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Abstract— Crosstalk noise is an intrinsic characteristic as well
as a potential issue of photonic devices. In large scale optical
networks-on-chips (ONoCs), crosstalk noise could cause severe
performance degradation and prevent ONoC from communi-
cating properly. The novel contribution of this paper is the
systematical modeling and analysis of the crosstalk noise and
the signal-to-noise ratio (SNR) of optical routers and mesh-
based ONoCs using a formal method. Formal analytical models
for the worst-case crosstalk noise and minimum SNR in mesh-
based ONoCs are presented. The crosstalk analysis is performed
at device, router, and network levels. A general 5 x 5 optical
router model is proposed for router level analysis. The minimum
SNR optical link candidates, which constrain the scalability
of mesh-based ONoCs, are identified. It is also shown that
symmetric mesh-based ONoCs have the best SNR performance.
The presented formal analyses can be easily applied to other
optical routers and mesh-based ONoCs. Finally, we present case
studies of mesh-based ONoCs using the optimized crossbar and
Crux optical routers to evaluate the proposed formal method. We
find that crosstalk noise can significantly limit the scalability of
mesh-based ONoCs. For example, when the mesh-based ONoC
size, using optimized crossbar, is larger than 8 x 8, the optical
signal power is smaller than the crosstalk noise power; when
the network size is 16 x 16 and the input power is 0 dBm, in
the worst-case, the signal power is —24.9 dBm and the crosstalk
noise power is —11 dBm.

Index Terms— Optical crosstalk noise, optical losses, optical
networks-on-chip, signal-to-noise ratio.

I. INTRODUCTION

ITH the increase in the number of integrated processing
Wcores on a single die, processor data rate will quickly
reach several tens of GHz, which results in larger bandwidth
requirement, higher intra/inter-chip transmission time, and
higher power consumption [1]. As scaling helps transistors
to become faster and less power hungry, interconnects are
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not able to keep pace with the performance of the transistors,
thereby creating a performance bottleneck. Switched on-chip
global networks have been proposed as an attractive solution
to mitigate the emerging communication bottlenecks appear in
the current generation of electronic cross-chip point-to-point
interconnects [2]. The International Technology Roadmap for
Semiconductors predicts that interconnects will become the
most critical issue in the near future [3].

Optical networks-on-chips (ONoCs) are based on photonic
technology and use silicon-based optical interconnects and
routers, which are compatible with CMOS technology [4].
Recently, studies have highlighted some advantages of ONoCs,
including great potentials to achieve significantly higher band-
width, lower power dissipation, and lower latency in compar-
ison with electronic NoCs [5].

Several optical on-chip communication architectures and
optical routers have been proposed based on optical
waveguides and microresonators. Silicon waveguide crossing
and microresonator-based photonic switching elements are
extensively used in ONoCs. A major shortcoming of the cross-
ing and microresonator-based switching is crosstalk. Crosstalk
is the result of undesirable coupling between optical signals.
Reference [6] indicated that the waveguide crossings play an
essential role in the network performance degradation. Some
efforts have been made to reduce the crosstalk noise and power
loss in waveguide crossings. Sanchis et al. [7] offered the
method of choosing the optimum crossing angle to reduce
the crosstalk noise. Bogaerts et al. [8] proposed a design
uses parabolically broadened waveguides and a double etch
scheme to reduce lateral refractive index contrast while still
confining the light as much as possible in the crossing region.
Chen et al. [9] proposed 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. [10] presented a design technique for
a compact 5426 x 5426 nm waveguide crossing by using
a 90° MMlI-based waveguide crossing sandwiched by four
identical miniaturized and improved the insertion loss and the
crosstalk noise to —0.21 dB and —44.4 dB at the wavelength
of 1550 nm. Li ef al. [11] demonstrated metal-free integrated
elliptical reflectors for waveguide turnings and crossings.
By employing four symmetric identical elliptical reflec-
tors sharing an intermediate beam focused region in direct
waveguide crossing, the crosstalk noise smaller than —30 dB,
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and high transmission were achieved. An ultracompact
waveguide crossing with negligible crosstalk noise and inser-
tion loss was proposed in [12] in which the waveguide cross is
field with impedance matched metamaterial, which effectively
suppresses the diffraction of the guided mode in the crossing
region.

The crosstalk noise and signal-to-noise ratio (SNR) of the
mesh-based ONoCs using the optimized optical crossbar router
were analyzed in [6]. Moreover, a novel compact high-SNR
optical router, called Crux, was proposed to improve the
scalability of ONoCs. In this paper, the method used in [6]
is developed and generalized to enable the crosstalk noise
and SNR analyses in the mesh-based ONoCs using arbitrary
5 x 5 optical router. In [13], a methodology to characterize
and model basic photonic blocks, which can form full photonic
network architectures, was presented. Reference [14] proposed
a hybrid global router, called GLOW, to provide low power
interconnects considering the thermal reliability and physical
design constraints. Reference [15] indicated that the crosstalk
noise is an intrinsic, serious issue in directional-coupler-
based optical networks. Reference [16] developed a modeling
methodology that describes the optical and electrical behaviors
of silicon photonic devices.

Crosstalk noise is of critical concern to multihop ONoCs,
such as mesh-based ONoCs. For the first time, this paper
proposes the systematical analysis of the worst-case crosstalk
noise and SNR for the mesh-based ONoCs at device, router,
and network levels. The analytical models for the worst-
case crosstalk noise and SNR are proposed. Different longest
optical links in the mesh-based ONoCs are analyzed and their
SNR are modeled to find the minimum SNR link in the
network. All of the analyses are based on a general 5 x5 optical
router model presented in this paper. The general optical router
model can be applied to any other 5 x 5 optical routers. The
case studies of mesh-based ONoCs using optimized crossbar
and Crux optical routers are presented to validate our proposed
method. The conclusions drawn in this paper can indicate
how promising mesh-based ONoCs are among other possible
ONOoCs architectures. The proposed systematical formal model
does not take into account dynamic variations of optical
devices, such as the laser noise and thermal noise.

The rest of this paper is organized as follows. Basic optical
switching elements (BOSEs) and the general optical router
model are described in Section II. Section III includes the
network level analysis to find the minimum SNR link. In
Section IV, the SNR of the minimum SNR link candidates in
mesh-based ONoCs is numerically simulated and compared.
The mesh-based ONoCs using optimized crossbar and Crux
optical routers evaluate the proposed analytical models in
Section V. Finally, we draw conclusions in Section VI.

II. BOSES AND GENERAL OPTICAL ROUTER MODEL

Mesh-based ONoC consists of functional cores and opti-
cal routers that are connected to each other by channels
through the mesh topology. Each router is connected to
four neighboring routers via input and output channels.
The mesh-based ONoC is a hybrid structure, and consists of
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two overlapped networks with the same topology. First, an
electronic network is used for routing control packets based
on packet switching and also controlling optical network.
Second, optical network is responsible for routing payload
packets using circuit switching. The optical data network
and the electronic control network can be implemented in
different layers. The optical and metallic interconnects are all
bidirectional. The architecture can be fabricated using 3-D IC
technologies.

The optical router is the key component in building different
types of ONoCs. Its function is to establish and maintain
optical paths from the source to the destination for an opti-
cal signal, which carries payload data. On the one hand,
the physical limitations imposed by integration necessitate a
compact and low loss design while maintaining the maximum
level of functionality. On the other hand, although these two
requirements are important, the minimum crosstalk noise is
essential since the basic function of ONoC is to faultlessly
transmit information. This section covers device and router
levels analyses.

A. Basic Optical Elements

In the construction of integrated optical circuits, space
restrictions and the desire to operate on multiple input
waveguides necessitate waveguide crossings. Without low-loss
and low-crosstalk waveguide crossings, routing of complex
photonic circuits is difficult or even impossible [8]. In most of
the crossings used in ONoCs, the latitudinal and longitudinal
waveguides are in the same plane. In a perfect crossing
arrangement, optical modes propagate with 100% transmission
from an input waveguide to an output one on the opposite
side of the crossing intersection, with no reflection and with
0% transmission (crosstalk) to the other outputs. However, the
ideal crossing is impossible due to the coupling of the four
branches, or ports, of the intersection in terms of a resonant
cavity at the center. If resonant modes that are excited from
the input port could be prevented by symmetry from decaying
into the transverse ports, then the crosstalk noise would be
eliminated. Nevertheless, the perfect crossing could not be
attained.

Waveguides and microresonators form different types of
BOSEs, which are the key components in optical routers.
Optical routers consist of BOSEs, waveguide -crossings,
waveguides, and optical terminators. Two types of basic 1 x 2
optical switching elements are the parallel switching element
(PSE) and the crossing switching element (CSE). The PSE
is built from a microresonator located between two parallel
waveguides as shown in Fig. 1(b) and (c). The structure
consists of a microresonator adjacently positioned next to a
waveguide intersection is called CSE (Fig. 2). Microresonators
have a certain resonance frequency, derived from the material
and structural properties. Basic optical switching elements can
be powered on (ON state) or off (OFF state) according to the
following.

1) OFF state: The wavelength (15) of the optical signal is

different from the resonant frequency of the ring (Aofr).
The input optical signal propagates from the input port
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Fig. 1. (a) Waveguide crossing. (b) PSE in OFF state. (c) PSE in ON state.

(d) Optical terminator.

TABLE 1
NOTATIONS FOR LOSSES, CROSSTALK, AND REFLECTANCE COEFFICIENTS

Parameter Notation
Crossing loss L.
Propagation loss per cm Lp
Power loss per CSE in OFF state L off
Power loss per CSE in ON state Le,on
Bending loss Ly
Power loss per PSE in OFF state Ly off
Power loss per PSE in ON state Lp,on
Crossing’s crosstalk coefficient K.
Crosstalk coefficient per PSE in OFF state Kp off
Crosstalk coefficient per PSE in ON state Kp,on
Crossing’s back-reflection coefficient Ky
Optical terminator’s reflectance coefficient K;

to the through port when the microresonator is powered
off [Figs. 1(b) and 2(a)].

2) ON state: The switch is turned on by injecting an elec-
trical current into the p-n contacts surrounding the ring
or changing the temperature using the metal-plate based
thermal heating. The resonance frequency (Ao,) of the
microresonator shifts so that the light (1s = Aop), now
on resonance, is coupled into the ring and directed to
the drop port, thus causes a switching action [Figs. 1(c)
and 2(b)].

The waveguide crossing as shown in Fig. 1(a) has an input
port and three possible output ports- outl, out2, and out3.
When two optical signals go through a crossing simultane-
ously, crosstalk will be created at the crossing. Moreover, the
small portion of light will reflect back on the input port. Given
P, as the input optical power, the output powers at outl, out2,
and out3 ports as a function of P, are calculated in (1). In this
paper, Table I helps to understand the notations used in the
equations. In the following equations, Poyut1, Pour2, and Poug
are the output powers at outl, out2, and out3, respectively, and
Pgr. is the reflected power on the input port:

Pout1 = L¢Pin (la)
Powz = Pous = K¢ Pip (lb)
Pr. = K, Pp. (1c)
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Fig. 2. CSE. (a) OFF state. (b) ON state.

The PSE can be either in OFF or ON state [Fig. 1(b) and (c)].
The output powers at the through port (Pr) and drop port (Pp)
as a function of input optical power are calculated based on
(2) for the OFF state and (3) for the ON state. In this paper,
the negligible crosstalk noise on the add port of the PSE is
not considered

PTpse,off = Lp,offPin (2a)
Pppse,oft = Kp,off Pin (2b)
PDpse,on = Lp,onPin (321)
PTpse,on = Kp,onPin (3b)

Pr; = K, Pin. )

The basic function of the optical terminators, Fig. 1(d), is to
avoid the light from reflecting back on the input port. The
reflected power, Pg;, of the optical terminator can be written
as (4).

Compared with the PSE, the CSE has a waveguide crossing
that introduces nonnegligible crossing insertion loss. When
the CSE is in OFF state [see Fig. 2(a)], the output powers
at different ports are calculated based on (5) and when it is
in ON state [see Fig. 2(b)], (6) calculates the output powers.
P4 is the output power at the add port and Prcge indicates the
reflected power on the input port of CSE

Pr cse,off = Le,off Pin (5a)
Ppeseoft = (Kp.oft + L3 o Ke) Pin (5b)
Pacse,off = KcLp oft Pin (5¢)
Prese,oft = KrL? o Pin (5d)
Ppese.on = Le,on Pin (6a)
Prese.on = Kp.on Pin(Le(1+ KeLpon) + KrLponKe) (6b)
Pacse,on = Kp.on Pin(Kc(1 + KeLp.on) + KrLponLe) (6€)
Prese,on = K p.onKr Pin. (6d)

According to Fig. 2(a), when the CSE is in OFF state, the
power loss, L. off, can be calculated based on the models of
waveguide crossing and PSE in OFF state which results in
LcLp off. Moreover, for the ON state, as shown in Fig. 2(b),
the power loss, L. on, can be calculated by using the models
of PSE in ON state and the waveguide crossing which results
in Lpon(l + KpotKZ) + K7 oK. Considering the latter
equation, since crosstalk coefficients are very small numbers
(K;K; =0), L¢on can be approximated by L on.

B. General Optical Router Model

The general optical router model is proposed to analyze
the crosstalk noise and SNR at the router level and later at
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the network level for the mesh-based ONoCs. The proposed
general model, as shown in Fig. 3, is based on a 5 x 5 optical
router and follows dimension-order routing algorithm. It has
five input and five output ports including: Injection/Ejection,
North, East, South, and West. Each port is defined as Ii] where
the subscript i defines the port number. The value of i for
different ports varies from 0 to 4 according to: i = O for the
Injection/Ejection port, i = 1 for the North port, i = 2 for the
East port, i = 3 for the South port, and i = 4 for the West
port. Moreover, j = 0 shows that the port is an input one and

= 1 indicates that the port is an output one. The general
model can be applied to other 5 x 5 optical routers.

L; j(x,y), defined in (7a), is the insertion loss from the ith
port to the jth port in the router R(x,y). In this equation,
Ll.? jR (x, y), as shown in (7b), indicates the power loss intro-
duced by the optical router R(x, y). It includes the switching
power loss, Sr; j(x,y), caused by the switching elements
and waveguide crossings, and 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, Wy; j(x,y), and the propagation loss, L,. We integrate
the propagation loss at the network level into our general
optical router model; when the output port is not Ejection,
Jj # 0, we consider the propagation loss of the waveguide
connects the optical router R(x, y) to the next optical router
as shown in (7a). D is the hop-length and can be calculated
based on (7c) for the homogeneous symmetrical ONoCs. S is
the chip size (cm?) and M x N is the network size

LK (x, ), j=0
Lij(x,y) = (7a)
LOR@, )LD, j#0
Wi
LOF(x,y) = Spi (. )Ly " (7b)
S
D= (7¢)
M x N
i,jef0,...,4), xe{l,...,M}, ye{l,...,N}.

s;i,j(x, y) is the status of the 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) according to the dimension-order rout-
ing algorithm. In this equation, Ig, 119’ Ig, 19, and 10 are the
input ports associated with the output ports [, 1 I I, ! and
I} 4 » respectively. Moreover, —1 is used when the output port
is free. For example, 502 (x, y)(191, Ié), 19, 19 _1) indicates
that there is an optical signal traveling from the south port to
the north port, b = 3, in the router R(x,y) while there is
no signal exists at the ejection, south output, and west output
ports, a = d = e = —1, and the main optical signal is traveling
from the injection port toward the east port, i = 0, j = 2, and
c=0

aec{-1,1,2,3,4}
be{-1,0,2,3,4}
sijx,y)= ( Ib, Id, )ce{ 1,0,4 )
de{-1,0,1,2,4}
ec{-1,0,2}

P; j(x, y), calculated in (9), is defined as the optical power
outputted by the jth port caused by the optical power, Pl.0 (x, ),
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Fig. 3. General 5 x 5 optical router model.

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

Pij(x,y) = P2(x,y)Li ;(x,y)

i,je{0,...,4), xel{l,...., M}, yell,...,N}. (9

Nij(x,y,sij(x,y)), calculated in (10), is defined as the
crosstalk noise added to the optical signal traveling from the
ith port to the jth port, and K; j . (s; j(x, y)) is defined as the
crosstalk noise coefficient introduced by P,g (x, ) to the optical
signal in the router R(x, y) under the status s

Nij(x, .50, (%, ) = P, Y)Ki jo(si j (x, ¥))
+PY(x, K j1(sij (x, )
+PY(x, y)Ki 2051, (x, ¥))
+PY(x, y)Ki ;3051 (x, ¥))
+P)(x, y)Ki ja(si (x, ¥))

i,jel{0,...,4}, xef{l,....,.M}, yef{l,...,

The SNR is the ratio of the signal power to the power of the
noise corrupting the signal and can be written as (11) in which
Ps is the optical signal power and Py is the power of noise

Ps
Py )’

III. NETWORK LEVEL ANALYSIS

N}. (10)

SNR = 1010g( (11)

We analyze the worst-case crosstalk noise and SNR of
the mesh-based ONoCs using the proposed general optical
router model. When an optical signal passes through an optical
router, it suffers from power loss. The maximum loss link
has the longest length and includes the maximum number of
optical routers. By contrast, the minimum loss link includes
the minimum number of optical routers and has the shortest
length. The minimum SNR link determines the feasibility
of an ONoC. Two major conditions should be taken into
consideration for analyzing the minimum SNR link. First,
the minimum SNR link should suffer from high power loss.
Second, it should suffer from high crosstalk noise introduced
by other optical links. Therefore, the longest optical link with
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—— The minimum SNR link @ Optical router

— ——» Noise introduction link

——— Optical waveguide Processor core

Fig. 4.  First longest optical link in an M x N 2-D mesh-based ONoC.
(@ (1, D to M, N). (b) (I, N) to (M, 1). (¢) (M, 1) to (1, N). (d) (M, N)
to (1, 1).

the maximum power loss may not be the minimum SNR link
since shorter optical links may suffer from higher crosstalk
noise which results in worse SNR. Based on these conditions,
we analyze different longest optical links in the mesh-based
ONoCs to find the minimum SNR link. Dimension-order
routing is used in the network.

A. SNR Analyses of Different Longest Optical Links

We consider some assumptions to make the worst-case
crosstalk noise analysis possible. In the mesh-based ONoCs, it
can be presumed that the optical signal loss for the same input
and output pair but in different routers is the same as shown in
(12). Therefore, L; j(x, y) can be simplified as L; ; which is
the loss for the optical signal traveling from the ith input port
toward the jth output port independent of the optical router
location. Multiplying Kj; ;,, by another crosstalk coefficient
results in a very small number which can be estimated as
zero (13). We also assume that the optical signal power at
the injection ports of different optical routers is the same.
Another assumption used in this paper is explained in (14).
These assumptions are used in all of the analyses in this paper

L; j(x0,y0) = Li j(x1,y1) = Li (12)
io, jo, mo, i1, j1,mp € {0,...,4} (13)
(14)

Kio,jo,WloKil,jl,Wll ~ 0,
Lo,jo = Lo, j L(ji+Dmodd+1,jo» Jo,j1 €{1,...,4}.

We start with the first longest optical link in the network.
The power loss of the optical signal traveling from the
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Fig. 5. Second longest optical link in an M x N 2-D mesh-based ONoC.
(@) (1, 1) to (M, N-1). (b) (1, N) to (M, 2). (c) (M, 1) to (1, N-1). (d) (M, N)
to (1, 2).

processor core (xp, yp) to the core (x1, y1) is defined in (15)
in which P is the input optical power and L is the optical
signal loss. Fig. 4 illustrates the first longest optical links in
the mesh-based ONoCs. The power loss of the first optical
link, shown in Fig. 4(a), is calculated in (16). In this equation,
P, is the input optical power

P L(x9,y0),(x1.1)
x0,x1 €{1,...,M}, yo,y1 €{1,...,N}
_ p N-2 M-2
PL(1,1),m,N) = PinLo,2Ly 5" La3Ly 3 L.

15)
(16)

In Fig. 4, the dashed green lines show the optical links
which introduce crosstalk noise to the minimum SNR link.
The communication pattern among the processor cores, shown
in the dashed green lines, is considered in the way to make
the received crosstalk noise at the destination of different
longest optical links as high as possible (the worst-case). In
Fig. 4(a), as an example, for the optical router R(1, 1), the
optical signal traveling from the injection port to the east port
can be corrupted by the optical signals from the neighboring
routers into the south and east ports. Considering the location
of the router, it is obvious that Ko 2,1 and Ko 24, which
are the crosstalk coefficients introduced by Plo (into the
north port) and Pf (into the west port), are zero. Based on
(10), we can define Noa(1,1) = PYKono + PYKoos
as the crosstalk noise added to the optical signal
traveling from the injection to the east port in the router
R(1, 1). The optical signal that introduces crosstalk noise to
the router R(1, 1), travels from the injection port to the west
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[ Pin(Lo.4Ko2.2 + Lo.1K02.3),

Ni,j(lst)(xa Vs wSi,j(X, y)) = Pin(K4,3,0 + L0,1K4,3,3),

Pin(K1,0,0 + L0,2K1,0,4),
Pin(L0,aKop2 + Lo,1K0,2,3),

Ni,j(znd)(xs Y, WSi, j (xa y)) =

Pin(K42,0+ LoaKaps+ Lo, 1K423),
Pin(K42,0+ LoaKapr+ LooLa1L31K423),

Pin(K1,3,0+ Lo,1K1,33+ L02K1,3,4),

Pin(K42,0+ Lo,4aKa22+ Lo,1K4.2.3),

Pin(Ka2,0+ LoaKaz2+ LooLs1L3,1K423),
Pin(K43,0+ LoaKa32+ Lo,1K433),

Pin(K130+ Lo1K133+ Lo2Ki34+ LoaK13,2),
Pin(K1,0,0 + Lo,2K1,0,4 + L0,4K1,0,2),
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x=1,y=1,i=0,j=2
x=1lLye(,N—-1),i=4,j=2
x=1lL,y=N-1,i=4,j=2

x=1,y=N,i=4,j=3 a7

xe(1l,M),y=N,i=1,j=3

x=M,y=N,i=1,j=0
x=1L,y=1i=0,j=2
x=1,ye(,N=2),i=4,j=2
x=1L,y=N-=-2,i=4,j=2
x=1,y=N,i =4,j =
xe(l,M),y=N,i=1,j=
x=M,y=N,i=1,j=0

(20)

—— The minimum SNR link

@ Optical router

———+ Noise introduction link

——— Optical waveguide Processor core

Fig. 6.  Third longest optical link in an M x N 2-D mesh-based ONoC.
(@) (2, 1) to (M, N-1). (b) (2, N) to (M, 2). (¢) (M-1, 1) to (1, N-1). (d) (M-1, N)
to (1, 2).

port in the optical router R(1, 2), then reaches the east port in
the optical router R(1, 1) and then mixes with the optical signal
traveling from the injection port to the east port. The power of
the optical signal injected into the east port of the optical router
R(1, 1) can be calculated as Pé) = Pin Lo 4. Following the same
principle, the power of optical signal injected into the south
port can be written as P30 = PinLo,1. The crosstalk noise for
the other optical routers can be calculated following the same
procedure.

Using (10), Fig. 4(a), and the aforementioned analyses, the
crosstalk noise introduced at the optical routers R(1, y) on the
X-section and at the optical routers R(x, N) on the Y-section
of the first longest link is calculated in (17), as shown at the

top of the page. ws; j(x,y) is also considered as the worst-
case status of the router R(x,y) while considering statuses
of other routers to guaranty the worst-case crosstalk noise
analysis condition.

Considering (11), (16), and (17), the SNR of the longest
optical link traveling from the processor core (1, 1) toward
the core (M, N) in the mesh-based ONoCs can be written as
(18). The same procedure can be applied to analyze the SNR
of the other three first longest optical links indicated in Fig. 4

PLq,1y,M,N
SNR,1),m,n) = 101og (%)

Py1 = Noo(1, DLy 57 LasLy’i?Lig
N-2
+L4,3L§V,1372L1,0L4,2 Z ngzfj Nan(1,2)
=2
+Ng2(1, N — 1)L4,3L?:13_2L1,0 + Na (1, N)L?/’I3_2L1,O

(18)

M-1
+L1,0(Z LYTINL 2, N)) + Ni,o(M, N)
im

PL(I,l),(M,N—l) = Pi“L0,2L2273L4,3L{‘:’3*2L1’0 (19)
PL(1,1),(M,N~1
SNR1,1),(m,n—1) = 101log (# 21
Pyo

Pyy = Noa(1, DLy LasLY P L

N-3
_ N-3—j
+L4sLy5 LyoLan [ D0 Lys" 7 Nao(1,2)
j=2

+N4o(1, N—2)L4,3L11‘f3_2L1,0+N4,3(1, N— 1)LIK3_2L1,0

M—1
+L1,O(Z LY INL 2, N - 1)) + Nio(M, N - 1).
i=2

The second longest optical link needs to be considered as
well. There are totally 16 optical links with the second longest
length in the mesh-based ONoCs. Among these links, four of
them, which are shown in Fig. 5, have the worst-case crosstalk
noise. The power loss of the second longest optical link, shown
in Fig. 5(a), is calculated in (19)

PL1y,(M,N=1) = PinLo,zLZ£3L4,3Lf:1§3L1,0- (22)
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Ni,j(3rd)(X, Y wsi,j(xs )=

Nij aeny s ¥s wsij (x, y)) =

Pin(Lo,3K0,2,1 + L0,4Ko,2,2 + L0,1K0,2,3)>

Pin(K42,0 + L0,3K4,2,1 +L0,4K42,2 + L0,1K42,3),
Pin(K4,2,0 +L0,3K42,1 + Lo,aKa22 +Lo2L41L31K423),
Pin(K4,3,0 + L0,3K4.3,1 + Lo,4Ka32 + Lo,1K4,3,3),
Pin(K1,3,0 + L0,aK1,32 + Lo,1K1,3,3 + L0,2K1,3,4),
Pin(K1,0,0 + L0,2K1,0,4 + L0,4K1,0,2),

Pin(L0,3K0,2,1 + L0,4K0,2,2 + L0,1K0,2,3)»

Pin(K42,0 + L0,3K4,2,1 + Lo,4K422 + Lo,1K42,3),
Pin(K4,2,0 + L0,3K4,2,1 + Lo,4K42,2 + Lo2La,1L31K423),
Pin(K4,3,0 + L0,3K4,3,1 + L0,4K432 + L0,1K4,3,3),
Pin(K1,3,0 + L0,4aK1,32 + L0,1K1,3,3 + L0,2K1,3,4),
Pin(K1,0,0 + L0,2K1,0,4 + L0,4K1,0,2),
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x=2,y=1i=0,j=2
x=2,ye(l,N-=2),i=4,j=2
x=2,y=N-2,i=4,j=2
X=2.y=N—-li=4j=3 (23)
xe@2,M),y=N-1,i=1,j=3
x=M,y=N-1,i=1,j=0
x=2,y=1i=0,j=2
x=2,ye(Il,N=3),i=4,j=2
x=2,y=N-3,i=4,j=2
x=2,y=N-2,i=4,j=3 (26)
xe@2,M)y,y=N-2,i=1,j=3
x=M,y=N-2,i=1,j=0

Based on (10), Fig. 5(a), and by following the same prin-
ciples discussed for the first longest optical link, the crosstalk
noise introduced at the optical routers R(1, y) on the X-section
and at the optical routers R(x, N — 1) on the Y-section of
the second longest optical link is calculated in (20). Using
(11), (19), and (20), the SNR of the second longest optical
link traveling from the processor core (1, 1) toward the core
(M, N — 1) in the mesh-based ONoCs is calculated in (20).

Fig. 6 shows four links out of 36 different third longest
optical links, which have the worst-case crosstalk noise in the
network. The power loss of the first optical link, shown in
Fig. 6(a), is defined in (22). Considering (10) and Fig. 6(a),
the crosstalk noise introduced at the optical routers R(2, y) on
the X-section and at the optical routers R(x, N — 1) on the
Y-section of the third longest optical link is calculated in (23),
as shown at the top of the page. According to (11), (22), and
(23), the SNR of the third longest optical link traveling from
the processor core (2, 1) toward the core (M, N — 1) in the
mesh-based ONoCs can be written as (24)

PL© 1y, (M,N-1
SNR@,1y,(m,n-1) = 10log (%)
N

Py = No2(2, DLy LasLY  Lig

(24)

N-3
- N—3—j
+L4,3L¥3 3LioLsn §L4,2 IN42(2,2)

j=2

+Nya(1, N = 2)La 3Ly Ly o
+N43(2, N — l)L?fle,o

M-1
+L1,o(z LYT' N33, N - 1))+N1,0(M, N -1
i=3

PLG1,N-2) = PuLoLyy  LasLiy " Lio (25)
PL@.1y,(M.N-2
SNR@,1y,(m,n-2) = 10log (#) @7
P4

Pys = Noa(2, DLy LasLY Lo

N—4
- N—4—j
+L4sLy'5 LioLan [ D) Lys " Nan(2,2)
j=2

+N42(2,N = 2)La 3LV Ly o
+N43(2,N = 2Ly Ly

M—1
+L1,O(Z LT3, N - 2)) + Nio(M, N —2).
i=3

—— The minimum SNR link

@ Optical router

———» Noise introduction link

——— Optical waveguide Processor core

Fig. 7. Fourth longest optical link in an M x N 2-D mesh-based ONoC.
(a) (2, 1) to (M, N-2). (b) (2, N) to (M, 3). (c) (M-1, 1) to (1, N-2). (d) (M-1, N)
to (1, 3).

The fourth longest optical links, shown in Fig. 7, are
selected since they have the worst-case crosstalk noise
compared with the other possible fourth longest links. The
power loss of the first optical link, shown in Fig. 7(a), is
calculated in (24) According to (10) and Fig. 6(a), the crosstalk
noise introduced at the optical routers R(2, y) on the X-section
and at the optical routers R(x, N —2) on the Y-section of the
fourth longest optical link is shown in (26), as shown at the
top of the page. Using (11), (24), and (26), the SNR of the
fourth longest optical link traveling from the processor core
(2, 1) toward the core (M, N — 2) in the mesh-based ONoCs
is defined (27).

Finally, we need to consider the fifth longest optical link in
the mesh-based ONoCs. Four of the fifth longest optical links
which have the worst-case crosstalk noise compared with other
possible fifth longest links are shown in Fig. 8. The power loss
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x=3,y=1,i=0,j=2
x=3,ye(l,N=3),i=4,j=2
x=3,y=N-3,i=4,j=2
X=3y=N-2i=4j=3 (29)
xe@B,M),y=N-2,i=1,j=3
x=M,y=N-2,i=1,j=0

——— The minimum SNR link

@ Optical router

———» Noise introduction link

——— Optical waveguide Processor core

Fig. 8.  Fifth longest optical link in an M x N 2-D mesh-based ONoC.
(a) (3, 1) to (M, N-2). (b) 3,N) to (M, 3). (c) M-2, 1) to (1, N-2). (d) (M-2, N)
to (1, 3).

of the first optical link, shown in Fig. 8(a), is calculated in (28)
PL31,(M,N=2) = PinLo,zLZ{4L4,3L/1‘CI§4L1,0 (28)
SNR@,1),u.n—2) = 101og (M) (30)

Pys
Pys = Noa(3, LY 3*LasLy';* L1
N-4
+L4,3L§‘f§4L1,0L4,2 Z LZ;‘*" N42(3,2)
j=2
+N42(2, N — 3)L4,3L11‘f3_4L1,0
+Na3 (B, N —2)LY5 Lo

M—1

+Ll,o(z LYy N — z>)
i=4

+N1,O(M3 N — 2)

Based on (10) and Fig. 8(a), the crosstalk noise introduced at
the optical routers R(3, y) on the X-section and at the optical
routers R(x, N —2) on the Y-section of the fifth longest link is
defined in (29), as shown at the top of the page. Considering
(11), (28), and (29), the SNR of the fifth longest optical link

traveling from the processor core (3, 1) to the core (M, N —2)
in the mesh-based ONoCs is defined in (28).

B. Minimum SNR Link in the Mesh-Based ONoCs

In this section, an effort is made to find the minimum SNR
link candidates among the analyzed optical links. According
to Fig. 4, the whole path (X-section and Y-section) of the
first longest optical link is located at the network edge. In
general, this fact results in less crosstalk noise based on the
second condition for the minimum SNR link in the mesh-
based ONoCs. The same fact applies to the X-section of the
second longest optical link. Although the Y-section can satisfy
the second condition, the X-section is at the network edge
and suffers from less crosstalk noise. We call the optical links
located at the network edge as edge links. On the other hand,
considering Figs. 6-8, the whole optical link path lies inside
the network. We call these links as internal links. The crosstalk
noise added to the internal links follows the same pattern in
the mesh-based ONoCs. Therefore, the SNR of the internal
links relies on the length of the optical link. That is, it can
be proved that by moving further from the first internal link
(third longest optical link) toward inside the network, optical
links become shorter which results in less optical loss and
consequently better SNR.

We try to find the minimum SNR link between the fourth
and the fifth longest optical links, whose SNRs are defined in
(27) and (30). By grouping the numerator and denominator in
(27) into different parameters, we obtain

SNR@,1),(m,N—2) = 10log ( 31

a
by +b2+b3+b4)
where
a=LoaLy;*LasL{’y Ly
by = Ly LasLy;7 Ly o(Lo3Ko1 + LoaKo2o

+Lo,1K0,2,3)
N=5
Ly,

1_L42

by = L4,3L11‘:13_3L1,0L4,2( )(K4,2,0 + Lo,3K42,1

+Lo4K422+ Lo1Ka23) + LasLy’; L1 o(Kano
+Lo3Kap1+ LoaKapo+ Lo2La1L31K423)
+Lf§3L1,o(K4,3,o + Lo3Ka31+ Lo4aKs32
+Lo,1K4,3,3)

1— LY
b3 =Lip (#) (K1,3,0+ Lo,4K132+ Lo,1K133
— L3

+ Lo2K1,3,4)
by = (K1,00+ L02K1,04+ Lo.4K1,0,2).
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Considering (31), the SNR of the fifth longest
optical link, shown in (30), can be represented
as

—1

SNR(3,1),(M,N72)

B _1 (LidbiH+Li batbs | ba=Ni3GN-2)Li oL}

= OHoe ( DR Ll

k(by +b b3 +bys—C
:O.llogl( (b1 + b2) + b3 + bs ) (32)
ka
where
k:Li;

C = N33, N-2)LioLy;*

According to (32), because a, by, by, b3, bs, and C are positive
numbers and k > 1, we can easily conclude (33). In this
equation, the left side indicates the SNR of the fourth longest
link while the right side is the SNR of the fifth longest link.
Based on (33), the SNR of the fourth longest optical link is
smaller than the SNR of the fifth longest optical link in the
mesh-based ONoCs. Following the same principle as shown
in (33), it can be seen that the SNR of the third longest
optical link is smaller than the forth longest optical link in the
mesh-based ONoCs. In this equation, the left side indicates
the simplified SNR of the third longest optical link and the
right side is the SNR of the fourth longest optical link. C’
equals to L4,3L?/’1373L1,0LZ274, and k' equals to L4 5. It can
be seen that C' > 0 and k' < 1

a ka

<
bi+by+b3+bs ~ k(b1 +b2)+b3+bs—C
(33)

ka a
<

kK'by+by+b3+by+C = bi+by+by+bs

Regarding Figs. 6 and 7, both of the third and the fourth
longest optical links are internal links. The crosstalk noise
introduced to these links follows the same pattern (second
condition). Therefore, since the third longest optical link is
longer than the fourth one, which results in higher power loss,
the SNR of the third longest optical link is smaller than the
fourth longest link which is mathematically proved as well.
The same conclusion can be applied to other longest optical
links shorter than the fifth longest link

(34)

-1
SNR(l,l),(M,N)
—0.11og™! K(HHLALLM) | K(LMA2LLM+3_ [ M+4y
7 (I—L)LN+TM-T S ATAG =
K(LNM=2 40 N+M)
T (—L)LNFMT (35)
—1
SNR( 1, m.8-1)
=0.1log”! K (H2LAL>LM) K(LMF2_ M+14 [ M+3)
=0.1log (1—L)LN+M=2 (—L)LN+H=
K(LM+4_LN+M72) K(4LN+M71)
T (—L)LNFM-2 T (1—L)LN+M-2

(36)
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TABLE 11
L0SS VALUES, CROSSTALK, AND REFLECTANCE COEFFICIENTS

Parameter Value Reference
L. -0.04 dB [12]
Lp -0.274 dB/cm [17]

L oft -0.04 dB

Le¢,on -0.5 dB -
Ly -0.005 dB/90° [5]

L, off -0.005 dB [13]

Lp,on -0.5 dB [13]
K. —40 dB [12]

K p,off -20 dB [13]

Kp on -25 dB [13]
K, =0 [12]
K; -50 dB [18]

—1
SNR(Z,I),(M,N—U
=0.1log™! (K(1+2L+L2—LM) K LM+ M+2_] M+3)

(]_L)LN+M—3

(]_L)LN+M—3

_K(LM+N4+3LM+N2)) (37)

(I_L)LN+M—3

According to the mentioned analyses, it is proved that the
minimum SNR link in the mesh-based ONoCs should be
among the first, the second, and the third longest optical links.
From each group of four worst-case longest optical links, we
picked the first link as a candidate for our analyses. The
analyses for the other three optical links in each group are
the same and result in the same conclusion drawn here.

IV. NUMERICAL SIMULATION

In this section, we present the numerical simulations of
the minimum SNR link candidates performed using MATLAB.
Table II shows the example values for the power loss values,
crosstalk coefficients, and reflection coefficients used in this
section and also later in our case study. As mentioned before,
L¢off and L on can be calculated based on the other parame-
ters. It needs to be noted that in order to perfectly indicate the
results, all of the vertical axes are reversed in this section as
well as in the next one.

The insertion losses as well as the crosstalk noise coeffi-
cients are supposed to be equal to simplify SNR equations.
That is, L; j= L and K; j,, = K while K is the arithmetic
mean of different crosstalk noise coefficients K., K off, and
K p.on shown in Table II. Therefore, (18), (20), and (24) can
be simplified as (35)-(37), respectively. In these equations, L
corresponds to the insertion loss and K shows the crosstalk
coefficient.

Fig. 9(a)-(c) shows the SNR of the first, the second, and
the third longest optical links based on the simplified equations
and under the three loss values of —0.1, —0.2, and —0.3 dB.
The increase in the network size results in the increase in
the number of optical routers included in the optical link
and, consequently, smaller SNR. Moreover, the higher the loss
value, the smaller the SNR is. Furthermore, it can be seen that
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Fig. 9.

SNR comparison among the first, the second, and the third longest optical links in an M x N mesh-based ONoC. (a) First longest optical link.

(b) Second longest optical link. (c) Third longest optical link. (d) M x N = 64.

the SNR is the best when M = N. Suppose M x N = C and
C is constant; according to the SNR equations, the best SNR
can be achieved only when M = N. That is, a symmetric
mesh-based network has the best SNR performance. Fig. 9(d)
compares the SNR of the first, the second, and the third longest
optical links when C = 64 and it shows that the best SNR
can be achieved only when M = N = 8. Moreover, the closer
M and N results in better SNR.

The relationship between the SNR and the loss among the
first, the second, and the third longest optical links for the loss
ranges from —1.5 to 0 dB for three different network sizes is
shown in Fig. 10. There are four different regions specified
by the crossing points in this figure. Table III summarizes the
SNR comparison among the first, the second, and the third
longest optical links in different regions shown in Fig. 10. As
the table shows, the minimum SNR link can be the first or
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Fig. 10. Relationship between SNR and the loss among the first, the second,
and the third longest optical links in an M x N mesh-based ONoC.

TABLE III
SNR COMPARISON IN FIG. 10

Region
R1 SNRist < SNRyng < SNR3g
R2 SNRyng < SNRyst < SNR3q
R3 SNRoyng < SNR3yq < SNRyg
R4 SNR3yq < SNRypg < SNRyg

SNR Comparison

2.5 T
¢
\
\
2F i
\
\ .
\ —First longest
_-L5f \ ——Second longest 7
% \ —= Third longest
= |
-0.5 4
Il 1 1 Il 1 Il Il 1 Il
&6  7x7 88 9x9 10x10 1ixll 12x12 13x13 14x14 15xI5 16xl6
Network size
Fig. 11. Relationship between loss and network size when signal power is

equal to noise power (SNR = 0 dB).

the second or the third longest optical link depends on the
value of L. For example, when —1.5 dB < L < —1.2 dB,
the first longest optical link is the minimum SNR link in the
network (the first region); but when —0.2 dB < L < 0 dB,
the third longest optical link is the minimum SNR link (the
fourth region).

Fig. 11 shows the relationship between the power loss and
the network size when the signal power equals to the noise
power (SNR = 0 dB). As can be seen from the figure, the
power loss decreases quickly when the network size increases.
Given a network size and its related loss value in the figure, the
noise power exceeds the signal power for higher loss values.
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Fig. 12. (a) Optimized optical crossbar router. (b) Crux optical router.

Furthermore, in mesh-based ONoCs with the network sizes
larger than 16 x 16, the crosstalk noise power is higher than the
signal power, which indicates the critical behavior of crosstalk
noise in large scale ONoCs.

V. CASE STUDY

The SNR of the M x N mesh-based ONoCs using opti-
mized crossbar and Crux optical routers is analyzed based
on the proposed formal method. We developed an automated
crosstalk analyzer, called CLAP, for optical routers based on
the analyses of the basic optical devices and optical switching
elements.

Fig. 12 shows the optimized crossbar and Crux optical
routers structures. Both routers have five bidirectional ports,
including- Injection/Ejection, East, South, West, and North.
The Injection/Ejection port is connected to a local proces-
sor core through an optical/electronic (O/E) interface. The
analyses indicate that the first longest optical link from the
processor core (1, N) to the core (M, 1) is the minimum
SNR link in the mesh-based ONoCs using optimized optical
crossbar router. However, when Crux optical router is used,
the minimum SNR link is the second longest optical link
from the processor core (1, N) toward the core (M, 2) in
the network. Fig. 13 illustrates the minimum SNR links in the
mesh-based ONoCs using optimized crossbar and Crux optical
routers.

As an example, we present the analyses for the minimum
SNR link in the mesh-based ONoCs using Crux optical
router. On the minimum SNR link, the insertion loss of an
optical router R(i, j) at the X-section, Ly ; ;, and at the Y-
section, Ly;;, for the mesh-based ONoCs using Crux router
is calculated in (38) and (39). Regarding (7), the negligible
propagation loss inside the routers is not considered (W;; ; =
0). For simplicity, Ll.? R is shown as L; ;. On the right side
of these equations, the first subscripts denote the router input
ports, and the second subscripts denote the router output ports.
Based on these equations, the insertion loss suffered by the
minimum SNR link in the mesh-based ONoCs using Crux
optical router can be written as (40). In this equation, the
seven terms on the right side represent, respectively, the input
power, the insertion losses from the source processor to the
first optical router, on the X-section of the link, at the optical
router where the link turns from the X to Y-section, on the
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Fig. 13. Minimum SNR link in mesh-based ONoC using (a) optimized +Ly g Ly LMD Ny

crossbar optical router and (b) Crux optical router.

Y-section of the link, at the optical router connected to the
destination processor, and the propagation loss. A chip size of
10 x 10 mm? is considered

LinwLD, i=1,j=N

Ly;;= (38)
LgwLlb, i=1,3<j<N-1
LE,SLl?a l=1’]:2

Ly;;j= LN,SL,I,), 2<i<M-1,j=2 (39)
LygiLD, i=M,j=2.

Crosstalk noise will be introduced by the optical signal
on the minimum SNR link and optical signals on the other
links crossing the minimum SNR link through optical routers.
The crosstalk noise introduced at the optical router j on the
X-section of the minimum SNR link, Ny, is shown in (41),
as shown at the top of the page. The introduced noise at the
optical router i on the Y-section of the link, Ny, is described in
(42), as shown at the top of the page. In these equations, Pjj, is
the optical input power at the injection port. The total crosstalk
noise power can be calculated by summing the crosstalk noise
from each Crux router on the link, while the total power loss
of the link is given by

PLSNRmin,CruX
= Py Lin,WLg,_‘/S LE’SL%,EZLN’E]' LI?(M+N73) . (40)

+LN,E] (Z LM 1- ng(M_l_i)NY,2)~

We study the relationship between the network size, the
crosstalk noise, and the SNR in the mesh-based ONoCs using
the optimized crossbar and Crux optical routers. Numerical
simulations are performed using MATLAB. Fig. 14(a) and (b)
shows the power of optical signal and crosstalk noise at the
destination on the minimum SNR links in the mesh-based
ONoCs using optimized crossbar and Crux optical routers,
respectively. We find that as the network size increases, the
optical signal power received by the destination processor
core drops quickly, and the crosstalk noise power increases
relatively slow. The reduction in the signal power and the
increase in the crosstalk noise power are substantially higher
in the mesh-based ONoCs using optimized crossbar. This is
due to the large insertion loss of the optimized crossbar, which
not only attenuates optical signals but also the crosstalk noise.
Using optimized optical crossbar, when the ONoC size is
larger than 8 x 8, the optical signal power is smaller than
the crosstalk noise power. For instance, when the network
size is 16 x 16 and Pj, equals to 0 dBm, the signal power
is —24.9 dBm, and the crosstalk noise power is —11 dBm.
Comparing with the optimized crossbar, mesh-based ONoCs
using Crux router have higher signal power as well as crosstalk
noise as indicated in Fig. 14(b). In the mesh-based ONoCs
using Crux optical router when the network size is larger
than 12 x 12, the noise power is higher than the signal
power. For example, when the network size is 16 x 16 the
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Fig. 14.
(a) Optimized optical crossbar router. (b) Crux router. (c) SNR comparison.

signal power and the noise power are —5.9 and —3.6 dBm,
respectively.

The minimum SNR comparison in the mesh-based ONoCs
using the optimized crossbar and Crux optical routers is shown
in Fig. 14(c). This figure shows that as the network size
increases, minimum SNR considerably decreases in the mesh-
based ONoCs using optimized crossbar while this decline is
relatively slow in the mesh-based ONoCs using Crux router.
For example, when the network size of the mesh-based ONoC
using optimized optical crossbar is 6 x 6, the minimum SNR is
3.5 dB and when it is 16 x 16, the minimum SNR will decrease
to —13.9 dB, which indicates that the crosstalk noise power
is higher than the optical signal power. However, the mesh-
based ONoC using Crux has the SNR of 4.8 and —2.4 dB
under the same network sizes, respectively. Considering the
SNR comparison shown in Fig. 14(c), it can be concluded
that the optical router design can highly improve the SNR
performance of mesh-based ONoCs.

VI. CONCLUSION

Crosstalk noise is an intrinsic characteristic of photonic
devices used by ONoCs. In large scale ONoCs, crosstalk
noise could cause severe performance degradation and prevent
ONoCs from communicating properly. For the first time,
we presented a systematical formal method to analyze the
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Signal power, crosstalk noise power, and SNR comparison in M x N mesh-based ONoCs using the optimized crossbar and Crux optical routers.

crosstalk noise and SNR of the optical routers and mesh-based
ONoCs. A general 5 x 5 optical router model was proposed,
which can be applied to any other 5 x 5 optical routers for
their crosstalk noise and SNR analyses. The analyses were
performed at device, router, and network levels, and were
based on the proposed general optical router model. Different
longest optical links in the mesh-based ONoCs were analyzed
to find the minimum SNR link. We proved that the minimum
SNR link in the mesh-based ONoCs should be among the first,
the second, and the third longest optical links. We showed
that when the network size is equal to a constant number,
M x N = C and C is a constant number, the SNR is the best
only when M = N. Finally, we used the case studies of the
mesh-based ONoCs using the optimized crossbar and Crux
optical routers to evaluate the proposed analytical models.
We also showed that the SNR performance of the mesh-
based ONoCs highly relies on the optical router design. The
conclusions drawn in this paper indicate how promising mesh-
based ONoCs are among other possible ONoCs architectures.
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