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Abstract—The performance of multiprocessor systems, such as
chip multiprocessors (CMPs), is determined not only by individual
processor performance, but also by how efficiently the processors
collaborate with one another. It is the communication architecture
that determines the collaboration efficiency on the hardware side.
Optical networks-on-chip (ONoCs) are emerging communication
architectures that can potentially offer ultra-high communication
bandwidth and low latency to multiprocessor systems. Thermal
sensitivity is an intrinsic characteristic of photonic devices used
by ONoCs as well as a potential issue. This paper systematically
modeled and quantitatively analyzed the thermal effects in ONoCs.
We used an 8
8 mesh-based ONoC as a case study and evaluated the impacts of thermal effects in the average power efficiency
for real MPSoC applications. We revealed three important factors
regarding ONoC power efficiency under temperature variations,
and proposed several techniques to reduce the temperature sensitivity of ONoCs. These techniques include the optimal initial setting of microresonator resonant wavelength, increasing the 3-dB
bandwidth of optical switching elements by parallel coupling multiple microresonators, and the use of passive-routing optical router
Crux to minimize the number of switching stages in mesh-based
ONoCs. We gave a mathematical analysis of periodically parallel
coupling of multiple microresonators and show that the 3-dB bandwidth of optical switching elements can be widened nearly linearly
with the ring number. Evaluation results for different real MPSoC
applications show that, on the basis of thermal tuning, the optimal
device setting improves the average power efficiency by 54% to 1.2
pJ/bit when chip temperature reaches 85 C. The findings in this
paper can help support the further development of this emerging
technology.
Index Terms—Multiprocessor, optical interconnect, optical network-on-chip, temperature sensitivity, thermal effect.

I. INTRODUCTION

W

ITH the burgeoning complexity of multiprocessor systems, such as chip multiprocessors (CMPs), tens and
even hundreds of processor cores are required to be integrated
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on a single chip. The performance of multiprocessor systems
is determined not only by the performance of their processors,
but also by how efficiently they collaborate with one another. It
is the communication architectures that determine the collaboration efficiency on the hardware side. An efficient on-chip
communication architecture can help fully utilize the computation resources offered by multiple processor cores on a CMP.
On-chip communication architectures have gradually moved to
network-on-chip (NoC) to alleviate the problems of poor scalability, limited bandwidth, and high power consumption in traditional interconnection networks [1], [2].
As semiconductor technologies continually shrink feature
sizes and new applications demand even more on-chip communications, conventional metallic interconnects are becoming
the bottleneck of NoCs. As an emerging communication architecture for new-generation multiprocessor systems, optical
networks-on-chip (ONoCs) are based on photonic technologies,
and can potentially offer ultra-high communication bandwidth,
low latency, and high energy efficiency. Recent developments
in nanoscale silicon photonic devices substantially improve the
feasibility of ONoCs [3]. However, as an intrinsic characteristic
of photonic devices, thermal sensitivity is a potential issue in
ONoC designs. Chip temperature fluctuates temporally as well
as spatially, and the steady-state temperature can vary by more
than 30 C across a chip under typical operating conditions
[4]. As a result of thermo-optic effect, on-chip temperature
variations can affect the characteristics of photonic devices.
Such thermal effects can potentially cause ONoC performance
degradation and even functional failure under large chip temperature fluctuations. An ONoC thermal model is required to
fully understand these challenges and help further develop this
emerging technology.
This work presented a system-level analytical thermal model
for general ONoCs based on our earlier work [5], and quan8
titatively studied the impacts of thermal effects in an 8
mesh-based ONoC under real MPSoC applications. Our analysis shows that on-chip temperature fluctuations can dramatically reduce the worst-case power efficiency of ONoCs especially those have a large number of switching stages. Based on
the ONoC thermal model, we revealed three important factors
regarding ONoC power efficiency under temperature variations,
including the initial setting of photonic devices, the number
of switching stages in the ONoC architecture, and the bandwidth of optical switching elements. Several techniques were
proposed to reduce the temperature sensitivity of ONoCs, including the optimal setting of microresonator resonant wavelength, increasing the 3-dB bandwidth of microresonators by
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parallel coupling multiple rings, and the use of passive-routing
optical router Crux to minimize the number of switching stages
in mesh-based ONoCs. Other related low-temperature-dependence techniques such as thermal tuning and microresonators
with low temperature-dependent wavelength shift are also considered in our analysis. To better study ONoC characteristics,
a NoC traffic benchmark suit based on realistic MPSoC applications is used for network simulation, including SPEC fpppp,
H.264 decoder with high resolution, sample rate converter, and
satellite receiver. For each application, an offline optimization
approach is applied for task mapping and scheduling onto an 8
8 optical mesh NoC-based MPSoC. We evaluated the average
power efficiency under different combinations of device setting and low-temperature-dependence techniques. Evaluation
results show that by properly setting the initial device conditions, the power efficiency is improved by 54% to 1.2 pJ/bit
(under 30 C spatial temperature variation) on average of the
four MPSoC applications.
The rest of paper is organized as follows. Section II gives
a survey of related works on ONoCs and the investigations of
thermal sensitivity in photonic devices. Section III proposes
the ONoC thermal model based on detailed analysis of thermal
effects in each individual component of a general ONoC.
Section IV presents different techniques to reduce the temperature sensitivity of ONoCs. In Section V, we use a mesh-based
ONoC as a case study and quantitatively analyze the temperature-dependent average power efficiency under different real
MPSoC applications. Section VI draws the conclusions of this
work.
II. RELATED WORKS
With the booming developments in nanoscale silicon photonic technologies for short-haul communication, different
ONoC architectures have been developed based on optical
waveguides and microresonators. Kirman et al. proposed a
hierarchical optical bus for multiprocessor systems [6]. Briere
et al. presented a multistage ONoC with a passive-switching
—router [7]. Beausoleil et al. proposed a crossbar-based
ONoC [8]. Shacham et al. proposed an augmented-torus ONoC
based on 4
4 optical switches [9]. Mo et al. proposed a
hierarchical mesh-based ONoC [10]. Pasricha et al. presented
an ONoC based on an optical ring with bus protocol standards
[11]. Pan et al. proposed an optical crossbar with localized
arbitration [12]. Gu et al. proposed a fat-tree based ONoC [13].
Cianchetti et al. proposed an optical network based on low-latency predecoded source routing [14]. Kodi et al. proposed an
ONoC architecture with static routing and wavelength allocation [15]. Ding et al. presented an optical routing framework
to reduce the power consumption of ONoCs [16]. The total
cost of on-chip optical modulator is formulated and minimized
with the technique of integer linear programming under various
detection constraints. Batten et al. proposed an optical mesh
based on a hybrid optical-electrical global crossbar, where
processing cores and DRAM are divided into sub-mesh and
connected with the optical crossbar [17].
Though ONoCs offer a new approach to empowering
ultra-high bandwidth with low power consumption, there are
also voices of concern about the reliability of optical intercon-
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nection for on-chip applications. An investigation of thermal
issues of on-chip optical interconnects shows that, with the
consideration of thermal regulation power, optical interconnects may not have advantages in power efficiency as compared
with their electrical counterpart [18]. Another work analyzed
the reliability challenges in nanophotonic on-chip networks
and proposed a run-time reliability management solution [19].
The proposed hardware-software management technique uses
device-level voltage tuning to compensate intra-core fabrication-induced process variation and intra-core temperature
variation. For inter-core variations, system-wide work migration is combined with dynamic voltage and frequency scaling
(DVFS) for temperature control and performance optimization.
More device-level investigations of thermo-optic effect have
been carried out in literature. As a result of thermo-optic effect, material refractive index changes with temperature. For
example, the thermo-optic coefficient (dn/dT) of silicon is on
the order of
K. This will cause changes in silicon-based
photonic device characteristics under temperature variations.
The temperature-dependent wavelength shift in silicon-based
microresonators is found to be about 50–100 pm/K, which is
non-negligible in practical use [20]–[22]. As a widely used device in ONoCs, microresonator performs as a wavelength-selective optical switch or modulator. The undesired wavelength mismatch caused by temperature variation will result in additional
optical power loss. Thermal tuning by local microheaters is an
alternative solution to compensate the temperature-dependent
wavelength shift for microresonators. And the tuning efficiency
in current technology is on the order of several mW/nm [23],
[24]. Besides thermal tuning, there are also researches of passive
compensation techniques for microresonators. Microresonators
with low temperature dependence or even athermal microresonators have been demonstrated in literature [25], [26]. The
main idea of these techniques is to apply proper polymer materials (with negative thermo-optic coefficient) as upper cladding
of silicon microresonators, or using slot waveguide structure.
Other optical link modules such as laser source and optical
receiver are also sensitive to temperature variations. Investigations of the temperature sensitivity of vertical cavity surface
emitting laser (VCSELs) show that the temperature-dependent
wavelength shift is comparable to or even larger than that of
microresonators [27], [28]. Further more, because of the mutual shift between lasing wavelength and peak material gain
wavelength under temperature variations, VCSEL power efficiency degrades seriously at high temperatures [29]. There are
also investigations of the temperature-dependent behaviors of
Ge-based photodetectors [30], [31]. Temperature sensitivity of
the whole ONoC should be considered during ONoC architecture design and power efficiency evaluation. In this work, an
ONoC thermal model was developed based on the analysis of
thermal sensitivity for every optical link module, and several
techniques were proposed to reduce the temperature sensitivity
of ONoCs. We used an 8
8 mesh-based ONoC as a case
study and evaluated the thermal effects in the average power
efficiency for real MPSoC applications.
III. ONoC THERMAL MODEL
ONoCs rely on optical signals to communicate payload
data as well as control information among processor cores and
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Fig. 1. Overview of the optical link in ONoCs connecting two electronic domains.

memories. In different ONoC architectures, optical signals are
transmitted through different optical links between sources
and destinations. Most ONoC architectures employ photonic
devices which can be integrated with existing CMOS-based
processor cores either through CMOS-compatible fabrication
processes or bonding technologies. Despite the architecture
diversity, an optical link in ONoCs is generally composed of an
optical transmitter, an optical path, and an optical receiver (see
Fig. 1). The optical transmitter can convert electrical signals
into optical signals by directly modulating the driving current
of a VCSEL [29] or using an optical modulator. In this work,
we assume to use VCSELs as the laser source for ONoCs and
use 3-D integration technology to connect VCSELs with the
underlying CMOS driver circuits through TSVs (through silicon via). The output power of VCSELs is directly modulated
by the driving current. The optical receiver uses photodetectors
to convert optical signals into electrical signals used by processors or memories in electronic domains. A typical receiver also
includes transimpedance amplifier (TIA) and limiting amplifier
(LA) circuits for current-to-voltage conversion and voltage
amplification. On the optical path between the transmitter and
receiver, multiple switching elements switch optical signals
in stages onto a series of optical waveguides until reaching
the destination. Microresonator-based add-drop filters have
been widely used as the switching element to perform the
switching function in ONoCs [9], [12], [13]. In this work, we
focus on how temperature variations affect the characteristics
of photonic devices in ONoCs. We systematically analyzed
the relationship between different components and presented
related characteristics from a system-level point of view, which
also served as the necessary basis for our ONoC thermal model.
A. On-Chip Temperature Variation and Thermo-Optic Effect
The absolute temperature and temperature fluctuations
across the chip die have been major concerns in chip design
and packaging because a high temperature could cause performance degradation and even functional failures in CMOS
circuits. Transient thermal analysis shows that chip temperature
responds power changes quickly at the beginning and takes a
relatively long time to reach the steady state [32]. Steady-state
chip temperature also varies spatially because of the nonuniform power densities across the chip as well as the limited

thermal conductivity of the die and packaging materials. For
example, in Intel Itanium processor which is under stringent
thermal management, while some part of the chip can be
maintained at a relatively low temperature of 60 C, the other
part of chip can still reach about 88 C [33]. In general, the
maximum junction temperature on chip is 25 C higher than
the average [34], and chip temperatures can vary by more than
30 C across the chip under typical operating conditions [4].
As a result of thermo-optic effect, material refractive index
is temperature dependent and follows (1), where
is the refractive index at room temperature,
is the thermo-optic
coefficient of the material, and
is the temperature variation
(1)
Physical measurements show that the thermo-optic coefficient of silicon is on the order of
K and is nonlinear over
a large temperature range at 1550 nm wavelength [35]. Within
the chip temperature range, the second-order polynomial interpolation of the measurement results follows (2), where the temperature is in Kelvin

(2)
Since refractive index is an important device parameter, the
thermo-optic effect will cause changes in device characteristics.
For microresonator, the resonance wavelength is directly governed by the effective refractive index, and the resonance wavelength red-shifts with increasing temperatures. For VCSELs,
the emission wavelength will also shift with changing temperatures. In the following sessions, we will systematically analyze
the thermal sensitivity for each optical component in a general
on-chip optical interconnect and develop a thermal model for
ONoCs.
B. Thermal Sensitivity of Optical Transmitters
Optical transmitters convert electrical signals into optical
signals by either directly modulating the driving current of
VCSELs, or using an optical modulator. Optical modulators
can be used to indirectly modulate the optical signal outputted
by VCSELs or off-chip laser sources. VCSELs are a good
candidate for on-chip laser source because of the low power
consumption, high modulation bandwidth and manufacturing
advantages. For 1550-nm VCSELs, data rates beyond 10
Gbps have been demonstrated [29]. The single-mode output
of VCSEL is on the order of several mW. As demonstrated
in [36], VCSELs can be bonded to CMOS integrated circuits.
Assume that every VCSEL is of 55 m diameter, 64 VCSELs
need a total area of 0.2 mm . Based on the rapid technology
advancements in recent years, VCSELs provide an opportunity
for better integration and are chosen by many ONoC architectures to fully integrate ONoCs on CMPs. The characteristics of
VCSELs are sensitive to temperature changes. As for off-chip
lasers equipped with temperature control units, the laser can be
set at a fixed wavelength but it consumes extra power. In this
work, since we focus on thermal aspects, we assume VCSELs
as the laser source and consider their thermal variations when
developing the ONoC thermal model.
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As in (3), the emission wavelength
is determined by
the cavity resonance, where
is the spatially averaged refractive index of the laser cavity,
is the cavity length, and
is the resonance order [27]. The temperature-dependent wavelength shift of VCSEL emission is mainly governed
by the change of
under temperature variations
(3)
For VCSELs in the emission wavelength range 800–1000 nm,
the temperature-dependent wavelength shift of the cavity resonance is typically found to be 0.07 nm C, and the shift of the
peak material gain wavelength is about 0.32 nm C [27]. The
investigation of a 1300 nm VCSEL shows a similar result [28].
Besides the temperature-dependent wavelength shift, the
power efficiency of VCSELs degrades with increasing temperature as a result of thermal effects on the threshold current
and slope efficiency. Because of the different temperature-dependent shift of cavity resonance and peak gain, a mutual
shift between the lasing mode and gain spectrum occurs when
temperature changes. The misalignment causes the threshold
current
of VCSEL to increase with temperature following
an approximate parabolic shaped curve shown by (4), where
is the minimum threshold current, is a coefficient related
to the gain properties, and
is the temperature at which the
cavity resonance is spectrally aligned with the peak gain [37]
(4)
If the driving current is above the threshold, the output power
will increase approximately linearly with the driving current.
Slope efficiency is the incremental increase in output power for
an incremental increase in driving current. The slope efficiency
decreases approximately linearly with an increasing temperature, and can be expressed by (5), where is the slope efficiency
at 0 C, and is a positive coefficient
(5)
For the VCSEL demonstrated in [29], when the temperature
changes from room temperature to 80 C, the slope efficiency
decreases from 0.36 to 0.23 mW/mA, and the maximum emission power decreases from 4 to 1.5 mW correspondingly. We
take the degradation of VCSEL power efficiency into account
when developing the ONoC thermal model, based on the LIV
characteristics of VCSELs demonstrated in [29].
C. Thermal Sensitivity of Switching Elements
On the optical path between the transmitter and receiver, multiple switching elements switch optical signals in stages onto
a series of optical waveguides until reaching their destination.
Microresonators of different structures have been widely used
as the switching elements to perform the switching function
in ONoCs. The switching functionality a ring-based microresonator can be illustrated by a simplified model shown in Fig. 2.
In the simplified model, a microresonator has two distinctive
states, on state and off state. In the on state, the resonant wavelength of the microresonator is the same as the wavelength of

Fig. 2. Simplified model for the switching functionality of a ring-based microresonator.

input optical signals, and the optical signals will be coupled to
the drop port. In the off state, the microresonator shifts to a different resonant wavelength from the one carried the input optical signals, and the optical signals will propagate directly to the
through port. ONoCs set the resonant wavelength of microresonators according to network routing information to establish
optical paths between transmitters and receivers. The peak resonant wavelength
of a microresonator obeys the relationship in (6), where
is the one-round length of the ring,
is an integer indicating the order of the resonance, and
is
the effective index of the waveguide mode involved in the resonance
(6)
With a constant
and
, the peak resonant wavelength
will change in proportion with
. Since
changes
with the temperature, the peak resonant wavelength will also
vary with the temperature. Both theoretical analysis and experiment results confirm a linear relationship between the resonant
wavelength shift and temperature. The linear relationship can be
expressed as (7), where
is defined as the microresonator
temperature-dependent wavelength shift coefficient,
is
the resonant wavelength at the initial temperature,
is the
thermo-optic coefficient (dn/dT) of the effective index, and
is the group index of the waveguide [38]
(7)
nm
waveguide, the group index
For a
is about 4.2 [22] and the effective index changes slower than
the refractive index of silicon
C .
Based on (7), silicon microresonators red-shift the resonant
wavelength about 58 pm per C. Experiments show a similar
result where the temperature-dependent wavelength shift of
microresonator is found to be 50 pm per C [20].
An ideal lossless microresonator would confine light indefinitely, but intrinsic loss always exists in any physical implementation of cavities. The deviation from the ideal condition
is defined by the quality factor , which is proportional to the
confinement time of the cavity. The total quality factor of a
ring-based microresonator used in Fig. 1 is defined by (8), where
is the resonant wavelength, is the 3-dB bandwidth of the
drop-port power transfer spectrum,
is the fraction of power
coupling between the input waveguide and the ring,
is the
fraction of power coupling between the drop waveguide and the
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ring, and is the power loss per round-trip of the ring [39]. Microresonators with ranging from 1500 to 100 000 have been
demonstrated using different structures [40]

(8)
Microresonators have a Lorentzian power transfer function
. For optical
which is peaked at the resonant wavelength
signals carried on wavelength , the drop-port power transfer
can be expressed as (9) [41]. When
, nearly full
power transfer can be achieved at the peak resonance point, and
the microresonator will exhibit a low insertion loss. Physical implementations show that the insertion loss of a microresonator
can be practically lowered to 0.5 dB [42]
(9)
According to (9), a deviation from the peak resonant wavelength would result in more power loss at the drop port especially for a high-Q microresonator. For a microresonator at the
1550 nm wavelength range, if the quality factor
is on the
order of
, a 10 C temperature change would make the power
spectrum shift about 0.5 nm and result in a power loss variation
of about 16 dB for optical signals carried by 1550 nm wavelength. The loss variation would increase to 22 dB for a 20 C
temperature change and 26 dB for a 30 C temperature change.
For ONoCs requiring multiple switching stages on each optical
link, the problem can become even more serious as multiple
switching elements could reduce the optical signal strength significantly (see Fig. 1).
D. Thermal Sensitivity of Optical Waveguides
ONoCs use optical waveguides to connect transmitters,
switching elements, and receivers together to form optical
links. Silicon-based waveguides can be fabricated on silicon-on-isolator (SOI) substrate with a silicon slab on top of a
buried oxide (BOX) layer which prevents optical mode from
leaking to the substrate. The cross-section of a single-mode
waveguide can be designed to be 510 nm
226 nm with
minimum propagation loss and group velocity dispersion [43].
As a result of the thermo-opti effect, both the waveguide
propagation loss and latency are temperature dependent.
1) Propagation Loss Variation in Optical Waveguide: The
silicon core of a waveguide has negligible absorption of energy
and the propagation loss is dominated by the sidewall roughness
scattering. Propagation loss in a straight optical waveguide can
be estimated by (10), where is a parameter regarding the interface roughness, is the free space wavenumber, is the modal
propagation constant, is the transverse propagation constant in
the waveguide core, is the refractive index difference between
the waveguide core and cladding materials, and
is the normalized electric field intensity at the waveguide core/
cladding interface [44]
(10)

As shown in (10), the waveguide propagation loss is proportional to the refractive index difference between the core
and cladding. Because of the different thermo-optic coefficients
(dn/dT) of the core and cladding materials, the propagation loss
will also change with operating temperatures. Assume that the
temperature along the waveguide is uniformly distributed between
and
, the corresponding waveguide propagation loss variation is expressed in (11), where
is the
propagation loss at room temperature . and
are defined
as the thermo-optic coefficients (dn/dT) of the waveguide core
and cladding materials, respectively. For an optical waveguide
with a
core and
cladding, the refractive index difference is approximately equal to 2

(11)
Based on (11), the propagation loss variation on a
waveguide is about 0.22% for
C. Waveguide propagation loss is less sensitive to temperature compared to the insertion loss of high-Q switching elements.
2) Latency Variation in Optical Waveguide: For an optical
waveguide with a length of
, the light latency
is as
(12), where is the light speed in vacuum, and
is the waveguide group index

(12)
, the waveguide
Because of the thermo-optic effect in
latency is also temperature dependent. High latency variation
would lower the data rate. Assume that the temperature along
the waveguide is not consistent, by taking the derivative of
[see (12)] with respect to temperature , we get the
temperature-dependent variation coefficient of the waveguide
latency in (13).
is the group thermo-optic coefficient
of the waveguide

(13)
Assume that the temperature along the waveguide is uniand
, the latency variaformly distributed between
tion can be estimated as (14)

(14)
For a
nm
waveguide, the group index
of the TE mode is about 4.2 at 1550 nm wavelength [22].
For a waveguide length of
10 mm, the light latency
is 0.14 ns if the whole waveguide is at room temperature.
Assume that
[45], if the temperature
along the waveguide is uniformly distributed between
and
30 C, the latency variation is 0.15 ps. If the temperature
changes by
85 C, the latency variation would be about
0.425 ps. High latency variation might lower the data rate. Since
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the thermal variation of waveguide latency is small, we neglect
it

power loss due to the waveguides, and
the receiver
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is the sensitivity of
(16)

(15)

As analyzed earlier, the output power of VCSELs degrades
at higher operating temperatures. Assuming that the VCSEL is
driven by current which is above the threshold but before the
point where the output power starts to decrease with current, we
can express
by (17), where
is the
VCSEL operating temperature, and , , , and are positive
parameters we defined in the earlier section
(17)

E. Thermal Sensitivity of Optical Receivers
Optical receivers use photodetectors for optical-to-electrical
conversion. Most photodetector designs use Ge as the absorbing
material because of the high absorption coefficient of Ge in the
near infrared spectrum as well as its compatibility with CMOS
fabrication processes. The photodetector converts optical signals into electrical current and the subsequent TIA-LA circuits
then convert electrical current to the logic level. By monolithically integrating Ge-based photodetector with high-speed
TIA-LA circuits, a 10 Gbps optical receiver can achieve a
sensitivity of 14.2 dBm with a bit error rate (BER) of
in the 1550 nm wavelength range [46]. Another work reported
a better receiver sensitivity of 18.9 dBm for the same BER at
a lower data rate of 5 Gbps [47].
A major concern for the temperature-dependent behaviors of
Ge-based photodetectors is the potential excessive dark current
under high operating temperatures. Studies show that the dark
current of a 10 m 10 m Ge-on-SOI photodetector increases
from 20 to 192 nA when temperature change from room temperature to 86 C, while the receiver sensitivity does not have obvious change [30]. In high-speed optical receiver designs, 1 A
is generally regarded as the upper limit of the tolerable dark current. Although the dark current of a photodetector increases with
temperature, it is still sufficiently low so as not to degrade the
receiver performance even under a high operating temperature.
Researches on the thermal performance of Ge-based photodetectors report similar conclusions. For example, in [31], the dark
current of circular Ge photodetectors with diameters of 35–250
m increases by a factor of nine from 30 C to 85 C, but the
sensitivity of the optical receiver does not have obvious change.
Based on above observations, we assume that the sensitivity of
the optical receiver does not change with the operating temperature in our ONoC thermal model.
F. ONoC Thermal Model
To ensure that ONoCs function properly, a necessary condition is that the optical signal power received by the receiver of an
optical link should not be lower than the receiver sensitivity. We
assume that the sensitivity is 14.2 dBm for a BER of
[46]. This condition must hold, otherwise the BER would increase. We model the condition in (16), where
is the output
power of the optical transmitter on a link,
is the optical
power loss due to the switching elements,
is the optical

The spatial temperature fluctuations in ONoCs will result in
mismatches between the VCSELs lasing wavelength and the
resonant wavelength of switching elements. The lasing wavelength of VCSELs red-shift approximately linearly with temperature, which can be calculated by (18).
is the
VCSEL lasing wavelength at temperature
, and
is
defined as the temperature-dependent wavelength shift coefficient of VCSELs
(18)
The resonant wavelengths of microresonators also red-shift
approximately linearly with increasing temperatures. For a
microresonator working at temperature
,
the resonant point is as in (19), where
is the resonant
wavelength at
and
is the temperature-dependent
wavelength shift coefficient of microresonators
(19)
Considering the thermal-induced wavelength mismatches on
an optical link with switching stages, the optical power loss
due to the switching elements
can be calculated by (15).
We assume that all the switching elements in the ONoC are identical and symmetrically coupled with a ring-waveguide coupling efficiency of .
and are parameters we defined in
earlier section. Microresonators in different switching stages
could work at different temperatures, and we assume that the
microresonator at the
switching stage works at temperature
.
Based on the above analysis, we can get the ONoC thermal
model in (20). The last term of the equation is the optical power
loss due to the waveguides on the optical link. The thermal
model shows that under a high power loss in the optical path
caused by chip temperature fluctuations, more input power
would be needed by the transmitter to guarantee enough optical
power reaching the receiver. The thermal-induced optical
power received at the end of an ONoC link can be calculated
by the left-hand side of (20)
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2.4 mA at

40 C, with
,
, and
[29]. The waveguide loss is assumed to be 4.6 dB
including 3.4 dB waveguide propagation loss for a path length
of 20 mm [43]. We assume the initial resonant wavelength of
microresonators
at room temperature is in the range of
1545 to 1555 nm, and the temperature-dependent wavelength
shift
is 0.06 nm C.
Fig. 3 shows that the worst-case optical power received at
the destination decreases quickly as the number of switching
stages increases. This indicates the importance of keeping a
small number of switching stages in ONoC design. Fig. 3 also
shows that the worst-case power loss under temperature variations has a upper bound, which indicates that the worst-case
thermal-induced power loss can be minimized by properly
setting the initial device conditions. We find that the lowest
worst-case power loss can be reached by setting
and
according to (21), where
is the room temperature.
The equation shows that
should be moderately larger
than
if
is slightly larger than

Fig. 3. Worst-case optical power received at the receiver.

(21)
(20)
A closer study of the thermal model reveals several thermal
properties of ONoCs. First, the number of switching stages
in an optical link can dramatically change the thermal-induced
power consumption. Second, initial device settings can affect
the thermal-induced power consumption. Third, the 3-dB bandwidth of the switching elements is an important factor of the
thermal-induced power consumption. High-Q microresonatorbased switching elements have narrow passbands and will be
more sensitive to the thermo-optic effects as compared with
those with wider passbands. A detailed quantitative analysis of
those properties is presented in Section IV.

IV. TECHNIQUES TO REDUCE THE TEMPERATURE SENSITIVITY
OF ONoCs
Based on the analytical ONoC thermal model, we found the
optimal device settings for ONoCs and analyzed different techniques to reduce the temperature sensitivity of ONoCs.
A. Optimal Initial Setting of Photonic Devices
Fig. 3 shows the worst-case optical power reaching the receiver. The worst-case analysis is conducted among all possible
thermal maps where the chip temperature varying spatially between 55 C and 85 C.
is the number of switching stages.
We assume the lasing wavelength of VCSELs is 1550 nm at 25
C and the temperature-dependent wavelength shift
is
0.09 nm C. We assume that the driving current of VCSEL is
12 mA and the 3-dB bandwidth of microresonators is 1.55 nm.
The minimum threshold current of VCSELs is assumed to be

B. Reduce the Temperature Dependence of Microresonators
Because of the thermo-opti effect, both VCSELs and silicon-based microresonators have a temperature-dependent
wavelength shift on the order of 50–100 pm C. Under a
nonuniform temperature distribution across the chip, wavelength mismatches between the lasing wavelength of source
VCSEL and the resonant wavelength of microresonators at
switching stages could cause an excessive optical power loss.
Thermal tuning of microresonators by local microheaters is
an alternative solution to compensate the thermal-induced
variation as well as the fabrication error. Tuning efficiency
of several mW/nm has been demonstrated in related research
works [23].
Another possible solution is to fabricate microresonators with
low temperature dependence or even athermal microresonators.
Related researches show that by applying proper polymer materials as upper cladding or using slot waveguide structure, the
temperature-dependent wavelength shift of silicon-based microresonators can be reduced to a few pm C or even be totally
compensated [25], [26]. After replacing temperature-sensitive
microresonators with athermal microresonators, wavelength
mismatch during light switching in microresonators could still
exist. This is due to the instability of VCSELs lasing under
temperature variations. This indicates that even with athermal
microresonators, the problem of thermal-induced wavelength
mismatch can not be solved directly if using on-chip VCSELs
as the laser source. In order to minimize thermal effect, the
optimal setting of microresonator resonance condition we
got in (21) should be applied together with the technique of
athermal microresonators. In this case, the microresonator
temperature-dependent wavelength shift
should be set to
zero when finding the optimal condition.
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Fig. 5. Periodically parallel-coupled high-order add-drop filter.

Fig. 4. Worst-case power consumption under different microresonator 3-dB
bandwidths.

C. Increase the 3-dB Bandwidth of Optical Switching Elements
by Parallel Coupling Microresonators
In the above sections, we already discussed several techniques including optimal device setting and microresonators
with low temperature dependence. Based on the ONoC thermal
model [see (20)], we find that the 3-dB bandwidth
of optical switching elements is another important factor regarding
temperature sensitivity. Fig. 4 shows the worst-case power consumption under different microresonator bandwidths.
is optimal and microresonators are athermal. The number
of switching stage
is three. It shows that the worst-case
thermal-induced power consumption increases drastically with
decreasing 3-dB bandwidth. High-Q microresonator-based
switching elements with narrow 3-dB bandwidth are much
more sensitive to temperature variations.
Single-ring add-drop filters (see Fig. 2) have a Lorentzian
power transfer function whose 3-dB bandwidth is in inverse
ratio with the total quality factor . High-order filters involving
multiple rings were proposed to modify the drop-port spectral
response, e.g., to get a more box-like spectral response with
high out-of-band signal rejection ratio [48]. In a parallel-coupled high-order filter (see Fig. 5), all microresonators are directly coupled to the input and output waveguides. Signals to
be dropped would pass through all the rings simultaneously,
and the spacings between adjacent rings determine the dropport power transfer. In this work, we give a mathematical analysis of the drop-port power transfer in periodical parallel-coupling with resonance deviations between neighboring microresonators, and show that the 3-dB bandwidth of the filter can be
widened nearly linearly with the ring number.
In a periodically parallel-coupled filter (see Fig. 5), the
overall amplitude transmission from the input port to the drop
port can be found by application of the recursive formula in
(22), where the recursion starts with
[49]. and are
the amplitude transmission from the input port to the drop port
and through port respectively for ring in isolation [50]. is
the amplitude transmission from the add port to the drop port.
is the phase delay along the waveguide between

Fig. 6. Drop-port power transfer function of the two-ring parallel-coupled addand
.
drop filter, assuming

the reference planes of ring and ring
, where
is
the spacing between the two rings and is the wavelength in
free space.
is the round-trip propagation time in
microresonator. We assume that microresonators in the array
are coupled to waveguides with
.
is the
resonance frequency of ring
(22)
(23)
(24)
To get a spectral response with wider 3-dB bandwidth, microresonators in parallel coupling could have some misalignment in resonance frequency. For a two-ring parallel-coupled
add-drop filter, we assume that the two rings resonate at
and
, respectively, with a
deviation in resonant
wavelength. The two rings have the same 3-dB bandwidth of .
The spectral response of the two-ring parallel-coupled add-drop
filter is shown in Fig. 6, if the phase delay between the two
rings satisfies the condition that
. The spectral
response has double peaks, and the 3-dB bandwidth is nearly
two times wider as compared to the Lorentzian power transfer
of a single ring. At the two peaks, nearly full power transfer is
achieved
. At the middle of the passband, the total
power transmission is found to be about 0.89.
For a four-ring parallel-coupled add-drop filter, we assume
that the rings resonate respectively at
,
,
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Fig. 7. Drop-port power transfer function of the four-ring parallel-coupled addand
.
drop filter, assuming
Fig. 8. 8

8 mesh-based optical NoC.

, and
, with a wavelength deviation between each two neighboring rings. The four rings have the same
3-dB bandwidth of . If the phase delay between each two
neighboring rings satisfies the condition that
,
the overall power transfer from the input port to the drop port
in the four-ring parallel-coupled add-drop filter is shown in
Fig. 7. Nearly full power transfer is achieved at the four peaks
while assuming
, and the 3-dB bandwidth is about
four times wider as compared to the single-ring add-drop filter.
At the center of the passband, the overall power transmission
in the drop port is found to be about 0.87. As shown above, the
3-dB bandwidth of add-drop filters is expected to expand nearly
linearly by periodically coupling multiple rings. This feature of
high-order parallel-coupled add-drop filters should be useful to
provide better thermal tolerance for ONoCs. But considering
the higher cost of high-order add-drop filters, designers should
make tradeoff decisions.
D. Minimize the Number of Switching Stages in ONoC
Architectures
The number of switching stages in an optical link directly
affects the optical power loss on the path. For mesh-based
ONoCs (see Fig. 8) with XY routing (2-D order routing), we
can use a passive-routing optical router Crux (see Fig. 9) to
minimize the number of switching stages. Crux is a compact
low-loss 5
5 strictly non-blocking optical switching fabric
[51]. It does not need to turn on any microresonator if an
optical signal travels in the same direction through the router,
such as from north to south or from west to east. And only one
microresonator will be powered on if an optical signal makes a
turn or uses the injection/ejection port. Because of the passive
routing feature of Crux, the maximum number of switching
stages in a XY-routing optical mesh is three, regardless of the
network size.
E. Evaluation and Comparison of Worst-Case Power
Consumption of OnoC
In this section, we compared the worst-case power consumption of ONoCs with different techniques proposed. The worst-

Fig. 9. Optical router Crux.

case analysis is conducted among all possible thermal maps
where the chip temperature varying spatially between 55 C and
85 C.
Fig. 10 shows the worst-case power consumption of an optical link with three switching stages. We assume that the 3-dB
bandwidth of a single microresonator is 1.55 nm and we double
the 3-dB bandwidth to 3.1 nm by replacing each microresonator
with a two-ring parallel-coupled add-drop filter. In an 8
8
mesh-based optical NoC built by Crux, after we replace each
microresonator with two parallel-coupling rings, there would
be 1792 microresonators. Assume that every microresonator is
of 5 m radius [39], the total area of microresonators is about
0.15 mm . The total area of microresonators would increase to
0.3 mm if we use the four-ring design rather than two-ring parallel-coupled filters. We consider the fabrication variation of microresonators and assume that the actual resonant wavelength
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Fig. 10. Worst-case power consumption under different configurations.

after fabrication is a Gaussian distribution with a standard deviation of 0.4 nm [43]. Fig. 10 shows that with the default initial
setting of
, the worst-case power efficiency
will drop to about 180 pJ/bit. By applying local thermal tuning
of microresonators with microheaters to compensate the wavelength shift caused by temperature variation as well as fabrication variation, the worst-case power consumption can be improved to 5.2 J/bit. The optimal setting of
can further
reduce the worst-case thermal-induced power loss and improve
the power efficiency by 29% to 3.7 pJ/bit.
One observation from Fig. 10 is that, when using on-chip VCSELs as laser sources, the use of athermal microresonators with
does not help but even makes the power efficiency worse. Though athermal microresonators do not have
temperature dependence, wavelength mismatch still exists in
switching because of the VCSEL lasing variation under temperature fluctuations. The resonance wavelength of athermal microresonators should also be set according to the optimal condition in (21). In this case, the worst-case power consumption
can be reduced to 1.9 pJ/bit, which is even more efficient than
using thermal tuning to compensate wavelength mismatches.
All these evaluations assume that the 3-dB bandwidth has
been increased from 1.55 to 3.1 nm by the proposed parallelcoupling rings. Fig. 11 shows the worst-case power consumption of ONoCs with different 3-dB bandwidths. The number of
switching stages is three and we assume that microresonators
resonant wavelength are set according to the optimal condition. For ONoCs with thermal tuning, since we assume that
microresonators are always tuned to match the signal wavelength, the 3-dB bandwidth would not affect the power consumption and the worst-case power efficiency is 3.7 pJ/bit. If
the 3-dB bandwidth is 1.55 nm, the worst-case power consumption with athermal microresonators is as high as 41 pJ/bit. If we
increase the 3-dB bandwidth from 3.1 to 6.2 nm, the worst-case
power efficiency with athermal microresonators would improve
from 1.9 to 1.4 pJ/bit. Even if the microresonators are temperature sensitive, when the 3-dB bandwidth is wide, e.g., 6.2 nm,
the worst-case power efficiency without thermal tuning can be
lowered to 1.6 pJ/bit. These results show that on the basis of
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Fig. 11. Worst-case power consumption with different 3-dB bandwidths.

Fig. 12. Worst-case power consumption under different numbers of switching
stage in a link.

optimal initial device setting, the power efficiency of ONoCs
with athermal microresonators could be better than with thermal
tuning if the 3-dB bandwidth is wide. But thermal tuning would
outperform in worst-case power consumption if the 3-dB bandwidth is not wide enough.
Fig. 12 shows the worst-case power consumption of ONOCs
with different number of switching stages. We assume the initial setting of microresonator resonant wavelength is optimal,
and the microresonator 3-dB bandwidth is 3.1 nm. By using
thermal tuning for temperature compensation, the worst-case
power consumption increases to 4.5 and 6 pJ/bit respectively
when
and
. On the other hand, if the microresonators are designed to be athermal, the worst-case power consumption increases dramatically to 24 pJ/bit when the number
of switching stages is six. It can be concluded that for ONoCs
using either thermal tuning or athermal microresonators, besides
setting the device parameters according to (21), it is also important to keep the number of switching stages as small as possible.
The use of passive-routing optical router like Crux (see Fig. 9)
is an effective way to minimize the number of switching stages
in mesh-based ONoCs.
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V. ANALYSIS OF THERMAL EFFECTS IN A MESH-BASED
OPTICAL NOC UNDER MPSoC APPLICATIONS
In previous section, we conducted the worst-case analysis for
packet transmissions in all possible links of an ONoC. In this
section, we used an 8 8 mesh-based ONoC (see Fig. 8) as a
case study and evaluated its power consumption under different
MPSoC applications. We also quantitatively analyzed the impacts of thermal effects in the average power efficiency. This
paper provided a general model to study the thermal effects in
ONoCs. And the analysis of other ONoC architectures would
be similar. The set of real MPSoC applications include FPPPP
(SPEC fpppp), H264DH (H.264 decoder with high resolution),
SAMPLE (sample rate converter), and SATELL (satellite receiver). For each application, an offline optimization approach
8
was applied for task mapping and scheduling onto the 8
optical mesh NoC-based MPSoC [52]. It uses formal computational models to capture both communication and computation
requirements for each application, and maximizes the overall
system performance and utilization. This realistic traffic benchmark suite enables a better study of NoC characteristics than
using traditional random traffic patterns.
The 8 8 mesh-based ONoC is a circuit-switched network
with an electronic control network for path maintenance. Before
each packet transmission, an optical path is reserved and configured by routing setup packet in the electronic control network.
XY routing is used for path selection. Each packet is routed first
dimension until it reaches the node in the same column
in
with the destination, and then along the perpendicular
dimension to the destination. It is a low-complexity distributed
algorithm without any routing table, and destination address is
the only information required to find the next hop. Payload data
is transmitted along the reserved optical path after path setup.
High-speed optical transmission is achieved without buffering
in intermediate routers. After finishing payload transmission,
the optical path would be released by routing a tear-down packet
along the reserved path in the electronic control network.
The power consumption for a packet transmission involves
the energy consumed for payload transmission in optical domain and the energy consumed for routing control packets in
electronic domain. The energy consumption for a control packet
is estimated as the energy required to transfer it through all the
electrical interconnects, electronic switching fabrics, and control units along the path in the electronic control network. The
energy consumed by a payload transmission includes the energy
consumed by O/E interfaces, and microresonator energy consumption in the optical path. Since the size of control packets
is small, the power consumed in the electronic control network
only takes a small proportion, and the power consumption in
O/E interfaces accounts for the major proportion of the total
energy consumption. A typical O/E interface includes serializer/deserializer, laser driver, VCSEL, optical waveguide, photodetector, and TIA-LA circuits. For evaluation of power consumption for O/E conversions, we use the serializer and deserializer designs in [53], and the VCSEL driver and TIA-LA circuit designs in [54]. The power consumption for turning on a
microresonator is assumed to be 20 W.
Based on the thermal model, we evaluated the communi8 optical
cation power consumption of the Crux-based 8

Fig. 13. Power consumption of a Crux-based optical mesh under different
85 C.
MPSoC applications, the maximum chip temperature

mesh NoC for running one application iteration under different
MPSoC applications. By using Crux as the optical routers, the
number of switching stages in the mesh-based optical NoC is
minimized. As for 3-dB bandwidth, we assume that the 3-dB
bandwidth of a single microresonator is 1.55 nm, and we double
the 3-dB bandwidth to 3.1 nm by replacing each microresonator
with two parallel-coupling rings. Fig. 13 shows the evaluation
results of communication power consumption for running
applications with different proposed techniques including
optimal initial device settings, thermal tuning and athermal
microresonators. We assume the chip temperature varies spatially between 55 C and 85 C. We consider the resonant
wavelength after fabrication as a Gaussian distribution with a
standard deviation of 0.4 nm [43]. For the application of SPEC
fpppp, the communication power consumption for one application iteration is about 8.86 J if the initial microresonator
resonance wavelength
is set to equal to
. By
using thermal tuning to compensate microresonator wavelength
shift caused by temperature variation as well as fabrication
variation, the power consumption is improved to 4.47 J. By
setting microresonator resonance wavelength according to the
optimal condition, the communication power consumption
for one application iteration can be further reduced by half to
2.04 J. Evaluation results for other three applications show a
similar trend that, the best combination of proposed techniques
improves the power efficiency by more than 70%.
Fig. 14 shows the average power efficiency of the Crux-based
optical mesh under different maximum chip temperatures. We
assume that two-ring parallel-coupled add-drop filters are used
and the 3-dB bandwidth is 3.1 nm. If the initial microresonator
is equal to
, the average
resonance wavelength
communication power efficiency for the four real MPSoC applications is 5.2 pJ/bit when the maximum chip temperature
reaches 85 C. It can be improved to about 2.6 pJ/bit if thermal
tuning is applied. By setting the optimal initial device conditions, the average power efficiency is further improved by 54%
to about 1.2 pJ/bit. If the microresonators are athermal and their
resonance wavelength are set to the optimal, the average power
efficiency of the optical mesh is about 1.34 pJ/bit. By combing
the technique of optimal device setting with thermal tuning or
the technique of temperature-insensitive microresonators, good
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These results show that on the basis of optimal initial device
setting, thermal tuning would outperform the use of athermal
microresonators if the 3-dB bandwidth is not wide. If the 3-dB
bandwidth is wide, e.g., 3.1 nm, the average power efficiency
of ONoCs with athermal microresonators would become much
closer to those with thermal tuning.
VI. CONCLUSION

Fig. 14. Average power efficiency of a Crux-based optical mesh with different
configurations.

Fig. 15. Average power efficiency of a Crux-based optical mesh with different
3-dB bandwidths.

power efficiency can be achieved even under large on-chip temperature fluctuations. Since thermal tuning and athermal microresonators cause additional costs such as the implementation of local microheaters and higher fabrication cost, designers
should make tradeoff decisions.
All these evaluations assume that the 3-dB bandwidth has
been increased from 1.55 to 3.1 nm by the proposed parallelcoupled rings. Fig. 15 shows the comparison of average power
consumption with different 3-dB bandwidths. We assume that
microresonators resonant wavelengths are set according to the
optimal condition. For ONoCs with thermal tuning, since we assume that microresonators are always tuned to match the signal
wavelength, the 3-dB bandwidth would not affect the power
consumption and the average power efficiency is 1.2 pJ/bit. If
the 3-dB bandwidth is 1.55 nm, the average power consumption with athermal microresonators is 13.5 pJ/bit. If we increase
the 3-dB bandwidth from 3.1 to 6.2 nm, the average power efficiency would be improved from 1.34 to 1.21 pJ/bit. And even
if the microresonators are temperature sensitive, when the 3-dB
bandwidth is wide enough, e.g., 6.2 nm, the average power efficiency without thermal tuning can be lowered to 1.23 pJ/bit.

We systematically analyzed the temperature sensitivity of
ONoCs, and developed an analytical ONoC thermal model.
We revealed three important factors regarding ONoC power
efficiency under temperature variations, including the initial
setting of photonic devices, the number of switching stages in
the ONoC architecture, and the bandwidth of optical switching
elements. We used an 8
8 mesh-based ONoC as a case
study and quantitatively evaluated its temperature-dependent
average power efficiency under real MPSoC applications. A
passive-routing optical router Crux was used in the optical
mesh to minimize the number of switching stages in XY
routing. We found the optimal setting of initial resonance
for microresonators, and took advantage of parallel coupling
of multiple microresonators to increase the 3-dB bandwidth.
A mathematical analysis of periodical parallel coupling was
given in this work, and we show that the 3-dB bandwidth of
the spectral power response can be widened nearly linearly
with the ring number. By combing the technique of optimal
device setting with other related techniques such as thermal
tuning or temperature-insensitive microresonators, good power
efficiency can be achieved even under large on-chip temperature fluctuations. For the 8 8 mesh-based ONoC under real
MPSoC applications, on the basis of thermal tuning, the optimal setting of microresonator resonance improves the average
power efficiency by 54% to 1.2 pJ/bit when the maximum chip
temperature reaches 85 C.
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