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Abstract—This article reports on a proof of concept demonstra-
tion of a recently proposed spatial channel network (SCN) that
was conducted over an SCN testbed that comprises low-loss hier-
archical optical cross-connect (HOXC) prototypes and four-core
multicore fiber links. The HOXC prototypes used in the testbed
are based on sub-matrix-switches and core selective switches both
implemented with commercially available discrete optical switches.
Using these two types of HOXC prototypes, the spatial chan-
nel networking including spatial bypassing, spatial add/drop and
spectral grooming, spatial-lane change, and spatial-channel (SCh)
protection is successfully demonstrated for SChs carrying
100-Gb/s–900-Gb/s optical channels.

Index Terms—Core selective switch, matrix switch, spatial
bypass, spatial channel, spatial cross-connect, spatial division
multiplexing, wavelength division multiplexing.

GLOSSARY

AC Any-core access
B&S Broadcast and select
ClL Colorless
CnL Contentionless
CSS Core selective switch
D Directional
FC Fixed-core access
HOXC Hierarchical optical cross-connect
LC Lane change
MCF Multicore fiber
MEMS Micro electro-mechanical systems
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OMS Optical multiplexing section
OTN Optical transport network
R&S Route and select
ROADM Reconfigurable optical add drop multiplexer
SCh Spatial channel
SCN Spatial channel network
SDEMUX Spatial demultiplexer
SDM Space division multiplexing
SL Spatial lane
SMF Single mode fiber
SMUX Spatial multiplexer
SXC Spatial cross-connect
WDM Wavelength demultiplexer
WSS Wavelength selective switch
WXC Wavelength cross-connect

I. INTRODUCTION

THE continuing growth in the amount of Internet traffic
keeps fueling an increasing demand for bandwidth in

optical networks. A recent report predicted that commercial
10-Tb/s optical interfaces working in 1-Pb/s optical transport
systems will be needed by around 2024 [1]. Since a 10-Tb/s
dual-polarization (DP) quadrature phase shift keying (QPSK)
superchannel occupies at least a 3.2-THz spectrum, conventional
single mode fibers (SMFs) can accommodate only a single opti-
cal channel (OCh) in the C-band. Certainly, we can employ spec-
trally efficient higher order modulation formats at the expense of
an extremely shorter optical reach; however, we only gain a few
additional years before a spectral superchannel will occupy the
entire C band. It is quite clear that for such an ultra-high capacity
superchannel, the wavelength switching layer is no longer nec-
essary as suggested in [1]. In addition, the foreseeable 1-Pb/s
optical transport system capacity in 2024 will far exceed the
conventional SMF capacity limit. As a consequence, there will
be a need for massive parallel SMFs (for example, a few dozens
to approximately 100) and/or newly-developed spatial division
multiplexing (SDM) fibers with numbers of spatial modes be-
tween adjacent optical nodes. Among the wide variety of SDM
fibers reported so far, an uncoupled multicore fiber (MCF)
has advantages over other new core-structure fibers such as a
multimode fiber or a coupled core MCF, especially for terrestrial
networks, because it is compatible with the current SMF-based
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transmission technologies in terms of not requiring complicated
multiple-input multiple-output digital signal processing for spa-
tial demultiplexing. On the other hand, historically speaking,
a new multiplexing technology comes with a new networking
layer and a switching technology with the same switching gran-
ularity as the multiplexing granularity of the layer. For example,
time division multiplexing required synchronous digital hierar-
chy cross-connects or optical channel data unit cross-connects,
and WDM required reconfigurable optical add drop multiplexers
(ROADMs) or wavelength cross-connects (WXCs).

According to these observations, it would be natural to in-
troduce spatial channel cross-connects (SXCs) that perform
core-level switching to achieve a cost-effective SDM layer. In
this scenario, the optical layer should evolve to the hierarchical
SDM and WDM layers and an optical node should be decou-
pled into an SXC and a WXC to form a hierarchical optical
cross-connect (HOXC). Based on this idea, we recently proposed
a spatial channel network (SCN) architecture that employs a
spatial bypass through a potentially low-loss and cost-effective
SXC [2], [3]. In an SCN, a spatial channel (SCh) is defined
as an ultra-high capacity optical data stream that is allowed
to occupy the entire available spectrum of a core in an SMF
or an uncoupled MCF. If there is a single or aggregate traffic
flow that is sufficiently large to fill almost the entire bandwidth
of an SCh between the source and destination nodes, an SCh,
which spatially-bypasses the overlying WDM layer through
SXCs on the route, is established between them. If there is an
insufficient amount of traffic between a source/destination pair,
the corresponding OCh shares an SCh with other low capacity
OChs that have different source/destination pairs by using a
WXC for better spatial resource utilization (spectral grooming).
This results in the cost-effective transport of OChs with a wide
variety of bandwidths and an expanded optical reach for spatially
bypassed OChs [3]–[5].

As growable and reliable SXC architectures, we pro-
posed two modular SXC architectures. One is based on a
sub-matrix-switch (sub-MS) and the other is based on a core
selective switch (CSS) [2], [3]. The former is a moderate-sized
single stage MS and the latter is a novel optical spatial switch that
is the SDM counterpart of a wavelength selective switch (WSS)
in a WDM network. By choosing working and backup routes so
that they are SDM link disjoint and sub-MS (CSS) disjoint from
each other, the proposed two SXC architecture supports fault-
independent SCh protection, which covers both an SDM link
failure and a sub-MS (CSS) failure. The SCh protection is advan-
tageous over the OCh protection in terms of an SDM link failure
because a much smaller number of channels needs to be rerouted
resulting in much quicker recovery from an SDM link failure.

We recently constructed an SCN testbed and conducted spatial
channel networking experiments employing the proposed two
types of HOXC prototypes, each based on sub-MSs and CSSs
respectively, for the first time [6]. The HOXC prototypes were
built using commercially available discrete optical switches.
The aim of the experiments is to demonstrate the feasibility
of SCN networking in terms of the spatial bypass via an SXC,
the spatial add/drop and spectral grooming in an HOXC, and
the SCh protection. Although numerous discrete 1 × N optical
switches were required to implement the CSSs in this principle

demonstration experiment, we expect to achieve much simpler
and cost-effective CSSs by employing free-space optics as we
recently reported in [7] and [8].

This paper is an expanded version of [6]. The remaining part
of this paper is structured as follows. In Section II, we describe
related work in terms of optical network architectures and optical
node architectures. In Section III, we briefly describe the SCN
architectures and networking functionalities to be verified. In
Section IV, we explain the SCN testbed. In Section V, we show
two types of SXC architectures based on a sub-MS and a CSS
and their prototypes that are implemented using commercially
available spatial switches. In Section VI, we describe the ex-
perimental configuration for a feasibility demonstration of spa-
tial channel networking including using 100-Gb/s to 900-Gb/s
spectral superchannels and present the experimental results. In
Section VII, we summarize our conclusions.

II. RELATED WORK

Since we expect to reach the fundamental capacity limits of
conventional SMFs, research over the past 10 years has focused
on SDM as the only remaining signal multiplexing technology
[1]. A near-term solution is to use existing parallel SMFs and a
middle term solution would be to introduce uncoupled MCFs.
Although SDM technology significantly scales in spatial mode
counts, S, per link and network capacity, it presents a challenge
in that it necessitates the deployment of large ROADMs compris-
ing a large number (= 2DS) of high port count (≥DS) WSSs
where D is the node degree [3]. In order to deal with this
problem, research has been dedicated to developing scalable
WDM/SDM ROADM architectures supporting a large number
of SMFs or SDM fibers [9]–[19]. One such approach is to operate
a high port count WSS in a joint switching mode [9]–[14].
A joint-switching ROADM jointly switches spatial superchan-
nels, which are high-rate data streams transported as groups
of subchannels occupying the same frequency slot in separate
modes/cores of an SDM fiber. Spectrally and spatially flexible
optical networking architectures that support the joint switching
of spatial superchannels were discussed in [15] and [16]. Sato
et al. took another approach. Instead of creating a high-port count
ROADM using a large number of cascaded conventional WSSs
or ultra-high port count WSSs, they introduced a subsystem-
modular WXC architecture in which multiple small-scale WXC
subsystems (sub-WXCs) are connected via a limited number
of intra-node SMFs. The total WXC port count can be simply
expanded by adding sub-WXCs [17]–[19].

It should be noted that although the joint-switching ROADMs
and subsystem-modular WXCs can support SDM fibers, they
are designed for use in single-layer WDM networks [3]. This
means that so long as they handle traffic demands only in the
fine granular WDM layer, they will most likely be less cost-
effective in the forthcoming massive SDM era. For example, a
joint switching ROADM that supports S spatial modes per link
requires high-port count WSSs with S times the port count of
that of a conventional WSS. A subsystem-modular WXC that
supports S spatial modes per link requires a large number of
conventional WSSs, which is S times the number of that needed
in a conventional WXC.
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Fig. 1. SCN architecture and functionalities.

Our approach, SCN, is totally different to the above described
single layer approaches [3]. In an SCN, the optical layer is
explicitly divided into the WDM layer and the SDM layer to form
a hierarchical optical network, and an optical node is decoupled
into an SXC and a WXC to form an HOXC. As a matter of fact,
the idea of hierarchical (or multi-granular) optical networks,
in which coarser granular but more cost-effective switching
layer(s) than the wavelength layer is introduced, is not new
at all. The concepts of coarser granular optical switching in
the wavelength-band and fiber layers were already proposed
at the end of the ’90s [20]–[22]. Since then, there have been
considerable research efforts [23], [24]; however, they have
remained rather marginal even after SDM technology began to
gather much attention [25]–[27]. Furthermore, to the best of our
knowledge, there are no reports that have focused on practical
issues such as the growability, reliability, and techno-economics
of hierarchical optical node architectures before we proposed
the SCN concept and enabling SXC architectures [3].

III. SCN ARCHITECTURE AND NETWORKING

FUNCTIONALITIES

A. SCN Architecture

Fig. 1 shows the architecture of an SCN that comprises
HOXCs and SDM links. An HOXC comprises an SXC and a
WXC. An SDM link is assumed to comprise parallel SMFs or an
uncoupled MCF. Although the SCN concept could be expanded
to support other SDM fibers such as a few-mode fiber, a coupled
core fiber, and a few-mode multi-core fiber, we leave this for
future study. Here, we refer to a spatial resource unit in an SDM
link as a spatial lane (SL), whose physical entity is a core in
parallel SMFs or an MCF. In an SDM link, each SL may be
labeled with its identification number. We define the section
between adjacent SXCs as a spatial multiplexing section (SMS).
The SMS is similar to an optical multiplexing section (OMS) in
an optical transport network (OTN), which is defined as a section
between adjacent WXCs. An OMS may traverse contiguous
multiple SMSs. Clearly, an optical amplification function is
indispensable in order to compensate for the transmission loss

Fig. 2. Nested structure of OCh, SCh, SL, and SDM link.

of an SDM link and the insertion loss of an SXC, but it is not
depicted in Fig. 1 for simplicity. If SDM links comprise parallel
SMFs, optical amplification is achieved by using an array of
conventional erbium-doped fiber amplifiers (EDFAs). If SDM
links comprise MCFs, optical amplification is achieved by using
an EDFA with an MCF input/output, which may be, for example,
a cladding pumping MCF EDFA [28] or may comprise a micro
SMF EDFA array [29].

In an SCN, we introduce the concept of a SCh. An SCh
is defined as an ultra-high capacity optical data stream that is
allowed to occupy the entire available spectrum of an SL. An
SCh may include an in-band overhead channel (SCh OH) that
carries operations, administration, and maintenance information
such as a path trace and maybe some kind of performance
monitoring information. It is spatially routed and amplified end
to end along with an SCh payload through SXCs bypassing
the overlying WDM layer. Optical (wavelength) channels each
having a wide variety of spectral widths arranged on the flexible
grid are accommodated in an SCh. The nested structure of an
OCh, SCh, SL, and SDM link in an SCN is shown in Fig. 2.
Just as an OCh provides a virtual topology between routers or
optical transport data unit (ODU) cross-connects (XCs), an SCh
may provide a virtual topology between WXCs.

B. SCN Networking Functionalities and Their Benefits

1) Spatial Bypass: An SCh is established if there is a single
or aggregate traffic flow that is sufficiently large to fill almost the
entire bandwidth of an SCh between the source and destination
nodes. Such SChs bypass the overlying WDM layer (spatial
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Fig. 3. Logical configuration of SCN testbed.

bypass). Thanks to the low-cost coarse granular switching and
low-insertion loss characteristics of SXCs, they enjoy a lower
switching cost per bit and an extended optical reach.

2) Spatial Add/Drop and Spectral Grooming: If there is an
insufficient amount of traffic between a source/destination pair,
the corresponding OCh shares an SCh with other low capacity
OChs having different source/destination pairs for better spatial
resource utilization. SChs carrying such low capacity OChs,
which are either destined for the site (optical drop) or being
further groomed (optical bypass) in the WDM layer by a WXC
at the site, are dropped by the SXC (spatial drop). The latter
OChs are described as “spectrally groomed.” This enables us
to deploy only the necessary minimum number of fine granular
WXCs in an SCN.

3) SL Change: Even when there is no common unused SL
index for each SDM link on the route, an SCh could be es-
tablished if an SXC on the route has the ability to change
SLs. This means that the SL change capability allows us to
assign SLs independently to each link. Lane change (LC) in
the spatial domain, which can be performed using an MS, is
easier to implement than LC in the wavelength domain, which
is referred to as wavelength conversion and requires expensive
optical-to-electrical-to-optical conversion. Introducing an SXC
may be an opportunity to enhance the degree of connectivity
freedom in the optical domain.

4) SCh Protection/Restoration: If there is a fiber cut or an
SXC failure on the route for an SCh, SXCs located at the end
points of the SCh may switch over the routes from the original
route to the pre-planned detour route (SCh protection) or a
network management system may collect surviving network
resource information, calculate detour routes, and reconfigure
the SDM layer through control of SXCs (SCh restoration).

IV. SPATIAL CHANNEL NETWORK TESTBED

In order to verify the feasibility of the SCN networking
functionalities described in the previous section, we constructed
an SCN testbed. The logical configuration of the testbed is shown
in Fig. 3, which is a ring network that comprises four SXCs, two

Fig. 4. HOXC architecture based on single-stage sub-MSs.

are sub-MS-based SXCs (sub-MS SXCs) and the other two are
CSS-based SXCs (CSS SXCs). Spatial multiplexing sections,
SMS 1, SMS 2, SMS 3, and SMS 4, are defined between adjacent
SXCs. Different types of SXCs are connected alternately via a
4-core MCF. Each SXC is connected to a WXC via conventional
SMFs. SChs and OChs shown in Fig. 3 are established over
the testbed to demonstrate the SCN networking functionalities
described below. The color of each SCh corresponds to an SL
in a four-core MCF through which the SCh traverses.
� Spatial bypass: A high-bit-rate 900-Gb/s spectral super-

channel (OCh 1) is accommodated in a working SCh (SCh
1(w)) and its link-disjoint backup (SCh 1(b)). They are
express SChs and spatially bypass overlying WXCs.

� Spatial add/drop and spectral grooming: Low capacity
OChs with different endpoints may be bundled into the
same SCh and groomed at a WXC to form well-packed
SChs. A 100-Gb/s OCh (OCh 3) is carried through SCh 2,
SCh 3, and SCh 4 while being bundled with a 400-Gb/s
spectral superchannel (OCh 2, OCh 4, OCh 5, and OCh 6)
and groomed in the WDM layer.

� SL change: SCh 1(b) changes SLs at sub-MS-SXC 2 from
SL 1 to SL 2.

� SCh protection: When link failure occurs at SMS 1, spatial
switches at the endpoints of SCh 1(w) are activated to
switch over SCh 1(w) to SCh 1(b).

V. HOXC ARCHITECTURES AND PROTOTYPES

A. HOXC Architectures Employed in SCN Testbed

1) Sub-MS-Based SXC Architecture: Fig. 4 shows an HOXC
architecture based on single-stage (C/sD + aCD/s )×
(C/sD + aCD/s) sub-MSs, where C is the number of single-
mode cores per link, D is the node degree, a is the add
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Fig. 5. HOXC architecture based on CSSs.

drop ratio of the SXC, and s is the partitioning number of
cores. Here, D (= 3) ingress (egress) MCFs from (to) different
directions that support C (= 8) cores are connected on the
ingress (egress) side of the SXC via 1× C spatial demulti-
plexers (SDEMUXs) (C × 1 spatial multiplexers (SMUXs)).
Eight cores in an MCF are partitioned into s (= 4) core groups,
each comprising C/s (= 2) cores, and each core group in an
MCF is accommodated in a different sub-MS. If the add drop
ratio for SXC a of 1/3, is assumed, a sub-MS should have
C/sD + aCD/s(= 8) input (output) ports for through traffic
and add (drop) traffic. In this architecture, a core that belongs to a
core group can only be connected to a core in a different direction
or a transceiver that belongs to the same core group. Instead, this
architecture achieves growability in terms of SLs and supports
fault independent protection by choosing working and backup
routes so that they are SDM link disjoint and sub-MS disjoint
[2], [3]. Hereafter, we refer to these features (constraints) of
the sub-MS based SXC as partial any-core access (partial AC),
non-directional (ND), contention-less (CnL), and partial lane
change (partial LC), respectively. Regarding a WXC overlying
the SXC, each port of the WXC is connected to a different
sub-MS in order to prepare for the event of a sub-MS failure.

2) CSS-Based SXC Architecture: Fig. 5(a) shows the HOXC
architecture based on a 1×D ( = 3) CSS supporting C(= 4)
cores with a1× C SDEMUX/SMUX at a local port. Here, a CSS
is the SDM counter part of a WSS in the current WDM network,
which has an input MCF and N output MCFs where each MCF
has C cores in its cladding as shown in Fig. 5(b) (N = 6, C = 5
in the figure). Its equivalent circuit can be expressed as shown
in Fig. 5(c). Optical signals propagated through cores of the
input MCF are spatially demultiplexed by a 1× C SDEMUX
and launched into 1×N switches. Each optical signal is then
routed and spatially multiplexed with a C × 1 SMUX into its
output MCFs.

In Fig. 5(a), ingress and egress CSSs linked to MCF trans-
mission lines are arranged in the route and select (R&S)
configuration instead of the simpler broadcast and select (B&S)
configuration. This is to avoid the inherent splitting loss of an

Fig. 6. IL characteristics of employed SMUX/SDEMUX.

optical splitter used in the B&S configuration and to achieve
a low insertion loss SXC that actualizes an optical reach for a
spectrally groomed OCh in an SCN that is almost the same as
the optical reach in a current WDM network as described in the
previous sub-section. Among D output ports of the CSS, D − 1
ports are for through SChs and the remaining port that is linked
to an SDEMUX (SMUX) is for local drop (add) SChs.

In this architecture, an unused input port on an SMUX can
be connected to an unused core with the index associated to
the SMUX input port on the egress MCF to which the SMUX
is linked. This architecture does not provide a LC capability.
Hereafter, we refer to these features (constraints) of the CSS
based SXC as fixed core access (FC), ND, CnL, and non-lane
change (NLC), respectively. Clearly, there must be a wide variety
of add/drop part architectures and technologies to achieve more
flexible connectivity. Detailed discussion can be found in [30].

B. Building Blocks

MCFs used in the testbed have standard 125-µm cladding
and support four single mode cores arranged with a 45-µm core
spacing [31]. The SDEMUX/SMUX used in the SCN testbed is a
SMF bundle type, in which four thin-cladding SMFs are bundled
in a standard connector ferrule for an SMF to form an interface
to an MCF connector [32]. Fig. 6(a) shows a histogram of the
insertion loss (IL) of an SMF-bundle type SMUX including the
connection loss to an MCF code for all the combinations of
six SMUXs and six MCF codes that we have in our laboratory,
which are measured in the configuration shown in Fig. 6(b). The
average and worst ILs for the SMUXs including the connection
loss to an MCF are 0.7 dB and 1.2 dB, respectively. The two
16 × 16 sub-MSs used in the testbed are achieved by dividing
a commercial 32 × 32 MS. Fig. 7(a) shows a histogram of the
ILs among all the combinations of input and output ports of the
16 × 16 MS shown in Fig. 7(b). The average and worst ILs of
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Fig. 7. IL characteristics of employed MS.

Fig. 8. IL characteristics of employed 1 × 4 SW.

the sub-MS are 0.7 dB and 1.1 dB, respectively. Fig. 8(a) shows
a histogram of the IL between the input and four output ports of
the nine 1 × 4 spatial switches shown in Fig. 8(b). The average
and worst ILs of 1 × 4 spatial switches are 0.9 dB and 1.1 dB,
respectively.

C. Requirement for SXC IL

As described in [3] and [4], a requirement for practical SXCs
from the viewpoint of physical performance is that the SXC

Fig. 9. Sub-MS based HOXC prototype.

insertion loss must be sufficiently low to deter degradation in the
transmission performance of OChs that are spectrally groomed
by a WXC. Gaussian noise model [33], [34] analysis revealed
that if we assume, for example, a 20-dB transmission loss per
link (corresponding to a 80-km fiber span when the fiber loss
is 0.25 dB/km) and a 20-dB insertion loss per WXC (a typical
loss value for a WXC employing the B&S architecture equipped
with some performance monitoring points), in order to achieve
a optical reach that is at almost the same level as that for an OCh
transported through a conventional single-layer WDM network
(for example > 95%), we will need an SXC with an insertion
loss of less than 7 dB [3], [4].

D. HOXC Prototypes

1) Sub-MS-Based HOXC Prototype: Fig. 9 shows a sub-MS
based HOXC prototype used in the SCN testbed. We assumed
that each SDM link comprises three four-core MCFs, but only
the MCFs indicated in blue are implemented due to the limited
availability of equipment. We use two 16× 16 MSs that are
sandwiched between a 1× 4 SDEMUX and 4× 1 SMUX to
achieve a sub-MS SXC that supports three four-core MCFs per
link, three nodal degrees, and an add/drop ratio of 1/3. The
connections indicated in black in Fig. 9 are not implemented.
According to the IL measurement results for the SMUXs and
MSs as described in the previous subsection, we expect that
the ingress MCF to the egress MCF loss of the SXC based on
sub-MSs is 2.3 dB on average and 3.7 dB for the worst case.
This is much lower than the maximum allowable insertion loss
of 7 dB for an SXC as explained in the previous sub-section.

A simple 1× 2 switch is used for SCh protection. A WXC
that comprises a 3-dB splitter and a 1× 2 conventional WSS is
connected to add/drop ports of the sub-MS. This SXC prototype
is SL changeable among four SLs and is resilient against both
fiber and switch failures because it accommodates working and
backup SChs in different sub-MSs.
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Fig. 10. CSS based HOXC prototype.

2) CSS-Based HOXC Prototype: There are currently no
commercially-available CSSs. One possible approach to achieve
a CSS is to combine discrete devices such as an SDEMUX de-
vice, an array of 1×N spatial switches, and N SMUX devices
to form a CSS equivalent circuit as shown in Fig. 5(c). Another
possible approach is to employ free space optics [7], [8], which
is an approach similar to that for current commercial WSSs but
has a rather simpler multiplexing/demultiplexing part. We em-
ployed, in this principle demonstration, a commercial 1× 4 spa-
tial switch array that is arranged to form an R&S configuration
as shown in Fig. 10. We assumed that each SDM link comprises
three four-core MCFs, but only the MCFs indicated in blue were
implemented due to the limited availability of equipment. In
addition, we did not implement output SMUXs in the CSSs,
instead we used parallel SMFs to connect input and output CSSs
because the available number of SMUX/SDEMUX devices were
limited. Since this CSS-SXC architecture is port-modular, it
supports fault-independent SCh protection by choosing working
and backup routes to be SDM-link-disjoint from each other.
According to the IL measurement results of the SMUXs and
1× 4 spatial switches as described in the previous subsection,
we expect that the ingress MCF to egress MCF loss of the SXC
based on CSSs is 3.4 dB on average and 5.0 dB in the worst
case. This is also lower than the maximum allowable insertion
loss of 7 dB for an SXC.

VI. SCN NETWORKING DEMONSTRATIONS

Fig. 11(a) shows the experimental configuration to generate
each spectral superchannel used in the testbed. A 100-Gb/s
dual-polarization QPSK transmitter is employed to generate an
optical (sub-)channel under pre-forward error correction (FEC)
bit-error-rate (BER) measurement. Eight wavelength-tunable
laser diodes and a 100-Gb/s dual-polarization QPSK modulator
are employed to generate other optical sub-channels. By copying

Fig. 11. Experimental configuration for generating and measuring OChs.

and multiplexing these optical signals using optical splitters
and a 1× 2 WSS, a 900-Gb/s superchannel (OCh 1), 400-Gb/s
superchannels (OCh 2, OCh 4, OCh 5, and OCh 6), and a
100-Gb/s channel (OCh 3) are created.

Due to the limited availability of optical switches and
SMUXs/SDEMUXs, we emulated the four-HOXC ring network
shown in Fig. 3 using a figure-eight double-loop network config-
uration comprising two HOXCs, one is based on a sub-MS and
the other is based on a CSS as shown in Fig. 12. This emulation
is achieved by transforming the original four-node ring network
linked by four MCFs (Fig. 12(a)) to the two-node figure-eight
double-loop network linked by three MCFs (Fig. 12(b)) and
letting OCh 1 (900 Gb/s) carried by SCh 1 (backup) and OCh 3
(100 Gb/s) carried by SCh 2, SCh 3, and SCh 4 in Fig. 3 traverse
the sub-MS based SXC and the CSS-based SXC twice. Fig. 12(c)
illustrates the actual experimental network configuration. The
two boxes labeled “Sub-MS-SXCs 1, 2” and “CSS-SXCs 1, 2”
are the SXC prototypes described above.

Fig. 13 shows states of the SL assignment in the four-core
MCFs at SMS 1, SMS 2, and SMS 3 for the normal state and
rerouting state (in the case of a link failure at SMS 1) as well
as spectra for SCh 1, SCh 2, SCh 3, and SCh 4 indicated in an
unfolded equivalent network configuration of the SCN testbed
shown in Fig. 12(c). States of the SL assignment are shown as
images of beams emitted from an MCF connector facet captured
by using a spatial beam profiler (SBP). For reference, an image
captured by the SBP when all cores are illuminated and a photo of
the cross-section of the four-core MCF used in the SCN testbed
are shown at the leftmost of Fig. 13.

We confirmed by comparing SBP images for SMS 1, SMS 2,
and SMS 4 for the normal state and rerouting state that when a
link failure at SMS 1 occurs, SCh 1 (working) carrying 900-Gb/s
OCh 1 is successfully switched over to SCh 1 (backup), which
spatially bypasses the overlying WXC while changing SLs from
SL 1 to SL 2. On the other hand, we see that SCh 2 traversing SL
3, which carries OCh 2, OCh 3, and OCh 4 is dropped at Sub-MS
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Fig. 12. Figure-eight double-loop network configuration comprising a sub-MS based SXC and CSS-based SXC l to emulate four-node ring network.

Fig. 13. States of SL assignment in MCFs at SMS 1, SMS 2, and SMS 3 with spectra of SCh 1, SCh 2, SCh 3, and SCh 4.

SXC 1 and only OCh 3 in SCh 2 passes through at WXC 2 and
is packed again into SCh 3 that traverses SL 4.

In order to confirm the nonexistence of unknown deteriorating
factors in the SCN testbed, we measured the real-time pre-FEC
BER performance of the OChs after being transported over
the SCN testbed using the experimental configuration shown
in Fig. 11(b). The OCh under test is launched into a 100-Gb/s
DP-QPSK transmitter together with an amplified spontaneous

emission (ASE) light. The pre-FEC BER is measured as the
power spectrum density of the ASE light is changed using a
variable optical attenuator. Fig. 14 shows the pre-FEC BER
versus the OSNR curves for the center subcarrier in OCh 1
carried by SCh 1 (working), the center subcarrier in OCh 1
carried by SCh 1 (backup), and OCh 3 carried by SCh 2, SCh
3, and SCh 4. The back-to-back performance for the employed
100-Gb/s dual-polarization QPSK transmitter is also plotted in
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Fig. 14. Pre-FEC BER versus OSNR performance in spatial channel network-
ing experiments.

Fig. 15. Recirculating experiment configuration for cascaded sub-MS SXCs.

Fig. 16. Pre-FEC BER versus OSNR performance in recirculating experi-
ments.

Fig. 14. The figure shows that no OSNR penalty occurs from
the back-to-back performance generated by traversing the SCN
testbed. We also conducted a recirculating experiment using
the experimental setup shown in Fig. 15 to emulate cascaded
sub-MS SXCs where all 12 SLs in an SDM link are fully utilized.
We confirmed that no OSNR penalty is generated even after
5 times of routing with sub-MSs and 8 times of multiplex-
ing/demultiplexing with SMUX/SDEMUX devices as shown in
Fig. 16.

VII. CONCLUSIONS

We conducted a proof of concept demonstration of a recently
proposed SCN utilizing an SCN testbed that comprises low-loss
HOXC prototypes and four-core MCF links. The HOXC pro-
totypes used in the SCN testbed were based on sub-MSs and
CSSs both implemented with commercially available discrete
optical switches. The SCh networking including spatial bypass-
ing, spatial add/drop and spectral grooming, spatial-LC, and
SCh protection is successfully demonstrated for SChs carrying
100-Gb/s to 900-Gb/s OChs. Pre-FEC BER measurements for
OChs that traversed the SCN testbed confirmed there exists no
performance degradation through the SCh networking.

Two SXC architectures tested in the SCN networking testbed
have their advantages and disadvantages. At this moment, there
is no clear answer to the question of which SXC architecture
will achieve techno-economical validity in future SCNs. This
is because it depends on many factors such as traffic patterns
(dynamic or incremental), fiber types (parallel SMFs or MCF),
and the maturity of support technologies (optical amplifiers,
optical switches, SMUX/DEMUX, etc.) in future SCNs. We
recently analyzed a wide variety of SXC architectures includ-
ing traditional architectures and the two novel architectures
described in this paper from the viewpoints of the freedom of
connection functionalities, operational benefits, and potential
node costs associated with the architectural complexity [30].
The results may be useful to obtain insights regarding which
SXC architecture is suited to a given specific network scenario.
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