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Abstract—We describe the principle, design, and prototyping
of a free-space-optics-based core selective switch (CSS) for spatial
channel (SCh) networks (SCNs) in the age of space division mul-
tiplexing (SDM). A CSS in an SCN corresponds to a conventional
wavelength selective switch (WSS) in a current wavelength division
multiplexing network. It incorporates functionalities for spatially
demultiplexing SChs from an input SDM port and for switching
and multiplexing any of them into any of output SDM ports. We
discuss the design for free-space-optics-based CSSs that is applica-
ble to CSSs supporting various numbers of cores per multicore fiber
(MCF) and various numbers of MCF ports. We show an example
of an implemented 5-core 1 × 6 CSS prototype that integrates
an MCF collimator, spatial multiplexer/demultiplexer array, and
liquid-crystal-on-silicon spatial light modulator. Although some
output MCF ports exhibit relatively high insertion loss (IL), the
CSS prototype shows that a CSS will potentially provide low net
IL at the level of approximately 2 dB. To verify that there are no
unknown deteriorating factors in the CSS prototype, we tested the
prototype implemented in a hierarchical optical cross-connect con-
figuration by measuring the pre-forward error correction bit error
rate. Spatial bypassing and spectral grooming of a 900-Gb/s SCh
employing a CSS-based spatial cross-connect and a conventional
wavelength cross-connect are successfully demonstrated with no
optical signal-to-noise ratio penalty.

Index Terms—Core selective switch, Spatial channel, Spatial
bypass, Spatial cross-connect, Spatial division multiplexing.

I. INTRODUCTION

IN ORDER to support the ever-increasing demand for trans-
mission capacity in optical networks while overcoming the

fundamental capacity limits of conventional single-mode fibers
(SMFs), research over the past 10 years has focused on explor-
ing space as the only remaining physical dimension for signal
multiplexing [1]. A near-term solution would be to use existing
parallel SMFs. As middle or long-term solutions, a wide variety
of fibers of new structures are being developed worldwide that
support multiple guided spatial modes in a fiber. Now we are
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about to enter a new era of space division multiplexing (SDM). A
multicore fiber (MCF) is one such SDM fiber in which multiple
single-mode cores are placed within a single fiber cladding [2].
In general, MCFs are carefully designed to suppress the crosstalk
between cores below the level allowed by the transmission sys-
tem. They are advantageous due to their compatibility with the
conventional SMF-based technology in terms of not requiring
complicated multi-input multi-output digital signal processing
for the spatial demultiplexing [3].

Although SDM fiber technology significantly scales in spa-
tial mode counts per link and network capacity, it presents a
challenge in that it necessitates the deployment of large recon-
figurable optical add drop multiplexers (ROADMs) comprising
a large number of high port count wavelength selective switches
(WSSs). In order to address this problem, considerable research
efforts have been dedicated to developing mixed-layer larger-
scale wavelength division multiplexing (WDM)/SDM cross-
connects [4]–[12]. Such efforts include the joint switching of
spatial superchannels [4]–[9] and a subsystem-modular wave-
length cross-connect (WXC) architecture [10]–[12]. However,
historically speaking, when a new signal multiplexing technol-
ogy emerges, it needs a new networking layer and hence a
new switching technology with the same switching granularity
as the multiplexing granularity of the new layer to achieve
cost-effective and scalable networking. In the same way that
the introduction of WDM required an optical bypass based
on ROADMs/WXCs when entering the WDM era in the early
2000s, SDM will need a spatial bypass based on spatial cross-
connects (SXCs) to achieve a cost-effective SDM layer.

Here, let us consider the important question of when will
the spatial bypass yield technological and economic validity.
Based on the extrapolation of recent compound annual growth
rates of high-end router blades, which is at approximately
40%, and other technologies used to generate and process data,
Winzer et al. recently predicted that by around 2024 commercial
10-Tb/s optical interfaces will be required in 1-P b/s optical
transport systems [3], [13]. Since a 10-Tb/s dual polarization
quadrature phase shift keying (DP-QPSK) optical channel oc-
cupies almost the entire capacity of the C-band, it is abundantly
clear that for such an ultra-high capacity optical channel, the
wavelength switching layer is obsolete and the spatial by-
pass yields significant benefits in terms of cost-effectiveness
and expanded optical reach due to simpler optical spatial
switches.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0001-8928-6903
mailto:jinno@eng.kagawa-u.ac.jp
mailto:tkodama@eng.kagawa-u.ac.jp
mailto:s16t284@stu.kagawa-u.ac.jp
https://ieeexplore.ieee.org


4896 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 18, SEPTEMBER 15, 2020

According to the aforementioned considerations, we recently
proposed a novel optical network architecture, the spatial chan-
nel network (SCN), toward the forthcoming era of massive SDM
[14]–[22]. In the SCN, the current optical layer is explicitly
evolved into the hierarchical SDM layer and WDM layer, and a
conventional optical node is decoupled into a SXC and a WXC
to form a hiera rchical optical cross-connect (HOXC) [14], 1[6].
By doing so, future ultra-high capacity optical channels, which
will have a bit rate of 10 Tb/s and beyond, will be able to bypass
the overlying WXCs in the WDM layer (spatial bypass) using
potentially inexpensive and low insertion loss SXCs. This yields
significant reduction in the routing cost-per-bit in an optical
transport network [16], [17] and considerable increase in the
optical reach [15], [16]. We define a spatial channel (SCh) as
an ultra-high capacity optical data stream that occupies the
entire available spectrum of a core (C-band and/or L-band)
in a conventional SMF or currently under development MCF.
Hereafter, we refer to such a core as a spatial lane (SL). The
introduction of MCFs may be the first technological step beyond
the use of conventional SMF bundles for SDM links.

As SXC architectures with growability and reliability, our
research group recently proposed novel SXC architectures [14],
[16] based on a sub-matrix switch and a new type of optical
spatial switch, which is referred to as a 1× k core selective
switch (CSS). Recently, we demonstrated the feasibility of
spatial channel networking including spatial bypassing, spectral
grooming, spatial-lane change, and spatial-channel protection
over a spatial channel network testbed that comprised two types
of low-loss SXC prototypes connected with four-core fibers [18],
[19].

Fig. 1(a) shows an HOXC architecture example comprising
a CSS-based SXC and a conventional WXC. A CSS in an SCN
provides functions equivalent to those provided by a conven-
tional WSS in a current WDM network. Here, ingress and egress
CSSs linked to MCF transmission 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 the 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 optical channel (OCh) in an SCN
that is almost the same as the optical reach in a current WDM
network [15], [16]. In order to pack optical (wavelength) chan-
nels efficiently into an SCh, a conventional WXC is connected
to add/drop ports of the SXC via spatial multiplexers (SMUXs)
and spatial demultiplexers (SDEMUXs).

It should be noted that in the same way that a conventional
WSS-based ROADM does not provide the wavelength conver-
sion functionality, a CSS-based SXC does not provide the SL
change (core interchange) functionality. Many studies have been
performed to investigate the impact that wavelength contention
has on the performance of optical-bypass-enabled networks and
these studies concluded that there is only a small impact if good
algorithms are used [22]. Similarly, we recently showed that
the lack of lane change capability exerts little influence on the
required number of SLs in the network (1% to 12% increase
for incremental traffic demand depending on network topology
when compared to the traditional Clos network based SXC) [17],

Fig. 1. SXC architecture based on 1 × k CSS.

[23]. The few percent increase in the required number of SLs
may be acceptable for a potentially lower node cost in CSS-based
SXC architectures. There are a wide variety of add/drop part
architectures and technologies to achieve more flexible connec-
tivity in a CSS-based SXC at the expense of increased node
complexity. Such architectures and techno-economic analysis
are found in [23].

A 1× k CSS incorporates functionalities for spatially de-
multiplexing SChs from an input MCF and for switching and
multiplexing any of them into any of k output MCFs. Con-
nectivity is independent of the propagation direction of the
SChs. Such functionality can be achieved by configuring an
SDEMUX, 1× k spatial switches, and SMUXs as shown in
Fig. 1(b). A feasibility demonstration for a CSS employing
discrete bulk optics comprising MCF SMUX/SDEMUX devices
and commercial 1× 4 spatial switches was recently conducted
[20]. In the demonstration, a preliminary switching experiment
for a free-space-optics based CSS was also performed using an
input MCF collimator and an output MCF collimator, which
was affixed to a two-dimensionally movable stage to emulate
multiple adjacently arranged output MCF collimators. More
recently, a compact, free-space-optics based 5-core 1× 6 CSS
prototype with integrated input and output MCF collimators and
an SMUX/SDEMUX array was reported in [21].

This paper is an expanded version of [21] in which detailed
descriptions are added of the operational principle of a CSS
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Fig. 2. Free-space-optics based architecture of 1 × 4 CSS.

with comparison to a conventional WSS, design parameters,
system trade-offs in implementing a free-space-optics based
CSS, and detailed experimental results of the 1× 6 CSS pro-
totype. The remaining part of this paper is structured as fol-
lows. In Section II, we describe the principle of the free-space
based CSS. In Section III, we discuss the design for free-
space based CSSs that support various numbers of cores and
MCF ports. In Section IV, we show an example of an imple-
mented 5-core 1× 6 CSS prototype. In Section V, we present
experimental results including the experimental configuration
for a feasibility demonstration of spatial channel networking
including using 100-Gb/s to 900-Gb/s spectral superchannels
and experimental results. In Section VI, we summarize our
conclusions.

II. PRINCIPLE OF FREE-SPACE-OPTICS BASED CSS

A free-space-optics based CSS was first proposed in our
previous work [20]. To facilitate reader understanding of the
free-space-optics based CSS, we describe in the first half of this
section the basic principle of the CSS, which appeared in [20],
and then provide detailed discussion of the features of the CSS
compared to those of the conventional WSS. In Fig. 2(a), we
illustrate a 1× 4 CSS based on free-space optics that supports
MCFs with four cores. The CSS comprises two-dimensionally
arranged input and output MCFs with collimating micro-lenses
whose focal length is f1, a condenser lens whose focal length is
f2, and two-dimensionally arranged switching mirrors. Fig. 2(b)
shows indexes for each MCF and each single mode core in an
MCF, where cores are indexed using labels of A-D and MCFs
are indexed using I0 (input MCF) and O1-O4 (output MCFs).
The collimating micro-lens and condenser lens are arranged in
a telecentric configuration. The micro-lens for the input MCF

collimates four beams (red, green, blue, and yellow) launched
from each core of the input MCF and concentrates them to the
focal point of the collimating lens at different angles according
to the position of each core in the cladding. The condenser lens
focuses each beam on a different switching mirror according
to each angle. As a result of the telecentric configuration, the
four spots on the switching mirrors appear as a point-symmetric
enlarged image of the beam profiles at the cores of the input MCF
with magnification factorM given by f2/f1. As illustrated using
dotted traces, a beam from any core of the input MCF can be
coupled to a core with the same core index of any output MCF
by adjusting the tilt of each switching mirror in two angular
dimensions. Fig. 2(a) illustrates a case where a beam from core
A of the input MCF is coupled to core A of output MCF O4,
beams from cores B and C are respectively coupled to cores B
and C of output MCF O2, and a beam from core D is coupled to
core D of output MCF O1.

As described in [20], since the propagation directions of
the lights are opposite between the input MCF and the output
MCFs, the same core index at the input-end of an output MCF
means that the switched light at the output end of the output
MCF appears in the core in the horizontally-flipped position.
Fortunately, if the R&S configuration is employed as shown in
Fig. 1(a), this horizontal-flipping in the core position that occurs
at an ingress CSS by routing the light can be restored to the
original core position by selecting the light at an egress CSS. As
a result, an SXC using the free-space-optics based CSSs provides
the connection between cores with the same index if the R&S
configuration is employed.

Higher level functionalities that a 1× k CSS provides are
very similar to those that a 1× k WSS provides; however, there
exist some important differences between them. First, a WSS
needs a discrete diffraction grating for wavelength demulti-
plexing/multiplexing, which makes a WSS relatively bulky and
lossy, while in a CSS, a collimator lens with negligibly small
insertion loss doubles as a spatial demultiplexer/multiplexer.
Second, because in the envisioned SXC applications a func-
tionality that changes seamlessly the switching range, which is
needed for flexible-grid-enabled WSSs and can only be achieved
using a pixel-based liquid-crystal-on-silicon (LCoS) spatial light
modulator (SLM), will most likely not be required. Alter-
natively, two-dimensionally arrayed micro-electro-mechanical-
system (MEMS) mirrors that outperform an LCoS-SLM in terms
of larger switching angles and polarization independency can
be employed as a switching element. These two features are
advantageous in decreasing the size and insertion loss of a
CSS. Third, in a standard WSS design, switching mirrors are
one-dimensionally arranged in the wavelength direction and in-
put/output SMFs are arranged in the orthogonal direction, while
in a CSS, both switching mirrors and input/output MCFs can be
arranged two-dimensionally, which makes it relatively easy to
support larger numbers of SLs and to increase the input/output
MCF count. For example, if the maximum steering angle for an
employed switching mirror supports N MCF ports in one direc-
tion in the Cartesian coordinate, we can support N2 MCF ports
in total by adjusting the tilt of the switching mirror in two angular
dimensions.
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Fig. 3. Core arrangement in hexagonal closely-packed MCFs and square
lattice MCFs.

TABLE I
TOTAL CORE COUNT FOR N EQUALING 3 TO 7

III. DESIGN OF FREE-SPACE OPTICS BASED CSS

A CSS was modeled as a telecentric imaging system with
two-dimensionally (2D) arranged MCFs each coupled to a thin
micro-lens (focal length f1), a thin condenser lens (focal lengths
f2), and a switching mirror device array. So far, a wide variety
of core arrangements have been reported in literature, including
the hexagonal closely-packed structure and the square lattice
structure [2], [24], [25]. Figs. 3(a) and 3(b) illustrate examples
of the core arrangement in hexagonal closely-packed MCFs and
square lattice MCFs, respectively. Here, we introduce index
n that is a one-dimensional core count in an MCF. Table I
summarizes the total core count for n equaling 3 to 7.

A. MCF Input/Output Array Design

Fig. 4(a) shows exemplary MCF geometry that has hexago-
nally closely-packed 7 single-mode cores. We assume a squarely
arranged MCF and micro-lens arrays with micro-lens pitch D
as shown in Fig. 4(b), whose per side MCF port count N is 4
and thus the total MCF port count N2 is 16.

Fig. 4(c) shows a beam propagation model from the input
MCF facet to the collimating micro-lens for the center core
and outer cores. If we use a Gaussian beam as a model for
light exiting from each core of the input MCF, where each
beam has beam waist w0 at the exit facet of each core and
wavelength λ, the spot size on the micro-lens wcol is given by√
w2

0 + (λf1/πw0)
2. The effective aperture of the micro-lens

D1 is determined so as to prevent significant beam clipping for
beams emitted from the outermost cores. The required D1 is
given by D1 ≥ 2(α1wcol + l). Here, l is the length from the
center of the MCF to an outermost core, which is given using
n and core pitch d as l = d(n− 1)/2 for hexagonal closely-

packed structure MCFs and l = d
√
(n− 1)2 + (n− 3)2/2 for

square lattice structure MCFs as shown in Figs. 3(a) and 3(b),
respectively.

If we need the beam clipping for beams emitted from the
outermost cores to be less than 1%,α1 should be greater than 1.5.
All beams launched from each core of an input MCF converge to
the same spot at the focal point of the collimator lens at different
angles and are spatially separated as shown in Fig. 4(d).

B. Steering Optics Design

Fig. 5(a) shows a side view schematic of the CSS. The three
solid lines indicate beam propagations from the center and outer
cores in the input MCF, which is located at the bottom left corner
of the MCF array, to switching mirror devices. Dotted lines
indicate possible beam propagations from the switching mirror
devices to the output MCFs. Both an MEMS mirror array and
an LCoS-SLM can be used as a switching mirror device array.
Although additional polarization diversity optics are required for
the latter case to compensate for the polarization dependency of
the switching efficiency, it is omitted from Fig. 5(a) for better
visibility.

If we assume that micro-lens pitch D is equal to the effective
aperture of the micro-lens D1 the effective aperture of the con-
denser lens D2 is determined so as to prevent significant beam
clipping for beams emitted from (entering into) the outermost
cores of the MCFs located at the outermost corners. The required
D2 is given by D2 ≥ 2{α2wcon +Ml + (N − 1)D1/

√
2}

where wcon is the spot size on the condenser lens given by√
(λf1/πw0)

2 + (Mw0)
2 and where α2 should be greater than

1.5 to prevent the beam clipping of less than 1% by the condenser
lens for the outermost beams.

The condenser lens focuses the beams on the switching
mirror devices to generate a point-symmetric enlarged image
of the beam profiles on the input MCF facet with magnifica-
tion factor M given by f2/f1 This means that the spot size
on the mirror device, wmir, is given by Mw0, as illustrated
in Fig. 5(b) for an MEMS mirror array and Fig. 5(c) for
an LCoS-SLM. Pitch R and effective radius r of the mir-
ror devices should be Md and βMw0, respectively, where
β should be greater than 1.5 to ensure that the beam clip-
ping by the switching mirror device for each beam is less
than 1%.

The required maximum steering angle of the mirror de-
vice depends on N and has the relationship f2 tan(θmax) ≥
(N − 1) D/2. In other words, given core pitch d, mirror pitch
R, and maximum steering angle θmax, achievable per side MCF
port count Nmax and required minimum aperture D1,min with
focal length f1 of the collimating micro-lens are determined as
a function of n and f2 as

Nmax (n, f2) =
2f2 tan θmax

D1,min
+ 1 (1)

D(1,min) (n, f2) = 2

{
α1

√(
w2

0 + (λdf2)
2 / (πw0R)2

)
+ l

}
⎧⎨
⎩

l = d (n− 1) /2 (Hexagonal close - packed )

l = d

√(
(n− 1)2 + (n− 3)2

)
/2 (Square lattice)

(2)

f2 = (R/d) f1 (3)
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Fig. 4. MCF collimator array and beam propagation.

Fig. 5. Side view schematic of CSS, 2D MEMS mirrors, and sectioned LCoS-SLM.

Fig. 6. Required minimum micro-lens aperture.

A large n and thus a large number of coresper fiber leads to
a decrease in Nmax. As f2 increases, per side MCF port count
Nmax increases and approaches M(πw0/α1λ) tan θmax + 1.

Fig. 7. Achievable per side MCF port count.

Since f2 is the chief parameter to determine the overall size of
a CSS, if a sufficiently large θmax to achieve the necessary port
count, Nmax, is available by using an MEMS mirror array with
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Fig. 8. Schematic diagram of CSS prototype supporting 5-core MCFs with standard 125-μm cladding.

Fig. 9. Images of CSS prototype.

Fig. 10. Beams from each MCF core focused at LCoS position.

a large mirror tilt angle, a shorter f2 may be better. However,
in practice, there exists a practical lower limit to f2 because
a shorter f2 requires a shorter f1 (= f2(d/R)), but as can be
understood from Eq. (2), required minimum aperture D1,min is
not reduced at the same pace as f2, and will never become less
than 2 (α1w0 + l). This makes the requirement for the collimator
micro-lens for an excessively shorter f2 unrealistic.

Fig. 11. Optimum steering polar and azimuthal angles (deg.).

C. CSS Design Examples

Fig. 6 shows the required minimum aperture of a micro-lens,
D1,min, as a function of the focal length of the condenser
lens, f2 (= (R/d)f1), for n = 3, 5, and 7, which correspond
to examining hexagonally closely-packed 7-core, 19-core, and
37-core MCFs and square lattice 5-core, 21-core, and 45-core
MCFs, respectively. Here, we assume an MEMS mirror array
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Fig. 12. IL ηIL, which is the ratio of the coupled power to the target core, Pt, and input power P0, and the PDL at 1550 nm.

with R = 1 mm, r = 0.3 mm [26], and θmax = ±5°, and MCFs
with w0 = 5.5 μm, d = 40 μm, λ = 1.55 μm, and α1 = 1.6.
Fig. 6 shows that the required minimum aperture of a micro-lens,
D1,min, increases with n and MCFs with square lattice cores
require a slightly larger D1,min than MCFs with hexagonally
closely-packed cores. Fig. 7 shows the maximum achievable
per side MCF port count, Nmax, as a function of f2, when
micro-lenses are closely arranged so that lens-pitch D equals
D1,min. TermNmax increases with f2 and a larger n value (then
larger core count) leads to a smaller Nmax value due to a larger
required minimum aperture, D1,min.

Considering the case of micro-lens focal length f1 of 810 μm
(f2 = (R/d)f1 = 20.3 mm), Figs. 6 and 7 indicate that for
hexagonally closely-packed 37-core MCFs (n = 7), the required
minimum aperture, D1,min, is 470 μm and the greatest integer
less than or equal to Nmax is 8. This means that the ideal case of
a 37-core 1× 63 CSS may be possible. If we use a micro-lens
array with the same f1 but a larger lens pitch, D, of 750 μm,
which is a commercially available micro-lens design example,
the achievable per side MCF port count, N , decreases to 5. This
corresponds to a 37-core 1× 24 CSS.

If we employ another MEMS design with twice the mirror
pitch, R = 2 mm, twice the mirror radius, r = 0.6 mm, and the
same commercially available micro-lens array design, we may
achieve twice the per side MCF port count, N , that corresponds
to a 37-core 1× 99 CSS. This is at the expense of twice the f2
of 40.6 mm and results in almost twice the device length.

On the other hand, a typical LCoS-SLM provides a much
narrower steering angle, e.g., θmax = ±1.2°, than an MEMS
mirror. If we assume that an LCoS-SLM is divided into 19
sections and R = 2 mm, the achievable per side MCF port
count, N , decreases to 3 for the same commercially available

micro-lens array and the same condenser lens, which is still
sufficient to achieve a 19-core 1× 8 CSS.

IV. IMPLEMENTING FREE-SPACE-OPTICS BASED CSS

In order to demonstrate the feasibility of a CSS, we con-
structed a free-space-optics based 1 × 6 CSS prototype using an
LCoS-SLM [21] as illustrated in Fig. 8(a). As described in Sec-
tion II, realistic SXC applications almost certainly do not need to
change seamlessly the switching range, and two-dimensionally
arrayed MEMS mirrors that outperform an LCoS-SLM in terms
of larger switching angles and polarization independency may
be preferable as a switching element. In this demonstration
however, we employ an LCoS-SLM because of its benefi-
cial programmable-configurability, which is advantageous es-
pecially in a laboratory, although it requires extra polarization
diversity optics (not shown in Fig. 8(a) for better visibility).

The CSS prototype supports 5-core MCFs with a standard
125-μm cladding. The mode field diameter (MFD) and core
spacing d of the MCF are 9 μm and 31.6 μm, respectively [24].
An MCF collimator was constructed by attaching a MCF to
a 0.25-pitch graded-index (GRIN) lens as shown in Fig. 8(b),
whose effective focal length f1, effective lens diameter De,
and outer diameter D1 are 530 μm, 250 μm, and 420 μm,
respectively. Rotational and translational alignment of a MCF
and a GRIN lens is achieved by monitoring the collimated
beam spot positions for the center core and outer cores. Seven
MCF collimators are arranged in the hexagonal closely-packed
structure as shown in Fig. 8(c) with the same rotational core
arrangement to achieve an integrated input and output MCF
collimator array. Here, each MCF and each core in the MCFs
is indexed using labels of input MCF I0 (center MCF), output
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Fig. 13. Coupled power to input power ratio for output MCF O2.

MCF O1-O6 (outer MCFs), core A (center core), and cores B-E,
(outer cores) as shown in Fig. 8(a).

The GRIN lens collimates five beams from five cores of the
input MCF and concentrates them at the end of the GRIN lens.
Since the center core position coincides with the optical axis
of the lens, the beam from the central core propagates straight
along the optical axis of the lens while the beam from an outer
core is launched at polar and azimuthal angles corresponding to
the position of the core in the cross section of the MCF. This
means that the collimating lens attached to the MCF acts as
a spatial multiplexer and demultiplexer. A condenser lens with
focal length f2 of 50 mm is set to form a telecentric configuration
with the collimator lenses.

Beams from each core of the input MCF focus on different
positions at an LCoS-SLM according to their emitting angle at
the end of the GRIN lens. The five spots on the LCoS-SLM
represent a point-symmetric enlarged image of the MCF cores
with magnification factor f2/f1. The LCoS-SLM is partitioned
into five areas. The direction and period of the 2π saw-tooth
hologram in each LCoS area is controlled so that each beam
from the input MCF is directed independently to a core with
the same index in its designated output MCF (core selective
switching).

Fig. 9(a) shows anoverall image of the 5-core 1× 6 CSS
prototype employing an LCoS-SLM (Santec Corporation SLM-
100). Figs. 9(b), 9(c), and 9(d) show the cross-sectional image of
the 5-core MCF, an image of an integrated GRIN lens collimator
array, and 2π saw-tooth hologram in the sectioned LCoS-SLM,
respectively. Since an integrated GRIN lens array serves both
as collimator lenses and SMUX/SDEMUXs, the CSS prototype
is very compact in the order of double the focal length of the
condenser lens (50 mm) and the size of the LCoS (10 mm × 15
mm). As described in the previous section, the achievable port
count per fiber basically increases in proportion to the square
of maximum steering angle θmax of the switching element,
and a larger port count CSS may be achieved by employing a
two-dimensional MEMS array.

V. PERFORMANCE EVALUATION OF CSS PROTOTYPE

A. Static Characteristics of CSS Prototype

If all the MCF collimators are constructed and arranged
ideally, and a beam is emitted from a core of an output MCF

instead of the input MCF, the beam should be focused on the
same position on the surface of the LCoS-SLM where a beam
launched from a core of the input MCF with the same index is
focused. Fig. 10 shows beams from each MCF core focused
on the LCoS position, which is observed by using a spatial
beam profiler placed at the LCoS position while launching a
continuous lightwave at 1550 nm into each core of each MCF.
Each beam spot position corresponds to the core position in the
cladding from which the beam originates. Discrepancies in the
beam spot position for each core, especially seen for MCFs O4

and O5, indicate the imperfection of the GRIN-MCF alignment.
This results in greater insertion loss (IL) and/or greater polar-
ization dependent loss (PDL) due to the polarization-dependent
beam clipping via the polarization diversity optics. We search
the optimum steering polar and azimuthal angles for each core
to connect to each output MCF by monitoring the coupled
optical power while horizontally and vertically sweeping the
pitch of the 2π saw-tooth hologram in the sectioned LCoS-SLM.
Fig. 11 shows the optimum steering polar and azimuthal angles
in degrees for each core to connect to output MCFs O1∼O6.
Each position in the polar-angle and azimuthal-angle plane
corresponds to the position of the output MCF in the MCF array.

Fig. 12 shows the IL and the PDL at 1550 nm [21]. The IL
includes the excess loss of the fan-in/fan-out devices [27] used
for the IL measurement (0.9 dB ∼ 1.4 dB in total) and the LCoS
diffraction loss (∼1 dB at the steering angle of ∼0.4°) when
cores A∼E of the input MCF are connected to output MCFs
O1∼O6. Output MCFs O1, O4, and O5 exhibit relatively high
IL and/or PDL probably due to imperfect alignment as inferred
from the results shown in Fig. 10. The minimum IL of 4.0 dB
and PDL of 0.7 dB are achieved for core C of output MCF
O2. No wavelength-dependent loss is observed over the C-band.
These observations indicate that the free-space-optics based CSS
architecture will potentially provide low net IL at the level of
approximately 2 dB for all output MCFs if the non-uniformity of
the IL in the MCF collimators is improved as the manufacturing
technology matures and a two-dimensional MEMS mirror array
is employed instead of an LCoS-SLM.

Fig. 13 shows the coupled power to input power ratio for target
core ηt and adjacent cores ηadj in the same output MCF O2

expressed in decibels. Inter-core crosstalk (XT) XT is defined
by the ratio of ηadj and ηt. Although most cores indicate low
inter-core XT less than −43 dB, this is much higher than that
expected from the simple formula of XT ≡ ηadj/ηt = ηadj =

exp{−(d/w0)
2} for d = 31.7 μm and w0 = 4.5 μm (half the

MFD). We attribute this discrepancy to unknown multiple stray
lights. Relatively high inter-core XT from an outer core to a
diagonal outer core at the level of approximately −33 dB is
observed, which is considered to be caused by the unwanted
reflection generated at the facet of the GRIN lens. This may be
improved by applying antireflection coating to the GRIN lens
facet.

Deviation from the ideal steering angle, Δθ, causes inci-
dent angle deviation at the target core, and results in the
decrease in the coupled power as indicated by ηt(Δθ) =
exp{−((πw0 MΔθ)/λ)2}. The steering angle deviation also
causes the incident angle deviation at the adjacent core
in the same output MCF and results in the decrease in
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Fig. 14. Decrease in coupled power for target and adjacent cores as a function of deviation from the ideal steering angle.

Fig. 15. Experimental configuration to measure BER performance of CSS prototype.

the coupled power to an adjacent core as ηadj(d,Δθ) =

exp{−(d/w0)
2 − ((πw0 MΔθ)/λ)2}. This means the ratio

of coupled powers to the adjacent and target cores (inter-
core XT) does not increase even when there is deviation
from the ideal steering angle and remains as XT = ηadj/ηt =

exp{−(d/w0)
2}. We experimentally confirmed this by inten-

tionally shifting the steering angle for switching in both the x
and y directions and observing the decrease in the coupled power
to the target core and the adjacent cores as shown in Figs. 14(a)
and 14(b), respectively.

B. Data Transporting Characteristics of CSS Prototype

In order to confirm that there are no unknown deteriorating
factors in the CSS prototype, we tested the CSS prototype
implemented in an HOXC [21]. We employ the simplest but most
restrictive connectivity configuration, i.e., the directional and
fixed-core-access configuration, in the SXC design [23] where

each WXC port has a fixed link to a dedicated core in a dedicated
ingress/egress MCF port. We measured the pre-forward error
correction (FEC) bit error rate (BER) under the conditions below.

A) A single 100-Gb/s DP-QPSK signal is switched by the
CSS to output MCFs O1∼O6.

B) Four 100-Gb/s DP-QPSK signals with the same carrier
frequency that are spatially multiplexed and each prop-
agating in a different outer core of a 5-core MCF are
switched by the CSS to the same output MCFs, O1∼O6.

C) Four spectrally multiplexed single 100-Gb/s DP-QPSK
signals and two 400-Gb/s DP-QPSK signals that are
spatially multiplexed and each propagating in a different
outer core of a 5-core MCF are switched by the CSS to
the same output MCFs, O1∼O6, and groomed by a WXC.

Fig. 15 shows the experimental configuration for the pre-FEC
BER measurement in the HOXC based on the CSS prototype.
Figs. 16(a), 16(b), and 16(c) show the optical signal-to-noise
ratio (OSNR) penalty at the BER = 1× 10−3 for 100-Gb/s
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Fig. 16. OSNR penalty observed under conditions (A)∼(C).

DP-QPSK signals under conditions (A), (B), and (C), respec-
tively, as a function of the PDL that they experienced. If we
compare Figs. 16(b) and 16(c) to Fig. 16(a), we can see that the
OSNR penalty only increases as the PDL increases. Neither the
inter-core XT (Fig. 16(b)) nor spectral grooming (Fig. 16(c))
causes an increase in the OSNR penalty. This indicates that we
can expect a negligible OSNR penalty for all CSS connections
if GRIN-MCF alignment is improved.

VI. CONCLUSION

We described the principle, design, and prototyping of a
free-space-optics-based CSS. In an SCN, a 1× k CSS provides
functions equivalent to those provided by a conventional WSS
in a current WDM network and incorporates functionalities
for spatially demultiplexing SChs from an input MCF and for
switching and multiplexing any of them into any of k output
MCFs. We discussed the design for free-space-optics based
CSSs that is applicable to CSSs supporting various numbers
of cores per MCF and various numbers of MCF ports. We
prototyped a 5-core 1 × 6 CSS that comprises an integrated
MCF collimator, SMUX/SDEMUX array, and an LCoS-SLM.
Although some output MCF ports exhibited relatively high
IL, the CSS prototype successfully showed that a CSS po-
tentially provides low net IL at the level of approximately
2 dB.

Since in our CSS design, a collimator lens with negligibly
low IL doubles as an SMUX/SDEMUX and two-dimensionally

arrayed MEMS mirrors with larger switching angles can be
employed, the CSS potentially has advantages in terms of com-
pactness, low-IL, and cost effectiveness. Although in this paper,
a CSS prototype with relatively small numbers of cores and a
MCF port count was described, since both switching mirrors and
input/output MCFs can be arranged two-dimensionally meaning
that the total numbers of them increase quadratically, we expect
that it is relatively easy to support larger numbers of SLs and to
increase the input/output MCF count if we employ more sophis-
ticated input/output MCF array and micro-lens array assembly
technologies.

Performance evaluation of the CSS prototype in an HOXC
configuration including spatial bypassing and spectral grooming
of a 900-Gb/s SCh successfully showed that the CSS enables a
low-loss, distortion-free, and small foot-print SXC that will be
needed in future SCNs in the forthcoming SDM era. Clearly,
from the analogy of WSS-based WXC architectures, there must
be a wide variety of CSS-based SXC architectures in terms of
the connection flexibility in the add/drop part and novel optical
spatial switches may be required to achieve such flexible SXCs
[23]. Our future work will be to demonstrate the feasibility of
flexible SXC architectures.
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