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Monolithically Integrated InP 1 16 Optical Switch
With Wavelength-Insensitive Operation
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Tjibbe de Vries, E. Smalbrugge, Meint K. Smit, Harm J. S. Dorren, and Yoshiaki Nakano, Member, IEEE

Abstract—The static and dynamic characteristics of a monolith-
ically integrated InP 1 16 optical phased-array switch are pre-
sented. The device demonstrates static switching with an average
extinction ratio of 18.6 dB, on-chip loss below 7 dB, and wavelength
dependence of less than 0.8 dB in the entire -band. A 40-Gb/s
nonreturn-to-zero signal is transmitted through the switch with a
power penalty below 0.4 dB. Using a programmable electronic cir-
cuit, dynamic switching to all 16 outputs is achieved with response
times less than 11 ns.

Index Terms—Integrated photonics, optical packet switching
(OPS), optical switches, phased arrays.

I. INTRODUCTION

P OWER-HUNGRY and high-cost electronic switching is
expected to be a bottleneck while scaling the capacity

of communication networks. Optical packet switching (OPS)
is a possible solution thanks to its transparency and high net-
work utilization efficiency under dynamically changing traffic
conditions [1]. In particular, wavelength-division-multiplexed
OPS (WDM-OPS) can achieve ultrahigh throughput with rel-
atively small-scale switches [2], [3]. Several optical functions
are necessary for WDM-OPS, including high-speed and wave-
length-insensitive optical switches. Compound semiconductor
photonic integrated circuits are attractive to implement mono-
lithic integration of active and passive devices with low cost,
small footprint, and low power consumption [4]. However, the
port counts of integrated compound semiconductor photonic
switches have been limited so far [5], [6]. Insertion loss, power
consumption, excess noise, footprint, and complexity of design
and fabrication become technical problems as the port count in-
creases. To overcome these problems, we have recently intro-
duced the phased-array scheme in high-speed integrated optical
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Fig. 1. Micrograph of the 1� 16 optical switch. The total device size is
��� mm � ��� mm, including the input/output bends and lateral tapers, which
are not completely shown in the figure. The waveguides are facet normal at the
input and the outputs.

switching [7]–[9]. Because of its single-stage, all-passive archi-
tecture, the phased-array switch is expected to be highly scalable
in terms of the number of ports [10]

In this letter, we investigate the basic characteristics of the
monolithically integrated InP 1 16 optical switch to verify
the scalability of optical phased-array scheme. Broadband
switching to all 16 outputs is demonstrated over the entire

-band with a wavelength dependence less than 0.8 dB. Addi-
tionally, we achieve complete dynamic operation of the device
using a programmable electronic circuit for the first time.

II. DESIGN AND FABRICATION OF THE OPTICAL SWITCH

The switch is entirely integrated on an InP substrate in a
guided-wave fashion and consists of three parts separated by
two star couplers. There are 24 waveguides with 800- m-long
phase shifters at the array plane between the star couplers, in ad-
dition to one input waveguide and 16 output waveguides. Fig. 1
shows the micrograph of the fabricated device. Switching is
achieved by applying electrical signal to the phase shifters inde-
pendently to control the interference pattern at the output plane.
Linear phase distribution (with modulo ) at the array plane
causes a tilt of the wavefront at the input of the second star cou-
pler, resulting in beam deflection.

The lateral dimensions were chosen to achieve moderate de-
vice size and propagation loss in the straight and bent waveg-
uides. The width of the passive waveguides is 2 m while that
of the phase shifters is 3.5 m. The minimum radius of cur-
vature of the bends is 500 m. The length of the star couplers
is 240 m. At the interfaces to the star couplers, the pitches
of the arrayed waveguides and the output waveguides are 2.5
and 2.8 m, respectively. The total dimensions of the device
are 4.1 mm 2.6 mm including the input and output bends and
the lateral tapers for better fiber coupling.

1041-1135/$26.00 © 2010 IEEE
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Fig. 2. Fiber-to-fiber optical transmissivity at the outputs in the States 1 to 16 (S1–16) in the�-band. The transmissivity spectra are averaged over bands of 100 pm
to eliminate the Fabry–Pérot oscillation �period � �� pm� for clear view. The on-chip loss is estimated to be less than 7 dB at 1550-nm wavelength in all the states.

The entire chip has an identical epitaxial structure of p-i-n
InP–InGaAsP double heterojunction fabricated by single
metal–organic vapor phase epitaxy (MOVPE) growth. The
guiding layer consists of 500-nm-thick undoped, bulk InGaAsP
that has a photoluminescence peak at 1.3- m wavelength
(Q1.3). A 200-nm-thick undoped InP layer was inserted in be-
tween the InGaAsP core and the p-InP upper cladding layers to
reduce the propagation loss. The waveguides and the star cou-
plers were formed by single-step shallow reactive ion etching
(RIE). After waveguide formation, the fabrication process was
completed by subsequent steps of polyimide deposition for
planarization and electrical isolation, contact opening, and elec-
trodes formation by Pt–Ti–Au deposition followed by lift-off.
After annealing the sample for Ohmic contact and thinning its
substrate, we diced the individual devices and located them on
aluminum nitride chip carriers. The phase shifters were wire
bonded to the electrodes on the chip carrier.

III. EXPERIMENTAL RESULTS

We first derived the operating conditions of the phase shifters
to switch to individual output ports by using continuous-wave
(CW) light with a wavelength of 1550 nm. The switch operates
in 16 states, each optimized to route the signal to a different
port. The optimization of each state was performed by searching
for the peak of the optical power at the corresponding output

port with respect to the bias voltages of the phase shifters iter-
atively. Since the carrier-induced phase modulation efficiency
was lower than our design for this particular device, we also em-
ployed the reverse-bias-based electrooptic effect in combination
with the forward-bias-based carrier injection [8]. The voltages
applied to the phase shifters were between 10 and 1.5 V.
Throughout the experiments, the input polarization state was
maintained in the transverse-electric (TE) mode and the tem-
perature of the device was maintained at 20 C.

The static characteristics of the switch were measured in the
1530- to 1565-nm band ( -band). Fig. 2 shows the fiber-to-fiber
transmissivity to the outputs (O1–O16) versus wavelength in
all the switching states (S1–S16). In all the states, the wave-
length dependence of the transmitted power is below 0.8 dB
in the entire -band. At the wavelength of 1550 nm, the static
extinction ratio (the ratio of the Output power in State to
the Output power in the other states) has an average value of
18.6 dB. The minimum extinction ratio is observed at Output
9 (S9/S8) and is equal to 11.3 dB. The fiber-to-fiber loss is be-
tween 15.1 dB (S11) and 17.0 dB (S1), out of which approxi-
mately 10 dB is estimated to be due to the fiber coupling. The
on-chip loss is cross-checked from the Fabry–Pérot oscillation
in the transmitted power spectrum caused by the lack of an-
tireflection coating on the facets. The peak-to-valley ratio of
these oscillations is above 1.5 dB, from which we calculate the
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Fig. 3. BER of 40-Gb/s NRZ-OOK PRBS transmitted through the switch at
S1, S9, and S16 compared to the back-to-back (BB) configuration, and the cor-
responding eye diagrams.

on-chip loss to be less than 7 dB in all of the switching states. We
improved the on-chip loss by 11 dB compared to our previously
reported 1 8 switch [8] by removing the absorptive p-InGaAs
contact layer in the passive sections and mitigating the sidewall
roughness of the waveguides. The residual power nonuniformity
of 1.9 dB among the output ports may be reduced by appropriate
apodization of the width of the arrayed waveguides.

We characterized the power penalty of the switch under static
conditions. A 40-Gb/s nonreturn-to-zero (NRZ) on–off-keyed
(OOK) pseudorandom bit sequence (PRBS) with a length of

bits was transmitted through the switch to measure the bit-
error rate (BER) in a preamplified receiver configuration. Fig. 3
shows the BERs measured at S1, S9, and S16. Owing to the
all-passive configuration, the switch is fundamentally noiseless
and the power penalty is below 0.4 dB at the BER of .

Finally, we operated the device in the dynamic switching
mode using a specially developed switch driver circuit,
consisting of field-programmable gate arrays (FPGAs) and
digital-to-analog converters. The driver is capable of generating
24 synchronous analog voltages according to the 4-bit digital
control signal representing the switching state. The voltage set-
tings of the 16 states are saved in a look-up-table in the FPGA
and are rewritable depending on the conditions of the switch.
Fig. 4 displays the time-domain waveforms at the outputs in a
representative scenario, in which the switch traces all the states
from S1 to S16 sequentially. The dynamic extinction ratio
is larger than 10.9 dB at all the outputs. Although there is a
residual crosstalk observed during transitions, it may have lim-
ited impact in a typical OPS application with sufficient guard
times. The inset shows the magnified view of the waveform
at O8 during the S7–S8–S9 transition. The rise and fall times
(10%–90%) are 11.0 and 5.4 ns, respectively. This response
time is attributed to the carrier lifetime, device parasitics, and
dynamic response of the driver circuit. Similar dynamic char-
acteristics were also observed with different randomly selected
orders of switching states.

IV. CONCLUSION

A monolithically integrated InP 1 16 optical phased-array
switch has been characterized for broadband WDM-OPS appli-

Fig. 4. Time-domain waveforms at the outputs (O1-O16) while the switch dy-
namically traces all of the states (S1-S16), and the enlarged view of the transition
S7-S8-S9 (inset).

cation. We have achieved static switching with a wavelength de-
pendence of less than 0.8 dB in the entire -band, low-penalty
transmission of 40-Gb/s NRZ signal, and complete dynamic
switching with reconfiguration times below 11 ns. This wave-
length-insensitive high-speed optical switch can potentially be
used to switch multiterabit/second WDM optical packets with
relatively low power consumption, size, and cost.
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