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High-Speed OTDM Demultiplexer based MZI, UNI
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Abstract:
Two types of semiconductor optical amplifier (SOA) — based optical gate are investigated, the
Mach-Zender Interferometer (MZI),Ultra fast nonlinear interferometer (UNI). The gate are
characterized by switch window calculation. The switching windows are evaluated using
different criteria such as switching width and on-off contrast ratio to compare the performance
of the gates.The results indicate clearly that, with a suitable parameters control, a switching
window width of = 2ps and on-off contrast ratio below -11 dB can be achieved. The
performance of the gates are investigated for demultiplexing application using the integrated
contrast ratio (ICR). Simulation results are presented for OTDM bit rates up to 560 Gb/s and
base data rate of 10Gb/s and 40Gb/s. the effect of SOA injection current ,control pulse energy
and SOA length also presented.
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I. INTRODUCTION

High-Speed Optical telecommunication Network with terabit transmission capabilities can be
achieved if the data remain in the optical format and bottlenecks due to the optical to electrical
conversion are avoided. These systems required ultrafast signal processing like optical multiplier,
add/drop functions ,optical demultiplexer and wavelength conversion [3]. Due to the high data rate,
only all-optical switching method can be employed [7] . All-Optical switching involves the use of
an optical control signal to switch data in the optical domain by taking advantage of the nonlinear
effect that are presented in semiconductor devices. Since these nonlinear effect occur in time scale
in the order of a few femto- seconds (10™) [8]. They can be used for high speed switching
Starting from SOA-based nonlinear interferometric structure and using optical nonlinearities in
semiconductor material, various approach have been proposed and used for all-optical signal
processing . using several interferometric configuration (e.g MZI,UNI, sagnac, etc) [5], all-optical
demultiplexer for TDM data signal with line bit rate of up to 160Gb/s has been demonstrated [6]. In
this work ,all-optical interferometric gate based on SOA are investigated as OTDM demultiplexer.

Il .Switching Types

A. Mach-Zehnder Interferometer(MZI)

One of an interferometer gate is shown schematically in Figure 1. It consists of a nonlinear medium
incorporated in an interferometer setup in this case MZI.
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Figurel Schematic of mach-zehnder interferometer switch based on SOAs as nonlinear medium

In the Jones formulism [1] an optical systems, such as an interferometer, can be described by a
transfer matrix (Jones matrix) M . That relates the output field to the input field E

E'=ME — Q)

Where
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Equation (2) is written in a compact form. The Jones matrix of the MZI is denoted by MMZI
whose elements Mpg (p,q € 1,2) are given by

Miy = 353005+ @5 - @

My, = 3005+ 35925

My = 353095+ 3= @y

My, = I3 DI + 30 3P

and

bar bar Cross 1qcross
‘](1) ‘](2) ‘](1) ‘](2)

Are the Jones matrices for bar and cross coupling in the fiber couplers, and are given by [4]

bar \ll_ k 0 cross J\/_ 0 | - (4)
J=41-k 0 Tk JI® =41-
;@ ;@ and optical pa s characteriYation' The power trans ssmn coeffl é/|: ht (p, g €{1, 2})
2 : ®
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The Jones matrices J® and J® for propagation through polarization sensitive SOAs in the upper
and lower interferometer branches are given by

30 _ Gl(At)ejcbl(m) 0 } J Gl(At _Az_)ejwl(m-AT) 0
jo, (At) = .
0 G, (At)e’ 0 G, (At _AT)eJ(Dl(At—AT) --(6)

where(,/G, (At — A7) ) andd, (At — A7) are the gain and phase for the data signal
propagating through the SOA in the upper (lower) branch the transmission coefficient for the upper
MZI output port (‘demux port’) is calculated by substituting equations (6) into (3) and using the
transfer matrix Myz then equation (5)

Tll(Ein* Ein) = (M 11Ein )*(M 11Ein)

= T,, =kPkPG(At — A7) + 1—-KkD)A - kP)G(AL)

— 2. kPk®P 1 -kM)ya - k<2>)\/G (At=AT)G(AD cos(AD (At))

The interferometer output power can be related to the nonlinear phase shift through the following
relationship

Pout (At)=T; 1(A)P,

Pt (a0 =k kPt -anp +a-kDya-k@)s@nr, - 2/kDk@ 1k Dya @) G- ane@n
cos(AD(At)) Ry

B. Ultrafast Nonlinear Interferometer (UNI)

The Ultrafast-Nonlinear Interferometer (UNI) is shown in Figure 2
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Figure 2 Schematic of ultrafast-nonlinear interferometer switch based on SOAs as nonlinear medium.

The waves at the UNI output can be written in the following compact form:

( E1 )= ( M11 M1 \Ep
E; Ma; My “Ep 77

MyUNI
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+-+(9)
where the components of the transfer matrix myy| are given by
trans - HiBi HiBi o trans ref HiBi HiBi o trans
Mll:\JPBS \Jout J \]in \]PBS Mlz:\]PBS\]out\] \]in \]PBS
trans HiBi HiBi ref ref HiBi HiBi ref
M, = J PBS \J out J \] in \J PBS M., = vJ PBS \J out J J in J PBS —--(10)
trans ref
\] PBS and \] PBS
o 0 0
HiBi elPreo ref trans 1 0
J. =R(E60)y1- kHiBi( 0 1 )R(Q) \] PBS _( 0 1 ) J PBS :( 0 0 ) ""(11)
ej%eocosz(9)+sin2(9) (ei<1>oeo) cos(6)sin(0)
= M1—k .. _ _ ---(12
i (!> —1) cos(@)sin(8) e'"eee sin? () cos? (6) (12)
J:Bi _ J:isi(9+%)
_ 1_ khiBi ( ejCDDGDSinZ(g)JrCos2 6) _ (eimDGD) SIn(H) COS(H) ----(13)

— (e ~1)sin(@) cos(d) e cos’(6)sin’(6)

The Jones matrix J, describing the propagation of the split signals through the SOA, which is
polarization sensitive, is given by

~ ~ Meyb(m) 0
J = R( 9)( 0 mejcp(mfm) R(Q)

JG(A)e!*™ sin?(0) + /G (At — A7)e 447 cos? () [\/G(At)e!*™) — |G(At — A7)e!* ) ]sin(8) cos(8)

| [JG(AYe ™ — [G(At— Ar)e*“2]sin(6) cos(6) JG(AL)e™ cos?(6) + /G (At — A7)e @29 s5in?(0)

Wwhere (0) is the angle between the polarization of the leading data component in the SOA and the X
axis[2].

I11. Switching Window
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The switching windows are analyzed to extract the switching parameters related to ultrafast all-
optical demultiplexing
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Figure 3 Parameters of the switching window.

To compare the performance of switching windows and to analyze the switching performance,
some parameters have to be extracted. These parameters describe the width and the depth of the
switching window. The width of the switching window can be expressed by the full width at half
maximum (FWHM). Depending on the bit rate of the data stream, there is a maximum width
which can be tolerated for a successful switching performance The maximum width is equal to the
bit period of the data signal. If the FWHM is larger than this maximum, adjacent OTDM channels
will be also switched. The minimum width of the switching window depends on the pulse width of
data si the window width and the on-off contrast ratio. These quantities are not always sufficient to
characterize gnal stream performance for different type switch. An integrative approach for the
definition of the switching contrast is therefore reasonable The ICR is designed to evaluate the
performance of the switch as demultiplexer in an OTDM system.

IVV. Comparison of Switching

A. 10GDb/s Base data rate

The values are calculated for line data rate 40,160, and 320 Gb/s as a function of a switching
window as shown in Figure 4. The curves for all switching have a similar shape for small window
widths. The ICR decrease , independent of the TDM bit rate because the switching window
collapse . for large window width the ICR decrease when the switching window becomes broader
than the data bit period.
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Figure 4 ICR-Window width characteristic for MZI and UNI —based OTDM demultiplexer at 10GHz control pulse rate and line rate(a) 40Gbit/s (b)
160Gbit/s (c) 320 Gbit/s.

B. 40GDb/s Base data rate
The influence of the higher base data rate 40Gb/s on the ICR is shown in Figure 5 for MZI , UNI
switch . in this figure the ICR calculated for data rate 160,320,540Gb/s.
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Figure 5 ICR values for MZI and UNI switches for demultiplexing from a line bit rate of a) 160 Gbit/s, b) 320 Gbit/s and c) 540 Gbit/s to 40 Gbit/s
base data rate.
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The point at which the crosstalk leads to a decrease in ICR depends on the data bit period and
switching window For 160 Gbit/s, the decrease is slow and starts around 6 ps For 320 Gbit/s the
decrease is significantly faster and starts at about 4 ps this is also true for higher data rate; at
600 Gb/s the decrease began at 2 ps. For both UNI and the MZI, the ICR values are well above -
35dB for 540 Ghit/s.

V) Results

A) Effect of SOA injection current

The influence of SOA driving current on the ICR at 10Gb/sbase data rate was shown in Figure 6
for MZI and UNI switches . The values of ICR for the MZI are -15, -14, and -14.8dB at 0,
200, and 300 mA, respectively This is mainly due to the lower phase shift observed in the direct
phase calculations. These values are to be compared with -17, -16 and -16.7 for UNI.

-10

— Mzl
—— UNI

-15 e

=
-
-
-—-—--——--_———————_

ICR (dB)

20k

-25

0 50 100 150 200 250 300
Injection Current (mA)

Figure 6 shows the ICR as a function of the injection current.

The results are about 1.8 ps, 2ps for MZI and UNI switches respectively, for SOA driving current
of 0 mA.

B. Effect of Control pulse power

The ICR increases strongly with increase control pulse energy as shown in Figure 7. ICR= -
12dB for control pulse energy of 3.5 pJ, this is mainly due to the higher phase shift observed in the
direct phase calculations
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Figure 7 shows the ICR as a function of the control pulse energy.
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C) Effect of SOA length on ICR
The influence of the SOA length on the ICR is shown in Figures 8 a, b and c¢ for the MZI and the

UNI switches. In these figure, the ICR for 160 Gb/s demultiplexer is calculated at 40 Gb/s base data
rate and plotted as function of the switching window width. The results indicate that L=1.55 mm

gives the highest values of ICR.
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Figure 8 ICR versus s witching window for different SOA length a) L=0.75 mm b) L=1 mm c) L=1.55 mm

D .Effect of TPA on ICR

The effect of TPA on the ICR is shown in Figure 9 aand b where the lower ICR is obtained when
removing the TPA factor. This reduction is due to the decrease of the output power of the
interferometer. This decrease occurs because this power depends on the nonlinear phase shift of
the interferometer Figure 9b shows that lower phase shift is obtained when removing TPA factor.
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Figure 9 ICR for CH at line data rate 160 Gb/s and base data rate a) 10Gb/s b)40Gb/s.
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V1) Conclusion

Switching window calculation has been performed on two types of all-optical interferometric
switches, based on XPM in SOAs. The ICR calculation has been introduced to evaluate the
numerical experimental switching windows and discuss the demultiplexing capabilities of the
switches in an OTDM system.

Comparing the demultiplexing capabilities of both switches reveals the following conclusions For
the MZI switch, switching windows as short as 2 ps (FWHM) and ICR values well above -15 dB
are achieved at line rates of 160 Gb/s and base data rate 10Gb/s. The UNI switch has somewhat
lower ICR values, about 2.5 dB and the shortest possible switching window is about 2.2 ps
(FWHM).The predicted ICR values reveals that the UNI switch shows a considerably lower
demultiplexing performance compared to the MZI Switched. The values of ICR are reduced by 9dB
when the model takes into account CH effect and neglects the TPA effect. The highest ICR is
obtained at 40 Gb/s base data rate with L =1.55 mm SOA length where maximum nonlinear
phase shift is obtained. The ICR is a good measure to compare different types of optical switches
and to estimate their demultiplexing capabilities, far better than the widely used normal contrast
definitions.
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