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Abstract—Optical switching fabrics (OSF) are gaining interest
because they promise to satisfy the higher information densities
demanded by each successive generation of high-end routers and
switches. Silicon microring resonators (MRR) can be employed
to perform switching operations directly in the optical domain.
However, similarly to other devices used to build all-optical
switching fabrics, such as Arrayed Waveguide Gratings (AWG),
MRR-based switching fabrics might show a limited scalability in
terms of port count due to the crosstalk accumulation caused
by the spatial wavelengths reuse. We consider an OSF built
on a Wavelength-Routing-Matrix (WRM) based on MRRs, we
highlight its scalability issues and we propose a new design as
well as two different strategies to limit the wavelength spatial
reuse.

I. I NTRODUCTION

The need to process and switch the continuously-increasing
Internet bandwidth demands has driven the evolution of elec-
tronic switching technologies, pushing them almost to their
physical limits. Although electronic routers with capacities
above several Tb/s are commercially available, their packaging
in a single rack of equipment is increasingly difficult given
the number of backplane interconnections, the required power
density and power dissipation, as well as the several electro-
magnetic compatibility issues they must face.

Today, high-end routers often comprise several racks: one or
more racks host the electronic switching fabric and the control
logic, while other racks host the line cards. Optical links are
increasingly used to interconnect the fabric with the line cards.
Furthermore, recent breakthroughs in CMOS-compatible sili-
con photonic integration are enabling the penetration of optical
technologies for interconnections between chips on boards
and up to the on-chip scale [1]. Finally, several authors
propose to push optics beyond point-to-point transmissionand
interconnection, performing switching operations directly in
the optical domain (see e.g. [2]).

Photonic technologies often rely on Wavelength Division
Multiplexing (WDM), and on a set of Tunable Transmit-
ters (TTxs) sending data through a wavelength-agile optical
switching fabric (OSF) to reach a set of wide-band burst-mode
receivers. In this work, we study the implementation of the
OSF by using Wavelength Routing Matrices (WRMs). Despite
the existence of several proposals using different devices,
mainly based on Arrayed Waveguide Gratings (AWGs), our
work is motivated by two main observations.

On the one hand, AWGs are mature and commercially
available WRMs, but they show a limited scalability in terms
of port count due to the crosstalk accumulation caused by the
reuse of the same wavelength by several TTxs [3]. On the other
hand,silicon microring resonators(MRRs), waveguide-based
and wavelength-selective elements whose filtering function is
defined by their geometrical properties, permit to easily modify
their filtering behavior by changing their waveguide refractive
index by means of simple physical effects [4], [5], [6]. As
such, these wavelength-selective properties make the MRRs
very suitable for wavelength routing operations. However,in
a previous work [7], we observed that the scalability of MRR-
based architectures is limited by the crosstalk accumulation
due to the reuse of the same wavelength in the fabric.
Hence, in this paper, we explore a novel MRR-based crossbar
architecture to mitigate this limitation.

Our major contributions are:i) the introduction of a MRR-
based WRM that employs the switching capabilities of MRRs
andii) the proposal of two different strategies, that exploit the
versatility of the newly proposed WRM to mitigate crosstalk
limitation, the definition of the proper control algorithmsand
their performance analysis.

II. M ICRORING RESONATOR AS BASIC ROUTING ELEMENT

The MRR is the component used to perform filtering and
switching operations. Fig. 1(a) shows that it mainly consists
on a waveguide bent into itself and side-coupled to two
perpendicular waveguides. The MRR exhibits a periodical
Transfer Function (TF) of periodF , usually referred to as
Free Spectral Range (FSR): the optical signal coming from the
input port is coupled to the ring and deflected to the drop port
if its wavelength matches the MRR’s resonance wavelengths
λk = λ0+kF , with k ∈ Z. Conversely, if the wavelength of
the incoming signal is different from the MRR’sλk, the signal
continues straight to the through port. Note that the resonance
wavelengths are determined by the geometrical and physical
properties of the MRR [8]. Fig. 1(a) shows an example for
a MRR routing element when{λ0, λ1, λ2, λ3, λ4, λ5, ...} are
the incoming signals within a wavelength comb. The TF is
depicted in Fig. 1(b): Since two peaks of the MRR drop TF
matchλ0 and λ4 (F = 4 wavelength channels), the optical
signals at these wavelengths are deflected to the drop port. In
this case, we say that the MRR is in theON-state.



Another interesting property of MRRs is that their TF can
be fastly shifted of ∆λ by changing the refractive index of
the waveguide composing the microring. This change of the
refractive index can be achieved through thermo-optic [4],
optical pump [5] or carrier injection [6] effects, each one
ensuring different tuning times. In the remainder of the paper,
we consider MRRs controlled by carrier injection techniques
because they ensure fast switching times of few hundred
ps [6]. More precisely, we exploit the possibility of shifting the
MRR’s TF todetunethe MRR from its resonance wavelengths
λk. When a shifting of∆λ is applied we say that the MRR is
configured in theOFF-state, in which signals are not deflected
to the drop port, and they continue unaffected to the through
port (see Fig. 1(c) and Fig. 1(d)).

Although a detailed physical analysis of MRR devices
and MRR-based switching fabric is out of the scope of this
paper, we assume a non ideal MRR’s TF causing a residual
optical power leakage at the non-desired output. For instance,
considering Fig. 1(a) and 1(b), we assume residual components
of {λ1, λ2, λ3, λ5, . . .} at the drop port and of{λ0, λ4, ...} at
the through port. This non ideal MRR behaviour causes the
presence of undesired signals interfering with useful signals,
generating crosstalk.
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Fig. 1. MRR states and TFs

Normally MRR-based WRMs operate on a single wave-
length, leading to large coherent crosstalk values. In thispaper
we exploit both wavelength agility of light sources and MRR
tunability to reduce coherent crosstalk contributions.

III. G ENERAL FRAMEWORK / PROBLEM FORMULATION

Fig. 2 depicts a classicalN × N MRR-based architecture
[7], [9]: A set of N TTxs transfer data packets to a set ofN
Wideband Burst Mode Receivers (WBMRs) through a MRR-
based switching fabric configured to provide the proper input-
output interconnections. We consider the availability of the set
of N wavelengthsΛ = {λ0, λ1, . . . , λN−1} at the TTxs.

We focus on a synchronous time-slotted architecture running
a scheduling algorithm which ensures that, at each time slot,
at most one packet is sent to each WBMR from any TTx,
thus matching each input to each output. At each time slot,
each TTx sends the information about its queue occupancy
Qij , with 0 ≤ i, j ≤ N − 1, to thescheduler. The scheduler
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Fig. 2. Scenario for the proposed architecture

takes a scheduling decision choosing a permutation of port
indexes to define packet transfer. We denote this permutation
by a vectorπ = [π[0], π[1], . . . , π[N − 1]], whereπ[i] is the
output port index to which inputi transmits during the current
time slot. Clearly, each output port index can appear at most
once inπ. The controller takesπ as an input and performs
the wavelength assignment phase, computingλ(π), a vector
of the wavelengths which must be used by TTxs to satisfy
permutationπ. Therefore, each inputi must tune its TTx on
λ(π)[i] to reach outputπ[i]. On the other hand, given the
possibility of tuning MRRs, the controller has also the option
of configuring the state of the MRRs as a function ofπ and
λ(π). In other words, a MRR-based WRM operated according
to wavelength routing principles, can be controlled both with
“external” (i.e. of TTxs) tunability, and with “internal” (i.e. of
MRRs) tunability.

Our objective is to design a wavelength-routed MMR-based
WRM and a controller which, given an input permutationπ,
computes the wavelength assignmentλ(π) characterized by
the smallest number of wavelength reuse, defined as

C(π) = max
i

N−1
∑

k=0

1{λ(π)[k]=λi} (1)

where1 denotes the indicator function.C(π) is the maximum
number of inputs using the same wavelength in permutation
π. Note that1 ≤ C(π) ≤ N , and C(π) = N ∀π when
the MRR-based WRM is operated on a single wavelength
using internal tunability only. Similarly, when only external
tunability is exploited and MRRs are fixed,∃π : C(π) = N
(see Example 1 later). Since we aim at minimizingC(π) given
any permutationπ to reduce crosstalk impact, we define the
worst case wavelength reuse:

C = max
π

C(π) (2)

IV. MRR-BASED WRM

The considered MRR-based switching fabric consists of a
grid of N ×N perpendicular waveguides forming a crossbar.
The horizontal waveguides are connected to the inputs and
the vertical waveguides are connected to the outputs. A MRR



is placed at each crosspoint leading to a total number ofN2

MRRs as in Fig. 3.
MRR-based WRM can be designed to mimic the function-

ality of AWGs, passive interferometers that provide at each
input a different wavelength to connect to each output. Given
an input port i and an output portπ[i], the MRR of the
corresponding crosspoint resonates at wavelength

λA(π)[i] = λa, wherea , (i − π[i]) mod N.1 (3)

We call wavelength assignment Athe assignment defined by
(3). The MRR-based WRM using wavelength assignment A
for N = 5 is shown in Fig. 3.

Remark 1: To effectively mimic the AWG functionality,
the output is univocally determined by the input and the reso-
nance wavelength, given that no wavelengths are repeated ina
row or in a column. In other words, letπ andπ′ be two permu-
tations such thatπ[i] 6= π′[i]. Then,λA(π)[i] 6= λA(π′)[i]. In-
deed, if we assume by contradiction thatλA(π)[i] = λA(π′)[i],
we get(i− π[i]) = (i− π′[i]) mod N , and thenπ[i] = π′[i]
mod N , which is a contradiction.

Fig. 3. MRR-based WRM for N=5

We denote byCA(π) the wavelength reuse when the as-
signmentA is used to computeλ(π). The following example
shows that MRR-based routing matrices exploiting assignment
A show a worst-case wavelength reuse equal toN as in AWGs.

Example 1: Consider the wavelength assignmentA de-
scribed in (3) andN = 5. Let π be a permutation such that, for
each inputi, π[i] = (i+2) mod 5. In this case, all the packets
are sent using wavelengthλA(π)[i] = λa with a = i−i−2 = 3
mod 5 for all i. Hence,CA(π) = N .

Motivated by the situation described in Example 1, our first
contribution is to define a novel MRR-based WRM in which
the TF of each MRR is designed assuming that each MRR can
tune on an additional wavelength. This additional wavelength
is selected according toassignment B:

λB(π)[i] = λb, whereb , (i + π[i]) mod N. (4)

We denote byCB(π) the wavelength reuse when the assign-
mentB is used to computeλ(π). Fig. 4 depicts our proposed
WRM for N = 5.

1This means thatλ0 is used to connect inputi to output i, λ1 to
connect inputi to output(i − 1) mod N , λ2 to connect inputi to output
(i − 2) mod N , etc.

The following example shows that when both assignments
A and B are available, the wavelength reuse can be reduced
for some permutationπ.

Fig. 4. Proposed MRR-based WRM forN = 5

Example 2: Consider the wavelength assignmentB de-
scribed in (4) andN = 5. Let π be the same permutation
of Example 1, i.e.,π[i] = (i + 2) mod 5∀i. Packets can be
sent using wavelengthλB(π)[i] = i+i+2 = (2i+2) mod 5.
Note that given two different inputsi andi′, 2i+2 6= (2i′+2)
mod 5. ThusCB(π) = 1.

Given the above hints, we propose to define a WRM where
each MRR can tune to the two above defined wavelengths and
to dynamically select the best assignment betweenA or B, or
a combination of them, depending onπ.

In Sec. V we prove analytically that the property described
in Ex. 2 holds in general, and that the additional wavelength
assignment actually permits to reduceC from N to aboutN/2.

From the logical point of view, our proposal can be seen
as a superposition of two WRMs characterized by a different
wavelength assignment rule. However, instead of doubling the
cost of the architecture by physically adding another WRM of
N2 MRRs, we exploit the tunability of MRRs in the ON/OFF
states as follows:

• Consider MRRs resonating at the same wavelength in
both assignmentsA and B. Due to Remark 1, easily
extensible to assignmentB, no other MRR in the same
row or column resonates at that wavelength. Therefore,
the microring can be fixed in its ON state moving that
wavelength to the drop port.

• Focus now on MRRs with different resonance wave-
lengths in assignmentsA and B. Due to Remark 1 it
is required that the WRM does not repeat wavelengths
dropped by the MRRs within the same row or column.
Therefore, MRRs are set by default in the OFF state
to let all wavelengths pass unaffected, and they are
only switched to the ON state to satisfy the required
permutation (dropping bothλA andλB).

Note that the decomposition in two AWG switching stages
proposed in [10] to limit the wavelength reuse to 4 is equiva-
lent to duplicating complexity (or to providing a2× speedup
in the space dimension). In this work, the complexity relieson
the MRR design: MRR must resonate at the two wavelengths



corresponding to assignmentsA andB. This leads to different
MRRs depending on the position in the crossbar structure.

In the particular case shown in Fig. 4, the first column
contains MRRs resonating at the same wavelength in both
the assignments so they are fixed in the ON state. In the
other columns, they are switched from OFF to ON to satisfy
a given permutation. Notice that in Example 2, MRRs at
(i, j) = (0, 2);(1, 3); (2, 4); and (4, 1) need to switch from
OFF to ON state to dropλ3 (assignmentA) and λ2, λ4, λ1

andλ0 respectively (assignmentB), while the MRR at(3, 0)
is fixed toλ3.

V. WAVELENGTH REUSEREDUCTION TECHNIQUES

In this section, we analyze two different strategies to exploit
the properties of the proposed WRM.

A. Matrix Selection (MS) strategy

The first approach considered to exploit both wavelength
assignments A and B defined in Sec. IV is to chooseλ(π)
using the wavelength assignment that minimizesC. We call
this approach Matrix Selection strategy.

Strategy 1: Matrix Selection. Consider a permutationπ.
The MS strategy makes the following choice:

λ(π) =

{

λA(π) if CA(π) ≤ CB(π)
λB(π) otherwise

Theorem 1: The maximum wavelength reuseC using the
MS strategy is

C = ⌊N/2⌋ + 1.

Proof: Proof omitted for the sake of space limitation.
In addition to an upper bound onC, Theorem 1 also

provides a WRM control algorithm, whose pseudo code is
shown in Algorithm 1, in which this bound is not exceeded.
Computing bothCA(π) and CB(π) and selecting the wave-
length assignment ensuring the minimum wavelength reuse is
enough to achieveC ≤ ⌊N/2⌋ + 1.

Algorithm 1 Plane Selector (PS)
1: Given: a permutationπ
2: for i = 0 to N − 1 do
3: computeλA(π)[i]
4: computeλB(π)[i]
5: end for
6: if CA(π) ≤ CB(π) then returnλA(π)
7: elsereturnλB(π)
8: end if

B. Matrix Combination (MC) strategy

The Matrix Selection strategy does not exploit the fact that
wavelength assignmentsA and B can be combined together
to further increase the scalability of the proposed WRM. We
present here two approaches to combine together assignment
A and B. We call this solution Matrix Combination (MC)
strategy. The analytical derivation of the values of wavelength
reuse obtained by the MC strategy is left for further study.

Strategy 2: Matrix Combination. Consider a permutation
π. The MC strategy makes the following choice for each
i ∈ {0, . . . , N − 1}.

λ(π)[i] =

{

λA(π)[i]
λB(π)[i]

minimizing C(π)

As a first approach, we implement the MC using Algo-
rithm 2. Algorithm 2 is an Exhaustive Algorithm (EA) and ex-
plores of all the possible combinations offered by assignments
A and B. We denote byλk(π) the vector of theN indices
of wavelengths required to satisfy the permutationπ with
the following characteristic: Each wavelengthλk(π)[i] with
i ∈ {0, . . . , N − 1} is eitherλA(π)[i] or λB(π)[i]. Since each
λk(π) uses a different combination of the configurationsA and
B for each one of theN inputs, there exist2N combinations.
Therefore, the EA complexity isΘ(2N ).

Algorithm 2 Exhaustive Algorithm (EA)
1: Given: a permutationπ
2: for i = 0 to N − 1 do
3: computeλA(π)[i] andλB(π)[i]
4: end for
5: for k = 0 to 2N do
6: compute thekth combinationλk(π)
7: computeCk(π)
8: end for; returnλk(π) with the lowest value ofCk(π)

Since the EA algorithm exhibits a complexity increasing
exponentially with the number of inputs, we introduce a
Greedy Algorithm (GA) able to ensure a low wavelength reuse
at a reduced complexity. The pseudo code of GA is shown in
Algorithm 3. The vectorv = [v[0], v[1], . . . , v[N − 1]] is used
as wavelength-reuse counter, i.e.v[k] with k ∈ {0, . . . , N−1}
is the number of timesλk is used. At each time slot and for
each input (starting randomly and proceeding sequentially),
GA computes bothλA(π)[i] and λB(π)[i] and selects wave-
length assignment minimizing the current wavelength reuse.
Hence, GA considers only local decisions and could not
minimize C(π). However, it shows a complexity ofΘ(N).
Thus, it is more suitable than EA to be implemented in a real
controller.

Algorithm 3 Greedy Algorithm (GA)
1: Given: a permutationπ
2: v: vector of sizeN used as wavelength counter;
3: r: random inputr ∈ {0, . . . , N − 1}
4: for j = 0 to N − 1 do
5: i = (j + r) mod N
6: computeλA(π)[i] andλB(π)[i]
7: if v[λB(π)[i]] ≤ v[λA(π)[i]] then
8: λ(π)[i] = λB(π)[i]
9: else

10: λ(π)[i] = λA(π)[i]
11: end if; v[λ(π)[i]]++
12: end for; returnλ(π)



VI. RESULTS

In this section, we present some scalability results on an
optical switching fabric as the one depicted in Fig. 2. We
consider complete input-output permutationsπ generated by
the scheduler, which guarantees thatN packets are transmitted
at each timeslot. Since the scheduler could produce anyπ de-
pending in the traffic pattern, all possibleπ instances should be
considered. However, considering all the possible permutations
asN increases becomes computationally intractable.
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Fig. 5 showsC as a function ofN . For N ≤ 11 we could
perform a “complete analysis”: exploiting a backtracking tech-
nique, we generated all the possible permutations, applying on
each permutation both EA and GA. Instead, for larger sizes
of the WRM (N ranging from12 to 30), we performed a
“statistical analysis”, generating1013 random permutations for
eachN . We obtained the EA results forN ≤ 18 only, due to
its complexity.

AWG-WRM refers to the case when a single WRM is used,
whereas the reuseC for the MS strategy is plotted according
to Theorem 1. Thus, allowing a maximum wavelength reuse
C, selecting a wavelength assignment betweenA and B
(i.e. applying the MS strategy), it is possible to double the
size of feasible optical fabric with respect the AWG-WRM
case. The performance of the MC implementations are upper
bounded by the MS strategy (which reducesC by a factor of
two). However, GA and EA results show that by combining
assignmentsA andB it is possible to significantly reduceC,
thus, making MRR-based WRM feasible also for largeN .

VII. C ONCLUSIONS

In this paper we proposed a MRR-based WRM suitable
for a wavelength routed optical switching fabric exploiting
MRRs as basic wavelength routing element. We considered
the crosstalk limitation inherent to WRMs due to wavelength
reuse and showed that a proper design and control of MRRs
may enhance their scalability making them suitable for future
high-capacity optical switching fabrics.

We first introduced a MRR-based switching fabric that uses
MRR’s periodical TF and tunability to implement multiple
wavelength assignments. Then, we presented and analyzed
the Matrix Selection (MS) and the Matrix Combination (MC)
strategies to reduce the wavelength reuse exploiting the pro-
posed MRR-based WRM. The MS strategy roughly divides
by two the wavelength reuse factor if compared with the
single WRM configuration. The MC strategy leads to a further
significant crosstalk reduction. We described two possible
implementations for the MC strategy, namely the Exhaustive
Algorithm (EA) and the Greedy Algorithm (GA). The GA
exhibits a considerably lower complexity, and, at the same
time, a significantly lower crosstalk with respect the MS
strategy. It can thus be considered as a good candidate control
algorithm for the proposed MRR-based WRM.
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