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Operational Equivalence of Self-Switching in MZI
and Nonlinear Polarization Switches Based on SOAs

Sumanta Gupta, Nicola Calabretta, Marco Presi, Giampiero Contestabile, Adrian Wonfor, Member, IEEE,
Ranjan Gangopadhyay, Member, IEEE, and Ernesto Ciaramella, Member, IEEE

Abstract—Numerical simulations and experiments demonstrate
the equivalence of two self-switches based on semiconductor op-
tical amplifiers, namely the nonlinear polarization switch and the
Mach-Zehnder interferometer. This equivalence is highlighted by
introducing a one-to-one functional similarity among the switch
components. By means of a detailed study on gain and phase dif-
ference variations in both switches, we introduce a method to deter-
mine the configurations in which the switches exhibit an equivalent
power transfer function. Their operational equivalence is experi-
mentally confirmed.

Index Terms—All-optical self-switching, power equalization,
semiconductor optical amplifiers (SOAs).

1. INTRODUCTION

Semiconductor optical amplifier (SOA)-based all-optical
switches are the most promising and frequently investigated
devices for all-optical applications in future generation high
bit rate transparent networks, owing to a number of promising
features; e.g., compactness, low-power operation, and potential
large scale photonic integration. Among the several schemes
and devices that were proposed and studied, the SOA Mach—
Zehnder interferometer (SOA—MZI) and the nonlinear polar-
ization switch (NPS) have been exploited for a wide spectrum
of applications. In particular, although the two schemes are
intrinsically different, they both exhibit self-switching capabil-
ities. Self-switched SOA-MZIs have been used successfully
to accomplish a number of different tasks, such as all-optical
time-domain label separation [1], reduction of patterning ef-
fects [2], and realization of a low-loss optical combiner [3]. On
the other hand, the nonlinear polarization self-switch (NPS) at-
tracted much attention in realizing functionalities for all-optical
packet processing, such as seed pulse and arbitrary function
generation [4], label and payload separation in variable length
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bursts [5], and all-optical correlators for differential phase shift
keying (DPSK) signals [6].

Compared to an SOA-MZI device, the self-NPS has the dis-
advantage to be intrinsically polarization sensitive. This makes
it unsuitable for most practical implementations. SOA-MZI’s
can instead be designed to be polarization insensitive [7], [8]. On
the other hand, while the power splitting ratio in any SOA-MZI
device is fixed at its design stage, the NPS offers the possibility
to change its symmetry easily at any time by controlling the
input signal polarization; this allows for higher flexibility, and
can be very useful in proof-of-concept experiments.

In spite of those differences both self-switched NPS and
SOA-MZI were successfully used to perform similar all-optical
functions, i.e., all-optical 2R regeneration [9], [10] and all-
optical power equalization [11]. This suggests common switch-
ing characteristics and some level of operational equivalence
between the schemes. Hence, it is interesting to understand if
this operational equivalence can be quantitatively characterized
in terms of the physical characteristics of the two switches [in-
cluding imbalance, biasing, input power coupling, and state of
polarization (SOP)]. Such characterization would allow to real-
ize proof-of-principle experiments using the flexible NPS switch
instead of the MZI or to perform preliminary assessment for the
design of “ad hoc” MZI switches by using the equivalent NPS.
Similarities between self-switching in the NPS and SOA-MZI
were also discussed in [12], but no real attempt was ever made
so far to show in detail the conditions under which those devices
behave equivalently.

In this paper, we first investigate the self-switching effect in
both NPS and SOA-MZI, and then, we introduce a method to
determine the conditions under which the two switches pro-
duce closely matched power transfer functions. The operational
equivalence of the devices is also proven experimentally, com-
paring their power equalization capabilities in various configu-
rations. We found that both switches can provide equalization
in the same (12 dB) dynamic range and that, as predicted by
numerical analysis, under proper biasing conditions, we can
achieve power equalization in large dynamic ranges even with a
balanced SOA-MZI device. This shows that common balanced
SOA-MZI devices can be used for packet power equalization
instead of ad hoc unbalanced devices as in [9].

This paper is organized as follows. In Section II, we re-
view the NPS and SOA-MZI in self-switching configuration.
By comparing their power transfer function, we compare com-
mon parameters and derive a one-to-one functional equivalence
of their components. In Section III, we introduce the numerical
SOA models that were used to simulate both the NPS and the

1077-260X/$25.00 © 2008 IEEE
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Fig. 1. Schematics of SOA-MZI-based self-switch.

SOA-MZI. In Section IV, we describe a method to determine the
switch configurations producing similar transmission curves. In
Section V, we present the experimental characterization of the
operational equivalence of the two switches when used as all-
optical power equalizers. Finally, in Section VI, we draw the
conclusions.

II. SELE-SWITCHING PRINCIPLE

Fig. 1 shows the schematic of an SOA-MZI with one SOA
in each arm and with input and output couplers having splitting
ratios  and y, respectively. The bias currents for the upper
and lower SOAs (respectively, SOA1 and SOA?2) are indicated
with I; and I», respectively. The bias currents and the signal
amplitude in each SOA determine the power gains (G and G2)
and phase rotations [¢; () and ¢, (¢)] experienced by the optical
fields at each amplifier output. The two amplified optical fields
from the two arms of the MZI interfere at the output coupler. The
output power at the switched port denoted by S-port in Fig. 1 is
given by

Pyt (t) = {zyG1(t) + (1 — z)(1 — y)Ga(t)
—2y/zy(1 — 2)(1 — y)G1(t)Ga(t)
x cos(Apmzi(t))} P (t) (1

where P, is the SOA-MZI input power. A¢yyz; is the total
phase difference accumulated by the optical signals that is given
by

_ag Gi(t)
2 "G

where o denotes the SOA’s line-width enhancement factor
[13]; A¢y is an offset phase difference contributed by the optical
path difference between the interferometer arms. We note that in
(1) and (2), the gain coefficients and the phase rotations are both
functions of bias currents, input power P;,, and input power
splitting ratio, i.e., G; = G;(I;, Py, z) and ¢; = ¢;(I;, Py, ).

On the other hand, as shown in Fig. 2(a), the self-NPS is
made of two polarization controllers (PCs), a polarization sen-

Admzi(t) = ¢1(t) — da(t) = +Agpy ()
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Fig. 2. (a) Self-NPS. (b) and (c) TE and TM fields distributions at the switch
input and output, respectively.

sitive SOA, and a polarization beam splitter (PBS). For an input
signal with power P, (t), we can set the input PC in order to
achieve linearly polarized light with a polarization angle 6;,
with respect to the SOA TE axis [see Fig. 2(b)]. The signal is
then coupled into the SOA TE and TM modes having magnitude
Py, cos? (6;,) and P, sin®(6;,) respectively. These two modes
experience different gains [Gg () and Gy (¢)] and phase ro-
tations [¢7g(t) and ¢y (¢)] due to the asymmetry in carrier
distributions, effective refractive index, and confinement fac-
tors. However, the TE and TM signals interplay via a common
carrier reservoir as the gain saturation of each mode affects the
saturation of the other. The output PC allows modification of the
SOP at the SOA output to obtain a linear SOP with angle 6,,,,; in
respect to the TE axis of the PBS [see Fig. 2(c)]. The PBS then
splits cos?(foy;) and sin?(,y;) fractions of the amplified TE
and TM optical power, respectively. In the PBS, the two field
components sum up coherently, producing a kind of interference
effect. After introducing a = cos?(6;,) and b = cos? (fyut ), the
output power at one of the PBS port is expressed as

Pout (t) = {abGTE(t) + (1 — a)(l — b)GTM (t)
+2v/ab(1 — a)(1 — b)Grg (t)Gru ()
x cos(Apxps (1))} P (t) 3)

where A¢npg is the nonlinear differential phase accumulated
at the SOA output between TE and TM modes, and it is given
by

_am Gre(t)

2 GTM (t)

with agy denoting the SOA line-width enhancement factor. The
nonlinear phase difference sets the output power, which is min-
imum when A¢npg is an odd multiple of 7 and maximum for
an even multiple.

Once the input SOP is fixed, such a phase difference can
be controlled by varying the input power; due to the asymmet-
ric gain saturation characteristic of Grg(t) and Gy (t), this

Apnps(t) = ¢re(t) — oM (t) = €]
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Fig. 3. Equivalence model of self-NPS.

enables the self-switching [12]. On the other hand, in the case
of SOA-MZI if the SOAs have identical saturation characteris-
tics, it is possible to obtain self-switching if the input and output
couplers have different splitting ratios (and same bias currents).
Indeed, in order to obtain self-switching in an SOA-MZI, it is
necessary to have an imbalance of either the splitting ratios or
the bias driving currents. We also note that while in the case
of SOA-MZI, the minimum output power is obtained when the
Ad¢niz1 is equal to an even multiple of 7, the self-NPS results
minimum output when A¢ypg is an odd multiple of 7. By com-
paring the transfer functions of the SOA—MZI and NPS at the
selected output ports (1) and (3), we can note that the param-
eters « and y in (1) play a similar role to a and b in (3). This
shows a functional equivalence of input/output couplers of the
SOA-MZI and the input/output PCs in NPS, respectively. Fur-
thermore, by comparing (1)—(4), we see that the same role of TE
and TM gains in the NPS is played by the gains of the two SOAs
in the SOA-MZI. This allows us to introduce an equivalent in-
terferometric configuration of the NPS, like the SOA-MZI, as
shown in Fig. 3. Our equivalent structure represents a one-to-
one mapping between the components of the SOA-MZI and
NPS: the input PC is mapped to the SOA-MZI input splitter;
the output PC combined with PBS performs the same function of
the SOA-MZI output coupler. The two propagation modes are
represented by means of two different optical paths with a gain
medium. By looking at (1) and (3), we can map G; to G'F and
G, to G™  However, in this equivalent structure, the gain me-
dia are coupled through the carrier dynamics of the NPS. This is
not the case of the SOA-MZI device, where the two amplifiers
are considered to be independent. This gain coupling cannot
allow the functional equivalence to be extended directly to the
operational equivalence. It could be expected that if the NPS is
operated in a weak coupling regime (i.e., at low input powers
so that GTF and G™ saturate independently), the two switch-
ing characteristics of SOA-MZI and NPS would be very close.
However, we will show that it is also possible to find regimes
of operation in which the gains are strongly coupled but we
can still obtain an operational equivalence of the switches. We

TABLE I
SOA PARAMETERS USED IN SOA-MZI SIMULATIONS
| Parameter | Value |
Active Volume 800 x 1.6 x 0.2 um?
Confinement Factor 0.3
Linewidth Enhancement Factor 4
Carrier Lifetime 500 ps
Material Gain Coefficient 2.75 x 10=20 m?
Carrier Density at Transparency 1024 m=3
Group Velocity 10% m/s
Loss in Active Layer 2700 m~ 1!

45 x 1072 m3

Nonlinear Gain Compression Factor

will then introduce a method to achieve appropriate input and
output signal SOP, coupling ratios, and bias currents to achieve
those operating conditions. This will be reported in detail in
Section I'V.

III. SOA MODEL

We modeled the SOA-MZI assuming that polarization insen-
sitive bulk SOAs are used in its arms. The active length of the
amplifier is divided into equal subsections with 200 ym length
in a similar way to [14]. Amplified spontaneous emission (ASE)
noise contribution in each subsection is realized by slicing the
noise spectrum (distributed from 1450 to 1650 nm) into 20 equal
bandwidth (BW) bins. In our simulations, the signal is treated
as a field with a complex envelope and the ASE noise as power
similar to [14]-[16]. For the chosen subsection length, homo-
geneously distributed bias current, and with constant envelope
signal the model results less than 2% error of the calculated
signal and the ASE power at the SOA output compared to a
case with a very small subsection length (<20 ym). We assume
a linear relationship between carrier density and material gain
within each subsection, represented by

9;(t) = ao(N;(t) — No) (5)

where ag, N;, and N are the differential gain coefficient, carrier
density in jth subsection, and carrier density at transparency,
respectively. The power gain G, (t) inside each jth subsection
is given by

G0 = (245 o) L. ©®

(1 + GSJ‘

In(6),T', g;,¢€,5;, L, and a are the confinement factor, material
gain, nonlinear gain compression factor, average photon density,
length, and loss coefficient inside the subsection, respectively.
Carrier density is determined by solving the rate equation in
each subsection using fourth-order Runge—Kutta method. The
simulation parameters are provided in Table I.

In case of the NPS, in order to take in account the birefrin-
gence of the SOA, we adopted the same model approach as
described in [12]. The active length of the SOA is divided into
four equal subsections to realize the ASE noise and photon den-
sity distribution along the length of the amplifier. The incoming
optical field propagating in +z direction is decomposed into TE
and TM modes. The material gains inside the jth section for the
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TABLE II
SOA PARAMETERS USED IN NPS SIMULATIONS
Parameter Value
Active Volume 800 x 1.6 x 0.2 um3
Confinement Factor
(TEITM) 0.2/0.14
Linewidth
Enhancement Factor 4/4
(TEITM)
Carrier Liftime 500 ps
Material Gain 2.75 x 10729/ 2,55 x 10=20
Coefficient (T E/T M) m?
Carrier Density at 1024 =3
Transparency
Group Velocity 10% m/s
Loss in Active Layer _1
(TEITM) 2700 m
c Nonhnegr Gain 4.5 % 10~23 m3
ompression Factor
Population Imbalance
0.4
factor

two modes are given by
g " (t) = a" " (2N; 1e(2,t) + Njou (2,1) — No) (7
9N (1) = a™(@2Njrn(z,8) + Njre(z,8) — No)  (8)

where, aT® and a™ are the TE and TMdifferential gain co-
efficients, N; 1 (2,t) and N; 7w (z,t) are the hole densities
involved in TE and TM transitions, and [V, is the total electron
density at transparency. Here, the contribution from the ultrafast
intraband dynamics is neglected and equal spontaneous emis-
sion rates for both modes are assumed. This approach is found
to describe well signal dynamics that occur on time scales corre-
sponding to few gigahertz [12]. At equilibrium, N; g (z,t) and
Nj tu (2, t) are assumed to be clamped together by population
imbalance factor f, i.e.,

Nj’TE(Z,t) = fNj,TM (Z,t). (9)

We did not consider different group velocities for TE and
TM modes as the active length was not long enough to produce
any dispersion-induced distortion [17]. The line-width enhance-
ment factor is assumed to be constant over a wide range of input
power. This assumption remains valid as the SOA length and
operating wavelength are kept fixed, and small variations in bias
current are assumed [15]. The simulation parameters are sum-
marized in Table II. The SOA parameters are chosen to match
between SOA characteristics as obtained by simulation and ex-
periment (the matching of the transfer function as well as the
experimental setup is shown in Fig. 4). In the experiment, a
variable continuous wave (CW) power (light at 1550 nm wave-
length) was used as input. The CW was coupled with a 45° angle
in respect to the SOA axes. The output power was measured af-
ter an optical bandpass filter (OBPF, BW = 0.8 nm), which was
used for the ASE noise rejection. The experiment and the simu-
lations both resulted into 23 dB fiber-to-fiber small signal gain,
9 dBm output saturation power at 200 mA bias current and 0.5
dB polarization-dependent gain. The coupling loss was assumed
to be 5 dB. In the simulations, the gains were estimated based
on the linear relationship between material gain and carrier den-

15
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5 5
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Fig. 4. Validation of the numerical model. Input Output characteristics of the
SOA with 200 mA bias current. Inset shows the experimental setup. LD: laser
diode. VOA: variable optical attenuator. OBPF: optical BPF (see text for SOA
parameter details).

sity, thus the assumed SOA parameters in the NPS only remain
valid for a small range of bias current [12]. In the following we
shall keep the SOA bias current at 200 mA for all numerical
simulations of NPS.

We note that this model reduces to the one adopted for the
polarization insensitive SOA provided that birefringence is set
to zero (i.e., the TE and TM gains are equal and the imbalance
factor is set to 1). In this case, (7) and (7-8) reduce to (5) [18].
However, we used two different models for computational ef-
ficiency [only (5) must be solved in the case of polarization
insensitive SOAs]. With SOA parameters adopted in our sim-
ulations, the SOAs had a recovery time of 450 ps for 200 mA
bias current.

IV. EQUIVALENCE OF THE SWITCHES

In this section, we investigate the equivalence of the two
switches by numerical analysis, and derive the conditions in
which such equivalence holds. We first discuss the functional
equivalence in order to validate the equivalent model of the NPS
introduced in Section II. For the sake of simplicity, we assumed
a linearly polarized CW signal at the input (wavelength 1550
nm). To perform a direct comparison, in our simulations, we
always set x = a. By doing this, both the switches had the
same power imbalance at the input. For example, in order to
compare an SOA-MZI with an input split ratio x = 0.97, we
set the input PC in the NPS in order to have 6;, = 10° that gives
a = 0.97[cos?(10°) = 0.97]. Also, having fixed the bias current
at 200 mA for all the SOAs (see Section III), we note that each
amplifier had an input saturation power F,; of —14.5 dBm. By
setting * = a = 0.97 and P, = 0.3F,,; in order to operate in
the linear regime, we found that the gain differences between
the two orthogonal modes in the NPS and between GG; and G,
in the SOA-MZI were very close (1.2 and 1.1 dB, respectively).
In the linear regime, there is a weak coupling between the NPS
propagation modes, thus we expect that the absolute values of
the gains (GT* with G; and G™ with G3) to be also equal.
We then analyzed the SOA gains of both switches as a function
of the input power and the power coupling ratio x (and a). The
results are shown in Fig. 5.

In order to establish the functional equivalence of the NPS
model (see Fig. 3) and the SOA-MZI, we compared GT¥ to G
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Fig.5. Comparison of gains variation in NPS and SOA-MZI. (a) Variation of
GTE and G4 against input power with a(or =) as parameter. (b) Variation of
G™ and G5 against input power with a (or x) as parameter.

and G™ to 35. Fig 5(a) shows that the gain coefficients start to
differ at increasing input powers. In particular, we observed that
G™F decreases more rapidly than G . However, this difference
becomes large only for low x (or a) values. On the contrary, for
the same input power range, G™™ follows the G5 compression
at any x value except for some small differences in the deep sat-
uration regime, as illustrated in Fig. 5(b). This different behavior
is due to the tensile strain in the SOA, which tends to reduce
G™F in favor of G™ in the saturation regime [19]. Indeed, ac-
cording to (7)—(9), the gain saturation of one mode in NPS forces
the other mode to saturate as well. For low coupling ratio, when
only a small fraction of the energy is coupled into the TE mode
and the TM mode is strongly saturated; the saturation of GT™
also induces a strong gain compression in G ¥ This behavior is
not observed in SOA-MZI, which uses two independent SOAs.
For example, when a = x = 0.03, we observe 9 and 16 dB of
gain compression in G; and GTF, respectively, when the input
power is changed from —15 to 10 dBm. However, the gain com-
pressions of G; and GTF measured for higher coupling ratios
(x = 0.97) are very similar and differ by less than 2 dB over
same the input power range [see Fig. 5(a), X symbol]. We then
calculated the nonlinear phase differences by using (2) and (4) as
a function of the input power and the power splitting ratio « (and
a). The results are shown in Fig. 6(a). As expected, the nonlinear
phase variation in the switches is similar for high x (or a) values.
Indeed, this regime is the one in which the gain compression is
comparable. For the lower power coupling ratios, the nonlinear
phase differences acquire a large deviation. From Fig. 6(a), it is
also possible to observe another intrinsic difference between the
two switches: in balanced biasing conditions and for z = 0.5,
the SOA-MZI is perfectly symmetric and A¢y 71 is constantly
zero; while this is not possible in the NPS owing to the intrinsic
asymmetric relationship between GT¥ and GT™ . However, it is

8
_ 61 NPS . .97
E 4 SOA-MZI| _...-
g 2 y
LI e
F >m
Q | T
6@
-8
-1 10
8
6 4
=4 —~
22, 8
20 . 5
o2 &
<4 <
-6

45 10 5 0 5 10
Input Power (dBm)

Fig. 6. Nonlinear phase difference in SOA-MZI and NPS as a function of
switch input power. (a) All SOAs are biased at 200 mA current and power split-
ting ratios are taken as parameter. (b) SOA-MZI is biased with I; = 200 mA
and Io = 180 mA. NPS is biased at 200 mA. Power splitting ratios are taken
as parameter.

interesting to note that A¢npg shows a flat zero response over
the full input power range, for a = 0.25. In this case, the power
imbalance is able to compensate for the intrinsic asymmetry.
Moreover, while A¢yz1 is symmetric in respect to power im-
balance [i.e., Adnzi(x) = Adnzi(1 — )], the tight coupling
makes it impossible to observe such symmetry in A¢pxpsg.
Complete self-switching behavior can be obtained (in both
switches) only when the input power variation results in a phase
shift of 7. Fig. 6(a) shows that while in the case of SOA-
MZI, this is possible for high power imbalance factors (very
high and very low power splitting ratios), in the case of NPS,
this is possible only with a high coupling ratio a. However in
this regime, as we discussed, the nonlinear phase variation and
the individual gains are very similar in the two switches. It is
important to enable the SOA-MZI device to behave like a self-
switch even in the case of z = (.5. This would allow for the use
of commercial devices, most of which are designed with z =
0.5. This limit could be overcome by introducing an asymmetry
in the bias currents, thus imposing different gain coefficients in
the two arms of the SOA-MZI. In order to investigate the effect
of bias current asymmetry in SOA-MZI, we then set I; = 200
mA and I, = 180 mA and compared the new Agyz; with
A¢nps obtained previously [see Fig. 6(b)]. This imbalanced
biasing in SOA-MZI has two major effects. First, A¢yz1 is no
longer symmetric in respect to the power imbalance [i.e., now
Adnzi(x) # Adyzi(1 — x)]; and it introduces an offset of
~ 2.0 rad. Apart from this offset, the two nonlinear differential
phases now show a common trend for any input splitting ratio.
This indicates that for a fixed power splitting ratio, the imbalance
of the bias currents induces an asymmetry in G; and G5 that
is very similar to the asymmetry in G™® and G™™ . Figs. 5 and
6 thus indicate the same functional equivalence of input PC
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Fig. 7. Power transmission curve of NPS and SOA-MZI as obtained by nu-
merical simulations for different power coupling ratios.

and the input power splitter in the two switches in determining
similar gain and nonlinear phase difference as a function of
switch input power under proper biasing conditions. The results
also confirm the identical role of different light paths in SOA—
MZI with the TE and TM modes in the NPS. This validates
the functional equivalence of our interferometric model of NPS
similar to SOA-MZI.

The next study was carried out to show the operational equiv-
alence of the two switches in terms of their power transfer func-
tions. The transfer functions are not merely determined by the
differential gain; indeed, looking at (1) and (3), they also depend
on the output splitting ratio (in the case of the NPS, the output
splitting ratio is determined by the PBS and the PC, see Fig. 3).
We have then compared the transmission curves of an NPS (bi-
ased at 200 mA) and an SOA-MZI with imbalanced driving
currents (I; = 200 mA and I, = 180 mA as indicated previ-
ously). The SOA-MZI is assumed to have identical input and
output coupling ratios (i.e., x = y). We have investigated two
cases having symmetric (x = 0.5) and asymmetric (z = 0.7)
power splitting. Then, we look for all possible input/output PC
settings in the NPS that produce similar transfer functions as
that of SOA—-MZI. The power transfer characteristics of NPS for
optimal pairs of 6;, and 6, along with the SOA-MZI trans-
mission curves are reported in Fig. 7. We highlight that Fig. 7 is
drawn using detailed numerical simulation of the power transfer
function for the SOA-MZI and NPS by considering both gain
and nonlinear phases using (2) and (4).

The results show a common trend in the transmission char-
acteristics for both the devices especially at low input power.
Also in this case, as seen in Figs. 5 and 6, we observe a mis-
match in the power transfer functions of the two switches at
high input powers: the maximum output power difference is
2dB and it is observed at input power of 12.5 dBm (well above
the output saturation power of the amplifier). The similarity in
transfer characteristics of the switches indeed shows an opera-
tional equivalence between them. In this study, the optimal pairs
of 6;,, and 6,,; are determined after many simulation runs, thus a
more systematic approach in matching the transmission curves
is needed. From the previous theoretical analysis and numeri-
cal simulations, we observed that the transfer functions of the
switches are critically dependent on a number of different pa-
rameters, namely, the power coupling ratios, the bias currents,
the amplifier gains, and nonlinear phase differences. Hence, it
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Fig. 8. (a) Graph shows all the possible gain combinations of the upper and

lower arm SOAs in MZI switch that guarantee an identical power transfer
function of an NPS; each curve is obtained for a specific input power level.
(b) G1(Piy) and Go(P;y) variation calculated for I; = 240 mA and I, =
210 mA. (c) Comparison of ideal nonlinear phase difference in SOA-MZI (as
evaluated through the gain combination curve and shown by open symbol) and
the one obtained with the chosen combination (solid line).

is not easy to find a direct comparison between the two configu-
rations. For this reason, we developed an approach to determine
the operating conditions in which the switches produce closely
matched input—output power transfer functions. The method
consists of fixing an NPS configuration and deriving its modal
gain GTF and G™, from those results, we determine the power
coupling ratios and the bias imbalance of an SOA-MZI that give
similar transmission curves. We illustrate this method with the
aid of an example. For the sake of the simplicity, we consider an
NPS and an SOA-MZI that have identical power splitting ratios
(i.e.,x = a = y = b = 0.5). We set the SOA bias current in the
NPS at 200 mA. Then, we calculate the modal gains GTE and
G™ (in this case, same as in Fig. 5). We then calculate which
gain pair [G7, G2] gives the same output power in the SOA—
MZI as that of the NPS for a given input power level. To do this,
we equate (1) with (3) and solve numerically for [G}, G| by
using the GT¥ and G™ that we have determined.! From this
calculation, we obtain a set of valid [G1, G2] pairs at varying
input power levels. In this way, we derive a numerical function
that expresses the relation between G; and G5 that is equivalent
to the NPS. The plot of the function G> = f(G}) at varying
input power to the switch is reported in Fig. 8(a). We refer this
as “gain combination curves” of the SOA-MZI switch.

'The nonlinear phase differences are calculated by using (2) and (4).
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Fig. 9. Power transfer function of NPS and SOA-MZI device with the switch
configurations calculated by using the gain combination curves.

The relation between GG; and G5 depends only on the NPS
characteristics and is the one that gives the proper nonlinear
phase shift to have similar self-switching as the NPS. By using
the graph in Fig. 8(a), we can then derive the gain versus in-
put power curve that the SOAs in the MZI [i.e., G; (P, ) and
G1(P,,)] must have to obtain a similar output trend. For exam-
ple, it is possible to extrapolate the gain curve that the second
SOA in the MZI must have once the other one is known or fixed.
If for the sake of simplicity, we use for SOA1 known parameters
(at a given current), we can locate its G (P,,) curve over the
gain combination curve of Fig. 8(a). Owing to the non-biunique
shape of the curve, we can obtain one (or more) curve(s) cor-
responding to the same G (P, ). As an example in Fig. 8(a),
the lines AB and C' D represent two smooth curves obtained by
locating the points of the G (P,,) curve for SOA1 biased at 240
mA [see circles in Fig. 8(a)]. Once these curves are obtained, it
is possible to derive the G (P, ) gain curve by extrapolating the
corresponding points on the G5 axis. In this case, starting from
one gain saturation characteristic for SOA1, we were able to
determine two possible gain saturation characteristics for SOA2
that ensures that the two transfer functions match over an in-
put power variation ranging from —20 to 5 dBm. Note that we
restricted our analysis to the case G; > G, i.e., within the un-
shaded region of Fig. 8(a). In most cases, the required G (P,y,)
function can be obtained by simply choosing a proper bias cur-
rent I5. As in the present example, the choice of I, = 210 mA
gives the values of G5 (P, ) that correspond to the AB line [see
triangles in Fig. 8(a)]. The assumed G curve (solid) and the ex-
trapolated G5 curve (dashed) are reported in Fig. 8(b). Fig. 8(c)
reports the ideal nonlinear phase difference in the SOA-MZI
switch as obtained from the gain combination curves near AB
line (open symbols); as a comparison, we also report (solid
line) the nonlinear phase difference that corresponds to the bias
currents combination that has been determined. As it can be
seen, the nonlinear phase behavior approaches the optimal one.
Indeed, by using the corresponding currents /; and I, we ob-
tain a very good match between the transfer curves of the two
switches, as reported in Fig. 9. Such high degree of matching has
been obtained by simulating several different switches configu-
rations, and it not related to a specific choice of the parameters.
As discussed previously, we still found a mismatch between the
curves in the deep saturation regime; however, we can see that
by using the gain combination curves method, the mismatch

(0.6 dB maximum) is highly reduced in respect to the 2 dB as
found by successive trials method (see Fig. 7). By using the trial
method, the input/output PCs were varied while keeping the bias
currents of the two switches fixed. The mismatch (maximum 2
dB) between the transmission curves was due to nonoptimal
choice of current pair [/, I] in SOA-MZI switch. On the other
hand, while estimating the transfer curves shown in Fig. 9, we
had the prior knowledge of the gain saturation characteristics
of SOA1 and SOA2 for a specific NPS configuration from the
gain combination curves. This knowledge enabled us to choose
proper bias current pair [, I5] resulting a better match between
the transmission curves of the two switches. We also note that
similarity between the transfer functions can also be achieved
using different G2 (P,,) values extrapolated in correspondence
of the other C'D line. Summarizing, the NPS and SOA-MZI
behave equivalently from the transfer function point of view,
when the operating conditions of the two switches are related
with the gain combination curves shown in Fig. 8(a). We note
that the curves in Fig. 8(a) have a finite thickness. This is due to
the fact in their derivation, we equate (1) and (3) so that the out-
put power levels difference (A P) is less than 0.2 dB. The curves
thickness might be reduced to zero by imposing AP = 0. How-
ever, in practical implementations, the parameters used in the
method, the set of coupling ratios (a, b, x, y) and NPS bias cur-
rent, are known with an experimental uncertainty that is taken
in account by imposing AP = 0. Of course, a radical change in
the switches configurations would require a recalculation of the
gain combination curve to obtain a good match.

V. EXPERIMENTAL VALIDATION

In the previous section, we discussed how to obtain an equiv-
alent switching behavior of SOA-MZI and NPS. In this section,
we extend our results and report an experimental characteriza-
tion of such equivalence. In the following, we demonstrate that
both devices can be operated as an all-optical power equalizer
with very similar equalization ranges when properly biased. The
use of an NPS switch as a power equalizer has been previously
demonstrated [11]. On the other end, because the NPS is in-
trinsically polarization sensitive, it is not suitable to be used in
front of an optical receiver. In this section, we first show ex-
perimentally that a 50% coupled SOA-MZI can provide power
equalization in a 13 dB power range removing the polarization
issue, and then, we derive how to set an NPS switch to obtain
an equivalent power transfer function.

The experimental setup for realizing SOA-MZI-based power
equalizer is shown in the inset of Fig. 10. We used a commer-
cially available hybrid-integrated SOA-MZI device with 50%
input/output power splitters/couplers. The device structure is
depicted in the inset of Fig. 10. The SOAs in the device had
around 27 dB small signal gain when biased at 300 mA. The
single SOA gains are estimated by using the optical paths that
allow the light to propagate in each single SOA (for example,
referring to the inset of Fig. 10, by entering through port A and
reading the gain at port H) and incorporating about 7 dB of total
loss (comprising the low-losses internal couplers and the inser-
tion losses of the device). The optical paths inside the SOA-MZI
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Fig. 10. Power equalization by SOA-MZI at different bias current settings

obtained from experiment (closed symbols). Shadow boxes indicate the equal-
ization ranges. The transfer curves of the self-NPS output as obtained from
simulations (solid line with open symbols). Inset shows the experimental setup
for power equalization using SOA—MZI switch. VOA: variable optical attenua-
tor. OSA: optical spectrum analyzer.

device were balanced by using the internal thermooptic phase
shifters. We then varied only the SOAs bias currents and the
input optical power. The 1550 nm input CW was launched into
one port of the SOA-MZI device (port B). The output power
was measured at the switched port by using a calibrated optical
spectrum analyzer with a resolution set to 0.1 nm; by doing this,
we are able to read the effective signal power and isolate the
outband ASE noise contributions at low output power levels.
The power transfer function was measured over a wide range
of input power levels (from —20 to 5 dBm) for various values
of bias currents. As we are interested in the strong bias imbal-
ance regime, we kept one bias current (/;) fixed at 350 mA
while changing the other one (/2) from 150 to 100 mA. When
the SOA-MZI device is operated in such a strongly bias imbal-
anced mode, it is possible to observe (Fig. 10) a region in which
the transfer function is flat, i.e., in which the output power vari-
ation is confined in a 1 dB interval. We define this region as the
“equalization range” and it is measured to be about 13 dB (from
—9 to 4 dBm input power) for the case in which I, is set to 100
mA. By using the method illustrated in Section IV in reverse,
we found a configuration in which an NPS switch would yield
the same power transfer function.> Such a power transfer func-
tion is indicated by the continuous line in Fig. 10. By further
increasing the [5 value (to 125 and 150 mA), we observed that
the overall output power is decreased. The important result is
that the equalization range is kept roughly constant (around 13
dB) and shifted toward lower input power levels. In the lower
bias case, the equalization range is between —15 and —2 dBm
input power, demonstrating that the power equalizer can oper-
ate successfully even at a low-power input signal. This is very
important when the power equalizer is placed at the receiver

2This result has been derived numerically by simulating an NPS device that
employs an SOA with the same gain saturation curve as the one of the SOAs
placed in the MZI.
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Fig. 11. Power equalization characteristics of the NPS as obtained from ex-
periment (closed symbols) and from simulations (solid line with open symbols).
Boxes show the equalization range obtained experimentally. Experimental setup
shown within inset. LD: laser diode. VOA: variable optical attenuator. PC: po-
larization controller. OBPF: optical BPF.

side. The importance of this result is also found in the fact that
this equalization range has been obtained for the first time with
an SOA-MZI device with 50% power coupling ratio (it was
previously demonstrated experimentally only with a dedicated
70% power split device [9]). We then performed an experimen-
tal characterization of the NPS as power equalizer. In this case,
we used a commercial SOA biased at 200 mA, resulting in 23
dB small signal gain and 9 dBm output saturation power. The
output PBS had about 30 dB extinction ratio. We measured the
NPS static transfer function over the same wide input power
range (from —22 to 10 dBm) as in the case of the SOA-MZI.
The NPS symmetry was varied by changing the input/output PC
settings. We note that, in this case, it was not possible to measure
experimentally the input and output polarization angles. How-
ever, we can estimate such values by numerical simulations after
the measurements of the transfer functions.

In Fig. 11, we report two transfer functions corresponding
to two selected input/output PC settings for which we obtained
equalization ranges similar to those obtained in the case of
the SOA-MZI. In particular, we obtained a configuration that
results in a 13 dB equalization range (from —8 to 5 dBm input
power, corresponding to 6;, = 25° and 6,,; = 73°). We note
that this equalization range is very close to the one obtained
experimentally with the SOA-MZI (in the case of 350 and 100
mA biasing condition). The other configuration corresponds
to the values 6;, = 85° and 6,,; = 40°, and it is reported in
Fig. 11. It provides an 11 dB equalization range (from —12 to
—1 dBm) similar to the one obtained when the SOA-MZI was
biased at 350 and 150 mA (although in the case of the NPS, the
equalization range is lower by 2 dB). This result confirms that
the two switches can be used as power equalizing devices with
very similar specifications.

To complete our analysis, we also studied by numerical sim-
ulations which degree of control is required on the NPS input



GUPTA et al.: OPERATIONAL EQUIVALENCE OF SELF-SWITCHING IN MZI AND NONLINEAR POLARIZATION SWITCHES BASED ON SOAs 787

—_
o

ol

—— 6,,=25°, 9,,,= 73°
cefe 8= 30°, B, = 73°

Output Power (dBm)

-5 O 9,=85°, 6,,=40°
~--O-- 6;,=80°, 6,,,= 40°
-10
-30 -20 -10 0 10
Input Power (dBm)

Fig. 12.  Sensitivity of NPS transmission curves in respect to the input polar-
ization angle. The solid curves correspond to the optimum settings as depicted
in Fig. 11. The dashed curves are obtained for 6, differing by 5° from the
optimum values.

polarization angle in order to maintain the desired matching.
We report in Fig. 12 a plot showing how the NPS transfer func-
tions corresponding to the configurations reported in Fig. 11
vary when the input polarization angle is increased by 5°. We
observed that the the configuration with 6;;,, = 85° is almost
unaffected, while the configuration corresponding to 6;,, = 25°
is affected more significantly: indeed, in this case, the transfer
function shows up to 2.5 dB of difference, measured around
0dBm input power. Such maximum difference drops down to
1 dB for input polarization angle variations lower than 2°. This
value indicates the level of confidence at which the input po-
larization angle should be determined. The same behavior is
observed for the situation reported in Fig. 7.

From the experimental characterization, the SOA-MZI and
the NPS are found to provide power equalization over similar
dynamic ranges, thus establishing the operational equivalence
of these two devices. Owing to a limited amount of available
information about the commercial SOA-MZI device, it was not
possible to find two experimental configurations in which the
static transfer characteristics of the switches exactly match, as
predicted in Section IV. We also note that in the numerical anal-
ysis of Section IV, all the SOA have the same saturation char-
acteristics (and same physical parameters). The experimental
analysis has, however, been conducted with completely different
devices. Notwithstanding these different devices, we found two
experimental configurations where the match is close, allowing
us to demonstrate experimentally their operational equivalence.

VI. CONCLUSION

In this paper, we investigated the equivalence of the SOA—
MZI and NPS when used as self-switches. Numerical simulation
and experiment both show that a functional equivalence exists
between the different components of the two switches. The in-
put/output couplers in the SOA-MZI are equivalent with the
input/output PCs in the NPS and the same role of the two sep-

arate SOAs in the MZI is played by the TE/TM modes in the
NPS. We then show that an equivalent interferometric model of
the NPS resembles the SOA-MZI device. The conditions of the
switches for which both devices show similar gain and nonlinear
phase difference are also discussed. We find that similar power
transfer function for both the switches can be obtained under
proper biasing conditions and with suitable power splitting ra-
tios.

In order to find the configurations that match the power trans-
fer functions of both the devices, we present an empirical method
to determine the equivalent switching conditions. Simulation
confirmed that this method can produce well-matched (<0.6
dB difference) power transmission curves over a wide range of
input powers. Finally, we demonstrate experimentally the oper-
ational equivalence of both devices when operated as all-optical
power equalizers. We observe power equalization of the SOA—
MZI and the NPS over almost the same range of input power
levels (13 dB). Moreover, we showed that the NPS model can be
used to predict the power transfer characteristics that matches
with the experimental results for both the switches. This theo-
retical and experimental study demonstrates that under certain
regions of equivalence, the two switches can be interchanged
showing practically the same input—output transfer power trans-
fer characteristic.
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