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Abstract: The circuit switched optical network on chip (ONoC) is popularly employed since
the optical buffer is not available. However, this technique suffers from limited transmission
bandwidth, high setup-time overhead, and high network resource contention, which conse-
quentially induces long latency and degraded throughput. In this paper, we propose a new
ONoC architecture aiming at ultralow setup cost, improved scalability, and contention-free
communication. We first utilize wavelength division multiplexing (WDM) to introduce the ba-
sic version of this ONoC with efficient wavelength assignment. A series of potential versions
are developed by using multiple waveguides to relieve the pressure on the number of wave-
lengths. These potential versions can make a tradeoff between required wavelengths and
waveguides and improve the scalability. The new architectures employ two layers relying
on the interlayer coupler, which contributes to the decrease of crossing losses. The simula-
tion results show that the architecture can achieve 133% saturated bandwidth improvement
compared with the traditional mesh ONoC employing WDM technology under the uniform
traffic pattern.

Index Terms: Silicon nanophotonics, network on chip, optical interconnect, wavelength
assignment, wavelength division multiplexing (WDM).

1. Introduction
As semiconductor technologies continually scale the feature sizes down, the conventional metallic
interconnect is becoming the bottleneck of network on chip (NoC) with limited bandwidth, long
delay, and high power consumption [1]–[4]. ONoC is a promising candidate to overcome these
limitations [5]–[15]. Recent advances in silicon photonic integration and the emerging field of CMOS
photonics bring ONoC a bright future. Small footprint microring resonator (MR)-based silicon optical
modulators with data rates up to 12.5 Gbps [16] performs as good as the 10 Gbps Mach-Zehnder
silicon modulators [17] The laser sources can be located off chip and coupled into the chip using
optical fibers or, alternatively, can be bonded to the silicon die constructing hybrid-evanescent laser
sources.
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Fig. 1. Optical packets with the resonance wavelengths are filtered to drop port, while others continue
to through port. (a) General MR. (b) Broadband MR.

Various designs have been proposed and they are generally divided into two categories, wave-
length arbitrated ONoC and circuit-switched ONoC, according to their arbitration manners. Wave-
length arbitrated networks can route packet with fixed wavelength in the absence of extra control
circuit, enjoying good latency and throughput performance. Several passive networks, such as
λ-router [3], ORNoC [10], GWOR [7], 2D-HERT [28], LumiNOC [29], and PeSWaN [27], are
contention-free and capable of providing ultra-low latency communication. They require no resource
arbitration and tend to have better power performance. However, poor scalability is a common prob-
lem of existing passive network designs because of the constraint on the number of wavelengths.
Some ONoC proposals utilize the optical bus to transmit packets efficiently. The Corona architec-
ture [8] based on Multi-Write-Single-Read (MWSR) requires arbitration to manage write conflicts.
The Ring architecture [25] and the Firefly architecture [26] implement reservation-assisted Single-
Write-Multiple-Read (SWMR) buses. Serpentine waveguides are used in these architectures to
avoid waveguide crossings. One potential challenge faced by these networks is that a large number
of MRs are required to be integrated along the same waveguide. This leads to high insertion loss
and crosstalk due to the imperfect filtering.

Circuit-switched network [18]–[22] uses a separate electrical control network, composed of elec-
trical routers, to transmit the control packets while using the optical network to transmit data packets.
When an IP (Intellectual Property) core wants to communicate with another IP core, a setup packet
containing routing information (e.g., source and destination addresses) will be injected into the elec-
trical network and transmitted to its destination according to the routing algorithm. The necessary
MRs in the routing path are reserved. Once the path from the source core to the destination core is
reserved by a setup packet, this path will be exclusively occupied by this pair of cores. As a result,
other setup packets require any part of this path will be blocked. Therefore, the circuit-switched
ONoC often suffers from limited transmission bandwidth, high setup-time overhead, and high net-
work resource contention, which consequentially induces long latency and degraded throughput.

To relieve these problems, Biberman et al. [18] takes advantage of wavelength division multi-
plexing (WDM) technology to create high-bandwidth transmission links through the transmission of
data channels on multiple parallel wavelengths. The broadband MR in [18] acts as an active comb
switch, as shown in Fig. 1(b). It allows multiple wavelengths of light to be simultaneously switched,
while the general MR utilizes only one of them, as shown in Fig. 1(a). Hence, the time for holding
the shared communication resources can be decreased. However, due to the resource contention
that still exists, it will enjoy substantial performance achievement only if the packet length is long
enough. Furthermore, destination blocking is a serious problem, since the destination node can
receive packets from only one source node at any time.

In this paper, we propose a new circuit switched ONoC architecture named MRONoC Mul-
tiple Ring-based Optical NoC (MRONoC) aiming at ultra-low setup cost, better scalability, and
contention-free communication. Unlike the design in [18], MRONoC does not utilize WDM to in-
crease the transmission bandwidth, but assign different modulated wavelengths to different nodes
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Fig. 2. Optical router in the basic version of n × n (a) and 4 × 4 (b) MRONoC. The numerical value in
each MR presents the resonance wavelength.

in order to reduce the contention probability. Meanwhile, the proposed wavelength assignment
scheme is more efficient than the one of WANoC [19]. MRONoC support the packets from different
sources to simultaneously transmit in the same vertical waveguide while WANoC cannot. In this way,
MRONoC introduces its basic version with efficient wavelength assignment, but the basic version
encounters the poor scalability because of the constraint on the number of wavelengths as well as
the wavelength arbitrated ONoC designs. Fortunately, MRONoC is capable of producing a series of
potential versions by using multiple waveguides to relieve the pressure on multiple wavelengths in
the vertical direction. These potential versions can make a tradeoff between required wavelengths
and waveguides and improve its scalability.

2. Basic Version of MRONoC
The CMP architecture integrated with the basic version of MRONoC consists of two layers, an
optical layer for the data packets and an overlapped electrical layer for the control packets. The
two layers are fused by 3-D through silicon via (TSV) bonding [30]. In the electrical layer, all the IP
cores are uniformly distributed and connected by the electrical Mesh-based network. The electrical
network, composed of simple electrical routers, is used to dynamically change the “ON” “OFF”
states of related MRs along the optical path. The position of each IP core is labeled as (x, y),
which is the same with that of the electrical (optical) router it connects to. In the optical layer, where
MRONoC is located, a dedicated interface to MRONoC is provided for each IP core. When a request
for communication occurs, the IP core drives the modulator in the optical layer to send data packets
to other IP cores through MRONoC. In addition, all the IP cores are assumed to have the enough
processing ability [3]; thus, IP cores can deal with multiple electrical data packets arriving at the
same time.

A new optical router architecture is designed for the basic version of n × n MRONoC, as shown
in Fig. 2(a). It consists of three parts, the injection unit, the ejection unit and the optical switch. For
the optical router (x, y), the resonance wavelength of MR in the injection unit is λny + x + 1. That is, n2

different injection units use different modulated wavelengths to send optical data packets. Thus the
total number of wavelengths needed is n2. In each row, n injection units are connected by a single
horizontal waveguide ring. They can simultaneously inject optical data packets into optical network
without conflicts because of different modulated wavelengths.

The ejection unit can filter out the optical data packets arriving at the destination from the single
vertical waveguide. All the n2 ejection units are the same and each of them has n2 different detectors,
which can simultaneously detect and receive optical data packets from different source cores. It
means that destination blocking can be avoided.
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Fig. 3. Basic version of 4 × 4 MRONoC.

A compact optical switch is designed, which can switch the optical data packets with differ-
ent wavelengths from horizontal waveguides to the vertical ones. For the basic version of n × n
MRONoC, the new optical switch is constructed by one horizontal waveguide, one vertical wave-
guide and n MRs. The two waveguides together form several intersections and the n MRs with
different resonance wavelengths are placed at the corners of these waveguide intersections. The
n optical switches in each row stay the same, but the n switches in each column are different from
each other.

According to the description above, the optical router architecture in the basic version of
4 × 4 MRONoC can be achieved, as shown in Fig. 2(b). Based on this, the basic version of
4 × 4 MRONoC is presented in Fig. 3. Supposing that the electrical control network was taken
away and all the detectors were always turned on, MRONoC would work like a SWMR architec-
ture. Each injection unit has a dedicated sending wavelength channel, which is used to send data
packets to all the routers. Each ejection unit can always “listen” to all the sending channels. Thus,
each router uses one channel to send data packets while having 16 channels to receive from
16 injection units respectively. Since different pairs of source and destination routers use different
communication channels, no contention will exist. When a router sends a data packet, it essentially
broadcasts to all the n routers, which are continuously coupling energy from the laser of the send-
ing wavelength channel to check if they are the destinations. Thus, the laser power needs almost
16 times that of a unicast laser to activate all the detectors.

As an example of one-to-all communication, if the router (1, 0) sends data packet to all the nodes,
the packet will first be modulated on λ2 and then move anticlockwise in the horizontal waveguide
ring. Whenever it arrives at an optical switch, around one quarter of the total energy from the laser
of the λ2 channel will be coupled to each of the four vertical waveguide rings. In each vertical ring,
the packet continues to move upward. Whenever it arrives at an ejection unit, around one quarter
of energy from the optical switch of the λ2 channel will be coupled to each of the four detectors. In
this way, it successfully broadcasts packets to all the 16 routers.

Even though only one ejection unit is going to actually receive the data packet, the energy of
the sending wavelength channel will have to be split among all the ejections. This would drastically
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increase the laser power. We employ the electrical control network to solve this problem. By default,
all the optical switches and detectors remain in an “off” state. Before communication happens,
only the necessary optical switches and detectors are turned on. Thus, the broadcast channel can
become a unicast channel. Specifically, before the source router (xS, yS) starts to communicate
with the destination router (xD, yD), a control packet should be sent to the destination router via
the turn router (xD, yS) in the electrical control network. Once the packet arrives at the turn router
(xD, yS), it just actives one of the MRs inside the optical switch. Finally, the packet reaches the
destination and notifies it to turn on the necessary detector whose operating wavelength is the
same with the sending wavelength. For example, if the router (1, 1) communicates with the router
(3, 2), a control packet should be sent to the destination via the turn router (3, 1) in the electrical
control network. When the control packet arrives at the turn router (3, 1), it only actives the MR
whose resonance wavelength is the same with the sending wavelength λ6 inside the optical switch.
Arriving at the destination, it turns on the detector whose operating wavelength is λ6. In such
way, the path resource reservation is not needed, reducing the latency overhead effectively. In
summary, the electrical control network is used to power on the MR, which is necessary for the
current communication, and power off the MR after the communication in order not to interrupt
other communications.

MRONoC solves the setup contention problem in OCS-based ONoC by use WDM communication
method. Each source node uses different wavelengths when communicating with other nodes.
Setup packets are replaced by the control packets. The control packet is sent to the turning optical
router and the destination node to realize the control of the turning MR and the corresponding
detector respectively. The control packets in the MRONoC will not revise and occupy the link
resource.

In the optical switch of the basic version, n MRs with different resonance wavelengths are used
to deal with data packets from different source routers. And the n optical switches in each col-
umn should keep different from each other in order to avoid the contention in the single vertical
waveguide ring. Thus, n2 different wavelengths have to be employed. The required number of
wavelengths grows sharply with the value of n. However, the number of wavelengths that can be
transmitted concurrently in the same waveguide is currently technologically limited, which will re-
strict the scalability of the basic version. In Section 3, we use multiple waveguides to relieve the
pressure on multiple wavelengths and improve the scalability.

3. Potential Versions of MRONoC
In this section, a series of potential versions of MRONoC are proposed by adding more vertical
waveguides in an optical switch to achieve efficient wavelength reuse and reduce the number
of wavelengths. For the basic version of n × n MRONoC, the unique vertical waveguide has to
intersect with the horizontal one repeatedly to provide n positions for the n MRs. That is, the unique
vertical waveguide provides n positions. If more vertical waveguides are added, each of them just
needs to provide a fewer position. We define the number of positions provided by one vertical
waveguide to be m. The number of vertical waveguides needed is l, which is determined by (1),
shown below, under the condition of the equation constraint, in which the operator “%” means
modulo operation.

l = n/m (n%m = 0) . (1)

For the 4 × 4 MRONoC, m may be 1, 2, or 4 according to (1). It means that the optical switch
can use four, two, or one vertical waveguides and that each of them can provide one, two, or four
positions for the MRs. Specially, m = 4 makes l = 1, thus, the optical switch is exactly the same
with the one in the basic version of 4 × 4 MRONoC. Besides, it also can be seen that m = 1 will be
suitable for every n × n MRONoC, whatever n is equal to, and that m = 2 will be suitable for the n × n
MRONoC, as long as n is an even number. When m = 2 and m = 1, the optical router architectures
are shown in Fig. 4 respectively. Taking the 4 × 4 MRONoC as an example, the architectures of
4 × 4 MRONoC (m = 2) and MRONoC (m = 1) are shown in Fig. 5.
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Fig. 4. Optical router architecture of n × n (a) MRONoC (m = 2) and (b) MRONoC (m = 1).

As Fig. 4(a) shows that, in the optical switch, total n positions are available for MRs and each of
them is assigned integer k (0 � k � n - 1). The placement rules should be set to make sure that the
2n MRs placed next to the same vertical waveguide ring are different from each other, which can
be seen from Fig. 5(a). The wavelength λj of the MR at the kth position inside the optical router (x,
y) is determined by.

j = (2y + k) %n + �2y/n� × n + 1. (2)

Fig. 5(a) also shows that 2 (l = n/m) waveguides guarantee the same set of wavelengths to be
reused 2 (l = n/m) times in different waveguides. Therefore, 2 (m = n/l) different sets of wavelengths
should be employed to avoid the contention in each column. As a result, the total number of
wavelengths needed by n × n MRONoC is n × m. In the ejection unit, n2 detectors are still needed
to simultaneously detect and receive optical data packets from different source cores. Because
of the l vertical waveguides, only n × m different detectors are responsible for each of l vertical
waveguides. Therefore, n × m × l = n2 detectors are totally required.

For the 4 × 4 MRONoC (m = 1), it can be seen from Figs. 4(b) and 5(b) that all the optical switches
employ the same set of MRs, which are just placed at different positions. The placement should
make sure that all the MRs connected by the same vertical waveguide ring have different resonance
wavelengths. Thus, there will be no contention in each vertical waveguide. In other words, 4 (l =
n/m) waveguides can realize that the same set of wavelengths can be reused 4 (l = n/m) times in
different waveguides, and then, the n injection units in each row can use a fixed wavelength as the
modulated wavelength. As a result, the total number of wavelengths needed by n × n MRONoC
(m = 1) is l (n/m).

Fig. 6 shows the overall architecture of 4 × 4 MRONoC (m = 1). It has two layers, i.e., electrical
layer and optical layer, which are bonded by TSV. In the optical layer, a non-blocking MRONoC is
used to provide communication between different IP cores. The waveguides are placed in different
layers relying on the inter-layer coupler [23], [24], which consists of two waveguides in two deposited
silicon nitride layers surrounded and separated by deposited silicon dioxide layers. Inter-layer cou-
pler contributes to the decrease of crossing losses. Hence, as the scale of MRONoC increases,
the number of waveguide crossings will not increase exponentially. The electrical layer contains an
electrical control network of electronic control units and IP cores. Each IP core is attached to a local
electronic control unit. IP cores are also connected with the corresponding optical routers through
a dedicated network interface. An off-chip laser source is employed to generate lights. The light
sources are coupled onto the chip by the coupler. The lights then propagate in the power waveguide
as power supply. The MR in each modulator can drop a fraction of power from the power waveguide
by changing the applied voltage.
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Fig. 5. Architectures of 4 × 4 (a) MRONoC (m = 2) and (b) MRONoC (m = 1).

An n × n basic optical router can be easily achieved to support an n × n scale MRONoC. The
limited wavelength resources will affect the scalability of the network. With the further improvement of
silicon-based optical technology, the number of wavelengths that can be used in a single waveguide
is increasing constantly. Multiple waveguides are also used to relieve the pressure on multiple
wavelengths and improve the scalability. With the utilization of SDM (space division multiplexing)
technology, the number of wavelengths required in the potential MRONoCs (m = 1 and m = 2)
under the same scale can be reduced compared with the basic version of MRONoC.
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Fig. 6. Layout of 4 × 4 MRONoC (m = 1).

4. Result and Discussion
In this section, MRONoC is evaluated from network performance, power consumption, and loss. To
evaluate the network performance, we build a network simulator based on OPNET. In the simulation,
IP cores generate packets independently and the time intervals following a negative exponential
distribution.

Meanwhile, a mesh based ONoC utilizing only one wavelength and WANoC [19] are used for
comparison. To make a fair comparison, we also choose a mesh based ONoC which adopts WDM
technology, short for W-Mesh. Both MRONoC and W-Mesh ONoC employ 16 wavelengths. All the
four architectures are of the same size (8 × 8). Packet size is fixed at 512 bits. We evaluate their
network performance under synthetic and realistic traffic patterns. The performance is measured
in terms of end-to-end (ETE) delay and throughput.

We used three kinds of synthetic traffic patterns, the uniform traffic pattern (UTP), the transpose
traffic pattern (TTP) and the hotspot traffic pattern (HTP). We assumed a moderate peak bandwidth,
12.5 Gbps, for each injection port, which can be achieved by using a single modulator based on
microring resonator [10]. For the three traffic patterns, W-Mesh ONoC achieves better performance
than Mesh ONoC by introducing 16 wavelengths. In general, MRONoC has the best performance
among the four architectures, as can be seen from Fig. 7(a). Before the offered load reaches 2
Gbps/node, MRONoC has a much lower latency, about 25 ns lower than WANoC under UTP and
40 ns under HTP. This is due to the more efficient wavelength assignment which enables MRONoC
to induce lower setup cost than WANoC. Compared with W-Mesh, MRONoC have a higher latency,
about 25 ns higher than W-Mesh before it reaches the saturation point under three traffic patterns.
However, MRONoC can always reach the saturation point later than W-Mesh. For light traffic load
with low contention probability, the transmission latency plays a key role in the total latency. Hence,
W-Mesh with higher transmission bandwidth performs better, but for heavy traffic load with serious
resource competition, the setup cost induced by contention will increase rapidly. As a result, non-
blocking MRONoC surpasses W-Mesh. MRONoC is the latest one to saturate under UTP and
HTP. But WANoC is the winner under TTP, because the flow characteristic can avoid the most of
contentions which occur in the turning nodes.

A similar conclusion can be obtained from the result of throughput performance which is shown
in Fig. 7(b). MRONoC saturates at 392.6 Gbps for the uniform traffic pattern. It achieves 400%
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Fig. 7. Network performance. (a) ETE delay. (b) Throughput under synthetic traffic patterns. (c) Perfor-
mance relative to Mesh under realistic traffic patterns.

performance improvement than Mesh ONoC and 133% than W-Mesh ONoC under the uniform
traffic pattern. The performance improvement is even larger under the two other traffic patterns. In
WANoC, optical data packets with the same wavelength may turn at the same node, resulting in
blockings in X-dimension. However, for MRONoC, there is no blocking in either X or Y dimension.
It has been demonstrated that under the hotspot traffic pattern, MRONoC has as much as 2.51×,
8.33×, and 1.64× saturation bandwidth improvement over W-Mesh, Mesh, and WANoC.

The simulation results under the realistic traffic patterns are shown in Fig. 7(c). We use the
PARSEC application benchmarks including blackscholes, x.264, and fluidanimate. It shows the
speedup relative to Mesh. In the three benchmarks, W-Mesh always has the highest speed up
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Fig. 8. Energy and loss performance. (a) Network-level energy efficiency of the Mesh, W-Mesh ONoC,
and MRONoC for transmission of 512 bit and 1024 bit data packets. (b) Maximum network-level insertion
loss by components, labeled values represent the peak cumulative insertion loss (in dB) for the network.

factor, followed by MRONoC and Mesh. The main reason is that all the three applications have low
traffic loads which will not incur high contention probability. This point can also be verified in Figure
Fig. 7(a), which shows that MRONoC has a distinct advantage for the high traffic load under the
synthetic traffic patterns, but does not perform as well as W-Mesh for the low traffic load.

Power consumption is a critical aspect of optical NoC design. We make analysis on energy spent
on the electrical control network and the optical network for transmitting each optical packet which
is determined by

Etotal = Econtr ol + ED A TA = Econtr ol +
(
Esw i tch + Ei njecti on + Ee jecti on

)
(3)

where E contr ol is the energy consumed by the control packets in the electrical control network. ED A TA

is the energy consumed by the data packet in the optical network [21]. Since different versions of
MRONoC employ the identical electrical control network, the same number of modulators, detectors,
and MRs, they require the same power consumption and have the same energy efficiency. The
energy efficiency of each network, operating with maximum load under the uniform traffic pattern,
is plotted in Fig. 8(a). Each column is broken down into four categories according to the formula
(3). Compared with the other three ONoCs, MRONoC can effectively reduce the complexity of
the electrical control network because of simple arbitration. It also helps to decrease the time
that the MR is activated. Even though the ejection unit of MRONoC consumes more energy than
the other ONoCs, the simple injection unit and optical switch can compensate the drawback. For
WANoC, the large number of modulators required increases the total power loss significantly. As

Vol. 9, No. 1, February 2017 4500412



IEEE Photonics Journal MRONoC: A Low Latency and Energy Efficient

a result, the MRONoC outperforms the other networks at 1.14 pJ/bit and 0.72 pJ/bit separately
for transmission of 512bits and 1024bits data packets, while the Mesh performs the worst at
1.33 pJ/bit and 0.81 pJ/bit separately. Meanwhile, MRONoC has as much as 12.7% and 21.9%
energy efficiency improvement over W-Mesh ONoC, respectively, for transmission of 512 bit and
1024 bit data packets.

Insertion losses in an optical NoC determine not only the feasibility but the power consumption
for generating, modulating, and detecting the optical data packets as well. In our analysis, we
considered the following sources of insertion losses, such as waveguide propagation (I L tr avel),
waveguide bending (I L bend ), off and on-resonance of the passive or active MRs (I L thr ough and I L dr op ),
etc. The total loss a packet experienced in the network is determined by the following equation:

Loss =
∑

ILcr ossi ng +
∑

ILdr op + lli nk ILtr avel +
∑

ILbend +
∑

ILth r ough (4)

In MRONoC, there is no waveguide crossing because of the two layers’ architecture, which
substantially reduces the total optical loss and improves the SNR. To make a fair comparison, two
layers are also employed in the compared ONoCs. Although the drop loss of an MR in the inter-layer
coupler is increased from 0.5 dB to 1 dB compared with the one in 2D optical network [23], MRONoC
and WANoC decreases the number of on-resonance MRs to 1, leading to the reduction in I L dr op

eventually. But for WANoC, only one vertical (horizontal) waveguide is placed in each column (row),
an optical data packet has to bypass a large number of MRs, increasing

∑
ILth r ough significantly. We

choose MRONoC (m = 1) among all the versions to make the comparison, because it performs
better than others because of the minimum

∑
ILth r ough . The maximum insertion loss (across all

paths) that a message will incur from each type of component in the 8 × 8 Mesh, W-Mesh, WANoC,
and MRONoC is shown in Fig. 8(b). It shows the maximum insertion loss in Mesh, W-Mesh,
MRONoC, and WANoC is 5.13 dB, 5.80 dB, 1.61 dB, and 4.45 dB, respectively.

With the results above, the power required by one source node to communicate is determined by

Plaser − Ds ≥ Le + Ce + Loss (5)

where Plaser is the required laser power, Ds is the sensitivity of the detector assumed to be
−20 dBm [5], Le is the laser efficiency assumed to be 30% (5.2 dB) [9], Ce is the coupling efficiency
assumed to be 3 dB [1], Loss is calculated by (4). The minimum total power for 8 × 8 Mesh,
W-Mesh, WANoC, and MRONoC is 13.78 mW, 16.08 mW, 14.83 mW, and 11.78 mW, respectively.

5. Conclusion
In this paper, we propose a new ONoC, MRONoC. By employing sufficient wavelength resources
and making an efficient wavelength arrangement, the basic version of MRONoC can support
contention-free communication and simplify the arbitration. To improve the scalability of MRONoC,
the alternative vertical waveguides are added to achieve efficient wavelength reuse by the replacing
part of the wavelength resources. With different replacement rules, a series of potential versions
can be achieved, while makes a tradeoff between wavelengths and waveguides. Comparisons with
the traditional Mesh ONoC employing WDM technology confirm that MRONoC can save 21.9%
power to achieve 133% saturated bandwidth improvement under the uniform traffic pattern.

References
[1] I. O’Connor, “Optical solutions for system-level interconnect,” in Proc. Int. Workshop Syst. Level Interconnect Prediction,

2004, pp. 79–88.
[2] G. Chen et al., “On-chip copper-based vs. optical interconnects: Delay uncertainty, latency, power, and bandwidth

density comparative predictions,” in Proc. IEEE Int. Interconnect Technol. Conf., 2006, pp. 39–41.
[3] M. Brière et al., “System level assessment of an optical NoC in an MPSoC platform,” in Proc. Des., Autom. Test Europe,

Apr. 16–20, 2007, pp. 1–6.
[4] J. Nitta, K. Farrens, and V. Akella, “Resilient microring resonator based photonic networks,” in Proc. 44th Annu.

IEEE/ACM Int. Symp. Microarchit., 2011, pp. 95–104.

Vol. 9, No. 1, February 2017 4500412



IEEE Photonics Journal MRONoC: A Low Latency and Energy Efficient

[5] J. Chan, G. Hendry, K. Bergman, and L. P. Carloni, “Physical-layer modeling and system-level design of chip-
scale photonic interconnection networks,” IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst., vol. 30, no. 10,
pp. 1507–1520, Oct. 2011.

[6] A. Joshi et al., “Silicon-photonic clos networks for global on-chip communication,” in Proc. 3rd ACM/IEEE Int. Symp.
Netw.-on-Chip, May 2009, pp. 124–133.

[7] X. Tan, M. Yang, L. Zhang, Y. Jiang, and J. Yang, “A generic optical router design for photonic network-on-chips,”
J. Lightw. Technol., vol. 30, no. 3, pp. 368–376, Feb. 2012.

[8] D. Vantrease et al., “Corona: System implications of emerging nanophotonic technology,” in Proc. Int. Symp. Comput.
Archit., 2008, pp. 153–164.

[9] J. Ahn et al., “Devices and architectures for photonic chip-scale integration,” J. Appl. Phys. A: Mater. Sci. Process.,
vol. 95, no. 4, pp. 989–997, 2009.

[10] S. Beux et al., “Optical ring network-on-chip (ORNoC): Architecture and design methodology,” in Proc. Des., Autom.
Test Europe, 2011, pp. 1–6.

[11] S. V. R. Chittamuru, I. G. Thakkar, and S. Pasricha, “Process variation aware crosstalk mitigation for DWDM based
photonic NoC architectures,” in Proc. 17th Int. Symp. Qual. Electron. Des., 2016, pp. 57–62.

[12] Y.-Y. Xie, W.-L. Zhao, W.-H. Xu, Y.-X. Huang, and Z.-D. Zhang, “Performance optimization and evaluation for mesh-
based optical networks-on-chip,” IEEE Photon. J., vol. 7, no. 4, pp. 1–12, Aug. 2015.

[13] S. Faralli et al., “Bidirectional transmission in an optical network on chip with bus and ring topologies,” IEEE Photon.
J., vol. 8, no. 2, pp. 1–7, Apr. 2016.

[14] Y. Xie, W. Xu, W. Zhao, Y. Huang, T. Song, and M. Guo, “Performance optimization and evaluation for torus-based
optical networks-on-chip,” J. Lightw. Technol., vol. 33, no. 18, pp. 3858–3865, Sep. 2015.

[15] A. K. Kodi and A. Louri, “Energy-efficient and bandwidth-reconfigurable photonic networks for high-performance com-
puting (HPC) systems,” IEEE J. Sel. Topics Quantum Electron. vol. 17, no. 2, pp. 384–395, Mar./Apr. 2011.

[16] Q. Xu et al., “12.5 Gbit/s carrier-injection-based silicon microring silicon modulators,” Opt. Exp., vol. 15, no. 2,
pp. 430–436, 2007.

[17] W. Green et al., “Ultra-compact, low RF power, 10 Gb/s silicon Mach-Zehnder modulator,” Opt. Exp., vol. 15, no. 25,
pp. 17106–17113, Dec. 2007.

[18] A. Biberman, B. G. Lee, N. Sherwood-Droz, M. Lipson, and K. Bergman, “Broadband operation of nanophotonic router
for silicon photonic networks-on-chip,” IEEE Photon. Technol. Lett., vol. 22, no. 12, pp. 926–928, Jun. 2010.

[19] Z. Chen, H. Gu, Y. Yang, and K. Chen, “Low latency and energy efficient optical network-on-chip using wavelength
assignment,” IEEE Photon. Technol. Lett., vol. 24, no. 24, pp. 2296–2299, Dec. 2012.

[20] R. Min, R. Ji, Q. Chen, L. Zhang, and L. Yang, “A universal method for constructing N-port nonblocking optical router
for photonic networks -on-chip,” J. Lightw. Technol., vol. 30, no. 23, pp. 3736–3741, Dec. 2012.

[21] Z. Li et al., “Iris: A hybrid nanophotonic network design for high-performance and low-power on-chip communication,”
ACM J. Emerg. Technol. Comput. Syst., vol. 7, no. 2, 2011, Art. no. 8.

[22] Y. Xie, J. Xu, J. Zhang, Z. Wu, and G. Xia, “Crosstalk noise analysis and optimization in 5 × 5 hitless silicon-based
optical router for optical networks-on-chip (ONoC),” J. Lightw. Technol., vol. 30, no. 1, pp. 198–203, Jan. 2012.

[23] X. Zhang and A. Louri, “A multilayer nanophotonic interconnection network for on-chip many-core communications,” in
Proc. 47th Des. Autom. Conf., 2010, pp. 156–161.

[24] A. Biberman et al., “Photonic network-on-chip architecture using 3D integration,” in Proc SPIE, vol. 7942, Feb. 2011,
Art. no. 79420M.

[25] N. Kirman et al., “Leveraging optical technology in future bus-based chip multiprocessors,” in Proc. 39th Annu.
IEEE/ACM Int. Symp. Microarchit., 2006, pp. 492–503.

[26] Y. Pan, P. Kumar, J. Kim, G. Memik, Y. Zhang, and A. Choudhary, “Firefly: Illuminating future network- on-chip with
nanophotonics,” in Proc. 36th Annu. Int. Symp. Comput. Archit., 2009, pp. 429–440.

[27] S. Koohi, Y. Yin, S. Hessabi, and S. B. B. Yoo, “Towards a scalable, low-power all-optical architecture for networks-on-
chip,” ACM Trans. Embedded Comput. Syst., vol. 13, no. 3s, 2014, Art. no. 101.

[28] S. Koohi and S. Hessabi, “All-optical wavelength-routed architecture for a power-efficient network on chip,” IEEE Trans.
Comput., vol. 63, no. 3, pp. 777–792, Mar. 2014.

[29] C. Li, M. Browning, P. V. Gratz, and S. Palermo, “LumiNOC: A power-efficient, high-performance, photonic network-on-
chip,” IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst., vol. 33, no. 6, pp. 826–838, Jun. 2014.

[30] S. Pasricha, “Exploring serial vertical interconnects for 3D ICs,” in Proc. 46th Annu. Des. Autom. Conf., 2009,
pp. 581–586.

Vol. 9, No. 1, February 2017 4500412



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


