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For the first time, the feasibility of large port count nanosecond reconfiguration time optical switches is demonstrated using a
novel hybrid approach, where Mach-Zehnder interferometric (MZI) switches provide low loss high speed routing with short
semiconductor optical amplifiers (SOAs) being integrated to enhance extinction. By repeatedly passing signals through a
monolithic hybrid dilated 2x2 switch module in a recirculating loop, the potential performance of high port count switches
using the hybrid approach is demonstrated. Experimentally, a single pass switch penalty of only 0.1 dB is demonstrated for
the 2x2 module, while even after 7 passes through the switch, equivalent to a 128x128 router, a penalty of only 2.4dB is

recorded at a data rate of 10Gb/s. © 2014 Optical Society of America
OCIS Codes: (130.0250) Optoelectronics, (130.4815) Optical switching devices

In recent years, a surge has occurred in the demand for
network traffic due to popular internet applications, such
as cloud storage and video downloading. This is causing
increased demands on network switching capacity, both
in the internet core and also within datacenters [1]. High
speed optical switching circuits are regarded as potential
key components in next generation high-capacity systems
but as port-counts increase, they will rely increasingly on
photonic integration, given their predicted complexity,
and will also have to demonstrate low latency, low energy-
consumption and low cost [2]. As a result, a considerable
number of potential integrated optical switch fabrics have
been studied [3-12].

Large port count optical switches have been realized
based on Micro-electro-mechanical systems (MEMS) [13]
and thermo-optic technologies [3, 4] for example. These
are low loss but exhibit relatively slow switching times,
making them suitable for provisioning and restoration.
Research on high speed integrated switches has included
integrated MZI circuits [5-8] and SOA gate arrays [9-11].
Recent progress has resulted in up to eight-port MZI
switch arrays being fabricated based on carrier-injection
broadband switching elements [5-7]. These devices have
nanosecond reconfiguration times and so can switch on
packet timescales. However, the fabrication variability
and design constraints limit the crosstalk of a single MZI
element to worse than -20dB when integrated to form
large port count routers [5-8]. To overcome this, a dilated
scheme has been applied to improve the crosstalk ratio
to -30dB at the expense of introducing a larger number of
switching elements and greater on-chip loss [8, 9].
Additional attenuators have been introduced at the
outputs of the MZIs for increased crosstalk suppression,
again resulting in higher loss [9].

In addition to providing nanosecond switching times
and broadband operation, SOA-based switches offer gain
and high ON/OFF extinction ratios, both of which are

important for large port count switches. However, the
ultimate size of such a switch is limited by the
accumulation of amplified spontaneous emission (ASE)
noise and saturation-induced distortion. This limitation
can be mitigated through the use of a Clos architecture to
optimize the number of cascaded SOAs, thus minimizing
ASE, loss and complexity [10]. Using this approach,
switches with up to 16 ports have been demonstrated [11,
12]. However, this is unlikely to improve further the
scalability, since the broadcast-and-select scheme suffers
both inherent losses due to the signal being
splitted/combined at various points in the switch and
excess losses from optical components. This increases
substantially the SOA gain required to compensate for the
losses and hence degrades performance.

Therefore in our work it has been recognized that a
large-scale high speed switch requires high-crosstalk
suppression in addition to low loss and low noise figure. A
modified MZI-SOA hybrid switch approach has thus been
proposed, in which the high extinction ratio and gain of
SOAs complement the main advantages of the MZI
switches [14]. A schematic of the 2x2 switch block is
shown in Fig. 1(a). Here the short SOAs are switched in
tandem with the MZIs to pass wanted signals and
strongly absorb leakage signals [Fig. 1(b)]; hence enabling
both improved crosstalk and mitigated loss. Detailed
physical layer simulations have been done to investigate
the wviability of large-scale optical switches using the
hybrid approach and to compare it with conventional SOA
switches in terms of power-efficiency and optical
performance [14]. Recently, a monolithically integrated
2x2 MZI-SOA hybrid switch module has been fabricated
with up to -40 dB extinction/crosstalk ratio, 3 ns switching
time (10-90%) and moderate on-chip loss of 3 dB (under
14 mA bias to the SOAs) [15]. The switch penalties are
significantly lower than those obtained from conventional
all-SOA architectures.
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The performance of up to 8x8 port count hybrid switch
has previously been investigated by using three cascades
of 2x2 switching building blocks with shuffle network
losses [15]. However, it is not feasible to emulate larger
size hybrid switches using this approach because of the
number of devices required [14]. A different approach is
therefore required to evaluate the performance of larger
port count switches. In this letter therefore, for the first
time, we evaluate the cascaded performance of the 2x2
hybrid switch module in a re-circulating loop to assess the
likely performance of switches with up to 128x128 port
count. In this letter, we for the first time evaluate the
cascaded performance of the 2x2 hybrid switch module in
a recirculating loop to assess the likely performance of
switches with up to 128x128 port count. The detailed
BER performance of various switch sizes is presented,
demonstrating the feasibility of building such large port
count devices based on the hybrid MZI-SOA approach.

The 2x2 hybrid switch module is constructed, in a 2 mm
X 6 mm photonic integrated circuit (PIC) with fixed
500 pm spaced input/output ports, using a combination of
pre-defined elements, such as SOA sections, electro-optic
phase modulators, MMI couplers and waveguides to
enable reliable design and fabrication [16]. The 2x2
module comprises four MZI elements with 800 pm long
phase modulators, as shown in the photograph in Fig.
2(b). Two 170 um long SOA gates are introduced at the
outputs of each MZI. The passive waveguides are formed
using deep-etched straight waveguides, S-bends, and
perpendicular waveguide crossings. Transition elements
are used between the shallow-etched SOAs and the other
deep-etched structures.

Using this hybrid MZI-SOA 2Xx2 switch building block,
large port count hybrid switches can be constructed using
a dilated Benes architecture, as indicated in Fig. 2(a). An
NXxN size hybrid switch fabric requires logzN cascades of
the 2x2 switch module to offer rearrangeablely non-
blocking connections [14]. A recirculating loop is therefore
built to emulate large-scale hybrid switches and a
schematic of it along with its control plane is presented in
Fig. 3. A Stanford Research Systems delay generator is
used as a central scheduler, primarily for conditioning
gating signals to the error detector for loop-dependent
BER measurement and also for generating switch control
signals. Synchronized electrical sources are used to drive
the SOAs and phase-modulators separately without using
matched impedances. A tunable laser is operated at a
wavelength of 1546.7 nm. The laser output is gated by a
commercial CIP SOA device, generating periodic packets
for use in the recirculating loop experiment. 10Gb/s NRZ
data is imposed on the optical signal by a Mach-Zehnder
modulator. A 3dB coupler is used to load and monitor the
loop.

The loop is constructed from a coupler, the switch,
optical amplifiers and 2.5 km of single mode fibre (SMF).
It is chosen to be long enough to contain a 12 ps long
packet comprising repeated 10 Gb/s pseudo-random data
with a 215-1 pattern length (limited by the packet period).
When the switch is configured in the cross state, packets
are recirculated from input port I1 to output port O2 and
the loop is emptied by directing the discarded packets to
output port O1 (as shown in Fig. 3). One packet circulates

around the loop zero up to eight times, equivalent to back-
to-back and a 2x2, 4x4, 8x8, 16x16, 32x32, 64x64,
128%128 and 256%256 port count switches, respectively.
The overall loop sequence is repeated periodically every
125 ps, each circulation taking 100 ps followed by a 25 ps
period while the loop is emptied. The unamplified
contents of the loop are monitored by a dc-coupled
lightwave converter (HP11982A), which is not a burst
mode receiver and which therefore does lead to
compromised detection.

In order to emulate the performance of a large-scale
hybrid switch and ensure there is sufficient optical power
after several loops, the coupling loss of each facet of the
switch block (8 dB) has to be compensated. A booster
EDFA is therefore placed in the loop before the switch to
enable a reasonable on-chip input power (0 dBm), while a
post EDFA is placed at the output end, providing enough
gain for compensating excess losses of the loop. It is worth
noting that no filter is placed either within the loop or at
the receiver. Slight degradation in performance is indeed
observed with a 1 nm bandwidth optical filter due to the
reduced power margin. The hybrid switch is biased using
a current of 20 mA and voltage of -3.7 V for each of the
SOAs and phase-modulators, to enable a modest on-chip
loss of less than 1.5 dB. This operating condition also
enables a static optical signal to noise ratio (OSNR) of up
to 42dB in a 0.1 nm bandwidth, the noise contribution
being dominated by the post EDFA whose OSNR is 38 dB
in a 0.1 nm bandwidth, causing a 4 dB OSNR penalty.

A temporal trace for packets undergoing 0-8 loops is
shown in Fig. 4, where a 0.5 ps guard band is followed by
each payload. It can be seen that in addition to ASE noise
the looped packets suffer from saturation induced
distortion of the EDFAs due to the high optical input
power required for high OSNR.

A loop-number dependent BER measurement is
performed by sweeping the gating signal from the first
packet to the 9th, allowing assessment for switch sizes up
to 256%256. The detailed BER measurement is presented
in Fig. 5(a) as a function of normalized received optical
power. It can be seen that for up to 7loops, which is
equivalent to a 128%x128 port switch, the signal is error-
free (<109, with a power penalty at BER of 10 of 0.2 dB
for 1 circulation and 5.1 dB after 7 circulations. However,
much of the overall signal degradation can be attributed
to the EDFAs, the switch equipment, fibre chromatic
dispersion and the non-ideal burst mode receiver. The
system performance without the switch is therefore
subsequently assessed so as to reveal the switch sub-
system penalties. A passive modulator is used to replace
the switch and a variable optical attenuator is attached in
order that the loop power budget remains unchanged.
Results for the loop penalty with the switch thus bypassed
are presented in Fig. 5(b), where up to 2.7 dB penalty is
observed for the 7th looped packet. The switch sub-system
performance equivalent to the different port counts is
therefore estimated by subtracting the bypass switch
penalties, and is shown in Fig. 5(c). Penalties of 0.1 dB,
0.2dB, 0.5dB, 0.8dB, 1.4dB, 1.9dB and 2.4 dB, are
observed for equivalent port sizes for 2X2, 4x4, 8x8,
16x16, 32x32, 64X64 and 128%128 respectively.



This excellent performance can be attributed to the
nature of the hybrid design. Broadcast-and-select SOA
arrays lose half their optical power at each waveguide
junction and thus longer SOA gates or a larger number of
cascades are required to build large-scale optical switches,
inevitably inducing significant signal impairments. MZI
switching elements avoid these inherent optical losses,
and thus shorter overall SOA lengths can be used, this
enabling a significant improvement in noise performance.
As stated above, in addition to providing extinction
enhancement, the distributed short SOAs enable low-loss
performance within each 2x2 building block, avoiding the
loss penalties which would otherwise accumulate.

However, it should be noted that the shuffle network
losses have not been included in this work when
considering the recirculating operation. Fully integrated
shuffle networks may require hundreds of waveguide
crossings and straight sections. Nevertheless, studies
have shown that in InP materials, each waveguide
crossing contributes a loss of the order of 0.01 dB while
less than 1 dB/em propagation loss can be achieved for the
straight waveguides [17]. In the hybrid design, the longest
path of the shuffle network in a 128%x128 size switch
consists of up to 160 waveguide crossings and 50 mm long
passive waveguides, resulting in about 9 dB excess loss.
Since the rearrangeablely non-blocking switch can always
optimize routes among different connections, we consider
the path from the first input port to the last output port as
a representative case, where each of the six shuffle stages
only imposes 1.5 dB loss. The low excess interstage losses
could readily therefore be compensated by small increases
in the length of the SOA components. Simulations using
the validated PICwave physical layer simulator are
subsequently performed to reveal the impact of shuffle
networks on the switch overall performance. The results
are included in Figure 5(c). It can be seen that increased
SOA lengths (up to 230pm), for full-size switches, do lead
to signal degradation but excellent performance is still
achieved, with 128x128 port switch simulations
exhibiting a power penalty of 2.1 dB. For emulated
switches, experimental trends agree well with the
simulated penalties to within 0.6 dB, with the additional
power penalties observed in this experiment arising from
beat noise between the switches and EDFAs.

Future larger switches will not be limited by the
current constraints of the multi project wafer design rules,
thus benefiting from a more compact design, and
therefore lossless performance can be expected. A large-
scale hybrid switch can readily be built from identical 2x2
building blocks, reducing the complexity of design and
fabrication. Other techniques could be used to further
reduce signal degradation such as multi-wavelength
coding [18] and constant-intensity modulation formatting
[19] to suppress cross gain modulation. Control systems
previously reported are also expected to minimize
additional system penalties [20]. On this basis therefore,
it can be concluded that the hybrid approach provides
enhanced performance at large port counts.

In conclusion, for the first time this letter demonstrates
the feasibility of building large-scale optical switches by
using a novel hybrid MZI-SOA design approach. Cascaded
performance of a fabricated 2x2 hybrid switch module has

been assessed in a re-circulating loop. Penalties of only
2.4 dB are observed for recycling of the signal 7 times
through a 2Xx2 switch module, equivalent to a 128x128
port count router.
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funding from the UK EPSRC through the INTERNET,
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fabricated by Oclaro under the European Commission
under FP7 grant agreement ICT 257210 PARADIGM.
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