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Abstract—This paper proposes and experimentally demon-
strates a fully-distributed All-Optical TOKEN (AO-TOKEN)
contention resolution technique for AWGR-based optical inter-
connects. The AO-TOKEN technique is implemented by exploiting
the saturation effect in SOAs placed at the AWGR outputs. A
polarization-diversity scheme allows the data and control planes
to share the same physical link. The AO-TOKEN is more scalable
than alternative electrical/optical solutions since it eliminates the
need for a centralized electrical control plane. Our experimental
results show that the technique can work over a wavelength-range
of nm using off-the-shelf components. We also successfully
demonstrate all-optical contention resolution, packet transmis-
sion, and switching with error-free operation at 10 Gb/s.

Index Terms—All-optical, arrayed waveguide gratings, con-
tention resolution, data centers, optical interconnects.

I. INTRODUCTION

T HE growing demand for cloud-based services and high-
performance computing has spurred interest in the archi-

tecture of data centers. The network inside a data center is quite
different from wide-area and local-area networks that have been
the subject of intensive research over the past few decades. Dat-
acenter networks have to be scalable to hundreds of thousands
of nodes (where each node is typically a server) and capable of
handling bursty traffic comprised of small packets [1]. Both the
network performance (in terms of latency) and the power con-
sumption have become critical in data centers [2]. Fig. 1 shows
an example architecture of a 64,000 node data center with a
two level hierarchical network [3]. Each basic computational
unit (blade or server) is connected inside a rack, with multiple
racks organized as clusters, or pods [2], [4]. Each cluster con-
nects 1000 servers based on a hierarchical fat-tree topology.
These clusters then connect to the core-level switches, which
represent the high-end in both port density and bandwidth (typ-
ically 32–128 10 GigE ports). The entire architecture can then
be considered as a fat-tree, with the links between pods and core
level switches requiring the higher bit rate. It is inevitable to
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Fig. 1. Example of data center architecture. T: transponder; H: host; Core 1,
Core 2, Core 100: core switches; Cluster 1, Cluster 2, Cluster 64: cluster
switches.

use a large number of expensive power-hungry core switches
to guarantee connectivity among the different clusters because
of the poor scalability of high-bandwidth single-stage electrical
switches [5].
Single-stage, high port count, and high-data rate optical

switches could help to flatten this topology, replacing the
electronic switches both at the core and cluster level. In fact,
unlike an electronic switch, an optical switch can support 10
and 40 Gb/s easily and (as shown in [3], [6], [7]) offer much
higher throughput and lower latency for high traffic loads. Op-
tical switches can also use Wavelength Division Multiplexing
(WDM) to create additional parallel data paths, which provides
yet another opportunity to increase the overall data center
performance.
Over the past decade, several research groups have proposed

optical switch fabrics based on Arrayed Waveguide Grating
Router (AWGR) and/or Semiconductor Optical Amplifiers
(SOA) [6]–[11]. However, the inability to buffer light creates a
major problem since solutions that rely on optical delay lines
or deflection routing [8] cannot guarantee arbitrary delays or
prevent packets from being dropped. It is for these reasons
that previously proposed optical switch architectures typically
rely on electrical input/output queues [6], [10] and electrical
loopback buffers [7], [12].
In [6], [10], the architecturesmake use of a centralized control

plane and input/output queues at the switch. The nodes, at a cer-
tain distance from the switch, send the packets to the switch in-
puts. The packets are stored in the input queues, switched, stored
again in the output queues, and finally sent to the destination
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node. Thesemultiple store and forward operations will cause ad-
ditional latency. Further, the architectures in [7], [12] switch the
packets on the fly (employs no additional input/output buffers at
the switch) while buffering only the packets that experience con-
tention. The architectures in [7], [12] reduce the average latency
compared to the architectures in [6], [10]. Both cases, however,
utilize centralized control planes requiring a large number of
wires and connections from the controller to the buffers and the
switch components. As a result, the controller will quickly ex-
haust the maximum number of I/O pins of currently available
integrated chips [5]. This will clearly limit the scalability of the
switch. To partly overcome this problem, in [11], [13] we pro-
posed an all-optical technique that allows removal of the loop-
back buffer in the LIONS architecture [12], without affecting
the network-level performance. However, the control plane in
the architecture still remained centralized.
Wavelength routing offered by AWGR technology can offer

all-to-all communication without contention among nodes,
assuming that each node has transmitters and receivers.
However, this requires transmitters and receivers, which
can be prohibitive in terms of cost and power consumption when
is high. Research reported in [7] shows that with one trans-

mitter and few receivers per node, it is still possible to improve
significantly the switch performance compared to the electrical
counterpart. However, even in this case contention is still pos-
sible and a control plane that handles arbitration is necessary.
Centralized electrical control planes are another major reason

for limited scalability for not only optical switches, but for any
switch architecture, since they limit port count and increase la-
tency. In fact, as explained above, the maximum number of I/O
resources of currently available integrated chips [5] can pose an
upper limit to the number of ports that a single control plane
can handle. Considering the limitations of a centralized con-
trol plane, a distributed control plane is highly desirable. Refer-
ences [8], [14] propose two architectures with distributed con-
trol plane. However, to the best of our knowledge, no other
AWGR-based architectures with distributed control plane have
been proposed.
Reference [15] introduces for the first time the proposed tech-

nique and report some preliminary experimental results. In [16]
we studied the networking performance of the proposed archi-
tecture. This paper focuses on a detailed physical layer demon-
stration and analysis. The proposed technique, named All-Op-
tical TOKEN, exploits the saturation effect in SOAs [17] placed
at the AWGR outputs. A polarization-diversity scheme allows
the control and data planes to share the same physical links.
The mutual exclusion function [18] implemented here exploits
the SOA-saturation and the unique wavelength routing prop-
erty offered by AWGR to enable the realization of a fully dis-
tributed all-optical control plane. In this architecture, there are
no wavelength converters necessary in contrast to the previous
LIONS architecture. This allows the possibility of using ad-
vanced modulation formats with high spectral efficiency if it is
necessary to achieve line-rates beyond what is achievable with
standard ON-OFF-Keying modulation within the passband of
the AWGRs. Compared to [11], the main advantage preserved
here is the use of wavelength routing properties in AWGR,while
the new additional advantages are the removal of the compli-

cated electrical loopback buffer in [12] and the new introduc-
tion of the distributed all-optical control plane.
The remainder of this paper is organized as follows.

Section II describes the working principle of the proposed
technique and the related interconnects architecture. Section III
describes the proof-of-concept experimental demonstration
of the proposed all-optical contention resolution scheme. In
particular, Section III.A discusses the experimental setup, while
Section III.B reports the experimental results. Section III.C,
III.D, III.E, III.F discusses how the port count of AO-TOKEN
architecture is affected by the polarization crosstalk, SOA
wavelength operating range, SOA optical noise, and four wave
mixing effect. Finally, Section IV concludes this paper and
discusses possible variations and improvements of the proposed
scheme and further studies.

II. ALL-OPTICAL TOKEN: ARCHITECTURE AND
WORKING PRINCIPLE

The All-Optical TOKEN (AO-TOKEN) interconnect archi-
tecture is shown in Fig. 2(a). At the core of the AO-TOKEN ar-
chitecture is an AWGR. Each input port is connected
to a line-card (Line-card TX), which receives packets from
a Host and buffers them in an Ingress-Queue (I-Q). The
link between each and Line-card can be either electrical
or optical. The packets are then transmitted and switched in the
optical domain. Each transmitter includes a fast Tunable Laser
Diode (TLD) [19] and makes use of a polarization-diversified
scheme to transmit the token messages and data packets on two
orthogonal polarizations. Each AWGR output is then connected
to a Polarization Beam Splitter (PBS) to separate the token and
data. One PBS output connects to a Reflective SOA (RSOA)
[20], which is the key component in this AO-TOKEN based
contention resolution technique. The other PBS output (data
output) connects to a line-card (Line-card RX), which buffers
the received packets in an Egress-Queue (E-Q) and transmits
them to the final destination. A packet transmission is initiated
with a token request, which is directed to the desired AWGR
output port. Upon the reception of the token at the Token De-
tector (TD), the packet transmission begins on a polarization or-
thogonal to the token request. An optical Circulator (C) placed
at each input port is used to extract the counter-propagating
token messages. The timing diagram in Fig. 2(b) illustrates the
concept of the AO-TOKEN technique. Assume that line-card 1
wants to send a packet to output . Line-card 1 tunes its TLD to

(the wavelength to reach output from input 1 according
to the AWGR routing table) and generates a token request ,
which reaches output at time instant . The RSOA at output
reflects the signal extracted by the PBS, which reaches the

line-card 1 TD with optical power . The O/E converter in
the TD generates an electrical signal with which
is above the voltage threshold Vth. This condition means that
the token for output is available and then the transmission of
packet A can begin. The same situation arises when line-card2
generates a token request arriving at output at time in-
stant . In this case the electrical signal generated by the O/E
converter in the TD is above the threshold Vth, activating the
transmission of the related packet A (not shown for the sake
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Fig. 2. (a) RSOA-based Optical Token architecture. H—Host; I-Q—Ingress Queue; E-Q: Egress Queue; C—Optical Circulator. (b) Timing diagram that illustrates
the working principle of the Optical Token contention resolution scheme. (a) Transmitted packets from input 1 (node1); (b) Token requests from input 1 (node1)
at output N; (c) Token request from input 2 at output N; (d) output of O/E converter in the TD at input 1; (e) output of O/E converter in the TD at input 2; T is the
time that it takes for the token requests to reach the token detectors from output N.

of brevity). Note that the token request signal stays active for
the duration of the entire packet transmission in order to keep
the token busy (RSOA latched). This prevents collision in the
case of another line-card attempting to send a packet to the same
output. The reader should take note of the behavior at time in-
stant , when the transmission of packet A’ has not yet com-
pleted, but another token request arrives from line-card 1. The
RSOA at output , which is already saturated with the token
request signal at , amplifies and reflects back the new
token request at , which reaches the line-card 1 TD with
optical power . As described above, the O/E converter in
the TD generates an electrical signal with . Assume
that the RSOA was strongly saturated by the token request
at . Due to the gain saturation effect in the RSOA, the op-
tical power will then be dBm, with Psat the
output saturation power of the RSOA. Clearly, the signal gener-
ated by the O/E converter in the TD will be .
Simply setting Vth between and makes it pos-
sible for line-card 1 to recognize that the token for output 1 is
not available and that it must retry with a random backup time
to gain the grant for token request and prevent, at the same
time, resource starvation [16].
To generalize, all the token requests for output occurring

during the transmission of packet will be denied. However,
multiple token requests for different outputs can be satisfied si-
multaneously since there is a RSOA for each output. Note that,
if two requests arrive at approximately the same time at the
RSOA (details appear in Section III), both the requestors re-
ceive approximately Psat/2 reflected power and hence the de-
tectors at neither node triggers, which corresponds to a situa-
tion that neither token request has been granted (this is unlikely
to happen in asynchronous architectures). This condition is still
sufficient to guaranteemutual exclusion of the data plane output.
The AO-TOKEN technique does not require a centralized elec-
trical control plane and the acquisition of the token is handled

all-optically. Note that due to the gain saturation effect in the
RSOA, the token request also causes a voltage drop in the
O/E converter output of the TD of line-card 2. This notifies the
transmitting node that at least one other node tried to transmit
to the current output. This information can improve the fairness
of the protocol while reducing the overhead of token requests
for multiple packets destined to the same output port. Detailed
network performance analysis of the AO-TOKEN interconnect
architecture is beyond the scope of this paper, but can be found
in [16].

III. EXPERIMENTAL DEMONSTRATION

A. Experiment Setup

The testbed used for the proof-of-concept experimental
demonstration of the AO-TOKEN technique is illustrated in
Fig. 3. Two polarization-diversity TXs are connected to input
ports 1 and 2 of a 200 GHz-spacing 8 8 AWGR with uniform
insertion loss of 8 dB and cyclic frequency characteristic
(ULCF [21]). Polarization Controllers (PCs) at the AWGR
inputs align the signal polarization with the PBS at the AWGR
output. Alternatively, all Polarization Maintaining (PM) com-
ponents may be used. Each TX includes an external-cavity
Tunable Laser (TL) with line-width MHz, a PBS and a
Polarization Beam Combiner (PBC) to multiplex the data and
token path in the polarization domain. The token arm of the
TX includes a 10 GHz Mach Zehnder (MZ) modulator. Two
10 GHz MZs are also used in the data arm as the data mod-
ulator and gate. The gate is controlled by an FPGA (running
at 155 MHz), and it stays open unless the token request is not
granted. Note that in an actual system no optical gate would be
necessary since packets would be stored in the line-cards’ TX
buffers and transmitted only upon the token acquisition. An
Erbium-Doped Fiber Amplifier (EDFA) with 21 dBm output
power (not shown for the sake of brevity) is placed right after
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Fig. 3. Experimental setup: PBS—polarization beam splitter; PC—polarization controller; PBC- polarization beam combiner; MZ—Mach Zehnder modulator;
AWGR—arrayed waveguide grating router; PPG—pulse pattern generator; C—optical circulator, SOA—semiconductor optical amplifier; EDFA—erbium-doped
fiber amplifier; OBPF—optical band-pass filter.

Fig. 4. Measured Pout vs Pin characteristic of the SOA used in the experiment
setup of Fig. 3.

each TL to compensate for the loss of the MZ in the token path
and for the MZ acting as a gate in the data path. Notably, these
two MZs would not be necessary in an actual implementation.
The output power requirement for the tunable lasers in the
future implementations of the proposed LIONS in absence
of EDFA and MZ modulator gate would be dBm. This is
calculated considering dBm saturation SOA input power
and the following insertion loss values: 0.5 dB for circulators,
PBS and PBC; 8 dB insertion loss for AWGR; 3 dB power
splitting ratio at the PBS. The 6 dB insertion loss for MZ in
the token arm was not included in this calculation since fast
tunable lasers with blanking capability will be utilized.
The FPGA also generates the token requests coming from in-

puts 1 and 2 (see Fig. 6(c) and (d)) to recreate a similar condi-
tion to that explained in the Fig. 2(b) timing diagram, while a se-

Fig. 5. Measured Gain vs Wavelength characteristic of the SOA used in the
experiment setup of Fig. 3.

quence of 10 Gb/s 406.9 ns-long packets is generated with a pat-
tern generator with each packet containing a portion of
PRBS (see Fig. 6(a)). Note that for demonstration purposes,
TX2 at input 2 generates only the contending token requests.
A PBS (PBS2) is placed at AWGR output 4 to separate the

token from the data. The PBS extracts the token requests, which
enter in a RSOA implemented here with an optical circulator
and an SOA, as shown in Fig. 3. The SOA used here is an Al-
catel 1901 with small signal gain of 25 dB, saturation output
power of dBm, polarization dependent gain PDG of
1 dB and 3-dB bandwidth of 90 nm (see Figs. 4 and 5).
The PC at the SOA output maximizes the optical power going
back through the and AWGR, and reaching the TD. The
second output connects to an O/E converter for BERmea-
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Fig. 6. Measured traces that experimentally demonstrate the working principle
explained in Fig. 2(b). (a) Packets generated by TX1 (b) Packets generated by
TX1 after the optical gate. B packets are blocked because the corresponding
token requests are not granted. (c) Token requests generated by TX1. (d) Con-
tending token requests generated by TX2. (e) Output of the O/E converter in
TD1. (f) Output of the O/E converter in TD2. (g) Gate signal generated by FPGA
and applied to the optical MZ gate in TX1. By opening the loopback between
the TD and FPGA tomeasure the PDs outputs, the FPGA does not get the trigger
signal to stop the token request B. As a result, the trace in Fig. 6(e) does not go
to “0” and the trace in Fig. 6(f) do not return to the high value. A dashed red line
in trace (e) and (f) shows how the real traces would look like with the feedback
loop closed. RTT: round trip time for the token requests.

surements on the data path. The TD was implemented here with
a 10 GHz DC-coupled photo-receiver and a 3.84 Gb/s voltage
comparator.

B. Experiment Results and Discussion

Fig. 6 shows the measured traces for the packets at AWGR
input 1, token requests at AWGR inputs 1 and 2, TD1’s and
TD2’s O/Es outputs, and gate1 output for (a)–(g) respectively.
Fig. 6(c) shows a delay of ns between the time that
a token request is generated and the time that the relative
packet is transmitted. This latency, caused by the fiber pigtails
of the bulky components used in this experiment, is equal to
the Roundtrip Time (RTT) necessary for each token request
to reach the SOA, being reflected back, extracted with an
optical circulator and detected by the TD. A delay of 25 FPGA
clock cycles (equal to the RTT discussed above) is used to
determine whether or not the token is available. At time instant

, the FPGA generates the token request for output 4, and
starts a counter. If, at the 25th clock cycle, the FPGA senses a
transition at one of its input pin connected to the TD1 output,
it means that the token for output 4 is available (O/E output
in TD1 is above threshold and comparator output goes from
high to low—negative logic) and therefore packet A can be
transmitted. In this case the FPGA leaves the gate open (no
gate signal is generated). A different situation happens at time
instant , when the TX at input 1 generates token request for
output 4. In fact, at time instant TX2 at input 2 has already
generated the token request and found the token for output
4 was available. When token request reaches the SOA, it has
been already saturated by the token request . It is due to the
SOA gain saturation that the optical power arriving at the input
of TD1 at time instant is not sufficient to generate
an electrical signal above threshold. Since the FPGA does not
sense the expected transition at the TD1 output, it determines
that the token is not available and generates a gate signal
(see Fig. 6(g)) to prevent the transmission of packet (see
Fig. 6(b)), while simultaneously terminating the non-granted
token request (see Fig. 6(c)). Note that the TD1 O/E con-
verter output shown in Fig. 6(e) does not go to zero when
does (see Fig. 6(c)). This is due to the fact that the feedback
loop between TD1 and the FPGA has been opened to measure
the O/E converter output trace.
As explained in the previous section, the token request also

causes a voltage drop in the O/E converter output of the TD2
(also due to the gain saturation effect in the SOA). This is shown
in Fig. 6(f).
Fig. 8 shows the BER measurements for the experiment

described above. The BER curve with red dots refers to the TX
signal after the MZ gate driven by the FPGA (see Fig. 6(b)).
Only packets are granted, while transmission of packets
is always denied. Error-free operation is achieved, and the

power penalty of the gated signal compared to the back-to-back
measurement (no gating involved) is dB. This is due to
the OSNR degradation caused by the insertion loss of the gate
( dB). These results demonstrate that the token technique
works properly, granting the transmission of packets only
upon successful token acquisition. The BER curve with blue
diamonds (referring to the switched packets at AWGR output
4, after the shows negligible power penalty, compared
to the red curve. This result demonstrates that the coherent
crosstalk caused by the token requests on the corresponding
packets under transmission is not critical. In fact, the polar-
ization extinction ratio of the ( dB) and the power
values used in the experiment ( dBm and dBm are the
power values at the outputs for data and token signal
respectively) guarantee a signal to coherent crosstalk ratio

dB [22].
Since the AO-TOKEN technique exploits the saturation ef-

fect in SOAs, it is subject to the gain wavelength dependence in
the SOAs. Under the assumption that the in the TD is kept
constant, as in this experiment, the gain wavelength dependence
can limit the wavelength operating range of the AO-TOKEN
technique. By moving TX1 and to AWGR input 1 (8)
and output 1 (8), while keeping TX2 connected to AWGR input
2, it is possible to test the AO-TOKEN technique at the lower
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Fig. 7. 8 8 AWGR wavelength routing table. Dashed circles indicate the
wavelength values used for TX2. Continuos circles indicate the wavelength
values used for TX1. Colors are associated with BER curves in Fig. 8.

Fig. 8. BER measurements. Filled black squares: back-to-back; red dots: TX1
signal after the MZ gate; other curves: packets from TX1 switched at different
AWGR outputs.

(or higher) wavelength values in the AWGR routing table (see
Fig. 7).
BER measurements represented by the curves with green

triangles and black and white squares demonstrate that the
AO-TOKEN technique works correctly at the lower and higher
wavelength of the AWGR used in this experiment (resulting
in a useable wavelength range of 22.5 nm). In practice, the
technique can work over a wider wavelength range, which can
be considered approximately equal to the 1-dB bandwidth of
the SOA used in this experiment, i.e., nm (see Fig. 5).
There is a lower bound to the minimum time interval between

two or more token requests arriving at the input of the RSOA;
below this limit, none of the token requests will be granted.
In this experiment, the speed of the FPGA interfacing with the

Fig. 9. Measured traces showing that when the time interval between two token
requests arriving at the input of the SOA is less than one FPGA clock cycle, none
of the token requests is granted.

token detector determines this lower bound, as shown in Fig. 9,
where the oscilloscope trace at the top shows two token re-
quests arriving at the SOA input with only a 2.64 ns difference
in the arrival times. The TD1’s comparator is sufficiently fast to
catch the output of the O/E converter going above for the
short amount of time. However, the FPGA running at 155 MHz
(6.4 ns clock cycle) cannot recognize the transition at the TD1’s
comparator output. Then, the FPGA generates the gate signal,
denying the packet transmission. At the same time it is possible
to observe that the TD2’s comparator output never goes below
, as expected. With a faster FPGA and TD, the ultimate limit

to the time interval between two token requests will be given
by the SOA gain response time, which is in the order of a few
hundreds of picoseconds (ps).
The probability of an unresolved contention will be affected

by a variety of factors (traffic pattern, distance to AWGR,
SOA gain recovery, port count, etc). Of course, the switching
performance is affected by the probability of unresolved con-
tention and some traffic patterns will result in no unresolved
contentions (e.g., in uniform random traffic, the contention
probability is independent from the port count), while others
such as hot spot will result in a much higher probability of
unresolved contentions. The switching performance is affected
by the number of nodes contending for a given output (a result
of port count and traffic pattern), and the minimum duration of
a token request. The asynchronous nature of our architecture,
together with the random back-up time used in the retransmis-
sion strategy [16] should limit the effect of these unresolved
contentions.
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TABLE I
AVERAGE OPTICAL POWER VALUES FOR THE TOKEN AND DATA PATH IN THE

EXPERIMENT OF FIG. 3

C. Polarization Crosstalk

As discussed above, coherent crosstalk caused by the token
plane on the data plane is not critical for the AO-TOKEN tech-
nique exploiting polarization diversity. However, another type
of crosstalk has to be considered, i.e., the incoherent crosstalk
caused by possible token requests happening during the trans-
mission of a packet. Even though these requests will be denied
and terminated immediately after the token requests responses
are detected, a crosstalk will be produced by these token re-
quests on the packet under transmission due to the finite polar-
ization extinction ratio of the at the AWGR output. The
power of this incoherent crosstalk, together with its frequency
distribution, will depend on the arrival times of the token re-
quests, which in turn depend upon the distribution of the traffic
injected into the network. Fortunately, the work in [23] shows
that when the incoherent crosstalk is dB, the penalty
introduced is negligible. Given the power values used in this
experiment ( dBm and dBm for data and token signals
respectively, as shown in Table I) and the polarization extinc-
tion ratio at output (30 dB), it is not difficult to see that
even in the worst case (7 inputs sending token requests simulta-
neously to an in use output), the crosstalk level will be signifi-
cantly below the dB value mentioned previously. Consid-
ering the optical power values, the polarization extinction ratio
mentioned above, and a dB maximum crosstalk level, the
signal to incoherent crosstalk ratio at the data port is 24
dB. Under this scenario, the maximum number of ports should
be ; however, if we neglect the inser-
tion loss of the MZ gate (which would not be necessary in an
actual implementation), the signal to incoherent crosstalk ratio
would be 30 dB, increasing the maximum port count to .

D. SOA Bandwidth, AWGR and Tunable Lasers

As the number of nodes increases, the AWGR channel
spacing needs to decrease because of the limited wavelength
operating range, as discussed above and shown in Fig. 5. If
we consider the wavelength operating range of our technique,
( nm as shown in Fig. 5), 25 GHz spacing (0.2 nm)
[24] is more than enough for 128 ports. A 25 GHz-spacing
AWGR expects to incur less than 1 dB excess loss compared
to the 200 GHz counterpart due to the low propagation losses
( dB/cm) in silica waveguides. In fact, the insertion loss
difference between the 200 GHz-spacing AWGR in Fig. 3 and
the 50 GHz-spacing of Fig. 10 is smaller than 1 dB.
As demonstrated in [25], the tunable lasers are capable of

tuning to the desired target wavelengths with a resolution below
0.02 nm and a switching time of few tens of nanoseconds [25],
[26]. However, for port count higher than 128, the AWGR and
TLD requirements might become prohibitive.

Fig. 10. Experimental setup to measure the noise contribution given by each
RSOA. When TX2 is ON, the power meter measures an average optical power
equal to dBm (signal power). When TX2 is OFF, the power meter measures
an average optical power equal to dBm.

E. RSOA Optical Noise

Since the RSOAs are always ON, the optical noise produced
by each RSOA is fed back into the 128 receivers. Although the
ASE noise power fed back is filtered and thus relatively low,
the total noise power added to the received token becomes not
negligible when the switch port count becomes high.
We performed an experimental evaluation, as shown in

Fig. 10, based on the SOA used in the experiment. We mea-
sured the noise power contribution that the SOA gives at the
AWGR input ports of a 50 GHz spacing 32 32 AWGR. This
value is equal to dBm, while the power of the reflected
CW signals is dBm. This means a ratio of 30 dB. If we
add all the contributions given by 128 ports (in reality would
be 127), each token detector would see a noise level equal to

dBm dBm, which is 8.96 dB
below the signal level. We conclude that for 128 ports, the
RSOA-noise problem is not the limiting factor.

F. Four Wave Mixing

Each RSOA operates in saturation, thus FWMwill occur. The
FWM products, on the AWGR wavelength grid, are practically
acting as crosstalk and fed back into the receivers, where they
add to the token responses before to be fed into the TDs. Similar
to the noise power, for a large number of port count, the overall
crosstalk could cause errors at the threshold decision, and thus
error in calculating contentions.
The RSOAs are based on short length SOAs that achieves

gain saturation at low power between various optical channels,
but results in very low FWM efficiency between the competing
optical channels.
As shown in [27], the FWM efficiency in SOAs rolls off

rapidly beyond GHz frequency spacing, and the FWM be-
tween the optical channels can be negligibly small while the
SOA can still achieve cross gain saturation.
We verified this by simulation (with VPI Photonics software)

and experiment, evaluating the normalized output power of the
FWM conjugate signal with the output power of the probe signal
[27]. This ratio depends also on the detuning between the pump
and probe signals [27], which in our application have the same
power, being both represented by a token request. Assuming an
AWGR with 25 GHz spacing, the detuning values to be consid-
ered here is then 0.2 nm and higher (0.4, 0.6, 0.8, etc ).
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Fig. 11. Normalized FWM conjugate power as function of the channel spacing
between two token requests. Squares: experiment results; Triangles: VPI simu-
lation results matching the experiment; Diamonds: simulation results with SOA
design optimized for reducing non-linear effects.

Fig. 11 includes an experimental validation of crosstalk level
due to FWM (red squares). We used two co-polarized CW sig-
nals with the same power level as in the experiment, changing
the spacing from 25 to 100 GHz. Note that the SOA used in this
experiment to implement the RSOA functionality is designed
for non-linear processing (with a high confinement factor
and a device length of 1.2 mm). This is confirmed using VPI
Photonics software by adjusting the SOA parameters to closely
match the simulation (green triangle) with experimental results.
By changing the SOA parameters (reducing the confinement
factor to 0.2), it is possible to significantly reduce the FWM
conjugate power (see blue diamonds), obtaining values similar
to what reported in [27]. Then, even in the worst case where

nodes send token requests simultaneously to the same
node, the total FWM conjugate power that will interfere with
the main wavelength (worst case will be for the token request at
the middle wavelength) at the receiver will be dB below the
main wavelength. In all the other cases, the fast roll-off of the
conjugate FWM power, together with the constraints given by
the AWGR routing table, guarantee a crosstalk level even lower
than dB. Hence, this level of crosstalk [22] guarantees that
FWM is not a limiting factor for the system scalability.

IV. CONCLUSION

This paper proposes and experimentally demonstrates an all-
optical token technique for contention resolution in an AWGR-
based optical switch. The technique eliminates the need of any
centralized electrical control plane, making use of a fully-dis-
tributed token-based contention resolution scheme which ex-
ploits the saturation effect in SOAs and the AWGR wavelength
routing. The proposed asynchronous switch architecture can ei-
ther work as packet or fast circuit switch. A full network level
performance analysis of the proposed switch architecture is cur-
rently under investigation [16].
As mentioned in Section III.B, the wavelength operating

range of the proposed technique is limited by the wave-
length-dependent gain of the SOA. Considering the 1-dB
bandwidth of the SOA used in this experiment, i.e.,
nm, and an AWGR channel spacing of 25 GHz (0.2 nm), the
number of connected nodes could reach 128. Analysis of two
types of polarization crosstalk is presented for the proposed
scheme. As discussed previously, only the incoherent crosstalk
can limit the scalability. However, the crosstalk problem can be
completely eliminated by replacing the polarization diversity
scheme with a space diversity scheme (which would employ an

additional AWGR for the token plane). Using space diversity
would not only eliminate the crosstalk between token and data
plane, but would also remove the need for any PM components.
Moreover, the polarization domain could be used in the data
plane to double the total capacity of the switch. In fact, since the
proposed architecture does not make use of optical wavelength
converters [28], which are notoriously agnostic to polarization
multiplexing transmission schemes, the AO-TOKEN architec-
ture can be used with any coherent transmission scheme and
modulation format.
The scalability analysis given in Section III.C, III.D, III.E

and III.F shows that the ultimate limit to the scalability of the
AO-TOKEN architecture is set by the RSOA wavelength oper-
ating range and AWGR technology [24].
As explained in [7], it is possible to exploit wavelengths

per AWGR output port to strongly reduce the contention prob-
ability and improve the overall networking performance of the
AO-TOKEN interconnect architecture [16]. In order to imple-
ment this, it would be necessary to use RSOAs at each AWGR
output port. The RSOAs would connect to each AWGR output
port through a optical demux, as explained in [7]. Note
that, since the proposed architecture is asynchronous, and the
first request arriving at the SOA input wins, it is not possible to
handle priorities based on round-robin arbitration schemes used
in other types of switches. In the case that two or more requests
arrive at the same time, a switch with classic arbitration scheme
would assign the contented resource based on certain priorities
and a round-robin algorithm. In our scheme, the requests will
be first all rejected and then different priorities could be han-
dled at the higher layer in the backoff time algorithm (see [16]
for more details) that is used to resend those requests. Those
packets/nodes of higher priority could have a smaller backoff
time than those of lower priority. We are currently investigating
this aspect. Moreover, as explained in [7], it is possible to ex-
ploit wavelengths per AWGR output port to strongly reduce
the contention probability and improve the overall networking
performance of the AO-TOKEN interconnect architecture [16].
This contention probability reduction, only possible thanks to
wavelength routing offered by AWGR, can make the priority
aspect less critical.
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