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The surge in Internet traffic is driving traditional single-fiber fixed-grid optical networks to change toward multi-
fiber flex-grid networks with fewer wavelengths per fiber. Designing a large-scale optical cross-connect (OXC)
to adapt to these changes is challenging because the scalability of standard OXCs is limited by the port count of
the wavelength-selective switch (WSS). The existing proposals either suffer from high insertion loss, lack a non-
blocking property, or cannot support flexible grids. To this end, we propose a class of heterogeneous OXCs, using
WSSs and port-level optical circuit switches (OCSs). Our idea is to employ WSSs to handle wavelength switching
and OCSs to scale up the dimension of the OXC. In the context of flexible grids, we prove the conditions under
which the heterogeneous OXCs are nonblocking on the line side, and colorless, directionless, and contentionless
on the add/drop side. Also, our analysis shows that the port count of WSSs required by our proposals is governed
only by the number of wavelengths in the network, rather than the dimension of the OXC. Also, our designs
have low loss and a small filtering effect, as each lightpath only needs to pass through up to two WSSs in the
OXC. © 2025 Optica Publishing Group. All rights, including for text and data mining (TDM), Artificial Intelligence (Al) training,

and similar technologies, are reserved.
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1. INTRODUCTION

Driven by the explosive growth of Internet traffic, optical
transport networks (OTNs) are undergoing a new round of
capacity expansion and exhibiting three development trends.
First, installing multiple fibers or multi-core fibers in each
optical link, known as spatial division multiplexing (SDM),
has been considered an efficient way to enhance link capac-
ity [1]. Second, the channel spacing of wavelength division
multiplexing (WDM) systems will climb from 50 GHz to
300 GHz [2,3]. As a result, the number of wavelength channels
in the C+L band will decline to 40 in the next few years. Third,
traditional fixed-grid optical networks will be replaced by
flex-grid networks, which should be able to support lightpaths
of different bandwidths.

As a core component of optical nodes, the optical cross-
connect (OXC) should be redesigned to cope with the changes
of the OTN. As Fig. 1 depicts, a standard OXC is a wavelength-
selective switch (WSS) based full-mesh switching fabric, which
can not only perform nonblocking switching but also support
flexible grids [4-7]. However, the scalability of a standard
OXC is limited by WSSs. As Fig. 1 shows, the port count of
a standard OXC is determined by that of WSSs. The port

count of current commercial WSSs is 49, and it is hard to
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increase due to the difficulty in the control of insertion loss and
crosstalk [8]. As a result, only 48 port standard OXCs can be
manufactured by now [9]. However, the number of fibers on
each link will be massive in the future [1], implying that the
port count of OXCs will be large. Hence, designing a scalable
OXC is an urgent yet challenging task.

From the perspective of industrial application, a large-scale
OXC would be better to possess seven features as follows.

P1: it is scalable such that the port count of the WSS
required by the OXC can be small when compared to the port
count of the OXC.

P2: it can support flexible grids.

P3: it is not reliant on optical components (e.g., wavelength
converters (WCs)) that may not be commercialized in the near
future.

P4: its insertion loss can be as low as possible.

P5: it can inherit the nonblocking property of the standard
OXC, thereby eliminating the need to consider the inter-
nal switching state of OXCs when performing routing and
spectrum assignment (RSA) [10] in the optical network.

P6: it should have a pay-as-you-grow (PAYG) property [11].

P7: the number of optical components cannot be very large.


https://orcid.org/0000-0002-4854-3544
mailto:yetong@sjtu.edu.cn
https://doi.org/10.1364/JOCN.566633

traffic add traffic drop

Fig. 1.  The dimension of the standard OXC is completely deter-
mined by the port count of the WSSs.

A. Previous Works

Up to now, a lot of effort has been dedicated to the design of
scalable OXCs, which are either nonblocking or blocking.

A type of nonblocking OXC was designed based on an
arrayed waveguide grating (AWG) and an optical circuit
switch (OCS) [12,13], which is a wavelength-insensitive port-
level optical switching device. An N x N AWG-based OXC
includes 2/N'1 x W AWGs on both sidesand W NV x N OCSs
in the center, where NV is the port count of the OXC and W
is the number of wavelengths on each fiber. The AWG-based
OXC has ~14 dB insertion loss on the line side. Also, it can be
expanded to a large scale because the port count of the current
commercial OCS is 512 [14]. The major drawback of the
AWG-based OXC is that it does not support flexible grids since
the AWG is a fixed-grid optical device.

The nonblocking scalable OXCs in [15-18] are designed
based on the theory of Clos networks [19]. We call this kind of
OXC the OXC-Clos network, where each switching module
is a small-scale standard OXC. In particular, Ref. [15] studies
the ability of the OXC-Clos network with and without WCs
to build up a lightpath from an input to an output if there
are idle transceivers at the input and the output. However,
this paper does not consider flexible grids when performing
the design. Reference [18] further studies the nonblocking
conditions of flex-grid OXC-Clos networks without WCs.
The OXC-Clos network has the following drawbacks: (a) it
requires a remarkable additional cost to support flexible grids,
as Ref. [18] proves, and (b) each lightpath suffers from a high
insertion loss because it has to traverse three standard OXCs.

Reference [20] proposes a three-phase modularization
approach for transforming a standard OXC into a modular
OXC while preserving its nonblocking property. This structure
enables the design of large-scale OXCs using small-scale WSSs
and OXC modules. However, the number of small-scale OXCs
in this design increases linearly with the port count of the
module OXC.

References [21-23] provide another choice to construct
modular OXCs, called space-wavelength-space (SWS) and
wavelength-space-wavelength ~ (WSW)  switches.  These
two OXC architectures are designed to support flexible
grids. However, they need bandwidth-variable wavelength-
converting switches (BV-WSs), which are far from being
commercialized.

An early design of large-scale internally blocking OXCs
is the hierarchical optical path cross-connect (HOXC)

[11,24-29], which is motivated by the argument as follows.
In future OTNs, the majority of lightpaths will merely neces-
sitate fiber-level switching, and only a minority will require
wavelength-level switching. The HOXC consists of an OCS
and a standard OXC. In particular, the OCS connects with the
OXC via a small portion of its input/output ports. Let / be this
portion. Ifall the lightpaths on an input fiber head for the same
output fiber, they will be switched together by the OCS; other-
wise, they are fed by the OCS to the OXC for wavelength-level
switching. The HOXC with 4 < 1 is blocking, meaning that
the HOXC reduces the port count of the WSS at the expense
of the nonblocking property. The HOXC has the following
two issues. On the one hand, the port count of the WSS still
linearly increases with the dimension of the HOXC. On the
other hand, it is difficult to adjust / according to the traffic
demand in the future, after the HOXC is deployed.

References [30-34] devise a ring-type large-scale OXC net-
work by interconnecting multiple small-scale standard OXC
modules. In this design, the lightpaths may suffer different
insertion losses as they may traverse different numbers of small-
size OXCs inside the OXC network. The loss could be large if a
lightpath needs to pass through several small-sized OXCs.

References [35-37] propose a heterogeneous large-scale
OXC, called HIER. The idea is to replace each 1 x IV WSS
in a standard OXC by a 1 x # WSS cascaded by £ 1 x m
wavelength-insensitive optical space switches, where km = V.
Though the replacement reduces the requirement on the
dimension of WSSs, it weakens the flexibility of the OXC.
Hence, Ref. [10] has to develop a complicated RSA algo-
rithm for the network equipped with such a kind of OXC, to
minimize the blocking probability of lightpath requests.

References [38,39] improve the scalability of OXCs by
reducing the number of interconnection links between the
WSSs at the input and output sides. Specifically, the WSSs on
the input side only connect with a small number of the WSSs
on the output side and vice versa. The idea behind this design
is to make use of the difference between nodal degree and fiber
degree. A lightpath can reach its desired destination, as long
as it can be switched to one of the fibers in a nodal degree.
However, this type of OXCs is also blocking.

Though Ref. [40] demonstrates that a well-designed RWA
algorithm can alleviate the negative impact of internal blocking
of OXCs on the network-level blocking probability. The time
complexity will be very high, e.g., O(V*+ WV?) in [40],
where V' is the number of optical nodes and W is the number
of wavelengths.

In summary, none of the previous designs possesses all the
properties P1 to P7 at the same time. This motivates our work
in this paper.

B. Our Works

In this paper, we propose a family of heterogeneous OXCs by
combining the merits of WSSs and OCSs. Our goal is to design
an OXC that possesses properties P1 to P7 at the same time
for near-future application scenarios, where there are a large
number of fibers per link and a small number of wavelengths
per fiber. Herein, the “link” stands for a fiber duct between two
optical nodes.



The heterogeneous OXCs are based on the complementary
features of WSSs and OCSs. The WSS excels at wavelength
switching but falls short in port count and loss. In contrast, the
OCS, despite its wavelength insensitivity, boasts scalability and
a low loss profile. We thus propose our design principle: the
WSS handles wavelength switching, while the OCS caters to
dimension expansion.

Under this principle, we propose three-stage heterogeneous
OXC architectures. The input/output stage consists of a col-
umn of WSSs and a set of OCSs. At the input/output stage,
each WSS is deployed as an ingress/egress module on the line
side, and each OCS is used as an add (or drop) module and is
connected to a transceiver (or receiver). The central stage is an
OCS-based switching network. Following this framework, we
devise three OXC structures, named Clos-type OXC, Butterfly
OXC, and expandable Butterfly OXC.

After analyzing the routing constraints in three proposed
OXCs, we derive nonblocking conditions on the line side and
colorless-directionless-contentionless (CDC) conditions on
the add/drop (A/D) side, in the flex-grid context. Our analyti-
cal results show that the port count of WSSs required by our
proposals is determined solely by the number of wavelengths,
instead of the dimension of the OXC. This confirms that these
three designs are suitable for future application scenarios.

Moreover, we find that the port count of WSSs required
by the Butterfly OXC and expandable Butterfly OXC exactly
equals the wavelength count, roughly half of that in the Clos-
type OXC, meaning that the Butterfly OXC and expandable
Butterfly OXC are more scalable than the Clos-type OXC. On
the other hand, the Clos-type OXC has less insertion loss on
the A/D side than the Butterfly OXC and expandable Butterfly
OXC.

The remainder of this paper is organized as follows.
Section 2 first briefly introduces the functions of WSSs and
OCSs and then presents the principle, assumption, and
overview of our design. Sections 3 and 4 propose the Clos-
type OXC, Butterfly OXC, and expandable Butterfly OXC
and derive the nonblocking and CDC conditions, respec-
tively. Section 5 compares three proposed OXCs and previous
architectures. Section 6 concludes this paper.

2. PRELIMINARY

To facilitate the presentation, we first introduce the functions
of WSSs and OCSs, which are the building blocks of our
designs, in Section 2.A. From this introduction, we come up
with the design principle of our heterogeneous OXC struc-
tures. In Section 2.B, we then present our assumption adopted
in this paper. After that, we provide an overview of our pro-
posal, as well as relevant terminologies and definitions in
Section 2.C.

A. Principle of Our Design

Our designs are inspired by the complementary features of
WSSs and OCSs, which are briefly introduced as follows.

The WSS is a wavelength-sensitive optical component. A
1 x £ WSS can switch each wavelength from the input to any
of the outputs, independent of other wavelengths. Figure 2(a)
illustrates an example of a 1 x 2 WSS, which switches red and

(b)

Fig. 2. Two types of building blocks, where each slot represents a
wavelength channel and each solid box represents the spectrum occu-

pied by a lightpath: (a) 1 x 2 WSS and (b) 2 x 2 OCS.

blue wavelengths to output 1 while switching green and yellow
ones to output 2.

Though the WSS is a flexible switching fabric, it has two
drawbacks. First, the increase of port count is not easy due to
the difficulty in the control of crosstalk and insertion loss in the
manufacturing process. As Section 1 mentions, the dimension
of the OXC will increase very rapidly due to the deployment
of the SDM technique. This implies that the port limitation
of WSSs hinders the prompt scaling-up needs of the OXC.
Second, its insertion loss is 6 dB [41]. This makes the classical
theory of multi-stage switching networks not applicable to the
expansion of OXCs, unless some techniques can be developed
to lower the insertion loss.

The OCS is a port-level optical switch and cannot separate
different wavelengths and switch them to different outputs.
That is, the OCS can only switch all the wavelengths in a
fiber as a whole from its input to its output, as Fig. 2(b) plots.
However, the OCS has a low insertion loss, and its port count
can be easily increased. The current commercial OCS, such as
a micro-electromechanical system (MEMS)-based OCS [42]
and a Piezo-actuator-based OCS [43], typically exhibits an
insertion loss of 2 dB and can support a reach of 512.

Obviously, the WSS and the OCS have complementary fea-
tures, from which we propose the following design principle:

Design Principle: the WSS copes with the wavelength
switching, while the OCS caters to the dimension expansion of
the OXC.

We will show that this principle ensures that the port count
of the WSS will not increase with the dimension of the OXC.

B. Assumption of Our Work
Our scalable OXCs will be designed based on the following

assumption:

Assumption: the number of fibers per link will be large, while
the number of wavelengths per fiber is small.

This assumption stems from the development trends of
OTNs. On one hand, the number of fibers per link is increas-
ing rapidly, as we present in Section 1. On the other hand, a
150-GHz channel-spacing transmission system has already
been commercialized [44], and 200-GHz and 300-GHz
channel-spacing systems will become commercially available
in the next five or 10 years. Consequently, the number of
wavelength channels in the 12 THz C+L band will decline
from 80 to 60 or 40 in the coming years.
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C. Overview of the Proposed OXCs

Figure 3 displays the general structure of our proposed OXCs,
where there are 7 input WSSs (IWs) and » output WSSs
(OWs) on the line side, and " add OCS modules (AMs) and
#’ drop OCS modules (DMs) on the A/D side. The part in
the dotted box is an OCS-based switching network. Different
designs of this part yield various derived proposals, as we will
show in Sections 3 and 4.

The IWs and the OWs are connected with other optical
nodes in the network. We number the IWsby 1, ..., o, ..., 7,
and the OWsby 1, ..., B, ..., r. Each IW and each OW carry
W wavelength channels in the C+L band. We label these W
wavelengthsby 1, ..., w, ..., W.

Each AM contains 7 inputs, each of which is attached by a
transmitter (Tx), and each DM has 7 outputs, each of which is
linked to a receiver (Rx). The AM and DM are connected with
local electrical switches via Txs and Rxs, respectively. A Tx can
only launch one lightpath, and an Rx can only terminate one
lightpath. We number the AMs by 1, ..., o/, ..., 7" and the
DMsbyl, ..., 8/, ..., 7"

The OXC needs to carry three types of lightpaths and can
generate two types of lightpath requests. A lightpath (request)
from an IW to an OW is called a bypass lightpath (request),
that from an add port to an OW is called an add lightpath
(request), and that from an IW to a DM is called a drop light-
path. A lightpath (request) in the flex-grid optical network
can employ @ adjacent wavelengths, where 1 <w < W. This
paper refers to a lightpath (request) using @ wavelengths as a
w-granularity (w-g) lightpath (request). Note that the OXC
never generates a lightpath from an add port to a drop port.

Let A} be a collection of w adjacent wavelengths that starts
from wavelength w and ends at wavelength w + w — 1, where
w>1and w+w—1<W. We denote a bypass request as
Ryp(a, B, AY), if it uses a wavelength set Aj, and originates
from IW o and heads for OW B. Figure 3 illustrates a request
Ry, (1, 7, AS), which arises from IW « = 1 and ends at OW
B =r, and uses wavelength set Aj,. We say Ry, is legal if all
the wavelengths in A are free on both IW « and OW .
We denote an add request as Ryqq(e’, 2, B, A%), if it uses a
wavelength set A%, and originates from input 2 of AM o and
heads for OW B. We say R.q4 is legal if all the wavelengths
in A9 are free on OW 8 and input 2 of AM «’ stays idle.

w ow

Ryp(L7, A%)ﬁ_[lf i[l"km ¢, 1L1,89)

Raaa(r',1,1,A%)
=

Tx—1

Tx>2 —
Tx—>n —
AM DM
Fig. 3. Overview of our proposed OXC, where each colorful

hollow dotted box represents the spectrum required by a lightpath
request.
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Rud(r', 1,1, A?) in Fig. 3 is an example. In a similar way, we
denote a legal drop request from IW « to output & of DM ' as
Rdrop(av ﬁ/v b’ Aﬁ)

This paper pursues the design of an OXC, which is non-
blocking on the line side and CDC on the A/D side, such that
the RSA in the optical network can be largely simplified. The
nonblocking and CDC properties are defined as follows.

Definition 1: an OXC is wide-sense nonblocking (WSNB)
on the line side, if a routing strategy exists for setting lightpaths
in such a way that a lightpath demanding a set of adjacent wave-
lengths can always be set up from an input port to an output port
without rearranging the paths of the existing lightpaths when the
wavelength set is free on the input port and the output port.

Definition 2: the OXC is CDC on the add side if an add port
can always add any set of adjacent wavelengths to any output port
without rearranging the paths of the existing lightpaths, as long as
the add port has free Txs and the wavelength set is free on the out-
put port.

Definition 3: the OXC is CDC on the drop side if a drop port
can drop any set of adjacent wavelengths from any input port with-
out rearranging the paths of the existing lightpaths, as long as the
drop port has free Rxs.

3. CLOS-TYPE OXC ARCHITECTURE

Figure 4 depicts the proposed Clos-type OXC, which is a three-
stage network. Apart from the I'Ws, OWSs, AMs, and DM, the
part in the dotted box in Fig. 3 is implemented by a column of
m (r +r") x (r + ) central OCS modules (CMs) in the mid-
dle, which are numbered by 1, ..., y, ..., m.

In this network, two optical modules at adjacent stages are
interconnected by exactly one fiber. Particularly, output y of
IW « is connected to input o of CM y and output y of AM o’
is connected to input 7 + ' of CM y. Also, output 8 of CM
v is linked to input y of OW B and output » + B’ of CM y is
linked to input y of DM B'. It follows that each I'W and AM
has 7 outputs, and each OW and DM has  inputs.

Fig. 4.

Ilustration of the Clos-type OXC.
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A. Routing Constraints and CM-Sharing Routing

Wavelength insensitivity of OCSs imposes the following rout-
ing constraints:

Cl1: the lightpaths from the same IW to different OWs/DMs
cannot share the same CM;

C2: the lightpaths from different IWs/AMs to the same OW
cannot share the same CM;

C3: the lightpaths from the same AM or to the same DM
cannot share the same CM.

These three constraints are illustrated in Fig. 4. The light-
paths from IW 1 to OW 1 and the one from I'W 1 to OW 2 are
not able to use the same CM. Similarly, the lightpath from I'W
1 to OW 1 and that from IW » to OW 1 cannot share the same
CM. Also, two lightpaths that both originate from AM 1 do
not traverse the same CM.

On the contrary, two lightpaths can share the same CM,, if

S1: they are all from the same I'W to the same OW/;
S2: they are from different IWs or AM:s to different OWs or
DMs.

As Fig. 4 illustrates that the two lightpaths from IW 1 to
OW 2 can utilize the same CM, and both of them can share the
same CM with the lightpath from AM 1 to OW 1. According
to S1, we have the following routing strategy.

CM-Sharing Routing: all the lightpaths from the same
IW to the same OW should use the same CM to minimize the
usage of CMs as much as possible.

B. Nonblocking and CDC Conditions

Due to the routing constraints and the CM-sharing routing,
we have to consider the following two scenarios separately
when studying the nonblocking condition on the line side and
the CDC condition on the A/D side.

The first scenario is identified by W <7 + r'n, where the
number of CMs used by the lightpaths coming from an I'W (or
heading for an OW) that could reach W. An IW may launch
up to W 1-g lightpaths that visit different OWs and different
output ports of DMs. According to constraints C1 and C3,
these W lightpaths will employ W CMs. Similarly, an OW
might be accessed by up to W 1-g lightpaths that come from
different IWs and different input ports of AMs. Figure 5(a)
plots an example of this case, where W=4, r =3, r' =1,
and »=2. IW 1 launches W =4 1-g lightpaths, which visit
all » =3 OWs and DM 1, respectively. Thus, they have to use
W=4CMs,ie,CMs1,2,3,and7.

The situation is different when W > r + r'n. Specifically,
the number of CMs used by the lightpaths coming from an I'W
(or heading for an OW) in this case is definitely less than W.
Though an IW may also launch up to W 1-g lightpaths, the
number of destinations of these W lightpaths is » + r'n < W.
In other words, more than one lightpath may go to the same
destination. Because the Rx at an output port can only receive
one lightpath, multiple lightpaths must go to the same OW,
rather than an output of a DM. According to the CM-sharing
routing, the lightpaths from an IW to an OW should use the
same CM. It follows that less than W CMs will be used by the
lightpaths originating from an IW in the case of W > r + 7'n.
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(@) (b)
Fig. 5. Illustration of the worst case when W <r + r'n, where
W=4,r=3,7"=1, and n=2. (a) Request on the line side and
(b) request on the A/D side.

Fig. 6. Illustration of the worst case when W > r + r'n, where
W=6,r=3,r"=1, and n=2. (a) Request on the line side and
(b) request on the A/D side.

The same argument can apply to each OW in this case. An
example is given by Fig. 6(a), where W=6, r =3, ' =1,
and » =2.IW 1 can initiate up to W = 6 lightpaths. Since

W=6>r+rn=5,

at least two lightpaths will go to the same OW; e.g., the red and
purple lightpaths from IW 1 to OW 1 in Fig. 6(a).

The discussion hints that the number of CMs needed to
set up lightpaths may depend on the relationship of W and
r+r'n.

Theorem 1: under the CM-sharing routing strategy, the Clos-
type OXC is WSNB on the line side and CDC on the A/D side, iff

- max{z, W} + W —1
"= 2(r+r’n)—1

fW<r+rn

otherwise.

Proof: see Appendix A. O



Figure 5 gives an example of the worst case that conforms
to the CM-sharing strategy when W < r + »'n for a Clos-type
OXC with W=4,r =3,r'=1, and n=2. In this example,
we assume that all the lightpaths are 1-g lightpaths. Figure 5(a)
is the worst case on the line side. The blue dashed line stands
for a bypass request Ry, from IW 1 to OW 1. CMs 1, 2, and
3 are occupied by the lightpaths from IW 1 to OW 2, OW 3,
and DM 1. Meanwhile, the lightpaths from IW 2, IW 3, and
AM 1 to OW 1 employ CMs 4, 5, and 6. Thus, we need at least
seven CMs to satisfy Ryp. Figure 5(b) plots the worst case for
an add request R4 from AM 1 to OW 1. CM 1 is used by a
lightpath from AM 1 to OW 2. CMs 2, 3, and 4 are occupied
by lightpaths from IWs 1, 2, and 3 to OW 1. Hence, we need
at least 5 CMs to satisfy R,q4. In summary, it requires

m > max{7, 5} =7

CMs to make the Clos-type OXC WSNB on the line side and
the CDC on the A/D side. This is consistent with the result of
Theorem 1, i.e.,

m>max{n, W}+ W—1=max{2,4}+4—1=7.

Figure 6 plots an example of the worst case when W >
r +r'n for the Clos-type OXC with W=6, r =3, r' =1,
and 7 = 2. Also, we assume that all the lightpaths are 1-g light-
paths. The worst case on the line side is depicted in Fig. 6(a),
where the dashed line represents a bypass request Ry, from
IW 1 to OW 1. The lightpaths from IW 1 to DM 1, OWs 1,
2, and 3 pass through CMs 4, 5, 1, 2, and 3, respectively. At
the same time, the lightpaths from IW 2, IW 3, and AM 1 to
OW 1 occupy CMs 6, 7, 8, and 9. Ry, can pass through the
same CM with the lightpath from IW 1 to OW 1 because they
have identical input and output. Thus, nine CMs are enough
to set up a lightpath for Ry,. Figure 6(b) provides the worst
case on the add side from AM 1 to OW 1. Five lightpaths from
IWs 1,2, and 3 to OW 1 traverse CMs 1, 2, and 3, respectively.
At the same time, CM 4 is occupied by the lightpath, from
AM 1 to OW 2. Among them, two lightpaths, both from I'W 2
to OW 1, can share CM 2, and those from IW 3 to OW 1 can
share CM 3. Thus, five CMs are enough to make up a lightpath
for R,44. Combining the two cases, we thus need

m > max{9, 5} =9

CM:s to construct a WSNB and CDC Clos-type OXC. This

example verifies the correctness of Theorem 1, which states
that

m>=2(r+rn)—1=2xB+1x2)—1=09.

Remarks: in a large-scale OXC, the number of fibers per link is
large, while the number of wavelengths per fiber is relatively small,
which corresponds to Case 1: W <r +r'n. If we set n=W,
Theorem 1 actually indicates that the number of CMs m (i.c., the
port count of WSSs) needed by a large-scale Clos-type OXC is
2W — 1. That is, m is almost determined by W, instead of the
number of fiber degrees of the OXC.

In the near future, the channel spacing will be 300 GHz, and
the entire C+L band will be utilized, which means the number
of wavelengths per fiber will be 40. In this case, 1 x 79 WSSs

will be needed according to Theorem 1. Clearly, this still poses
a high requirement on the design of the WSS if the Clos-type
OXC is deployed.

The Clos-type OXC can inherently support a PAYG model.
In the early stage of network operation, we can deploy CMs
with redundant ports. When expanding the capacity of the
OXC, we only need to add some I'Ws, OWs, AMs, and DMs
and connect them to the redundant ports of CMs. These newly
added modules have the same dimension as that of the ones
already installed in the system. Also, this upgrading procedure
does not interrupt the existing lightpaths.

4. BUTTERFLY OXC ARCHITECTURES

This section proposes another design of the part in the dot-
ted box to lower the requirement on the port count of WSSs
(i.e., the number of CMs). The main idea is to expand one-
stage OCSs on cither side of the Clos-type OXC into two-stage
OCSs, such that the number of CMs can be reduced. We first
propose a structure called Butterfly OXC in Section 4.A, then
present the routing constraints and a routing strategy for it in
Section 4.B. We prove that it is WSNB on the line side and
CDC on the A/D side in Section 4.C. We further perform
transformations on the proposal to derive an expandable and
more scalable OXC in Section 4.D.

A. Architecture

Figure 7 provides an overview of the Butterfly OXC, which
is obtained from the Clos-type OXC by inserting m' »' X m
OCSs, named central add OCS modules (CAMs) and num-
bered 1,..., p, ..., m', between AMs and CMs, and '
m x v’ OCSs, named central drop OCS modules (CDMs)
and labeled 1,...,4,...,m', between CMs and DMs.
Each CAM connects to each AM and each CM via one fiber,
and each CDM connects to each DM and each CM via one
fiber. As a result, each AM is an # x m’ OCS, each CM is an
(r +m’") x (r +m’) OCS, and each DM is an m’ x n OCS.

Fig. 7.
is Cogq.

Architecture of the Butterfly OXC, where the bolded part



As the bolded part in Fig. 7 displays, »’ AMs, m" CAMs, m
CMs, and the last 7" inputs and the first 7 outputs of 72 CMs
form a classical Clos network, denoted by C,44. Similarly, 7’
DMs, m" CDMs, m CMs and the last 7" outputs and the first
r inputs of the CMs form a classical Clos network, denoted by
Clrop-

A[t) last, 7'n < mr because the number of A/D ports should
not be larger than that of the ports linked to the OWs/IWs.

B. Routing Constraints and 1-CM Binding Routing

Similar to the Clos-type OXC, there are two routing
constraints in the Butterfly OXC as follows:

B1: the lightpaths from the same IW to different OWs/DMs
cannot share the same CM;
B2: the lightpaths from different IWs/AMs to the same OW

cannot share the same CM.

Since Cygq and Cyyop are two classical Clos networks, the
Butterfly OXC has two additional routing constraints:

B3: the lightpaths from the same AM or to the same CM
cannot share the same CAM;

B4: the lightpaths from the same CM or to the same DM
cannot share the same CDM, which are the same as those of a
Clos network.

To cope with constraints B1 and B2, we propose the routing
strategy as follows.

A-CM Binding Routing: CM w is only assigned to the
request demanding the use of wavelength set A

This routing strategy precludes a lightpath from traversing
CM w unless it employs wavelength w. Given that a wave-
length can only be utilized by a single lightpath, this strategy
eventually ensures that only one lightpath originating from an
IW or heading to an OW can pass through a CM. In this way,
the situations presented in B1 or B2 will never happen.

Constraints B3 and B4 can be addressed by the theory of
Clos networks [19].

Lemma 1: C,4q and Cyrop are SNB, iff m' > min{r + n —
1, r'n}.

C. Nonblocking and CDC Conditions

Combining Lemma 1 and the proposed A-CM binding routing
strategy, we can prove the following result.

Theorem 2: under the A-CM binding routing strategy, the
Butterfly OXC is WSNB on the line side and CDC on the A/D side
iff m>Wand m' > min{r +n— 1, r'n}.

Proof: see Appendix B. O

Consider a legal 2-g request Ry,(1, 1, A}) in Fig. 8 as an
example. As Ry, is legal, wavelengths 1 and 2 are idle on IW 1
and OW 1, and thus also available on the links from IW 1 to
CM 1 and from CM 1 to OW 1. The A-CM binding routing
strategy ensures there is no lightpath that originates from
IW 1 or heads for OW 1 passing through CM 1. It follows
that CM 1 can be employed to set up a lightpath for Ry,,. An
example of an add request is R,q4(1, 1, 4, A%). The legality of
R.q4 implies that wavelengths 2 and 3 are free on both OW 4
and the link from output 4 of CM 2 to OW 4. Similarly, the

Fig. 8. Example of the Butterfly OXC, where m =3, W=3,
r=4,r"=3, m'=5and n=2.

A-CM binding routing strategy guarantees that the CM 2 is
available for R,44. Also, Chyq can create a 2-g lightpath from
input 1 of AM 1 to output 4 of CM 2. Hence, a 2-g lightpath
from input 1 of AM 1 to OW 4 via CM 2 can be built for R,4q.

The Butterfly OXC has the following two issues. First,
though the number of CMs is reduced to W, the port count
of each CM becomes 27 + n — 1, as shown above. Second, it
cannot achieve the PAYG property. All the OCSs in the OXC
have to reserve some redundant ports at the start, to deal with
future scale expansion. This implies a high initial installation
cost, which violates the definition of PAYG property.

D. Derived Structure: Expandable Butterfly OXC

This part pursues a new design based on the Butterfly OXC,
aiming to reduce the dimension of CMs while achieving the
PAYG property. The size reduction of CMs is feasible since no
lightpath will be established from C,qq to Cyrop, meaning that
there is redundancy in each CM. Figure 9 details a CM. Recall
that the first 7 input ports and output ports of CMs are respec-
tively connected with » IWs and OWs, and the last » + 7 — 1
input ports and output ports are respectively connected with
Cadd and Cyrop. Thus, each CM can be divided into four parts
as follows:

(a) the red part between the first » input ports and output
ports is served for the switch on the line side;

(b) the two green parts are used to perform remote lightpath
dropping and local lightpath adding, respectively; and

(c) the yellow part connecting Cyqq and Ciyrop is wasted, since
C,4d never communicates with Crop-

() () (g B

([ (N <)

(a) (b) (©)

Fig. 9. Details of a CM: (a) area for the line side, (b) two areas for
the A/D side, and (c) redundant area.
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Suppose each CM is a Q2r+n—1)xQ2r+n—1)
3-D OCS, which is made up of (r + 7+ 7 — 1)* mirrors.
The redundancy of CMs can be precisely described by the

expansion as follows:
GHr+n—D'=r+2r+n—1)+ @ +n—1)>

which shows thata (27 +#7 — 1) x (2r +#n — 1) OCS can be
decomposed to ar x » OCS, two » X (r +n — 1) OCSs, and
a(r+n—1)x (r+n—1) OCS. Among them, the last one
is the yellow part and can be removed.

After redundancy elimination, each CM can be replaced by
three small OCSs as follows:

(@) » x r OCS, which is corresponding to the red part in
Fig. 9(a), performs switching for bypass lightpaths, and
thus is called bypass CM (bCM) and marked in red;

(b) r x (r +n—1) OCS, which corresponds to the green
trapezoid from top left to bottom right in Fig. 9(b), per-
forms switching for drop lightpaths, and thus is called
drop CM (dCM) and marked in green;

() (r+n—1) xr OCS, which corresponds to the green
trapezoid from bottom left to top right in Fig. 9(b), per-
forms switching for add lightpaths, and thus is called add
CM (aCM) and marked in green.

Additionally, each output of IW now needs a 1 x 2 space
switch (SS). If there is a bypass request arrives at IW, the SS will
connect the IW to an » x » bCM to set up a bypass lightpath;
otherwise, it will link the IW to an » x (» + 7 — 1) dCM to
build a drop lightpath. Similarly, each input of an OW requires
a2 x 1SS. At last, rearranging the position of every switching
module, we can obtain a clear structure, as Fig. 10 displays. It is
easytosee thatthe”’ n X (r +n— 1) AMs,r +n— 17" x W
CAMs, and W (r +7—1) x r aCMs form an SNB Clos
network C,q4, and the 7 (r +n—1) xn DMs, r +n—1
W x r" CDMs, and W r x (r +n — 1) dCMs form another
SNB Clos network Csop.

We have so far obtained a scalable OXC derived from the
Butterfly OXC. However, it still does not support PAYG since

Fig. 10. OXC derived from the Butterfly OXC, where W =3,

r=4,r"=3,m'=5and n=2.

Fig. 11. Example of the expandable Butterfly OXC, where
W=3,r=4,r"=3,m =4,and n=2.

the port count of all the OCSs will increase with the expansion
of the OXC.

We thus further modify this structure in two steps. In
step 1, we connect each IW (OW) to only one dCM (aCM).
In step 2, we install z + W —1 »' x » CDMs (CAMs) and 7’
nx (n+ W—1) DMs (AMs) in Cyrop and Coad, as Fig. 11
plots. After the modification, we obtain a new OXC struc-
ture called the expandable Butterfly OXC. It is obvious that
the SNB feature of Cyrop and Cyqq keeps unchanged after
modification.

In the following, we first show that the expandable OXC is
WSNB on the line side and CDC on the A/D side, and then
explain that it can support a PAYG model.

We label the bCMs by 1, ..., &, ..., W, from top to bot-
tom, theaCMsby 1, ..., 4, ..., r, from left to right, and the
dCMsby 1, ...,4d, ..., r, from right to left. On the add side,
output 2 of CAM p is linked to input p of aCM 4, and output
B of aCM 4 is linked to input 2 of the 2 x 1 SS at input B of
OW 4. On the drop side, output 2 of the 1 x 2 SS at output &
of IW « is linked to input & of dCM «, and output g of dCM
d is linked to input & of CDM 4.

In the expandable Butterfly OXC, the A-CM binding rout-
ing strategy can be slightly modified as follows:

Revised 1-CM Binding Routing: bCM w is only assigned
to the bypass request demanding the use of wavelength set Aj.

Following the similar argument in Theorem 2, we can prove
the following result:

Theorem 3: under the revised -CM binding routing strategy,
the expandable Butterfly OXC with m' > min{W +n — 1, r'n}
is WSINB on the line side and CDC on the A/D side.

Also, the expandable Butterfly OXC has the PAYG feature.
At the beginning, only the CAM, CDM, and bCM have to
reserve some redundant ports for future system expansion.
When there is a need to increase the port count of the OXC,
we only have to add some IWs, OWs, AMs, DMs, aCMs,
and dCMs, the dimension of which is the same as that of the
ones initially installed in the OXC, and connect them to the
corresponding redundant ports of bCMs, CDMs, and CAMs.



5. APPLICATION AND COMPARISON
The three types of OXCs proposed in Sections 3 and 4 have

their own strengths. In this section, we will first compare
their scalability in port count and insertion loss, followed by a
comparison with prior designs.

A. Comparison of Our Proposals

Compared to the Butterfly OXC and expandable Butterfly
OXC, the Clos-type OXC has a lower insertion loss on the
A/D side. The insertion loss of a typical WSS is 6 dB, and
that of a typical OCS is 2 dB. Thus, the loss of the Clos-type
OXC is 10 dB, that of the Butterfly OXC is 12 dB, and that of
the expandable Butterfly OXC is 14 dB. Of course, both the
Clos-type OXC and the Butterfly OXC have 14 dB insertion
loss, while the expandable Butterfly OXC has a 18 dB insertion
loss on the line side.

Because a bypass lightpath only needs to traverse a pair of
WSSs on the line side, the filtering effect that it will suffer in
all the OXCs proposed in this paper will be the same as that
experienced in the standard OXC.

It is clear that, in terms of port count, the Butterfly OXC
and expandable Butterfly OXC are more scalable than the
Clos-type OXC because they only require 1 x W WSSs,
whereas the Clos-type OXC needs 1 x 2W —1) WSSs.
The 300 GHz transmission system will be commercial soon,
meaning that the C+L band will contain 40 wavelengths.
As Section 4 analyzes, the port count of WSSs needed in the
expandable Butterfly OXC is 40. This means that, even based
on current WSS products, the expandable Butterfly OXC is
applicable. The Clos-type OXC will be feasible only if the port
count of commercial WSSs can be further increased to 79 in
the future. The reduction of the requirement for the dimension
of WSSs by the Butterfly OXC and expandable Butterfly OXC
is due to the use of a Clos network on the A/D side. This design
coordinates with the A-CM binding routing strategy very well,
leading to the decline of the number of CMs from 2W — 1 to
W. Additionally, the dimension of aCMs, bCMs, and dCMs
in the expandable Butterfly OXC is smaller than that of CMs
in the Butterfly OXC. In contrast, the A-CM binding routing
strategy cannot be applied to the Clos-type OXC. Consider

the AMs and the CMs in Fig. 4, which constitute a two-stage
Banyan network. Suppose CM w is assigned for the request
demanding wavelength w. Two requests in an AM cannot
be satisfied at the same time, if they both need to use wave-
length w. That is, the Clos-type OXC is not CDC if the A-CM
binding routing strategy is applied.

The dimension of the OCS in the expandable Butterfly
OXC is smaller than that in the Butterfly OXC, owing to the
advantages gained from the redundancy elimination described
in Section 4.D. That is, the expandable Butterfly OXC offers
superior scalability in port count.

Our proposals improve the scalability with acceptable power
consumption. Compared to the standard OXC, the Clos-type
OXC and the expandable Butterfly OXC add some OCSs.
According to [45,46], the power consumption per port of the
OCS is ~0.4W. The Clos-type OXC and the expandable
Butterfly OXC need 2W —1 N x N OCSs and W N x N
OCSs in addition on the line side, respectively, resulting in
power consumptions that are 0.4NQ2W —1) and 0.4NW
units greater than the power consumption of the standard

OXC.

B. Comparison with Other Proposals

Table 1 compares our designs with other OXC designs
[10-13,15-18,20,24-37]. Table 1 only considers the line
side, as most of the previous designs do not provide the design
of the A/D system.

An N x N ring-type OXC in [30-34] is made up of 4
N/k x N/k small-scale standard OXCs. When £ =+/N, it
requires 2N 1 x +/N WSSs. A lightpath traversing / small-
scale OXCs will experience an insertion loss of 12/ dB, where
/=1,2,...,+/N. The ring-type OXC is not a PAYG design
because the port count of all the WSSs will increase with the
expansion of the OXC.

HIER in [35-37] is obtained by replacing each 1 x NV
WSS in a standard OXC with a1 x # WSS and £ 1 x m space
switches, where #m = N. To facilitate the comparison, we
assume £=m = +/N. It follows that it needs 2N 1 x ~/N
WSSs and 2NV%2 1 x o/ N OCSs. Each bypass lightpath goes
through two space switches and two WSSs, thus suffering a loss

Table 1. Comparison of Different OXCs
Cost to Support WSS/AWG OoCs

Nonblocking  Flexible Grids Insertion Loss PAYG Dimension Number Dimension Number
Standard OXC Yes Low 12dB No I1x N 2N - -
Ring-type OXC [30-34] No Low 12/dB No 1x /N 2N - -

[=1,....V/N
HIER [10,35-37] No High 16 dB No 1x /N 2N Ix~/N 2N
OXC-Clos Network Yes High 36 dB Yes 1xvN 8N—4J/N - -
[15-18]
Modular OXC [20] Yes Low 24 dB Yes 1x+/N 2(N*?4+ N) - -
HOXC [11,24-29] No Low 16 dB No 1 xhN 2hN (14+h)Nx 1
(1+hN

AWG-based OXC [12,13] Yes - 14 dB Yes Ix W 2N Nx N w
Clos-type OXC Yes Low 14 dB Yes 1x(2W-—-1) 2N Nx N 2W—1
Expandable Butterfly OXC Yes Low 18dB Yes 1x W 2N Nx N w




of 16 dB. HIER is not a PAYG design because the port count of
all the OCSs and optical couplers in HIER increases with the
expansion of the OXC.

As for the V x N OXC-Clos network in [15-18], it roughly
needs 8N — 44/ N 1 x /N WSSs and 2N 1 x 2/ N—1)
WSSs to fulfill the SNB switching function if it does not
support the flexible grids. As each lightpath has to traverse
six WSSs, the loss is 36 dB. The OXC-Clos network inherits
the merit of the Clos network, and thus can support a PAYG
model.

The modular OXC proposed in [20] can be constructed
from N /N x +/N standard OXCs interconnected by 2N
1 x /N WSSs. A lightpath goes through four WSSs, the
loss of which is 24 dB. Similar to the OXC-Clos network, the
modular OXC has the PAYG feature.

The HOXC reported in [11,24-29] consists of an OCS and
a small-sized OXC. Let / be a decimal. It needs 2/ N 1 x h N
WSSs and 1 (14 A)N x (1+ h)N OCSs. A lightpath may
need to pass through the OCS twice and the OXC once, and
thus has an insertion loss of 16 dB if the OCS is a MEMS-
based OCS. The HOXC lacks PAYG capability, since the OCS
and the WSSs with high port count are needed at the initial
stage to cope with future scale expansion.

The AWG-based OXC has ~ 14 dB insertion loss on the
line side. Similar to our designs, it has the PAYG feature.

Table 1 confirms that our proposals meet all the properties
P1 through P7 listed in Section 1. Different from the previous
designs, the port count of WSSs in our proposals increases with
W, rather than NV, which matches the tendency toward more
fibers per link and fewer wavelengths per fiber.

6. CONCLUSION

Optical networks in the near future call for large-scale, low-
loss, and flex-grid OXCs. However, the scalability of standard
OXGCs is limited by the dimension of commercial WSSs. To
address this issue, this paper proposes three hybrid OXCs,
called Clos-type OXC, Butterfly OXC, and expandable
Butterfly OXC, leveraging the complementary features of
WSSs and OCSs. We show that our proposals have the follow-
ing merits: (1) they are nonblocking on the line side and CDC
on the A/D side, (2) the dimension of WSSs is solely deter-
mined by the number of wavelengths and does not increase
with the number of fiber directions of the OXC, (3) they have
low insertion loss and small filtering effect, and (4) they can
support flexible grids. The Clos-type OXC is a superior option
if the number of OCSs and the insertion loss on the A/D side
are the major concerns, and the Butterfly OXC and expandable
Butterfly OXC would be a better choice if the focus is primarily
on the port count of WSSs.

APPENDIX A: PROOF OF THEOREM 1

It is trivial to show that the proposed OXC is colorless and
directionless. Thus, we only need to prove that the OXC on the
line side is WSNB and on the A/D side is contentionless.

Case I: W<r +7r'n.

Consider a bypass request Ry(a, B, Aj)). Rp, may see
the situation, where all other wavelengths are busy at IW «

and OW B. In the worst case, each of the W — w waveleng
W — o ths at IW « carries one 1-g lightpath, and these W — w
lightpaths will use up to W —w CMs, as we explain at the
beginning of this subsection. Similarly, the W — o wave-
lengths at OW B will carry up to W — w lightpaths, which can
at most occupy W — w CMs. Let S, and Sg be the sets of CMs
used by the lightpaths originating from I'W « and that heading
for OW B, respectively. We have

|Sel < W—0w
and
|S,g| <W-ow.
It follows that the number of CMs unavailable for Ry, is
|Sa U Sp| <18ul + [ Sp| <2W — 20,

where the inequality holds with equality when 8§, N §g = ¢.
Ry, can be satisfied only when there is at least one CM that is
not occupied by the lightpaths that originate from IW « or go
to OW B. We thus need

mzmai({ZW—Zw—i—l}:ZW—l (A.1)

CM s to accommodate the request Ry,p.

Consider an add request Ryqq(ct’, 2, B, AY). This request
may see the situation, where all the other # — 1 inputs of AM
o’ and all the other W — w wavelengths on OW § are busy. In
the worst case, # — 1 lightpaths from AM o' use n — 1 CMs
and W — w wavelengths on OW B carry 1-g lightpaths, which
use W — @ CMs. Let Sy be the set of CMs occupied by the
lightpaths from AM o’. We have

[So| <n—1
and
|Ss| < W— .
Therefore, the number of CMs unavailable for R,44 is
|Sa U S| < ISl + | Ss|=n+ W—w—1,

where the inequality holds with equality if § N Sg = ¢. We
thus need

mngc{n—l—W—a)}:n—i—W—l (A.2)

CMs to satisfy R,dd- Since the A/D system is symmetrical, the
contentionless condition for drop requests is the same as that
for add requests.

Combining (A.1) and (A.2), we have the nonblocking con-
dition on the line side and the CDC condition on the A/D
side:

m > max{n, W}+ W—1.

Case2: W>r+7'n.

Considering a bypass request Ryp(er, B, Aj)), which sees
that all other W — w wavelengths are busy at IW o and OW B.
Both the W — w busy wavelengths at IW « and those at OW S
can carry up to W—w l-g lightpaths. Depending on the
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relative magnitude of W — w and » + 7'n — 1, there arise two
subcases as follows:

Case2.1: W—w>r+r'n—1.

In this case, W — o 1-g lightpaths from IW o may visit
r —1 OWs and 7'z outputs of all the " DMs at most. Since
W —w>r+r'n—1, at least two lightpaths from I'W « will
visit the same OW;, as we show at the beginning of Section 3.B.
Thus, W — o 1-g lightpaths from IW « will use » +7'n — 1
CMs in the worst case. Similarly, W— o 1-g lightpaths
directed toward IW B may utilize » + 7’7 — 1 CMs in the
worst case. We thus have

|Sel <7 4+7'n—1
and
|Sﬁ] <r+rn-—1.
It follows that the number of CMs unavailable for Ry, is
|82 U S| <|Sal + | S| <2 (r +7'n) — 2.
Therefore, we need
m>2(r+r'n)—1 (A.3)

CM s to set up a lightpath for Ry,,.

Case2.2: W —w<r4+r'n—1.

Both the W — w lightpaths from IW « and those directed
toward OW S will traverse W — @ CMs in the worst case. In
other words

1Sl =W -0
and
|Sﬂ| <W-o.
The number of CMs that cannot be used by Ry, is
|Se U Sp| <[Sal + |Sp| =2W —20.
We thus need
ergfi({2W—2w}+l=2(r+r/n)—l (A.4)
CMs to set up a lightpath for Ry,,. Combining (A.3) and (A.4),
we need
m=>2(r+r'n)—1 (A.5)

CM s to accommodate the bypass request Ry,,.
Following similar arguments, we need

m>r+r'n (A.6)

CMs to set up a lightpath for an add request or a drop request.
(A.5) and (A.6) yield the following condition for Case 2:

m22(r+r’n)—l.

APPENDIX B: PROOF OF THEOREM 2

The A-CM binding routing strategy implies the necessity. In
the following, we show the sufficiency.

Consider a legal bypass request Ry, (cr, B, Aj). As Ry, is
legal, all the wavelengths in A are unused on the input of
IW & and the output of OW B. This implies the wavelengths
in AY on the link from IW « to CM w and those on the
link from CM w to OW B must be free. The A-CM binding
routing strategy ensures that CM w has not been used by
an existing lightpath originating from IW « or destined for
OW B, making it available for establishing a lightpath for Ry,.

Consider a legal add request R,q(e’, 2, B, Aj). Owing
to the legality of R,q44, the wavelengths in A, are unused on
OW B and on the link from output B of CM w to OW 8.
Also, the A-CM binding routing strategy guarantees that
CM w has not been used by an existing lightpath heading
for OW B. According to Lemma 1, C,yq can establish a w-g
lightpath from input 2 of AM ¢’ to output B of CM w without
rearranging the existing lightpaths in C,q4. It follows that a new
w-g lightpath can be set up via CM w for R,4q. As the OXC is
symmetrical, a lightpath can always be established for a legal
drop request without reconfiguration.

Since 1 < w < W, the above argument indicates W CMs are
enough to route all the bypass, add, and drop requests.
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