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Abstract—High-port-count optical switches are expected to re-
solve the envisaged bandwidth and power crunch in intra-data
center networks stemming from the slowdown of Moore’s Law. This
paper briefly reviews electrical switching technologies in current
intra-data centers and discusses requirements for optical circuit
switches in future data centers. We highlight an optical switch ar-
chitecture that combines the two independent dimensions of space
and wavelength to realize large port counts and fast switching.
Wavelength routing is implementable with receiver-side channel
selection using wavelength tunable filters (TFs). Coherent detection
necessitates a fast-tunable local oscillator (LO) at the receiver. It
can be cost-effectively realized using an LO bank that consists of
fixed-wavelength laser sources and Silicon-photonic asymmetric
Mach-Zehnder interferometer (AMZI) filters. Colorless detection
that removes a TF at the front of the receiver is possible when
the number of wavelength-division multiplexing (WDM) channels
is small, however, as the number exceeds a certain limit the TF
is needed to prevent power saturation of the receiver. We present
an effective cooperative filtering scheme for transmission signals
and LO channels sourced from an LO bank; it can detect C-band
WDM coherent signals while easing the receiver’s power limita-
tion. The scheme is analyzed to clarify receiver performance and
the switch port-count bounds under various operating conditions.
We demonstrate that the cooperative filtering scheme effectively
works from 60 (typical of coherent receivers) to >116 wavelength
channels, which is verified by experiments for 1,856× 1,856 optical
switching with the short switching time of 3.2 µs.

Index Terms—Coherent detection, data center network,
electrical and optical hybrid switching, optical circuit switch,
silicon photonics, tunable filter.
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I. INTRODUCTION

DATA centers now comprise a major part of the crucial
infrastructure for our personal and professional lives, as

they store and process huge amounts of data. The datacenter-
related traffic has been growing annually by 25% and exceeded
20 Zettabytes in 2021 [1]. Advances in cloud computing and
big-data analysis spurred by rapid progress in machine learning
and artificial intelligence has accelerated the growth, which will
yield the annual global datacenter traffic of 350 Zettabytes by
2030, giving a compound annual growth rate (CAGR) of 82%
[2]. The global energy consumption of data centers reached
200 TWh in 2020 [3], and is forecasted to account for ∼40% of
global information and communication technology(ICT) elec-
tricity usage by 2030 [4]. Most of the traffic resides within data
centers, i.e., about 75% of the total datacenter-related traffic
[5]. Present datacenter networks rely on multistage electrical
packet switches that interconnect several hundred thousands
of servers/storage systems [6], [7], [8]. The explosive traffic
demands are outpacing the bandwidth growth rate of electrical
switch application-specific integrated circuits (ASICs) and thus
raising a problem with the bandwidth and power consumption
of intra-data center networks. Indeed, many recent data centers
were constructed in high latitudes to ease cooling loads [9].

Optical circuit switches can provide larger bandwidth
and lower power consumption compared to electrical packet
switches. An effective way for resolving the bandwidth bot-
tleneck and power consumption barriers is the hybrid use of
electrical-packet and optical-circuit switching [10], [11], [12],
[13], [14], [15], [16], [17]. In intra -data center networks, most
flows are small flows, while large flows dominate the traffic
volume [15]. In an optical and electronic hybrid switching
network, large and long-live flows are conveyed by optical circuit
switches while small or short-live flows use electrical packet
switches. With the hybrid network solution, bandwidth scalabil-
ity is enhanced, and energy and cost effectiveness are attained
by minimizing the use of power-consuming electrical switches
and removing optical-electrical-optical (O/E/O) conversion at
the switches. The benefit is clear for the Hadoop filesystem (e.g.,
typical size of data block is 64–128 Mbyte) which is commonly
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adopted for big-data analysis [18]. Two key challenges remain
for hybrid switching networks: how to attain port-count scala-
bility and minimize optical switching speeds. The requirements
(e.g., lower cost/latency and shorter transmission reach) are
different from those of present wide area networks which use
reconfigurable optical add-drop multiplexers (ROADMs).

An optical switching network employing coherent technolo-
gies provides a viable solution toward high-capacity and large-
scale data center interconnection [19], [20]. Thanks to the en-
hanced transmission capacity and loss budget, they are now
widely adopted for core and metro networks including inter
data center networks. With the success of the 400ZR coherent
interface, standardization of the next-generation 800G coher-
ent transmission is proceeding at the optical internetworking
forum (OIF) [21] and IEEE 802.3df Task Force [22]. The
specifications will include short-reach transmission of 2–10 km
(e.g., intra-data center applications) in addition to core/metro
applications. Optical switch design offers a complex problem
which involves many interdependencies among switch port
count, channel speed, available wavelength number, loss budget,
and so on. Comprehensive analytical investigations are needed
before coherent technologies can support cost-sensitive intra-
data center networks.

This paper studies a port-count scalable and fast wavelength-
routing optical switch based on coherent detection. Silicon-
Photonic wavelength tunable filters (TFs) at the receiver attain
fast optical switching by tuning local oscillator (LO) wave-
lengths for wavelength selection. This creates the colorless
coherent receiver, where the target channel is selected from
incident broadband wavelength-division multiplexing (WDM)
signals. According to the switch port count (i.e., available
number of wavelengths) and channel speed, TF design should
be optimized so that high-port-count optical switches are cost
effectively created. Compared to silicon ring filters, cascaded
asymmetric Mach-Zehnder interferometer (AMZI) filters offer
fast wavelength tuning of the order of microseconds with wide
free spectral range (FSR) [23], [24]. They are highly integrable
as evidenced by 1024 AMZIs on a single switch chip [25]. On the
other hand, silicon ring filter integration needs special thermal
control [26], [27] and/or special waveguide layout design [28]
for stable operation. In this paper, we present a cooperative
filtering scheme for transmission signals and LO channels using
Silicon-Photonic multistage AMZI filters. This scheme is su-
perior to conventional multistage AMZI filters in terms of chip
size and tuning speed, enabling 50% smaller chips (or more than
double the integration density) and shorter response times than
the conventional filter.

The remainder of this paper is organized as follows. Section II
gives a brief overview of current intra-data center networks and
explains the basics of optical and electrical hybrid switching
networks. Section III describes the target optical switch based
on the combined use of wavelength-routing and space switches.
Large-scale and fast optical switching is depicted that is attained
by tuning LO wavelength for coherent detection. The cooper-
ative filtering scheme is adopted as it ensures scalability for
greater numbers of wavelengths (i.e., switch port count) and
can overcome the receiver’s power limitation. In Section IV,

Fig. 1. Examples of datacenter interconnection architecture. (a) Traditional
multitier electrical packet switching network. (b) Electrical-packet and optical-
circuit hybrid switching network.

the design criteria of the scheme are derived for maximizing the
switch port count, and its performance is analyzed via numerical
simulations. Experimental verification is presented in Sections V
and VI, including wavelength tuning characteristics of fabricated
multistage AMZI filters. Fast switching times under 3.2 μs are
achieved in a 1856× 1856 optical switching experiment emulat-
ing 116-ch.× 128-Gb/s dual-polarization quadrature phase shift
keying (DP-QPSK) signals. Section VII summarizes this paper
with conclusions and discussions. This paper is an extension of
an invited presentation at OFC2022 [29], as it adds detailed
design methods and related analytical results of cooperative
filtering with Silicon-Photonic AMZIs.

II. SWITCHING TECHNOLOGIES IN INTRA-DATA CENTERS

Fig. 1(a) shows a typical intra-data center network in the form
of a multi-tier hierarchical (Fat-tree) electrical packet switching
(EPS) network. Several dozens of storage devices/servers are
connected to each top-of-rack (ToR) switch via copper cables
or optical fibers. Packet data is exchanged between racks us-
ing aggregation (Leaf) and core (Spine) switches above ToR
switches. The chief advantage of the multistage electrical packet
switching network is high fault tolerance and network scalabil-
ity. For instance, Facebook’s F4 Fabric is configured by 4608
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ToR switches, 384 Leaf switches, and 192 Spine switches using
40 Gigabit Ethernet [6], [7]. Likewise, 2048 ToR switches, 512
Middle block switches, and 256 Spine block switches are used
for Google’s Jupiter [8]. The electrical switch chip bandwidth
has been increasing at 40% per year and reached 51.2 Tbps in
2022 [30]. However, recent traffic demands outpace progress in
complementary metal oxide semiconductor (CMOS) technol-
ogy. The bandwidth crunch and power consumption limitation
of electrical switches becomes a bottleneck for scaling out
hierarchical EPS networks.

Optical switches are an attractive solution for future intra-data
center networks, since they are agnostic (transparent) to the sig-
nal bit rates, and their available port counts and link speeds can
surpass those of electrical switches. Note that optical switches
can’t simply replace electrical switches deployed in today’s data
centers due to the lack of effective optical memories. One viable
solution is the introduction of optical circuit switches in combi-
nation with EPSs [10], [11], [12], [13], [14], [15], [16]. Fig. 1(b)
shows an electrical and optical hybrid switching network with a
small portion (10–20% of bandwidth) being multistage electrical
switches and large-scale optical switches. The hybrid switching
network can reduce needed O/E/O conversion by about 75%
[15], where large flows (high-bandwidth traffics) are offloaded
from electrical switches to optical switches. The key component
is a high-port-count optical switch that minimizes the use of
power-consuming electrical switches and provides single-hop
connection between ToRs. Indeed, the flattened network reduces
the number of optical transponders and interconnection links
(about 75% reduction compared to current multi-tier EPS net-
works), which contributes to simplified network configuration
and reduced switch power consumption [31]. Optical path set-
up/release control is done by simply referring to a connection
status table on the ingress and egress ports, whereby simple
and fast connection is achievable without any specific timing or
traffic adjustment [31]. In addition, blocking probabilities can be
reduced by means of optical switch parallelism which matches
the trend in radix and bandwidth increase for merchant Silicon
switch chips. Control network design issues including control
latency and overall blocking performances were elaborated in
our recent paper [9], [32]. The benefits of the hybrid network
solution have been demonstrated in terms of power consumption
[31], bandwidth scalability [9], [20], architectural simplification
and a substantial reduction (more than 70% [9]) in intercon-
nection hardware (transceivers and fibers) due to switching
tier reduction [15]. In addition, its performance benefits such
as reduced job completion times [18], [33], [34] or increased
throughput [35] have been clarified for machine learning appli-
cations that handle large data blocks, which includes using the
Hadoop filesystem (e.g., typical size of data block is 64–128
Mbyte) which is commonly adopted for deep learning model
and big-data analysis.

Optical switch port counts of more than 1000 are consid-
ered necessary to gain the benefit from the single-tier network
[15], [16], [17]. Such large-scale optical switching technology
has been already adopted in core and metro networks outside
datacenters, referred as reconfigurable optical add-drop mul-
tiplexers/optical cross-connects (ROADMs/OXCs). The basic

configuration was first demonstrated in the early 1990’s [36]
with the creation of an OXC (the so-called route-&-combine
configuration; wavelength selective switch (WSS) function at
incoming fiber side and optical couplers at outgoing fiber side
in the express switch part). This OXC has been widely deployed
in commercial ROADM/OXC systems, most of which utilize
the broadcast-&-select configuration (optical splitters and WSSs
are placed in reverse order to route-&-combine devices). The
wavelength-routing mechanism is based on TFs at add parts or
tunable laser diodes (TLDs) at drop ports. As will be explained in
Section III, we apply the combination of wavelength routing and
space switching to create high-port-count optical switches. One
of the major performance differences between ROADMs and
data center optical switches is the switching latency requirement.
Switching can be as slow as the order of seconds for ROADMs,
while our present target, data center application, is less than
10 μs. The wavelength WSS is a very sophisticated device,
but relies on three-dimensional microelectromechanical system
(3D-MEMS) or liquid crystal on silicon (LCoS) technologies.
Free-space switches offer scalability in terms of the port counts
without significantly increasing insertion loss, although the
available port-count is limited to about 300–400 [37], [38].
Furthermore, their switching speed which must include careful
beam-steering control is rather slow (25 milliseconds [37] and
250 milliseconds [38]), which prevents us from using them for
intra-data center networks. Cost efficiency and scalability are
also important goals to be met in datacenters. Accordingly,
we make the best of silicon photonics technologies from the
viewpoints of high-density integration, low-power consumption,
and good mass productivity.

III. OPTICAL SWITCH ARCHITECTURE BASED ON LOCAL

OSCILLATOR (LO) BANK FOR COHERENT DETECTION

Extensive research has been done to attain the large-scale
optical switches and/or fast optical switching speeds required for
intra-data center applications [39], [40], [41], [42], [43], [44],
[45], [46], [47], [48], [49]. In this paper, we focus on a scalable
switch architecture that leverages routing in the two dimensions
of space and wavelength [20], [46], [47], [48]. As the total port
count is given by the product of two sub-switch port counts, it can
be easily scalable to MN × MN optical switches by combining
N wavelengths with M × M space switches. Wavelength routing
can be implemented using TLDs at transmitters, or TFs or
tunable LOs at receivers. As TFs are simpler and more reliable
devices than TLDs due to their passive nature, we focus on the
receiver side wavelength selection (i.e., TF-based optical switch
architecture) in this paper.

A. Colorless Coherent Detection

The substantial yearly reduction in cost, size, and power con-
sumption of coherent transceivers portends their use in intra-data
centers in the near future [50], [51]. The switch bandwidth and
port-count can be increased by using coherent optics which
offers high spectral efficiency and receiver sensitivity. Coherent
detection, however, needs widely and fast tunable LOs at the
receiver for wavelength selection. Cost-effective tunable LO
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TABLE I
ACHIEVABLE OPTICAL SWITCH SCALE FOR EACH MODULATION FORMAT

lights are available without using TLDs; a wavelength bank can
be combined with Silicon-photonic TFs (i.e., LO bank) [52].
This can eliminate TFs (and the resultant loss) in front of the
receivers, and thus colorless coherent detection further enlarges
the available switch port count due to the improved loss budget.
However, the colorless receiver suffers by self-beat interference
from out-of-band (OOB) channels which degrades performance
[53], [54], [55]. This originates from power imbalance and
skew mismatch between the two inputs in each of the four
balanced photodiodes (BPDs). To maximize the port count of
the optical switch, we need to consider the interplay between
the removed TF loss and induced self-beat noise. Our design
principle, presented in a previous paper [20], uses colorless
coherent detection instead of conventional (filtered) detection;
assuming a Silicon-photonic TF loss of 10 dB, the port count is
quadrupled.

B. Receiver Power Limitation

According to the OIF arrangement, the receiver’s dynamic
range is restricted by the photodiodes (PDs) inside the receiver.
When we assume an 18-dB receiver dynamic range, specified
by the OIF [56], the maximum number of wavelength signals
input to a coherent receiver is limited to 60 (= 1018/10) for
100-Gb/s DP-QPSK format. Tighter constraints on the receiver’s
dynamic range are imposed with high-order modulation formats
such as dual-polarization eight quadrature amplitude modulation
(DP-8QAM) and dual-polarization sixteen quadrature amplitude
modulation (DP-16QAM). Accordingly, even a coherent system
needs a TF to prevent receiver power saturation when the channel
number exceeds a certain limit [57]. Table I summarizes design
examples of optical switch throughputs and port counts for dif-
ferent modulation formats, wavelength numbers (N), and space
switch port counts (M), where colorless and filtered coherent
systems (receivers), marked red and blue, respectively, are as-
sumed. The channel speed stands for net rate excluding forward
error correction (FEC) overhead. Multiplying the channel speed
by MN yields the switch throughput. A tradeoff relation exists
between available wavelength number (N) and channel speed.
Colorless coherent detection is possible when channel speed is
higher than 400 Tb/s, while TFs are imperative in scaling the

port count over 1000 × 1000 (M = 16). In this paper, we focus
on the cases where the number of wavelength channels is larger
than the maximum permitted for a coherent receiver (i.e., N ≥
60). Larger space switches (M) allow us to further expand the
total port count, but what is currently available holds M to 32 as
shown in [25].

C. Large-Scale and Fast Optical Switch Employing Colorless
Coherent Detection

Fig. 2(a) depicts our proposed MN ×MN optical switch archi-
tecture utilizing a shared LO bank for coherent detection. The
optical switch block consists of MN fixed-wavelength optical
transceivers, M N ×N wavelength aggregators-and-distributers,
N M × M multicast switches (MCSs), and MN TF1s. The
N-wavelength signals from N fixed-wavelength transmitters are
aggregated by an N ×1 multiplexer (MUX). The N-channel
WDM signal is distributed to N paths by a cascade of a 1× (N/S)
and 1 × S splitter. An erbium-doped fiber amplifier (EDFA) is
inserted at the 1 × (N/S) splitter to compensate splitter losses.
The MCS splits the incoming signal into M paths and then selects
one of the M distributed signal groups for space switching. Some
of N wavelengths in the selected signal are extracted by TF1s.
Finally, the filtered signal is coherently detected by using an LO
light sourced from an LO bank. By changing the state of the
MCS and/or the passband of TF1, a signal is routed between
arbitrary input and output ports without blocking.

Wavelength selection is performed by tuning the LO wave-
length from a shared LO bank. Multi-wavelength optical carriers
are generated from a wavelength bank that is composed of an
optical comb source or N fixed-wavelength LDs with an N × 1
WDM multiplexer. The wavelength bank output is distributed by
a 1× (MN/SL) splitter and then the power is adjusted by an EDFA
to output power of PL dBm. The amplified signal is further dis-
tributed by a 1 × SL splitter preceding optical filters. The target
wavelength is extracted by TF2 and amplified by a compact
and low-cost preamplifier (PA) with uncooled-LD pumping.
After preamplification, the selected center channel serves as
the LO for coherent detection in place of the conventional LO
laser. In this way, a high-port-count and fast optical switch
can be cost-effectively built over coherent detection using LO
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Fig. 2. (a) MN × MN optical circuit switch architecture based on tunable filters for coherent detection. Configurations of (b) conventional multistage AMZI filter
and (c) divided multistage AMZI filters for cooperative filtering.

Fig. 3. Calculated transmission spectra of (a) 1st (b) 2nd, (c) 3rd, (d) 4th AMZI, and (e) 4-stage cascaded AMZI. The free spectral range (FSR) of the AMZIs is
35 nm.

wavelength turning. Although an EDFA is a relatively expensive
device, the per-port cost is reduced as it is shared by multiple
output ports (S or SL).

The optical filtering scheme is critically important when es-
tablishing wavelength routing on the optical switch. Fig. 2(b)
illustrates a conventional configuration of the Silicon-Photonic
TF based on multistage AMZIs. The AMZI has phase shifters on
the two arms to adjust the passband and FSR. The k-th AMZI has
FSR of 35/2k nm to cover the C-band. The overall filter response
is given by convolving all AMZI responses; its 3-dB bandwidth

is given by 4400/2k GHz for the k-stage cascaded AMZIs [24].
Fig. 3 displays examples of calculated transmission spectra for
the 1st AMZI, 2nd AMZI, 3rd AMZI, 4th AMZI, and 4-stage
cascaded AMZI. The spectra had FSRs of about 35 nm, 17.5 nm,
8.75 nm, and 4.375 nm for the 1st, 2nd, 3rd, and 4th AMZI,
respectively. The 4-stage cascaded AMZI exhibited the 3-dB
bandwidth and crosstalk of 2.19 nm (275 GHz) and −13.5 dB,
respectively. These calculations used the transfer matrix method
described in Section IV. When the number of wavelength chan-
nels (N) is less than 60, only TF2 is needed for wavelength
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Fig. 4. Comparison of electrical wiring and chip scales for different number
of AMZI stages.

selection, filtering a single LO carrier. For 32-Gbaud WDM sig-
nals with more than 60 channels (N ≥ 60), we recently proposed
a cooperative filtering scheme to handle transmission signals and
LO channels [58]. This is illustrated schematically in Fig. 2(c). If
the optical switch processes a 32-Gbaud WDM signal with more
than 60 channels (N> 60), seven-stage (35 GHz) and eight-stage
(17 GHz) cascaded AMZI filters are conventionally used for TF1
and TF2, respectively. In our configuration, the TF2 function is
divided into two, dividing the 8-stage AMZIs into k-stage and
(8 − k)-stage cascaded AMZIs for TF1 and TF2. The k-stage
filter (TF1) prevents signal-power saturation at the receiver, and
coherent detection can be done with the cooperation of TF1 and
TF2.

The benefit of the cooperative filtering scheme is a reduction
in Silicon-Photonic TF chip size (or increase of the integration
level) and its response time. Fig. 4 compares the electrical wiring
scale and chip length for different numbers of AMZI stages. For
TF2, when reducing stage number from 8 to 4 (k = 4), the chip
length and number of package I/Os needed can be reduced by
∼50% or the number of TF2s integrated on a single chip can
be commensurately increased. Likewise, by reducing the AMZI
stages, tuning speed of TF2 can be reduced since the larger
the AMZI cascade number, the larger is the possible error in
optimizing each AMZI response. As reported in Section V, the
tuning time of a 4-stage TF2 is less than 50% that of an 8-stage
TF2 [58]. TF1 can be integrated with a 1 × M tree switch in the
MCS to minimize optical switch loss with only a slight increase
in chip area: 8.6% increase for 1 × 16 (M) switch and k = 4. As
a consequence from the above discussion, this scheme realizes
high integration levels of the silicon photonics components and
reduces tuning time, which will contribute to its cost-effective
implementation.

IV. SIMULATIONS

In this section, optical AMZI filters are analyzed in detail with
the view of implementing cooperative filtering. Care is needed
in designing the optical switch with regard to in-band signal in-
terference originating from the crosstalk-induced LO and power
saturation in the coherent receiver. Numerical assessments can
clarify the optimum filter combinations for the proposed optical
switch under realistic scenarios.

A. Theoretical Model of Optical AMZI Filters

We begin with a theoretical description of multistage AMZI
filters [59] to support port-count analysis. AMZIs are widely
used as filters, modulators, and switches in optical communi-
cation systems. Let us consider a 2 × 2 AMZI with different
arm lengths L1 and L2. An incident light is split into two paths
by a 3-dB directional coupler, passed through different physical
paths (L1 or L2) to acquire phase shifts, then recombined by
the other 3-dB directional coupler at the output. When electric
fields, Ein1 and Ein2, are directed to the two different inputs of
the first 3-dB directional coupler, the output electric fields are
written using the transfer matrix M(λ) as[

Eout1

Eout2

]
= M (λ)

[
Ein1
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]

= −je−jk0
L1+L2

2

[
sin

(
π
λ
nΔL

)
cos

(
π
λ
nΔL

)
cos

(
π
λ
nΔL

)
sin

(
π
λ
nΔL

) ] [Ein1

Ein2

]
,

(1)

where j =
√−1 is the imaginary unit, k0 is the free-space wave

number, λ is the wavelength of the light, n is the refractive
index, and ΔL = |L1 − L2| is the path difference between the
two arms. The input and output fields through k-stage cascaded
AMZI segments are derived by an expression similar to (1):[
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where the i-th transfer matrix Mi(λ) is expressed using the arm
conditions L1(i), L2(i), and ΔL(i) on the i-th 2 × 2 AMZI as
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By setting Ein1 = 1 and Ein2 = 0 in (2), we immediately
obtain the following analytic expression for transmission:

Pout (k) = |Eout1 (k)|2 =

k∏
i=1

cos2
[ π

2λ
nΔL (i)

]
. (4)

In our cascaded AMZI filter, the path difference ΔL(k) of
the k-th AMZI is designed to be twice that of the (k − 1)-th
AMZI, being ΔL (k) = 2k−1 ΔL(1). The calculated transmis-
sion spectra plotted in Fig. 3 are for the case of a 4-stage cascaded
AMZI filter, assuming a path difference of L (1) = 18.57 μm
and a refractive index of n = 3.45. The frequency response of
k-th AMZIs is calculated by deriving the output optical power
with the k-th transfer matrix Mk(λ) of (3). The cooperative
filtering acts as an 8-stage cascaded AMZI filter in a coherent
receiver, separating the eight AMZI segments into k-stage and
(8 − k)-stage AMZIs, corresponding to TF1 and TF2 in an
optical switch. Fig. 5 shows the calculated transmission spec-
tra of 4-stage cascaded AMZIs for TF1 [Fig. 5(a)] and TF2
[Fig. 5(b)], together with that of conventional 8-stage cascaded
AMZIs [Fig. 5(c)]. By making use of cooperative filtering,
coherent detection is realized by the equivalent 8-stage cascaded
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Fig. 5. Calculated spectra after transmission through 4-stage cascaded AMZI
(a) TF1, (b) TF2, and (c) 8-stage cascaded AMZI TF2.

transmission obtained by multiplying the filter responses of each
4-stage cascaded AMZI.

B. Crosstalk Analysis for Colorless Coherent Detection

Our recent work modeled a colorless coherent receiver for
detecting a WDM signal using an ideal LO light (i.e., high
carrier-to-noise ratio and no crosstalk) [20]. However, an actual
LO bank suffers crosstalk from TFs, which can degrade signal
quality such as signal-to-noise ratio (SNR), Q-factor, and bit
error ratio (BER). Fig. 6 illustrates how signal quality is degraded
by LO-crosstalk-induced noise in colorless coherent detection,
where the OOB channels and LO crosstalk generate in-band
crosstalk. Numerical analyses that extend the previous work [20]
quantify the performance limit associated with LO crosstalk.
Without loss of generality, we assume a conventional coherent
receiver employing polarization beam splitters (PBSs), optical
90° hybrid mixers, and four pairs of BPDs.

For the receiver shown in Fig. 6, we can obtain the complex
amplitudes of the two polarization components as IX (t) =
IXI (t) + jIXQ(t) and IY (t) = IYI (t) + jIYQ(t). Frequency
offset between the reference light and the channel of interest
is assumed to be much less than the baseband bandwidth for
intradyne detection. As described in [20], the performance of
an ideal colorless coherent receiver is dictated by amplified
spontaneous emission (ASE) noise, thermal, shot noise, LO
relative intensity noise (RIN), and self-beat interference from
out-of-band (OOB) channels. The extra impairments considered
here are the beat noise between the OOB channels and LO
crosstalk. We simplify the receiver design procedure by con-
sidering the combined effects of all noise behaviors as a single
white Gaussian noise. The coherent receiver with an LO bank

yields the following SNR from the pair of BPDs,

SNR =
〈|IX (t)|2 + |IY (t)|2〉

σ2
ASE + σ2

th + σ2
sh + σ2

RIN + σ2
oob + σ2

XT
, (5)

where σ2
ASE, σ2

th, and σ2
sh are ASE, thermal, and shot noise

variances, respectively, σ2
RIN is beat noise variance between the

LO light and RIN from an LO laser, σ2
oob is self-beat noise

variance from OOB channels, and σ2
XT is beat noise variance

between the OOB channels and undesired LO lights. Similar to
[20], we can express each noise term in (5) using signal and LO
power as follows:

〈|IX (t)|2 + |IY (t)|2〉 ∼=
( �
LE

)2

PL,d Ps,d, (6)

σ2
ASE =

( �
LE

)2

×
N∑

i = 1

PL,i PASE,i, (7)

σ2
th = 8i2thB, (8)

σ2
sh =

�
LE

2qPL,d (2B) , (9)

σ2
RIN = CMRR ·

( �
LE

)2

×
N∑

i = 1

P 2
L, i · RINLO (2B) , (10)

σ2
oob = CMRR ·

( �
LE

)2

×
N∑
i �=d

(
γ
∣∣Ps,i

∣∣2 + Ps,i · PASE,i +
∣∣PASE,i

∣∣2) . (11)

The symbols that appear above are defined as follows:

– Ps,d: Signal power on the desired (target) channel [dBm]
– PL, d: LO power on the desired (target) channel [dBm]
– �: The responsivity of photodiodes [A/W]
– LE: The excess loss of the 90 ◦ optical hybrid mixer [dB]
– PL,i: LO power of channel i [dBm]
– PASE,i: ASE noise power of channel i [dBm]
– ith: Equivalent current density to thermal noise [A/

√
Hz]

– q: The electron charge [C]
– CMRR: Common-mode rejection ratio of BPDs [dB]
– RINLO: Magnitude of intensity noise from LO laser [dBm]
– B: Receiver bandwidth [Hz]
– N : Total number of WDM channels
– γ: Scaling factor

An interesting term considered in this paper is the signal-
crosstalk beat noise, which is formalized as

σ2
XT =

( �
LE

)2

×
N∑

i = 1

PL,i PS,i. (12)

The purpose of this subsection is to investigate how the LO
crosstalk impacts signal quality. We analyze the SNR penalty
defined as the ratio of SNRs obtained from ideal (i.e., noiseless
LO) and actual coherent receivers (i.e., LO bank). Throughout
the paper, we test a 37.5-GHz-spaced 116-channel WDM signal
modulated with 128-Gbps DP-QPSK. Each spectral component
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Fig. 6. Schematic for colorless coherent detection with an LO bank.

Fig. 7. Calculated SNR penalty versus total in-band crosstalk.

was filtered to have Nyquist root-raised-cosine (RRC) shape
with a roll-off factor of 0.1. After adding white Gaussian noise
to the signal to yield the received optical signal-to-noise ratio
(OSNR) of 17 dB, the central channel (i.e., Ch. 58) was detected
with the same coherent receiver as that reported in [52]. Fig. 7
shows the crosstalk dependency while varying the total LO
crosstalk from −50 dB to 0 dB. The SNR penalty is lowered
as the total in-band crosstalk is decreased, and the improvement
saturates for crosstalk below −30 dB. As a result, the optical
switch system design needs to properly specify TFs considering
the tradeoffs between the switch port count and system cost
(e.g., the number of optical amplifiers and the saturation power).
For simplicity, our assessment of system performance shown in
Fig. 7 assumed a simulated TF with ideal frequency response and
high extinction ratio. This is based on the fact that the possible
fabrication error from ideal MZI filters only marginally impacts
system performance as shown in our previous work [24].

C. Optical Switch Design and Performance Evaluation

Various parameters need to be considered for the cooper-
ative filtering scheme; the number of filter stages, available
wavelength number, MCS port count, EDFA saturation pow-
ers, receiver’s dynamic range, each device loss, and so on.
We simulated optical switching transmission using 116-ch. ×
128-Gbps DP-QPSK signals in the C-band. The WDM signal
was processed in the optical switch where the signal-side TF1
loss was calculated by 0.5 log2 (k + 2) dB corresponding to
k-stage cascaded AMZIs. The EDFA saturation power (PS) of
the optical switch was adjusted as the output level was increased

Fig. 8. Available maximum port count with parameters of EDFA saturation
power (Ps) and the sharing number (S). All plotted for signal- and LO-side
4-stage cascaded AMZI filters.

from 15 dB to 27 dB in steps of 1dB. For the LO bank, we set
EDFA saturation and preamplifier powers at PL = 23 dBm and
PA = 17 dBm, respectively. The EDFAs were shared by S and
SL ports [see Fig. 2(a)]. The LO-side TF2 loss was defined as 0.5
log2 [(8 − k) + 2] + 7 dB, where the total number of signal- and
LO-side AMZI stages was fixed at 8. The assumed loss of the
signal-side TF1 is smaller than that of the LO-side TF2 as the 1
×M switch of the MCS and TF1 are integrated into a single chip.
The other parameters were same as those used in the previous
works [20], [52]. The performance was evaluated in terms of the
achievable port count needed to satisfy BER = 1× 10−3 on the
central channel (Ch.58).

Prior to AMZI filter optimization, we find the best balance
between the EDFA saturation power (PS) and sharing numbers
(S and SL). The available port count (MN) of optical switch
systems subject to the signal and LO-side 4-stage cascaded
AMZI filters was evaluated. The results are shown in Fig. 8,
where the EDFA saturation power (PS) and its sharing number
(S) were varied holding SL to 4. At the expense of system
cost, the unshared case (i.e., S = 1) provides the maximum
port count: 3712 ports (N = 116, M = 32) at a saturation
power of 23 dBm. Due to the reduction in received optical
power, shared-amplification cases (S = 2 – 8) reduce this to
1856– 928 at the same saturation power. Fig. 9 illustrates the
dependency of LO-side EDFA sharing number (SL) for S =
2. Similar trends were observed for LO bank design, but the
reduction was eased when increasing SL compared to the results
in Fig. 8. A port count of more than one thousand was achieved
under the conditions of PS = 23 dBm, S = 2, and SL = 4, thus
these parameters were used in the subsequent simulations.
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Fig. 9. Port-count dependence of LO-side sharing number (SL) for signal- and
LO-side 4-stage cascaded AMZI filters.

Fig. 10. Achievable port counts as a function of signal-side AMZI stage-
number.

Finally, we performed numerical simulations to analyze the
interplay of filtering effect at transmitter and LO sides. Fig. 10
shows the relationships between the available port count (MN)
and the number of signal-side AMZI stages (k). In the case of
no signal-side TF1 (k = 0), the port count can’t reach 1000 port
due to the halved number of wavelengths (N) limited by the
receiver’s dynamic range. Available port count is also degraded
as the signal-side AMZI stages become larger than 5 (k ≥ 5).
This is because multiple wavelengths remaining after passing
through the LO-side TF2 incurs power reduction per channel at
the LO bank output. From these tradeoffs, we identified the best
TF pairs as k = 1–4; they achieved the maximum port count
of 1856. The estimated port scale (i.e., 1856) is large enough
to efficiently build hybrid switching networks, and validation
of such a system is presented using the reasonable conditions
applied in numerical simulations. The SNR penalty is 3 dB
in comparison to that of ideal coherent systems (receivers), as
given by the simulations for a total in-band crosstalk of −15 dB.
Additional stage numbers on TF1 and/or TF2 can reduce the
in-band crosstalk, which lessen SNR penalty from ideal coherent
systems (receivers).

V. FABRICATION OF SILICON-PHOTONIC AMZI FILTER

Silicon-Photonic AMZI filters are a key enabler in creating a
scalable optical switch and a rapid-tuning LO bank for coherent
detection. Using the same fabrication process as previous works

Fig. 11. Fabricated AMZI tunable filter: (a) Structure. Photographs of the
fabricated (b) module and (c) chip. (d) Measured transmittance spectrum of the
filter (ch28; 1547.116 nm) and (Inset) the passband (expanded) spectrum around
1547 nm.

[24], [48], we developed a bandwidth-adaptable AMZI filter
on a single silicon-photonic chip for this evaluation. The filter
consists of eight AMZIs in conjunction with a 4 × 1 selector
as illustrated in Fig. 11(a). They are monolithically integrated
on a silicon-on-insulator wafer (top: 220 nm, buried oxide:
3 μm) by lithography and reactive ion etching. Fig. 11(b) and (c)
show photographs of the AMZI filter module and chip, respec-
tively. Two identical optical filter modules were assembled in a
polarization-diversity configuration using an external circulator
and fiber-based PBSs. The measured fiber-to-fiber insertion loss
was 8.9 dB including 2.5-dB on-chip propagation loss, 3.4-dB
polarization-diversity loss, 1.5-dB chip-to-fiber coupling loss
per facet. The transmission spectra were measured by propa-
gating an ASE light through the AMZI filter. As indicated in
Fig. 11(d), the 3-dB bandwidths are 256 GHz, 66 GHz, 33 GHz,
and 17 GHz after the 4th, 6th, 7th, and 8th AMZI, respectively. The
crosstalk decreased with the number of stages, to reach −13 dB
in the 8-stage case.

The AMZIs have thermo-optic phase shifters on both arms
to adjust the passband wavelength. By applying an electrical
current to heaters placed on the phase shifters, the passband-
center wavelength is tunable from 1530 nm to 1565 nm in a
fully continuous manner. The switching time was examined by
launching two continuous wave (CW) lights into the AMI filter
and detecting the output with a photodetector. Fig. 12(a)–(d)
show measured optical power transitions of the 4-, 6-, 7-, and
8-stage cascaded AMZI filters, respectively. The switching time
was defined as that to reach 90% optical power from the instant
the trigger was initiated. Optical channels were switched within
38 μs almost independent of the number of stages, but this is
slower than our intra-data center requirement (<10 μs). Wave-
length tuning speed is accelerated by introducing the Turbo-
pulse heater control scheme [60]. The switching performances
are plotted in Fig. 12(e)–(h) for the number of AMI stages of 4,
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Fig. 12. Power transients observed with (a) 4-, (b) 6-, (c) 7-, (d) 8-stage
cascaded AMZI filters without turbo pulse and (e) 4-, (f) 6-, (g) 7-, (h) 8-stage
cascaded AMZI filters with turbo pulse.

6, 7, and 8, respectively. The switching time is shortened with
fewer stage numbers; 5.2 μs, 13.2 μs, 16.4 μs, and 19.5 μs for
the 4-, 6-, 7-, and 8-stage cascaded AMZI filters, respectively.
Thanks to the Turbo-pulse heater driving, wavelength tuning
operation of the 4-stage cascaded AMZI filter can be completed
in a satisfactory time (≤5.2 μs).

VI. EXPERIMENTS

For validating the cooperative filtering scheme, we conducted
a proof-of-concept demonstration using the fabricated AMZI
filters. Fig. 13 shows the experimental setup used to emulate
1856 × 1856 (i.e., N = 116, M = 16) optical switching. At
the transmitter, we generated 3-channel 32-Gbaud DP-QPSK
signals using three LDs and a dual-polarization IQ modulator
(DP-IQM) driven by an arbitrary waveform generator (AWG).
The applied data patterns were uncorrelated pseudo-random bit
sequences (PRBS) of 215-1 for x- and y-polarizations that were
decorrelated by half of the pattern length between the polariza-
tion components. The data was Nyquist-pulse-shaped by a RRC
filter with a roll-off factor of 0.05. Their wavelengths were set
at 1530.236 nm (Ch.A), 1547.116 nm (Ch.B), and 1564.679 nm
(Ch.C) to replicate the edges and center channel in the C-band.

The generated signals were coupled with spectrally-shaped ASE
(SS-ASE) light by a WSS. The resulting signal emulated a 37.5-
GHz-spaced 116-channel DP-QPSK WDM signal covering the
wavelength range of 1530 nm to 1565 nm as shown in Fig. 13(a).
To match the simulation conditions, the optical power from the
WDM transmitter was fixed at 15.6 dBm. The transmitted WDM
signal was divided by a 1 × (116/S) splitter and amplified by
an EDFA with saturation power of PS. The amplified signal was
further distributed by a 1 × S splitter and connected to a 16
× 16 MCS (M = 16). After the MCS, the signal extracted by
a signal-side AMZI filter or WSS was passed to the coherent
receiver. The WSS was used to emulate the transmission spectra
of 1-, 2-, 3-, and 5-stage AMZI filters. Fig. 13(b)–(h) show the
measured transmittance spectra of the 1–8 stage AMZI filters
when extracting the WDM signal at 1547.116 nm (Ch.B).

The LO bank supplied 37.5-GHz-spaced 116-channel LO
lights in the same way as at the transmitter [Fig. 13(i)]. The LO
light was divided by a 1 × 512 splitter and further distributed by
a 1 × 4 splitter. After the first splitter, EDFA gain was adjusted
to yield the output power of 23 dBm. The desired channel was
extracted from the distributed LO light by an LO-side AMZI
filter or WSS. The extracted spectra at 1547.116 nm (Ch.B)
using the AMZI filters with 1–8 stages are shown in Fig. 13(j)
– (p), respectively. A preamplifier boosted the extracted LO
light to the saturation power of 17 dBm and sent it to the
receiver. The received signal was detected by an optical front-end
followed by digital storage oscilloscope (DSO). Demodulation
was carried out by offline digital signal processing (DSP) includ-
ing polarization demultiplexing, carrier recovery, and adaptive
equalization.

Fig. 14 shows the measured BER versus EDFA saturation
power (PS) when the signal-side AMZI stages were changed
from 1 to 5, and accordingly LO side (TF2) AMZI stages were
changed from 7 to 3. The sharing number (S) was fixed at 2 to
compare the simulation results to those of the experiments. We
achieved BERs under 1× 10− at the EDFA saturation power
(PS) of ∼20.5 and ∼23.0 dBm for 3 stages and 4 stages,
respectively. Smaller saturation power is needed when TF1 has
fewer than 3 stages. The obtained saturation power is consistent
with the simulated value (PS = 23 dBm). The good agreement
between numerical simulations and measured results confirms
the validity of the cooperative filtering scheme. Our previous
work showed that nonlinear effects can be ignored at launched
optical powers of less than 15 dBm [61]. Indeed, no distinct
signal distortion is observed in Fig. 13 where TFs operate at input
powers of less than 17 dBm. Tuning speed can be enhanced by
reducing the number of filter stages since large cascade numbers
yield large possible error in optimizing each AMZI response.
According to the system requirements, we should determine the
optimum filter combination by considering the tradeoff between
system performance and switching speed.

We highlight system performance of signal-side and LO-side
4-stage AMZI filters. Fig. 15 plots measured BER as a function
of EDFA saturation power (PS) for different sharing numbers
(S). The wavelength of the test channel was 1547.116 nm (Ch.B).
The attainable EDFA saturation powers (PS) were found to be
22.7, 22.9, and 25.0 dBm at the BER values of 1 × 10−3 for S
= 1, 2, and 4, respectively. These results prove that port counts
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Fig. 13. Experimental setup under the condition of M = 16, N = 116, and SL = 4. Generated signals at (a) transmitter and (i) wavelength bank in power spectrum.
Optical spectra corresponding to (b–h) received signals after TF1 and (j–p) LO lights after TF2 at Ch.B.

of more than 1000 are feasible with conventional EDFAs (PS ≤
23 dBm). The number of EDFAs in the whole switching network
is given by MN/S +MN/SL, so the per-port EDFA power
consumption becomes the product of 1/S + 1/SL and EDFA
power consumption. Given an EDFA that offers a saturation
power of 23 dBm at 3 W power consumption, we can expect
reasonable per port EDFA power consumption of 2.25 W at S =
2 and SL = 4. In this case, the total number of EDFAs needed
for an optical switch is 1392 (M = 16, N = 116, S = 2 and
SL = 4), which results in a total EDFA power consumption of
about 4 kW, much lower than available maximum power limit for
a conventional rack. The use of the cooperative filtering scheme
enables the cost-effective switch system that uses more than 60
wavelengths as determined by the receiver’s dynamic range. In
this paper, all the component AMZIs in a filter were designed
to operate in the transverse magnetic (TM) mode. By changing
the TM mode operation to the transverse electric (TE) mode, we

can reduce the fiber-to-fiber insertion loss by ∼3 dB [62]. This
increases the EDFA sharing numbers (S and SL), which reduces
the total number of EDFAs (MN/S +MN/SL).

The switching performances are shown in Fig. 16, where
Q-factor transitions were measured by changing the signal
wavelength (i.e., center wavelength of signal-side 4-stage AMZI
filter) from 1530.236 nm (Ch.A) to 1564.679 nm (Ch.C). The
Q-factor threshold (9.8 dBQ) was calculated to match a baseline
BER of 1 × 10−3 as per Refs. [63], [64]. During the switching
operation, the LO wavelength was fixed because the LO bank
used a non-burst mode preamplifier. A short switching time of
3.2 μs was recorded with Turbo-pulse heater control, in contrast
to the 10.7 μs achieved without turbo-pulse operation. Here, we
defined the switching time as the period from the start of control
and 90% of the final Q-factor. Shorter switching times than
shown in Fig. 12 stem from the different vertical scales: Fig. 12
plots optical intensity in Watts while Fig. 16 plots Q-factor in
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Fig. 14. Measured BER versus EDFA saturation power (Ps) for different TF1
stage numbers.

Fig. 15. Measured BER versus EDFA saturation power (Ps) for different
sharing numbers (S), where 4-stage cascaded AMZI filters are used for TF1
and TF2.

Fig. 16. Q-factor variations over elapsed time when Turbo-pulse control is
turned (a) off and (b) on.

decibels. While the results obtained from thermo-optic AMZIs
are satisfactory in our present system, further switching time
reduction remains as an important goal; we are trying to attain
nanosecond optical switching times by employing electro-optic
AMZIs [65].

VII. CONCLUSION

In realizing scalable and fast optical switches for intra-data
center networks, wavelength routing and coherent detection play
a key role. In this scenario, a Silicon-Photonic TF is one of the
critical devices. According to the switch port-count and channel
speed needed, TF device selection and the configuration should
be optimized to effectively create port counts of several thou-
sand. In data center applications, cost is of critical importance
and degree of Silicone-Photonic device integration should be
maximized. The performance analysis and verification experi-
ments presented herein confirm that our proposed cooperative
filtering scheme successful reduces the total needed number
of AMZIs for filtering transmission signals and LO channels.
The reduced number of AMZIs for TF1, transmission signal
filtering, determines maximum available integration degree with
preceding MZIs for M × 1 switches, and those of AMZIs for
TF2, LO light filtering, enhances integration degree of TF2,
which leads to cost reduction of LO bank. Our approach also
attains substantial response time reduction; 3.2 μs switching
time was obtained. The value of M is bounded in practice by
fabrication concerns: M = 32 is currently available [25] and M
= 64 is under development. For instance, 1-Pbps-class optical
switch (7488 × 7488 port at 150/200 Gbps) is achievable com-
bining 117 wavelengths and 64 × 64 space switches. We believe
the high degree of integration possible with Silicon-Photonic
technologies should be maximally exploited to promote cost
reduction of optical switches for intra-data center applications.

There remain two challenges before optical switches can be
applied to data center networks. The first one is higher density
integration as well as cost reduction of Silicon-photonic devices,
which will be the key for creating scalable and cost-effective
optical switches. The second one relates to network control.
Control network design issues including control latency were
elaborated in our recent paper [31], [32], and implementation
of flow router mechanism in a ToR switch is needed. This
paper focuses optical switch technologies for hybrid switch
networks, and its compelling advantages over present electrical-
switch-based networks would be reinforced for large bandwidth
networks, however, with regard to identifying the crossing point,
details of device cost (Silicon-photonic devices used are not yet
commercially available), reliability and performance (expected
loss reduction etc.) need to be clarified.

ACKNOWLEDGMENT

Part of this paper is based on results obtained from project
JPNP16007 commissioned by the New Energy and Industrial
Technology Development Organization (NEDO).



946 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 3, FEBRUARY 1, 2023

REFERENCES

[1] Cisco System Inc., “Cisco visual networking index: Forecast and method-
ology, 2016–2021,” San Jose, CA, USA, White Paper, 2017.

[2] International Business Strategies (IBS) Inc., “Impact of AI on electronics
and semiconductor industries,” Technical Reports, 2020. https://www.ibs-
inc.net/editorial-calendar

[3] N. Jones, “The information factories,” Nat. Mag., vol. 561, pp. 163–166,
2018.

[4] A. S. G. Andrae and T. Edler, “On global electricity usage of communica-
tion technology: Trends to 2030,” Challenges, vol. 6, no. 1, pp. 117–157,
2015.

[5] Cisco System Inc., “Cisco global cloud index: Forecast and methodology,
2015–2020,” San Jose, CA, USA, White Paper, 2016.

[6] N. Farrington and A. Andreyev, “Facebook’s data center network architec-
ture,” in Proc. IEEE Opt. Interconnects Conf., Santa Fe, NM, USA, 2013,
pp. 49–50.

[7] Facebook, “Reinventing Facebook’s data center network,” 2019.
[Online]. Available: https://engineering.fb.com/2019/03/14/data-center-
engineering/f16-minipack/

[8] J. Ong et al., “Jupiter rising: A decade of clos topologies and centralized
control in Google’s datacenter network,” in Proc. Assoc. for Comput. Ma-
chinery’s Special Int. Group Data Commun. (ACM SIGCOMM), London,
U.K., 2015, pp. 183–197.

[9] K. Sato, “How optical technologies can innovate intra data center net-
works,” in Proc. IEEE 30th Int. Conf. Comput. Commun. Netw., 2021,
pp. 1–8.

[10] N. Farrington et al., “Helios: A hybrid electrical/optical switch architecture
for modular data centers,” in Proc. Assoc. for Comput. Machinery’s Special
Int. Group Data Commun., New Delhi, India, 2010, pp. 339–350.

[11] G. Wang et al., “C-Through: Part-time optics in data centers,” in Proc.
Assoc. Comput. Machinery’s Special Int. Group Data Commun., New
Delhi, India, 2010, pp. 327–338.

[12] H. Bazzaz et al., “Switching the optical divide: Fundamental challenges
for hybrid electrical/optical datacenter networks,” in Proc. Assoc. Com-
put. Machinery’s Symp. Cloud Comput., New York, NY, USA, 2011,
pp. 1–8.

[13] K. Chen et al., “OSA: An optical switching architecture for data center
networks with unprecedented flexibility,” in Proc. 9th USENIX Conf.
Networked Syst. Des. Implementation (NSDI), Berkeley, CA, USA, 2012,
pp. 239–252.

[14] S. Spadaro, “Control plane architectures for photonic packet/circuit
switching-based large scale data centres,” in Proc. Eur. Conf. Opt.
Commun. Symp., London, U.K., 2013. [Online]. Available: https://www.
ecoc2013.org/special-symposia.html#ss2

[15] K. Sato, “Realization and application of large-scale fast optical circuit
switch for data center networking,” J. Lightw. Technol., vol. 36, no. 7,
pp. 1411–1419, Apr. 2018.

[16] Y. Mori and K. Sato, “High-port-count optical circuit switches for intra-
datacenter networks,” J. Opt. Commun. Netw., vol. 13, no. 8, pp. D43–D52,
2021.

[17] S. J. B. Yoo, “Prospects and challenges of photonic switching in data
centers and computing systems,” J. Lightw. Technol., vol. 40, no. 8,
pp. 2214–2243, Apr. 2022.

[18] T. T. Nguyen and R. Takano, “On the feasibility of hybrid electrical/optical
switch architecture for large-scale training of distributed deep learning,”
in Proc. IEEE/ACM Workshop Photon.-Opt. Technol. Oriented Netw., Inf.
Comput. Syst., Denver, CO, USA, 2019, vol. 1, pp. 7–14.

[19] J. M. D. Mendinueta et al., “Time-division packet spatial super-channel
switching system with 53.3 Tb/s/port for converged inter/intradata center
optical networks,” IEEE J. Lightw. Technol., vol. 37, no. 3, pp. 677–678,
Feb. 2019.

[20] R. Matsumoto et al., “Scalable and fast optical circuit switch based on
colorless coherent detection: Design principle and experimental demon-
stration,” J. Lightw. Technol., vol. 39, no. 8, pp. 2263–2274, Apr. 2021.

[21] Optical Internetworking Forum (OIF), “800G Coherent,” 2022. [On-
line]. Available: https://www.oiforum.com/technical-work/hot-topics/
800g-coherent/

[22] IEEE P802.3df, “200 Gb/s, 400 Gb/s, 800 Gb/s, and 1.6 Tb/s ethernet task
force,” 2022. [Online]. Available: https://www.ieee802.org/3/df/public/
index.html

[23] Y. Ding et al., “Bandwidth and wavelength-tunable optical bandpass filter
based on silicon microring-MZI structure,” Opt. Exp., vol. 19, no. 7,
pp. 6462–6470, 2011.

[24] K. Suzuki et al., “Polarization-independent C-band tunable filter based
on cascaded Si-wire asymmetric Mach-Zehnder interferometer,” in Proc.
IEEE 21st OptoElectron. Commun. Conf./Int. Conf. Photon. Switching,
Nigata, Japan, 2016, Paper ME1-2.

[25] K. Suzuki et al., “Low-insertion-loss and power-efficient 32 × 32 silicon
photonics switch with extremely high-Δ silica PLC connector,” J. Lightw.
Technol., vol. 37, no. 1, pp. 116–122, Jan. 2019.

[26] M. Hattink, L. Y. Dai, Z. Zhu, and K. Bergman, “Streamlined architecture
for thermal control and stabilization of cascaded DWDM micro-ring filters
bus,” in Proc. Opt. Fiber Commun. Conf., San Diego, CA, USA, 2022,
Paper W2A.2.

[27] H. Jayatilleka, H. Shoman, R. Boeck, N. A. F. Jaeger, L. Chrostowski,
and S. Shekhar, “Automatic configuration and wavelength locking of
coupled silicon ring resonators,” IEEE J. Lightw. Technol., vol. 36, no. 2,
pp. 210–218, Jan. 2018.

[28] O. Moriwaki and K. Suzuki, “Fast switching of 84 µs for silica-based PLC
switch,” in Proc. Opt. Fiber Commun. Conf., San Diego, CA, USA, 2020,
Paper Th3B.5.

[29] R. Matsumoto, R. Konoike, K. Suzuki, T. Inoue, S. Namiki, and K. Sato,
“Scalable and fast optical circuit switch exploiting colorless coherent
detection,” in Proc. IEEE Opt. Fiber Commun. Conf. Exhib., San Diego,
CA, USA, 2022, Paper M1I.3.

[30] Broadcom Inc., “Broadcom ships tomahawk 5, industry’s highest band-
width switch chip to accelerate AI/ML workloads,” Product News Release,
2022.

[31] K. Sato, “How optical-circuit/electrical-packet hybrid switching will cre-
ate high performance and cost-effective data center networks,” in Proc.
IEEE 21st Int. Conf. Transp. Opt. Netw., Angers, France, 2019, Paper
Th.D1.4.

[32] K. Sato, “How to create a simple control mechanism with low latency
for intra data center optical switching networks,” in Proc. Optica Photon.
Switching Comput. (PSC), Virtual Event, 2021, Paper M3C.6.

[33] K. Bergman, “Silicon photonics for high performance interconnection net-
works,” in Proc. Opt. Fiber Commun. Conf., San Diego, CA, USA, 2018,
Paper Tu3F.1.

[34] H. Fang et al., “Predictive analytics based knowledge-defined orchestration
in a hybrid optical/electrical datacenter network testbed,” IEEE J. Lightw.
Technol., vol. 37, no. 19, pp. 4921–4934, Oct. 2019.

[35] W. M. Mellette, R. Das, Y. Guo, R. McGuinness, A. C. Snoeren, and G.
Porter, “Expanding across time to deliver bandwidth efficiency and low
latency,” in Proc. USENIX Symp. Networked Syst. Des. Implementation,
Santa Clara, CA, USA, 2020, pp. 1–18.

[36] K. Sato, S. Okamoto, and H. Hadama, “Optical path layer technologies to
enhance B-ISDN performance,” in Proc. IEEE Int. Conf. Commun. (ICC),
Geneva, Switzerland, 1993, vol. 3, pp. 1300–1307.

[37] CALIENT Technologies, “Industry’s most deployed & dependable opti-
cal circuit switching solution.” 2012. [Online]. Available: https://www.
calient.net/

[38] Polatis, “All-optical switch products.” 2016. [Online]. Available: https:
//www.polatis.com/series-7000-384×384-portsoftware-controlled-
optical-circuit-switch-sdn-enabled.asp

[39] N. R. Dono, P. E. Green, K. Liu, R. Ramaswami, and F. F.-K. Tong,
“A wavelength division multiple access network for computer commu-
nication,” IEEE J. Sel. Areas Commun., vol. 8, no. 6, pp. 983–994,
Aug. 1990.

[40] M. Moralis-Pegios, N. Terzenidis, G. Mourgias-Alexandris, K. Vyrsoki-
nos, and N. Pleros, “A 1024-oort optical uni- and multicast packet
switch fabric,” IEEE J. Lightw. Technol., vol. 37, no. 4, pp. 1415–1423,
Feb. 2019.

[41] T. J. Seok, K. Kwon, J. Henriksson, J. Luo, and M. C. Wu, “240 ×
240 wafer-scale silicon photonic switches,” in Proc. Opt. Fiber Commun.
Conf., San Diego, CA, USA, Paper Th1E.5.

[42] Q. Cheng, M. Ding, A. Wonfor, J. Wei, R. Penty, and I. White, “The
feasibility of building a 64 × 64 port count SOA-based optical switch,”
in Proc. IEEE Int. Conf. Photon. Switching (PS), Florence, Italy, 2005,
pp. 199–201.

[43] Y. Yin, R. Proietti, X. Ye, C. J. Nitta, V. Akella, and S. J. B. Yoo, “LIONS:
An AWGR-based low-latency optical switch for high-performance com-
puting and data centers,” IEEE J. Sel. Topics Quantum Electron., vol. 19,
no. 2, Mar./Apr. 2013, Art no. 3600409.

[44] W. M. Mellette et al., “Optical networking within the lightwave energy-
efficient datacenter project,” J. Opt. Commun. Netw., vol. 12, no. 12,
pp. 378–389, 2020.

[45] A. Tsakyridis, N. Terzenidis, G. Giamougiannis, M. Moralis-Pegios, K.
Vyrsokinos, and N. Pleros, “25.6 Tbps capacity and sub-µsec latency
switching for data centers using >1000-port optical packet switch archi-
tectures,” IEEE J. Sel. Topics Quantum Electron., vol. 27, no. 2, pp. 1–11,
Mar./Apr. 2021.

[46] K. Ueda et al., “Demonstration of 1,440 × 1,440 fast optical circuit switch
for datacenter networking,” in Proc. IEEE 21st Optoelectron. Commun.
Conf./Int. Conf. Photon. Switching (OECC/PS), Nigata, Japan, 2016, Paper
WF1-3.

https://www.ibs-inc.net/editorial-calendar
https://www.ibs-inc.net/editorial-calendar
https://engineering.fb.com/2019/03/14/data-center-engineering/f16-minipack/
https://engineering.fb.com/2019/03/14/data-center-engineering/f16-minipack/
https://www.ecoc2013.org/special-symposia.html#ss2
https://www.ecoc2013.org/special-symposia.html#ss2
https://www.oiforum.com/technical-work/hot-topics/800g-coherent/
https://www.oiforum.com/technical-work/hot-topics/800g-coherent/
https://www.ieee802.org/3/df/public/index.html
https://www.ieee802.org/3/df/public/index.html
https://www.calient.net/
https://www.calient.net/
https://www.polatis.com/series-7000-384384-portsoftware-controlled-optical-circuit-switch-sdn-enabled.asp
https://www.polatis.com/series-7000-384384-portsoftware-controlled-optical-circuit-switch-sdn-enabled.asp
https://www.polatis.com/series-7000-384384-portsoftware-controlled-optical-circuit-switch-sdn-enabled.asp


MATSUMOTO et al.: PERFORMANCE ANALYSIS OF SCALABLE OPTICAL CIRCUIT SWITCH EMPLOYING FAST-TUNABLE AMZI FILTERS 947

[47] K. Ueda et al., “Large-scale optical circuit switch for intra-datacenter
networking using silicon-photonic multicast switch and tunable filter,” in
Proc. IEEE 42nd Eur. Conf. Opt. Commun. (ECOC), Dusseldorf, Germany,
2016, Paper W.2.F.2.

[48] Y. Mori, M. Ganbold, and K. Sato, “Design and evaluation of optical
circuit switches for intra-datacenter networking,” IEEE J. Lightw. Technol.,
vol. 37, no. 2, pp. 330–337, Jan. 2019.

[49] E. Honda, Y. Mori, H. Hasegawa, and K. Sato, “Feasibility test of large-
scale (1,424×1,424) optical circuit switches utilizing commercially avail-
able tunable lasers,” in Proc. IEEE 24th Optoelectron. Commun. Conf./Int.
Conf. Photon. Switching Comput. (OECC/PSC), Fukuoka, Japan, 2019,
Paper WA1-3.

[50] X. Zhou, R. Urata, and H. Liu, “Beyond 1 Tb/s intra-data center intercon-
nect technology: IM-DD or coherent?,” J. Lightw. Technol., vol. 38, no. 2,
pp. 475–484, Jan. 2020.

[51] R. Urata, H. Liu, X. Zhou, and A. Vahdat, “Datacenter intercon-
nect and networking: From evolution to holistic revolution,” in Proc.
Opt. Fiber Commun. Conf. (OFC), Los Angeles, CA, USA, 2017,
Paper W3G.1.

[52] R. Matsumoto et al., “Design and verification of LO bank enabled by
fixed-wavelength lasers and fast tunable silicon ring filters for creating
large scale optical switches,” Opt. Exp., vol. 29, no. 24, pp. 39930–39945,
2021.

[53] L. E. Nelson et al., “Detection of a single 40 Gb/s polarization-multiplexed
QPSK channel with a real-time intradyne receiver in the presence of
multiple coincident WDM channels,” IEEE J. Lightw. Technol., vol. 28,
no. 20, pp. 2933–2943, Oct. 2010.

[54] B. Zhang, C. Malouin, and T. Schmidt, “Towards full band colorless
reception with coherent balanced receivers,” Opt. Exp., vol. 20, no. 9,
pp. 10339–10352, 2012.

[55] M. Morsy-Osman et al., “Analytical and experimental performance
evaluation of an integrated Si-photonic balanced coherent receiver
in a colorless scenario,” Opt. Exp., vol. 22, no. 5, pp. 5693–5730,
2014.

[56] Optical Internetworking Forum (OIF), “Implementation agreement for mi-
cro intradyne coherent receivers,” OIF-DPC-MRX-02.0. [Online] Avail-
able: https://www.oiforum.com/wp-content/uploads/2019/01/OIF-DPC-
MRX-02.0.pdf

[57] Y. Mori et al., “Wavelength-division demultiplexing enhanced by silicon-
photonic tunable filters in ultra-wideband optical-path networks,” IEEE J.
Lightw. Technol., vol. 38, no. 5, pp. 1002–1009, Mar. 2020.

[58] R. Matsumoto et al., “Fast optical switch utilizing coherent detection
enabled by cooperative filtering of transmission signal and local oscillator
(LO) wavelength sourced from an LO bank,” in Proc. Opt. Fiber Commun.
Conf., San Diego, CA, USA, 2021, Paper W1A.6.

[59] G. T. Reed, Silicon Photonics: The State of the Art, 1st ed. New York, NY,
USA: Wiley, 2008.

[60] H. Matsuura, K. Suzuki, S. Suda, K. Ikeda, H. Kawashima, and S. Namiki,
“Fast frequency tuning of silicon-photonic thermo-optic MZI filters using
‘Turbo Pulse’ method,” in Proc. Opt. Fiber Commun. Conf., San Diego,
CA, USA, 2018, Paper M4H.2.

[61] T. Kurosu, T. Inoue, K. Suzuki, S. Suda, and S. Namiki, “High-capacity
multi-stage operation of polarization-diversity silicon photonics 8 × 8
optical switch,” IEEE J. Lightw. Technol., vol. 37, no. 1, pp. 131–137,
Jan. 2019.

[62] K. Suzuki et al., “2.5-dB loss, 100-nm operating bandwidth, and
low power consumption strictly-non-blocking 8 × 8 Si switch,” in
Proc. IEEE Eur. Conf. Opt. Commun., Gothenburg, Sweden, 2017,
Paper Tu.1.C.2.

[63] B. Kozicki, H. Takara, Y. Sone, A. Watanabe, and M. Jinno, “Distance-
adaptive spectrum allocation in elastic optical path network (SLICE) with
bit per symbol adjustment,” in Proc. Opt. Fiber Commun. Conf., San Diego,
CA, USA, 2010, Paper OMU3.

[64] T. Hayashi, T. Sasaki, and E. Sasaoka, “Behavior of inter-core crosstalk
as a noise and its effect on Q-factor in multi-core fiber,” IEICE Trans.
Commun., vol. E97–B, no. 5, pp. 936–944, 2014.

[65] R. Konoike, K. Suzuki, and K. Ikeda, “Path-independent insertion-loss
(PILOSS) 8 × 8 silicon photonics switch with <8 nsec switching time,”
in Proc. IEEE Opt. Fiber Commun. Conf. Exhib., San Diego, CA, USA,
2022, Paper W4B.3.

Ryosuke Matsumoto (Member, IEEE) received the B.E., M.E., and Ph.D.
degrees in communication engineering from Osaka University, Osaka, Japan,
in 2012, 2013, and 2016, respectively. From 2016 to 2019, he was with the
Mitsubishi Electric Corporation on optical access system and digital coherent
transmission. In 2019, he joined the National Institute of Advanced Industrial
Science and Technology, Tokyo, Japan, where he is currently working on optical
switch system for data center networks. He is a Member of IEEE Photonics
Society, and the Institute of Electronics, Information, and Communication
Engineers of Japan. He was the recipient of the 2014 IEEE Kansai Section
Student Paper Award, 37th TELECOM System Technology Encouragement
Award, and 2021 Young Researcher’s Award from the IEICE of Japan.

Ryotaro Konoike received the M.Eng. and Ph.D. degrees from the Department
of Electronic Science and Engineering, Kyoto University, Kyoto, Japan, in
2014 and 2017, respectively. At Kyoto University, he studied the integration
of manipulation of photons on a photonic crystal chip containing multiple
coupled nanocavities. He is currently a Researcher with the National Institute
of Advanced Industrial Science and Technology, Japan. His research interests
include optical switches and integrated silicon optical circuits. He was the
recipient of the APL Photonics Future Luminary Award in 2020.

Hiroyuki Matsuura (Member, IEEE) received the B.S. and M.S. degrees in
electrical engineering from the Tokyo Institute of Technology, Tokyo, Japan, in
1978 and 1980, respectively.

In 1980, he joined Yokogawa Electric Corporation, Tokyo, Japan, where he
was engaged in the research on medical imaging apparatuses, high-frequency
circuits, and measuring instruments. From 1990 to 1992, he was a Visiting
Scholar with Stanford University, Stanford, CA, USA. From 1992 to 2011,
he was engaged in the technology development of high-speed, high-frequency
circuits with compound semiconductors and business development for optical
communication modules with Yokogawa Electric Corporation. Since 2011, he
has been a Senior Researcher with the National Institute of Advanced Industrial
Science and Technology, Tsukuba, Japan, and involved in the development of
control circuits and units for next-generation optical communication devices and
systems.

In 2017, he established HikariPath Communications Co., Ltd., which provides
low-latency, high-resolution, and bi-directional video transmission services
using optical technologies.

Mr. Matsuura is a Member of the Institute of Electronics, Information and
Communication Engineers (ICICE). He was the recipient of the 1988 Society
of Instrument Control Engineers Best Paper Award.

Keijiro Suzuki received the B.E. and M.E. degrees from the Department of
Electrical and Electronic Engineering, Shizuoka University, Hamamatsu, Japan,
in 2004 and 2006, respectively, and the Ph.D. degree from Yokohama National
University (YNU), Yokohama, Japan, in 2011. After spending two years with
Sumitomo Osaka Cement Co., Ltd., he entered the Department of Electrical and
Computer Engineering, YNU in 2008. He was the recipient of the Research
Fellowship for Young Scientists from JSPS. After spending one year with YNU
as a Postdoctoral Fellow, he joined the National Institute of Advanced Industrial
Science and Technology, Tsukuba, Japan, in 2012. His research interests include
photonic integrated circuits, optical switches, and nonlinear optics. He is a
Member of the Optica, Institute of Electronics, Information, and Communication
Engineers, and Japan Society of Applied Physics.

Takashi Inoue (Member, IEEE) received the Ph.D. degree in communications
engineering from Osaka University, Osaka, Japan, in 2002. In 2002, he joined
Furukawa Electric Co. Ltd., Ichihara, Japan, where he developed optical signal
processing devices based on nonlinear fiber optics, and silica-based planar
lightwave circuits. In 2011, he joined the National Institute of Advanced Indus-
trial Science and Technology, Tsukuba, Japan, where he is currently working
on digital coherent transmission systems, signal processing techniques, and
optical networks. He is a Member of the IEEE Photonics Society and IEICE
Communication Society.

https://www.oiforum.com/wp-content/uploads/2019/01/OIF-DPC-MRX-02.0.pdf
https://www.oiforum.com/wp-content/uploads/2019/01/OIF-DPC-MRX-02.0.pdf


948 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 3, FEBRUARY 1, 2023

Kazuhiro Ikeda (Member, IEEE) received the B.E. and M.E. degrees in
precision science from Osaka University, Suita, Japan, in 1998 and 2000,
respectively, and the Ph.D. in electrical engineering and Photonics from the
University of California, San Diego (UCSD), La Jolla, CA, USA, in 2008.
His doctoral thesis was on nonlinear optical responses in silicon nitride and
amorphous silicon and sidewall corrugated waveguide devices, all for silicon
photonics applications. From 2000 to 2004, he was with Furukawa Electric Co.,
Ltd. on polarization controllers and polarization mode dispersion compensators
for optical fiber communications. In 2009, he joined the Graduate School of
Materials Science, Nara Institute of Science and Technology, Ikoma, Japan,
as an Assistant Professor, where he studied opto-spintronics and plasmonic
microresonators for semiconductor lasers. Since 2014, he has been with the
National Institute of Advanced Industrial Science and Technology, Tsukuba,
Japan. His research interests include silicon photonic integrated circuits and
hybrid nanophotonics on silicon. Dr. Ikeda is a Senior Member of the Optica,
Member of the IEICE, JSAP, and IEEE Photonics Society. He was the recipient
of the World Cultural Council Special Recognition 2019 and 69th Electrical
Science and Technology Encouragement Award.

Shu Namiki (Fellow, IEEE) received the M.S. and Dr.Sci. degrees in applied
physics from Waseda University, Tokyo, Japan, in 1988 and 1998, respectively.
From 1988 to 2005, he was with Furukawa Electric Co., Ltd., where he de-
veloped award-winning high-power pump lasers and patented multiwavelength
pumped-fiber Raman amplifiers. From 1994 to 1997, he was a Visiting Scientist
with the Massachusetts Institute of Technology, Cambridge, MA, USA, where
he studied mode-locked fiber lasers and ultra-short pulses in fibers. In 2005, he
moved to the National Institute of Advanced Industrial Science and Technology,
Tsukuba, Japan, where he was the Chair of Executive Committee of a ten-year
national project called Vertically Integrated Center for Technologies of Optical
Routing toward Ideal Energy Savings (VICTORIES) in collaboration with ten
telecom-related companies. He is currently the Director of Platform Photonics
Research Center. He has authored or coauthored more than 500 conference
presentations, papers, book chapters, articles, and patents. His research interests
include software defined dynamic optical path networking and their enabling
devices, such as nonlinear fiber-optics and silicon photonics. He was an As-
sociate Editor and Advisory Editor for the journal Optics Express and the
Co-Editor-in-Chief of IEICE Transactions on Communications. He was on the
technical committee for OFC, ECOC, CLEO, OECC, and OAA and the Program
Co-Chair of OFC 2015 and General Co-Chair of OFC 2017.

He is a Fellow of the Optica. He is a Member of the Institute of Electronics,
Information, and Communication Engineers, and Japan Society of Applied
Physics.

Ken-ichi Sato (Life Fellow, IEEE) received the B.S., M.S., and Ph.D. degrees
in electronics engineering from the University of Tokyo, Tokyo, Japan, in 1976,
1978, and 1986, respectively. He is currently a Professor Emeritus with the
Graduate School of Engineering, Nagoya University, Nagoya, Japan, an NTT
R&D Fellow, and has been with the National Institute of Advanced Industrial
Science and Technology since 2019.

Before joining the Nagoya University in April 2004, he was an Executive Man-
ager of the Photonic Transport Network Laboratory with NTT. He is a Leading
Researcher in the field of telecommunications, his most significant achievements
lie in two of the important transport network technology developments. One is
ATM (Asynchronous Transfer Mode) network technology, which include the
invention of the Virtual Path concept. The other is photonic network technology,
which include the invention of the optical path concept and various networking
and system technologies. His Research and Development activities cover trans-
port network architectures, network design, photonic network systems, including
optical cross-connect/ADM and photonic IP routers, and optical transmission
technologies. He has authored or coauthored more than 550 research publications
in international journals and conferences. He holds 60 granted patents. His
contributions to ATM and optical network technology development extend to
coediting the IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS (four
special issues) and the Journal of Lightwave Technology (three special issue),
serving on numerous committees of international conferences, including OFC
2016 General Chair and OFC 2014 Program Chair, authoring a book, Advances
in Transport Network Technologies (Artech House, 1996), and coauthoring 14
other books.

Prof. Sato is an Honorary Member of the Institute of Electronics, Information
and Communication Engineers (IEICE) of Japan. He was the President of
the IEICE during 2016–2017. He was the recipient of the Young Engineer
Award in 1984, Excellent Paper Award in 1991, Achievement Award in 2000,
and Distinguished Achievement and Contributions Award in 2011 from the
IEICE of Japan, and the Best Paper Awards in 2007, 2008, and 2020 from
the IEICE Communications Society. He was also the recipient of Outstanding
Technical Achievement Award from IEEE Communications Society in 2017,
and numerous best paper awards at international conferences. He was also the
recipient of the Distinguished Achievement Award of the Ministry of Education,
Science, and Culture in 2002, and the Medal of Honor with Purple Ribbon from
Japan’s Cabinet Office in 2014.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


