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• A unique optical network architecture with a decomposed crossbar design is proposed.
• Dynamic bandwidth reconfiguration achieves higher network throughput.
• Dynamically reconfiguring the laser source at runtime reduces power dissipation.
• The proposed architecture excels on multiple metrics of power, area, and throughput.
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a b s t r a c t

While the number of processing cores placed on individual silicon dies climbs towards hundreds, and even
thousands of cores, there is growing demand for efficient and scalable on-chip interconnects. Offering
many advantages over metallic interconnects, nanophotonic interconnects enable new design possibili-
ties, however, nanophotonic interconnects also require an off-chip laser source, which is often wasted to
insertion losses and periods of low network activity. We present a new optical crossbar architecture that
leverages capabilities of nanophotonics to provide high-performance inter-core communication while
maximizing utilization of the laser power by means of dynamic bandwidth and laser power reconfigu-
ration schemes. We compare our architecture with other proposed optical crossbar designs according to
power consumption, throughput, and latency. We evaluate the network using synthetic patterns to show
approximately a 13% improvement in throughput can be achieved compared to other optical crossbar
designs, and a 92% improvement compared to a conventional electrical flattened butterfly architecture.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

On-chip network power consumption for multicore processors
is a growing concern for computer architects as hundreds and even
thousands of processing cores [4] are being packed on to single
silicon dies. While industry and consumer demand for faster and
more efficient devices is constantly growing, computer architects
must seek new technologies to enable the next generation of
computing devices. With an already established presence in
the communications industry, photonic technology is gaining
acceptance as a potential enabler for efficient on-chip networks.
Developments in nanophotonics promise several advantages over
conventional electrical networks including low latency, high-
bandwidth, and greater power efficiency for on-chip interconnects.

High performance, low latency topologies such as the optical
crossbar, otherwise impractical using only electrical components,
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becomepossiblewith nanophotonics. Scaling an electrical crossbar
network to support many cores requires N additional wires for
each core added to the network, where N is the total number of
cores. This O(N2) growth in wire area overhead limits network
scalability. Implementing crossbar topologies using nanophotonics
is made possible with innovations such as dense wavelength
division multiplexing (DWDM) [5]. DWDM enables multiple
network channels across only a single waveguide. Photonic links
are also unburdened by increasing wire capacitances inherent
in scaling electrical networks which increases signal latency
and power dissipation. Optical link latencies are near constant
regardless of traveling distance, however, increasing the number of
network participants contribute to higher optical insertion losses
and laser power costs.

We present Clockwise/Counter-Clockwise Adaptive Photonic
Network (CLAP-NET), a unique decomposed optical crossbar ar-
chitecture. The CLAP-NET design leverages shared waveguides
to enable dynamic bandwidth allocation for improved network
throughput, and a decomposed crossbar with reduced opti-
cal insertion losses and power consumption. Implementing a
clockwise/counter-clockwise optical routing scheme avoids the
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common communication pitfall found in most optical crossbar de-
signs where modulated signals must loop around the entire dis-
tance of waveguides, passing each tile on the network to reach
their destination. This incurs unnecessary optical insertion losses
due to extended communication distance and through-losses from
adjacent ring modulators. Although our design requires additional
waveguide area, we show reduced optical insertion losses and
power consumption can be achieved without hindering network
throughput. Simulations show our proposed CLAP-NET architec-
ture with dynamic bandwidth allocation achieves a 13% improve-
ment in network throughput versus a full optical crossbar design
and a 92% improvement in throughput versus a conventional elec-
trical network using synthetic traffic. Additionally, using a simple
power reconfiguration technique we show laser power savings up
to 48.9%. The major contributions highlighted in this paper are as
follows:

• We introduce a unique optical crossbar network architecture,
CLAP-NET, that mitigates power consumption through a
decomposed crossbar design while maintaining single hop
network communication.

• A dynamic bandwidth reconfiguration scheme is implemented
to achieve significantly higher network throughput and im-
proved utility of the static laser source.

• A dynamic laser power reconfiguration technique is explored
to conserve power dissipation during periods of low link
utilization.

• Our proposed CLAP-NET network architecture is evaluated by
comparisonwith several competing network designs on power,
network throughput, and latency metrics.

In this paper, Section 2 provides an overview of nanophotonic
technology, Section 3 discusses related work in optical crossbar-
based networks, Section 4 discusses the proposed CLAP-NET
network architecture and reconfiguration, Section 5 evaluates
power, area and performance, and Section 6 concludes the paper.

2. Nanophotonics

Developments in silicon nanophotonics have presented vast
opportunities for improvements in the computing industry.
Researchers are constantly finding new methods to scale optical
devices to smaller dimensions, enabling many future prospects for
on-chip optical devices. Already researchers at companies like IBM
have successfully demonstrated on-chip optical communication
links [19].

There are several necessary components to form a photonic
communication link as depicted in Fig. 1. Narrow optical waveg-
uides can be fabricated by etching shallow trenches on silicon
wafers. The highly reflective waveguides transport photons emit-
ted by an off-chip laser source. Waveguides can be fabricated on
multiple silicon layers to reduce insertion losses from waveguide
crossings and increase on-chip bandwidth [2]. Photons with vary-
ing wavelengths may be emitted from a single broadband laser
or multiple single wavelength laser sources coupled to the optical
waveguides using optical fibers.

On-chip ring resonators can be used to send, receive, and
route photons between network devices. Ring resonators are small
circular waveguide structures which are precisely fabricated to
couple light from nearby waveguides. Changes in the refractive
index of ring resonators can be induced by changing the thermal
state of the resonator using ring heaters or by applying an electric
field to the resonator structure [18]. Having dynamic control over
the resonators refractive index enables computer architects to
implement dynamic optical routing schemes during runtime of
a nanophotonic chip. Electro-optic modulation can be used to
modulate the optical carrier signal at high data rates. Researchers
Fig. 1. A basic nanophotonic link consists of an off-chip laser coupled to an on-chip
silicon waveguide. Electrically controlled ring resonators are used to modulate the
carrier signal. The optical signal is detected using Germanium photodetectors and
is converted back to a digital signal through a series of amplifiers.

have demonstratedmodulators capable of effectively sending data
at over 10 Gbps [27].

On the receiving end of photonic links, germanium photode-
tectors capable of receiving signals up to 40 Gbps collect pho-
tons and produce an electrical output current [19]. Photodetectors
with responsivities of 0.5 A/W have been demonstrated [19]. In-
tegrating the photodetector with a ring resonator allows the des-
tination device to actively listen to or ignore specific wavelength
channels by thermally tuning the resonators refractive index. A
transimpedance amplifier, or TIA, is used to convert the output of
the germanium photodetector to a voltage output. Limiting ampli-
fiers are used to normalize the voltage signal before output as a us-
able signal by digital circuitry such as a router or switch [19]. Ring
heaters are used at both transmitter and receiver circuitry to en-
sure stabilization of the ring resonantwavelength to avoid any drift
due to thermal variations [8]. The low-energy and high-bandwidth
characteristics makes nanophotonic links a promising solution for
future many-core interconnects [21,1].

3. Related works

Many optical network designs have been proposed [12,16,10,
13,25,20]. PROPEL [12], a two-hop network leverages nanopho-
tonics to implement a power-efficient interconnect. Another
architecture, 3D-NoC [16], explores implementing an optical in-
terconnect across multiple nanophotonic layers. However, there
has been significant interest focused towards nanophotonic cross-
bars for their ultra-low-latency, single-hop communication capa-
bilities. One such design, Corona, winds bundles of waveguides
past each tile on the network, dedicating a bundle for receiving
messages from all other tiles [25]. This provides high dedicated
bandwidth and low latency traversal, however due to the unidi-
rectional nature of the laser power, messages frequently need to
lap around the entire chip depending on the location of the source
and destination tiles. Not only does the required laser power scale
directly with every tile added to the network, but bandwidth may
also be wasted during inactive periods for individual tiles.

Another topology, Firefly, reduces the optical insertion losses
and power consumption by reducing the number of writers
and readers allowed access to signals transmitted through the
waveguides [20]. This is made possible with a two tiered network.
Messages are required to first traverse electrical links between
adjacent local tiles before (or after) the message is transmitted
across the global optical crossbar. Tiering the network reduces
the load on the global crossbar by routing short distance traffic
across nearby electrical links. Limiting only a single writer from
each quadrant of the chip to access each waveguide also reduces
the number of modulators and optical insertion losses, resulting in
reduced laser power consumption. Although optical power losses
and global crossbar contention is reduced, transmission latency is
increased as extra hops across electrical links may be necessary to
reach the destination tile.
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Fig. 2. (a) The network connects a 64 core grid using shared waveguide bundles. Each network routes laser power in either a clockwise or counter-clockwise fashion. (b)
Each tile consists of a concentration of four cores along with individual L1 caches, a shared L2 cache, and a router connecting the tile to the optical network. (c) Individual
wavelengths are ‘peeled’ from the left side common waveguides onto the assigned modulating group waveguide. (d) Ring resonators are tuned to modulate and detect
designated wavelengths on the shared waveguides according to the bandwidth allocation algorithm.
Table 1
Layout comparison.

Corona-64 Firefly-64 3D-NoC-64 PROPEL-64 CLAP-NET-64

Waveguide distance (mm) 6175 2880 5266 3200 5920
MRRs 64k 24k 40k 32k 104k
Total optical loss 39.60 dB 28.59 dB 29.54 dB 21.25 dB 30.86 dB
Network diameter 1 3 1 2 1
Bisection bandwidth 2.5 TB/s 2.5 TB/s 2.5 TB/s 1.25 TB/s 2.5 TB/s
A common disadvantage among optical crossbar topologies
is high static laser power consumption. Because channel wave-
lengths are assumed to be generated by off-chip laser sources, re-
ducing laser power at runtime can be difficult, and static laser
power is simply wasted during periods of low network activity.
Attempts to maximize static laser power utility through dynamic
bandwidth allocation and wavelength stealing have been pro-
posed [16,28]. Bandwidth can easily be reallocated using nanopho-
tonics as wavelengths can be reassigned to network tiles for
reading and writing by retuning appropriate ring resonators. Sev-
eral papers have also proposed dynamically toggling laser sources
at runtime tomitigate unnecessary laser power consumption [6,7].

4. CLAP-NET architecture

The architecture proposed in this paper will maintain the
low latency benefits typically found in optical crossbars while
also attempting to mitigate many of the drawbacks such as
poor scalability due to insertion losses and wasted static laser
power. The design leverages shared optical waveguides to have
the flexibility to shift bandwidth between tiles. Two optical
layers are used to avoid waveguide crossing insertion losses at
larger network scales. A new clockwise/counter-clockwise optical
routing method is also explored to ensure full communication
capability exists between all tiles on the network (see Table 1).

4.1. Data network

The proposed architecture as shown in Fig. 2(a)(b) is for a 64
core, 16 tile system implementation on a 400 mm2 chip with four
cores concentrated to a single tile. As seen in previous nanopho-
tonic crossbars, a laser source is typically coupled to a bundle of
looping waveguides that snake by all tiles on the chip. Due to
the unidirectional nature of the laser source, this usually requires
modulated signals to travel the entire distance of the waveguide
loops, incurring significant insertion losses from passing ring res-
onators, splitters, and waveguide cladding. By splitting the full op-
tical crossbar into smaller loops, we can reduce the waveguide and
ring resonator insertion losses incurred by communication signals
between the source and destination tiles. The contention rate for
sending data to a target tile is also reduced, however, this bene-
fit is a trade-off in the router radix as each crossbar a tile is affili-
ated must be accommodated for with an additional network input
port as shown in Fig. 3. Although there are many ways to parti-
tion the crossbar, we have chosen to separate the tiles into row-
based groups, where each row of tiles is logically connected to
every other row by means of 4 × 4 optical crossbars. Because each
group is also able to connect to tiles within itself through an intra-
group crossbar, the resulting network topology consists of 16 total
logical crossbars.

In order to facilitate communication between tiles in a manner
that also flexibly supports the reallocation of bandwidth, shared
waveguides are used instead of receiver or sender dedicated
waveguides. As shown in Fig. 2(c), common power waveguides
with broadband laser inputs run vertically across the left side
of the chip. Any combination of wavelengths may be ‘peeled’
off from the common power waveguides using dynamically
tuned ring resonators to source outgoing bandwidth to each
of the row-groups. The number of wavelengths provided to
each group may vary according to bandwidth demand and is
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Fig. 3. Router microarchitecture.

allocated using the Control Network discussed in the next section.
Wavelengths may be modulated by tiles of each group along the
bidirectional waveguides (Fig. 2(d)) according to the token-based
arbitration scheme implemented as part of the control network.
Ring resonators along the right side of the chip are tuned according
to the destination tiles of each wavelength channel as shown in
Fig. 2(e). Because of this, tiles may not send and receive signals
on the same wavelength channel and network waveguide to avoid
interfering signals.

Clockwise and counter-clockwise network pairs are utilized to
successfully facilitate communication between any two tiles on
the network. This is because the common waveguides must be
avoided when routing messages between tiles as the raw laser
power would wipe over any modulated signals. Consequently,
signals cannot complete a full loop, e.g. the third tile in row-
group 3 cannot use the clockwise network to send a message
to the second tile in the group without the signal being lost to
the laser power in the common waveguide. By introducing the
counter-clockwise network the path between the tiles is mirrored,
providing a channel for the third tile to send messages to the
second tile.

For the reader’s conveniencewedenote the tiles using Cartesian
coordinates. The tiles discussed in the following examples are
represented in this text by their row and column coordinates, i.e.
(x, y) where 0 ≤ x ≤ 3 and 0 ≤ y ≤ 3. Fig. 4(a) depicts the optical
paths of a sample intra-group network transaction between tiles
(1, 3) and (2, 3) of the CLAP-NET network architecture. In the
example provided either tile (1, 3) or tile (2, 3) of the group could
have initiated the transaction with a request, but the response is
always echoed on the network opposite of the request. The actual
wavelengths used to carry the messages may be the same, as the
signals are conveyed on two separate halves of the network pair,
i.e. the clockwise network and the counter-clockwise network.
Fig. 4(b) depicts the optical paths of a sample inter-group network
transaction between tiles (2, 1) and (1, 1) of the second and third
row-groups respectively.

While the network is designed to support reconfigurable band-
width allocation through dynamicwavelength assignment, a static
communication schedule must exist to ensure communication is
always possible. Only one CLAP-NET network pair must be dedi-
cated to static communication wavelength assignments. The row-
group is sourcedwavelengthsλ0–15 of the 64wavelengths available
for sending messages. Wavelengths λ0–3 are dedicated to intra-
group communication, where the first tile in the row-group always
receives on λ0, the second tile receives on λ1, and so on. Wave-
lengths λ4–15 are reserved for inter-group communication from
the first row-group. The rest of the wavelengths, λ16–63 are split
amongst the other three row-groups respectively for sendingmes-
sages. If two tiles from the same group contend for the same desti-
nation wavelength, their transmissions are regulated according to
the token slot arbitration scheme discussed in the Control Network
section of this paper.
Fig. 4. Optical signal paths for sample (a) intra-group and (b) inter-group network
transactions.

4.2. Control network

In this section an optical control network is proposed for
managing network arbitration and bandwidth reallocation. The
major advantage of utilizing shared waveguides across the
network instead of dedicated point to point links is having the
ability to dynamically allocate bandwidth according to trends in
application traffic and maximize utility of the static laser source.
A means to quickly collect network link utilization statistics and
signal retuning of resonators at the pace of the data network must
be implemented to avoid bottlenecking network performance. The
CLAP-NET network architecture accomplishes this by layering an
additional optical network responsible for notifying routers of
changes to the wavelength assignments as determined by the
bandwidth allocation algorithm.

4.2.1. Bandwidth reconfiguration
System performance can vary depending on application traffic

patterns. While some applications may generate balanced traffic
loads between many cores, others may have concentrated traffic
patterns between only a few cores. Using shared waveguides to
transport messages between tiles enables the data network to
shift bandwidth to priority tiles simply by rerouting wavelengths
and retuning ring resonators to ignore or actively listen on
certain wavelength channels. The bandwidth allocation algorithm
proposed for R-3D-NoC is adopted for use with the CLAP-NET
architecture [16]. In this algorithm a reconfiguration controller
in each group requests link and buffer utilization statistics over
a reconfiguration period. Each reconfiguration controller then
classifies the groups’ links as being ‘not-utilized’, ‘under-utilized’,
‘normal-utilized’, or ‘over-utilized’ where link utilization is 0%, less
than 25%, between 25% and 50%, and greater than 50% respectively.
Link utilization is calculated as the ratio of flits sent to the number
of cycles in the reconfiguration window. The reconfiguration
controllers share link classification information with the other
reconfiguration controllers corresponding to 90%, 50%, 25%, and
0% available bandwidth. For example, a tile that sends a flit 30%
of the cycles over the duration of the reconfiguration window
would be classified as ‘normal-utilized’ and would be willing
to release 25% of its bandwidth to any requesting tiles. These
requests for available bandwidth fromother controllers are relayed
across the network to acknowledge the bandwidth shift and the
appropriate ring resonators are retuned according to the new
bandwidth allocation. No more than 90% of a tile’s bandwidth may
be reallocated to avoid completely orphaning a tile from the rest of
the network (see Fig. 5).

4.2.2. Power reconfiguration
While bandwidth reconfiguration improves utility of laser

power by shifting bandwidth to high demand links, bandwidth
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Fig. 5. Flow chart detailing the reconfiguration algorithm adopted from 3D-NoC.

reconfiguration does little to improve laser utility during periods
of low network demand where all links have excess bandwidth. In
this state, the ideal adjustment would be to simply turn off optical
channels at the laser source. However, this is no simple task as
there are several complications. If a broadband laser is generating
the carrier signal, it may be impossible to disable specific optical
channels without turning off the entire laser and disabling all
channels. Perhaps, an array of narrowband lasers could potentially
be used instead which could allow individual channels to be
disabled, yet there is still the challenge of communicating to the
off-chip lasers which channels should be toggled, as this must be
done very quickly to avoid depriving the network of bandwidth.
Instead, we propose an approach similar to the design discussed
in [17] where laser power is distributed to links in time slots
by actively tuning broadband ring resonators at run-time. Fig. 6
show the CLAP-NET layout with reconfigurable laser power. We
can reduce the laser power consumption of CLAP-NET by using a
single laser source and alternating power between the clockwise
and counter-clockwise networks. When the network is under
high demand, the laser power is tuned to support both networks.
Under low network demand, the laser power is reduced such that
just enough optical power is provided to support one network.
The power is then alternated every 4 clock cycles between the
networks such that neither network is starved of power. A 4 clock
cycle period was chosen as this is the time required to send a
typical packet. Fig. 7 shows a flowchart of the adapted power
reconfiguration algorithm.

This power reconfigurationmethod can be implemented along-
side bandwidth reconfiguration, adding an additional layer of laser
power management. The benefits of this method, much like the
adaptive bandwidth reconfiguration, depends heavily on applica-
tion traffic characteristics. In the best case, required laser intensity
could be reduced by 50% for low activity networks, however this
Fig. 6. CLAP-NET with adaptive reconfigurable laser power distribution.

Fig. 7. Flow chart detailing the power reconfiguration algorithm.
Source: Adopted from [17].

does not imply a 50% reduction in power consumption as the laser
output is not linearly proportional to laser input power.

4.2.3. Network arbitration
We adopt a destination-based optical token slot arbitration

scheme similar to the one used in Corona [25]. However, as the
CLAP-NET architecture utilizes several split crossbars, a similarly
decomposed arbitration scheme must also be implemented. Each
row-group requires its own arbitration mechanism to prevent
tiles from simultaneously transmitting to the same destination tile
and modulating the same wavelength. Just like the data network,
instead of a single full loop for optical token arbitration, we
propose four isolated arbitration loops for the 64 core CLAP-NET
system. As shown in Fig. 9 optical tokens are propagated through
the loops and may be coupled from the waveguides to claim a
destination link on the data network. Once the optical token is
secured, a bandwidth allocation table is used to direct flits to the
appropriate modulation circuits for deserialization. Fig. 8 presents
the static wavelength allocation table. Each group is allocated four
wavelengths for sending packets to destination nodes. Nodesmust
contend within their group for write access to the corresponding
wavelengths.

4.3. Network scaling

We assume 64 wavelength channels may be modulated
and received at 10 Gbps effectively on a single waveguide.
This limits a single clockwise/counter-clockwise network pair to
only 1280 Gbps of total available bandwidth. Bandwidth can
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Fig. 8. (a) Table showing static wavelength allocation amongst groups. (b) Table
showing assignments of the first four wavelengths to corresponding destination
nodes. (c) Logical topology diagrams for intra- and inter-group communication.

be increased by using 3D-stacking to layer additional network
pairs without introducing optical power losses from waveguide
crossings. Only two optical layers are necessary to scale the
network to 32 network pairs, providing up to 5 TB/s of network
bandwidth or 640 Gbps per core.

The network could be scaled to support a larger number of
cores by increasing the number of groups, and group to group
crossbars. For example a 256 core network may be split into 8
row groups creating a total of 64 logical crossbars. Maintaining the
same amount of per-node-bandwidth as achievedwith the 64 core
design would scale the number of required waveguides linearly
with respect to the number of cores, i.e. 4 times the number of
waveguides would be needed for the 256 core design. We could
expect the number of waveguides in other competing designs to
scale linearly with respect to the number of cores also, however
the CLAP-NET routing schememitigates the incurred optical power
insertion losses as signals are not required to travel the entire
length of additional waveguides.

5. Performance evaluation

5.1. Power analysis

Network power consumption was modeled using MIT’s DSENT
[24] and compared to several competing architectures. Several
Table 2
Optical device parameters [22,15,23,14].

Parameter Value

Waveguide loss 1.0 dB/cm
Pass-by ring resonator loss 0.0001 dB
Drop ring resonator loss 1.0 dB
Waveguide crossing loss 0.05 dB
Receiver sensitivity −17 dBm
Laser efficiency 15%
Ring heating power 26µW/ring
Ring modulating power 500µW/ring
Ring modulation frequency 10 GHz
Wavelengths/waveguide 64
Waveguide pitch 4 µm
Ring area 100 µm2

assumptions were made to provide a balanced comparison. All
networks are assumed to be implemented using 3D-stacking,
reducing insertion losses from potential waveguide crossings. The
number of waveguides and ring resonators used in each design
is scaled to match a common total network bandwidth of 5 TB/s.
Table 2 contains the optical device parameters assumed in the
power analysis [22,15,23,14].

A breakdown of per bit energy consumption between the
proposed CLAP-NET architecture, Corona [25], Firefly [20], 3D-
NoC [16], and PROPEL [15] has been charted in Fig. 11. This was
estimated using the following formula:

Energy/bit = TotalEnergy/TotalNetworkBandwidthPerSec

where TotalEnergy is calculated as the sum of the total router
leakage and dynamic power, total ring modulating and heating
power, and the laser power over a 1 s duration. We assumed
the worst-case scenario of max utilization of all components
in our energy/bit model. We estimate required laser power of
around 5.19 W for the CLAP-NET architecture. Assuming a more
conservative waveguide cladding loss of 2 dB/cm, we estimate a
required laser power of 21.90W.Wehave also included an analysis
of required laser power over various laser efficiencies in Fig. 10.
Our CLAP-NET network architecture requires less laser power than
Corona, but requires more than the other three networks. CLAP-
NET is able to achieve lower laser power compared to Corona
because the signal propagation distance is significantly shorter.
Unlike Corona, where the signal may need to propagate up to
twice around the chip due to the unidirectional nature of the laser
carrier signal, CLAP-NET signals have short propagation distances
between communicating tiles. Having short propagation distances
reduces the signal insertion losses due to waveguide cladding and
Fig. 9. The optical token arbitration scheme for a single row of tiles. Ring resonators couple optical tokens from the arbitration waveguide to resolve network contention
between tiles of the same row. Separate arbitration networks must accompany each row of the network. An optical token for every possible tile destination is propagated
through each arbitration network.
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Fig. 10. Required laser power for various laser efficiencies.

Fig. 11. Energy per bit comparison of different networks in nanojoules.

requires less laser power. Compared to Firefly, there is a latency
trade-off where more power is sacrificed for a lower diameter
network with one hop instead of three. PROPEL also requires up
to two hops between source and destination tiles. Our power
consumption is fairly close to the power consumption of 3D-NoC.
The excess power consumption for the CLAP-NET architecture
may be partially attributed to significantly higher ring heating
power. Decreasing the number of ring resonators may be possible
by assuming lower flexibility in dynamic bandwidth allocation.
25% of the total network bandwidth can be allocated to a single
group-to-tile link under the network assumptions of this paper,
but realistically the total network bandwidth needed by a single
tile may be drastically lower.

Dynamic power reconfiguration as discussed in the Power
Reconfiguration section was also simulated for several real traffic
traces. The CLAP-NET architecture with dynamic power was
compared to vanilla CLAP-NET with laser power statically set to
support both, the clockwise network and the counter-clockwise
network simultaneously. When the laser power is throttled to
state 0, only the clockwise network or the counter-clockwise
network is powered at a time. The power is toggled between
the two networks every 4 clock cycles to prevent link power
starvation. The average link utilization is calculated for periods
of 4000 clock cycles and compared to a threshold value. The
threshold value was determined by averaging link utilization for
several applications. More advanced methods for determining the
reconfiguration threshold may be implemented, however we do
no not consider these methods in this paper. Figs. 12–15 show
plots of average link utilization and laser state over the duration
of an application execution period. The bar charts next to each
plot show a comparison of the average laser power consumption
for the dynamic power reconfigurable CLAP-NET and vanilla CLAP-
NET without any power reconfiguration, i.e. full laser power. The
simulation results show power savings up to 48.9% for the SPEC
CPU2006 GCC benchmark where average link utilization remains
low throughout most of the application execution.

5.2. Throughput and latency

Network saturation throughputs and latencies were simulated
using the cycle-accurate OPTISIM simulator [11]. The simulator
was warmed up under load without taking measurements until
steady state was reached. Then a sample of injected packets
was labeled during a measurement interval. The simulation
was allowed to run until all the labeled packets reached their
destinations. All designs were tested with different synthetic
traffic patterns such as uniform random, bit reversal, butterfly,
matrix transpose, complement, perfect shuffle and neighbor traffic
pattern for the network under test. We compared the network
performance to Corona, Flattened Butterfly, Concentrated mesh
(CMesh), CLAP-NET and reconfigured R-CLAP-NET networks.
Fig. 12. Average link utilization and laser state plotted against elapsed clock cycles for dynamic power reconfiguration simulations using SPLASH-2 Barnes traffic traces.
Fig. 13. Average link utilization and laser state plotted against elapsed clock cycles for dynamic power reconfiguration simulations using SPEC CPU2006 GCC traffic traces.
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Fig. 14. Average link utilization and laser state plotted against elapsed clock cycles for dynamic power reconfiguration simulations using PARSEC Freqmine traffic traces.
Fig. 15. Average link utilization and laser state plotted against elapsed clock cycles for dynamic power reconfiguration simulations using SPLASH-2 LU traffic traces.
Fig. 20 shows a comparison of network throughputs for several
topologies, including our proposed bandwidth-reconfigurable
CLAP-NET topology, standard CLAP-NET, Corona, an electrical
concentrated flattened butterfly, and an electrical concentrated
mesh using various traffic patterns. For uniform random traffic,
performance is improved marginally by R-CLAP-NET by taking
advantage of the phases in which communication between cores
is helped by reconfiguration. For permutation traffic such as
complement, butterfly, matrix transpose, the performance gains
due to reconfiguration is more impressive. The communication
patterns are static and the reconfiguration algorithm can take
advantage of the traffic pattern. The geometric mean of the
throughputs for all traffic patterns shows approximately a 13%
improvement in throughput is achieved with the bandwidth-
reconfigurable CLAP-NET topology over the standard CLAP-NET
topology and Corona. R-CLAP-NET demonstrates a 92% throughput
improvement over the conventional electrical flattened butterfly
network. As most real applications have phases in which the
behavior resembles the synthetic traffic pattern, we expect similar
performance.

Figs. 16, 17, 18, and 19 shows average network packet latencies
against network congestion rates for several traffic patterns. The
bandwidth-reconfigurable R-CLAP-NET network exhibits slightly
higher traffic congestion tolerances compared to the standard
CLAP-NET and Corona topologies. For each traffic simulation R-
CLAP-NET demonstrates modest performance gains in network
latency over the standard CLAP-NET architecture. The network
saturation point is also increased in each case. Significant
improvements to network performance are noticeable especially
against the Complement traffic pattern. The Perfect Shuffle
and Butterfly latency curves for the R-CLAP-NET network show
abnormal variations at higher injection rates. This is likely due to
fluctuations in the adaptive algorithms allocation of bandwidth.
The average R-CLAP-NET network latency declines for the Butterfly
and Complement traffic patterns for injection rates of 0.03–0.06.
This is likely due to the reconfiguration process allocating more
Fig. 16. Average network latencies in cycles for uniform traffic pattern at varying
packet injection rates (flits/cycle).

Fig. 17. Average network latencies in cycles for Perfect Shuffle traffic pattern at
varying packet injection rates (flits/cycle).

bandwidth to high-demand links, reducing the overall average
packet latency. Injection rates lower than 0.03 may not provide
enough network traffic to trigger bandwidth reconfiguration.

Network throughput simulations were also conducted using
PARSEC [3], SPEC [9], and SPLASH2 [26] benchmark traces. The
results are presented in Fig. 21 including the geometric mean.
We chose the geometric mean to summarize the throughput
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Fig. 18. Average network latencies in cycles for Butterfly traffic pattern at varying
packet injection rates (flits/cycle).

results as outlier simulations will not significantly skew the final
results. Simulating with real benchmark traces did not yield
significant throughput gains for R-CLAP-NET compared to CLAP-
NET or Corona. This is because, unlike the synthetic traffic trials,
the real application traffic did not saturate the network and so
bandwidth was not a limiting factor in network performance.
However, the (R-)CLAP-NET architectures performed on par with
Corona and better than Fireflywith respect to network throughput.

6. Conclusions

In this paper, we explore a new approach to implementing
nanophotonic crossbars with the goal of maximizing laser power
utility. By utilizing shared waveguides we are able to flexibly
adjust bandwidth allocation according to trends in application traf-
fic. The R-CLAP-NET network is capable of delivering high net-
work throughput performance by maximizing utility of the static
Fig. 19. Average network latencies in cycles for Complement traffic pattern at
varying packet injection rates (flits/cycle).

laser power source through dynamic bandwidth reconfiguration
and also by implementing a dynamic laser power reduction tech-
nique. Network scalability is also improved by splitting crossbar
functionality into multiple smaller crossbars with split arbitration
for reduced network contention. Signal travel distance is shortened
through the use of clockwise and counter-clockwise network pairs,
resulting in lower optical insertion losses and increased power ef-
ficiency compared to competing architectures.
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