IEEE PHOTONICS JOURNAL, VOL. 13, NO. 4, AUGUST 2021

6601012

The Performance Analysis of Thermal Effect in
Mesh-Based Optical Networks-on-Chips

Junxiong Chai, Lixia Fu, Yiyuan Xie

, Member;, IEEE, Tingting Song, Yichen Ye, Bocheng Liu, Li Dai,

and Yong Liu, Senior Member, IEEE

Abstract—Optical networks-on-chips (ONoCs) are the key tech-
nology for the sustainable development of multiprocessors system-
on-chip (MPSoC) in the future. Micro-ring resonators (MRs) are
widely used in ONoCs as key device to select and redirect opti-
cal signals. However, MRs have the inherent property of being
sensitive to environmental temperature. With the fluctuation of
environmental temperature, its resonance wavelength drifts, which
can introduce more loss and crosstalk noise to ONoCs and make
the network performance decline sharply. Therefore, it is very
important to analyze the influence of thermal effect in ONoCs to
solve this problem. In this paper, the theoretical models of loss
and crosstalk noise changing with temperature are established
from device level to network level, respectively. And a series of
network performances of mesh-based ONoCs caused by thermal
effect are systematically modeled and analyzed employing formal
methods. Finally, we conduct case studies for mesh-based ONoCs
using optimized crossbar optical router and crux optical router to
evaluate the proposed method. The simulation results show that
the performance of mesh-based ONoCs declines with the increase
of temperature, such as the decrease of optical signal-to-noise ratio
(OSNR) and the increase of bit error rate (BER), which severely
limits the network scalability. The formal analytical models pro-
vide a criterion for the performance analysis of thermal effect in
ONoCs. In addition, the formal methods have high portability and
scalability, and can provide technical support for future research
work.

Index Terms—Thermal effect, micro-ring resonators (MRs),
optical networks-on-chips (ONoCs), optical crosstalk noise, optical
losses.
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1. INTRODUCTION

PTICAL networks-on-chips (ONoCs) are the new kind
O of networks-on-chip for multi-processors system, which
have the advantages of high bandwidth, low latency and low
loss. And ONoCs can solve the parasitic effect of interconnects
on chip caused by the increase of circuit integration and working
frequency in traditional electrical interconnection network [1].
In ONoCs, silicon-based devices are widely used because of
their characteristics of easy integration, low loss and low cost [2].
Among them, silicon-based micro-ring resonators (MRs), as
essential device for optical signal selection and reorientation,
play important role in the field of optical communication. Gen-
erally, MRs in ONoCs work in two states: resonant (ON) and
non-resonant (OFF). Ideally, MRs in resonant and non-resonant
states should maximize the coupling and passage of optical
signal power.

However, thermal sensitivity is the inherent characteristic of
MRs as photonic device, so their characteristics can be affected
by temperature fluctuates. Previous studies have shown that
chip temperature fluctuates in time and space, and under typical
operating conditions, the steady-state temperature of the whole
chip can vary more than 30 °C [3]. The temperature change
seriously affects the characteristics of MRs, which leads to
the shift of MRs resonance wavelength. When the resonance
wavelength of MRs drifts, it causes the mismatch between
the resonance wavelength and the working wavelength with
valid information, thus introducing additional crosstalk noise
and loss, resulting in the degradation of ONoCs performance.
A large number of studies have shown that the accumulation
of loss and crosstalk noise can affect integrity of information
transmitted in the network and limit the scalability of network,
greatly degrading the network performance of ONoCs [4]-[7].
With the change of temperature on chip, the additional loss and
crosstalk noise caused by thermal effect are inevitably generate
and increase, which further degrades the performance of ONoCs.

Recently, researchers have presented a series of studies for
the thermal effects on ONoCs [8]-[10]. The results show that
the thermo-optic effect of silicon photonic devices on ONoCs
is mainly due to the thermal reaction of silicon. Silicon has
obvious thermo-optic effect, and its effective refractive index in-
creases linearly with temperature approximately. The change of
MRs effective refractive index can directly affect their resonant
wavelength [11], while the loss of optical switching elements in
ONoCs composed of MRs has a corresponding relationship with
resonant wavelength of MRs [12], [13]. The loss of switching
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elements caused by thermal effect is analyzed and dis-
cussed [14]. Moreover, many researchers have analyzed the
impact of thermal variance and how to solve this problem [9],
[15]-[17]. The most common solutions are to cool down the
MRs or thermal tuning [18]. In order to propose a better solution,
it is necessary to analyze the performance of ONoCs affected
by thermal effect. However, there is still lack of a systematic
and comprehensive analysis model for ONoCs performance
problems caused by thermal effects.

In this paper, we start with the basic switching element level,
analyze the loss and crosstalk noise caused by thermal effect
accurately and systematically. Then we model and analyze the
network performance of mesh-based ONoCs caused by thermal
effect at routing level and network level. The main contributions
are as follows: Firstly, based on the temperature dependence of
the MRs, the theoretical models of power loss coefficient and
crosstalk noise coefficient with temperature in optical switching
element are given. Secondly, the formal analytical models of
mesh-based ONoCs loss, crosstalk noise, optical signal-to-noise
ratio (OSNR) and bit error rate (BER) caused by thermal effect
are established. Finally, we evaluate the proposed models by
numerical simulation of mesh-based ONoCs using different
routers. In the numerical simulation process, we use differ-
ent routers and calculate different optical links of mesh-based
ONoCs, and finally find out the worst SNR link to evaluate the
performance of ONoCs caused by thermal effect. The simulation
results show that no matter which router is employed, the perfor-
mance of mesh-based ONoCs will be affected by the temperature
fluctuation, such as OSNR, BER, and network size, etc.

II. CHARACTERISTIC ANALYSIS OF MRS BASED
ON THERMAL EFFECT

The basic photonic devices in ONoCs are switching elements,
which are widely used in optical routers and networks. The MRs
are an important part of the basic optical switching elements.
Therefore, the characteristics of MRs have an important impact
on the performance of ONoCs. Most of the MRs used in ONoCs
are Add-Drop structure, as shown in Fig. 1(a). It consists of a
ring waveguide and two straight waveguides, and two coupling
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(a) Basic structure of the Add-Drop micro-resonator. (b) Transmission spectra of Add-Drop micro-resonator in ON state at 30 °C.

regions are formed between them. The relationship between the
optical fields of the straight waveguide and the ring waveguide
in the coupling region can be expressed as follows:

FE to Jkol| | E

tl _ ‘ J )
E2 jka ta El
Ea| _ t‘b Jky| | Ea 2)
E, Jjky ty| | B3

where k, and k; represent the coupling coefficient in the cou-
pling region, ¢, and ¢; represent the transmission coefficient in
the coupling region. j is an imaginary unit, which indicates the
phase change of 7 introduced in the coupling process between
waveguides. When lossless coupling occurs, k and ¢ have the
following relationship:

K[ +]t% =1 3)

The phase change of an optical signal which satisfies the resonant
condition in the ring waveguide for one circle is as follows:

0=p-2rR= 4772neff)LR

TES

“

where IR, nesr, and A, are the radius, effective refractive
index, and resonant wavelength of the MRs, respectively. (3 is the
propagation constant. For the first coupling domain, the field £;
is set as the reference signal and three equations are established
to solve the field of the other three ports.

E,=t, B+ jkq - Ey (©)
Ey = jkq - By +tq - By (6)

When there is no optical signal input at the Add port, the light
field of E; is obtained by the transmission of the field of Fs
through the ring waveguide.

Ei=FEy -a-t,-exp(j-0) (7

where «is the loss coefficient of optical signal propagating in the
ring waveguide. By combining Eq. (5), (6) and (7), the following
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formulas can be obtained:

to —a-ty-exp(j-0)
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According to the Ejs, the equations of E3 and E; can be
obtained as follows:

6 'ka.a%.ex Q
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So the output light fields of Through port and Drop port are:

to —a-ty-exp(j-0)
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Their corresponding light field energy are:
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MRs can accurately couple the optical signals whose wave-
length is consistent with its resonance wavelength A,.s and
discard other signals, which is one of its main working principles
in ONoCs. The resonance condition of MRs can be described
as:

2 RNesf = Mhres, (M =1,2,3--) (17)

The resonant state is usually called ON state, while nonresonant
state is called OFF state. From Eq. (17), it is known that there is
alinear relationship between the resonance wavelength X,..s and
the effective refractive index n. s . Therefore, when the effective
refractive index changes with temperature fluctuation, the reso-
nant wavelength also changes with temperature fluctuation. The
relationship between A,..s and temperature T can be obtained as:

Apes = )\'7'650 + - (T - TO) (18a)
A, Aresy
_ Znelf o- . p— freso  Zneff (18b)
m Ngroup dT

where A, and Tj are the initial resonance wavelength of MRs

and initial temperature. d";l% is the thermo-optic effects coeffi-
cient of the material, and the thermo-optic effects coefficient of
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silicon is about (1.86 4+ 0.08) x 10~*/K [19], [20]. The Ngroup
is about 4.63 at 1550 nm [14].

The transmission spectra of MRs with resonance wavelength
1550 nm at initial temperature of 30 °C are obtained by FDTD
simulation environment as shown in the Fig. 1(b). The data
of Fig. 1(b) are derived and fitted by the function fitting tool
in MATLAB. The transmission spectral function expression of
Drop port of MRs with resonance wavelength of 1550 nm in ON
state is obtained as follows:

2 2
TT:a1~ewp <_ <)\‘_b1> >+a2-€xp <_ <)\‘_b2) )
C1 C2
( (A—b3>2> ( (k—b4>2>

+az-exp | — +ay4 - exp | —

C3 Cyq

=)
+as-exp | —
Cs

a; =0.1786 by = 1550 ¢; =1.033
az = 04294 by = 1550  co = 1.807
az =0.2715 b3 =1550 ¢35 = 3.395
as = 0.09591 by = 1550 ¢4 = 7.261
as = 0.0267 b5 = 1568 c5 = 54.35

(19)

When the temperature fluctuates, the resonance wavelength of
MRs varies with the temperature, and the Eq. (18) combined with
Eq. (19) can be used to obtain an expression of the transmission
spectrum as a function of temperature.

A—uT T—b
TTT:al-exp<—< K +MO !

A—ul To— b
e ( ( p +uo 2>>
A —uT + pTy — b3\
+as-e p( ( K +MO 3))
< (k MT+MT0—b4>)
+ a4 - exp

2
+ as - exp <— (ANTJF#TObE') ) (20)
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As shown in Fig. 2, The MRs and their initial transmission
spectra are shown as the blue solid line rings and spectral lines,
the virtual MRs and their transmission spectra after wavelength
drift due to thermal effect are indicated by blue dotted line rings
and spectral lines, and the working wavelength with effective
information is represented by yellow dashed lines. In ON state,
at initial temperature, most of the optical signals are coupled by
MRs and output from the Drop port (in Fig. 2, the thickness of
yellow line is used to indicate the power of the coupled optical
signal). As the temperature fluctuates, the transmission spectrum
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of the MRs deviates, so that the transmittance of the working
wavelength from laser decreases (the yellow dotted line that falls
into the transmission line). In this case, only a small portion of the
optical signal is coupled into the MRs, which results in more loss
and crosstalk noise in ONoCs. In the case of large fluctuations
in chip temperature, the thermal effect may even invalidate the
MRs function, and most of the signals are directly output from
the Through port. In the OFF state, almost all optical signals are
output from the Through port at the initial temperature. With
the change of temperature, when the resonance wavelength of
MRs deviates near the working wavelength, a small amount
of optical signals are coupled into MRs and output from Drop
port, resulting in increased loss and crosstalk noise. When the
resonance wavelength of MRs drifts to coincide with the work-
ing wavelength, most of the signals are coupled, which changes
the direction of transmitted optical signal. In conclusion, MRs,
as key components in ONoCs, are highly sensitive to thermal
variations. Additional losses and crosstalk noise are introduced
when the temperature on the ONoCs changes, which eventually
lead to performance degradation or even functional failure of
ONoCs.

III. NETWORK PERFORMANCE ANALYSIS BASED
ON THERMAL EFFECT

Crosstalk noise and insertion loss are unavoidable problems
in ONoCs, especially in large-size networks. They can seriously
degrade network performance and even make ONoCs unable
to communicate. Due to the thermo-optic effect, wavelength
mismatch caused by temperature fluctuation introduces more
crosstalk noise and loss. And these crosstalk and losses are
dynamically changing with temperature. Therefore, the perfor-
mance of ONoCs at different temperatures is different. In this
section, we systematically analyze the network performance
caused by thermal effect from the device level to the network
level.

A. Quantitative Modeling of Basic Optical Elements

In ONoCs, basic optical switching elements are indispensable
for the optical signals to be transmitted to the designated destina-
tion on a predetermined route. These optical elements are mainly
composed of waveguides and MRs to transmit and change the
original transmission direction of the optical signals. Three
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Photonic transmission with thermal variations in MRs. (a) ON state. (b) OFF state.

basic optical element structures including waveguide crossing,
parallel switching elements (PSE) and crossing switching ele-
ments (CSE), as essential component in routers and networks,
are systematically modeled and analyzed in this section. Fig. 3
illustrates the schematic diagram of three basic structures.

The waveguide crossing structure is shown in Fig. 3(e). The
optical signal is input from the Input port and output from Outl
after through the intersection. At the intersection, a small part
of the optical power is output from the Out2 and Out3 or reflect
back to the Input port. This process causes the main optical signal
to suffer a certain loss, and overflow part of the power becomes
a potential interference signal in the ONoCs. The overflowed
optical power is transmitted to other communication channels
and becomes crosstalk noise. The output powers of each port are
calculated through the following equations:

Poy=L.-Pr (21a)
Pos = Po3 =C.- P (21b)
P.=C, P; 21c)

where P is the input power of the optical signal and Pp; is the
output power of the port Outi. L. and C represent the wave-
guide crossing loss coefficient and crosstalk noise coefficient,
respectively.

The PSE in Fig. 3(a) and Fig. 3(b) consist of two parallel
waveguides and a ring waveguide located therebetween. And
the CSE in Fig. 3(c) and Fig. 3(d) are comprised of a waveguide
crossing and a ring waveguide located in the vicinity thereof.
Both of these switching elements include ON and OFF states. In
the ON state, the wavelength of the input optical signal satisfies
the resonance condition of the MRs. Most of the optical power
is coupled into the MRs and output from the Drop port, which
changes the direction of optical signal transmission. In the OFF
state, the wavelength of the input optical signal does not satisfy
the resonance condition of the MRs. Most of the optical signals
travel forward along the original path without deflection. When
the optical signal passes through these two types of switching
elements, it also suffers a certain loss and generates some
crosstalk noise. The output power of Through port and Drop
port are represented by Pr, and Pp, when light signal passes
through PSE, respectively. The following calculation models can
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be obtained.

Pr,on = Cpon - Pr (22a)
Py on = Lpon - Pr (22b)
Pr,off = Lpoff - Pr (22¢)
Pp,orr = Cpogs - Pr (22d)

In the PSE, since the noise generated by the Add port is very
small, so we do not consider it. In Eq. (22), Ly, on, Lposy
and C)p on, Cpofs represent the loss coefficient and crosstalk
coefficient of PSE in ON state and OFF state, respectively.

When the processor core runs at high speed, the temperature
of the chip increases, which drives the resonant wavelength of
the MRs on the chip to drift. This phenomenon results in the
mismatch between the resonance wavelength of MRs and the
working wavelength carrying information, which leads to the
reduction of the transmittance of the working wavelength. There-
fore, the loss coefficient and crosstalk coefficient all change
dynamically with the fluctuation of temperature.

As shown in Fig. 4(a), the working wavelength and the initial
resonance wavelength of MRs are 1550 nm, the MRs are in ON
state, and the blue line is the initial transmission spectrum of
MRs. With the change of temperature, the resonance wavelength

of MRs changes, and its transmission is also changed, as shown
inthe red spectrum. At this time, the transmittance of the working
wavelength decreases (green solid line), which means the loss
coefficient L, ,,, decreases, and the overflow crosstalk noise
Cp,on increases (green dotted line). According to the theoretical
analysis of MRs, the relationship between L, ,, and temperature
T can be expressed as follows:

A — W + Ty — by \ 2
Lyon =a1-exp| — 1

+az - exp (— <)\w _'“TC‘ZMTO —b2>2>
+as-exp (— (Aw _“T:‘MTO —b3>2>

3
+ay-exp ( <kw _“T;:MTO —b4>2>
re <_ <Aw S _b5)2> 23)
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where the A, is working wavelength. The corresponding
crosstalk coefficient C ,, in ON state can be expressed as:

Cpon = Lpono, + Cponpmin 24)

- Lp,on

Here we donotuse 1 — L, ., toindicate the crosstalk coefficient
because we consider the loss caused by the transmission process
and a small part of the optical power spilled from the Add port.
The values of Ly on,,, and Cp on,,,, are —0.5 dB and —25 dB,
respectively [21].

For PSE in OFF state, the loss coefficient L,, , ¢y and crosstalk
coefficient C), ,¢¢ also vary with temperature fluctuation, and
they are closely related to the resonance wavelength A,y  of MRs
in OFF state. If A, ¢ s falls to the right of the working wavelength
(1550 nm), the loss and crosstalk noise do not increase due to
thermal wavelengths deviated. If A  f falls to the left of 1550 nm,
the loss and crosstalk coefficients increase with the thermal drift
of MRs resonant wavelength. As shown in Fig. 4(b), the green
spectral line is the transmission spectrum of MRs in OFF state.
With the fluctuation of temperature, the transmission spectrum
of MRs drifts to the position of purple line or blue line, and the
transmittance of 1550 nm changes (dotted line), so the values of
L,.o5f and Cp o5 also change. The expression of L, ,¢¢ can
be expressed as follows:

vaoff = vaontop + C 30N min

— <a1 - exp <_ (()‘w — AN+ (185150 — dorf) = b1

-ea:p(

Aw — AL) + (1550 — )Loff) — by

+ as -
2

\/ \_/ v \_/
[

Aw — AX) + (1 Aoff) — b
+a3.e;vp< ( 350 ff) 3
3
Aw — AX) + (1550 — Aopf) — b
+aq-exrp < ( B 1) = ba
4
Aw — AL) + (1 Aoff) — b
+a5~e;z:p< ( 550 72 5 >
(25a)
A) = p(T —To) (25b)

The corresponding crosstalk coefficient C), ,,, in ON state can
be expressed as:

Cpoff = Lpoffiop + Cpiof frmin — Lp,ofs (26)

The values of Ly, ofy,,, and C}, o¢y,..,, are —0.005 dB and —20
dB, respectively [20]. In PSE, the negligible crosstalk noise of
Add port is not considered.

Compared with the PSE, CSE can be regarded as a combina-
tion of PSE and waveguide crossing, so the loss and crosstalk
noise of waveguide crossing are inevitably introduced. Accord-
ingly, the power model of the CSE in two states can be obtained
by the power model of the PSE and the waveguide crossing in
two states. The output power of each port of the CSE in ON state
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shown in Fig. 3(c) can be expressed by the following formula.

Pr oon=Cpon-Pr-(Lc(1+Ce-Lpon)+Cr- Lpon-Ce)
(27a)
PDC,on - Lc,on - Pr (27b)
PAC,on - Cp,on : PI : (Cp(]- + Cc . Lp,on) + Cr . Lp70n . LC)
27¢)
PRCA,on = Cp,on . Cr - Pr (27d)

Parameter Lc o, = Lp,on + Cp,(m2 - C,. is the loss coefficient of
CSE in ON state, which can be calculated from the models of
PSE and the waveguide crossing. The CSE in OFF state is shown
in Fig. 3(d). The output power of each port can be expressed as:

Pr.ofr = Leoss - Pr (28a)
Pp.off = (Cposs + Lypogs® - Ce) - Pr - (28b)
Pa off =Cc- Lpors - Pr (28¢c)
Pr.off =Cr+Lyposs” - Py (28d)

The L. sy is the loss coefficient of CSE in OFF state, and it
can be expressed as: L. off = L. - Ly o1 . The reflected power
Pr, of the optical terminator can be written as Pp,, = Cy - Py.

B. Quantitative Modeling of Mesh-Based ONoCs

Based on the proposed thermal effect power models of basic
optical elements, we systematically analyze the models for
mesh-based ONoCs in network levels. The theoretical models
of loss, crosstalk noise and OSNR caused by thermal effect at
network level are established, and the worst SNR link is found
for ONoCs performance analysis. The worst SNR link needs to
satisfy two conditions: (1) The link should have a high power
loss. (2) The link suffers from higher crosstalk noise from other
links.

A M x N mesh-based ONoCs is composed of M x N pro-
cessing cores, M x N five-port routers and several waveguides
connected according to mesh topology, as shown in Fig. 5(a). As
the heart of ONoCs, the performance of router directly affects
the communication quality of the whole ONoCs communication
system. And the router contains many MRs, so the influence of
temperature fluctuation on the chip is absolutely not negligible.
In order to detailedly analyze the effects of thermal effect on
the performance of ONoCs, the performance analysis of routers
based on thermal effect is an indispensable part. Fig. 5(b) shows
ageneral 5 x 5 optical router model used in mesh-based ONoCs,
which is based on dimension-order routing algorithm. The router
has five bidirectional ports represented by I}, and its Injec-
tion/Ejection, North, East, South, and West ports represented by
subscripts 0, 1,2, 3,4 clockwise. The superscript h represents
the input and output state of the port, O denotes input port and
the 1 denotes output port.

When an optical signal is transmitted from port m to port n
of router R(z,y), the output optical power P (x,y) can be
obtained by Eq. (29).
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Pnlf,n(xvy) = PIR(xa y) : Lrﬁ,n(xvy)
Lrlfz,n(x’y) = Lgm” (.’E, y) Ly - Lp
m,n € (0,...,4),x € (1,...., M),y € (1,...,N)

(29a)
(29b)

where the P{*(x,y) and the L[ | (x,y) are input optical power
of router R(x, y) and the insertion loss of the optical signal trans-
mitted from the port m to the port n of the R(z, y), respectively.
And the L[ | (x,y) includes loss L  (x,y) caused by basic
optical elements, waveguide bending loss L; and propagation
loss L, in optical router R(z,y). The L, is a function of optical
signal transmission length L and the waveguide attenuation
coefficient a.

L, =10"2L/10 (30)

When the main signal is transmitted from port m to port n
of router R(z,y), if the other idle port pairs transmit another
optical signal at the same time and there is a path intersection
with the main signal, the crosstalk noise will accumulate on the
main signal. Pﬁm (,y) is defined as the crosstalk noise power
accumulated on the main signal traveling from the port m to the
port n of the router R(z,y).

4

Py, (@y) =Y (Pry(@,y) - Conni(,))
i=0

m,n € (0,..,4),x € (1,.... M),y € (1,...,N)

In Eq. (31), the 7 is the idle port that introduces crosstalk noise,
Chnn,i(,y) is the crosstalk coefficient of the transmission link,
and Py(;)(z,y) is the input optical signal power of port i.

In mesh-based ONoCs, we have to make several assumptions
in order to make it possible to analyze its network performance.
Firstly, we assume that the signal suffers the same loss when

€1y

(a) M x N mesh-based ONoCs. (b) General 5 x 5 optical router model.

6601012

Injection

North

Ejection

East

West

South

(b)

transmitted in the same input and output ports in different

routers. Therefore, the above L%n(ac,y) are represented by
Lﬁ)n, as in Eq. (32a). Secondly, as shown in Eq. (32b), the
value of C), ,,; multiplied by another crosstalk coefficient is
very small and can be ignored. Finally, it is assumed that the
input optical power at Injection ports of the optical router at

different locations is the same as shown in Eq. (32c).

LE (z0,y0) = LE (21,31) = LE (32a)
Cmo,ng,ig : le,nl,h ~ Oa
m07n07i0,m1,n0,i1 S (0,,4) (32b)
Pl (zo,y0) = Pf{(z1,11) = Pf* (32¢)

The information transmission in Mesh-based ONoCs follows
the dimension-order routing algorithm, that is, the optical signal
from the source node to the destination node must first be
transmitted in the X direction and then in the Y direction. During
transmission, optical signals suffer a certain loss when passing
through routers and waveguides in the network. Therefore, the
output optical power when the optical signal is transmitted from
the source node (z, yo) to the destination node (21, y;) can be
expressed as follows:

P(xo,yo)v(xhyl) = PIR ’ L(ﬂfmyo)v(ﬂchyl) ’ LPD (33a)
o (w1 — o) - Ly + (11 — o) - Ly)
Ly, =10 10 (33b)

The Lzg.y0),(x1,y1) a0d Ly, represent the loss caused by the
router and the transmission loss caused by the optical wave-
guide between routers, respectively. And L, and L, represent
the waveguide distances between adjacent two routers in the
x-axis direction and the y-axis direction, respectively. d is used
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Fig. 6.  (a) Crossbar router. (b) Crux router.
to indicate the diameter of Si wafers, there are the following TABLE I

equations:

(M —1)-Ly)* + (N —1)- Ly)* = d° (34)

According to the symmetry and uniformity of the mesh-based
ONoCs, we can assume that M = N and L, = L,,.
V2 d V2 d
2 M-1 2 N-1

Based on the above analysis and references [4], [6], the
crosstalk noise power accumulated in the destination node is
as follows:

L=1L,= (35)

(z1,y1)

PN(mo,yo),(whyl) = Z

(0,%0)

PN (as,s) - Lo, v0), (T1,91)
L(xo,y0), (74, y:)

(36)

which is formed by superimposing the noise accumulated in
each router of the communication link after loss to the desti-
nation node. In Eq. (36), Pn (4, y,) is the crosstalk noise power
assembled in the optical router R(z;, y;) of the communication
link.

The optical signal-to-noise ratio (OSNR) and bit error rate
(BER) can be calculated as important parameters to evaluate the
performance of ONoCs, which are expressed as:

PLL' T
OSNR = 10log (( L ) 37)
N(zo0,y0),(z1,y1)
VOSNR
1 2 [T e
BER= [1- %= dt 38
51—~ ‘ (38)

IV. NUMERICAL SIMULATION AND RESULT ANALYSIS

We take a numerical simulation on the worst SNR links of
mesh-based ONoCs using different routers at different tem-
peratures based on the analytical model mentioned above, and
systematically analyze the performance of mesh-based ONoCs
based on thermal effect. The numerical simulation is based on
the MATLAB environment. And the two optical routers used
are crossbar router and crux router as shown in Fig. 6, they all
conform to the general optical router model previously analyzed.

LosS, CROSSTALK, AND REFLECTANCE COEFFICIENTS

Parameter Value Reference
L. -0.04 dB [22]
L, -0.274 dB/cm [23]
Ly -0.005 dB/90° [24]
Ce -40 dB [22]
C =0 [22]
G -50 dB [25]

In addition, in the simulation example, the Si wafer used is 4
inches [26], the input power is 0 dBm and the other parameters
used are shown in Table 1.

From the analysis in the second section, the worst OSNR link
has the highest loss and the largest crosstalk noise. Although
the longest link contains the most routers and has the highest
loss, it does not necessarily have the highest crosstalk. Based
on these factors, we simulate the different directions of the first,
second and third long links, and find the worst SNR links based
on mesh-based ONoCs. As shown in Fig. 7, the worst SNR links
for mesh-based ONoCs using crossbar and crux router are the
first longest link from the processor core (1, N) to the processor
core (M, 1) and the second longest link from processor core (M,
1) toward the core (1, N-1) respectively when the temperature
changes. The red line in the Fig. 7 represents the path of optical
signal transmission in the worst SNR link, and the yellow dotted
line is the path in which crosstalk noise is introduced.

Fig. 8(a) and 8(b) show the power for the received optical
signal and crosstalk noise of the destination node in mesh-based
ONoCs using crux router and crossbar router at different tem-
peratures, respectively. The X and Y axes correspond to the
network scale M and N, and the Z axes represent the values
of signal power and crosstalk noise power. Fig. 8 shows that in
two networks with different routers, the power of optical signals
received by the target node drops rapidly while the power of
crosstalk noise increases relatively slowly with the increase of
network size. However, when the temperature rises, the speed of
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Fig. 7. The worst SNR links in mesh-based ONoCs using (a) crossbar router and (b) crux router.
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Fig. 8.  Signal power and crosstalk noise power comparison in M x N mesh-based ONoCs using two routers. (a) crux router. (b) crossbar router.

the signal power drops and crosstalk noise power increases are
accelerated significantly. Of course, compared with mesh-based
ONoCs using crux router, the decrease of signal power and the
increase of crosstalk noise power are more obvious in ONoCs
using crossbar router. This is because the crossbar router has a
large insertion loss, which not only reduces the optical signal
power but also the crosstalk noise power in the signal transmis-
sion process.

Using the network performance analysis model based on
thermal effect proposed in this paper, the variation of OSNR
of the worst SNR link in mesh-based ONoCs with temperature
and network size can be obtained. Fig. 9(a) depicts the OSNR of
the mesh-based ONoCs using the crux router, Fig. 9(b) illustrates
the OSNR of the mesh-based ONoCs using the crossbar router.
The X axis and Y axis are, respectively, the network size and
temperature of ONoCs, and the Z axis is the corresponding
OSNR value. Fig. 9 shows that networks using crux router have
better OSNR performance than networks using crossbar router
at the same network size. In addition, with the expansion of
network size and the increase of temperature, the OSNR of the
worst SNR link in the mesh-based ONoCs using both routers
have a downward trend. When the network scale is small, the in-
fluence of temperature on network OSNR performance is weaker

than network size. When the network size increases to a certain
extent, the OSNR for the worst SNR link of mesh-based ONoCs
decreases sharply with the increase of temperature. Compared
with mesh-based ONoCs using crux router, this phenomenon is
more obvious in mesh-based ONoCs using crossbar router. This
is because crossbar routers have more MRs than curx router.
With the enlargement of network size, the number of MRs in the
ONoCs increases dramatically, and the loss and crosstalk noise
caused by fluctuation of temperature also increase sharply.
Moreover, the maximum network size of mesh-based ONoCs
can be obtained by using the criterion that the optical power
output by the destination node of the worst OSNR link is approx-
imately equal to the crosstalk noise power accumulated at that
node. In other words, the OSNR of the worst SNR link is close
to zero. When the network scale is larger than the maximum
network size, the network drop its communication function.
The simulation results show that the maximum network size
of mesh-based ONoCs using crux router is 11 x 11 when the
temperature is 30 °C. As the temperature rises, the maximum
network size gradually shrinks. When the temperature rises to
60 °C, it decreases to 9 x 9. However, the maximum network
size of mesh-based ONoCs using crossbar router at 30 °C is
7 x 7, and when the temperature is 60 °C, it shrinks to 3 x 3.
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Obviously, this is the scalability reduction of network scale
caused by the introduction of more loss and crosstalk noise by
the MRs included in the router with the change of temperature.

Similarly, using the proposed network performance analysis
model, we can get the maximum BER of mesh-based ONoCs
based on thermal effect. Fig. 10(a) and Fig. 10(b) show the
maximum BER of mesh-based ONoCs using crux router and
crossbar router, respectively. According to the Fig. 10, it can be
clearly observed that mesh-based ONoCs using crossbar router
have a higher BER than using crux router, and the BER of
both networks change with the expansion of network size and
the fluctuate of temperature. The change trend of BER with
the increase of network size is that it gradually increases and
eventually tends to a relatively stable value, while the trend
of change with temperature is relatively gentle than that with
network size. And when the network size is small, the trend of
BER with temperature is similar to an S-curve.

In order to further explore the influence of temperature fluc-
tuation on the transmission characteristics of optical signals, we

IEEE PHOTONICS JOURNAL, VOL. 13, NO. 4, AUGUST 2021

OSNR (dB).

Network size (M=N) * 3¢
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Variation of OSNR of the worst SNR link in mesh-based ONoCs with temperature and network size. (a) crux router. (b) crossbar router.
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Maximum BER of mesh-based ONoCs based on thermal effect. (a) crux router. (b) crossbar router.

built mesh-based ONoCs communication transmission systems
using two routers in the optisystem simulation environment
based on the data obtained from the MATLAB simulation envi-
ronment. As shown in Fig. 11, the system consists of signal
module S(t), noise module N(t) and transmission system. In
S(t), we use pseudo random bit sequence (PRBS) generator to
generate pseudo random sequence with bit rate of 10 Gb/s to
simulate the information source in communication. In addition,
we choose a CW laser with 1 mW power and 1550 nm wave-
length as the light source to modulate the signals. In the N(t),
the multi-channel crosstalk noise in the system is simulated by
combining multiple optical signals with different time delays.
Then noise and signal are transmitted simultaneously in the
transmission system. Finally, the transmitted optical signal is
converted into electrical signal by a photodetector.

Fig. 12 shows the eye diagrams of 6 x 6 mesh-based ONoCs
using crux router and crossbar router at different temperatures.
The eye diagrams can intuitively demonstrate the communica-
tion quality of networks. It can be seen from the Fig. 12 that
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with the increase of temperature, the quality of eye diagrams
decreases gradually, which is more obvious in the ONoCs using
crossbar router than in the ONoCs using crux router. This
phenomenon is due to the continuous introduction of additional
crosstalk noise power with the increase of temperature. The
greater temperature changes, the more thermal crosstalk noise
and loss will be introduced. Moreover, there are more MRs in
crossbar router than in crux router, so there are more thermal
noise and crosstalk introduced. This is consistent with our sim-

ulation results above.

During the running of ONoCs, the temperature on the chip

Time (bit period)

(a)

V. CONCLUSION

0

|
“
i

[1]

can fluctuate temporally as well as spatially. This phenomenon

brings extra loss and crosstalk noise to network, which makes

[2]

the network performance decline sharply. In order to propose a

better solution to this problem, it is very important to analyze the

[3]

influence of thermal effect in ONoCs network. In this paper, a
network performance analysis model of thermal effect in mesh-

based ONoCs is proposed for the first time. Specific functional

[4]

relationships between temperature and loss, crosstalk noise are

established. And performance analysis criteria of thermal effect

are proposed from basic optical elements level to network level.
Moreover, based on the simulation environment of MATLAB,

we have established a numerical simulation system to evaluate

the proposed model and found the worst SNR link in the mesh-

based ONoCs. Finally, we employ the system to simulate the

[7]

network performance of thermal effect in mesh-based ONoCs

using crossbar and crux router. The signal power, crosstalk noise

[8]

power, OSNR and BER of the worst SNR link destination node

Time (bit period)
(b)

Eye diagrams of 6 x 6 mesh-based ONoCs at different temperatures using (a) crux router and (b) crossbar router.

in mesh-based ONoCs are analyzed. The simulation results show
that the network performance of mesh-based ONoCs decreases
with the increase of temperature regardless of which router
is used. This indicates that the temperature fluctuation on the
chip can greatly affect the network performance of ONoCs.
The proposed ONoCs network performance analysis model of
thermal effect not only provides analysis criteria for network
performance analysis of ONoCs based on thermal effect, but
also provides technical support for future research of ONoCs.
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