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Abstract—We describe a mutual exclusion element using a reflec-
tive semiconductor optical amplifier (RSOA) and a simple scheme
for contention resolution in arrayed waveguide grating router
(AWGR)-based optical switches in data centers. We describe a
hardware demonstration and detailed performance analysis of an
AWGR-based optical switch based on the proposed concept. We
show that the proposed RSOA-based contention resolution signif-
icantly reduces latency compared to existing methods and that
it does not require any global or centralized coordination, which
makes it inherently scalable and suitable for emerging data center
networks.

Index Terms—Contention resolution, data center networks, mu-
tual exclusion, photonic interconnects.

I. INTRODUCTION

O PTICAL communication links have advantages such as
the ability to transport high bandwidth data across long

distances with little distortion, over their electrical counterparts.
Over the past few decades, optical communication has been
widely deployed in long-haul telecom networks and serves as the
backbone of the Internet. Today, there is great interest in a dif-
ferent question—Can optical interconnects be effectively used
to connect computers in a data center? Clearly, the potential to
provide high-bandwidth at a lower energy per bit compared to
an all-electrical network is the primary motivation for the ques-
tion. However, a data center that runs computing applications
is different from a general telecom network, and this introduces
new requirements for a data center interconnection architecture
that in turn influences the potential of optics in a data center.
In fact, the network inside a data center is quite different from
wide-area and local-area networks (see Table I) that have been
the subject of intensive research over the past few decades both
in the contest of optical packet and burst switching [1].

Data center networks have to be scalable to hundreds of thou-
sands of nodes (where each node is typically a server) and ca-
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TABLE I
REQUIREMENTS OF TELECOM AND DATACOM SWITCHES

pable of handling bursty traffic comprised of small packets [3].
Both the network performance (in terms of latency) and the
power consumption have become critical in the overall perfor-
mance/power consumption of the entire data center [4].

Wavelength division multiplexing (WDM) allows optical net-
works to provide very high bandwidth with relatively low wiring
complexity and significantly lower energy cost per bit [5], [6].
However, thus far, there has been no compelling reason to re-
duce latency, especially by dealing aggressively with contention.
Similarly, scalability to very large number of nodes and the is-
sue of very high input loads for short intervals of time has
also not received much attention in optical data communication
networks.

We argue that reducing latency and improving scalability by
several orders of magnitude are the keys to bringing optical
interconnects into the data center. Interestingly, there is a com-
mon problem that underlies both these requirements—namely,
the ability to address contention, i.e., what to do when multiple
packets need to go the same destination? This is a particu-
larly nasty problem in optical networks because of the lack of
random-access memory, where a packet can be stored for an
arbitrary amount of time.

In recent work [2], we showed that it is possible to use a small
electrical buffer called a loopback buffer to store contending
packets and retransmitting them at the appropriate time without
contention. However, we found that the loopback buffer quickly
becomes the bottleneck and a major impediment to scalability
both in terms of data rate and number of ports. The electronic
loopback buffer has to operate at the data rate and result in
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significant design complexity and power consumption. In [2]
and [7] more details have been provided, while in [8], a new
way to eliminate the loopback buffer without affecting the per-
formance has been proposed. More importantly, in all cases, the
contention resolution and arbitration had to rely on centralized
control plane. A centralized electrical control plane is another
major reason for limited scalability for not only optical switches,
but also for any switch architecture, since it limits port count
and increases latency. In fact, the maximum number of I/O re-
sources of currently available integrated chips [9] can pose an
upper limit to the number of ports that a single control plane
can handle. Considering the limitations of a centralized control
plane, it should be clear that a distributed control plane is highly
desirable.

In this paper, we introduce a new way to deal with contention
in an optical network that is suitable for a data center. It does not
have the complexity or the power consumption of the loopback
buffer solution, it is distributed, and yet, at the same time, it
exhibits low latency and high scalability. We introduce the use
of a reflective semiconductor optical amplifier (RSOA) [10], a
widely used optical active component, as a distributed mutual
exclusion element and propose a simple protocol to detect con-
tention and retransmit packets without incurring a significant
latency overhead. Most importantly, we demonstrate that the
proposed solution is simple to implement and makes the control
plane of an arrayed waveguide grating router (AWGR)-based
optical switch fully distributed and hence arbitrarily scalable.

The rest of this paper is organized as follows. In Section II, we
will describe how to use a RSOA to realize mutual exclusion in
the optical domain and discuss the design of a simple retransmit
scheme. In Section III, we show an experimental demonstration
of the concept. In Section IV, we discuss the development of
a simulation model for the contention resolution scheme and
present detailed performance analysis of a switch that uses the
proposed RSOA-based contention resolution by comparing it
with the loop-back buffer-based switch [7]. We summarize the
impact of various parameters on the performance of the new
scheme in Section V. In Section VI, we discuss related works
from the literature and then conclude in Section VII.

II. OPTICAL MUTUAL EXCLUSION WITH RSOA

A. What is Mutual Exclusion?

Mutual exclusion [11] is a basic necessity in distributed
computation—it is required for independent and concurrent
nodes to share a resource without resulting in an incorrect opera-
tion. In its simplest form a 2:1 mutual exclusion element (mutex)
has two inputs called R1 and R2 and two outputs called G1 and
G2 . Every node is associated with a dedicated input/grant pair.
For example, input R1 and grant G1 could be associated with
node N1 and input R2 and grant G2 with node N2 . When node
N1 needs to access the shared resource (such as memory), it
makes a request by asserting R1 and similarly when node N2
requires the shared resource it makes its request by asserting
R2 . The mutex element, however, grants access to either node
N1 or node N2 exclusively by asserting G1 or G2 . A mutex
element realized using CMOS transistors is showed in Fig. 1
(on the right-hand side). The implementation is based on an

Fig. 1. CMOS mutex realization. Metastability filter ensures mutual exclusion.

Fig. 2. (a) N :1 Mutual exclusion scheme with RSOA. (b) Typical RSOA
pout/pin characteristic and minimum input power to operate the RSOA in strong
saturation regime. (c) Three different possible cases in the RSOA-based mutual
exclusion scheme.

NAND-based latch. Since the latch is prone to metastability, if
requests R1 and R2 arrive simultaneously, a metastability filter
placed at the output of the latch makes sure that eventually only
either G1 or G2 (and not both G1 and G2) is asserted.

In general an N -input mutex receives at most N inputs and
grants access to at most 1 of the requestors. A negative Ac-
knowledgment (NACK) is sent to the remaining N -1 requestors
so they can retry later. The benefit of a mutex element realized
this way is that every requestor knows immediately (without a
timeout or other latency introducing mechanism) whether they
have been granted access to the shared resource or not. So, the
question is, is it possible to realize a general mutex element with
optical devices?

B. RSOA—Reflecting Semiconductor Optical Amplifier

The gain saturation effect in an RSOA [12] can be used to
realize mutual exclusion behavior as shown in Fig. 1. N dif-
ferent nodes can make requests R1 , R2 , . . . , Rn to the RSOA
associated with a given port using different wavelengths λ1 ,
λ2 , . . . , λn (see Fig. 2). The first request, say Ri , that arrives
at the RSOA saturates it, which results in Ptot power reflected
back to the sender node I . The RSOA stays saturated as long
as the request on λi is held. A detector that is set to trigger at
Ptot produces the grant signal. If another request Rj (on λj )
from node J arrives while Ri is still active, the power reflected
at λj will be ≈Ptot/2 (because of the saturation effect in the
RSOA), which is not enough to set the trigger condition; hence,
the second request will be excluded [see Fig. 2(c)].

If two requests arrive at approximately the same time at the
RSOA (with a time interval comparable or lower than the RSOA
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Fig. 3. (a) RSOA-based optical mutex 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 mutex contention resolution scheme.

gain dynamics, i.e., few hundreds of picoseconds), both the
requestors receive approximately Ptot/2 reflected power and
hence the detectors at neither node triggers, which corresponds
to a situation that neither requestor has been granted. Note that
this is different from a classic electronic mutex element where
eventually one of the requestor gets a grant. In the RSOA-
based mutex element, it is possible for none of the requestors
to get a grant—that is okay, because the requirement of mutual
exclusion element is that at most one of the requestors be granted
the resource—zero grant is okay from the correctness of the
protocol perspective.

RSOA-based mutual exclusion has an interesting property.
Suppose, a request Rj arrives at the RSOA after request Ri has
been granted, i.e., while Ri is still asserted, then the reflected
power to node I drops from Ptot to Ptot/2, which could serve as
a signal to node I that some other node has made a request to the
same resource. This information can be used to ensure fairness,
while removing the overhead for additional arbitration. Note
that the simple mutex element shown in Fig. 1 cannot provide
this information and in fact, it is very difficult to do this in an
electrical implementation in general.

Another interesting aspect of RSOA-based mutual exclusion
is that it is inherently scalable to N requestors, i.e., a single
RSOA can function as a mutual exclusion element (with appro-
priate incident power) for N requestors, while in an electrical
implementation a set of 2:1 mutex elements have to be inter-
connected (typically in a tree structure) to realize a N :1 mutex
element, which increases the latency and control complexity
significantly. With the RSOA-based implementation, no addi-
tional control is required, so it is fully distributed. A given RSOA
makes the decision solely based on the requests it receives and
does not need to know the state of other RSOAs to make its
decision, which makes contention resolution (or arbitration) ar-
bitrarily scalable. Note that if an optical coupler is actually used
to realize the mutex as illustrated in Fig. 2, the technique itself
would not really be scalable because of the attenuation of the
coupler being equal to log2 N [dB], where N is the number of

nodes. In Section III, we will show how the RSOA-based optical
mutex (OMX) can be used together with the unique property of
wavelength routing of AWGR (with an insertion loss indepen-
dent from the number of AWGR ports) to construct a scalable
N × N optical switch with distributed all-optical arbitration.

C. Contention Resolution Protocol Using RSOA-Based
OMX Element

The RSOA-based technique described earlier can be used to
realize a simple distributed contention resolution protocol as
shown as follows:

Step 1 Node I, asserts its request Ri on λi

Step 2 Node I senses the reflected power Pri

Step 3 If (Pri > Ptot) then grant = 1 else grant = 0;
Step 4 If (grant = = 1), transmit packet Ui ; If there are no

additional packets to transmit, then deassert Request
Ri ;

Step 5 If (grant = = 0), RETRANSMIT (Ui, Ti) where Ti is
the time at which Ui is retransmitted.

Step 6 If (grant = = 1), Pr <= Ptot/2; There is another po-
tential requestor; deassert after current transmission.

The choices of Ptot and RETRANSMIT (Ui , Ti) function are
critical design parameters of the contention resolution and de-
pend primarily upon the physical characteristics of the switch.
We will discuss the impact of this on the system level perfor-
mance later in this paper. However, the first question is, how
well does this scheme work? What are the critical design pa-
rameters? These questions are answered in the next section.

III. RSOA-BASED N × N OPTICAL SWITCH ARCHITECTURE,
PROOF OF PRINCIPLE, AND HARDWARE DEMONSTRATION

A. Optical Switch Architecture

This section explains how the optical N :1 mutual exclusion
block can be used to build an N × N optical switch with all-
optical and distributed control plane. Fig. 3(a) shows the optical
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interconnect architecture. An N ×N AWGR is at the core of the
system. Each input port is connected to a line-card (Line-card_i
TX). Each line-card receives packets from a host Hi and buffers
them in an input-queue (I-Q). The packets are then transmitted
in the optical domain by means of a transmitter equipped with
a fast tunable laser (TL) [13]. A grant detector (GD) initiates
a packet transmission upon the reception of the mutex grant.
A polarization-diversified scheme is used to avoid interference
between the control plane requests and data. An optical circu-
lator C is used to extract the counterpropagating control plane
messages. Each AWGR output is then connected to a polariza-
tion beam splitter (PBS) to separate the control plane and data
path. One PBS output connects to an RSOA, which is the key
component in this all-optical contention resolution scheme, as
already explained in the previous section. The PBS data out-
put connects to a linecard (Line-card_i RX), which buffers the
received packets in an egress queue (E-Q), and transmits them
to the destination. Fig. 3(b) illustrates the working principle of
the mutex technique. At time t1 , Node1 needs to send a packet
to output_N and it tunes its TL to λ1N to generate a request
A. The RSOA at output N reflects the signal extracted by the
PBS, which reaches the line-card_1’s GD with an optical power
PT O1 . The O/E converter in the GD generates an electrical sig-
nal with Vp = VT O1 ≥ Vth . The request is granted and packet
transmission can start. At time t2 , Node 2 has also a packet for
output_N. Then, line-card_2 tunes its TL to λ2N to generate a
request A′. The RSOA reflects the mutex request extracted by
the PBS, which reaches the line-card_2’s GD with an optical
power PT O2 . As was the case for request A, the O/E converter
in the GD generates an electrical signal with Vp = VT O2 ≥ Vth .
The packet transmission from line-card_2 can begin because
the request has been granted. At time t3 , Node 1 needs to send
another packet to output_N and it tunes its TL to λ1N to generate
a request B. The RSOA at output N reflects the signal extracted
by the PBS, which reaches the line-card_1’s GD with an optical
power PT O3 . However, at t3 , the RSOA is strongly saturated
by the currently active request A′. At t3 , due to the saturation
effect in the RSOA, we will have PT O3 = (PT O1 − 3) dBm.
Then, VT O3 = VT O1/2 < Vth . This voltage value is insufficient
to trigger the packet transmission. Node1 is then notified that
the desired AWGR output is not currently available and it will
need to retry after a random selected time interval (the details of
which are discussed in Sections IV and V). At this time, Node1
also needs to stop the mutex request B in order to prevent re-
source starvation. Note that the voltage drop in O/E GD2 output
at t = t3 can be used to sense whether or not other nodes need to
access the same output. This information can be used to notify
Node2 of others nodes desiring the output port so that the mutex
can be released after the packet transmission has completed,
removing the potential for node starvation.

The minimum end-to-end latency associated with this im-
plementation includes the TL tuning time [12], the round-trip
time (for the request to reach the RSOA and go back to the GD
input—this can be considered ≤5 nanoseconds since the line-
cards with TLs are placed at the switch), the field-programmable
gate array (FPGA) processing time (assuming an FPGA running
at 500 MHz this time is ≤4 ns since it takes not more than two

clock cycles to recognize whether or not a grant is given), and
the packet transmission time. Then, to this minimum value, it
is necessary to add the latency associated with the retransmis-
sion in case the token request is not granted, as discussed in
Section IV-C.

To generalize, all the mutex requests for output N occurring
during the transmission of packet A will be denied. However,
multiple mutex requests for different outputs can be satisfied
simultaneously since there is an RSOA for each AWGR output.
Hence, no centralized control is required for contention resolu-
tion, which means the contention resolution can be done in a
fully distributed manner, removing one of the biggest barriers
to scalability in networks.

B. Hardware Demonstration

The experimental demonstration of the RSOA-based con-
tention resolution is shown in Fig. 4. Two polarization diverse
TXs (PD-TX) are connected to input ports 1 and 4 of a 200GHz-
spaced 8 × 8 AWGR (8dB uniform insertion loss). Polarization
controllers (PCs) at AWGR inputs align the signal polarization
with the PBSs at the AWGR outputs. Alternatively, all polariza-
tion maintaining (PM) components could be used. Each PD-TX
includes a PBS and polarization beam combiner (PBC) to mul-
tiplex in the polarization domain the data and control plane
request paths. The mutex arm of the PD-TX includes a Mach
Zehnder (MZ) modulator. Two MZs are used in the data arm
as data modulator and gate. The gate is controlled by an FPGA
and remains open unless the request is not granted. The FPGA
also generates the control plane requests, while the 10 Gb/s
406.9-ns-long packets are generated with a pattern generator,
with each packet containing a portion of 231–1 pseudorandom
bit sequence. A PBS is placed at AWGR output 3. The PBS
extracts the requests, which enter an RSOA implemented here
with an optical circulator and an SOA. The PC at the SOA out-
put maximizes the optical power going back through the PBS
and reaching the GDs. The second PBS output connects to an
O/E converter for BER measurements on the data path.

Fig. 4(c) shows the measured traces for the packets at AWGR
input1, mutex requests at AWGR inputs 1 and 4, GD1’s and
GD2’s O/Es and comparators outputs and gate1 output. Num-
bered dots refer to the points at which, in the experiment setup
of Fig. 4(a), each trace was measured. As we see, the timing
diagram obtained from the experiment shown in Fig. 4(c) is an
almost replica of Fig. 3(b) which demonstrates that the proposed
scheme works exactly as described in the previous section. Note
that in the experiment there is a delay between the leading edges
of the mutex requests and the relative GD outputs. This delay
is simply due to the propagation delay caused by the fiber pig-
tails of the bulky components used in the experiment. There is
also a small delay between GD1’s O/E converter leading edge
(related to mutex request B) and the GATE input (TX1) signal.
This small delay is ≤ two FPGA clock cycles (≤12.8 ns in this
experiment since the FPGA was running at 156 MHz). Note that
the GD1’s O/E converter output shown in Fig. 4(c) does not go
to zero when B does [see Fig. 4(c)]. This is due to the fact that
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Fig. 4. (a) Experimental testbed: PC: polarization controller; PBS: polarization beam splitter; PBC: polarization beam combiner; MZ: Mach Zender modulator.
(b) Optical power value for the testbed. (c) Measure traces. (d) BER measurements. (e) Eye diagrams.

the feedback loop between GD1 and the FPGA has been opened
to measure the O/E converter output trace.

Fig. 4(d) shows BER measurements for the data packets
at AWGR output 3, with one of every two packets coming
from Node1 blocked by the RSOA-based all-optical mutex. The
power penalty, compared to the back-to-back (BtB) curve (black
squares) is negligible. These results demonstrate that the mu-
tex technique works properly, granting the transmission of A
packets only upon successful request, while transmission of B
packets are always denied. These results also demonstrate that
the coherent crosstalk penalty caused by the mutex requests on
the related packets under transmission is not a serious problem
for the proposed implementation. In fact, the polarization ex-
tinction ratio of the PBS (≈30 dB) and the power values used in
the experiment (−13 and −6 dBm are the power values at the
PBS3 outputs for data and control plane requests, respectively)
guarantee a signal to coherent crosstalk ratio ≈25 dB [14].

As explained earlier, the RSOA-based OMX exploits the sat-
uration effect in SOAs. Therefore, the technique is subject to
the wavelength dependence of the RSOA gain, which can pose
a higher and lower bound to the wavelength operating range of
the technique, under the assumption that Vth in the GD is kept
constant, as in this experiment. 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., ≈40 nm.

More experimental details and analysis about the wavelength
operating range crosstalk impairments in this system and the
minimum interval between two successive requests that guar-
antees the earliest request are granted, and can be found in
“submitted for publication” [15].

IV. PERFORMANCE ANALYSIS OF RSOA-BASED

CONTENTION RESOLUTION

In the previous section, we showed that RSOA-based con-
tention resolution works on principle. In this section, we will
evaluate the performance of this scheme and compare it to the
best-known alternative today, namely, the distributed loopback-
buffer-based scheme [7].

A. Simulation Framework and Parameters

We developed a cycle-accurate architecture level simulator
that models Fig. 3(a). The simulator has a wide range of user se-
lectable parameters such as: the number of nodes in the network
N , the number of wavelengths per output port k, the data rate,
distance between the switch and nodes, and tuning time of the
TLs in the wavelength convertors. The parameters assumed for
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the simulations were N = 64, k = 4, 10 Gbps data rate, 10-m
switch distance and 8 ns for the tuning time [16]. Note that in
order to implement the proposed architecture with k = 4, it is
necessary to use four RSOAs at each AWGR output port. The
four RSOAs connect to each AWGR output port through a 1:4
optical demux, as explained in [2].

The packet size was assumed to be 256B (corresponding to a
cache line), and a Bernoulli distribution was used to determine
when a packet should be injected. In Section V, we analyze the
impact of varying the packet size.

The baseline architecture against which we compare is the
distributed loopback buffer (DLB) described in [7]. As noted
earlier, the DLB implements contention resolution by diverting
all but one of the contending packets to an electrical buffer and
then retransmitting them without contention subsequently when
the target port is free. In [7], we evaluated different buffering
schemes in terms of power, performance, and component cost
(such as number of additional TXs, RXs, Buffers, etc.). Our
analysis showed that the DLB is the best in terms of performance
albeit at a very high component cost. Since we are interested in
benchmarking the performance of the RSOA-based scheme, we
decided to compare it against the DLB-based implementation.
We also compared the performance of RSOA-based scheme to a
state-of-the-art electrical switch based on the flattened butterfly
(FBF). The FBF was shown by Google researchers [17], [18] to
be more appropriate for data centers, as it can be made energy
proportional.

B. Workloads

Two workloads were chosen for the evaluation of the RSOA-
based switch—synthetic traffic and the GUPS benchmark. Uni-
form random (packet destination is chosen at random among the
N nodes using a uniform distribution) and hot-spot (all packets
are destined to the N /2 node) traffic patterns were used for the
synthetic workloads. The hot-spot pattern is parameterized to
simulate high-contention scenarios in a data center. The GUPS
benchmark is of particular interest in high-performance com-
putation and typical of in-memory database applications that
implements transactional nature of query processing. Each “up-
date” requires a node to read a random memory location, modify
the value, and then write back to the same memory location. The
GUPS benchmark assumed a 64-bit memory address space and
updates were performed on 64-bit data values. Since the system
being modeled is a distributed system, it was assumed that 1024
outstanding memory requests per node were allowed.

As described in the previous sections, both latency and
throughput are important in a data center; therefore, we show
the performance in terms of both throughput and latency in the
results.

C. Retransmission Function

As noted in Section II-C, RETRANSMIT(Ui,Ti) determines
when (Ti) packet Ui should be retransmitted. We chose to use an
exponential backoff algorithm for the RETRANSMIT function
used in this RSOA-based switch analysis. The RETRANSMIT
function randomly chooses a backoff up to the maximum win-

Fig. 5. DLB, FBF, and RSOA network throughput versus offered load for
256B packets on uniform random traffic.

Fig. 6. DLB, FBF, and RSOA average packet latency versus offered load for
256B packets on uniform random traffic.

dow size, and then the maximum window size is doubled for
next call. Upon successful acquisition of the mutex, the maxi-
mum window size is reset to the minimum “default” size. The
exponential backoff was chosen because of its use in many
channel access algorithms, such as is done in Carrier Sense
Multiple Access (CSMA) networks. While the exponential
backoff algorithm may be an obvious choice for this form colli-
sion avoidance, several potential optimizations are discussed in
Section V-C.

D. Results

The throughput and latency results of the synthetic traffic
patterns are shown in Figs. 5–8. Fig. 5 shows the throughput
in GB/s as a function of offered load in GB/s for the uniform
random traffic. The RSOA-based architecture performs quite
well compared to the FBF, saturating at ∼60 GB/s or capable of
∼150% of the load of the FBF. When compared to the DLB the
RSOA comes within 17% of the DLB. Fig. 6 shows the average
packet latency in nanoseconds (ns) as a function of offered load
in GB/s. Again, the performance of RSOA is between that of the
FBF and the DLB. The hot-spot throughput results are shown
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Fig. 7. DLB, FBF, and RSOA network throughput versus offered load for
256B packets on hot-spot traffic.

Fig. 8. DLB, FBF, and RSOA average packet latency versus offered load for
256B packets on hot-spot traffic.

in Fig. 7. Note that the offered load is limited to 5 GB/s (four
wavelengths at 10 Gbps). The RSOA achieves ∼90% of the
throughput of the DLB on hot-Spot traffic, which is an impres-
sive result considering that the hot-spot pattern represents the
worst-case situation (maximum number of nodes attempting to
acquire a single mutex). Notice that the AWGR-based switches
greatly outperform the FBF; this is due to the multiple receivers
groups of k placed at each AWGR output port.

In fact, DLB requires many complex and power-hungry com-
ponents [7] (e.g., (m + 1) × N tunable lasers—m is the num-
ber of TXs per output queue in the loopback buffer—m × N
high-speed TXs, and N BM-RXs running at 10 Gb/s or higher,
m × N high-speed serializer, N high-speed deserializer, and
high-speed access memories, with N being the switch radix).
Moreover, the DLB architecture relies on a single centralized
control plane, which has to handle up to (m + 1) × N incom-
ing requests and control (m + 1) × N tunable lasers. This will
obviously consume a lot of I/O resources in the control plane,
which will quickly run out of I/O pins as N increases.

Fig. 9 shows the simulation results for the GUPS runs. The
GUPS simulations were run using two configurations, one where
all outstanding requests to a single destination were aggregated
into a larger packet (Aggregated), and the other were each re-

Fig. 9. DLB, FBF, and RSOA GUPS.

Fig. 10. DLB, FBF, and RSOA average packet latency versus offered load for
64B packets on uniform random traffic.

quest/reply must be sent as its own packet (No Aggregation).
The AWGR-based networks did not perform as well as the
FBF without aggregation due to the small average packet size
and the relatively large (8 ns) tuning time [16]. The AWGR-
based networks outperformed the FBF when aggregation was
allowed, and the DLB actually approaches the theoretical max-
imum GUPS for the network configuration. These results show
that the packet size and tuning time for the AWGR-based
networks can be critical to overall system performance, and
that data aggregation can be a tool that dramatically improves
performance.

V. DISCUSSION

A. Impact of Packet Size on Latency

The observation that the AWGR-based switches did not per-
form as well as the FBF in the GUPS benchmark when the
requests were not aggregated led us to evaluate the impact of
packet size on latency. Figs. 10 and 11 show the average packet
latency in nanoseconds as a function of offered load in GB/s for
the uniform random traffic with 64 B and 16 B packet sizes re-
spectively. The difference in the average packet latency shrinks,
as the packet size gets smaller. The FBF actually outperforms
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Fig. 11. DLB, FBF, and RSOA average packet latency versus offered load for
16B packets on uniform random traffic.

the RSOA architecture on 16 B packets; this is due to the amount
of time spent arbitrating for the output, which is now dominated
by the TL tuning time, compared to the amount of time spent
transmitting. Note that the choice of placing the ingress and
egress buffers at the switch, as shown in Fig. 3(a), was driven
by the observation that the minimum mutex request duration is
bound by the RTT for the mutex request to reach the RSOA, be
reflected, and arriving at the GD. This means that if the distance
between the nodes and the switch was small enough (say all the
nodes are in a single rack), then the ingress and egress buffers
could be placed at the nodes directly. This would eliminate an
O/E-E/O conversion and would remove a store and forward of
each packet.

B. Impact of Number of Nodes

The performance of the RSOA-based switch is not directly
impacted by the number of nodes of the switch, but is impacted
by the number of nodes contending for a particular output. In or-
der to determine the impact of the number of contending nodes,
we determined the average arbitration time given a maximum
backoff time and the number of nodes competing for the mutex.
Fig. 12 shows the average arbitration time in nanoseconds as a
function of the maximum backoff time. The different lines in
Fig. 12 represent the number of nodes competing for the mutex,
as the maximum backoff is shortened, and the average arbitra-
tion is reduced to a point. When the maximum backoff is too
short for the number of competing nodes, the arbitration time
dramatically increases due to the birthday paradox [19]. The
birthday paradox from probability theory concerns the proba-
bility that a pair (from a set of n individuals) share a birthday.
This is analogous to the random backoff time where the num-
ber of days in the year is replaced with the maximum backoff
time (in slots) and the set of individuals is replaced with the
number of contending nodes. In this case “sharing a birthday”
is equivalent to a request collision.

C. Impact of the Retransmit Function

The RETRANSMIT function will greatly impact the perfor-
mance of the RSOA-based switch. For example, assume a hot-

Fig. 12. Average arbitration time versus maximum backoff time.

spot traffic pattern and a RETRANSMIT function that randomly
chooses a backoff time within a fixed window that happens to
be too small (for example, 10 ns when N = 64). As illustrated
in Fig. 12, the nodes will very likely keep colliding due to the
birthday paradox. This situation will not cause deadlock since
eventually progress will be made, but it is possible the progress
will be very slow. It was the observation of the potential for a
birthday paradox that motivated us to use an exponential back-
off in the case of need for retransmission. The maximum size of
the backoff window grows exponentially with every collision,
but is reset again whenever the mutex is granted. The exponen-
tial backoff works well when there are many nodes competing
for the single mutex; however, this approach leads to the win-
dow growing rapidly whenever a single node already has been
granted the mutex (as occurs when a node is sending a long
packet).

Clearly, there is balance that needs to be struck between back-
ing off to avoid the birthday paradox and maintaining a smaller
window to gain the mutex as soon as the granted node releases
it. It is possible to remove the potential for zero nodes being
granted the mutex if the requests are properly scheduled into
slots. This scheduling would require N slots each of duration
equal to the time required to saturate the RSOA. This approach
would require tight clock synchronization among all the nodes
and would result in an average arbitration delay of N /2 slot
times. A relaxed version of this approach where multiple nodes
would share a slot time is more likely practical and we plan to
analyze this approach in the future.

The problem of the distributed nature of the RSOA-based
mutex is that a requesting node cannot distinguish between an
already granted mutex or a collision resulting in zero nodes
receiving a grant. In the former case, the backoff time should
be short so that the mutex can be gained as soon as the previ-
ous owner releases it, in the later case the backoff time should
be increased to reduce the possibility of another collision. If
it were possible to differentiate between the situations when
there are exactly two requestors and when there are three or
more requestors, then it may be possible to use different backoff
schemes depending on the situation. For example, one possi-
ble scheme would keep the maximum window size fixed if the
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request feedback indicates only two requestors (assuming the
mutex is owned by a node currently transmitting a packet), and
the maximum window size would be doubled if the request feed-
back indicates three or more requestors (since obviously there
are multiple requestors regardless if the mutex is owned or not).
We plan to analyze this alternative RETRANSMIT function
among others in the future.

VI. RELATED WORK

Much effort has been made to use optical technologies in the
network design for computing applications. Webb and Louri
propose, SOCNs/SYM-NET [20], [21], a multilevel hierar-
chical architecture for a large-scale optical crossbar network
and a tree-based address distribution subnetwork. Although
SOCNs/SYMNET can connect to a large number of nodes, par-
allel communication is not utilized and the system throughput
is limited, since the optical token controlled address broad-
casting scheme allows for transmitting messages only serially.
Gemini [22] is an optical/electrical dual banyan network. The
optical banyan network delivers long messages, while the elec-
trical network transmits control signals and short messages. The
drawbacks of Gemini are that the banyan network is a block-
ing network, and that the optimal scheduling for a large-scale
banyan network is complicated.

The OSMOSIS utilizes semiconductor optical amplifiers
(SOAs) to realize a synchronous optical crossbar switching
fabric with the use of a broadcast-and-select data path com-
bined with both space and WDM [23], [24]. Strictly speaking,
the OSMOSIS still uses the store-and-forward mechanism and
adopts input and output queue structures, which are commonly
used in electrical switches. Although the optical switching fab-
ric allows the OSMOSIS to have two receivers at each out-
put, thus sustaining high input load, the power requirements of
the OSMOSIS can be very high because of its broadcast-and-
select architecture—signals are delivered to every select unit,
even though, only one unit selects the signal. The Data Vortex
is a distributed interconnection network architecture [25]–[27]
based on deflection routing. To prevent packet drop when con-
tention occurs, the packet is deflected to another output and an
access control is adopted to ensure that the network will not
carry traffic beyond its capability. In other words, Data Vortex
treats the deflection route as temporary network storage. Due
to the deflection routing and access control, Data Vortex satu-
rates before the offered load exceeds 50% [27]. In addition, as
the number of nodes increases, the end-to-end latency becomes
large and nondeterministic.

AWGR-based optical switches and optical routers with packet
switching capability have been investigated for a number of
years. Previous work [1], [28]–[32] mainly focused on the ap-
plication of the AWGR in access networks and in telecom-
munication/IP networks. An AWGR serves as a nonblocking
switching fabric in many switch architecture designs. However,
the wavelength parallelism on AWGR outputs is not explored in
those designs. Because each AWGR output is connected with a
fixed wavelength converter to convert the signal to a particular
wavelength in order to ensure wavelength consistency on the

input and output fibers, the occurrence of the multiple packets
is not allowed. Since no practical optical buffer is yet available,
the store-and-forwarding scheme, which is commonly used in
the electrical switch, cannot be duplicated in the optical domain.
The FDL is commonly used to resolve the contention, provide
temporary storage, and allow packets that cannot gain the re-
source to compete for the resource at a later time. Use of the
FDL in resolving the contention helps to significantly reduce the
dropping probability, but packet loss is still possible and cannot
be eliminated. In addition, the FDL cannot provide arbitrary
delays, which is more critical in asynchronous switching. The
resource may be available, but the delayed packet cannot access
it, since the packet is still traveling through the FDL.

The architecture proposed and studied in [2] and [7] is an opti-
cal hybrid switch that adopts the AWGR as the switching fabric
and utilizes wavelength parallelism to achieve output queuing.
The loopback buffer (LB) with N parallel transmitters and N
parallel receivers can simultaneously receive contended packets
from multiple input ports and transmit packets to multiple out-
put ports when resources are available. However, as discussed
in Section I, the LB limits the scalability of the architecture
due to the bandwidth requirement, complexity and cost of the
loopback buffer itself.

VII. CONCLUSION

We showed that for optical interconnects to be viable in data
centers, both latency and scalability issues have to be addressed.
Existing approaches to contention resolution in optical switches
such as dropping packets, using fixed fiber delay lines, wave-
length conversion, or deflection routing increase latency signif-
icantly and hence are unsuitable for data center networking. We
argue that detecting contention and resolving it locally (with-
out the need of a global coordination scheme) is key to making
optical interconnects scalable in a data center.

We showed that mutual exclusion can be implemented di-
rectly in the optical domain by taking advantage of an RSOA,
showed that RSOA-based contention resolution can be realized
using simple hardware. Furthermore, it has ideal properties such
as the ability to notify the sender implicitly when a new requestor
emerges for the same destination, something that is extremely
difficult to do in an electrical domain. Also, a single RSOA can
serve as an N -input mutex where N can be 64 or even higher.
This further reduces the delay in acquiring a grant when the
number of nodes is large. Finally, an RSOA-based contention
resolution scheme does not require any global coordination,
which makes it inherently scalable.

However, we showed that there are several critical parame-
ters such as the relative packet size (ratio of the absolute packet
size compared to the TL tuning time), the RETRANSMIT func-
tion. Our future work will involve optimizing these parameters
and the overall performance of the network on more realistic
workloads.
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