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Abstract— The speed and transient improvements due to a thin-
film microwave coupler on a high-speed SOA-based space switch
are analyzed. The switch performance is compared with another
one using the same SOA device but in its commercial butterfly
encapsulated form factor. Through an extensive experimental
characterization and an automated algorithm analysis, the
switching actions were evaluated in several SOA operational
conditions (bias current, electrical pulse step amplitude, pre-
impulse amplitude, and switching technique) employing metrics
related to the switching times and transient behavior intensity. The
results showed that the thin-film coupler SOA switch mounting led
to switching time improvements and quicker optical output pulse
stabilization. In conjunction with the appropriated switching
technique, the device could achieve switching speeds around 200 ps
aiming its operation in high-speed optical networks.

Index Terms— electro-optical switches, parasitic elements, semiconductor
optical amplifiers, SOA space switch.

I. INTRODUCTION

The advent of new technologies reliant on high-speed data streaming and computational power
virtualization has pushed for optical systems with increased transmission rate capacity [1] and low
latency [2]. This scenario demands Data Centers capable of routing optical packages modulated both
in phase and amplitude, with high commutation rates and spectral flexibility [3]. In conjunction with
operational requirements, as low energy consumption [4], [5] and low optical loss [6], there is an urge
for the development of new technological paradigms based on high levels of electro-optical
integration and all-optical signal processing [7], [8]. In this sense, the semiconductor optical amplifier
(SOA) is a promising device due to its compact active electro-optical nature, being constructively
very similar to lasers and capable to be integrated [9]. SOA-based integrated modules are promising
on the generation [10] and reception [11] of modulated optical signals. Furthermore, its versatility
allows several electro-optical functions to be performed such as ultra-fast electro-optical space

switching [12]-[14], WDM amplification [15], all-optical modulated signals regeneration [16],
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wavelength conversion [17] and routing [18], [19], and all-optical logic gates [20], [21]. However, its
highly nonlinear behavior and low energy efficiency need to be properly addressed.

Regarding SOA-based electro-optical space switches, there are two main approaches to enhance its
operational performance. The first one is based on the creation of suitable microwave signals to
manipulate the switching pulses, taking advantage of the SOA rapid electro-optical response while
compensating its nonlinear transient behavior. In this sense, the addition of pre-impulses synchronized
with the electric switching step beginning (i.e., the PISIC [13] technique) significantly reduces the
optical switching rise time, allowing high commutation rates in space switches. Furthermore, the
placement of impulses during the SOA switching pulse transient oscillations (i.e., the MISIC [14]
technique) is effective to reduce its nonlinear transient behavior, allowing lower guard-times and
switching latencies. In a complementary manner, the second approach to improve SOA-based
switches performance is based on the analysis and reduction of its microwave parasitic elements
derived from its mounting and encapsulation. Those parasitics reduce the SOA effective electro-
optical bandwidth and induce electrical oscillations on the switching control signals. Previous works
[22], [23], mainly based on the SOA electrical equivalent circuit modeling, showed the encapsulation
impact on the overall device performance, highlighting the fundamental importance of a careful and
optimized microwave mounting to avoid unwanted reflections and oscillations on the electro-optical
switching process.

As presented in [12], the integration of microwave components decreases effects of microwave
parasitics, significantly improving the switching performance. The present work aims to extend the
discussion about performance, presenting a more in-depth analysis of the SOA-based switching
behavior in several operational conditions and performing a comparative analysis between results of
the microwave thin-film coupler mounting [12] and the ones achieved by the same SOA in a

traditional microwave mounting.

II. METHODOLOGY

The experimental results use the setup shown in Fig. 1, where the “SOA-based Switch” block refers
to the microwave mounting proposed in [12] and detailed in Fig. 2, including the combination of the
switching signals directly into the device mounting using a thin-film coupler. The optical carrier was
generated by a laser operating under continuous wave (CW) mode (optical power up to 10 dBm),
followed by an optical polarization controller (OPC) and an optical isolator (OI), being switched by
the SOA-based electro-optical switch presented in Fig. 2.

The employed SOA was a chip-on-carrier (COC) nonlinear device without encapsulation
manufactured by CIP Technologies (model CIP-NL-OEC-1550, from now on referred as COC-SOA).
The optical carrier was guided into and out of the SOA active region by fiber lenses in each SOA

facet, carefully aligned with 5-axis piezo elements to reduce its insertion loss. The switching step and
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PISIC impulse microwave signals were created by a serial pulse generator (transmission rate up to 14
Gb/s, rise times of 25 ps), employing microwave attenuators and amplifiers for protection and to
adjust the signals amplitudes. Next, they were injected into the switch mounting (CONN; and CONN,
inputs on Fig. 2) being combined by a distributed thin-film resistor operating as a high-bandwidth
microwave coupler embedded on the microwave mounting. After the addition of the SOA direct
current (DC) bias (Ia), the electrical signal was directly injected into the COC-SOA active region,

allowing the control of its electro-optical dynamics and the desired optical carrier switching.

Serial Pul Biss
erial Pulse
Generator
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Amplifier %
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|i | |Cc| s ' SOA-based S @ . Optical
Switch Oscilloscope
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Fig. 1. Experimental scheme employed in the SOA-based electro-optical space switch characterization. The microwave
coupler, responsible for the switching step and PISIC pre-impulse combination, is integrated in the switch mounting
(©IEEE. Adapted, with permission, from [12]).

The SOA was switched according to the injection current PISIC [13] technique, reducing the
switching pulses rise time, while introducing a more drastic transient behavior. As a reference, the
COC-SOA was also switched employing only an electrical step (here referred as STEP technique),
allowing the comparative evaluation of the pre-impulse impact in its performance. To support a more
comprehensive analysis, the SOA operational parameters (i.e., its bias current, switching step
amplitude, and PISIC impulse amplitude and duration) were ranged as presented in Table I under the
COC-SOA column.

The electrical voltages for the step and impulse amplitudes were applied to a switch with total input
impedance equal to 50 Q, resulting from the series association of the 3 2 SOA impedance with a 47
Q) matching resistor. Lastly, the switched optical carrier was amplified by an Erbium-doped fiber
amplifier (EDFA), to compensate the fiber lenses high insertion loss, and filtered by a Bragg grating
band-pass optical filter (BPF), to eliminate the amplified spontaneous emission (ASE) from the SOA
and EDFA, being acquired by a sampling optical oscilloscope.
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TABLE I. OPERATING PARAMETERS FOR THE COC-SOA (THIN-FILM COUPLER CHIP MOUNTING) AND ENC-SOA (BUTTERFLY
ENCAPSULATED MOUNTING) COMPARATIVE EXPERIMENTAL CHARACTERIZATION

Parameter COC-SOA ENC-SOA
Switching Technique STEP and PISIC STEP, PISIC, and MISIC
Bias Current 60 mA up to 120 mA in 20 mA increments 50 mA up to 200 mA in 12.5 mA increments
Step Amplitude 1.5Vupto2.5Vin0.5V increments 0.5Vupto3 Vin0.5V increments
Step Equivalent Current 30 mA up to 50 mA in 10 mA increments 10 mA up to 60 mA in 10 mA increments
Pre-Impulse Amplitude 0.75 Vup to 3.75 V in 0.75 V increments 1 Vupto3VinlV increments
Pre-Impulse Equivalent Current 15 mA up to 75 mA in 15 mA increments 20 mA up to 60 mA in 20 mA increments
Pre-Impulse Duration 160 ps, 320 ps, and 640 ps 160 ps, 320 ps, and 640 ps

The resulting switching pulses were characterized employing an automated analysis algorithm,
which was able to extract its switching amplitude, rise time, fall time, percentage overshoot,
percentage undershoot, transient time, and stabilization time. To allow a more comprehensive
performance analysis, the same algorithm was employed to evaluate the switching behavior of the
same SOA in its encapsulated commercial version (here referred as ENC-SOA), using data extracted
from the switching of an amplitude modulated optical carrier, as previously presented in [24]. The
ENC-SOA operational parameters employed in the comparison cover a similar range in all cases.
However, despite the attempts to ensure an equivalent comparison, the optical input power injected
into each SOA can present variations due to the fiber lenses higher insertion loss in the COC-SOA

casc.
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Fig. 2. SOA-based electro-optical space switch microwave mounting scheme (out of scale), including the distributed thin-
film resistor coupler including the switching step and PISIC impulse inputs (OIEEE. Adapted, with permission, from [12]).

III. RESULTS

The acquired switching pulses were evaluated by an automated algorithm, extracting information
regarding the switching commutation time and transient oscillatory behavior. The most relevant
metrics (i.e., the switch rise time, overshoot, and transient time) are discussed as a function of the
SOA operational parameters (i.e., its bias current, switching step amplitude, and PISIC pre-impulse

amplitude). Moreover, the results for the same SOA in its encapsulated form factor [24] are also
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presented as reference, allowing a more comprehensive comparative performance analysis.

A. Rise Time
The rise time represents the time required for the switch to commute from its off-state to on-state

(i.e., the points where the switching pulse crosses the 10 % and 90 % amplitude of its stable on-state
thresholds), being an important metric to measure the device operating speed. A representative
selection of the COC-SOA rise time performance is shown in Fig. 3, where the results are presented
as function of the SOA bias current and PISIC pre-impulse amplitude. Figure 3(a) indicates the
fundamental importance to correctly adjust the SOA bias current to allow a proper switching
operation. When a 60 mA bias current is applied, the COC-SOA was near its operating point
transparency threshold, not being able to provide a suitable switching pulse for the STEP and PISIC-2
(i.e., the PISIC [13] technique with a 160 ps pre-impulse width and adjustable amplitude) techniques.
However, the injection of a substantial quantity of electrical carriers in the PISIC-4 and PISIC-8 cases
(i.e., 320 ps and 640 ps pre-impulse widths, respectively) results in the switch proper operation with a
steeper transition between states. Moreover, the results showed the PISIC capability to reduce the
SOA rise time, tendency that is further illustrated in Fig. 3(b), where the switch is operating in a
suitable bias point. Finally, the impact of the COC-SOA microwave thin-film coupler is evidenced in
Fig. 3(c), when compared with the results for the ENC-SOA. Note that the parasitics reduction
decreased the switching rise time expressively, allowing the SOA to achieve commutation rates close
to 200 ps. Even when operating with a narrower pre-impulse (resulting in the overshoot reduction, as
discussed in Section B, the COC-SOA achieved quicker transitions between states in comparison with
its encapsulated counterpart. The rise time reduction from 500 ps for the ENC-SOA with PISIC-2 to
values lower than 300 ps for the COC-SOA at the same conditions may be appropriate to meet

requirements of future optical networks.
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Fig. 3. Experimental rise time analysis as a function of the SOA bias current and impulse amplitude for the SOA COC-SOA
(referred as COC) switched according to the STEP (ST) and PISIC techniques, this last one with pre-impulses of 160 ps
(P2), 320 ps (P4), and 640 ps (P8). Results for the SOA ENC-SOA (referred as ENC) are also presented as reference for the
COC-SOA performance analysis. (a) COC-SOA switched with 2 V (40 mA) steps and 3.75 V (75 mA) pre-impulses (except
for the STEP technique); (b) COC-SOA switched with 80 mA bias and 1.5 V (30 mA) steps (STEP result presented as
reference); (c) COC-SOA switched with 80 mA bias and 2 V (40 mA) steps and for the ENC-SOA with 75 mA bias and 2 V
(40 mA) steps.
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B. Percentage Overshoot
The overshoot is a drastic amplitude oscillation in the optical switching pulse upon its rising edge

(usually evaluated as a percentage of the switching pulse on-state stable level), which is directly
linked with the device transient response. The COC-SOA overshoot results are summarized in Fig. 4,
where this metric is analyzed as a function of the device bias current and pre-impulse amplitude,
parameters that had the bigger impact here. Figure 4(a) shows a tendency to overshoot decrease with
the bias current increment, especially for the PISIC-8 case, behavior explained by the device electro-
optical saturation in higher currents. Once again, as discussed in Section A, the SOA behavior for bias
currents below 80 mA is greatly impacted by misshapen switching pulses near the device operational
transparency threshold, as noticeable especially in the PISIC-4 case. The PISIC pre-impulse
amplitude impacts the switching overshoot as shown in Fig. 4(b), where the drastic injection of
electrical carriers for the PISIC-4 and PISIC-8 cases is translated as more drastic overshoots. The
comparison with the rise times (previously presented) shows a trade-off between switching speed and
stability that must be carefully tuned to fulfill the switch application requirements. Finally, the
comparison with the ENC-SOA presented in Fig. 4(c), indicates that the electrical parasitic reduction
by the proposed mounting resulted in a smaller damping factor, at the same time accelerating the
switch transition but also stimulating more prominent overshoots, surpassing 100 %. Higher
amplitude overshoots (e.g., above 100 %) can potentially lead to severe pulse distortions and
nonlinear phenomena, impacting the device performance especially when switching phase modulated
signals. Nevertheless, as evidenced by Fig. 4(c), the COC-SOA is capable of operating at ultrafast
rising times (i.e., under 300 ps) even with narrow pre-impulses (i.e., with the PISIC-2 technique), in
which case the overshoots are well under 25 % for all pre-impulse amplitudes, being lower than the

ones presented by the encapsulated SOA.
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Fig. 4. Experimental percentage overshoot analysis as a function of the SOA bias current and impulse amplitude for the SOA
COC-SOA (referred as COC) switched according to the STEP (ST) and PISIC techniques, this last one with pre-impulses of
160 ps (P2), 320 ps (P4), and 640 ps (P8). Results for the SOA ENC-SOA (referred as ENC) are also presented as reference
for the COC-SOA performance analysis. (a) COC-SOA switched with 2 V (40 mA) steps and 0.75 V (15 mA) pre-impulses
(except for the STEP technique); (b) COC-SOA switched with 120 mA bias and 2 V (40 mA) steps (STEP result presented
as reference); (c) COC-SOA switched with 80 mA bias and 1.5 V (30 mA) steps and for the ENC-SOA with 75 mA bias and

1.5 V (30 mA) steps.
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C. Transient Time
The transient time is measured as the time required for the switch to stabilize in its on-state

(adopting as reference thresholds for variations smaller and bigger than 10 % of its stable level), being
fundamental to evaluate the switch capability to transmit an optical signal without significant
amplitude distortions. The most significant results are presented in Fig. 5, where the SOA bias
currents, switching step amplitudes, and PISIC pre-impulse amplitudes cover all SOA operational
conditions. Figure 5(a) shows that the switching step amplitude has little impact in the pulse overall
stabilization. However, as expected, the injection of higher quantities of electrical carriers in wider
pre-impulses (i.e., in the PISIC-4 and PISIC-8 cases) will lead to a more unstable rising transition.
This behavior is also shown by the pre-impulse amplitude influence presented in Fig. 5(b), which,
once more, advocates for the employment of the PISIC-2 technique in detriment of PISIC-4 and
PISIC-8. The comparative analysis of Fig. 5(c) demonstrates, again, the advantages resulting from the
parasitic reduction in the proposed microwave mounting, evidencing the transient time decreasing to
less than half to the one achieved by the ENC-SOA. The smallest damping factor, which resulted in
drastic overshoots, prevented successive oscillations after the overshoot induced by the PISIC pre-
impulse. Therefore, the SOA transient behavior stabilized in its on-state quicker, reducing the switch

guard-time to less than 1 ns when employing the PISIC-2.
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Fig. 5. Experimental transient time analysis as a function of the SOA bias current, step amplitude, and impulse amplitude for
the SOA COC-SOA (referred as COC) switched according to the STEP (ST) and PISIC techniques, this last one with pre-
impulses of 160 ps (P2), 320 ps (P4), and 640 ps (P8). Results for the SOA ENC-SOA (referred as ENC) switched with the
PISIC and MISIC techniques, both with 640 ps pre-impulses (P8 and M8, respectively), are also presented as reference for
the COC-SOA performance analysis. (a) COC-SOA switched with 80 mA bias and 3 V (60 mA) pre-impulses (except for

the STEP technique); (b) COC-SOA switched with 80 mA bias and 1.5 V (30 mA) steps (STEP result presented as
reference); (c) COC-SOA switched with 2.5 V (50 mA) steps and 3.75 V (75 mA) impulses and for the ENC-SOA with
2.5V (50 mA) steps and 3 V (60 mA) impulses.

IV. CONCLUSION

A novel microwave mounting for SOA-based electro-optical switches, firstly proposed in [12], was
experimentally characterized and analyzed comparatively with its encapsulated commercial
counterpart. The results showed the importance of electrical parasitic reduction by the introduction of

a microwave coupler constructed with a distributed thin-film resistor. The switch mounting, under the
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right operating conditions, was able to simultaneously reduces its rise time, percentage overshoot, and
transient time. The achieved performance enables the device to operate in optical networks requiring

ultra-high commutation rates space switches.
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