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Abstract An O-band photonic integrated 4x4 SOA-based space switch based on the broadcast and se-
lect architecture has been designed and fabricated. Experimental validation shows error-free operation
with a power penalty of < 0.5 dB, an on/off ratio of 40 dB and an OSNR of 50 dB. ©2023 The Author(s)

Introduction

Machine learning clusters and artificial intelli-
gence (AI) training have become increasingly
popular in recent years. The recent introduction
of OpenAI’s ChatGPT made large-scale models
available to the public, which enables the integra-
tion of AI in everyday objects and tasks. As a re-
sult, the model scale is doubling yearly, causing a
proportional increase in the overall model size[1].
These developments require a highly efficient and
scalable compute infrastructure.

Today’s AI accelerators have multi-Tb/s inter-
faces[2] to share intermediate data for distributed
training, generating large traffic flows. Through-
put and latency are important network charac-
teristics to avoid unnecessary computation stalls
causing the overall training time to increase. With
the recent developments in terms of co-packaged
optics (CPO)[3], compute cores can now be di-
rectly attached to the network. Interface bottle-
necks can be fully removed by combining CPOs
with flat, all-optical networks such as OPSquare
(Fig. 1a)[4],[5]. An important component in such
network are the optical switches, which allows
optical traffic flows to be redirected dynamically.
Transparent optical operation allows the network
to be upgraded in terms of data rate, modulation
format and wavelength grid without having to re-
place the optical switches. Furthermore, the lack
of an O/E/O conversion reduces power consump-
tion compared to the electronic counterparts and
reduces the amount of costly (pluggable) optical
transceivers.

There is a large variety in optical switches,
ranging from bulky, free-space MEMS-based
switches[6] down to small photonic integrated de-
vices. Integrated switches allow for many opti-
cal functions on a small surface, combined with
the potential of economic mass-manufacturing.
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Fig. 1: (a) A flat optical network called OPSquare[4] where
SOA-based switches are used. (b) The broadcast and select
architecture, where input signal is split by N , selected using

an SOA and combined to the output port.

Many integrated optical switches operate in the
C-band, only a few O-band switches have been
presented[7]–[10]. O-band switches are important
to maintain compatibility and increase the chance
of adoption in current data center environments.
The O-band is favored for its low fiber disper-
sion, allowing for low-complexity, low-cost and ef-
ficient interconnects without the need for digital
signal processors (DSPs). The higher fiber loss is
of negligible importance given the relatively short
fiber lengths of up to hundreds of meters.

With bigger and bigger networks, switch radii
need to grow along. Common switch topologies
based on 2x2 Mach-Zehnder Interferometer (MZI)
building blocks face large optical losses, often in
the order of 5 to 15 dB fiber-to-fiber loss for a
switch radix of 8[7],[8],[11]. Since optical power bud-
gets are tight, it is important to strive towards a
zero loss device. The insertion loss can be re-
duced by using semiconductor optical amplifiers
(SOAs) as a switching element in the 2x2 building
blocks[10], achieving a zero fiber-to-fiber insertion
loss. However, SOAs add noise, decreasing the
optical signal-to-noise ratio (OSNR) of the optical
signals[12] and therefore limiting the ideal chan-
nel capacity. Common switch topologies such as
Benes, PILOSS and crossbar require more cas-
caded (SOA) elements for larger switch radii, fur-
ther degrading the OSNR. Multicasting operation
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Fig. 2: (a) Photograph of the fabricated 4x4 optical switch.
The inset shows a simplified version of the broadcast and

select architecture for any input port Ix and output port Oy .
(b) Transmission measurement setup.

is naturally supported with no extra losses.
The broadcast and select topology (Fig. 1b) is

strictly non-blocking and uses SOAs as switch-
ing elements. Only a single SOA per optical
path is required, limiting the total OSNR degrada-
tion whilst providing gain to compensate for the
on-chip losses. Nanosecond switching speeds
of SOAs have been demonstrated, reducing port
down-time. Furthermore, its high on/off ratio is
beneficial for larger switch radii, where crosstalk
is limiting performance.

In this paper we present the design, fabrication
and characterization of the first monolithically in-
tegrated O-band 4x4, SOA-based broadcast and
select and wavelength agnostic switch. The de-
sign of the photonic integrated circuit (PIC) is dis-
cussed and its performance is experimentally val-
idated. With an OSNR of 50 dB, error-free oper-
ation is demonstrated at 10 Gb/s with an average
receiver power penalty of 0.4 dB and an on/off ra-
tio up to 40 dB.

Design and fabrication
The switch topology is based on a broadcast
and select or Spanke architecture, as shown in
Fig. 2a. The input signal is split by two cascaded
2x2 multimode interference couplers (MMIs) to
four paths. Each path is equipped with an SOA
to block or pass the optical signal. All passed sig-
nals are looped back towards a second set of two
cascaded 2x2 MMIs to be combined for the out-
put port. Coupling light in and out of the PIC hap-

pens on the east-side using edge-couplers. The
electrical pads for the SOAs are located on the
north and south-side of the PIC. The SOAs have
lengths between 350 and 650 µm, to evaluate the
impact on its optical characteristics.

The switch is designed using Nazca Design
and the open-access O-band PDK of SMART
Photonics. The design uses the active-passive
integration platform to integrate quantum well
SOAs[13], the 2x2 MMIs[14] and the waveguide
structures. First, the active layer stack is epitax-
ially grown on a 3-inch wafer with an n-type InP
substrate. The active components are defined,
after which the passive layers are regrown. The
waveguides are etched using an inductively cou-
pled plasma (ICP) dry etching process. At last,
the waveguides are passivated and planarized
through the deposition of a Polyimide layer. All
growth and processing steps are performed by
SMART Photonics. The fabricated chip is shown
in Fig. 2a.

Experimental setup and results
The 2 x 4.6 mm2 PIC is glued onto a water-cooled
aluminium chuck which is set to 20 °C. Light is
coupled using two lensed fibers. For all static
experiments, the setup consist of the 1310 nm
laser diode, a variable optical attenuator to control
the laser power into the chip, a polarization con-
troller to rotate the signal to the quasi-TE mode
and an optical power meter. Alternatively, an opti-
cal spectrum analyzer is used. A constant current
source drives the SOAs.

First, the IV-curves in Fig. 3a show typical diode
characteristics for all 16 SOAs with a forward volt-
age of 1.4 to 1.7 V at 100 mA. A 376 µm and
550 µm SOA between output 2 (O2) and input 4
(I4) and I1 and O2, respectively, are highlighted.
Simultaneously, the cumulative amplified sponta-
neous emission (ASE) power has been measured
at both output ports, shown in Fig. 3b. From
50 mA, the optical power saturates. A small dif-
ference of 1.3 dB is measured between the two
ports, as the SOA is located closer to I4 than to
O2. By sweeping the drive current from 10 to
100 mA, the ASE spectra are recorded. Fig. 3c
shows that the peak shifts from 1302 to 1281 nm
with increasing current due to the band-filling ef-
fect. The 376 µm SOA gain at 1310 nm is cal-
culated in Fig. 3d, by assuming an MMI insertion
loss of 3.5 dB[14] and edge-coupler to fiber cou-
pling loss of 5 dB. The in and output powers are
the fiber powers. At 10 mA, the SOA is trans-
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Fig. 3: (a) Current-voltage (IV) relation. All SOAs are included in a light shaded colour. (b) Cumulative output power measured at
the in and output ports. The light shaded colours indicate all other SOAs, measured at the input ports. (c) ASE spectra for various
drive currents for the 376 µm SOA. (d) Gain versus output power for various drive currents for the 376 µm SOA. The input power
is indicated per point and holds for all values of ISOA. (e) On/Off ratio of 40.3 dB for a 550 µm SOA and 32.3 dB for a 376 µm SOA

parent, and the maximum gain saturates around
10 dB. The input power has negligible effects on
the gain, as the laser power is not enough to sat-
urate the SOA with an approximate maximum on-
chip SOA input power of -6 dBm. The on-chip
losses cannot be compensated at 1310 nm, re-
sulting in an insertion loss of -4 dB. Given the 5 dB
power difference in the ASE curves in Fig. 3c be-
tween the gain peak at 1280 nm and this gain at
1310 nm, operating at a lower wavelength could
result in lossless operation. Unfortunately, such
laser was not available at the time of the exper-
iments. The scalability of the topology has al-
ready been demonstrated using a single discrete
SOA[12]. By employing longer SOAs and the ad-
dition of a booster SOA, a switch radix of 32 or
even 64 is feasible at a cost of a degraded OSNR.
However, other topologies would require at least
3 SOAs for an 8x8 configuration. Another advan-
tage of SOA-based switches is the high on/off ra-
tio. Fig. 3e shows the spectrum in the on and
off state of the long and short SOA, with an iso-
lation of 40.3 dB at an SOA length of 550 µm.
The lowest measured on/off ratio is 32.3 dB for
the 376 µm SOA.

Fig. 2b shows the experimental setup for the
transmission experiments. A 10 Gb/s bit error rate
tester (BERT) generates a pseudo-random bit se-
quence (PRBS-7) and is connected to an exter-
nal Mach-Zehnder modulator (MZM). Polarization
controllers are used to maintain the TE mode in
the MZM and PIC. At the output, an optical at-
tenuator is connected to a 90/10 splitter to mea-
sure the optical power and pass the signal to an
avalanche photodiode (APD) receiver with a high
sensitivity of -28 dBm.

The OSNR is shown in Fig. 4a for various op-
tical input powers and SOA drive currents. The
OSNR ranges from 30 to 50 dB, proportional to
the input power, and the drive current seems to
be of negligible impact on the OSNR. The bit er-
ror rate (BER) curves are shown in Fig. 4b. The

I4 - O2 path is shown twice in two propagation
directions. All ports connected to O2 are mea-
sured, except for I3 due to a damaged facet. The
drive current of the SOAs are set to 100 mA. At
10−9, i.e. error-free, the power penalty across the
measured optical paths varies between 0.3 and
0.5 dB. The power penalty difference in propaga-
tion direction is negligible (0.1 dB). The eyes, in-
set in Fig. 4b, are wide open and show no band-
width limiting effects or distortion besides noise.

Conclusions
We have designed and experimentally demon-
strated a monolithically integrated 4x4 SOA-
based broadcast and select switch in InP, oper-
ating in the O-band. Error-free performance has
been demonstrated at 10 Gb/s with a maximum
power penalty of 0.4 dB. OSNR up to 50 dB and
on/off ratios beyond 40 dB are measured, allow-
ing for transmission with minimal added noise and
crosstalk. The switch demonstrates performance
ideal for high-capacity and low-cost data center
interconnects.
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SOA-based optical switch with zero fiber-to-fiber inser-
tion loss”, en, Optics Letters, vol. 45, no. 16, p. 4650,
Aug. 2020, ISSN: 0146-9592, 1539-4794. DOI: 10 .

1364/OL.399415. [Online]. Available: https://opg.
optica.org/abstract.cfm?URI=ol-45-16-4650.

[11] K. Suzuki, R. Konoike, S. Suda, et al., “Low-Loss, Low-
Crosstalk, and Large-Scale Optical Switch Based on
Silicon Photonics”, en, Journal of Lightwave Technol-
ogy, vol. 38, no. 2, pp. 233–239, Jan. 2020, ISSN: 0733-
8724, 1558-2213. DOI: 10.1109/JLT.2019.2934768.
[Online]. Available: https://ieeexplore.ieee.org/
document/8794739/.

[12] M. P. G. Rombouts and N. Calabretta, “Scalability
Assessment of O-band SOA-based Broadcast and
Select Switch with 100 Gb/s LWDM Commercial
Transceivers”, EN, in Optical Fiber Communication
Conference (OFC) 2023 (2023), paper Th3D.3, Optica
Publishing Group, Mar. 2023, Th3D.3. [Online]. Avail-
able: https://opg.optica.org/abstract.cfm?uri=
OFC-2023-Th3D.3.

[13] J. Hazan, S. Andreou, D. Pustakhod, S. Kleijn, K. A.
Williams, and E. A. J. M. Bente, “1300 nm Semiconduc-
tor Optical Amplifier Compatible With an InP Monolithic
Active/Passive Integration Technology”, IEEE Photon-
ics Journal, vol. 14, no. 3, pp. 1–11, Jun. 2022, Confer-
ence Name: IEEE Photonics Journal, ISSN: 1943-0655.
DOI: 10.1109/JPHOT.2022.3175373.

[14] J. Hazan, D. Pustakhod, S. Kleijn, S. Andreou, K. A.
Williams, and E. A. Bente, “Broadband multimode in-
terference coupler on InP substrate with flat wavelength
response over the whole O-band”, in 2021 IEEE Pho-
tonics Conference (IPC), ISSN: 2575-274X, Oct. 2021,
pp. 1–2. DOI: 10.1109/IPC48725.2021.9592858.

https://doi.org/10.48550/arXiv.2202.05924
http://arxiv.org/abs/2202.05924
https://doi.org/10.1364/JOCN.9.000291
https://doi.org/10.1364/JOCN.9.000291
https://opg.optica.org/abstract.cfm?uri=OFC-2023-W1G.3
https://opg.optica.org/abstract.cfm?uri=OFC-2023-W1G.3
https://doi.org/10.1063/1.5140350
https://doi.org/10.1063/1.5140350
https://pubs.aip.org/aip/apl/article/38513
https://pubs.aip.org/aip/apl/article/38513
https://doi.org/10.1109/JLT.2020.3024016
https://doi.org/10.1364/OL.399415
https://doi.org/10.1364/OL.399415
https://opg.optica.org/abstract.cfm?URI=ol-45-16-4650
https://opg.optica.org/abstract.cfm?URI=ol-45-16-4650
https://doi.org/10.1109/JLT.2019.2934768
https://ieeexplore.ieee.org/document/8794739/
https://ieeexplore.ieee.org/document/8794739/
https://opg.optica.org/abstract.cfm?uri=OFC-2023-Th3D.3
https://opg.optica.org/abstract.cfm?uri=OFC-2023-Th3D.3
https://doi.org/10.1109/JPHOT.2022.3175373
https://doi.org/10.1109/IPC48725.2021.9592858

	Introduction
	Design and fabrication
	Experimental setup and results
	Conclusions
	Acknowledgements

