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Abstract - As increasing capacity demand in 
telecommunication system, the ultrahigh-speed optical 
network was developing rapidly. In these networks, it 
is important to the switching, routing and processing in 
optical domain to prevent bottlenecks of optoelectronic 
conversions. Using all optical switches based on 
Symmetric Mach-Zehnder (SMZ), characteristics and 
switching window profile was investigated in this 
paper. As compared to the various interferometer 
based switch configurations, the SMZ structure 
provides the most flexibility, compact size, low power 
operation, shortest switching window and thermal 
stability. This paper presents the modelling based on 
SMZ switch. The analysis of conventional and 
proposed SMZ switch by using symmetric coupler 
(50:50 couplers) and asymmetric coupler (60:40 
couplers) placed at the end of this switch was shown 
and compared. The performance and advantages of 
these proposed SMZ switch coupler are also analyzed. 

Keywords: Symmetric Mach-Zehnder (SMZ), Optical 
Time Division Multiplexing (OTDM), Semiconductor 
Optical Amplifiers (SOA), Full Width at Half 
Maximum (FWHM), Graphic User Interface (GUI). 

1. Introduction 

Optical Time Division Multiplexing (OTDM) 
technology is an alternative technique for future ultra-
speed photonic networks that has attracted much 
attention [1]. At ultra-high speed, it is desirable to 
carry out the entire signal routing, processing and 
demultiplexing in the optical domain in order to avoid 
bottleneck due to the optical to electronic conversion. 
One of the key components in all-optical OTDM 
system is the all-optical switch, which is the main 
building block in all above optical functions. 

All optical switches with the interferometric 
arrangement such as the Terahertz Optical Asymmetric 
Demultiplexers (TOADs) [2], the Ultrafast Non-linear 
Interferometers (UNIs) [3], Mach-Zehnder 
Interferometers (MZIs) [4], and Non-linear Optical 
Loop Mirrors (NOLM) [5], which are generally 

studied. Among these switching schemes, MZI 
switches are the most capable due to their compact size, 
thermal stability and low-power operation. Considering 
various MZI configurations, the SMZ structure 
provides the high flexibility and relatively symmetrical 
and shortest switching window profile [6]. 

2. Methodology 

2.1 Operation Principle 
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Figure 1: The model of SMZ switch without control signal 
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Figure 2: The model of SMZ switch with control signal 

Figure 1 and Figure 2 shows the block diagram of 
a typical SMZ switch composed of two Semiconductor 
Optical Amplifiers (SOAs), one in each arm of the 
interferometer and a number of 3dB couplers. SOAs 
are positioned in the same relative location within the 
interferometer. Control and data pulses are fed into 
switch via 3dB couplers and co-propagate within the 
interferometer. With no control pulses, the SMZ is 
balanced in such a way that all the data signals emerge 
from the reflected output port (port 2). However, with 
the presence of control signals, a differential phase shift 
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is introduced between the two arms of the 
interferometer thus causing the data pulses to be 
switched to the transmitted port (port I) [7]. 

Semiconductor Optical Amplifier (SOA) is used 
for non linear element to enhance the band filling 
nonlinearity in semiconductors by simulated emission. 
Optical amplifiers can be divided into two classes 
which are Optical Fibre Amplifiers (OFAs) and 
Semiconductor Optical Amplifiers (SOAs). Due to 
advances in optical semiconductor fabrication 
techniques and device design, the SOA is showing 
great promise for use in evolving optical 
communication networks. It can be utilized as a 
general gain element but also has many functional 
applications including an optical switching and 
wavelength conversion. These functions, where there 
is no conversion of optical signals into the electrical 
domain, are required in transparent optical networks 
[8]. 

Many of the all optical networks have been made 
possible by the application of SOA in wavelength 
conversion, all-optical modulators, demultiplexers and 
3R regenerator (re-amplification, re-shaping and re­
timing). 
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Figure 3: Schematic diagram of SOA 

A schematic diagram of an SOA is shown in 
Figure 3 above. The device is driven by an electrical 
current. The active region in the device imparts gain, 
via stimulated emission, to an input signal. The output 
signal is accompanied by noise. The gain of an SOA is 
influenced by the input signal power and internal noise 
generated by the amplification process. As the input 
signal power increases the gain decreases as shown in 
Figure 4. This gain saturation can cause significant 
signal distortion [8]. 
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Figure 4: Typical SOA gain versus output signal power 

Modelling of all optical switch based on SMZ, 
consist of modelling the conventional SMZ switch 
(using 50:50 coupler) and modelling the proposed SMZ 
switch (using 60:40 coupler). The difference of this 
proposed SMZ switch is at the end of his switch, an 
asymmetric coupler (60:40 coupler) is used instead of 
using symmetric coupler (50:50 coupler). The 
performance in term of contrast ratio is better when this 
proposed SMZ is used. High contrast ratio and low 
crosstalk are prerequisite for application of optical 
components. 

2.2 Mathematical Equation 

2.2.1 Mathematical Model of SOA 

Figure 5: Modelling of SOA 

Figure 5 shows a modelling of SOA. The carrier 
density N and the average power Pav is vary along SOA 
length. There are easy to solve numerically by breaking 
the SOA length into number of short length segment, 
L„. Then, the segment length is set to be small so that N 
and Pav can be approximately as spatially independent 
within individual segments. It can be calculated locally 
for sequence of incremental time instances using 
equation below [9]: 

fV(t,r t) = JV(t,f,_,) + 
(1) 

P„(k,tt) = Pm(k-!,/,.,).exp(r.g(A-Ut-,).AL-as.AZ.) (2) 
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where: 
k = total no. of segment 
I = bias current 

q = electron charge 
V = volume of active region 

Tsp = spontaneous emission time 
T = confinement factor 
g = differential gain 

ASOA
 = SOA active area 

ots = scattering loss (internal losses) 
Ep = electric field 

The gains of the data signal at the output of SOA 1 
and SOA2 at the temporal point are given as: 

( 
G,(0 = exp 

G2(0 = exp 

where: 

0 
Jr.g 

iOA 

Jr.s 

z,t + - dz 
s J 

^+TMav+ — dz 
& J 

(3) 

(4) 

t = time at which the temporal point of the data 
signal enters the amplifier. 

Tdeiay = the control signal separation. 
z/Vg = time increment in z direction. 

2.2.2 Mathematical Model of SMZ switch 
The power at the output ports of the SMZ can be 

define as equation (5) and (6): 

^, ,(0 = /U0[(l-a)3G,(0 + a2(l-a)G2(0-

2A/(l-a)4a2G,(/)G2(0cosA{#j (5) 

Kuait) = / j , ( Q | g O - a ) a G , ( / ) + a a O - g ) g a ( 0 + 

2 /̂(1 - a)3a3Gt (t)G2 (t) cos A<* ] (6) 

where: 
a = coupling factor 

G,(t) = gainofSOAl 
G2(t) = gainofSOA2 

A<f> is the phase difference between the data pulses 
which is related to the gain ratio and the linewidth 
enhancement factor OLEF and is given by [7]: 

A# = -0.5a ^ ln(G, /G2) 
where: 

«LEF = linewidth enhancement factor 
Gi = complex gain of SOA 1 
G2 = complex gain of SOA2 

(7) 

To obtain the expression for switching window of 
SMZ switch, the output signal power Pouti(t) is 
normalized with respect to the input power Pin(t) 

W(t)- ^,,(0 
W) 

W(t) = (1 - of G, (0 + a2 (1 - a)G2 (t) -

2^/(l-a)4or2G1(0G2(0cosA<i> 

(8) 

(9) 

For the SMZ switch using 50:50 coupler, the value 
of coupling ratio a is 0.5, therefore SMZ switching 
window simplified from equation (9) is shown in 
equation (10) below [10]. 

W(t) = 1(3,(0 + G2(/)- 2.VG,(0G2(0cos A<#] (10) 
o 

SMZ switch using 60:40 coupler is used 0.6 as 
coupling ratio. Equation (11) shows the expression of 
switching window for proposed SMZ switch. 

W{t)=—[8G, (t)+18G2 (0 - 24 /̂G, (f)G2 (0 cosA^] (H) 

The switching window provides information 
regarding the shape, amplitude, and temporal width of 
the optical switches transfer function. This 
characterization is important in determining the optical 
demultiplexing and sampling bandwidth of the switch. 

2.2.3 Contrast Ratio 
One method to evaluate the performance of an all-

optical switch is to determine the width and contrast 
ratio of the switching window, where both value 
depend on the shape of the switching window [11]. 

Contrast ratio refers to the different of highest 
power of unwanted signal to the lowest power of 
unwanted signal [12] measured in dB. 

Contrast 
Ratio (dB) 

Highest 
Power of 

wanted signal 

Lowest Power 
of unwanted 

signal 

High contrast ratios [13] and low crosstalk are 
prerequisite for application of optical components. 
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Figure 6: Flow chart of Program Design 

3. Result and Discussion 

The modelling of SMZ switch was built and 
simulated using Matlab 7.6 (R2008a). The main 
parameters used in the SMZ switch using 50:50 
coupler simulations and the SMZ switch using 60:40 
coupler simulations are given in Table 1. Then, all of 
results and comparisons of both SMZ switch will 
discuss in this section. 

Parameters 
i)SOA 
Length, LS0A 

Active Area, ASOA 
Transparent Carrier Density, N0 

Confinement Factor, Y 
Gain coefficient, a 
Linewidth Enhancement Factor, a^p 
Total no. of segment, k 
ii) Others 
Bias current 
Group velocity, V? 

Electron charge, q 
Photon energy Eph 
Control pulse width, FHWM 
Spontaneous emulsion time, TSD 

Time delay, Td 

Electrical field, Ein 

Values 

3c"4 m 
3e"u m' 
le24m"J 

0.15 
2e i 0 

7 
50 

0.4 
8.5714e7m/s 
1.602e'9C 

1.2816e19 C 
2e"J2s 

100e"12 s 
5 e " s 

2.598eu V/m 

3.1 SMZ switch using 50:50 coupler 
(conventional SMZ switch) 
This SMZ switch uses coupling ratio a = 0.5. By 

injected bias current = 0.4 ampere and used linewidth 
enhancement factor, aLEF = 7, the results are displayed 
in Figure 7 and Figure 8. 

Figure 7 shows the gain profile of SOA1 and 
SOA2 separated by 5ps time delay between the control 
signals. Upper arm of SMZ switches is SOA1 and 
lower arm of SMZ switches is SOA2. Refer to the 
signal, initial gain of both SOA gain profile are 4.94dB. 
Then the gain profile drop rapidly to 4.59dB because 
the data signal entering SOA following the high power 
control signal. The high power control signal changes 
the carrier density of SOA due to the cross gain 
modulation (XGM) [8]. Thus changes the refractive 
index and phase of the SOA. This will alter the phase 
of the data signal. After that, the gain increase slowly to 
infinity. 

Figure 8 shows the SMZ switching window of 
typical SMZ switch. It can be seen that, the switching 
window has a square and symmetrical shape due to 
propagating data and control signals that pass through 
the SMZ switch. The full wave at half maximum 
(FWHM) equal to 5ps since the time delay between the 
control signals is 5ps. A square shape of switching 
window profile is very important and desirable in 
OTDM network because there is need to multiplex or 
extract the target channel from the OTDM signal with 
crosstalk. 



3.2 SMZ switch using 60:40 coupler 
(proposed SMZ switch) 

This coupler type uses coupling ratio a = 0.6. By 
using the same parameter value as SMZ switch using 
50:50 coupler, (bias current = 0.4 ampere and 
linewidth enhancement factor, a1FF = 7), the result are 
displayed in Figure 9 and Figure 10. 

Figure 9 shows the gain profile of the proposed 
SMZ switch which uses a 60:40 coupler. It can be seen 
that from the graph, initial gain of both SOA gain 
profile approximate by 4.94dB. Then the gain profile 
also drops swiftly same as gain profile of SMZ switch 
by using 50:50 coupler, to 4.59dB. The gain profile of 
SOA1 and SOA2 also separated by 5ps time delay 
between the control signals. 

Figure 10 shows the switching window for the 
proposed SMZ switch. It can be seen that, switching 
window for proposed SMZ switch (using 60:40 
coupler) has higher contrast ratio compared to 
conventional SMZ switch (using 50:50 coupler). In 
term of symmetrical shape, the conventional SMZ 
switch is more symmetrical. The full wave at half 
maximum (FWHM) for proposed switching window is 
5ps since time delay that be use is 5ps. 
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Figure 9: The gain profile of SOA 

SMZ Switching Window (using 60:40 coupler) 

Figure 10: SMZ Switching Window for the proposed 
SMZ switch 

3.3 Comparison between SMZ switch using 
50:50 coupler and 60:40 coupler 

Figure 7: The Gain Profile of SOA 
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Figure 11 shows the graph of contrast ratio versus 
the bias current. The bias current is injected constantly 
to the SOA1 and SOA2 by range from 0.1 ampere to 1 
ampere. Linewidth enhancement factor aLEF that used 
in this analysis is equal to 2. From the Figure 11, the 
red line referred to the typical SMZ switch and the blue 
line referred to the proposed SMZ switch. It can be 
seen that from the graph, a significant increase in 
contrast ratio for bias current more than 0.6 ampere for 
both SMZ switch. Then, by comparing between the 
conventional SMZ switch using 50:50 coupler and 
proposed SMZ switch using 60:40 coupler, it can be 
seen that a higher contrast ratio is achieved by using the 
proposed SMZ switch which use the 60:40 coupler. 

Figure 8: SMZ Switching Window for the typical SMZ 
switch 



Figure 12 shows the graph of contrast ratio versus 
the SOA length. Bias current is set to 0.6 ampere and 
linewidth enhancement factor alvf. is set to 3. The 
range of SOA length that be analyzed is from 0.5 x 
10 meter to 6 x 10 meter. The red line is referred to 
the conventional SMZ switch and the blue line referred 
to the proposed SMZ switch. From the graph, it can be 
seen that the longer of SOA length, the lower contrast 
ratio will reach for the both of SMZ switch. By 
comparing these two switches, it can be seen that, the 
higher contrast ratio is achieved by using proposed 
SMZ switch which use 60:40 coupler. A practical 
value of SOA Length is in the range 1 x 10"4 to 3 x 10*4 

meter. 

Figure 13 shows the contrast ratio versus the 
linewidth enhancement factor. The range of linewidth 
enhancement factor o^n. that used for analyze is from 
1 to 7 for 0.6 ampere bias current. The red line is 
referred to the SMZ switch using 50:50 coupler and 
the blue line is referred to the SMZ switch using 60:40 
coupler. It can be seen that from the graph, the higher 
linewidth enhancement factor, the better contrast ratio 
will achieved for both SMZ switches. The linewidth 
enhancement factor describes the coupling between the 
induced phase changes of a signal within the material. 
The linewidth enhancement factor should be small to 
keep the linewidth small and the chirps narrow. A high 
linewidth enhancement factor is advantageous to 
obtain high contrast ratio in all optical devices. By 
comparing these two types of SMZ switch, the 
proposed SMZ switch (using 60:40 coupler) has 
significant increase in contrast ratio for linewidth 
enhancement less than 6. 

Figure 14 shows the contrast ratio versus time 
delay. Switching window profile for different time 
delay experiment has been done by [14] before. For 
this analysis, bias current is set to 0.6 ampere and 
linewidth enhancement factor alEF is set to 3. The 
range of time that be analyzed is from 1 ps to 10 ps. 
From the Figure 14, it can be seen that both SMZ 
switches show there is no increase in contrast ratio for 
time delay more than 5ps. By comparing these two 
switches, it can be said that a higher contrast ratio is 
achieved using proposed SMZ switch. 

Figure 15 shows the comparison of full wave at 
half maximum (FWHM) for different time delay 
between the 2 types of SMZ switches. It can be seen 
that from the graph, it is only a slight different 
between the two types of SMZ switches. FWHM 
increase almost linearly as the time delay increase for 
both types of switches. 
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Figure 14: Contrast ratio v/s time delay 
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Figure IS: FWHM (full wave at half maximum) v/s time 
delay 

3.4 Matlab GUIs Application 

For both Matlab Graphic User Interface (GUI) 
shows in Figure 16 and Figure 17, user can get their 
plotting signal by entering the parameter that they need 
like bias current, time delay, linewidth enhancement 
factor, length of SOA, and area of SOA. This GUI 
makes it easy to user to display the SOA gain profile 
and the SMZ switching window. 

4. Conclusion 

As a conclusion, the SMZ switch which is one type 
of all optical switches is one of the most reliable optical 
switches because it has the fastest and symmetrical 
switching windows, highest flexibility and most 
promising due to compact size. The key component for 
ultra high speed Optical Time Division Multiplexing 
(OTDM) networks is the application of all optical 
switch by using Symmetric Mach-Zehnder (SMZ). The 
application of SMZ switches in all optical signal 
processing including all optical switching, all optical 
demultiplexing, clock extraction, ultra fast wavelength 
conversion, 3R regeneration etc. 

Back to the project objectives, the gain profile of 
SOA and SMZ switching window have been model. 
Then, conventional SMZ switch (using 50:50 coupler) 
and proposed SMZ switch (using 60:40 coupler) also 
have been analyzed. Comparing both conventional and 
proposed SMZ switch, it can be conclude that the 
proposed SMZ switch has a high contrast ratio. 
Therefore, it can be suggest that using SMZ switch 
with 60:40 coupler are more efficient than conventional 
SMZ switch. 
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Figure 16: GUI for SMZ switch using 50:50 coupler 

Gsin Profll-of SOA 
& 

SMZ Switching Window 
(using 00.40 coupler) 

Untor tana drrfey for tha control wgnat 
(eg Sa-121 

Enlar Via t-a» curant 
(eg 0 1 to OS) 

Enter h w t M h enhancemer* (actor 
(•g 2to7) 

Cntar SOA Length: 
(60 3«-«) 

Enter SOA Area 
(agr 3e-13) 

Shuw the gran prutfta of SOA and SMZ *w*Uang « U u w J 

Second* 

^ . 

meter 

Figure 17: GUI for SMZ switch using 60:40 coupler 

5. Future Work 

In the future, a system can be developed to model 
the SMZ switch, so that it can be using in more 
efficient way. Besides that, this modelling can be 
fabricated since it has been proved through the 
modelling that SMZ switch is very practical to be 
implemented. In addition, SMZ switch can be develop 
on specific application to ensure a more practical 
modelling so that the SMZ switch can be applied 
effectively. Above and beyond, research and modelling 
on the noise and crosstalk of SMZ switch can also be 
done [7]. 

References 

[l] S. A. Hamilton and B. S. Robinson, "40 Gb/s 
all-optical packet synchronization and address 
comparison for OTDM networks," IEEE Pho. 
Tech. Lett, vol. 14, pp. 209-211, 2002. 

[2] J. P. Sokoloff, I. Glesk, P. R. Prucnal, and 
R.K. Boncek, "Performance of a 50 Gbit/s 
optical time domain multiplexed system using 
a TOAD," IEEE Pho. Tech. Lett., vol.6, pp. 
98-100, 1994. 

[3] N. S. Patel, K. A. Rauschenbach, and K. 
L.Hall, "40 Gbps demultiplexing using an 
Ultrafast Nonlinear Interferometer (UNI)," 

http://Del.iv


IEEE Photon. Tech. Lett., vol. 8, pp. 1695-
1697,1996. 

[4] S. Nakamura, K. Tajima, and Y. 
Sugimoto,"Experimental investigation on 
high-speed switching characteristics of a 
novel symmetric Mach-Zehnder all-optical 
switch," Appl. Phys. Lett., vol. 65, pp. 283-
285, 1994. 

[5] E. J. M. Verdurmen, Y. Zhao, 
E.Tangdiongga, J. P. Turkiewicz, G. D. Khoe 
and H. d. Waardt, "Error-free all-optical 
adddrop multiplexing using HNLF in a 
NOLM at 160Gbit/s," Elec. Lett., vol. 41, 
2005. 

[6] P. Toliver, R. J. Runser, I. Glesk, and P. R. 
Prucnal, "Comparison of three nonlinear 
optical switch geometries," Proc. Con. Lasers 
and Electro-Optics (CLEO 2000), San 
Francisco, CA, May 2000, pp. 254-255. 

[7] R. Ngah and Z. Ghassemlooy, "Noise and 
Crosstalk Analysis of SMZ Switches", 
Optical Communication Research Lab., 
School of Engineering & Technology, 
Northumbria University, UK. 

[8] Michael Connelly, "Semiconductor Optical 
Amplifiers and their Applications", Dept. 
Electronic and Computer Engineering, 
University of Limerick, Ireland. 

[9] C.Y. Cheung, "Noise and crosstalk analysis 
of all optical time division multiplexers," 
PhD Dissertation, Sheffield Hallam 
University, UK, 2001 

[10] K. Uchiyama, T. Morioka, S. Kawanishi, H. 
Takara, and M. Saruwatari, "Signal-to-Noise 
Ratio Analysis of 100 Gb/s Demultiplexing 
Using Nonlinear Optical Loop Mirror," . J. 
Lightwave Technol., vol. 20, nO. 2, Feb. 
1997, pp. 618-624. 

[11] C. Schubert, J. Berger, S. Diez,, H. J. Ehrke, 
R. Ludwig, U. Feiste, C. Schmidt, H. G. 
Weber, G. Toptchiyski, S. Randel, and K. 
Petermann, "Comparison of Interferometric 
All-Optical Switches for Demultiplexing 
Applications in High-Speed OTDM 
Systems". J. Lightwave Technol., vol. 20, pp 
618-624,2002. 

[12] Mool C. Gupta, "Handbook of Photonics" 
CRC Press, pp 655, 1997. 

[13] Chi. H. Lee, "Microwave Photonics", CRC 
Press, pp 42,2006 

[14] P. Toliver, R. J. Runser, I. Glesk, and P. R. 
Prucnal, "Optics Communication", pp. 365, 
2000. 


