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Photonic integrated switches that are both space and wavelength selective are a highly promising technology for
data-intensive applications as they benefit from multi-dimensional manipulation of optical signals. However,
scaling these switches normally poses stringent challenges such as increased fabrication complexity and control
difficulties, due to the growing number of switching elements. In this work, we propose a new type of dilated
crosspoint topology, which efficiently handles both space and wavelength selective switching, while reducing the
required switching element count by an order of magnitude compared to reported designs. To the best of our
knowledge, our design requires the fewest switching elements for an equivalent routing paths number and it fully
cancels the first-order in-band crosstalk. We demonstrate such an ultra-compact space-and-wavelength selective
switch (SWSS) at a scale of 4 x 4 x 44 on the silicon-on-insulator (SOI) platform. Experimental results reveal that
the switch achieves an insertion loss ranging from 2.3 dB to 8.6 dB and crosstalk levels in between -35.3 dB and
-59.7 dB. The add-drop microring-resonators (MRRs) are equipped with micro-heaters, exhibiting a rise and
fall time of 46 ps and 0.33 ps, respectively. These performance characteristics highlight the switch’s ultra-
low element count and crosstalk with low insertion loss, making it a promising candidate for advanced data
center applications.
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1. INTRODUCTION

Data traffic demand in data centers is experiencing exponential
growth with the advent of Internet live streaming, artificial in-
telligence (AI), and other data-intensive technologies [1].
Optical switches offer a promising solution to meet the network
capacity requirements due to their high bandwidth, low power

crosstalk [11]. Later in 2023, Gao et al. scaled such a design
to a 32x32 port count on a muld-layer SizN4-on-SOI
platform [12]. On the other hand, as a key element of recon-
figurable optical add-drop multiplexers (ROADMs), wave-
length selective switches (WSSs) have also seen significant
advancements. In 2022, Vagionas et al. reported a 1 x 4 x 41

consumption, and low crosstalk [2,3]. Optical switches have
been investigated using various techniques, such as micro-
electromechanical systems (MEMS) [4-6], liquid crystal
[7,8], and integrated photonics [9,10]. Among these, sili-
con-on-insulator (SOI) integrated optical switches demonstrate
significant potential due to their small footprint, fast reconfig-
uration speed, and CMOS compatibility.

So far, most photonic integrated switches are designed to be
either space selective, directing optical signals through distinct
spatial paths, or wavelength selective, routing signals by
assigning specific wavelengths to predefined paths. For exam-
ple, in 2019, Cheng ¢t al. demonstrated a microring-resonator
(MRR)-based switch-and-select space switch with ultra-low

2327-9125/25/040924-11 Journal © 2025 Chinese Laser Press

WSS-based lossless ROADM [13]. In 2023, Zhang ez al. dem-
onstrated a 1 x 4 x 44 WSS [14], utilizing the adiabatic ellip-
tical MRRs, with low on-chip loss and low crosstalk.
However, by leveraging both spatial and wavelength selec-
tivity, the capacity of a single optical switch fabric can be sig-
nificantly enhanced. This advancement would not only
improve the efficiency of bandwidth allocation but also provide
exceptional flexibility in network configuration, enabling seam-
less management of massive data flows that overwhelm existing
systems [2]. Several studies have proposed designs that can si-
multaneously achieve both spatial and spectral selectivity [15].
Some designs rely on arrayed waveguide gratings (AWGs) that
could pose challenges in fabrication [16-18]. On the other
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hand, designs with MRRs offer a smaller footprint and are
wavelength-sensitive for spatial add-drop, being ideal for
space-and-wavelength selective switches (SWSSs). In 2019,
Cheng et al proposed a scalable architecture featuring
MRR-based wavelength selectors and comb aggregators [19],
and the simulation results indicate this architecture supports
up to 192 connectivites (16 ports x 124). In the same year,
Khope ¢t al. demonstrated an 8 x 4 x 24 crossbar SWSS [20]
with minimum and maximum on-chip path losses of 6 dB
and 14 dB, respectively, and with out-of-band rejection of
-21 dB and -32 dB at 200 and 400 GHz channel spacing,
respectively. More recently, in 2024, Luo e al. explored the
potential of all-pass MRRs as phase shifters for SWSSs [21].
In this design, Mach-Zehnder interferometers (MZIs) with
multiple pairs of MRR phase shifters act as the switching ele-
ments, and an 8 x 8 x 84 SWSS is theoretically verified.

These reported approaches advance this field; however, all
face a fundamental scaling issue: the number of switching el-
ements required grows cubically as the connectivity scales up.
This limits the scalability and practicality of current designs,
especially for large-scale data-center interconnects, where high
port counts and large numbers of wavelengths are essential. The
challenge lies in developing a solution that can support simul-
taneous spatial and wavelength selectivity without the prohibi-
tive cost and complexity that accompany scaling up the number
of switching elements. In this paper, we present a new type of
dilated crosspoint topology and demonstrate an ultra-compact
SWSS at the scale of 4 x 4 x 44 on the SOI platform. This in-
novative design achieves both space and wavelength selective
switching, with substantially reduced switching element count,
transitioning from cubic growth to quadratic growth as the con-
nectivity scales up. In addition, this topology is immune to
first-order in-band crosstalk. Our 4 x 4 x 44 SWSS requires
only 32 MRRs to control 64 routing paths with a small foot-
print of only 2.25 mm?. This integrated dilated crosspoint op-
tical switch, featuring ultra-compact footprint, low insertion
loss, and low crosstalk, shows significant potential for optical
interconnects in data centers.

2. DESIGN AND FABRICATION

A. Topology

Figure 1 illustrates state-of-the-art SWSS topologies that have
been reported to date. Figure 1(a) is the switch and selective
SWSS featuring MRR-based wavelength selectors [19].
Figure 1(b) presents a dilated Banyan topology with MRRs-
assisted MZIs as switching elements [21]. Figure 1(c) depicts
the traditional crossbar topology, a non-blocking spatially selec-
tive switching configuration that has been extensively devel-
oped [22-24]. Reference [20] proposed a crossbar SWSS
using a switching element consisting of a series of second-order
MRRs to replace the single MRR, achieving wavelength selec-
tivity and crosstalk suppression.

Figure 1(d) shows the schematic of the proposed dilated
crosspoint topology that utilizes wavelength-division multiplex-
ing (WDM) technology to achieve both wavelength and spa-
tially selective switching. The topology consists of two stages of
identical cascaded traditional crossbar structures, with phase
shifters connecting the outputs of the first stage to the inputs
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Fig. 1. Diagrams of the SWSS topologies. (a) Switch and selective
SWSS featuring MRR-based wavelength selectors. (b) Dilated Banyan
topology with MRRs assisted MZI as switching elements.
(c) Traditional crossbar topology and (d) dilated crosspoint topology
proposed in this work.

of the second stage. Each signal passes through two on-state
MRRs and a phase shifter before reaching the target output
port. The topology comprises M columns, L, - L;;, and
M > H is necessary to route signals in / wavelength channels
(Cy - Cg) from N input ports to N output ports simultane-
ously. Crosstalk from the same input port to the same target
output port via different paths may have identical optical path
lengths under a few very specific scenarios, which amplifies in-
terference-related crosstalk. For example, as illustrated in
Fig. 2, signals represented by the purple solid line are routed
from 73 to Os. If the leakage signal from other off-state rings,
represented by the dashed line, shares the same optical path

Fig. 2. An example of crosstalk increased by interference.
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length, constructive interference occurs and hence enhances
crosstalk. To prevent this situation, the four phase shifters
are kept at phases of 0, 7/2, 7, and 37 /2, respectively, avoiding
unnecessary interference.

We define a permutation as a specific connection from an
input port to a designated output port within a channel, irre-
spective of the internal routing paths. To explore the blocking
theory of the dilated crosspoint topology, we calculate the
global switching states, which are defined as the total number
of switch configurations that result in valid routing permuta-
tions. Wide-sense and strictly non-blocking networks both en-
able paths to be established between idle inputs and outputs
without disrupting existing connections. The difference lies
in that the former adheres to specific routing rules, while
the latter imposes no such constraints. These networks are
commonly preferred for their simplified switching control
system. Since the traditional crossbar topology is wide-sense
non-blocking, we thus investigate the wide-sense non-blocking
condition for this SWSS.

For simplicity, we assume M = N = H, which transforms
each stage of the crossbar into a square matrix. In this topology,
the routing principle requires that MRRs in the same rows and
columns of each stage of the crossbar should not operate on the
same wavelength channel to avoid blocking. To simplify the
analysis, each stage of the crossbar is represented as a square
matrix where each element corresponds to a wavelength chan-
nel number of an MRR’s resonant wavelength. This matrix,
where each number appears exactly once in each row and col-
umn, is known as a Latin square [25]. While no exact formula
exists for determining the number of N x IV Latin square Ly,
the exact counts for N < 11 have been computed and reported,
and approximate counts for 12 < N <15 have also been
provided [25].

Among these global switching states, some configurations
lead to identical permutations, termed redundant switching
states. Consequently, even if the number of global switching
states meets or exceeds the number of permutations, the switch
may still exhibit blocking behavior. Thus, we exclude all redun-
dant switching states, making it straightforward to determine
the blocking status. First, we calculate the number of permu-
tations among all the wavelength channels, under the
assumption that

P(N) = (N)H = (N)V. (1)

To calculate the global switching states, we obtain the count
of Latin squares Ly from a look-up table [25]. Since each stage
of the crossbar topology is represented by a Latin square, the
number of global switching states is

S(N) = 12, @

After excluding all redundant switching states, the remain-
ing states are referred to as effective switching states, meaning
each effective switching state corresponds to a unique permu-
tation. The detailed calculation process for determining the ef-
fective switching states is provided in Appendix A. The number
of redundant switching states can be expressed as

s,V =[]y - [Tk -m. @)

i€D, jeb, ' leH

In this equation, the set D; consists of all divisors of V, the
set D, consists of divisors of NV /7, and the set H consists of the
positive integers smaller than NV /2. All these sets exclude 1, and
H excludes the same elements in D).

Effective switching states can be computed by S and S,:

(S(V))?
S 4

Based on the calculated result where P(NN) > S,(V), the
switch is determined to be blocking, which means different
wavelength allocations would conflict with spatial channels.
To ensure non-blocking operation, the number of wavelength
channels A must be reduced to smaller than V. Consequently,
the number of permutations is reduced to

Py (N, H) = (N)". (5)

Figure 3 illustrates the computed Ppy_g and S, as functions
of N, when N - H equals 04 respectively. S, > Py_ indi-
cates that the switch meets the wide-sense non-blocking con-
dition, and all wavelength channels can be arbitrarily allocated
without conflicting with spatial switching. According to Fig. 3,
in Table 1, we list the maximum channel count for this SWSS
at various values of IV to achieve a wide-sense non-blocking

S.(N) =

10200

10100

Number

Fig. 3. Permutation number and effective switching states as func-
tions of port number N. Different permutation numbers with differ-
ent wavelength channels are compared. S, > Py _p indicates that the
switch meets the wide-sense non-blocking condition.

Table 1. Wide-Sense Non-blocking Condition for Dilated
Crosspoint Topology with Different Port Numbers

N Maximum Number of Channels
2,13 N -1
3,4,5,7,9, 11, 14, 15 N -2
6, 8, 10 N -3
12 N -4
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Fig. 4. Flow chart of the blocking status calculation process.

operation. The flowchart of the blocking status calculation pro-
cess is shown in Fig. 4. Firstly, the total number of global
switching states is calculated by squaring the count of Latin
squares. Next, the effective switching states are obtained by
excluding redundant states. Finally, by comparing the number
of permutations with the effective switching states, we can de-
termine whether the SWSS is blocking or wide-sense non-
blocking. For more information about the blocking theory,
please see Appendix A.

Table 2 presents the figures of merit for various reported
SWSS topologies [19-21,26,27]. To calculate the global
switching states for the dilated crosspoint topology, which is
also the count of Latin square, a look-up table is necessary,
which is illustrated in Ref. [25]. Compared to other SWSS
topologies, the dilated crosspoint SWSS requires the fewest
switching elements, on the order of N, while others require
elements on the order of HN?. Therefore, this topology can
significantly reduce the number of switching elements, espe-
cially as the SWSS scales up. Figure 5 illustrates the number
of switching elements as functions of the port number N
(for N > 4) for different reported SWSS topologies. For clarity,
we have re-scaled the reported SWSS to the same port count
and channel number as the dilated crosspoint topology. In the
figure, triangle dots without lines represent strictly non-block-
ing SWSS, square dots without lines represent wide-sense non-
blocking SWSS, and dots with dashed lines represent blocking
SWSS. Although the blocking and wide-sense non-blocking di-
lated crosspoint SWSSs are the same topology structure, they
differ in the number of wavelength channels depicted in Fig. 3.
This means that non-blocking SWSSs should only be
compared with other non-blocking SWSSs, and similarly,
blocking SWSSs should be only compared with other blocking
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Fig. 5. Switching element number as a function of the port number

N among different reported SWSSs.

SWSSs. Notably, for both kinds of SWSSs, this dilated cross-
point SWSS requires the fewest switching elements to achieve
the same routing paths.

While the dilated crosspoint SWSS shows significant advan-
tages in terms of reducing switching elements, it is also essential
to consider signal integrity for practical applications. This pro-
posed dilated crosspoint topology can fully cancel the first-
order in-band crosstalk. The input power is denoted as py,
and the output power for the routing path from /; to O; is
denoted as p;. The on-chip insertion loss of the path
I; - O; is derived as follows:

Eij = -10. loglo(ﬂlj/ﬂo) (6)

The detected leakage power to a non-targeting output
port k (k # j) is represented as 7, and the crosstalk can be
calculated:

fij/e =-10- 10g1o(7ij/e/,00)- (7
Consequently, the crosstalk ratio y;; is derived as
Xijk = fz‘jk - & )

This formula quantifies the crosstalk by comparing the de-
tected leakage power with the output power of the intended
routing path.

B. MRR Design Space Exploration

To optimize the switch performance, a design space exploration
of the MRR is conducted using the theory and methodologies
outlined in Refs. [28,29]. This approach allows for the selection

Table 2. Figures of Merit for Various Reported SWSS Topologies®

Global Switching  Order of Number of

Reference Topology Elements Number States Crosstalk Stages

[21] (NB) Dilated Banyan, B&S  (4N? -4N) - H, 2HN? + 2log, N (NHH Second  2log, N, 2 log, N + 1
[19] (NB) S&S (H + 1)N? + N? (NHH Second 3N -1

[26] (NB) PILOSS H - (N*+2N) () First N?

[20,27] (NB) Crossbar HN? (NHH First 2N -1

[26] (FCB) PILOSS H-(N*/4+ N) (N /2)HH First 2N?

This work (NB) Dilated crosspoint 2MN Look-up table Second 4N -2

This work (FCB) Dilated crosspoint 2HN Look-up table Second 4N -2

“NB, non-blocking; FCB, fully connected blocking; B&S, broadcast-and-select; S&S, switch-and-select; A, channel number; N, port number.
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of optimal MRR parameters, such as radius and gap, which not
only achieve the desired performance but also ensure robustness
against potential deviations caused by fabrication inaccuracies.
The numerical simulations utilize bending loss values
obtained from the experimental results presented in Ref. [29].
Figures 6(a)-6(c) depict the contours of the 3 dB bandwidth,
attenuation at resonance, and extinction ratio (ER) at the drop
port. In these contours, the x-axis shows the MRR radius and
the y-axis shows the power coupling efficiency, which is defined
as k2. According to the criteria outlined in Ref. [29], we further
refine the MRR parameters to balance loss, crosstalk, and pass-
band requirements in the context of our switch architecture.
Specifically, the drop insertion loss is constrained to be lower
than 1 dB to ensure efficient signal routing, while the extinc-
tion ratio for the MRR is maintained larger than 30 dB to
provide at least 20 dB crosstalk suppression in a WDM-based
link. Moreover, the passband is expanded to over 20 GHz to
accommodate high-speed data transmission, ensuring compat-
ibility with signalling rates greater than 20 Gb/s per channel.
These optimizations are achieved by exploring the design space,
considering variations in MRR radius and coupling gap to en-
sure a balance among insertion loss, crosstalk suppression, and
3 dB bandwidth. Figure 6(d) provides a comprehensive view of
the design space, taking into account these three performance
metrics, with the white region indicating where the MRRs
meet all the specified criteria. The optimized MRRs are selected
from the center of this white region, corresponding to a radius
of 7 pm and a k? of 0.04. Additionally, FDTD simulations
are conducted to examine the power coupling efficiency as a
function of the gap between the MRR and the bus waveguides
for an MRR radius of 7 pm. Figure 6(¢) shows thata 0.17 pm
gap corresponds to a power coupling efficiency of 0.04.
Therefore, the optimized MRR has a radius of 7 pm and a
gap of 0.17 pm.

3 dB Bandwidth (GHz)
Q LN

@ s

®) 025 Attenuation at the Resonance (dB

C. SWSS Design

A 4 x 4 x 41 SWSS based on the dilated crosspoint topology is
demonstrated in this work, and its schematic is illustrated in
Fig. 7(a). The switch is designed on an SOI platform, compris-
ing two 4 x 4 crossbar structures. As mentioned in Section 2,
four phase shifters interconnect the first-stage crossbar and the
second-stage crossbar, serving to avoid crosstalk enhancement
by interference, through tuning to 0, 7/2, 7, and 37/2, respec-
tively. Add-drop MRRs function as switching elements in this
SWSS, and there are 32 MRRs in total, for controlling 64 rout-
ing paths in four different wavelength channels. The diagram of
a single switching element is shown in Fig. 7(b). The MRR is
thermally tuned via a micro-heater and the optical signal prop-
agates directly to the through port when the MRR is in the off-
state at a specific wavelength. Conversely, when the MRR is
tuned to the on-state the signal is directed to the drop port,
which is located on the vertically crossing waveguide.

This optical switch features four wavelength channels:
1549.9 nm, 1553.1 nm, 1556.3 nm, and 1559.5, as shown
in Fig. 7(c). In this figure, the gray dashed line represents
the spectrum of the path composed of the de-energized
MRRs, and these wavelength channels are uniformly arranged
within the MRR’s free spectral range (FSR). As illustrated in
Section 2, this 4 x 4 x 44 SWSS is a fully connected blocking
switch, and can also work as a 4 x 4 x 24 wide-sense non-block-
ing switch. During operation, the MRRs can be dynamically
tuned to resonance in the corresponding wavelength channels,
allowing the signals in these four channels to be routed from
specific input ports to any selected output port. Figure 7(d)
illustrates an example where signals in four wavelength chan-
nels that are marked as different colours are routed from 7, to
01, 0,, O3, and O, simultaneously. Signals in each wavelength
channel are routed to the target output port by two on-state
MRRs. The primary source of crosstalk in this switch is

(© 025
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Fig. 6. Design space exploration of the MRR. (a) Contour of the 3 dB bandwidth versus MRR radius and 2. (b) Contour of the attenuation at
the resonance. (c) Contour of the drop port extinction ratio. (d) Overall design of the MRR. (e) Power coupling efficiency x? as a function of the

MRR gap.
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(a) Schematic of the 4 x 4 x 4/ dilated crossbar optical switch. (b) 3D model of the switching element. (c) Simulated transmission spectrum

of the four wavelength channels. (d) An example showing signals in four wavelength channels are routed from 7, to Oy, O,, O3, and O,, respectively.
The second-order in-band crosstalk and the first-order out-band crosstalk in channel 1 are illustrated. (e) Diagram of the fully connected blocking
SWSS operating under a fully loaded condition. (f) Diagram of the wide-sense non-blocking SWSS operating under a fully loaded condition.

second-order in-band crosstalk and first-order out-band cross-
talk, and the crosstalk in channel 1 is indicated by the thin
arrows in Fig. 7(d). Figure 7(e) presents an example of the fully
connected blocking switch operating under a fully loaded con-
dition, in which all the four input ports, output ports, and
wavelength channels are occupied. Correspondingly, Fig. 7(f)
is an instance of the wide-sense non-blocking switch operating
under a fully loaded condition.

D. Fabrication

This integrated optical switch is fabricated by the Inter-
university Microelectronics Centre (IMEC) on an SOI plat-
form, as depicted in the microscope image shown in Fig. 8(a).
This compact SWSS has a footprint of only 2.25 mm? Each
input port and output port correspond to grating couplers
aligned in a line with a pitch of 127 pm. In addition to the
four input ports and four output ports (ports 3-10), there
are two additional pairs of grating couplers (ports 1, 2, 11,
12) at each end used for optical alignment, as indicated by
the red arrows in Fig. 8(a). The SWSS includes 36 control

electrodes along with three common grounds. As illustrated
in Fig. 8(b), the chip is wedge-bonded for control purposes.

3. RESULT

A. Experiment Setup

Figure 9 illustrates the diagram of the SWSS testing setup. A
C-band tunable laser is used to emulate four input wavelength
channels by sequentially adjusting its output wavelength. An
ultra-high-numerical-aperture (UHNA) fiber array is employed
for light coupling. A polarization controller is connected be-
tween the tunable laser and the UHNA fiber array to align
the polarization state of optical input to the chip, thereby
reducing the mode mismatch between the UHNA fiber array
and the grating couplers. For the chip tuning, a PCB is
connected to the chip by wedge bonding. The output power
is measured using an optical power meter. The tunable laser, the
optical power meter, and the PCB are all controlled by a com-
puter. In Fig. 9, the optical connections are represented by the

Fig. 8.
coupling with ultra-high-numerical-aperture (UHNA) fiber array.

(a) Microscope photograph of the dilated crossbar optical switch. (b) Photograph of the photonic chip with wire bonding and optical
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—— Optical Connection
Electrical Connection
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Tunable Laser

Fiber Array Polarization

Controller

Fig. 9. Diagram of the SWSS testing setup.

solid lines, and the electrical connections are represented by the

dashed lines.

B. On-Chip Loss and Crosstalk

Initial measurements are of the crosstalk of the SWSS. As an
example, the routing path from 7, to O is evaluated with sig-
nals in all four wavelength channels. The tunable laser wave-
length is swept across the wavelength region of the four
wavelength channels, and the output power is recorded by
an optical power meter. Figure 10(a) shows the spectrum of
this path when all four wavelength channels are tuned to
the on-state. Four wavelength channels are distinguished by
different background colors. These channels have a spacing
of 3.2 nm and an extinction ratio (ER) of 38.8 dB.

To analyze the first-order leakage, one of the MRRs on the
path is tuned to the off-state, allowing only crosstalk to leak to
the non-target output port (O in this instance) from the drop
port of the off-state MRR. Figure 10(b) shows the first-order
crosstalk ratio for wavelength channel C'5 when the correspond-
ing MRR is tuned to the off-state. In this case, the off-state
MRR is tuned to resonance in wavelength channel C, corre-
sponding to the off-state of C;. Additionally, to assess the
second-order leakage, the two MRRs on the path of the Cj are
tuned to the off-state, and the spectrum is shown in Fig. 10(c).

For this instance, one of the MRRs is tuned to resonance in
C, and the other in C,. The testing results indicate that for this
routing path, the first-order crosstalk ratio is -31.0 dB and the
second-order crosstalk ratio is -55.2 dB.

The optical power maps are further tested, indicating the
on-chip losses and crosstalk of all 64 routing paths of this

4 x 4 x 42 optical switch, and the corresponding results are
shown in Figs. 11(a)—-11(d). In these figures, the colored dots
represent the insertion loss, and the gray dots represent the
crosstalk leakage. The optical power maps for different wave-
length channels are displayed separately in four sub-figures. To
obtain the crosstalk leakage to non-target output ports, the
MRRs responsible for the crosstalk leakage as illustrated in
Fig. 7(d) are tuned to the off-state. Although the crosstalk en-
hancement induced by interference as illustrated in Section 2
and Fig. 2 does not exist in our testing, we still activate the
phase shifters as a rigorous test procedure. The results show
that the insertion loss varies from 2.3 dB to 8.6 dB, while
the crosstalk ranges between -35.3 dB and -59.7 dB. Path-
dependent loss is not an advantageous feature of the crossbar
topology, and the MRR switch elements could make it worse as
there is a clear discrepancy in its drop and through loss, such
as the results reported in Refs. [11,20,24]. The variation in in-
sertion loss can be mainly attributed to the difference in wave-
guide crossings (evaluated at 0.2 dB per crossing), waveguide
lengths and off-state MRRs together with wavelength-depen-
dent off-state losses. In practice, the de-energized MRRs can
be de-tuned as illustrated in Fig. 7(b) to mitigate the loss var-
iations. Furthermore, variable optical attenuators could be ap-
plied to further equalize the path-dependent loss if it is a
primary design consideration [30].

Deriving from the power map, the crosstalk ratios for all
routing paths, with leakage to all non-target output ports,
are depicted in Fig. 12 as heat maps. Similar to the optical
power map, the four wavelength channels are represented by
distinct colors. The crosstalk ratios for these paths range from

-28.7 dB to -55.6 dB.

C. 3 dB Bandwidth

Additionally, the 3 dB bandwidths of the SWSS are character-
ized. A C-band superluminescent diode (SLD) is used as the
broadband optical source, and a spectrometer with a resolution
of 0.04 nm is utilized to record the spectra. The spectra for
all paths across the four channels are normalized to the
same benchmark, using the spectrum of path 7/, - O; as the
reference. The superimposed spectra are shown in Fig. 13.
The measured 3 dB bandwidths for the four channels are
around 20 GHz, 21 GHz, 24 GHz, and 25 GHz, respectively.
The 3 dB bandwidth in different channels differs, as explained
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in Ref. [2
(FWHM) is

( rd) j’K‘EES

FWHM =
ngLﬁ

8]. The formula for full width at half maximum

©)

From this equation, it can be seen that a larger resonance wave-

length leads to a larger FWHM, which corresponds directly to

the 3 dB bandwidth.
D. Switching Time

The optical reconfiguration time of the thermo-optic switch is
evaluated by measuring its time-domain response. A 2 kHz
electrical square-wave signal with a 50% duty cycle is applied
to the path 7, - Oy, and the temporal trace of the optical power
is recorded by an oscilloscope, shown as Fig. 14. The rise and
fall times of the switch are tested to be 47.58 ps and 0.33 ps,
respectively, measured between the 10% and 90% power points
of the response. The imbalance in switching rise and fall times,
as also observed in many other publications such as Ref. [11], is
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primarily attributed to the chip’s efficient thermal conductivity
[31] and the specific design of the heater. The rapid heat dis-
sipation leads to a much shorter fall time but the propagation
speed of heat severely limits the rise time. One potential sol-
ution is to introduce thermal isolation trenches to ensure more
controllable and balanced heating and cooling dynamics, also
helping to reduce thermal crosstalk between neighboring com-
ponents [32]. This however requires additional fabrication
processes.

4. DISCUSSION

Table 3 illustrates the performance comparison between this
SWSS and other reported integrated switches [11,14,18,
20,33]. In addition to requiring fewer switching elements to
achieve the same scale, this SWSS also shows low on-chip loss
and low crosstalk, especially compared with other WSSs and
SWSSs. Future work is expected to bring further improvements
in switching performance. First, replacing the TO switching
elements with electro-optic (EO) elements [34,35] could en-
hance switching times from the microsecond to the nanosecond
range, significantly increasing data transmission bandwidth.
Second, utilizing higher-order MRRs can achieve a flat-top
transmission spectrum, and substantially reduce crosstalk
[20,36]. At the same time, by leveraging higher-order designs,
it becomes flexible to expand the 3 dB bandwidth, thereby
hosting high-speed data transmission systems. In 2014,
DasMahapatra ¢f al. introduced a fifth-order MRR-based op-
tical switch with a 3 dB bandwidth of up to 100 GHz [24].
Later, in 2020, Huang ez al. reported a switch utilizing a dual-
MRR configuration, achieving a 3 dB bandwidth of 165 GHz
[37]. In addition, the Vernier effect can be realized with higher-
order MRRs of varying radii, which allows for exponential in-
creases in FSR [38]. Similarly, adiabatic MRRs with larger FSRs
[14,39,40], or even FSR-free MRRs [41,42] could serve as
effective switching elements. An increase in FSR would enable
the SWSS to accommodate more wavelength channels while
maintaining low crosstalk, thereby enhancing both its scalabil-
ity and overall performance.

5. CONCLUSION

In this paper, we propose a new type of dilated crosspoint top-
ology for space-and-wavelength selective switching and demon-
strate an ultra-compact 4 x 4 x 44 SWSS. This innovative
design significantly reduces the number of required switching
elements, achieving a substantial reduction compared to
existing SWSS designs. The proposed SWSS benefits from a
compact design with only a 1 mm x 2.25 mm footprint and
efficient use of switching elements with only 32 MRRs.
This SWSS achieves efficient and flexible routing of optical sig-
nals across four wavelength channels. Experimental results re-
veal that the switch exhibits a low insertion loss ranging from
2.3 dB to 8.6 dB and crosstalk levels between -35.3 dB and
-59.7 dB, with the 3 dB bandwidth of over 20 GHz for all
four wavelength channels. Overall, the demonstrated SWSS of-
fers a powerful yet highly scalable solution for data-intensive
applications in data centers.

APPENDIX A
An N x N x N2 dilated crosspoint SWSS with NV columns can

have blocking states when operating under fully loaded condi-
tions. We simplify this problem mathematically by populating
the inputs and outputs of an SWSS in a square and denoting its
wavelength channel with numbers. An example of a blocking
instance is shown in Fig. 15(a). The square corresponds to the
schematic of the crosspoint structure, as shown in Fig. 7(a). In
the first-stage crossbar, the first column corresponds to inputs
I, to I, while the last column of the second-stage crossbar
corresponds to outputs O; to O4. The numbered elements
(1-4) in the square represent the MRRs positioned accordingly,
operating at resonant channels C; to C4. In this instance, sig-
nals in C; are routed from 7, to O, while C,, C3, and Cy are
routed to O;. Clearly, the element marked with “B” cannot be
tuned to any wavelength channel without disrupting the rout-
ing paths within the same channel. Therefore, to ensure non-
blocking operations of the SWSS under full load, each stage of
the crossbar must be represented as a Latin square. The global
switching states equal the square of the Latin square count,
which can be obtained from a look-up table [25]. To exclude
redundant switching states, several scenarios need to be consid-
ered. The first is illustrated in Fig. 15(b). An / x / sub-square is
selected where / < N /2. When routing signals from the input
port to the corresponding output port or inverse output port
through this sub-square, the permutation remains unchanged if
we simultaneously change the column order of the correspond-
ing rows in both the first- and second-stage crossbars.
Consequently, such a state is considered redundant. The number
of these situations can be expressed with the following equation:

Table 3. Performance Comparison with Other Reported Integrated Switches

Reference Scale Number of Elements Platform On-Chip Loss Worst Crosstalk
[11] 4x4x1 32 Si/SiN 1.8-20.4 dB -50 dB

[14] 1 x4 x 44 16 SOI <1 dB -20 dB

[18] 8x8x81 128 SOA gates + 8 AWGs InGaAsP/InP 7.6-14.7 dB Penalty: 3.3 dB
[20] 8x4x2A 64 SOI 6-14 dB -20/-32 dB
(33] 2x2x22 4 SOl Avg. 5.1 dB -21 dB
This work 4 x4 x 42 32 SOI 2.3-8.6 dB -35.3 dB
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leH

Here, the set H consists of all the positive integers smaller than
N /2. As we need to consider another situation if / is the divisor
of IV, divisors should also be excluded.

In the second scenario, an ixi sub-square is selected
from the Latin square. An instance of N = 8 is illustrated
in Fig. 15(c). When i = 2, following the same process as in
the first scenario, a new square is formed, marked with red
lines. These 2 x 2 squares act as the elements of larger 2 x 2
squares, which also exhibit similar redundant situations. The
redundant states in this case can be represented by

s =1]] ((C;‘v -] (Cf_ .jz)>. (A2)

€D, JED,

In this equation, the set D; consists of all divisors of V, and the
set D, consists of divisors of N /i. Both D; and D, exclude 1.
Note that NV and N /i should also be included in these sets.
Thus, considering all redundant switching states, the total
number of redundant states is derived as

s,z = 1] ((C;‘V -] <CJN -j!>) TTcch - m.

i€D; JED, leH

(A3)
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The comparison between the effective switching states and the
number of permutations was discussed in Section 2, where it
was shown that reducing the number of wavelength channels
can achieve wide-sense non-blocking conditions. However,
after reducing the wavelength channels, a correction term must
be applied. If the SWSS reduces W wavelength channels, the
original elements corresponding to N, N - 1,...,N - W be-
come redundant and should no longer be treated as distinct
elements. Consequently, a correction factor of W! must be in-
corporated. Therefore, the wide-sense non-blocking evaluation
criterion should compare P with S,/ W1
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