
IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 33, NO. 3, MARCH 2014 437

Systematic Analysis of Crosstalk Noise in
Folded-Torus-Based Optical Networks-on-Chip
Mahdi Nikdast, Student Member, IEEE, Jiang Xu, Member, IEEE, Xiaowen Wu, Student Member, IEEE,

Wei Zhang, Member, IEEE, Yaoyao Ye, Student Member, IEEE, Xuan Wang, Student Member, IEEE,
Zhehui Wang, Student Member, IEEE, and Zhe Wang

Abstract—Photonic devices are widely used in optical
networks-on-chip (ONoCs) and suffer from crosstalk noise. The
accumulative crosstalk noise in large scale ONoCs diminishes the
signal-to-noise ratio (SNR), causes severe performance degrada-
tion, and constrains the network scalability. For the first time, this
paper systematically analyzes and models the worst-case crosstalk
noise and SNR in folded-torus-based ONoCs. Formal analytical
models for the worst-case crosstalk noise and SNR are presented.
The crosstalk noise analysis is hierarchically performed at the
basic photonic device level, then at the optical router level, and
finally at the network level. We consider a general 5×5 optical
router model to enable crosstalk noise and SNR analyses in
folded-torus-based ONoCs using an arbitrary 5×5 optical router.
Using the general optical router model, the worst-case SNR link
candidates, which restrict the network scalability, are found. Also,
we present a novel crosstalk noise and loss analysis platform,
called CLAP, which can analyze the crosstalk noise and SNR
of arbitrary ONoCs. Case studies of optimized crossbar and
Crux optical routers using recent photonic device parameters are
presented. Moreover, we compare the worst-case crosstalk noise
and SNR in folded-torus-based and mesh-based ONoCs using
optimized crossbar and Crux optical routers. The quantitative
simulation results show the critical behavior of crosstalk noise in
large scale ONoCs. For example, in folded-torus-based ONoCs
using the Crux optical router, the noise power exceeds the signal
power for network sizes larger than 12×12; when the network
size is 20×20 and the injection signal power equals 0 dBm, the
signal power and noise power are −9.4 dBm and −6.1 dBm,
respectively.

Index Terms—Folded-torus-based optical networks-on-chip
(ONoCs), ONoCs, optical crosstalk noise, optical losses, signal-
to-noise ratio (SNR).

I. Introduction

THE NETWORK-ON-CHIP (NoC), as a new architec-
tural trend, can enhance the bandwidth of metallic

interconnects. However, as the number of possible integrated
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processing cores on a single die continues to increase, metallic
interconnects are not able to satisfy the bandwidth and latency
requirements within the package power budget. Furthermore,
International Technology Roadmap for Semiconductors has
predicted that the interconnects in multiprocessor systems-on-
chip (MPSoCs) will become a serious issue in the near future
[1]. On the other hand, studies have shown some advantages
of optical networks-on-chip (ONoCs) as a proper substitute for
electronic NoCs in MPSoCs. ONoCs benefit from considerably
higher bandwidth, lower power dissipation, and lower latency
[2]. Significant developments in optical devices have made
optical on-chip routers and silicon-based optical waveguides
possible [3], [4].

Crosstalk noise is a major drawback of the silicon waveg-
uide crossings and microresonator-based photonic switching
elements widely used in constructing ONoCs. Crosstalk noise
is the result of undesirable mode coupling in optical signals.
Although it is small at the device level, the crosstalk noise
accumulates in large scale ONoCs, causes severe performance
degradation and damage to the signal-to-noise ratio (SNR) in
the network, and also constrains the scalability of the ONoCs.
Vaez and Lea [5] indicated that the crosstalk noise is an intrin-
sic issue in directional-coupler-based optical networks and Xie
et al. [6] showed the serious critical behavior of the crosstalk
noise in mesh-based ONoCs. In the latter work, it was proved
that the worst-case SNR link is not the longest optical link,
which suffers from the highest power loss in the network.
Therefore, it is vital to analyze the worst-case crosstalk noise
and SNR in ONoCs. Xie et al. [6] also indicated that the
power loss and crosstalk noise caused by the waveguide
crossings play an important role in the network performance
degradation. Some research works have tried to improve the
waveguide crossings. Chen et al. [7] presented multimode
interference (MMI)-based wire waveguide crossings, instead
of conventional plain waveguide crossings, for the merits of
low loss and low crosstalk. Chen et al. [8] introduced a
design technique for a compact 5426 nm×5426 nm waveguide
crossing by using a 90deg MMI based waveguide crossing
sandwiched by four identical miniaturized tapers and improved
the insertion loss and the crosstalk noise to −0.21 dB and
−44.4 dB at a wavelength of 1550 nm. Li et al. demonstrated
metal-free integrated elliptical reflectors for waveguide turn-
ings and crossings. By employing four symmetric, identical
elliptical reflectors sharing an intermediate beam focused
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Fig. 1. (a) Waveguide crossing. (b) Optical terminator. (c) Parallel switching
element.

region in a direct waveguide crossing, crosstalk noise smaller
than −30 dB and high transmission were achieved [9]. An
ultracompact waveguide crossing with negligible crosstalk
noise and insertion loss, in which the waveguide cross is
filled with impedance matched metamaterial that effectively
suppresses the diffraction of the guided mode in the crossing
region, was proposed in [10].

There are only a few works considering the crosstalk noise
issue in ONoCs. The crosstalk noise and SNR of a mesh-
based ONoC using an optimized crossbar optical router were
analyzed in [6]. Moreover, a novel compact high-SNR optical
router, called Crux, was proposed to outperform the SNR of
large scale ONoCs. Xie et al. [11] proposed a formal method
to analyze the worst-case crosstalk noise and SNR in arbitrary
mesh-based ONoCs. Chan et al. [12] proposed a methodology
to characterize and model basic photonic blocks, which can
form full photonic network architectures, and used a physical-
layer simulator to assess the physical-layer and system-level
performance of a photonic network. Ding et al. [13] pro-
posed a hybrid global router, called GLOW, to provide low
power interconnects, while considering the thermal reliability
and physical design constraints. Sherwood-droz et al. [14]
described the fundamental limits for the number of WDM
channels and power per channel when using building blocks
that include silicon waveguides, silicon microring modulators,
and filters. Lin et al. [15] developed an analytical model to
characterize the crosstalk noise level in a microring-based
optical interconnection network.

ONoCs based on the folded-torus topology have been pro-
posed [16]. The novel contribution of this paper is to sys-
tematically analyze and model the worst-case crosstalk noise
and SNR in folded-torus-based ONoCs using an arbitrary 5×5
optical router. Moreover, we present a novel crosstalk noise
and loss analysis platform, called CLAP, which is capable
of analyzing crosstalk noise power, power loss, and SNR of
ONoCs using an arbitrary optical router. The proposed anal-
yses are based on a hierarchical approach, which starts from
the basic optical elements, continues at the optical router level,
and ends at the network level. In this way, the proposed formal
analytical models at the network level can easily be translated
into the device level models for validation. The analytical
models for the worst-case crosstalk noise and SNR in folded-
torus-based ONoCs are presented. A general 5×5 optical
router model, which can be applied to any 5×5 optical router,

Fig. 2. Crossing switching element in the (a) OFF state and (b) ON state.

is considered in our analyses. We analyze different optical
links that are among the longest in folded-torus-based ONoCs
to find the worst-case SNR link. Case studies of optimized
crossbar and Crux optical routers using recent photonic device
parameters are presented in this paper. Furthermore, we utilize
CLAP to compare the worst-case crosstalk noise and SNR in
folded-torus-based and mesh-based ONoCs using optimized
crossbar and Crux optical routers. The analyzed folded-torus
ONoC is a hybrid structure, consisting of a packet-switched
electronic network overlapped by a circuit-switched photonic
network, both based on the folded-torus topology. The elec-
tronic network is responsible for controlling the photonic
network and routing control packets, while the payload data
are being exchanged in the photonic network. We assume the
use of an on-chip vertical cavity surface emitting laser as the
laser source. The proposed systematic formal model does not
consider dynamic variations of optical devices such as laser
noise and thermal noise.

The rest of this paper is organized as follows. Section II
presents the analyses for the basic optical elements and op-
tical routers. The network level analysis and the quantitative
simulation results are presented in Section III. Using our new
analyzer, CLAP, the proposed analytical models are applied
to case studies of folded-torus-based ONoCs using optimized
crossbar and Crux optical routers in Section IV. In the same
section, we present the worst-case crosstalk noise and SNR
comparison in folded-torus-based and mesh-based ONoCs.
Finally, the conclusions are drawn in Section V.

II. Basic Optical Elements and Optical Router

Analyses

Basic optical elements are the key components in building
optical routers for ONoCs. The basic function of optical
routers is to direct the optical signal from the source processor
toward the destination one. The physical limitations imposed
by integration necessitate a compact and low loss design
for optical routers. However, without low crosstalk optical
routers, the designed ONoC would fail to faultlessly transmit
information. In this section, we model and analyze the power
loss and crosstalk noise at the device and router levels. The
router level analysis is based on a general 5×5 optical router
model. Moreover, an abstract model, called router region, is
proposed to facilitate the analysis at the network level.

A. Basic Optical Switching Elements

In most of the waveguide crossings used in ONoCs, the
latitudinal and longitudinal waveguides are in the same plane.
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TABLE I

Notations for Losses, Crosstalk, and Reflectance Coefficients

Perfect crossing is not possible because of the coupling of
the four branches, or ports, of the intersection in terms of
a resonant cavity at the center. Therefore, optical modes
propagate with insertion loss from the input port to the output
port on the opposite side of the crossing intersection, with
some reflection back on the input port and also transmission
(crosstalk) to the other outputs. Waveguides and microres-
onators are the two fundamental optical elements employed
to construct basic optical switching elements (BOSEs) and
optical routers. Optical routers consist of BOSEs, waveguide
crossings, waveguides, and optical terminators. Two types of
basic 1×2 optical switching elements are the parallel switching
element (PSE) and the crossing switching element (CSE). The
PSE includes a microresonator located between two parallel
waveguides, as shown in Fig. 1(c). The CSE, depicted in
Fig. 2, is a structure consisting of a microresonator adjacently
positioned next to a waveguide crossing intersection. BOSEs
can be powered on (the ON state) or off (the OFF state) by
changing the voltage applied to the microresonator. An optical
signal with a wavelength different from the resonant frequency
of the microresonator will pass the ring (OFF state) toward
the through port. By contrast, when the switch is turned on,
the optical signal will couple into the ring and be directed
to the drop port (ON state). However, when an optical signal
enters the input port of a BOSE, it suffers from insertion loss
and crosstalk noise will be generated on the other ports. The
crosstalk noise and back-reflection are illustrated as dashed-
orange lines in Figs. 1 and 2. In this paper, we consider
incoherent crosstalk, whose phase is uncorrelated with the
optical signal.

The waveguide crossing, as shown in Fig. 1(a), consists of
an input port and three output ports—out1, out2, and out3. We
model the insertion loss, crosstalk noise, and back-reflection
power in the waveguide crossing, as defined in (1). Table I
lists the notations used in the equations in this paper. Pin

refers to the input power. PO1, PO2, and PO3 are the output
powers at out1, out2, and out3 ports, respectively. PRc shows
the reflected power on the input port. The basic function of
optical terminators, Fig. 1(b), is to avoid the light reflecting
back on the transmission line. The reflected power, PRt , of the

optical terminator can be written as (2)

PO1 = LcPin (1a)

PO2 = PO3 = KcPin (1b)

PRc = KrPin (1c)

PRt = KtPin. (2)

The parallel switching element can be in either the OFF or
the ON state [Fig. 1(c)]. The output powers at the through
and drop ports as a function of the input optical power can be
calculated based on (3) for the OFF state and on (4) for the
ON state. In these equations, PT is the output power at the
through port, while PD shows the output power at the drop
port

PT pse,off = Lp0Pin (3a)

PDpse,off = Kp0Pin (3b)

PT pse,on = Kp1Pin (4a)

PDpse,on = Lp1Pin. (4b)

Utilizing the analytical models of the PSE and the waveg-
uide crossing, the output powers at the add, through, and
drop ports of the CSE are derived based on (1), (3), and (4),
respectively. Considering Fig. 2, when the CSE is in the OFF
state, the output powers at different ports can be calculated
based on (5) and when it is in the ON state, (6) calculates the
output powers. In these equations, PT , PD, and PA show the
output powers at the through, drop, and add ports, respectively.
According to Fig. 2(a), the power loss of the CSE in the
OFF state, Lc0, can be calculated based on the models of the
waveguide crossing and the PSE in the OFF state as LcLp0,
in which Lp0 corresponds to the passing loss caused by the
MR and Lc is the crossing loss of the waveguide crossing.
Similarly, different sources of the power loss and crosstalk
noise shown in (5) and (6) can be described. When the CSE
is in the ON state, the power loss, Lc1, can be calculated
by considering the models of the PSE in the ON state and the
waveguide crossing, which results in Lp1(1+K2

p1K
2
c )+K2

p1Kc.
Based on this equation, since the crosstalk coefficients are very
small numbers (KiKj

∼= 0), Lc1 can be approximated by Lp1

PT cse,off = Lc0Pin (5a)

PDcse,off = (Kp0 + L2
p0Kc)Pin (5b)

PAcse,off = KcLp0Pin (5c)

PRcse,off = KrL
2
p0Pin (5d)

PT cse,on = Kp1(Lc(1 + KcLp1) + KrLp1Kc)Pin (6a)

PDcse,on = Lc1Pin (6b)

PAcse,on = Kp1(Kc(1 + KcLp1) + KrLp1Lc)Pin (6c)

PRcse,on = K2
p1KrPin. (6d)

B. General Optical Router Model

The general optical router model, depicted in Fig. 3, is
proposed to analyze the crosstalk noise and SNR at the router
level, as well as the network level. It is based on a 5×5 optical
router and follows the dimension-ordered routing algorithm.
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Fig. 3. General 5×5 optical router model.

Considering the general optical router model, the proposed
formal method can easily be applied to folded-torus-based
ONoCs using an arbitrary 5×5 optical router. In other words,
the general router model represents any 5×5 optical router
with any physical layout. It has five input and five output
ports, including Injection/Ejection, North, East, South, and
West. Each port is defined as I

ip/op
i , in which the subscript i

defines the port number and, for different ports, varies from
0 to 4 according to i=0 for Injection/Ejection, i=1 for North,
i=2 for East, i=3 for South, and i=4 for West. Moreover, the
superscript ip shows that the port is an input port, and op
indicates that the port is an output port. The general physical
layout, as well as the internal structure of the general optical
router model, can be determined when employing a specific
optical router.

Li,j(x, y), defined in (7a), is the insertion loss from the
ith port to the jth port in the router R(x, y). It includes the
switching loss, SLi,j(x, y), caused by the switching elements,
CSEs and PSEs, and waveguide crossings inside the optical
router R(x, y) as well as the propagation loss inside the optical
router, which is calculated by considering the waveguide
length between the ith input port and the jth output port,
Wli,j(x, y), and the propagation loss, Lp. We integrate the
propagation loss at the network level into our general optical
router model; when the output port is not Ejection, j�=0, we
consider the propagation loss of the waveguide that connects
the optical router R(x, y) to the next optical router as described
in (7a). D is the hop-length and can be calculated based on
(7b) for homogeneous symmetrical ONoCs. S is the chip size
(cm2), and M×N is the network size

Li,j(x, y) =

⎧⎪⎨
⎪⎩

SLi,0(x, y)L
Wli,0(x,y)
p j=0

SLi,j(x, y)L
Wli,j(x,y)+D
p j �= 0

(7a)

D ∼=
√

S

M × N
(7b)

i, j ∈ {0, · · · , 4}, x ∈ {1, · · · , M}, y ∈ {1, · · · , N}.
si,j(x, y) is the status of the optical router R(x, y), while an

optical signal is traveling from the ith port to the jth port. The
router status is defined in (8). In this equation, Iip

a , I
ip

b , Iip
c , I

ip

d ,
and Iip

e are the input ports associated with the output ports I
op
0 ,

I
op
1 , I

op
2 , I

op
3 , and I

op
4 , respectively. −1 is used when the output

port is free. For example, s0,2(x, y)(Iip
−1, I

ip
3 , I

ip
0 , I

ip
−1, I

ip
−1) in-

dicates that the considered optical signal is traveling from the
injection port toward the east port, i=0, j=2, and c=0, while
there is another optical signal traveling from the south port to
the north port, b=3, which mixes with the considered optical
signal and introduces crosstalk noise to it in the router R(x, y).
Furthermore, it shows that no signal exists at the ejection,
south output, and west output ports, a = d = e = −1

si,j(x, y) = (Iip
a , I

ip

b , Iip
c , I

ip

d , Iip
e )

a ∈ {−1, 1, 2, 3, 4}
b ∈ {−1, 0, 2, 3, 4}
c ∈ {−1, 0, 4}
d ∈ {−1, 0, 1, 2, 4}
e ∈ {−1, 0, 2}.

(8)

Pi,j(x, y), calculated in (9), is defined as the optical power
output by the jth port caused by the optical power, Pin

i (x, y),
injected into the ith port in the optical router R(x, y)

Pi,j(x, y) = Pin
i (x, y)Li,j(x, y) (9)

i, j ∈ {0, · · · 4}, x ∈ {1, · · · , M}, y ∈ {1, · · · , N}.
Ni,j(x, y, si,j(x, y)), as shown in (10), is defined as the

crosstalk noise added to the optical signal traveling from the
ith port to the jth port, and Ki,j,m(si,j(x, y)) is defined as the
coefficient for the crosstalk noise introduced by Pin

m (x, y) onto
the same optical signal in the router R(x, y) under status s

Ni,j(x, y, si,j(x, y)) =
4∑

m=0

(
Pin

m (x, y)Ki,j,m(si,j(x, y))
)

i, j ∈ {0, . . . , 4}, x ∈ {1, . . . , M}, y ∈ {1, . . . , N}. (10)

SNR is defined as the ratio of the signal power to the power
of the crosstalk noise corrupting the signal and can be written
as (11), in which PS is the optical signal power and PN is the
crosstalk noise power

SNR = 10 log

(
PS

PN

)
. (11)

C. Router Region Model

An abstract router region model is presented to resemble
folded-torus-based ONoCs with mesh-based ONoCs, as well
as to compact SNR analytical equations at the network level.
Fig. 4 shows the router region for the folded-torus-based
ONoCs. As the figure shows, it consists of nine input and nine
output ports. The input (output) ports of the general optical
router, located inside the router region, can connect to any
of the input (output) ports of the router region. Using the
abstract router region, the waveguide crossings and bendings
at the network level are integrated into the router level model.
Therefore, in each router region, there are a number of input
ports that do not go through the optical router. There are a total
of 16 different router regions in folded-torus-based ONoCs
when M and N are even numbers. Another seven router regions
can be introduced when the network size is an odd number.
Fig. 5 indicates 23 different router regions defined in folded-
torus-based ONoCs. Each router region consists of a general
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Fig. 4. Abstract router region model defined for folded-torus-based ONoCs.

optical router, a number of waveguide crossings and, in some
cases, waveguide bendings.

The router region model can be defined similarly to the
general optical router model. I

ip/op
Ri is the ith port, while i in-

dicates the port number, as depicted in Fig. 4. The superscript
ip/op tells whether the port is an input port, where ip is used,
or is an output one, where op is used. LR

i,j(x, y) is defined
as the insertion loss from the ith port to the jth port in the
router region R2(x, y), as shown in (12). As an example, the
insertion losses in the router region 1, R2(1, 1), as shown in
Fig. 5, are calculated in Appendix A. The general router model
status determines the status of the router region

LR
i,j(x, y) =

⎧⎨
⎩

Li,j(x, y)Lk
cL

l
b enters optical router

Lk
cL

l
b otherwise

i, j ∈ {0, · · · , 8}, k ∈ {0, 2, 4, · · · }, l ∈ {0, 1, 2, · · · }.

(12)

PR
i,j(x, y) is defined as the optical power output by the jth port

caused by the optical power injected into the ith port in the
router region R2(x, y). This power can be calculated based on
(13), in which Pin

Ri(x, y) is the optical power injected into the
ith input port of the router region R2(x, y)

PR
i,j(x, y) = Pin

Ri(x, y)LR
i,j(x, y)

i, j ∈ {0, · · · , 8}, x ∈ {1, · · · , M}, y ∈ {1, · · · , N}. (13)

NR
i,j(x, y), calculated in (14), is defined as the crosstalk noise

added to the optical signal traveling from the ith port to the jth
port in the router region R2(x, y). KR

i,j,m(si,j(x, y)) is defined
as the crosstalk coefficient introduced by Pin

Rm(x, y) onto the
optical signal traveling from the ith port to the jth port in the
router region R2(x, y) under status s

NR
i,j(x, y, si,j(x, y)) =

8∑
m=0

(
Pin

Rm(x, y)KR
i,j,m(si,j(x, y))

)
i, j ∈ {0, · · · , 8}, x ∈ {1, · · · , M}, y ∈ {1, · · · , N}. (14)

Fig. 5. Router regions defined in the folded-torus-based ONoCs when M
and N are (a) even numbers and (b) odd numbers.

III. Crosstalk Noise in Folded-Torus-Based ONoCs

The worst-case crosstalk noise and SNR of the folded-torus-
based ONoCs are analyzed in this section. The analyses at the
network level are based on the proposed device and router
level models, and hence can be translated into the initial
device level models for validation. The proposed analytical
models at the basic device level can be used in any topology,
while the optical router level models can be adapted to other
topologies as long as a 5×5 optical router is used. However,
the systematic worst-case SNR analysis at the network level is
dependent on the topology; different topologies have various
properties that result in different worst-case SNR analyses.
Furthermore, to analyze the worst-case SNR, the worst-case
statuses of the optical routers, which are not the same in
different topologies, need to be considered. Therefore, while
the same hierarchical approach should be followed, to analyze
the worst-case crosstalk noise and SNR in other topologies,
one needs to analytically model the optical router level based
on the proposed device level models and then apply those
models to study the worst-case SNR at the network level. The
dimension-ordered routing algorithm, which is well known as
the XY routing algorithm, is used in the network. We suppose
that M and N are both even numbers.

An optical signal suffers from power loss when it passes
through a router region. The power loss is caused by the
waveguide crossings, waveguide bendings, and most impor-
tantly, the optical router located inside the region. The power
loss of an optical link is proportional to its hop length. The
more router regions passed by the optical link, the higher
the power loss is. Obviously, the maximum loss link is the
longest one, while the minimum loss link has the shortest
length. It is necessary to find the worst-case SNR in the
network since it determines the feasibility of folded-torus-
based ONoCs. The worst-case SNR link is the one that passes
through as many as possible of the router regions and, at the
same time, has high crosstalk noise introduced by the noise
introducing optical links from neighboring routers. Consider-
ing the previously mentioned conditions, the maximum loss
link may not be the worst-case SNR link; although it suffers
from the highest power loss compared with the shorter links,
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the crosstalk noise power accumulated on the shorter links
can be higher, resulting in worse SNR. We analyze different
optical links that are among the longest in the folded-torus-
based ONoCs to find the wort-case SNR link candidates in the
network.

A. Different Longest Optical Links Analyses

To enable the worst-case crosstalk noise and SNR analyses
in the folded-torus-based ONoCs, some assumptions are made.
First, the power loss for the same input and output pair, but
different optical routers, is the same. Therefore, Li,j(x0, y0)
can be simplified as Li,j , which is the insertion loss of
an optical signal traveling from the ith input port to the
jth output port independent of the optical router location.
This assumption is shown is (15). The same assumption is
valid for the same router regions but in different locations
in the network. Second, we suppose that the signal power
at the injection port of different optical router regions is the
same. Finally, (16) explains the last assumption. Moreover, the
proposed analyses consider the first-order crosstalk noise, as
shown in (17)

Li,j(x0, y0) = Li,j(x1, y1) = Li,j (15)

L0,j0 ≥ L0,j1L(j1+1)mod4+1,j0

j0, j1 ∈ {1, · · · , 4} (16)

Ki0,j0,m0Ki1,j1,m1 ≈ 0

i0, j0, m0, i1, j1, m1 ∈ {0, · · · , 8}. (17)

The insertion loss of different optical links that are among
the longest and the crosstalk noise added to these links needs
to be calculated. We start with the very longest optical link.
Fig. 6 indicates four of the longest optical links in the folded-
torus-based ONoCs, which have the worst-case SNR received
at their destinations. The insertion loss of the longest link
[Fig. 6(a)] is calculated in (18). In this equation, PLR

(x0,y0),(x1,y1)
represents the signal power for the optical signal traveling
from the processor core (x0, y0) toward the core (x1, y1). The
six terms on the right-hand side of the equation represent,
respectively, the input power, the insertion loss from the source
processor to the first router region, insertion losses on the
X-section of the link, the insertion loss at the router region
where the link turns from the X to Y-section, insertion losses
on the Y-section of the link, and the insertion loss at the
router region connected to the destination processor. The first
superscript R stands for the router region and the second one
is the exponent

PLR
(1,1),(M,N) = PinL

R
0,4L

R,N−2
7,4 LR

7,6L
R,M−2
1,6 LR

1,0. (18)

In Fig. 6, the dotted green lines show the crosstalk noise
added to the optical signal at the router level, while the dashed
orange lines illustrate the crosstalk noise added at the network
level. Considering all of the possible traffic patterns, these
noise introduction links are determined in such a way as to
guarantee the worst-case crosstalk noise power received at the
destination of an optical signal. For example, in Fig. 6(a) for
the router region R2(1, 1), the optical signal traveling from

Fig. 6. Longest optical link in an M×N folded-torus-based ONoC. (a) (1, 1)
to (M, N). (b) (1, N) to (M, 1). (c) (M, 1) to (1, N). (d) (M, N) to (1, 1).

the injection port to the east port is mixed with the optical
signals from neighboring router regions into the east and
south ports. Using (14), the power of this crosstalk noise is
NR

0,4(1, 1) = Pin
R3(1, 2)KR

0,4,3 +Pin
R4(1, 3)KR

0,4,4 +Pin
R5(2, 1)KR

0,4,5 +
Pin

R6(3.1)KR
0,4,6. In this equation, for example, Pin

R3(1, 2) =
PinL0,4Lb is the optical power injected into the router region
R2(1, 2); it goes to the eighth port of the same router region,
then enters the third port of the router region R2(1, 1), and
finally mixes with the considered optical signal at this router
region. The crosstalk noise added to the optical signals in
the other router regions can be calculated in the same way.
Also, this approach can be used to translate the crosstalk noise
and crosstalk noise power equations in Appendix B into the
initial device level models. The SNR of the longest optical
link, indicated in Fig. 6(a), can be calculated as shown in
(19). In this equation, PN1 is the crosstalk noise power at the
destination of the longest optical link. The detailed analytical
equations for crosstalk noise power and SNR equations for
the optical links that are among the longest are described in
Appendix B

SNR(1,1),(M,N) = 10 log

(
PLR

(1,1),(M,N)

PN1

)
. (19)

The second, third, fourth, and fifth longest optical links are
illustrated in Figs. 7–10, respectively. We pick four of each
longest optical link which have the worst-case SNR at their
destinations compared with the other links of the same length
and analyze the power loss of each of these optical links. The
signal power at the destination of the second, third, fourth, and
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Fig. 7. Second longest optical link in an M×N folded-torus-based ONoC.
(a) (1, 1) to (M, N-1). (b) (1, N-1) to (M, 1). (c) (M, 2) to (1, N).
(d) (M, N) to (1, 2).

fifth longest links is calculated in (20), (21), (22), and (23),
respectively

PLR
(1,1),(M,N−1) = PinL

R
0,4L

R,N−3
7,4 LR

7,5L
R,M−2
2,5 LR

2,0 (20)

PLR
(2,1),(M,N−1) = PinL

R
0,4L

R,N−3
7,4 LR

7,5L
R,M−3
2,5 LR

2,0 (21)

PLR
(2,3),(M,N−1) = PinL

R
0,4L

R,N−5
7,4 LR

7,5L
R,M−3
2,5 LR

2,0 (22)

PLR
(2,5),(M,N−1) = PinL

R
0,4L

R,N−7
7,4 LR

7,5L
R,M−3
2,5 LR

2,0. (23)

The crosstalk noise added to these optical links can be
calculated following the same principles described for the
longest optical link. The SNR of these longest optical links
is calculated in (24), (25), (26), and (27). In these equations,
PNl is the crosstalk noise power received at the destination of
the lth longest optical link

SNR(1,1),(M,N−1) = 10 log

(
PLR

(1,1),(M,N−1)

PN2

)
(24)

SNR(2,1),(M,N−1) = 10 log

(
PLR

(2,1),(M,N−1)

PN3

)
(25)

Fig. 8. Third longest optical link in an M×N folded-torus-based ONoC.
(a) (2, 1) to (M, N-1). (b) (2, N-1) to (M, 1). (c) (M-1, 2) to (1, N).
(d) (M-1, N) to (1, 2).

SNR(2,3),(M,N−1) = 10 log

(
PLR

(2,3),(M,N−1)

PN4

)
(26)

SNR(2,5),(M,N−1) = 10 log

(
PLR

(2,5),(M,N−1)

PN5

)
. (27)

B. Worst-Case SNR Link Candidates in Folded-Torus-Based
ONoCs

The SNR of the first five longest optical links in the folded-
torus-based ONoCs is analyzed. In this subsection, an effort is
made to find the worst-case SNR link candidates among these
five longest links.

Considering the SNR equation for the fourth longest optical
link, the equation can be rewritten as (28) by grouping the
numerator and the denominator into different parameters [see
(36) and (38) in Appendix B]. Applying (28) to the SNR
equation of the fifth longest link results in the conclusion made
in (29), in which the right-hand side shows the SNR of the
fifth longest link

SNR(2,3),(M,N−1) = 10log

(
a

b1 + b2 + b3

)
. (28)

According to (29) and considering the fact that Q > 1 and
C > 0, it is proved that the SNR of the fourth longest
optical link is smaller than the SNR of the fifth longest
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Fig. 9. Fourth longest optical link in an M×N folded-torus-based ONoC.
(a) (2, 3) to (M, N-1). (b) (2, N-3) to (M, 1). (c) (M-1, 4) to (1, N).
(d) (M-1, N-2) to (1, 2).

one. The worst-case crosstalk noise added to the optical links
shorter than the fourth longest optical link follows the same
mathematical pattern. In other words, the SNR comparison
among the optical links shorter than the fourth one only
depends on the link’s power loss; the shorter the optical link,
the higher the SNR is. On the other hand, there is no explicit
mathematical relationship among the SNR equations of the
first four longest optical links due to the diversity of the worst-
case crosstalk noise mathematical patterns for these links.
Therefore, the worst-case SNR link candidates in the folded-
torus-based ONoCs must be the first, second, third, and fourth
longest optical links in the network. Applying a specific optical
router results in only one worst-case SNR link, which is among
the nominated optical links. The same conclusion is valid when
M and N are odd numbers

a

b1 + b2 + b3
<

Qa

Qb1 + b2 + b3 − C
(29)

where

Q = L−1
4,2L

−6
c

C = L4,3L
M
2 −2

1,3 L1,0(L3M−4
c L

� N−6
2 �

4,2 L
� N−6

2 �
c Nc(2, 4)

+ L3M
c L

� N−7
2 �

4,2 L
� N−7

2 �
c N4,2(2, 5)).

C. Quantitative Simulation

The quantitative simulation of the worst-case SNR link
candidates is performed using MATLAB. Referring to the

Fig. 10. Fifth longest optical link in an M×N folded-torus-based ONoC.
(a) (2, 5) to (M, N-1). (b) (2, N-5) to (M, 1). (c) (M-1, 6) to (1, N).
(d) (M-1, N-4) to (1, 2).

notations in Table I, we employ a waveguide crossing with a
size of 450 nm × 200 nm and with Lc = −0.04 dB, Kc = −40
dB, and Kr

∼= 0 [10]. Moreover, Lp0, Lp1, Kp0, and Kp1 are
−0.005 dB, −0.5 dB, −20 dB, and −25 dB, respectively [12].
Lb is equal to −0.005 dB/90◦ and Kt is equal to −50 dB
[17], [18]. Also, Lp = -0.247 dB/cm [20]. The diameter of
the microresonator is 10 μm. It is assumed that the injection
power, Pin, in different optical routers is the same and is equal
to 0 dBm. The same parameters are used for our case study in
the next section. The proposed analytical models are based on
the notations described in Table I and the above parameters
are used only as an example.

First, the router region model is expanded to the optical
router model in the SNR equations. Moreover, to simplify the
expanded equations, we suppose that all of the insertion losses
are equal; Li,j = L, in which L is the average insertion loss
in the general optical router model. Also, it is assumed that
Ki,j,m = K, where K is the arithmetic mean of the crosstalk
noise coefficients, Kc, Kp0, and Kp1. The resulting equations
are, in the general form, shown in (30). Using the expanded
simplified SNR equations, we perform the quantitative simu-
lation for the longest link as an example. Fig. 11(a) indicates
the SNR of the longest optical link under average loss values
of −0.1 dB and −0.4 dB. The z-axis is reversed to perfectly
show the results. As can be seen, the SNR reduces as the
average loss increases and the network scales. Moreover, one
can see that when M = N, the SNR is the best. This fact is
shown in Fig. 11(b), in which when M × N = C and C is
a constant number, M equals N results in the best SNR. In
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Fig. 11. SNR of the first, second, third, and fourth longest optical links in an M×N folded-torus-based ONoC. (a) Longest link. (b) M×N=256.

other words, symmetric folded-torus-based ONoCs have the
best SNR. Furthermore, closer values of M and N result in
higher SNR. In the same figure, the SNR is almost the same
for M × N = C and N × M = C, which shows the symmetry
feature of the folded-torus ONoCs. Quantitative simulations of
the other candidates can be similarly performed

SNR(x0,y0),(x1,y1)(L, M, N) = 10log

(
PS(L, M, N)

PN (L, M, N)

)
. (30)

In order to find the scalability constraints in folded-torus-
based ONoCs, Fig. 12 indicates the relationship between the
average loss in the general optical router, L, and the network
size when the signal power and the noise power are the same
(SNR = 0 dB) and when M = N, which results in the best
SNR. The loss decreases dramatically with the increase in the
network size. Given the network size and its related average
loss value in this figure, the noise power exceeds the signal
power for higher loss values. Moreover, as shown in this
figure, for network sizes smaller than 6×6, the signal power
is higher than the noise power all the time. However, when
the network size is larger than 12×12, the noise power is
always higher than the signal power, which shows the critical
behavior of crosstalk noise in the folded-torus-based ONoCs.
Table II indicates the related signal power and crosstalk noise
power values for different network sizes in Fig. 12 when
the input power equals 0 dBm. Some of the cells in this
table are empty since the signal power and crosstalk noise
power cannot be equal within the average loss value used
in Fig. 12. For example, when the network size is 6×6,
the average loss value needs to be higher than −3 dB to
make the received signal power and crosstalk noise power
equal at the destination of the third and the fourth longest
optical links.

IV. Case Study

Using our proposed analytical models, we present case
studies of folded-torus-based ONoCs using the optimized
crossbar and Crux optical routers. Moreover, the worst-case
crosstalk noise and SNR of folded-torus-based and mesh-based
ONoCs using these optical routers are compared, utilizing our
novel crosstalk noise and loss analysis platform, CLAP.

Fig. 12. Relationship between the average loss in the general optical router
model and the network size when the signal power is equal to the noise power
in the folded-torus-based ONoCs.

A. Crosstalk Noise and Loss Analysis Platform (CLAP)

Fig. 13 illustrates the internal structure of CLAP. The
publicly released CLAP is implemented in C++, and it is
available online with documentation at [19]. CLAP analyzes
the crosstalk noise power, power loss, and SNR in ONoCs of
any network size at the system level. As can be seen from the
figure, CLAP’s internal structure includes inputs, a CLAP an-
alyzer, outputs, a device library, and a network library. CLAP
has a complete library of photonic devices and BOSEs to
construct arbitrary optical routers and ONoCs, including I/Os,
waveguide crossings, waveguide bendings, waveguides, optical
terminators, microresonators, parallel switching elements, and
crossing switching elements. Folded-torus-based and mesh-
based ONoCs are considered the two network architectures
in the network library. CLAP can easily be extended to
include more ONoC architectures. We consider three input
files in CLAP, including device parameters, router structure,
and network configuration. The power loss values, crosstalk
coefficients, reflectance coefficients, waveguide dimensions,
the microresonator diameter, and the injection power can
be defined in device parameters as inputs. router structure
includes the definition of the optical router structure, while
network configuration consists of the network size, chip size,
and the communication pattern among the processor cores.
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TABLE II

Related Signal Power (Upper Row in Black) and Crosstalk

Noise Power (Lower Row in Red) Values in Fig. 12 When the

Input Power Equals 0 dBm

Fig. 13. CLAP’s internal structure.

Based on our proposed analytical models, the signal power,
crosstalk noise power, and SNR at the destination of a specific
optical signal, defined by the user, can be analyzed in the
CLAP analyzer. The analyzer is optimized to speed up the
computations for large scale ONoCs. CLAP is capable of an-
alyzing the propagation loss at the device, router, and network
levels by using the defined dimensions for the waveguides and
microresonators. CLAP also generates the analytical equations
used to analyze the signal power and crosstalk noise power in
ONoCs.

B. Analyses and Results

The optimized crossbar and Crux optical routers are shown
in Fig. 14. Both optical routers have five bidirectional ports,
including Injection/Ejection, North, East, South, and West. The
SNR of the first four longest links is analyzed and compared
to find the worst-case SNR link in the network. Results show
that the optical links from the processor core (1, 1) toward the
processor core (M, N), shown in Fig. 14(a) and (b), have the
worst-case SNR in folded-torus-based ONoCs using optimized
crossbar and Crux optical routers. As the figures indicate,
the communication pattern that leads to the worst-case SNR
at the destination of the optical links varies when different
optical routers are used. The proposed analytical models are
adaptable to folded-torus-based ONoCs using different optical
router structures since they are based on the general optical
router model. The insertion loss suffered by the worst-case
SNR link in folded-torus-based ONoCs using the Crux optical
router is calculated in (31). In this equation, the first subscripts

Fig. 14. Worst-case SNR links in folded-torus-based ONoCs using (a) Crux
optical router and (b) optimized crossbar optical router.

denote the router input ports, and the second ones show the
router output ports

LSNRmin
= Lin,eL

N
2 −1
w,e Le,sL

M
2 −1

n,s Ls,ejL
3M+3N−4
c L2

b. (31)

The total crosstalk noise power can be calculated by adding
the crosstalk noise from each optical router on the link, while
the total insertion loss of the link is given by (31). The worst-
case SNR in the folded-torus-based ONoCs using the Crux
optical router, depicted in Fig. 14(a), is calculated in (32).
The detailed analytical equations are described in Appendix B.
Following the same approach, the insertion loss and crosstalk
noise added to the worst-case SNR link in folded-torus-based
ONoCs using the optimized crossbar optical router, shown in
Fig. 14(b), can be calculated. The worst-case crosstalk noise
and SNR in mesh-based ONoCs using optimized crossbar and
Crux optical routers were analyzed in [6]

SNRmin,Crux = 10 log

(
PinLSNRmin

PN,Crux

)
. (32)

Using the device parameters defined in Section III-C and
CLAP, we compare the worst-case crosstalk noise and SNR
in folded-torus-based and mesh-based ONoCs using opti-
mized crossbar and Crux optical routers. Fig. 15 depicts the
worst-case SNR comparison between folded-torus-based and
mesh-based ONoCs using the optimized crossbar and Crux
optical routers under different network sizes. As the figure
shows, the SNR decreases when the network scales, and
this reduction is at a more rapid rate when the optimized
crossbar router is used. For example, as shown in Fig. 15, the
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Fig. 15. Worst-case SNR comparison.

Fig. 16. Worst-case signal power and crosstalk noise power comparison.
(a) Using Crux optical router. (b) Using optimized crossbar optical router.

average worst-case SNR in folded-torus-based ONoCs, when
the optimized crossbar router is used, equals −2 dB and, when
the Crux optical router is used, equals 0.1 dB. Furthermore,
the folded-torus has higher worst-case SNR compared with
the mesh, and when the Crux optical router is used, both
architectures have the highest worst-case SNR.

Fig. 16 compares the worst-case signal power and crosstalk
noise power in folded-torus-based and mesh-based ONoCs us-
ing the optimized crossbar and Crux optical routers. According
to this figure, as the network size increases, the worst-case
signal power declines, while the crosstalk noise power in-
creases. Using the optimized crossbar optical router, as shown
in Fig. 16(b), it can be seen that the folded-torus has better
worst-case signal power and crosstalk noise compared with
the mesh, since the hop-length of the worst-case SNR link in

folded-torus-based ONoCs is shorter than that in mesh-based
ONoCs. However, when the Crux optical router is used, as de-
picted in Fig. 16(a), the mesh-based ONoCs have higher worst-
case signal power compared with folded-torus ONoCs, but the
worst-case crosstalk noise power is also considerably higher in
the mesh. The folded torus introduces extra waveguide cross-
ing and bending loss at the network level, which diminishes
the signal power and the crosstalk noise power. Furthermore,
both the signal power and crosstalk noise power are higher
compared with ONoCs using the optimized crossbar router.
This is due to the fact that the Crux optical router introduces
lower power loss compared with the optimized crossbar, which
not only results in better signal power, but also higher crosstalk
noise power. Another important observation is that for the
network sizes larger than 12×12 in folded-torus-based ONoCs
using the optimized crossbar and Crux optical routers, larger
than 6×6 in mesh-based ONoCs using the optimized crossbar,
and larger than 10×10 in mesh-based ONoCs using the Crux
optical router, the noise power exceeds the signal power. For
example, when the network size is 20×20 and the optimized
crossbar optical router is used, the signal power and crosstalk
noise power in the folded-torus-based ONoC are −21.4 dBm
and −13.3 dBm, respectively, and in the mesh-based ONoC
are equal to −30.5 dBm and −10.8 dBm. However, when the
Crux optical router is used, the signal power and crosstalk
noise power in the folded-torus-based ONoC are −9.4 dBm
and −6.1 dBm, respectively, and in the mesh-based ONoC are
equal to −7.1 dBm and −2.8 dBm.

V. Conclusion

Crosstalk noise is an intrinsic characteristic of photonic
devices widely used in constructing ONoCs. For the first time,
we systematically model and analyze the worst-case crosstalk
noise and SNR in folded-torus-based ONoCs. Furthermore, a
novel crosstalk noise and loss analysis platform called CLAP,
which is capable of analyzing crosstalk noise, power loss, and
SNR of arbitrary ONoCs, is presented. The analytical crosstalk
noise and SNR models are hierarchically proposed at the basic
photonic device level, optical router level, and network level.
We consider a general 5×5 optical router model that enables
worst-case crosstalk noise and SNR analyses in folded-torus-
based ONoCs using an arbitrary 5×5 optical router. We prove
that the worst-case SNR link in folded-torus-based ONOCs
is among the first, second, third, and fourth longest optical
links. We also show that when the network size is equal to
a constant number, M×N=C and C is a constant, the best
SNR can be achieved only when M=N. Utilizing the proposed
analytical method, the worst-case crosstalk noise and SNR
of folded-torus-based ONoCs using optimized crossbar and
Crux optical routers are analyzed as case studies. Moreover,
the worst-case crosstalk noise and SNR in folded-torus-based
and mesh-based ONoCs are compared. We also find that
crosstalk noise considerably restricts the scalability of ONoCs;
for example, in the worst-case, when the optimized crossbar
router is used, for the network sizes larger than 12×12 in
folded-torus-based ONoCs and larger than 6×6 in mesh-based
ONoCs, the crosstalk noise power exceeds the signal power.
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0,4,2 + LR

0,2L
R
5,2K

R
0,4,5 + LR

0,4L
R
7,4K

R
0,4,7 + LR

0,7L
R
4,7K

R
0,4,4) x=2,y=3,i=0,j=4

Pin(LR
0,1L

2
cKc + LR

0,5L
2
cKc) x=2, 2p+2 ≤ y ≤ N-2, i=7, j=4

Pin(KR
7,4,0 + LR

0,2L
R
5,2K

R
7,4,5 + LR

0,5K
R
7,4,2 + LR

0,7L
R
4,7K

R
7,4,4) x=2,2p+3 ≤ y ≤ N-5,i=7, j=4

Pin(KR
7,4,0 + LR

0,4L
R
7,4L

R
7,2L

R,3
5,2 KR

7,4,5 + LR
0,7L

R
4,7K

R
7,4,4 + LR

0,5K
R
7,4,2) x=2, y=N-3, i=7, j=4

Pin(KR
7,5,0 + LR

0,2L
R
5,2K

R
7,5,5 + LR

0,7K
R
7,5,4 + LR

0,5K
R
7,5,2) x=2, y=N-1, i=7, j=5

Pin(LR
0,8L

4
cKc + LR

0,4Kc) 2p+1 ≤ x ≤ M-3,y=N-1,i=2, j=5
Pin(KR

2,5,0 + LR
0,4L

R
7,4K

R
2,5,7 + LR

0,7K
R
2,5,4 + LR

0,2L
R
5,2K

R
2,5,5) 2p+2 ≤ x ≤ M-2, y=N-1, i=2, j=5

Pin(LR
0,3L

4
cKc + LR

0,7L
2
cKc) x=M-1,y=N-1,i=2, j=5

Pin(KR
2,0,0 + LR

0,4L
R
7,4K

R
2,0,7 + LR

0,7K
R
2,0,4 + LR

0,6K
R
2,0,1) x=M,y=N-1,i=2, j=0

PN4 = b1 + b2 + b3 (36)

b1 = L
N
2 −3

4,2 L4,3L
M
2 −2

1,3 L1,0L
3M+3N−18
c N0,2(2, 3)

b2 = L4,3L
M
2 −2

1,3 L1,0L
3M−4
c

⎛
⎝ N−2∑

j=2p+2

L
� N−2−j

2 �
4,2 L

6� N−2−j

2 �
c Nc(2, 4)

⎞
⎠ +

L4,3L
M
2 −2

1,3 L1,0L
3M
c

⎛
⎝ N−5∑

j=2p+3

L
� N−2−j

2 �
4,2 L

6� N−2−j

2 �
c N4,2(2, 5)

⎞
⎠

b3 = L4,3L
M
2 −2

1,3 L1,0L
3M
c N4,2(2, N − 3) + L

M
2 −2

1,3 L1,0L
3M−6
c N4,3(2, N − 1) +

L1,0L
2
c

⎛
⎝ M−3∑

i=2p+1

L
� M−1−i

2 �
1,3 L

6� M−1−i
2 �

c Nc(3, N − 1)

⎞
⎠ + L1,0L

6
c

⎛
⎝ M−2∑

i=2p+2

L
� M−1−i

2 �
1,3 L

6� M−1−i
2 �

c N1,3(4, N − 1)

⎞
⎠ +

L2
cL1,0Nc(M − 1, N − 1) + N1,0(M, N − 1)

Appendix

A. Example of Router Region Model
Fig. 17 depicts the router region 1, shown in Fig. 5,

defined for the folded-torus-based ONoCs. Considering (12),

the insertion losses for the router region 1 are calculated in
(33). In this equation, for example, the insertion loss from
the input port I

ip
R0 toward the output port I

op
R3 in the router

region, LR
0,3(x, y), consists of the insertion loss caused by the
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NR
i,j (5th)

(x, y, wsi,j(x, y)) = (37)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pin(LR
0,5K

R
0,4,2 + LR

0,2L
R
5,2K

R
0,4,5 + LR

0,4L
R
7,4K

R
0,4,7 + LR

0,7L
R
4,7K

R
0,4,4) x=2,y=5,i=0,j=4

Pin(LR
0,1L

2
cKc + LR

0,5L
2
cKc) x=2,2p+4 ≤ y ≤ N-2, i=7, j=4

Pin(KR
7,4,0 + LR

0,2L
R
5,2K

R
7,4,5 + LR

0,5K
R
7,4,2 + LR

0,7L
R
4,7K

R
7,4,4) x=2,2p+5 ≤ y ≤ N-5,i=7, j=4

Pin(KR
7,4,0 + LR

0,4L
R
7,4L

R
7,2L

R,3
5,2 KR

7,4,5 + LR
0,7L

R
4,7K

R
7,4,4 + LR

0,5K
R
7,4,2) x=2, y=N-3, i=7, j=4

Pin(KR
7,5,0 + LR

0,2L
R
5,2K

R
7,5,5 + LR

0,7K
R
7,5,4 + LR

0,5K
R
7,5,2) x=2, y=N-1, i=7, j=5

Pin(LR
0,8L

4
cKc + LR

0,4Kc) 2p+1 ≤ x ≤ M-3,y=N-1,i=2, j=5
Pin(KR

2,5,0 + LR
0,4L

R
7,4K

R
2,5,7 + LR

0,7K
R
2,5,4 + LR

0,2L
R
5,2K

R
2,5,5) 2p+2 ≤ x ≤ M-2, y=N-1, i=2, j=5

Pin(LR
0,3L

4
cKc + LR

0,7L
2
cKc) x=M-1,y=N-1,i=2, j=5

Pin(KR
2,0,0 + LR

0,4L
R
7,4K

R
2,0,7 + LR

0,7K
R
2,0,4 + LR

0,6K
R
2,0,1) x=M,y=N-1,i=2, j=0

NX,j =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Pin(Lin,wL3
bL

2
c0Lc1Lp1Kc + Lin,nL

2
bL

2
cLc0Lp0Lp1(Kp0L

2
c + Kc)(1 + LbL

3
cLc0)) j = 1

Pin(Lp0(Kp0L
2
c + Kc)(Lin,nLp0L

6
c + Lin,sLc0L

−D
p )) j = 3

Pin(Lp0(Kp0L
2
c + Kc)(Lin,eLs,nLw,nLp0L

18
c + Lin,sLc0L

−D
p )) j = N − 1

Pin(Lin,e(KcL
2
p0 + Kp0)(L2

c + 1
L2

bLcLc0Lp1L
−D
p
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+Pin(L2
c(Kp0L

2
c + Kc)(

Lin,eLe,sLw,n

L2
c0L

−2D
p

+ Lin,nLs,ejL
4
cLc0Lc1

L2
bLp0

)) j = N

(39)
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⎩

Pin(Lin,nKc(Ls,nLbL
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c + L6

c + 1)) j = 2
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4
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2
s,nL

22
c + Lin,eLw,nLs,nL
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c + Lin,n)) j = N − 2

(40)

NY,i =

⎧⎪⎪⎪⎨
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Pin(Lin,eL
4
c(KcL

2
p0 + Kp0)(L2

c + LbL
4
c0) + Lin,n(

KcL
2
p0+Kp0

LcLc0Lc1L
−D
p

+ Ls,ejLn,sL
6
cKp0

L2
p0L

−D
p

)) i = 3

Pin(Lin,eL
4
c(KcL

2
p0 + Kp0)(L2

c + LbL
4
c0) +

Lin,n(KcL
2
p0+Kp0)

LcLc0Lc1L
−D
p

+ Lin,sLs,ejLn,sLbL
4
cKp0

L2
p0L

−D
p

) i = M − 1

Pin(Lin,sL
2
cKp0 + Lin,eLp0Kc

LcLp1L
−D
p

+ Lin,eL
2
bLc0Lp0(KcL

2
p0 + Kp0)(Lb + L7

cLc0)) i = M

(41)

NC,Y,i =

⎧⎨
⎩

Pin(Lin,eKc(Le,wLbL
8
c + 1)) i = 2

Pin(Kc(Lin,wL4
c + Lin,e)) i = 4

Pin(Lin,eKc(Le,wL2
bL

8
c + Lw,eLbL

10
c + L6

c + 1)) i = M − 2
(42)

optical router from the injection port to the west output port,
L0,4(x, y), and a waveguide bending loss, Lb. The calculations
for the other router regions follow the same principles.

B. Crosstalk Noise and SNR Analytical Equations

We present detailed analytical equations for calculating the
crosstalk noise and SNR of different optical links that are
among the longest. Utilizing (14) and Fig. 6(a), the crosstalk
noise introduced at the router on the X-section and at the
router region R2(x, N) on the Y-section of the longest link
is calculated in (34), given on page 12. In this equation,
wsi,j(x, y) is defined as the worst-case status of the optical
router R(x, y) while considering the statuses of the other
optical routers to guarantee the worst-case crosstalk noise
analyses. In this paper, p ∈ {1, 2, 3, · · · } in the equations.
The crosstalk noise power, PN1, and the SNR received at the
destination of the longest optical link, defined in (19), can be
calculated using (18) and (34). The same procedure can be
used to analyze the SNR for the other three longest optical
links shown in Fig. 6.

Following the same principles discussed for the longest
optical link, the crosstalk noise introduced at the router regions
on the X-section and Y-section of the second and third longest
links can be calculated. Moreover, the crosstalk noise power,

PN2 and PN3, and the SNR received at the destination of these
links can be described based on (20), (21) and the crosstalk
noise accumulated at different optical routers on these links.
Considering the next longest optical links, the crosstalk noise
introduced at the router region R2(2, y) on the X-section and
at the router regions R2(x, N − 1) on the Y-section of the
fourth and fifth longest optical links are calculated in (35) and
(37), respectively, given on pages 12 and 13. Furthermore, the
crosstalk noise power and the SNR received at the destination
of these optical links can be calculated based on (36) for the
fourth longest optical link, and (23) and (37) for the fifth
longest optical link. In (36), the router region is expanded
to the general router model.

Considering the SNR equation of the fourth longest optical
link shown in (26) and the crosstalk noise power added to this
link described in (36), the SNR equation of the fourth longest
optical link can be represented as (38). This equation helps
compare the SNR of the fourth and the fifth longest optical
links. b1, b2, and b3 are defined in (36)

SNR(2,3),(M,N−1) =
a

b1 + b2 + b3
(38)

a = L0,2L
N
2 −3

4,2 L4,3L
M
2 −2

1,3 L1,0L
3M+3N−18
c .
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Fig. 17. Router region 1 defined for the folded-torus-based ONoCs.

Considering the folded-torus-based ONoCs using Crux optical
router and Fig. 14(a), the crosstalk noise added at the optical
router j on the X-section of the worst-case SNR link, NX, is
calculated in (39), given on page 14. Moreover, (40), given on
page 14, calculates the crosstalk noise added at the network
level, NC,X, on the X-section of this link. The crosstalk noise
introduced at the optical router i on the Y-section of the worst-
case SNR link, NY , can be written as (41), given on page 14,
while the crosstalk noise added at the network level, NC,Y ,
is defined in (42), given on page 14. Moreover, the worst-
case crosstalk noise power in folded-torus-based ONoCs using
the Crux optical router can be defined based on (31), (39),
(41), (40), and (42). The worst-case crosstalk noise and SNR
in folded-torus-based ONoCs using the optimized crossbar
optical router can be calculated similarly.
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