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Abstract—Optical network-on-chip (ONoC) is a promis-
ing technology for future on-chip many-core communica-
tions. ONoC can achieve high bandwidth density and low
communication latency under low network cost, which leads
to an energy-efficient network. Time-division multiplexing
(TDM)-based ONoC aims to solve the congestion problem
faced by many optical circuit switching (OCS)-based mesh
ONoCs. But TDM-based ONoC still suffers from high network
polling time, which causes high average network latency,
especially under low network load. In this paper, we propose
a novel TDMONoC using torus topology and direction-based
wavelength assignment, named TTWA. TTWA ONoC com-
bines TDM communication strategy and torus network top-
ology to solve the congestion problem under the heavy
network load faced byOCS-basedONoCs.With theutilization
of direction-based wavelength assignment and torus topol-
ogy, we further propose a high-efficiency communication
strategy to improve the adjacent inter-cluster parallel com-
munications and decrease the total TDM slot number, which
contributes to a smaller network polling time and lower aver-
age network latency. A novel optical router is simultaneously
designed to meet the communication strategy in TTWA. The
analyses and simulation results indicate that TTWAONoC im-
proves the polling time compared with other TDM-based
ONoCs and achieves better network performance compared
with the equivalent OCS-based ONoCs under various syn-
thetic traffic patterns and realistic scientific applications.
After the calculation, TTWAONoCreduces thenetwork inser-
tion loss of OCS-based mesh ONoC 46.92% and that of
OCS-based torusONoC31.75%and reduces the required laser
power of OCS-based mesh ONoC 62.90% and that of OCS-
based torus ONoC 40.66% under the worst-case situation.

Index Terms—ONoC; Optical interconnects; Realistic
scientific applications; Silicon nanophotonics; TDM;
Wavelength assignment.

I. INTRODUCTION

W ith the continuously increasing number of cores on
the chip, future many-core processors require a

high-performance yet energy-efficient and low-cost on-chip

network to support high-efficiency communication require-
ments [1]. Advancements in silicon-photonic technology
have brought optical network-on-chip (ONoC) a bright
future to solve the problems of high network delay, limited
bandwidth, low scalability, and high power consumption
faced by the electronic network-on-chip (ENoC) [2,3].
Many ONoCs have been proposed in recent years, such
as Firefly [4], Phastlane [5], Corona [6], and ATAC [7];
they achieve huge bandwidth density with the use of wave-
length-division multiplexing (WDM), which is an impor-
tant feature of optical interconnection. Some researchers
have made some improvements to achieve higher power
efficiency, lower cost, and better network performance in
the ONoC, such as silicon-photonic Clos networks [8],
LumiNoC [9], FONoC [10], TorusNX [11], Square Root
[11], etc. [12–16].

Mesh topology is preferred in ONoC designs because of
its regular structure, simplicity, and divinable scalability in
terms of network performance and cost. Torus topology
[15,17] offers a lower network diameter and a higher net-
work path diversity at the expense of having longer links.
Torus is the better choice compared with mesh since the
transmission power on photonic links is independent of
the propagation length.

The optical circuit switching (OCS) [18] mechanism is
widely used in many mesh- and torus-based ONoCs on ac-
count of the lack of optical buffer in the ONoC. However,
OCS-based mesh ONoC often suffers from high network
congestion and low network utilization due to the blocking
problem in the path setup stage and poor network path di-
versity. OCS-based torus ONoC solves several problems in
OCS-based mesh ONoC, but is still faced with the deadlock
trouble, which leads to the rapid deterioration of the net-
work condition and limits the utilization of torus topology
in ONoC.

Time-division multiplexing (TDM) ONoC [19] is proposed
to solve the congestion problem in OCS, especially under
heavy network load. TDMavoids link competition by distrib-
uting different communication requirements into different
timeslots. However, the network delay and throughput per-
formance of TDM ONoC cannot satisfy the communication
due to a long arbitration polling time and low network band-
width. TDM is usually used and effective for long-distance
traffic, but for short-distance traffic [20], the overhead limits
the communication efficiency. The total number of timeslotshttps://doi.org/10.1364/JOCN.9.000479
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needs to be further reduced, as it has a serious impact on the
performance of average network latency.

In this paper, a novel TDM ONoC using torus topology
and a direction-based wavelength assignment named
TTWA is proposed to solve the congestion problem in pre-
vious OCS-based ONoCs and decrease the polling time in
the previous TDM ONoC. The network diameter is de-
creased and the potential deadlock problem in torus
ONoC is simultaneously avoided by combing the TDM com-
munication method and torus topology. The polling time in
the TDM communication is further decreased with the uti-
lization of direction-based wavelength assignment between
the neighbor cluster communications. In the optical net-
work layer, a novel router is designed to meet the commu-
nication demands of TTWA. The network performance of
an example 4 × 4 × 4 TTWA ONoC is evaluated with
OPNET and compared with the equivalent OCS-based
ONoCs. TTWA ONoC can achieve better network latency
and throughput performance, while the optical insertion
loss and required laser power for TTWA ONoC are also op-
timized when compared with other ONoCs.

The main contributions of this paper are summarized as
follows:

1) The TDM communication method and torus topology
are combined to decrease the network diameter, lower
the total number of timeslots, avoid deadlock in the
torus-based ONoC, and solve the congestion problem
in the OCS-based ONoCs.

2) A high-efficiency communication strategy is proposed
to improve the neighbor inter-cluster communication,
decrease the polling time in TDM arbitration, and en-
hance the parallel performance of the network.

3) A novel optical router is designed to meet the commu-
nication demands in TTWA ONoC. With the utilization
of an active broadband microring resonator (BMR) and
a passive BMR, the optical router can transmit differ-
ent optical signals automatically that do not influence
each other.

4) The proposed ONoC is analyzed, evaluated, and com-
pared with other equivalent ONoCs using several traf-
fics. The insertion loss and required laser power are
also considered in the paper.

The rest of the paper is organized as follows. Section II
introduces the related work. Section III presents the net-
work architecture design and the novel router design for
TTWA. Section IV introduces the communication strategy,
gives the communication flow diagram, and shows the
TDM arbitration result. Section V evaluates and analyzes
the network performance between different ONoCs. The
conclusion is given in Section VI.

II. RELATED WORK

The number of IP cores on a single chip is continuously
increasing, and the traditional bus-based system-on-chip
(SoC) will face the problems of high link congestion, clock
skew, system out of synchronization, unreliable signal

transmission [21], etc. Network-on-chip (NoC) [22,23]
has been proposed as a promising solution to satisfy the
performance and design demands of many-core systems.
Compared with SoC, NoC has better network communica-
tion performance and scalability and more effective paral-
lelization. However, future many-core chips need to
integrate a mass of components and be larger scale to sat-
isfy the system performance requirements. Some factors,
such as power consumption, signal interference, crosstalk,
latency, and bandwidth, will limit the further development
of NoC. The NoC component has gradually become
the bottleneck of the future improvement for many-core
processors.

Many researchers have focused on the optical intercon-
nect to solve the problem faced by NoC and come up with
the ONoC design. Benefiting from WDM technology [24],
ONoC can use optical interconnection to transfer multiple
parallel optical streams of data signals via a single wave-
guide simultaneously, which leads to huge network band-
width, yet lower latency. ONoC is suitable for large-scale
system design because the signal transmission in the opti-
cal waveguide is distance-independent power consumption
[25,26]. Furthermore, with the use of various other multi-
plexing technologies, such as TDM [15], space-division
multiplexing (SDM) [27], and mode-division multiplexing
(MDM) [28], ONoC has plenty of design and improvement
potential. In recent years, researchers have come up with
kinds of high bandwidth, low latency, low power consump-
tion, high scalability, and reduced signal crosstalk ONoCs
[4–11]. More and more ONoC architectures will be
designed and utilized in the near future.

Due to the lack of optical buffer on-chip, OCS is widely
used in the designs of ONoC [18]. Figure 1 shows the com-
munication process of OCS-based ONoC. A path from the
source node to the destination node is reserved by the setup
packet before the transmission of payload, which contrib-
utes to the non-blocking communication. Mesh topology
is often used in ONoC design for its simplicity and predict-
able scalability in terms of performance and power
consumption. However, OCS-based mesh ONoC suffers
from long latency and low throughput due to the high
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Fig. 1. Communication process diagram of OCS-based ONoC.
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contention probability under heavy offered load and low
path diversity.

The torus topology [15,17] utilizes a ring instead of the
straight line in each row and column in the mesh topology,
which leads to a smaller network diameter. Compared with
OCS-based mesh ONoC, OCS-based torus ONoC has admi-
rable network latency and throughput performance, be-
cause of fewer setup packets blocking the communication
for OCS-based torus ONoC. However, torus-topology-based
ONoC often faces the deadlock problem due to the special
ring architecture. If the deadlock happens, the entire net-
work would come into the paralyzed state rapidly.

A lot of work focused on the utilization of TDM technology
in optical communications has been performed for many-
core processor networks [29–31]. Some researchers use
TDM to arbitrate optical communication channels and
propose a TDM ONoC. Each communication requirement
in the ONoC is scheduled into different TDM slots by a ge-
netic algorithm, which eliminates the setup stage in OCS-
based ONoC and leads to non-blocking communication.
However, the long polling arbitration waiting time leads
to high latency and low network utilization especially under
low network load. The total number of timeslots needs to be
further reduced to obtain better network performance.

III. TTWA ONOC DESIGN

TTWA is a hybrid optoelectronic NoC that consists of an
electronic layer and an optical network layer. n × n clusters
are distributed in the electronic layer uniformly. Each clus-
ter hasNc intellectual property (IP) cores, a waiting queue,

an arbitration unit, and an electronic crossbar. As a result,
the TTWA ONoC has Nc × n × n IP cores in the electronic
layer design. The optical network layer consists of n × n op-
tical routers. All the optical routers are connected with
each other by optical waveguides using torus topology.
Each cluster in the electronic layer connects with the cor-
responding optical router in the optical network layer via
through silicon via (TSV). The electronic layer and optical
network layer can be designed, respectively, which contrib-
utes to the good network flexibility and the further develop-
ment. Figure 2 shows the architecture of an example
4 × 4 × 4 IP core TTWA ONoC.

In the electronic layer, cluster architecture is designed to
realize TDM arbitration and intra-cluster packet electrical
transmission. All IP cores are placed in each cluster regu-
larly; they are responsible for the generation, receiving,
and processing of data packets. The arbitration unit can
determine whether the communication request for the
packet is intra-cluster or inter-cluster. It can also judge
whether the inter-cluster communication is between the
neighbor clusters or not. Furthermore, the arbitration unit
can determine whether the inter-cluster communication
packet is in the appropriate timeslot according to the
TDM arbitration table, which will be described in more
detail in Section IV. The electronic crossbar is employed
to realize the communication between different IP cores
in the same cluster. Inter-cluster communication packets
will be transmitted and stored in the waiting queue by
the electronic crossbar if they are not in the appropriate
timeslot. The packets in the waiting queue will also be
arbitrated by the arbitration unit to determine the time-
slots that can be transmitted.

Fig. 2. Architecture of an example 4 × 4 × 4 IP core TTWA ONoC.
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The optical network layer is responsible for inter-cluster
communications. A novel router is designed to support the
communication of TTWA. All the optical routers are inter-
connected by optical waveguides and form the torus topol-
ogy, which increases the communication path, reduces
network diameter, and contributes to the minimization
of total timeslots. As Fig. 2 shows, the optical router con-
sists of three parts: an optical switch, a control unit (CU),
and an electronic-to-optical (E/O) converter and optical-to-
electronic (O/E) converter.

The optical switch has five ports—namely, East, West,
South, North, and Local. Each port has an input and an
output. For the Local port, the ejection and the injection
are regarded as the input and output, respectively. The de-
sign of the optical switching unit is non-blocking, which
means the optical router can always find a path from one
free input to another free output. It should be noted that
the system does not have the communication requirement
from the input to the output in the same port. Furthermore,
the number of microring resonators (MRs) is optimized
with the utilization of an X–Y routing algorithm.

A BMR [32] is employed in the router design and used to
transmit the optical data signals with different wave-
lengths at the same time. As shown in Fig. 2, two types of
BMRs are used inside of the router; one is an active
element [25,33,34] (with green color, numbered 0),
and the others are passive elements [32,35,36] (with other
colors, numbered from 1 to 8).

Active BMR needs to be controlled to change the reso-
nant state for transmitting an optical signal. In TTWA
ONoC, the active BMRs are controlled by the control unit
(CU) in the optical router. By tracking the TDM table, the
control unit is aware of the current TDM timeslot. At the
beginning of each timeslot, the control unit sets the state of
each active BMR in each optical switch according to the
TDM arbitration table, which confirms the entire optical
network state and contributes to a non-blocking communi-
cation. Figure 3 shows the parallel switching element and
crossing switching element for active BMR.

Passive BMRs are used to realize direction-based wave-
length assignment. Passive BMR can couple the optical sig-
nal with the corresponding resonant wavelength when the
signals pass by it. In the communications, packets with dif-
ferent neighbor destination clusters will be modulated with
different wavelength groups adapted to different direc-
tions. Packets with the destination cluster east neighboring

to the source cluster are modulated with the wavelength
group adapted to the RED BMR, south with the YELLOW
one, west with the BLUE one, and north with the PURPLE
one. In the direction-based wavelength assignment com-
munication, a packet will be modulated to the correspond-
ing wavelength group according to its destination, then
injected into the optical network layer and transmitted
by the optical routers to its destination. In this way,
TTWA ONoC can achieve an active transmission between
neighbor clusters, which means it does not require addi-
tional control actions. Figure 4 shows the parallel switch-
ing element and crossing switching element for the
passive BMR.

Each optical router has 12 active BMRs to realize TDM
communication and 8 passive BMRs to realize the direc-
tion-based wavelength assignment between neighbor clus-
ters. For an Nc × n × n scale TTWA ONoC, the total
required number of MRs is �12� 8� × n × n � 20n2.

The E/O O/E unit is used to convert the signal between
electrical and optical. It connects with the electronic cross-
bar via TSV and the optical switch unit to realize the com-
munication between the electronic layer and the optical
network layer.

In the design of TTWAONoC, benefiting from combining
the TDM method and torus topology, the optical network
will have a smaller diameter, which means a smaller num-
ber of total timeslots, and contributes to the decrease of the
polling time in the TDM arbitration. Meanwhile, the opti-
cal network layer in the TDM ONoC avoids the deadlock
problem in the torus ONoC. The novel optical router can
support the TDM method and the direction-based wave-
length assignment communications at the same time.
The structure of the optical router is simple and clear with
few BMRs. With the utilization of BMRs, the optical router
can support a huge network bandwidth. By using direction-
based wavelength assignment, the TTWAONoC can use an
active transmission between neighbor clusters instead of
the TDM method, which further reduces the total number
of timeslots in TDM communication.

IV. COMMUNICATION STRATEGY AND PROCESS

In the TTWA ONoC, communications are divided into
two parts, intra-cluster communication strategy and
inter-cluster communication strategy.
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Fig. 3. Parallel switching element and crossing switching
element for active BMR.
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Fig. 4. Parallel switching element and crossing switching
element for passive BMR.
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In the intra-cluster communications, an electronic cross-
bar is used to transmit the packets between different IP
cores in the same cluster. Packets generated from one
source IP core will be directly exchanged to the destination
IP core with no additional steps.

In inter-cluster communications, the direction-based
wavelength assignment is used in the communications be-
tween the neighbor clusters. Packets generated from the
source IP core will be modulated by the corresponding
wavelength group according to the direction of its destina-
tion cluster. The modulated optical signal is transmitted
through the optical router, demodulated, and transmitted
to the destination cluster. The TDM communication is used
in other conditions. At the beginning of each timeslot, the
control unit sets the state of each active BMR in each op-
tical switch according to the TDM arbitration table, which
confirms the entire optical network state. Packets gener-
ated from the source IP core will be arbitrated by the
arbitration unit in the cluster. If it is the correct timeslot,
the packet will be modulated by the corresponding wave-
length groups and sent to the destination cluster by the
TDM communication method. If it is not the correct time-
slot, the packet will be sent to the waiting queue and wait
for the next arbitration until the arrival of the appropriate
timeslot.

With WDM technology, each IP core’s data in one cluster
uses diverse wavelength groups to be modulated and
demodulated when communicating with the IP cores in
one other cluster in the TDM communication method.
Thus, each IP core in one source cluster can communicate
with IP cores in one other destination cluster simultane-
ously in an appropriate timeslot. Packets will not interfere
with each other when transmitted in the waveguide in the
optical network layer. As a result, a superior modulation
rate and tremendous network bandwidth can be achieved.
Furthermore, the intra-cluster communication strategy,
the direction-based wavelength assignment communica-
tion strategy, and the TDM communication strategy are
parallelized. Packets in the same cluster, between the
neighbor, and in other conditions can be transmitted at
the same time, which contributes to a high-efficiency com-
munication strategy.

Figure 5 shows the flow diagram of the TTWA ONoC
communication process.

Several examples are given to further indicate the
communication strategy and process of TTWA ONoC:

♦ IP1 has a communication requirement with IP2; the
packet from IP1 is transmitted to IP2 via an electronic
crossbar.

♦ IP0 has a communication requirement with IP5. First,
the packet is transmitted to the OR0, modulated by the
wavelength group adapted to the RED one, and injected
to the optical network layer. Second, the signal is
coupled by the RED 1 BMR in OR0, then transmitted
to OR1. Third, the signal is coupled when passing by
the RED 2 BMR in OR1, then ejected out from optical
network layer. Finally, the signal is demodulated by the
O/E unit and transmitted to IP5 successfully.

♦ IP3 has a communication requirement with IP63. In the
appropriate timeslot, each control unit sets the neces-
sary 0 BMRs to the coupled state in OR0, OR3, and
OR15; then the packet from IP3 is sent to OR0, modu-
lated by the E/O unit, and transmitted to IP63.

The genetic algorithm is used to allocate each communi-
cation requirement into different timeslots appropriately.
An example 4 × 4 × 4-core TTWA ONoC is employed to
show how it works. There are 4 × 4 clusters in the electronic
layer, and each cluster has four neighbor clusters. Each
cluster may have the communication requirement with
the remaining 15 clusters. Among all the inter-cluster
requirements, 16 × 4 communication requirements are
between the neighbor clusters. The remaining 16 × 11
inter-cluster communications will use the TDM communi-
cation strategy. By using the genetic algorithm, we get the
minimum timeslot numberNslot � 12, and the result of the
genetic algorithm includes all 176 TDM communication re-
quirements correctly. Compared with the number of time-
slots in the previous work [19], the number of timeslots is
reduced from 18 to 12, whichmeans TDMONoC can reduce
one-third of the polling wait time in the TDM arbitration.

Table I shows parts of the TDM arbitration for the
4 × 4 × 4-core TTWA ONoC. The complete table includes

YesNo

START

Extract the source and the destination 
location information of the packet

END

Are the source and destination IP cores 
of the packet in the same cluster?

No Yes

Transmit the packet to the destination IP 
core with wavelength assignment method

Transmit the packet to the destination 
IP core with TDM method

Transmit the packet to the destination 
IP core via electronic crossbar

Is the destination cluster in the 
neighborhood of the source cluster? 

Fig. 5. Flow diagram of the TTWA ONoC communication process.
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the communication request and distribution of all 16 clus-
ters in different timeslots. Each row represents a different
timeslot, and each column represents a source cluster in
the electronic layer. Assume that a timeslot starts from
1 to 12 and a cluster starts from 0 to 15. With a row
and a column, TDMONoC can determine in which timeslot
the source cluster can communicate with which destination
cluster. For example, the value of row 3 and column 2 is 5.
This means in timeslot 3, source cluster 2 can communicate
with destination cluster 5. NULL in Table I means there is
no arranged communication between the source and desti-
nation clusters in this timeslot.

The arbitration table is stored in the arbitration unit in
the cluster and the control unit in the optical router.
According to the arbitration table, the arbitration unit
can determine whether the packet can be transmitted with
the TDM communication method in a certain timeslot. At
the beginning of each timeslot, the control unit sets the
state of each active BMR in each optical switch by tracking
the TDM arbitration table, which confirms the entire opti-
cal network state.

The scalability of an Nc × n × n TTWA is decided by two
factors: 1) the number of cores in each cluster (Nc) and
2) the number of clusters (n × n). With the increasing of
Nc, each cluster in TTWA can include more IP cores.
With the increasing of n, TTWA can be extended as the op-
tical network layer will connect more clusters, which
means including more IP cores. With the changing of n,
the TDM arbitration table needs to be updated at the same
time. The new TDMarbitration result for different network
scale can be obtained easily by using the genetic algorithm.
The scalability and flexibility of an Nc × n × n TTWA can
satisfy the communication requirements.

V. EVALUATION AND DISCUSSION

In this section, an example 4 × 4 × 4-core TTWA ONoC
performance is evaluated with OPNET and compared to
the similarly configured 64-core OCS-based mesh and to-
rus ONoCs. Uniform and hotspot traffic patterns are
adopted in the simulation. Table II shows the parameter
configuration for TTWA ONoC and OCS-based ONoCs.
In TTWAONoC communications, we use 16 ns for the time-
slot under 1024 bit packet size. Sixty-four wavelengths are
used in the ONoCs. The modulation speed for a single

wavelength is 12.5 Gbps [37]. With the utilization of
WDM technology, the modulation rate can reach 100 Gbps.

End-to-end (ETE) delay and saturation throughput are
utilized as the evaluationmetrics for network performance.
Figures 6–9 show the ETE delay versus offered load and
saturation throughput comparison for TTWA ONoC,
OCS-based mesh, and torus ONoCs under a uniform traffic
pattern and hotspot traffic pattern under 1024 bit 16 ns
timeslot length, respectively.

TABLE I
TDMARBITRATION TABLE FOR A 4 × 4 TTWAOPTICAL NETWORK

LAYER

SC

TS 0 1 2 3 … 14 15

1 2 4 0 6 … 11 13
2 5 3 4 14 … 12 10
3 6 8 5 11 … 7 9
… … … … … … … …

11 14 16 7 13 … NULL 1
12 NULL 15 NULL 13 … 0 NULL

TABLE II
SIMULATION PARAMETER CONFIGURATION

Parameter Value

Clock frequency (GHz) 1
Ack packet length (bit) 32
Path setup packet length (bit) 32
Optical fixed packet length (bit) 1024, 576
Timeslot length (ns) 16, 8

Fig. 6. ETE delay versus offered load comparison under uniform
traffic (1024 bit).

Fig. 7. Saturation throughput comparison under uniform traffic
(1024 bit).
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Figures 6 and 7 show that TTWA ONoC achieves lower
latency and a higher network saturation point under heavy
loads in a uniform traffic pattern. This is because TTWA
ONoC combines direction-based wavelength assignment,
torus topology, and the TDM method to decrease the
network diameter, optimize the TDM slot, and lead to a
non-blocking communication for the entire network. For
the same network load, there will be more packet conten-
tions under the hotspot traffic pattern. However, TTWA
ONoC can still keep good network performance, but
OCS-based mesh and torus ONoCs are badly influenced
by the fierce contention, as Figs. 8 and 9 show.

In Figs. 7 and 9, the saturation throughput of TTWA
ONoC is compared with that of the OCS-based mesh and
torus ONoC uniform traffic pattern and hotspot traffic pat-
tern. Under uniform traffic, the saturation throughput for
TTWA, OCS-basedmesh, and torus ONoC is 0.66, 0.28, and
0.15, respectively. Under hotspot traffic, TTWA ONoC can
keep an acceptable saturation throughput compared with
other ONoCs.

To further compare the network performance between
different ONoCs, a smaller packet size (576 bit) is used
in the simulation. Figures 10 and 11 show the ETE delay
versus offered load comparison between different ONoCs
under uniform and hotspot traffic patterns, respectively.
The timeslot length for a 576 bit packet size is 8 ns. The
simulation results show that compared with other ONoCs,
TTWA ONoC can still have better network performance
under a smaller packet size.

To further deeply analyze the network performance of
the TTWA ONoC, Netrace [38] is used in network perfor-
mance evaluation. Netrace is a trace-based NoC evaluation
methodology, which captures and enforces the dependen-
cies between messages in the network from a full system.
Netrace is usually utilized to evaluate 64-core systems.
Nine realistic scientific application benchmarks from the
PARSEC benchmark suite are used in the simulation.

Fig. 9. Saturation throughput comparison under hotspot traffic
(1024 bit).

Fig. 8. ETE delay versus offered load comparison under hotspot
traffic (1024 bit).
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The normalized execution speed and ETE delay are
chosen to compare and analyze the network performance
of the example 4 × 4 × 4 (64) core TTWA ONoC, the simi-
larly configured OCS-mesh, and OCS-torus ONoCs.
Different scientific benchmarks are running in the network
simulation model. The execution time and ETE delay for
different ONoCs under different benchmarks are recorded.
The execution time and ETE delay for OCS mesh are set to
1, and the execution time and ETE delay for TTWA ONoC
and OCS torus are also normalized at the same time.

The simulation result in Fig. 12 shows that TTWAONoC
has faster execution speed performance under almost all
benchmarks compared with other ONoCs except black-
scholes, vips, and x264. This is because the offered load
of different applications in Netrace is quite low, and there
is little network congestion in the network. Figure 13
shows the normalized ETE delay comparison between dif-
ferent ONoCs. TTWA achieves better network latency per-
formance generally, while TTWA ONoC uses several
methods to achieve a low polling time.

Comparison results show that TTWA ONoC can solve
the path setup congestion problem in the OCS-based mesh

ONoC and the deadlock problem in the OCS-based torus
ONoC, and optimize the network performance.

Optical insertion loss and optical energy consumption are
two other important issues in the ONoC designs. Optical in-
sertion loss has an important influence on the scalability
and reliability in the design of ONoCs. Meanwhile, optical
insertion loss also affects the energy performance of an
ONoC. In the following, the optical insertion loss and the
required laser power are calculated for TTWA ONoC and
the equivalent OCS-based mesh and torus ONoCs.

The optical insertion loss for a data transmission from a
source node to a destination node PLoss;Signal is computed as
the following formula [39]:

PLoss;Signal � PMR;DP ×ND � PMR;TP ×NT � PB ×NB

� PW × Ll � PIL;WC ×NWC � PCR; (1)

where ND and NT represent the number of resonators
passed by the optical signal in the drop and through states,
respectively.NB is the number of bending waveguides. Ll is
longest optical link length, which is approximately 4.5 mm
in the optical network layer for each row and column.
NIL;WC is the number of crossing waveguides in the optical
network layer. Therefore, the required laser power for a
signal transmission PLaser;Signal is calculated as follows:

PLaser;Signal � Nw ×
10�PRE_min�PLoss;Data�∕10

PLE × PCW
: (2)

Nw is the total number of wavelengths used in the ONoC,
which can be 64 [40,41]. PRE_ min is the minimum power re-
quired by the receiver, which is −22.3 dBm. PLE is the laser
efficiency, which can be 30% [42]. PCW is the coupling coef-
ficient, which is 90% [42]. Other parameters, their implica-
tions, and their values are shown in Table III.

In the calculation of optical insertion loss and the
required laser power, we consider the worst communication
cases to meet the maximum communication requirements
in each ONoC. After calculation, the PLoss;Signal and
PLaser;Signal for the 64-core TTWA ONoC are approximately
4.873 dB and 4.287 mW, while the PLoss;Data and PLaser;Signal
for the equivalent OCS-based mesh and torus ONoCs are
9.18 dB, 11.556 mWand 7.14 dB, 7.225mW, respectively, as
Figs. 14 and 15 show. Compared with the OCS-based mesh
and torus ONoCs, TTWA ONoC reduces the network inser-
tion loss of OCS-based mesh ONoC 46.92% and that of
OCS-based torus ONoC 31.75% and reduces the required
laser power of OCS-based mesh ONoC 62.90% and that

Fig. 12. Normalized execution speed comparison under various
PARSEC benchmarks using Netrace.

Fig. 13. Normalized ETE delay comparison under various
PARSEC benchmarks using Netrace.

TABLE III
PARAMETERS FOR OPTICAL INSERTION LOSS AND POWER

Parameter Implication Value

PMR;DP Drop-port insertion loss (BMR) 1.3 dB [43]
PMR;TP Through-port insertion loss 0.01 dB [4]
PB Waveguide bending loss 0.005 dB [42]
PW Waveguide propagation loss 0.5 dB∕cm [44]
PIL;WC Waveguide crossing insertion loss 0.12 dB [42]
PCR Coupling loss 0.6 dB [45]
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of OCS-based torus ONoC 40.66% under the worst-case
situation. TTWA ONoC has admirable insertion loss and
laser power requirement performance.

VI. CONCLUSION

In this paper, TDM technology and torus topology are
combined to solve the deadlock problem faced by previous
OCS-based torus ONoCs and decrease the total number of
TDM timeslots in previous TDM ONoCs. A high-efficiency
communication method combines intra-cluster, direction-
based wavelength assignment, and the TDMmethod is pro-
posed to further optimize the polling time and enhance the
parallel performance of the network. Active and passive
broadband MRs are employed to design a novel optical
router, which supports the TDM method and direction-
based wavelength assignment simultaneously and offers
a huge network bandwidth. TTWA ONoC achieves admi-
rable network ETE delay, throughput, optical insertion
loss, and optical energy consumption performance com-
pared with the similarly configured OCS-based mesh and
torus ONoCs in the network simulation.

Our futureworkwill focus thepower of thewhole systemand
extend application scenarios for direction-based wavelength
assignment, especially for the three-dimensional ONoC.
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