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In this paper, we demonstrate different optical logic gates using a single Mach-Zenhder 

interferometer (MZI) with controlled phase modulators in each arm. The operational 

conditions to obtain 16 optical logic circuits, using the same design, are investigated and 

are a result of a constructive or destructive interference process. The proposed 

configuration presents significant low complexity and high scalability and its feasibility is 

evaluated through numerical simulations. 
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1. Introduction 

Optical logic gates have been widely investigated in the last few years since they can be used in a 

variety of signal processing applications, such as optical bit pattern recognition, optical time 

division demultiplexing, as well as in optical binary adders and optical counters [1-5]. 

Several approaches have been proposed up-to-date to demonstrate different optical logic 

operations and mostly are based on highly nonlinear optical fibers (HNLFs) or on nonlinear 

effects in semiconductors optical amplifiers (SOAs), integrated or not in interferometric 

structures [6-11]. SOA-based logic gates schemes although showing high potential for photonic 

integration present, however, speed limitation and latency, primarily due to the slowly recovery 

time of the SOAs. 

In this paper, we present for the first time, to our knowledge, a novel configuration that 

provides 16 optical logic operations, based on a single MZI with controlled phase modulators in 

each arm, without changing the setup scheme. Conventional logical circuits are designed with 

one output, so each logic operation can only be realized once at a time. This means that the 

output port can present the ‘0’ logic level, i.e., no light, although the circuit is fed with light 

signal at its inputs. As an example, for AND operation, the output port is ‘0’ except when the 

inputs are <1, 1>. Therefore the input data is destroyed during this operation for some input 

combinations. Data loss can be prevented if is designed a circuit with two outputs, in which one 

is the complement of the other. The proposed scheme uses both interferometric output ports of 

the MZI, so every input data can reach any of the ports, with no data loss [12-13]. Since both 

output ports are complementary, for the same operational conditions we can obtain, 

simultaneously, two different optical logic gates. The proposed configuration presents very low 
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complexity and power consumption, and suggests high integration potential. The system 

performance is investigated through numerical simulations, using the Optisystem® 7.0 software. 

 This paper is organized as follows: in Section 2, the proposed logic circuit with the 

mathematical model is presented. In this section, is also described the operational conditions to 

implement 16 logical operations. The simulation results for each logic gate are presented on 

Section 3. In Section 4, a discussion regarding the performance feasibility of the different logic 

operations is realized before and after introducing a thresholder function. Finally, in Section IV 

the conclusions are drawn. 

2. Optical logic gates based on a single MZI  

Fig. 1 depicts the proposed configuration of the 16-Boolean optical logic circuit and it consists of 

a single MZI, with a phase modulator (PM) in each arm.  

The operating principle can be explained as follows. When an optical signal is launched into 

port #A of the 3-dB input coupler, its power is distributed, equally, through both MZI arms, but 

with a phase shift of 2/  between the two branches of the interferometer. Then, the signals 

experiment an optical phase change caused by phase modulators placed in each MZI arm.  The 

input signals X and Y will program the phase modulators, in order to control the phase change in 

the arms of the interferometer. The phase modulators are mostly based on the electro-optic 

effect, in which an electrical field is applied to an electro-optic element, creating a change in its 

refractive in index [14].  

Finally, when the optical signals arise at the output 3-dB coupler, they will suffer another 

phase shift of 2/ and, at the MZI output ports, different output levels are obtained. Therefore, 

since the 3-dB couplers of the MZI introduce always the same phase shift, the sixteen logic 
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circuits are obtained by simply adjusting the voltage of the controlled phase modulators in the 

setup, in order to get the desired optical phase change in the MZI arms. 

A. Theoretical model 

Considering that the path length of the two arms of the interferometer is the same (L), and that 

both signals present the same wavelength (λ), the MZI arms have a phase difference Δθ that can 

be described by 
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Assuming that the scattering matrix (also called propagation matrix) of a 2x2 guided-wave 

coupler is given by [15] 

  (2) 

 

 

Then, according to the latter expression, the output fields intensities of the ideal 3-dB input 

coupler (50/50 coupling ratio, i.e, ε = 0.5) can be calculated as 

 

  (3) 

 

Considering that the propagation matrix of a phase shifter is given by [16] 

 

  (4) 

 

 

Then the transfer matrix of a MZI can be defined as 
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Note that the output coupler has also 50/50 coupling factor. 

 

Equation (5) can be re-written as 
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e , equation (6) can be simplify and the electric fields of 

the output of the interferometer can be calculated as 

 

  (7) 

 
 

 

In the absence of an optical signal in port #B, the output powers can be found by:  

 

  (8) 

 
 

From these equations we can plot the normalized output powers PI and PJ with Δθ, as 

illustrated in Fig. 2.  From this graph we can conclude that, at Δθ = 1800, PI = maximum and PJ = 

minimum. At Δθ = 900, PI = PJ = 0.5, showing that is possible to vary the output power with Δθ. 
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Hence, the crosstalk at the different MZI ports also varies, as illustrated in Fig. 3. Crosstalk is 

defined by the ratio of the powers at the non-targeted port (Pnt) and targeted port (Pt) of the MZI 

[17], i.e. 
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In an optical device, with a good performance, the crosstalk effect should be minimum. With 

our proposed configuration, we can create different output powers and crosstalk by applying 

different phases to the phase modulators. 

For logical operation, it is not always required that the ‘0’ logic level has a very low (nearly 

zero) optical power. In fact, we can adjust it by a threshold level, in which above this level we 

have the logic level ‘1’ and below the logic level ‘0’. In this paper, we consider a power range 

between 0.75 - 1 as logic ‘1’ state and 0 - 0.25 as logic ‘0’ state. 

 

B. 16-logic operation cases 

The new concept proposed in this paper uses a very simple logic circuit, and is capable to 

perform different optical logic gates based on the phase difference between the two arms of a 

Mach-Zenhder interferometer.  The data input signals X and Y will program the phase 

modulators, in order to control the phase change in the arms of the interferometer. 

The operational conditions to implement an AND/NAND optical gate are demonstrated in 

Table I. When X or Y are equal to 1, the phase modulators introduce, respectively, an additional 

300º and 60º in upper and down MZI arm; otherwise no additional phase shift is added. The 

powers at the output ports, PI and PJ, presented in Table I, are obtained by solving equation (8).  
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Considering PA equal to 1 a.u., when (X:Y) are (0:0); (0:1); (1:0) and (1:1), the powers at port 

#I are, respectively, 0; 0.25 a.u.; 0.25 a.u. and 0.75 a.u., which correspond to the output logic 

levels 0;0;0;1. Thus, the output port #I only have the logical value ‘1’ when the input signals 

(X:Y) are simultaneously equal to 1. This correspond to the AND logical operation ( XY ). Since 

both output ports are complementary, for the same operational conditions we also obtain, 

simultaneously, at the output port #J, the NAND logic circuit. 

All the possible 16-optical logic gates that can be implemented with the proposed 

configuration are illustrated in Table II, and they are performed based on the same operating 

principle described in AND/NAND optical gate. So, by changing the phase at the two arms of a 

Mach-Zenhder interferometer ( 1  
and 2 ), it is possible to obtain different logic functions at the 

MZI output ports, port #I and port #J. 

3. Simulation results of each logic gate 

In order to analyze the proposed optical logic circuit, presented in Fig.1, under different phase 

conditions, without changing the setup design, we simulate the system shown in Fig. 4, using the 

Optisystem® 7.0 software. Each optical logic gate is obtained by properly setting the voltage in 

each phase modulator, in order to get the appropriate phase change that implements the desired 

logic operation. The input signals X and Y will control the phase modulators, and the data 

sequences used are X = [0011] and Y = [0101].  

At the outputs ports of the MZI, we also introduce two attenuators, adjusted with same 

attenuation in both arms, in order to set the maximum power at 1mW. 

Fig. 5 shows the graphs of simulated data measured from output ports #I and #J, for each 

logic gate. These results demonstrate   that the optical pulse, injected into port #A will suffer a 

constructive or destructive interference, depending of the phase difference between the two MZI 



 8

arms. The phase change is obtained using phase modulators controlled by the input data signals, 

X and Y. Therefore, the different logic operations are obtained as a result of a combination of the 

chosen inputs. 

The simulated results presented in Fig. 5 also show that the estimated output powers, PI and PJ 

from Table II, obtained using the theoretical model (equation 8), are in good agreement with the 

simulated measured curves, which validates our concept. 

4. Discussion 

Ideally, a ‘high’ logic level should be exactly equal to ‘1’ and a ‘low’ logic level should be 

exactly equal to ‘0’. However, in real applications, is acceptable a slightly deviation from these 

ideal logic values. 

In this paper, we considered values between 0.75 - 1 as the logic ‘high’ state and values 

between 0 - 0.25, as the logic ‘low’ state. However is possible to reduce the variation of the 

‘high’ output levels and suppress the ‘low’ logic levels shown in Fig. 5, using optical 

thresholding schemes. The thresholder function can also improve the extinction ratio values of 

different logic gates. In this context, an optical thresholder scheme [6] is connected by an Erbium 

Doped Fiber Amplifers (EDFA) to each one of the MZI output ports #I and #J of Fig. 4, in order 

to investigate the performance of each logic gate. The gain of both EDFAs is set to 22dB and the 

parameters of the two thresholders are almost the same. Both attenuators have an attenuation of 

10 dB in order to guarantee asymmetrical losses. The HNLFs used have low dispersion slope, a 

fiber length of 0.5km and a nonlinear refractive index of 
182.6 10 m2/W. However, their 

wavelengths are slightly different: HNLF1 wavelength is 1565nm and HNLF2 wavelength is 

1566.6 nm.  
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Fig. 6 shows the simulation results obtained, for each optical logic gate, after the thresholder 

function is introduced. It is possible to observe an almost complete suppression of the 0 pulses 

and, although some undesired peaks are presented, the 1 output pulses are almost equalized. 

Therefore, the two logic levels ‘0’ and ‘1’ are well defined. 

The system performance is assessed with the calculation of the extinction ratio (ER) values 

for each Boolean gate, before and after the thresholder function. In Table III, is possible to 

observe that after using a thresholder circuit, the simulated ER increased for almost all the cases. 

The exception cases are the ones that before the thresholder circuit presented already only two 

optical powers. For these cases, the thresholder function is not needed since the ER achieved is 

superior to 10 dB. For all the other cases, we observed a significantly improvement in the ER 

values after introducing the thresholder circuit, since it almost suppresses completely the ‘0’ 

levels and leads to a stabilization of the ‘1’ logic level. 

5. Conclusions 

In this paper, we proposed a novel scheme that performs 16-Boolean logic operations based on a 

single Mach-Zehnder interferometer, using the same design. We showed that through optical 

phase changes in MZI branches, using controlled phase modulators, is possible to successfully 

demonstrate different logic operations 

We have explained the operation principle of our concept and assessed its performance against 

several operational criteria, through numerical simulation, which allowed to theoretically 

confirm our model. 
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Legends 

Fig. 1. Schematic diagram of proposed MZI based 16-logical operation circuit. PM: 

phase modulator 

Fig. 2. Variation of normalized output power (a.u.) with Δθ (in degree). 

Fig. 3. Variation of crosstalk (in dB) with Δθ (in degree). 

Fig. 4. Proposed configuration of the optical 16-Boolean logic circuit based on a single 

MZI. 

Fig. 5. Simulated curves for each logic gate. a) )(ANDXY ; b) )(NANDYX  ; c) YX ; d)

YX  ; e) YX ; f) YX  ; g) )(XORYX  ; h) )(XNORYX  ; i) )(0 False ; j) )(1 True ; k) X ; l)

X ; m) Y ; n)Y ; o) )(ORYX  ; p) )(NORYX  

 
Fig.6. Simulated curves for each logic gate after thresholder function. a) )(ANDXY ; b)

)(NANDYX  ; c) YX ; d) YX  ; e) YX ; f) YX  ; g) )(XORYX  ;h) )(XNORYX  ; i) )(0 False ; j)

)(1 True ; k) X ; l) X ; m)Y ; n)Y ; o) )(ORYX  ; p) )(NORYX . 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 6 
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Tables 

TABLE I  
OPTICAL AND/NAND LOGIC GATE 

X Y 1  2
 


 

PI PJ 

0 0 0 0 0 0 1 
0 1 0 60º -60º 0.25PA 0,75PA 

1 0 300º 0 300º 0.25PA 0.75PA 

1 1 300º 60º 240º 0.75PA 0.25PA 

 

 

 
 

TABLE II  
16-BOOLEAN OPTICAL GATES USING A SINGLE MZI 

-Logic Gate 1  2  
Output 

Port
 

Output power when input 

signal X:Y

 

    0:0

 
0:1 1:0 1:1 

)(ANDXY  300º 60º Port I 0 0.25 0.25 0.75 

)(NANDYX 

 
300º 60º Port J 1 0.75 0.75 0.25 

YX  120º 60º Port I 0 0.25 0.75 0.25 

YX   120º 60º Port J 1 0.75 0.25 0.75 

YX  60º 120º Port I 0 0.75 0.25 0.25 

YX   60º 120º Port J 1 0.25 0.75 0.75 

)(XORYX 

 
180º 180º Port I 0 1 1 0 

)(XNORYX 

 
180º 180º Port J 1 0 0 1 

)(0 False  60º 60º Port I 0 0.25 0.25 0 

)(1 True  60º 60º Port J 1 0.75 0.75 1 

X  240º 60º Port I 0 0.25 0.75 1 

X  240º 60º Port J 1 0.75 0.25 0 

Y  60º 240º Port I 0 0.75 0.25 1 

Y  60º 240º Port J 1 0.25 0.75 0 

)(ORYX   240º 120º Port I 0 0.75 0.75 0.75 

)(NORYX  240º 120º Port J 1 0.25 0.25 0.25 
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TABLE III 
EXTINCTION RATIO BEFORE AND AFTER THE THRESHOLDER CIRCUIT 

Logic 
functions (I/J) 

Before Thersholder After Thresholder 

I J I J 

)(ANDXY  / 
)(NANDYX   

4.23 dB 4.68 dB 12.34 dB 12.92 dB 

YX / YX   3.75 dB 4.24 dB 11.85 dB 12.36 dB 

YX / YX   4.03 dB 3.98 dB 12.1 dB 11.93 dB 

)(XORYX  /
)(XNORYX 

 

16.99 dB 16.99 dB 11.5  dB 11.5 dB 

)(0 False /
)(1 True  

11.3 dB 13.85 dB 7.67 dB 12.30 dB 

X / X  4.24 dB 4.36 dB 12.30 dB 12.30 dB 

Y/ Y  4.29 dB 4.27 dB 12.37 dB 12.37 dB 

)(NORYX / 
)(ORYX   

13.22 dB 7.12 dB 12.36 dB 11.91 dB 

 

 

 

 


