion, the proposed design discuss optical logic operation module such as half adder 

and half subtractor to perform optical signal processing. The paper includes a detailed 

discussion of half adder and half subtractor using electro-optic effect based mach-zehnder 

interferometer. The performance of the proposed device is carried out by analyzing the suitable 

mathematical expression and simulation results obtained from Opti-BPM and MATLAB 

software. Finally, the designed device provides a platform for all-optical signal processing, 

which is useful for different applications such as arithmetic logic units, encryption/decryption 

of secure network, binary counters and packet switching network. 
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Figures

Figure 1

Schematic view of electro-optic MZI switch

Figure 2

Opti-BPM layout of Half Adder using MZI switch



Figure 3

MATLAB simulation results of Half Adder.

Figure 4

Layout of Half Subtractor



Figure 5

MATLAB Simulation results for different combination control signals given to half-subtractor.


