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Packet Switching Performance at 10 Gb/s Across
a 4 4 Optical Crosspoint Switch Matrix

Ivan B. Djordjevic, Riccardo Varrazza, Mathew Hill, and Siyuan Yu

Abstract—Packet-switching characteristics of an integrated 4
4 InGaAsP–InP active vertical coupler optical cross-point switch
matrix are optimized. Optical gain differences of less then 3 dB be-
tween the shortest and longest switching paths are achieved. Bit-
error rate (BER) and power penalty measurements during packet
routing have been carried out over the entire 4 4 matrix. At
10-Gb/s packet data rate less than 1-dB power penalty is found
across the switch matrix, and the possibility for error-free packet
routing is demonstrated with no BER floor observed.

Index Terms—Bit-error rate (BER), lossless switching, optical
cross-point switch (OXS) matrix, optical packet routing, optical
switch fabrics.

I. INTRODUCTION

I N ORDER to exploit the tremendous capacity provided by
optical fiber, the switching functions must be implemented

in optical domain. High-speed optical switching elements will
play a crucial role in future highly flexible, all-optical networks
in the effort of moving the packet-switching functions to the
optical layer [1], [2]. To support packet data routing, optical
packet-switching elements having high extinction ratios, low
polarization-dependent loss, low loss, and high-scalability
are highly desirable. One such optical space switch or optical
cross-point switch (OXS) matrix, based on active vertical
coupler (AVC) structures, has been investigated over recent
years by our research team [3], [4].

This OXS matrix is fabricated in quaternary semiconductor
multilayers deposited on an InP substrate. The matrix consists of
two perpendicular groups of passive ridge waveguides forming
the input and output waveguides (Fig. 1). Two AVCs are formed
at each cross-point by having an active waveguide stacked on
top of both input and output passive waveguides. A total internal
reflection (TIR) mirror cuts vertically through the active wave-
guide and diagonally across the waveguide intersection. This al-
lows a 90 redirection of the optical signal from the first AVC
to the second one.

In ON state (with the injection current being applied), the ef-
fective refractive index of the active upper waveguide is reduced
to matching that of the lower waveguide allowing strong cou-
pling of the input signal from the passive input waveguide to the
upper active waveguide in the first AVC. The signal is reflected
by the TIR, and then coupled from the upper waveguide to the
output waveguide in the second AVC. The injected carriers also
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Fig. 1. Layout of the 4 � 4 cross-point switch matrix.

provide signal amplification, therefore, improving the ON–OFF

contrast ratio but at the same time introducing a spontaneous
emission noise. In OFF state, the effective refractive index of the
upper waveguide is significantly different from that of the input
and the output passive waveguides, resulting in very low cou-
pling, and the input signal is forwarded to the next switching cell
along the passive waveguide. Low-crosstalk results from high
absorption of any residual coupling in the active layer. More de-
tails on the OXS architecture may be found in [3], [4]. In those
previous works, it has been demonstrated that the AVC switch
cells can provide switching speed of 1.5 ns and crosstalk levels
of lower than 60 dB.

When designing an OXS matrix, however, a major concern
is that not all signal paths are of the same length. Therefore,
it is important to optimize the transmission characteristics over
the entire matrix so that the quality of signals transmitted via the
shortest and the longest paths in the matrix is comparable. In this
letter, we describe device optimization, optical switching per-
formance, bit-error-rate (BER) performance, and power penal-
ties at 10-Gb/s packet data rate over the entire 4 4 OXS matrix.

II. 4 4 OXS MATRIX OPTIMISATION

The approach to achieving good performance across the ma-
trix is to first increase individual switch cell ON-state optical
gain. This can generally be achieved by maximizing the carrier-
induced effective refractive index change in the active wave-
guide at the desired ON-state injection current density level. The
passive waveguide parameters are then adjusted so that good
coupling is achieved at the ON-state current level. In an AVC
structure, the coupling length at which optical power maximum
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Fig. 2. BER test setup. PC: polarization controller; MZ: Mach–Zehnder
modulator; Rx-receiver; PG: pulse generator; BERT: BER detector.

occurs in the active layer differs from a classic passive direc-
tional structure, and does not coincide with the length at which
optical power minimum occur in the passive waveguide.

Apart from common reasons such as material, waveguide,
and TIR mirror scattering losses, the OFF-state transmission loss
is mainly caused by residual coupling of light into the active
layer now in a high absorption state. To achieve transmission
uniformity, the OFF-state loss of switch cells should be mini-
mized. This is achievable by epilayer structure adjustments re-
sulting in longer coupler lengths. However, the physical size
and the total injection current–power consumption requirements
limit the coupler length. A tradeoff between the AVC length and
the OFF-state loss is, thus, necessary. Resulting designs do not
necessarily provide maximum gain for each individual switch
cell, but would result in a 4 4 matrix with minimized path de-
pendent gain.

One of the several designs, aiming at an OFF-state loss of
0.5 dB per cell, have an intrinsic separate-confinement-het-

erostructure upper active waveguide with unstrained
InGaAs quantum-wells nm and 60 Q1.3 bar-
riers. The 0.7- m-thick Q1.2 passive waveguide layer and the
1.35- m-thick InP spacing layer are n-doped. The wafers are
metal–organic vapor phase epitaxy grown. The switch matrices,
with 5- m ridge waveguide width and 500- m cell size, are
defined by a self-aligned two-level metal–dielectric masking
scheme allowing good alignment of the TIR mirror relative to
the waveguides. The structure is etched in two dry etching steps
using inductive coupled plasma/reactive ion etching plasma in
Cl –N ambient achieving high smoothness and verticality of
the sidewall and the TIR mirror. SiO passivation and Ti–Pd–Au
p-contact deposition finish the device.

III. TEST SETUP

The 4 4 OXS matrix device used in this experiment is
bonded to a copper heatsink with device side up. The temper-
ature of the heatsink is controlled at 20 C by a thermoelectric
cooler.

As shown in Fig. 2, a continuous-wave laser source oper-
ating at 1550-nm wavelength is externally modulated using a
Mach–Zehnder modulator by a continuous pseudorandom bi-
nary sequence (PRBS) of length at bit rate 10 Gb/s from a
pulse-pattern generator (PPG). The optical data passed through
the polarization controller are coupled to the OXS by a fiber
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Fig. 3. Packet–burst timing diagram. PG1: switching pulses; PG2: gating
pulses.

lens. The continuous optical data stream is chopped into packets
by the switching operation of the switch cell being tested, which
are driven by current pulses generated by PG1 and synchronised
to a trigger pulses provided by the PPG at the start of every
32 PRBS cycles. The data packets so formed are forwarded to
the corresponding output port, and again coupled into fiber by a
second fiber lens. The optical bandpass (OBP) filter that follows
the OXS is used to suppress the spontaneous emission noise.
The OXS and fiber lenses are supported by micro-positioning
stages placed on an optical bench in order to avoid disturbances
caused by environmental vibration, which would result in bursts
of high BER.

The 10-Gb/s burst-mode receiver consists of an er-
bium-doped fiber amplifier used as preamplifier, and a 12-GHz
bandwidth photoreceiver with the trans-impedance amplifier
output connected to the BER detector. The BER detector is
operated in a burst mode, clocked by a gating pulse generated
by PG2 that is slaved to PG 1, therefore, also synchronised to
the PPG trigger output. The length of the BER test window
is determined by this gating pulse, which is properly delayed
relative to the switching pulse to avoid detecting the degraded
signal during the switch-ON and switch-OFF times (which in
true packet switching applications should usually coincide
with guard times). The packet and BER detector gating timing
and packet interval are illustrated in Fig. 3. The duration of
each packet is 15 s. The BER detector gating pulse is 10 s
wide, part of which ( 5 s) is used by the BERT to achieve
synchronization, giving a BER measurement time window
of 5 s, ensuring coverage of a complete PRBS cycle of
3.276 s. Packets are switched every 104.8 s.

IV. PULSED OPTICAL POWER SWITCHING PERFORMANCE

Optical power transmission characteristics across the 4 4
device have been investigated for transverse electric (TE) input
polarization using switching current pulses shown in Fig. 3. The
results for the shortest, longest, and other paths across the 4 4
OXS matrix are illustrated in Fig. 4, at the gain peak wavelength
of the active waveguide with TE polarization. For each path, the
lossless switching with optical gain up to 5 dB is found. The
difference in transmission characteristics between longest and
shortest paths less then 3 dB is observed at switch current of
550 mA. This meets the design requirement of 0.5 dB/cell OFF-
state loss, since the longest path includes six OFF-state switching
cells. For almost all cells, currents higher than 550 mA result in
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Fig. 4. Switching characteristics for shortest, longest, and across the 4 � 4
OXS matrix.
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Fig. 5. Burst mode BER performance for the diagonal switching cells.

excessive Fabry–Pérot resonance due to imperfect facet antire-
flection. However, in some cells, higher gain is still achievable
when the current is further increased.

With the device in OFF-state (zero current), the measured
on-chip leakage level is as low as 67 dB between all inputs
and outputs, resulting in an ON–OFF contrast of about 70 dB
at 500 mA. Furthermore, no increase in leakage signal levels
could be measured in all other outputs with any switch path in
the ON-state, confirming the excellent crosstalk suppression in
the switch matrix.

V. PACKET DATA SWITCHING PERFORMANCE

In Fig. 5, the burst BER performance for the switching cells
along the diagonal of the matrix (i.e., Input 1–Output 1, Input
2–Output 2, etc.) is shown. At , power penalties
of less than 1 dB are observed for entire diagonal switching
cells, with larger penalties for longer paths as expected.

In Fig. 6, the burst BER performance for the switching cells
on the left-most column of the matrix (i.e., Input 4–Output 4,
Input 3–Output 4, etc.) is shown. Similar to Fig. 5 at BER of

, power penalties less than 1 dB are observed for the en-
tire column. The worst BER performance of the Input 2–Output
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Fig. 6. Burst mode BER performance for the left-most column switching cells.

4 ports is attributed to the higher loss caused by imperfect fab-
rication quality, although the power penalty is kept within 1 dB.

For all cells in the matrix, error-free packet routing operation
can be achieved without any BER floor.

VI. CONCLUSION

A compact integrated lossless 4 4 matrix optical switch,
employing optical switching cells based on AVC technology,
has been optimized on an InGaAsP–InP substrate. Lossless
switching, with optical gain up to 5 dB, is achieved across
the matrix. The optical power transmission characteristics
difference between the shortest and the longest paths is less
than 3 dB. BER and power penalty performance of the AVC
4 4 optical space switch matrix are fully investigated under
optical packet routing operation conditions at a data rate of
10 Gb/s. Error-free operation is demonstrated for transmission
through all switch cells across the entire matrix, and power
penalty uniformity of less than 1 dB across the matrix has been
achieved.

Since this OXS operates at high switching speeds ( 1.5 ns),
demonstrates ultralow crosstalk ( 67 dB), very high ON–OFF

contrast ratio ( 70 dB), and is very compact in size, it is a
strong candidate for future high-speed highly flexible all-op-
tical packet-switching networks. However, it should be noted
that these devices are designed for TE polarization only.
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