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ABSTRACT

The characteristics of MZI-SOA are affected by its internal design yields and asymmetries, leading to an
unbalanced power distribution at the output arms and difficult or non optimum biasing. Therefore, we propose
an experimental methodology and model for MZI-SOA structures taking into account internal asymmetries as
well as the internal SOA behaviour under different current both as what regards amplitude and phase.
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1. INTRODUCTION

Integrated MZI-SOAs (Mach-Zehnder Semiconductor Optical amplifiers) [1] are compact devices with a vast
potential for application in several optical domains. A schematic of the internal structure of a MZI-SOA is
depicted in Fig. 1 (inset). They can be used in logical gates [2], digital phase modulation [3], switching and
wavelength conversion [4], all-optical processing and signal regeneration [5], among others.

In all these applications, the interferometer must be previously biased to set an operational state in terms of
output power and power/phase change as a function of the available inputs, and depending on the application
in hands. However most of these biasing points require very long and difficult initial setup phase, which varies
from device to device, due to its internal fabrication yields. The MZI-SOA is an integrated device (the used
ones are hybridly integrated, resulting in increased yields but more flexibility), which encompasses several
types of couplers, guides and SOA’s (see Fig. 1 inset) each with its own tolerances and asymmetries (e.g. the
couplers are not exactly 50% splitting ratio). These issues have some implications in many MZI-SOA
functionalities, for example on the maximization of extinction ratio (ER) between the interferometer output
ports.

This paper presents a black box model based on a set of functions and a methodology for evaluating the MZI-
SOA relevant factors just based on external power measurements and CW laser. This model will allow
extracting the coupling factors and relevant gain functions which contribute for the determination of the MZI-
SOA behaviour, knowing that most of these parameters are hidden since they are masked in the output power
which are normally a sum or difference of internal fields which are changed in amplitude and phase.

This paper is organized as follows. Section 2 shows the experimental setup used for all the required
measurements and describes the MZI-SOA operational parameters. In Section 3 the couplers are characterized
in terms of their real splitting factors. Section 4 presents the models behind the output power and their
validation as a function of SOAs biasing currents.

2. EXPERIMENTAL SETUP

Due to the interferometric structure of the device, the power distribution along the device will affect the output
interference depth and its potential optimization. Therefore, it is critical to first have a passive parts
characterization. In order to carry out the analysis on MZI-SOA asymmetry properties, we used a 6 ports
hybrid device, as shown in Fig. 1 inset. Each arm of the MZI incorporates one SOA and one Phase Shifter
(PS). In order to assess each input-output path, two sets of switches are used, as seen in Fig. 1. Two sets of
measurements were performed. The gain of one of the arms with the other arm blocked by a switched off SOA,
and the SOA gain dependence on the biasing current. A DFB laser @1546.12 nm is used as the input signal.
All power measurements were obtained through a Power Meter (PM).

3. EXPERIMENTAL COUPLERS CHARACTERIZATION

For all measurements, PS1 and PS2 are switched off, this has little impact, only may result on a phase
unbalance, due to eventual difference in size or placement, when operating with the two SOA’s biased. Also, in
the optical side, the CW laser input power at the switches is equal to 3 dBm. When simply biased the SOAs
current was by default 200 mA. The measurements performed are summarized in Table 1.
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Figure 1. Experimental setup used to characterize the MZI-SOA with power measurements.

Table 1. Procedures for measurements and calculations.

Coupler | CW port PM port ISOA1 I SOA2 Formulation Splitting factor
K1 #1 #A, #B, #C | 200 mA O0mA | & =Ps/(Pia+Pip+Psc) 52 %
K2 #J #B,#C,#D | OmA | 200mA | @, =P, /(Py + P +Py) 42 %
K3 41 4B, #C | 200mA | OmA a, =P, [P, +P.) 52 %
K4 #A 41, #] 200mA | 0OmA a,=P, /P, +P,) 60 %

We can observe that couplers are not 50%-50% as ideally would be expected in an interferometric structure
and their splitting factors are all different. This induces an asymmetric power distribution along the
interferometer arms which in any operational point will cause second order effects like the different saturation
of the SOA’s in each of the arms.

Having all the passive paths characterized, it is now critical to have the active devices characterized. The
phase shifters were considered linear, or at least able to be linearized, therefore not considered at all in the
calculations. So, the next step of our analysis was the evaluation of MZI-SOA output power as function of
input power and SOA current. These measurements were made, again considering the two arm separately,
using the forward propagation, from input #A to output #I, with SOA2 disabled, and, similarly, from input #B
to output #J, with SOA1 disabled. The trends of the SOA output power vs. SOA current and input power are
found and obtained curves are shown in Fig. 2 a) and Fig. 2 b). It is worth noting that this characterization is
referred to the overall path on which the signal propagates, so it takes into account losses and any other kind of
asymmetry of the device.
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Figure 2. #I, #J Output power as function of (a) SOAl, SOA2 current variation and (b) #A4, #D input power

4. OUTPUT INTERFERENCE ANALYSIS

The power at the output of the MZI-SOA’s (#I and #J) is a result of an interference process occurring in
coupler K4. The electromagnetic fields at this coupler two inputs will define the conditions for the outputs
measured. So, specifically, when used as an amplitude modulator, one important factor to take into
consideration is the Extinction Ration (ER) of the output signal. For example, through SOAs current variation,
the power distribution on the MZI-SOA arms can be further changed, leading to the consequent variation of the
interference conditions on output couplers.

Output power levels are highly dependent on SOA currents. As known and reported in the previous
experimental analysis, SOAs gain is affected by current variation. Moreover, a phase shift on SOAs output
signals is induced due to the dependence of SOAs refractive index on carrier density.



Our aim is to characterize these effects and model the working characteristic for a MZI-SOA, in order to
evaluate which parameters actually control the interference depth, thus providing a tool for operational point
optimization, which for example can be used for maximizing ER.

Therefore, we present a relation between #I and #J output power as function of SOA1 current, obtained
starting from interferometric structure principles considering the couplers yield and also some path difference:

P, (Isoa1 )= (1 -a, )P1 (Isoa1 )+ a,P, (Isoa2 )— \/a4 (1 -a, )P1 (Isoa1 )P2 (Isoa2 )sin[Aq)(lsoal )+ 0, ] O

P, (Isoq, )= (1-a, )P, (Is0a, )+ a, P, (Isoa, )+ \/a4 (1-a, )P (Isoa, )P, (Isoa, )sin[Aq)([soal )-6, ] ?)
Where

Pi(]soai)= gi(pi'lsoai"'qi) 3)
Ap(Isoa )= m-Isoa i=12 (4)

a4 is the splitting factor of coupler K4.

P1 and P2 are power levels at the output of SOA1 and SOA2, respectively, and are dependent on current,
which, for sake of simplicity and due to the range of currents used in the measurements, can be approximated
through a linear curve, eq. (3), derived from experimental data (Figure 2). In particular, g; coefficient takes into
account an adjustment of P;, due to the experimental measurements made. A¢ is the phase shift induced by
changing SOA1 current, again modelled through a linear approximation, eq. (4), because of the linear relation
between SOA induced phase and carrier density, through refractive index variation. The §; parameter represent
a phase mismatch on paths or coupler crossing factors, it affects the output interference by means of a
reduction of maximum ER achievable.

To fit the remaining unknown factors, extra measurements were performed. A CW signal was coupled into
input port #B. We observe the dynamic of both the constructive and destructive interference respectively at the
output port #I and #J, changing the current of SOAI, and fixing the SOA2 current at a reference value of
200 mA.

Fig. 3 shows experimental data compared with values estimated through eq. (1 and 2). In both cases we
observe a misalignment between #I and #J minimum and maximum power levels. This is a clear result of the
gain change in the SOA with the changing current and also to both the unbalanced splitting factors and phase
shift of the couplers.

Moreover, the minimum of the #I output power does not reach the zero, impacting the maximum achievable
ER.

Table 2. Parameters extracted from the fittings and used in the final validation. Input power of 3dBm, fixed
SOA2 current of 200mA.

81 82 P 12) 4 b m o 6,
O] ) (WA (WA (W) (W) (rad.A™") (rad) (rad)
1.63 4.01 2.20-107 | 2.33:1072 -5.01-10* | -3.56-10" 7.48 449-107 | 1.57-107"

From the analysis of Fig. 3 it is clear that the model prescribed, even considering the approximations made,
eg, linear gain dependence of the SOA with the current, gives out a very precise fitting of the output power
values. This is very important, since, from here one can capture the reasoning behind the major performance
limitations of these structures, and based on this optimization of the behaviour having in mind the application
target can be made. As Example, it can be said that the best operational point, without phase shifters
adjustment, as an IM all-optical modulator, would most probably be achieved if the SOA1 would be biased at
250mA
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Figure 3. Measured and estimated power levels on #I, #J output ports with 3dBm optical input power at #B.

5. CONCLUSION

The complete active and passive components of a MZI-SOA were characterized in static operational
conditions. A model, which accurately predicts the output power as a function of the SOA current, has been
produced and the methodology for extracting from output powers only all the required parameters have been
given and presented. It is concluded that the yields in fabrication of these devices are quite high therefore
strong variation of the coupling factors against the predicted optimum values should be expected and taken into
consideration. Results obtained using proposed model agree with experimental data. The formulation allows to
predict the achievable ER and to adjust operational conditions in order to optimize the MZI-SOA balancing.
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