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Abstract—In this paper, we for the first time utilize the micro-
ring resonators (MRs) in optical networks-on-chip (ONoCs) to
implement thermal sensing without requiring additional hard-
ware or chip area. The challenges in accuracy and reliability
that arise from fabrication-induced process variations (PVs) and
device-level wavelength tuning mechanism are resolved. We quan-
titatively model the intrinsic thermal sensitivity of MRs with fine-
grained consideration of wavelength tuning mechanism. Based
on it, a novel PV-tolerant thermal sensor design is proposed.
By exploiting the hidden ‘redundancy’ in wavelength division
multiplexing (WDM) technique, our sensor achieves accurate
and efficient temperature measurement with the capability of
PV tolerance. Evaluation results based on professional photonic
component and circuit simulations show an average of 86.49%
improvement in measurement accuracy compared to the state-of-
the-art on-chip thermal sensing approach using MRs. Our ther-
mal sensor achieves stable performance in the ONoCs employing
dense WDM with an inaccuracy of only 0.8650 K.

I. INTRODUCTION

Continuous technology scaling in manycore processors
leads to severe overheating issues. To achieve effective on-chip
temperature management, an accurate yet efficient thermal
sensing solution is critical. CMOS-compatible electric sensors
[1]-[3] are the popular ways of obtaining runtime temperature
information required for dynamic thermal management. They
possess high accuracy and efficiency but introduce additional
overheads on hardware and chip area.

Optical network-on-chip (ONoC) [4], as an emerging com-
munication architecture, offers ultrahigh bandwidth, low la-
tency and low power dissipation for new-generation manycore
systems, especially employing wavelength division multiplex-
ing (WDM) technology. Micro-ring resonators (MRs) are
versatile components in ONoCs. As shown in Fig. 1(a), a MR
consist of one ring and two straight waveguides. When a MR
is configured to be switched off, the optical signals from the
Input port will be delivered to the Through port. Otherwise,
the optical signal whose wavelength is within the resonant
wavelength range gets resonated into the ring and delivered to
the Drop port, while the signals whose wavelength are beyond
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the range is filtered. The wavelength selectivity of MR lends
itself naturally for WDM operation. Cascaded MRs have been
widely used as basic optical filtering element (BOFE) (Fig.
1(b)) at the receiver side to demultiplex the WDM wavelengths
before optical signals reaching the photodetectors (PDs).
Optical photodetector Wavelength tuning unit
: Optical signals at different wavelengths MR that resonates A;

Through (OFF)

- (b) Input

Drop (ON)

(a) Input

Add
Fig. 1: (a) Micro-ring resonator (MR); (b) Basic optical
filtering element (BOFE).

MRs are highly sensitive to temperature variations (TVs).
The resonant wavelength of a MR red-shifts with increasing
temperatures and blue-shifts with decreasing ones. Due to
TVs, the undesired mismatch between the signal wavelength
and the resonant wavelength of the MR will result in additional
optical power loss. The intrinsic thermal sensitivity of MRs
in ONoCs renders them an attractive choice for on-chip
temperature sensing. Compared to traditional electric sensors,
MR-based optical thermal sensors have favorable properties of
compact size, immunity to electromagnetic interference and
robustness against mechanical shock [5]. What’s more, the
well-modeled temperature dependence of MRs [6] (i.e., the
relationship between the resonant wavelength, as well as the
optical power loss, of a MR and its ambient temperature) make
them practical.

However, fabrication-induced process variations (PVs), as
well as the device-level wavelength tuning mechanism [7],
complicate this problem. PV in photolithography affects the
cross-section, the width and height, of etched silicon channels,
resulting in significant wavelength drifts for MRs (termed PV-
drifts for short and TV-drifts denote the resonant wavelength
shifts due to TVs). Recent laboratory measurements have
reported a standard deviation of 1.3 nm chip-scale width
variation, which translates to a 0.76 nm resonant wavelength
shift (i.e., equivalent to the TV-drifts under a temperature
variation of 12.7 K) [8]. For most MR-based temperature
sensors that operate by monitoring the resonant wavelength
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shifts, PVs greatly decrease their accuracy for temperature
measurement because the PV-drifts may be mistaken for TV-
drifts. So does the device-level wavelength tuning technique,
which will compensate for the wavelength shifts of MRs due
to PVs and TVs simultaneously. For reliable data transmission,
local wavelength tuning is generally applied for every MR in
ONOoCs [9]. Through heating or current injection, it potentially
achieves wavelength-locking and stabilization [10]. These two
factors have been overlooked in the demonstrated results of
existing MR-based thermal sensors but must be considered
for accurate sensor designs.

In this paper, we for the first time utilize MRs to implement
on-chip thermal sensing without requiring extra hardware or
chip area, and further resolve the challenges in accuracy and
reliability that arise from PVs and local wavelength tuning.
Our contributions are summarized as follows.

« We quantitatively model the intrinsic thermal sensitivity
of MRs with fine-grained consideration of the impact of
wavelength tuning mechanism.

o A PV-tolerant thermal sensor design is further proposed.
By exploiting the hidden ‘redundancy’ in WDM tech-
nique, it achieves accurate and efficient temperature mea-
surement with the capability of PV tolerance.

o Evaluation results based on professional photonic com-
ponent and circuit simulations show that the average
prediction error of our thermal sensitivity model is 0.5521
K and achieves 79.5% prediction improvement than the
state-of-the-art temperature model. Under PVs, the PV-
tolerant thermal sensor averagely improves the measure-
ment accuracy by 86.49% compared to the most advanced
on-chip thermal sensing approach using MRs. It achieves
stable performance in the ONoCs employing dense WDM
(DWDM) with an inaccuracy of only 0.8650 K.

II. THERMAL SENSITIVITY OF MR WITH CONSIDERATION
OF DEVICE-LEVEL WAVELENGTH TUNING

A linear relationship between the resonant wavelength shift
and TVs is widely recognized for MRs. Given the nominal
resonant wavelength, A\, at the default temperature (typically
room temperature), Tp, the formula of the resonant wavelength
of a MR, A\y/r, and the ambient temperature, T3sr, can be
expressed as follow:

Avr = Mo+ p - (Tur — To) ()
where p is the temperature-dependent resonant wavelength
shift coefficient of the MR and is about 0.06 nm/K at the
1,550 nm wavelength range [9].

The undesired deviation from the peak resonant wavelength
caused by TVs will result in additional power loss. According
to the traveling wave theory [6], the optical power loss of a
MR due to TV, LI\/[ g» can be formulated as follow:

: 2k%2 + K
LY, 5 = 10log ( —
K

??)2(1 N 4(Arx — Ao _QZ(TJWR - TO))2)>

@)
where 2 is the fraction of optical power coupling between the
waveguides and the ring. H?) is the fraction of intrinsic power
losses per round-trip in the ring. Apx is the wavelength of
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the incident optical signal, which typically equals the nominal
resonant wavelength of the MR (i.e., Arx = Ag). @ is the
-3dB bandwidth of the drop-port power transfer spectrum.

The formula (1) and (2) well model the temperature de-
pendence of MRs, which make it possible to utilize single
MR for on-chip thermal sensing. However, to implement high-
performance and reliable ONoCs, device-level wavelength
tuning is widely employed for MRs to compensate for their
wavelength shifts. Altering the free-carrier concentration in a
MR core or tuning the local temperature of the MR based on
an integrated microheater, the resonant wavelength of the MR
shifts towards the blue or red end of the spectrum, respectively.
Wavelength tuning technique achieves a stable locking of MR
resonances at the expense of extra power consumption. The
regulation power consumed for a MR can be formulated as:

Ptuning =€ ()\MR - )‘0) (3)
where € is the tuning efficiency in mW/nm; Ay g — Ag denotes
the tuning distance, AXyning-

As the resonant wavelength of a MR is realigned with the
nominal wavelength through local tuning, the optical power
loss of the MR caused by the undesired TV-drifts would be
largely reduced. According to Eq. (2) and (3), the power loss
reduced by wavelength tuning can be expressed as follow:

2 2 2
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Fig. 2: Effect of device-level wavelength tuning on MRs.

We illustrate the scenario where a MR employs local
wavelength tuning in Fig. 2. Ideally, the tuning distance equals
the TV-drift (AXiyning = AAry) and the total power loss
of a MR is zero. Given the power consumed by wavelength
tuning, Pyyning, We can easily obtain the ambient temperature
of the MR as Thr = Ty + Piuning/(€ - p). Nevertheless,
wavelength tuning mechanism is not perfectly mature. The
resonant wavelength of the MR after tuning is probably
aligned not to the nominal wavelength (ideal value), but to
a wavelength around the ideal one with a tuning error (A
in Fig. 2(b)); consequently, a small amount of power loss is
caused. According to the law of energy conservation, for a MR
under TVs, the power loss before tuning, Lﬁw p» 18 the sum of
the power loss after tuning and the power loss compensated
by local wavelength tuning. It can be formulated as follow:

LAtMR = PZ(:X - P}%X + Ltuning (5)
where P7 y is the optical power of the incident optical signal,
which is typically known in ONoCs. Py is the optical power
received by the PD at the receiver side. Pf x —Pp - denotes the
total power loss of the MR after tuning (i.e., the loss resulted
from the tuning error).
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We formulate the thermal sensitivity of MRs with fine-
grained consideration of local wavelength tuning as Eq. (6),
which describes the relationship between the tuning power
(Pruning), the power loss of a MR after tuning (P7y — Pix),
and its ambient temperature (1 R).

PO _Po
TX RX 2
10 )7%+(>\TX*>\0)

2
62 Pruni (

Tvmr =10+

p
(6)

With the single-wavelength incident signal whose wave-
length equals to the nominal resonant wavelength of a MR,
Eq. (6) can be simplified to Thr = To + (PR x, Pruning)
where the other parameters are constant for the MR. The
temperature of the MR can be obtained once we know the
measured optical power received by the PD and the power
consumed by wavelength tuning, which are both easily known
in ONoCs. This physical model functions as the theoretical
foundation of this paper. By analyzing the impact of device-
level wavelength tuning on the thermal sensitivity of MRs,
which has been overlooked in the state-of-the-art temperature
dependence model [6], our model enhances the measurement
accuracy and reliability of MR-based thermal sensor designs.

III. PV-TOLERANT THERMAL SENSOR

Nevertheless, PVs compound this problem. Under PVs,
wavelength tuning technique is able to correct PV-drifts and
TV-drifts simultaneously. As the power loss caused by PV-
drifts is mistaken for that caused by TV-drifts, an inaccurate
monitoring temperature will be derived from Eq. (6). There-
fore, it is critical to remove the impact of PVs for accurate
temperature prediction.

A common solution for correcting PV-drifts is post-
fabrication calibration at the device level, which determines the
fabric error through variation characterization during chip test-
ing and then calibrate it carefully for every MR. No additional
power is required after successful calibration. However, this
technique is immature and less commercially practical [11],
[12]. Firstly, it is difficult to do post-fabrication calibration for
ONOoCs where thousands and millions of MRs exist. Every MR
differs from one another and requires precise control. Second-
ly, the method of trimming the cladding material to implement
calibration is unstable currently. Lastly, the technique would
decrease the quality factor of MRs, threatening their reliability.
Current solutions for PV mitigation introduce huge overhead
and lack scalability.

In this work, we implement PV-tolerant thermal sensing
by exploiting the ‘redundancy’ in WDM technique at the
system level. By concurrently transmitting multiple optical
signals at different wavelengths on a single waveguide, WDM
dramatically increases network bandwidth. BOFE has been
widely used at the optical receiver to demultiplex the WDM
wavelengths in WDM-based ONoCs. The cascaded MRs in a
BOSE filter out their own resonant wavelengths, which can be
regarded as the duplication of the filtering operation using a
single MR. The hidden ‘redundancy’ in WDM can be utilized
for PV tolerance.
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The PV-drift of every MR is determined by its physical
dimensions. If we implement temperature sensing based on a
specific MR, a constant measurement error results from the
static PV-drift of the MR. In contrast, the PV-drifts of the
multiple MRs in a BOFE are random due to the fabrication
non-uniformity, which will result in various temperature mea-
surement errors when employing them as sensors separately.
These temperature errors caused by PVs may potentially
cancel each other out with an average value of zero. Taking
a four-wavelength BOFE comprising four MR-based add-drop
filters as an example, the ambient temperature of the four MRs
is identical due to the compact structure and small footprint
of BOFEs. When employing these MRs for thermal sensing
separately, we assume that the temperature errors caused by
PVs are +1 K, -3 K, +4 K, and -2 K, with an average error
of zero. The impact of PVs on measurement accuracy can
be counteracted if we use their average temperature as the
measured temperature.
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Fig. 3: The PV-tolerant thermal sensor design.

As shown in Fig. 3, we propose a PV-tolerant thermal sensor
design. The sensor is comprised of a multi-wavelength laser
source, a BOFE and PDs, which are all readily available
in typical WDM-based ONoCs. The laser source can be
implemented by an array of VSCELs [13], in which optical
signals can be modulated directly by the driving current
without modulators. The MRs in the BOFE filter out their own
designated resonant wavelengths from the input wavelengths,
demultiplexing the W wavelengths before the optical signals
reaching the PDs. For every single MR, based on the known
input optical power emitted from the laser, the received optical
power measured by the PD and the power consumed by
the corresponding wavelength tuning unit (WTU), we can
derive a predicted temperature from Eq. (6) (e.g., 11, To,
... Ty in Fig. 3). Using the average value of the predicted
temperatures as the measured temperature, we can achieve
accurate yet efficient temperature measurement with the ability
to PV tolerating.

IV. EVALUATION

A. Accuracy of the thermal sensitivity model

We use a compact silicon-on-insulator (SOI) MR with a
radius of 5 pm to experimentally verify the accuracy of our
thermal sensitivity model. The coupling gaps between the
silicon waveguides and ring are 100 nm with a cross-section
of 400 nm x 180 nm. We simulate the MR and study its
optical characteristics through component-level FDTD simu-
lations [14]. The wavelength tuning mechanism applied for
the MR is studied through circuit-level INTERCONNECT
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simulations [15]. The frequency responses of the MR ob-
tained from FDTD simulations would be directly exported
into INTERCONNECT, in which the optical characteristics
of the MR under local wavelength tuning can be analyzed
through optical analyzer. According to the simulation results,
the wavelength tuning mechanism applied in our experiments
has a tuning efficiency of about 0.1692 nm/mW.

—— Temp. of the MR (truth value) 26 —
380 > (=2 |
+=1=Temp. measured by our model /»’ >4
370 Temp. measured by [6] 2 g, _
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g s ours [6]
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310 .7 The statistical distribution
/" of the measurement inac-
300 ies of del and
0 20 40 60 g( curacies ol our model an
Simulations the model in [6].

Fig. 4: Accuracy of our thermal sensitivity model.

Setting the incident light as the fundamental TE mode
for wavelength at ~1550 nm, with which the MR resonates
at room temperature, we compare our thermal sensitivity
model with the state-of-the-art thermal model presented in
[6] for accuracy verification on temperature prediction. Work
[6] formally models the thermo-optic effect of MRs without
considering the impact of wavelength tuning technique. We
conduct 80 groups of experiments, in which the temperature
of the MR increases from 300 K to 380 K. The temperature of
380 K is an extremely high value for a silicon chip. As shown
in Fig. 4, with fine-grained consideration of the effect of tuning
mechanism on wavelength locking, our thermal sensitivity
model has high prediction precision with an average difference
of only 0.5521 K compared to the temperature of the MR
(the ground truth value), and on average 79.5% of prediction
improvement is achieved than the model in [6]. We further
present a box-and-whisker diagram to display the statistical
distribution of their temperature inaccuracies at the right side
of Fig. 4. This accurate model provides a good foundation to
our thermal sensor design.

B. Effectiveness of the PV-tolerant thermal sensor

We conduct 20 groups of experiments based on an eight-
wavelength BOFE. The PVs of the MRs are characterized by
using Normal distribution with a standard deviation of 1.3 nm
in waveguide width, similar to the models in [8], [11]. We
assume that the ambient temperature of the cascaded MRs
is identical due to the compact structure and small footprint
of BOFEs. In every group of experiment, the waveguide
widths of the eight MRs are randomly generated and follow
Normal distribution, N (400, 1.3%). Given a random ambient
temperature within the range from 300 K to 380 K, the optical
characteristics of the eight MRs are obtained from FDTD
simulations, which are then exported into INTERCONNECT
for implementing wavelength tuning. Based on the simulation
results and the thermal sensitivity model in Eq. (6), we can
obtain the measured temperature of our PV-tolerant sensor.

As shown in Fig. 5(a), the black dots and blue circles
are the measurement errors obtained by sensing with every
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single MR in the BOFE, based on our thermal sensitivity
model in Eq. (6) and the state-of-the-art thermal model in [6],
respectively, and the red curve is the temperature inaccuracy
obtained by our PV-tolerant sensor. The predicted temperature
obtained by single MR varies with an error of up to > 20
K under PVs. Compared to the sensor implementing thermal
sensing with single MR, our thermal sensor can largely reduce
the measurement error by 81.3% on average in virtue of the
capability of PV tolerance. By integrating with the accurate
thermal model in Eq. (6), the inaccuracy of our thermal sensor
is only 0.8650 K on average, improving the measurement
accuracy by 86.49% compared to the single-MR sensor using
the state-of-the-art thermal model in [6]. Furthermore, similar
experiments are conducted based on the BOFEs with different
number of MRs (ranging from 8 to 16). The average absolute
errors of the thermal sensors based on different size of BOFEs
are illustrate in Fig. 5(b). It can be observed that our sensor
achieves stable performance in the ONoCs employing DWDM
with an average of 82.47% accuracy improvement.

1) 7

—— Our PV-tolerant thermal sensor
*  Single-MR sensor applying our model in Eq. (6)|
o Single-MR sensor applying model [6]
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Fig. 5: Effectiveness of our PV-tolerant thermal sensor. (a)
Accuracy comparison between our thermal sensor and the
sensors based on single MR applying our model in Eq. (6)
and the state-of-the-art thermal model in [6]; (b) Our sensor
achieves stable performance in the ONoCs employing DWDM.
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