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Abstract: An arrayed waveguide grating (AWG) is a kind of passive wavelength router, and it is
the most promising technology for developing large optical switches. However, AWGs have poor
scalability, and using small AWGs to construct a large switch has been done in many prior works.
A novel AWG-based switch called ASA (AWG, Space switching, AWG) that does not use wavelength
converters has been proposed. It can expand the switch size from N to N? by using N x N AWGs.
In this paper, we generalize the ASA switch by using only N x N AWGs, N x N space switches,
and N wavelengths such that the switch size is expanded to N' for any positive integer . Since each
port of an N x N AWG can transmit up to N wavelengths simultaneously, the total capacity of the
generalized ASA switch is extended to be close to N**! x the bandwidth of a wavelength channel,
provided that the inputs which are located in the same port position of each input AWG are destined
to distinct outputs.

Keywords: arrayed-waveguide grating (AWG); optical networks; rearrangeable nonblocking;
wavelength-division-multiplexing (WDM)

1. Introduction

Wavelength-division-multiplexing (WDM) optical networks, in which about 100 wavelength
channels can be packed into a fiber and each channel can support a data rate of up to 100 Gb/s [1],
have been widely deployed. An optical cross-connect (OXC) [2-4] switch, involving switching in both
the wavelength and the space domain [5-8], is a key component in such a network.

An arrayed waveguide grating (AWG) is a passive device that can route multiple wavelengths to
different destinations simultaneously. Each input of an N X N AWG can simultaneously send N signals
of different wavelengths, each destined to a different output, and the N x N AWG can forward all
N?Z signals without blocking [9]. The multi-wavelength capability makes such devices more attractive
for constructing an OXC than other switching technologies, such as semiconductor optical amplifiers
(SOAs) [10]. This capability has been exploited in many prior works [6-9,11-15].

However, AWGs have poor scalability due to crosstalk [16,17] and deviation of the passband
center frequencies from the ITU-T (International Telecommunications Union Standardization Sector)
grid [18]. Currently the size limit of a realistic AWG device is likely to be less than fifty [16,19,20],
and 32 x 32 AWGs are commercially available [21]. Solving the scalability issue of AWGs has been
attempted in many prior works [8,14,20,22-25]. The approach given in [22] expanded the port count
from N to N2, but used 2N? costly SOA-based tunable wavelength converters (TWCs), which consumed
a substantial amount of power [10]. Another approach, which used two stages of smaller AWGs to
construct a 90 x 90 AWG, was proposed in [20,23], while still another approach, given in [8,14],
expanded the size of an AWG-based circuit switch from N to N? by using TWCs. In [24], an ASA
(AWG, Space switching, AWG) switch, using AWGs, space switches, and AWGs in its three stages,
was proposed for packet switching. The 3-stage ASA switch expanded the size from N to N? by
using N x N AWGs but did not use any wavelength converters. Combining two techniques proposed
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in [20,24], an ultra-scalable AWG-based optical packet switch with a total capacity close to 4 x 10'® bps
was presented in [25].

In this paper, we generalize the 3-stage ASA switch proposed in [24], and expand its switch
size to N! for any positive integer t. Note that N'~! x N!~! space switches are required for the
general 3-stage N' x N’ ASA switch architecture. Considering the scalability of space switches, we
further propose a rearrangeable nonblocking (RNB) multi-stage N x N' ASA switch architecture
using only N x N AWGs and N x N space switches, where the RNB function can accommodate a new
connection by rearranging some existing connections [26]. Since packets in a frame are routed in the
network simultaneously, rearrangements are no longer required for packet switching. This leads to
that rearrangeable nonblocking can usually be treated as strictly nonblocking for packet switching [26].

The rest of the paper is organized as follows: Section 2 introduces the preliminaries of the 3-stage
ASA switch architecture [24]. Section 3 proposes the general 3-stage ASA switch architecture. The RNB
general multi-stage ASA switch architecture is proposed in Section 4, and Section 5 concludes the
discussion in this paper.

2. Preliminaries

2.1. AWG

An N x N AWG is associated with a set of N wavelengths {0, 1, ..., N — 1}. A signal from
input port i to output port o, using wavelength w, is denoted by [i, w, 0], wherew € {0, 1, ... , N — 1}.
An AWG has different cyclic wavelength routing properties, which lead to contention-free wavelength
assignments [8,23,27,28]. One cyclic wavelength routing property, a relationship among parameters i,
0,and w, inan N x N AWG is given by Equation (1) [27,28]:

0= (i +w)mod N. 1)

An AWG is a passive device. Equation (1) implies that given a wavelength w, the wavelength
routing of a signal [i, w, o] in an AWG is determined and unique. Equation (1) also implies that
each input of an N X N AWG can send N signals, each destined to a different output, of N different
wavelengths simultaneously. Thus, an N x N AWG can send all N? signals simultaneously without
blocking. An example of the routing of nine signals in a 3 x 3 AWG is given in Figure 1.

AWG

ko A1 o do Mg
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Figure 1. Nine signals can pass through a 3 x 3 arrayed waveguide grating (AWG) simultaneously by
using three different wavelengths {0, 1, 2}. In the notation /\;,, w refers to the wavelength and i refers to
the input port number.

2.2. 3-Stage ASA Switch Architecture

Figure 2a presents an AWG-based switch architecture, called a 3-stage ASA switch [24], that
contains two planes, one of which is an electronic control plane and the other is an optical data plane.
Each input port of a 3-stage ASA switch has separate fibers connecting the control plane and the
data plane. The control plane of the 3-stage ASA switch implements scheduling first to guarantee
collision-free data transmissions. Figure 2b presents the architecture of the data plane, which chooses a
Clos topology and consists of three stages. The first (or third) stage consists of NN x N AWGs, and
the middle stage consists of N N x N space switches, (i.e., optical crossbars). It is worth noting that N
must be odd.
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From the topology of the data plane of the 3-stage ASA switch (Figure 2b), we can see that the
wavelength routing of the 3-stage ASA switch only depends on the wavelength routings of the N x N
AWG:s in the first and third stages. Thus, the theoretical foundation for determining the wavelength
routing of the 3-stage ASA switch is based on the 2-stage switch made from cascading two N x N
AWGs (see Figure 2c). The same as for a signal in an N x N AWG, we also use (i, w, 0) to denote a
signal in the 2-stage switch from input i to output o, using wavelength w. The relationship among the
parameters 7, 0, and w in a 2-stage switch is derived in Equation (2):

0= (i +2w) mod N. (2)

A nonblocking switch means that each input can reach all outputs and two signals using the same
wavelength do not collide at a link. However, the term 2w in Equation (2) suggests that the 2-stage
switch is not always nonblocking. Specifically, some inputs in the 2-stage switch may not reach all
outputs. Reference [24] proves that the 2-stage switch is nonblocking if N is odd. It is worth noting that
to ensure the 2-stage switch is nonblocking, each wavelength w must be guaranteed to be uniquely
determined by input i and output 0. Suppose (i1, w1, 01) and (i3, wo, 0;) are two signals in the 2-stage
switch with 01 = 0, and i; = iy, where 01 = (i1 + 2w;) mod N and 0, = (ip + 2w,) mod N. This leads
to 2(wy — wy) mod N = 0, and the wavelength can be uniquely determined, (i.e., w; = wy), only if N
is odd.

For a 3-stage ASA switch, a two-tuple [group, member] is used to represent an input (or output)
port address, where group refers to N x N AWG, member refers to the link of N x N AWG to which
the input (output) port is attached, and 0 < group, member < N — 1 (see Figure 2b). Hence, a signal
from input port [gs, 1] to output port [g4q, m4], using the wavelength w is represented as ([gs, 7], w,
[g4, m4]), where 0 < g5, ms, g4, Mg < N — 1. According to Equation (2), the relationship among ms, mgy,
and w satisfies Equation (3):

mq = (mg + 2w) mod N, 3)

where N is odd. Thus, member fields are used for wavelength routing in the first and third stages of
the 3-stage ASA switch. In addition, group fields are used for space switching in the middle stage.
Specifically, signal [[gs, ms], w, [§4, m4]] is routed from the gsth input to the gqth output of the (ms + w)th
space switch in the middle stage. Consequently, a 3-stage ASA switch can send a signal from each
input to any output when the wavelength is correctly chosen (Equation (3)). An example is given in
Figure 2b, where input [0, 0] can reach outputs [0, 0], [1, 1], and [0, 2] by using wavelengths w =0, 2,
and 1, respectively.

It is worth noting that each port can transmit N wavelengths simultaneously without blocking
each other if signals from inputs with the same member field, (i.e., 1), are destined to distinct outputs.
This is because signals in a 3-stage ASA switch can only collide at the same link in stage 2 [24].
The collision occurs if signals are from inputs with the same member field and to the same output
(Equation (3)). Note that signals from inputs with the same member field and to the same output pass
through the same link in stage 2 and use the same wavelength (Equation (3)). An example is given in
Figure 2d, where inputs [0, 0] and [1, 0], which use the same member field, cannot reach output [0, 0]
simultaneously because they collide at the same link in stage 2. Therefore, the 3-stage ASA switch with
an odd N is nonblocking if signals from inputs with the same member field are destined to distinct
outputs. Since each port of an N x N AWG can transmit up to N wavelengths simultaneously, the total
capacity of a 3-stage N> x N? ASA switch is close to N> x the bandwidth of a wavelength channel.
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Figure 2. (a) The optical data path and the electronic control path of a 3-stage ASA switch. (b) The data
plane of a 3-stage 9 x 9 ASA (AWG, Space switching, AWG) switch. (c) A 2-stage switch cascading two
3 x 3 AWGs. (d) Two signals ([0, 0], 0, [0, 0]) and ([1, 0], 0, [0, 0]) collide at the same link in stage 2.

3. General 3-Stage ASA Switch Architecture

Conventionally, C(n, m, r) is used to represent a 3-stage Clos network, where each n x m (or
m X n) switch in stage 1 (or stage 3) connects to all # X r switches in stage 2. Similarly, we use A(n, m,
r) to denote a 3-stage ASA switch architecture, where each n x m (or m x n) AWG in stage 1 (or stage
3) connects to all ¥ x r space switches in stage 2. Thus the 3-stage ASA switch proposed in [24] is also
denoted by A(N, N, N) (see Figure 2b), where N is the number of wavelengths in the AWG.

Considering the scalability of 3-stage ASA switches, without loss of generality, we assume that the
size of each space switch is of the power of N, (i.e., r = N ~1), for any positive integer t — 1,as N x N
AWGs are used. An A(N, N, N' t’l) switch is a general 3-stage N' tx Nt ASA switch architecture for any
positive integer . An example with an A(3, 3, 9) switch is given in Figure 3. The same as in a 3-stage
N x N ASA switch, for each signal [[gs, 5], w, [g4, m4]] in a general 3-stage Nt x Nt ASA switch,
member fields are used for wavelength routing in stage 1 and stage 3, according to the relationship
among ms, mq, and w satisfying Equation (2). Group fields are used for space switching in stage 2,
that is, signal [[gs, ms], w, [g4, Mq]] is switched from the gsth input to the g4th output of the (ms + w)th
space switch in stage 2.

From the topology of an A(N, N, N*~1) switch architecture, we can see that the kth space switch in
the middle stage connects the kth output (or input) of each AWG in the first (or last) stage for 0 < k <
N — 1 (Figure 3).

Theorem 1. Assume N is odd and t is a positive integer. An A(N, N, N*~1) switch is nonblocking if signals
from inputs with the same member field are destined to distinct outputs.

Proof. We prove this property by showing (i) each input can reach all outputs, and (ii) two different
signals using the same wavelength will not pass through the same link.

(i) Equation (3) guarantees that each input [gs, 5] of an AWG in the first stage using N different
wavelengths w can reach all outputs [g4, 4] of an AWG in the last stage, if N is odd and the
kth output of the AWG in the first stage connects the kth input of the AWG in the last stage [24].
Given an A(N, N, N*~1) switch, since the kth space switch in the middle stage connects the
kth output (or input) of each AWG in the first (or last) stage, it is implied that the kth output
of each AWG in the first stage connects the kth input of all AWGs in the last stage through
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the kth space switch in the middle stage. Thus, each input can reach all outputs if it uses N
different wavelengths.

(ii) Given an A(N, N, Nf~1) switch, each link in stage 1 carries only signals from the same N x N
AWG in the first stage. Recall that all the N? signals of an N x N AWG can traverse the device
simultaneously without blocking each other (Equation (1)). This implies that two different signals
using the same wavelength will not pass through the same link in stage 1.

Suppose two signals from different inputs using the same wavelength are carried in a link in
stage 2, (i.e., an input of an N x N AWG in the last stage). According to Equation (3), these two signals
are from inputs with the same member field and will be routed to the same output of the N x N AWG
in the last stage. However, this scenario cannot happen since we consider that signals from inputs with
the same member field are destined to distinct outputs. Thus, two different signals using the same
wavelength will not pass through the same link in stage 2. Consequently, two signals using the same
wavelength do not collide at a link. [J

Theorem 1 holds if signals from inputs with the same member field are destined to distinct
outputs. In other words, from the proof of (ii) in Theorem 1, an A(N, N, N*~1) switch is nonblocking if
signals from inputs with the same member field do not use the same wavelength. This implies that
each port in an A(N, N, Nt~1) switch cannot transmit up to N wavelengths simultaneously. Thus, the
total capacity of the general 3-stage N* x Nt ASA switch architecture is close to, but not exactly, N*+! x
the bandwidth of a wavelength channel.

From the topology of a general 3-stage N* x N* ASA switch, (i.e., an A(N, N, N*~1) switch), we can
see that N N'~1 x N~ space switches are required. Considering the scalability of space switches, we
propose a general multi-stage N' x N' ASA switch architecture using only N x N AWGs and N x N
space switches in Section 4.

4. General Multi-Stage ASA Switch Architecture

4.1. Construction of a General Multi-Stage ASA Switch

Assume N is odd. A construction method for a general multi-stage N' x N ASA switch
architecture using only N x N AWGs and N x N space switches is proposed in this section. The method
consists of three steps:

Step 1: Construct an A(N, N, N t’l) switch (see Figure 3).

Step 2: Decompose each N*~1 x N*~! space switch in the middle stage into a C(N, N, N*~2)
network if N*~1 > N (see Figure 4).

Step 3: Continue to decompose each space switch in the middle stage until its size is reduced to
N x N.

Node stage: 1 2 3

Link stage:

Figure 3. An A(3, 3, 9) switch.
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Node stage: 1 2 3 4 5

Link stage: 1 2 3 4

Figure 4. A general multi-stage 27 x 27 ASA switch. Each middle 9 x 9 space switch in Figure 3 is
decomposed into a C(3, 3, 3) network (i.e., a 32 x 32 Benes network) within a red box.

From the above construction method, each middle Nf~1 x Nt—1 space switch of the A(N, N,
Nt~=1) switch architecture is decomposed into an Nt=1 x Nt~1 Benes network [29]. Thus the general
multi-stage N' x N' ASA switch architecture adopts the N' x N! Benes topology and consists of
2t — 1 stages numbered from 1. There are N'~! N x N AWGs in the first and the last stages, and
N'~1 N x N space switches in each of the middle 2t — 3 stages. An example where N =3 and t =2 is
given in Figure 4. It is worth noting that all the paths in the A(N, N, N*~!) switch exhibit a constant
transmission delay.

Similar to the A(N, N, N*~1) switch, for each signal [[gs, 5], w, [¢q, 14]] in a multi-stage Nt x N
ASA switch, member fields are used for wavelength routing in the first and the last stages (Equation (3)).
As for the space switching in the middle stages, a looping algorithm [29] is applied for signals with the
same wavelength in each N' =1 x N'~! Benes network.

Theorem 2. Assume N is odd and t is a positive integer. A general multi-stage N' x N ASA switch is RNB if
signals from inputs with the same member field are destined to distinct outputs.

Proof. Recall that the general multi-stage N' x N! ASA switch is obtained by replacing each middle
nonblocking Nf~! x N~ space switch of an A(N, N, N*~1) architecture with an N*~! x N'~! Benes
network. Since a Benes network is RNB [29] and the A(N, N, Nt 1) switch with an odd N is nonblocking,
provided signals from inputs with the same member field are destined to distinct outputs (Theorem 1),
then the general multi-stage N' x N ASA switch with an odd N is still nonblocking, (i.e., is RNB),
if signals from inputs with the same member field are destined to distinct outputs. [

Similar to the general 3-stage N' x N ASA switch, the total capacity of the general multi-stage
N* x N* ASA switch architecture is close to N**! x the bandwidth of a wavelength channel, provided
that signals from inputs with the same member field are destined to distinct outputs (Theorem 2).
Note that the scheduler design proposed for the 3-stage ASA switch [24] is mainly based on adopting
a matching algorithm to set up the maximum number of signals passing through the same AWGs in
the first and last stages, provided that these signals are nonblocking to each other. Note also that many
matching algorithms [17,30] can be used for the scheduler design, but choosing a matching algorithm
is not discussed in [24], for it is an independent issue. Since a matching algorithm used for the 3-stage
ASA switch can also be applied for the signals passing through the same AWGs in the first and last
stages in the proposed RNB general multi-stage N x N ASA switch, the scheduler design of the
general multi-stage N’ x N' ASA switch is similar to that proposed in [24], and we omit it in this paper.
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4.2. Evaluation Results

In this section, we discuss the power loss and the maximum number of N X N space switches
used in a general multi-stage N' x N ASA switch.

Recall that a general multi-stage N x N' ASA switch consists of two stages of N'~! N x N AWGs
and 2t — 3 stages of N-INx N space switches, where N is odd and ¢ is an integer. In addition, the
typical insertion loss of an AWG is 7 dB [21] if we use the conventional star-coupler structure [31]
for the N x N AWGs, and the typical insertion loss of a space switch is 2 dB [32]. Thus, the total
loss of the general multi-stage N' x N' ASA switch is around 4t + 8 (=2 x 7 + (2t — 3) x 2) dB. Note
that there are (2t — 3) x N'~1 N x N space switches used in the general multi-stage N x N' ASA
switch. Note also that currently 32 x 32 AWGs are commercially available [21], which implies that
the reasonable maximum odd N for the general multi-stage N' x N' ASA switch is 31. Thus, the
reasonable maximum number of N x N space switches used in the general multi-stage N' x N! ASA
switch with odd N is (2t — 3) x 31¢~1. Different values of power losses and maximum number of
space switches used in a general multi-stage 31° x 31" ASA switch for 2 < t < 6 are given in Table 1.

Table 1. The power loss and maximum number of space switches used in a general multi-stage 31¢ x 31
ASA switch for different values of integer t.

t=2 t=3 t=4 t=5 t=6
Size of multi-stage ASA 312 x 312 313 x 313 31% x 31% 31% x 31° 31° x 31°
Power loss 16 dB 20 dB 24 dB 28 dB 32dB
Maximum number of space switches 31 2883 148,955 6,464,647 257,662,359

5. Conclusions

A novel AWG-based switch architecture, called ASA (AWG, Space switching, AWG), was
proposed in [24]. Without using wavelength converters, a 3-stage ASA switch can expand the switch
size from N to N2 by using N x N AWGs. In this paper, we generalize the ASA switch, (i.e., the general
multi-stage ASA switch), by using only N x N AWGs, N x N space switches, and N wavelengths such
that the switch size is expanded to N' for any positive integer ¢. Since each port of an N x N AWG can
transmit up to N wavelengths simultaneously, the total capacity of the general multi-stage ASA switch
is extended to be close to Nf*! x the bandwidth of a wavelength channel, provided that signals from
inputs with the same member field are destined to distinct outputs.
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