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The self-switching mechanism in a Sagnac interferometer is studied numerically. A new structure of a
semiconductor-optical-amplifier (SOA)-based Sagnac interferometer self-switch (SISS) is presented. For analyzing
the switching characteristics of the structure, an improved finite-difference beam propagation method is utilized to
study counterpropagation pulses in the SOA. All intraband nonlinear gain compression effects in the SOA that
have not been considered simultaneously in previous Sagnac switches are considered. The effects of structural and
input pulse parameters on the SISS operation are analyzed. Simulation results determine the optimum condition
for the maximum switching output power. © 2013 Optical Society of America
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1. INTRODUCTION

The switching characteristics of semiconductor optical
amplifier (SOA) and their other favorable features, such as
compactness, low input power, and capability of large-scale
optical integration, are the reasons for their extensive appli-
cation as nonlinear elements for all-optical high-speed
switches. Optical nonlinear effects originate from carrier
depletion due to the nonlinear behavior of SOAs [1].
SOA-based Sagnac switches have the ability to exhibit a set
of logic functions without changing their fundamental design.
Self-switching is a technique in which the input signal can be
switched to the desired output port by unequally splitting
the input light signal into two pulses without using a
switching (extra) signal [2], which is also called asymmetric
switching [3]. To our knowledge, the SOA-based Sagnac
switches presented so far are considered to be symmetric
structures with 3 dB couplers, and SOA-based self-switches
have been proposed only in Mach-Zehnder interferometer
(SOA-MZI)-based structures. SOA-MZI self-switching has
been used to perform various tasks, such as all-optical time-
domain label recognition [4] and pattern effect compensation
[5], and in low-loss optical combiners [6].

In parallel with the use of ultrashort pulses for high-speed
switching applications, various new nonlinear effects of SOAs
become more important in the subpicosecond regime [7]. The
main subpicosecond nonlinear effects are two-photon absorp-
tion (TPA), carrier heating (CH), spectral hole burning (SHB),
and gain dispersion. In the subpicosecond regime, depending
on the shape, width, and power of the input pulse, self-phase
modulation (SPM) nonlinearity, which is the main phenome-
non for picosecond pulses, will have a considerable effect on
pulse shape and spectrum together with the SHB and CH
phenomena [8].
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We propose here a new Sagnac interferometer self-switch
(SISS) structure with a subpicosecond input optical pulse. We
predict that the proposed structure has the ability to perform
the applications of SOA-MZI self-switches and the logic func-
tions of multiple gate cascades [9]. In this paper, dependency
of switching characteristics on structural and input pulse
parameters is numerically analyzed. The optimum values of
these functional parameters are investigated.

The paper is organized as follows. In Section 2, the struc-
ture of our designed self-switch is described and its principle
of operation is demonstrated. In Section 3, the theory of inter-
ferometric equations that describes the operation of the self-
switching scheme is discussed. In Section 4, we introduce
the SOA modeling scheme based on modified nonlinear
Schrodinger equations (MNLSEs). In Section 5, the results
and discussion and the switching characteristics of the pro-
posed structure with its improved and efficient model are
presented. Conclusions are given in Section 6.

2. SELF-SWITCHING OPERATION
PRINCIPLE

The schematic structure of the proposed SOA-based SISS is
shown in Fig. 1. The switch consists of two optical loops
formed by the joint input and output ports of two independent
2 x 2 couplers and an SOA with an InGaAsP/InP material sys-
tem. The position of the SOA is asymmetric with respect to the
center of the two loops. This can be easily adjusted using a
commercially available optical delay line (ODL). When an in-
put light enters the loop through one of the input ports (e.g.,
Port 1; see Fig. 1) of the input coupler, it splits asymmetrically
into two counterpropagating pulses (u and v). Each coupler
induces a z/2 phase difference between its outputs [10].
The propagation direction of the two pulses is changed by
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Fig. 1. Schematic structure of the proposed SOA-based SISS. OC,
optical circulator; ODL, optical delay line; SOA, semiconductor opti-
cal amplifier; X and Y, power splitting ratio in the input and output
couplers.

two optical circulators (OC1 and OC2). The phase difference
induced between the two pulses due to propagation in four
waveguides (I to IV) is assumed to be zero. The low-power
optical pulse can be injected several picoseconds before
the high-power optical pulse or vice versa. These delays cause
changes in both the gain and refractive index of the SOA for
two counterpropagating pulses and, therefore, the propagat-
ing pulses experience different dynamic states. As a result,
due to the SOA’s nonlinearities, a phase difference occurs be-
tween these two pulses. If the phase difference between these
pulses reaches an adequate amount () the input pulse in Port
1 will be switched to the switching port (Port 4 in Fig. 1). Note
that the proposed SISS is completely different than the
SOA-based MZI self-switch structure already presented [5].
In the MZI-based self switch, each data pulse propagates alone
in the MZI's arms without any counterpropagation pulse. In
the SISS, the data pulses have a counterpropagation geometry
in the SOA and, hence, the interactions of data pulses with
each other and with the SOA should be considered. As there
is no high-intensity control pulse in the self-switch structures,
the presented SISS structure is completely different from the
cocounter SOA-MZI [11] and typical Sagnac switches [7,9],
with different applications.

3. THEORY OF PROPOSED SELF-
SWITCHING SCHEME

The optical input pulse injected in Port 1 in Fig. 1 is distributed
unequally to the u and v pulses. The power splitting ratios in
the input and output couplers are X and 1 - Y, respectively.
The » and v pulse powers after passing through the input cou-
pler are P, = XP;, and P, = (1 - X)P;,, respectively, where
P;, is input power. The low-power optical pulse (u pulse)
arTives 7,4y, picoseconds before or after the high-power opti-
cal pulse (v pulse). Physically, a negative value means that the
U pulse iS 7,y time units behind the v pulse, while a positive
value corresponds to an advance by the same amount of time.
As mentioned before, the SOA induces a nonlinear phase shift
(Ag) to optical pulses. When Ag = z, the maximum extinction
ratio between switch outputs can be reached. The basic
interferometric equations that describe the output pulses with
respect to input power at Port 3 and Port 4, respectively, can
be written as
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Ps(t) = %{XYGu(t) + (1 -X)(1 - V)G, (l - Tasym)
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and
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where G, (?) and G, (t — 7,5y ) are the SOA gain sensed by the »
and v pulses (data pulses) and ¢, (f) and @, (¢ — 745ym) are the
corresponding phase shifts. These two parameters are related
to A(/)NL by
ay Gy(?)
ApnL, = @u(8) — @, (t - = Inl—>"—), @3
oL = @y (1) — @y( Tasym) 9 n(Gu(t_Tasym))' 3

where ay is the linewidth enhancement factor associated with
the gain changes due to carrier depletion.

4. SOA MODEL

To take into account all nonlinear effects in the SOA for the
subpicosecond regime, a set of MNLSEs is solved numerically.
The analysis is based on central difference approximation in
the time domain and the trapezoidal integration technique for
spatial steps [12].
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where V(z,z) is the envelope function of an optical pulse
and |V(z,2)|?> corresponds to the optical power. In Eq. ,
the temporal variation change of the complex envelope func-
tion is very slow compared with the cycle of an optical field
(slowly varying envelope approximation). f, is the group
velocity function, y is linear loss, ys, is the TPA coefficient,
by (= wgny /cA) is the instantaneous SPM term due to the ultra-
fast nonlinear refraction, w is the center angular frequency of
input light, n, is the Kerr effect coefficient, c is the velocity of
light in vacuum, A(= wd/T') is the effective area (w and d are
the width and thickness of the active region, and I' is the con-
finement factor), gy(z) is the saturated gain due to carrier
depletion [13,14], g, is linear gain, W is the saturation energy,
75 is the carrier lifetime, f'(7) is the SHB function [15,16], Psyp
is the SHB saturation power, zqgp is the SHB relaxation time,
ay and ap and are the linewidth enhancement factors associ-
ated with the gain change due to carrier depletion and CH,
Agy(t) is the resulting gain change due to CH and TPA,
U(s) is the unit step function, zcy is the CH relaxation time,
h; is the contribution of stimulated emission and free carrier
absorption to CH gain reduction, and h, is the contribution of
TPA. Finally, A; and A, are the slope and curvature of linear
gain at w(, and B; and B, are constants describing changes in
these quantities with saturation [17]. The gain spectrum of an
SOA can be approximated by the following second-order
Taylor expansion in w:

Table 1. List of the Parameters Used in Simulation [18]
Symbol Quantity Value
L SOA length 500 pm
A Effective area 5 pm?
X(Y =X) Input (output) coupler splitting ratio 0.3
E; Input pulse energy 1pJ
Tin Input pulse width 200 fs
fo Center frequency of the pulse 193.5 THz
90 Linear gain 85 cm™!
P Group velocity dispersion 0.045 ps? cm™
W Saturation energy 10 pJ
ay Linewidth enhancement factor 7
due to the carrier depletion
ar Linewidth enhancement factor 1
due to the CH
h The contribution of stimulated 0.3 cm! pJ-!
emission and free carrier
absorption to CH gain reduction
hs, The contribution of two photon 300 fscm™! pJ-2
absorption
T, Carrier lifetime 500 ps
TCH CH relaxation time 800 fs
TSHB SHB relaxation time 150 fs
Pgup SHB saturation power 11.32 W
r Linear loss 15 cm!
Ny Instantaneous nonlinear Kerr effect -0.6 cm? TW-1
coefficient
Yop Two photon absorption coefficient 1.6 cm 1 TW-!
Al 0.8 fs pm’l
B, Parameters describing second-order -150 fs
Taylor expansion of dynamically gain
spectrum
Ay -150 fs? pm!
By 0 fs?
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The coefficients (dg(z, w))/(0w)|,, and (g(z. w)/0w?)],, are
related to A;, By, A, and B, by Egs. (8) and (9). We have used
the parameters of a bulk SOA (InGaAsP/InP, double hetero-
structure) with a wavelength of 1.55 pm in the simulation.
The parameters are listed in Table 1. We have obtained all
the results with a propagation step Az of 500/256 pm.

5. RESULTS AND DISCUSSION

Here we consider all nonlinear effects to calculate carrier-
dependent nonlinear gain for switching performance. The
switch structure is based on an InGaAsP/InP material system
and a sech? input pulse shape. Listed values in Table 1 are
fixed parameters in each figure unless anything else is stated.

Figure 2 shows the SOA dynamic gain response for u and v
pulses Versus 7,4m,. As can be seen, when a v pulse with high
power is injected before a low power u, the gain that v sees
will be saturated and this pulse will be less amplified. How-
ever, for the u pulse, because of its lower power, the gain sat-
uration will not occur and higher amplification will occur. The
collision of two signal pulses at the input facets of SOA leads
to dip shape reduction in the gain profile of v and v pulses at
Tasym = —0.3 pPs and 7,y = 6.3 ps, respectively. By increasing
the amount of 7,4, up to 7 ps, the gain of » increases. For
Tasym > 7 PS, When v is injected, u has already exited from
the SOA, so u and v will see the maximum and minimum
of gain, respectively. Time variation of the phase difference
and its cosine with time offset of the SOA from the midpoint
of two Sagnac loops are shown in Fig. 3. This figure shows
that, for negative values of 7,4, (v pulse is injected before
u pulse), the differential nonlinear phase shift between two
pulses is not large enough for switching (A¢ = *x). This is
due to the fact that when the high-power (v) pulse is injected
first the gain ratio (G, /G,) for the pulses will be much lower
than the required amount for switching. The increase of pos-
itive 7,qym results in a higher gain ratio and, in turn, the non-
linear phase shift between the two pulses reaches the final
value of Agp = -z, which causes the input pulse to be switched
to Port 4.
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Fig. 2. Dynamic gain response of the SOA for two signal pulses to
different offsets of the SOA.
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Fig. 3. Variation of phase difference between two signal pulses.

Now we discuss the switching characteristics of the SISS
for different operating conditions. Figure 4 illustrates gain ra-
tio Versus 7,gy, for different values of SOA small signal gain
(90)- For 7,y < -5 ps we have higher gain ratio at g, =
60 cm™! than those of g, = 85 and 110 cm™!. With an increase
of 7,qm, the gain ratio is increased further for the g, =
110 cm™! case. By increasing g,, subpicosecond nonlinear
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Fig. 4. Gain ratio versus z,q, for different values of SOA small signal
gain (g).
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effects (especially SHB and CH) are more dominant, produc-
ing larger broadening of input pulses. This, in turn, causes a
longer collision time between two signal pulses at the input
facets of the SOA, leading to a sharper dip/peak shape in
the gain ratio profile of the input pulses, which is noticeable
for g, = 110 cm™! in the figure.

Figure 5 illustrates normalized output power P4/(P3 + P4)
from switching Port 4 versus z,e,,, for different values of SOA
small signal gain [g,, Fig. 5(a)], and versus g, for 7,5, = 10 ps
[Fig. 5(b)]. The inset shows extinction ratio P4/P3 versus g,
for 7,qm = 10 ps. In Fig. 5(a), for 7,e, < -5 ps, we have
higher normalized output power at g, = 60 cm™! because
the gain ratio in this region is larger than those of g, = 85
and 110 cm™!. The dip that appears at around Tasym =
-6.3 ps is due to the collision of u and v pulses inside the
SOA near the top facet, which leads to reduction in their gain
profiles. With an increase of 7,4, the gain ratio is increased
further and the normalized output power gets larger for the
go = 110 cm™! case. Regarding the results shown in Fig. 4, in-
creases in g, causes the slope of the gain ratio to increase,
which, in turn, leads to a higher slope of the normalized
output power for -5ps < 7,4, <5ps in Fig. 5(a). For
go = 110 ecm™!, broadening of the input pulses is larger than
go = 85 cm! and leads to lower normalized output power
for the gy = 110 cm™! case for Tasym > 5 Ps. In Fig. 5(b), varia-
tion of normalized output power for different values of small
signal gain at 7,5y, = 10 ps is depicted. According to this fig-
ure and its inset, the best operation of the switch is achieved
for g, = 85 cm™!. For g, = 85 cm™!, the phase difference be-
tween two data pulses reaches 7 and the largest normalized
power and extinction ratio (P4/P3) are achieved.

Figure 6 depicts the influence of input pulse energy on the
switching characteristics. This is the energy required for
achieving a differential phase shift of = between the counter-
propagating data pulses and, hence, complete constructive in-
terference is reached at the switching port (normalized output
power greater than 0.9). In Fig. 6(a) for E;, = 5 pJ, both data
pulses have enough energy to saturate and, hence, the gains
that these pulses see will be less than that of E;, = 1 pJ input
energy. In addition, for £, = 0.2 pJ input energy the signal
pulses have very low energies and gain saturation will not oc-
cur, and the gains that the data signal pulses see will be much
higher than those of the £}, = 1 pJ case. For discussion on the
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Fig. 5. Normalized output power P, /(P3 + P,) from switched Port 4 versus (a) 7, for different values of SOA small signal gain (g,) and (b) g, for
Tasym = 10 ps. The inset shows extinction ratio (P,/P3) versus g, for z,g;, = 10 ps.
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Fig. 6. Normalized output power of switched Port 4 versus (a) 7,qm for different values of input pulse energy and (b) E;, for z,g,, = 10 ps.

The inset shows extinction ratio versus E;, for z,em, = 10 ps.

normalized output power we compare the gain ratio for each
case. According to Fig. 6(a), for the case of Ej, = 5 pJ, the
normalized average power for most values of 7,q,, is more
than 0.5, which means that the power of the output light in
Port 4 is larger than that at Port 3. For E;, = 0.2 pJ, the nor-
malized average power for most values of 7,4, is less than 0.5,
which means that the power of the output light in Port 4 is less
than that at Port 3. Figure 6(b) shows that there is threshold
input energy to switch the input pulse to Port 4 (normalized
output power >0.9). This threshold energy is approximately
0.5 pJ, at which the phase difference between the two data
pulses reaches 7. For higher input energies the phase differ-
ence surpasses this a little but will be close to z, which results
in a reduction of the extinction ratio, as clearly shown in
the inset of Fig. 6(b). The extinction ratio profile shows that
the best input energy is 1 pJ when the other parameters
have the values listed in Table 1.

Figure 7 shows the effect of the input pulse width on switch
operation. At a fixed pulse energy, the power of the input
pulse decreases inversely with the input data pulse width.
As shown in Fig. 7(a), for input pulse width ranging from
100 fs to 1 ps, the normalized output powers have relatively
the same behavior. For 7;; = 10 ps, because of a long pulse

Normalized output power

(a) T

asym

(ps)

width (and lower power with respect to other pulse widths)
and negative 7,4, the phase difference will approach the =
value, which, in turn, leads to higher normalized output
power. Figure 7(b) and its inset show the normalized output
power and extinction ratio versus 7y, for 7,q,, = 10 ps, re-
spectively. According to this figure, the normalized output
powers are greater than 0.9, i.e., switching occurs for different
values of pulse widths. That is, switch operation is approxi-
mately independent of pulse width for z;, < 1 ps in single
pulse applications. Therefore, 200 fs is a reasonable input
pulse width for switch operation. Input pulse power is propor-
tional to input pulse energy divided by input pulse width
(P, ® Ey /tin)- According to this relation and the negligible
effect or pulse width on SISS operation, we can conclude that
peak power equivalent to input pulse energy (shown in Fig. 6)
has a significant effect on switch output pulse power.
Figure 8 shows the dependence of the switching character-
istics on SOA length (L). As this parameter increases, accord-
ing to Fig. 8(a), the normalized output power starts rising at a
smaller value of 7,q,. This behavior can be understood by
comparing the required time for data pulses to pass through
each SOA length. The times required for a data pulse to pass
from 700, 500, and 300 pm lengths of SOA with collision to the
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Fig. 7. Normalized output power from switched Port 4 versus () 7gn, for different values of input pulse width and (b) 7, for 7,5, = 10 ps. The

inset shows extinction ratio versus t;, for 7,4, = 10 ps.
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Fig. 8. Normalized output power from switched Port 4 versus (a) 7,sm for different SOA length and (b) L for 7,5y, = 10 ps. The inset shows

extinction ratio versus L for 7,4, = 10 ps.

counter pulse are 10, 7, and 4.5 ps, respectively. For
example, for L = 700 pm, the results show that when
-10 ps < 745m < 10 ps, corresponding to the collision condi-
tion of the pulses, the normalized output power has some var-
iations. Outside of this interval the normalized output power is
fixed because there is no pulse collision. For L = 300 pm
compared to the two other lengths, the data pulses do not
have enough time to reach the required gain ratio and the
switching port power. For L = 700 pm, due to long L, the data
pulses gain ratio is more than the required amount and the
phase difference will be more than =, so the power of the
switching port decreases. Figure §(b) illustrates the optimum
SOA length to have larger normalized output power and ex-
tinction ratio for 7,5, = 10 ps. The result reveals that, to have
switching operation, the SOA length should be
400 pm < L <570 pm. As depicted in Fig. 8(b), the optimum
gain ratio of data pulses occurs at L = 500 pm for fixed values
of other parameters.

Figure 9 shows the dependence of switching characteristics
on the unequal power splitting of the input and output
couplers. The input and output couplers’ power splitting
ratio is the same (X =Y). Regarding Fig. 1, for X = 0.1,

Normalized output power

I
(@t

— (ps)

P, =01Py,, and P,=0.9P;. Figure 9(a) depicts the
normalized output power of the SISS for the cases of
X =Y =0.1, 0.3, and 0.5. The results show that there is no
switching operation for the cases of X =Y = 0.1 and 0.5.
In the case of X = 0.1, the phase difference between the data
pulses approaches the r value for 7,4, <-4 ps, and for
Tasym > —4 DS it increases up to the 27 value. The normalized
output power is less than 0.9, so switching will not occur. For
X = 0.5, the two data pulses have equal power. For this case,
X = 0.5, the required phase difference is induced by the gain
ratio. Here the gain ratio is not enough to have a phase differ-
ence of 7 for switching. Figure 9(b) and its inset show normal-
ized output power and extinction ratio versus X for
Tasym = 10 DS, respectively. As can be observed, the normal-
ized output power has two peaks, at X = 0.3 and 0.88.
However, switching occurs only for 0.27 < X < 0.37.

The nonlinearity effect on switch operation is depicted in
Fig. 10. The considered parameters are presented in Table 1
for 7,;m = 10 ps. This figure compares two cases: all nonlin-
ear effects and only gain saturation effects. For the first, all
nonlinear picosecond and subpicosecond effects included
in Egs. (4)—(11) are considered. For the second, only gain

40

xtinction ratio

Normalized output power
(=]

0.1 02 03 04 05 06 07 08 09

® X

Fig. 9. Normalized output power from switched Port 4 versus (a) 7,s,,, for different values of couplers splitting coefficient (X and Y) and (b) X (Y)
for 7,sm = 10 ps. The inset shows extinction ratio versus X (Y) for z,q, = 10 ps.
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saturation is considered by solving Eq. (4), and other
nonlinearities are ignored. As shown in Figs. 10(a) and
10(b), nonlinear subpicosecond effects play an important role
in switch operation. For the second case, switching occurs
only for 4 ps < 7,gm < 6 ps, and the switch operation is rather
similar to the curve of 7;; = 10 ps in Fig. 7. This validates our
simulation and model because for picosecond pulses (higher
than 7 ps) only saturated gain caused by carrier depletion is
considered [11]. As shown in Table 1, SHB relaxation time is
less than input pulse width (zggp < 73,), which makes it the
dominant subpicosecond optical nonlinearity that affects
the pulse gain. Hence, SHB induces most of the difference be-
tween the results of normalized output power and
extinction ratio for both cases, as shown in Fig. 10.

Regarding the results presented in Figs. 5-9, the best values
of the design parameters can be extracted as g, = 85 cm™!,
Ey, = 1pJ, L =500 pm, and X = Y = 0.3 for the fixed param-
eters listed in Table 1.

The results for the case of two successive pulses are shown
in Fig. 11. The figure shows the normalized output power of
switched Port 4 versus input pulse bit rate for the first and
second pulses. The fixed parameters are 7,q,, = 10 ps,
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Fig. 11. Normalized output power of switched Port 4 versus input

pulse bit rate for the first and second pulses. The fixed parameters
are Toeym = 10 ps, go = 85 cm™!, 7y, = 200 fs, E;,, = 1pJ, L = 500 pm,
and X =Y =0.3.

go =8 cm™!, 7, =200fs, E, =1pJ, L=500pum, and
X =Y =0.3. As shown in the figure, the SOA-based SISS
provides appropriate operation for input bit rates of less than
6 Gbits/s. The bit rate should be appropriately chosen
corresponding to the 7,4, value.

6. CONCLUSION

A new structure for an SOA-based SISS was proposed in this
paper. An improved and efficient finite-difference time-
dependent beam propagation method was applied to solve
the MNLSESs for counterpropagating pulses in an SOA. Simu-
lation studies show the effects of different structural and input
pulse parameters on the switching operation of the SISS. For
this purpose, the dependencies of normalized output power
and extinction ratio on the key performance parameters were
investigated. Our simulation results showed the optimum con-
dition for the maximum switching output power. It was shown
that couplers with unequal power splitting have significant ef-
fect on SISS operation, and input pulse width has small effect
on single pulse applications of the SISS.
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