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Abstract—On-chip optical communication infrastructure has
been proposed to provide higher bandwidth and lower power
consumption for the next-generation high performance multi-
core systems. Online calibration of these optical components is
essential to building a robust optical communication system,
which is highly sensitive to process and thermal variation.
However, the power consumption of existing tuning methods to
properly calibrate the optical devices would be prohibitively high.
We propose two calibration and reconfiguration techniques that
can significantly reduce the worst case tuning power of a ring-
resonator-based optical modulator: 1) a channel re-mapping
scheme, with sub-channel redundant resonators, which results in
significant reduction in the amount of required tuning, typically
within the capability of voltage based tuning, and 2) a dynamic
feedback calibration mechanism used to compensate for both
process and thermal variations of the resonators. Simulation
results demonstrate that these techniques can achieve a 48X
reduction in tuning power - less than 10W for a network with 1-
million ring resonators.

I. INTRODUCTION

On-chip optical interconnects providing high bandwidth
density and low power consumption have been proposed to
meet future on-chip systems’ bandwidth and performance
requirements [1]. Being able to use CMOS-compatible
fabrication processes also makes this technology more feasible
in the future [2].

A basic building block of such systems is the micro-ring
resonator [3], which can function as a modulator [4], filter [5],
switch [6], or laser [7]. Due to its wavelength-specificity,
Wavelength Division Multiplexing (WDM) can be used
without the need for optical mux/demux, providing multiple
independent and simultaneous data channels on a single
waveguide and increasing bandwidth density significantly [8]
[9]. One example of an optically connected design utilizing
ring resonators is Corona [10], a 256-core 20 teraflop system
constructed with 3D die stacking, targeting the 16nm process
node in 2017 [11].

These ring resonators suffer from two kinds of variation:
static fabrication process variation and dynamic thermal
variation. WDM requires all the ring resonators working on the
same physical channel to have the same resonant wavelength,
which must also match the wavelength of the carrier light
source for that channel. Variations will shift the resonant
wavelength and cause a mismatch between the resonant
wavelengths of the rings and the -carrier, leading to
performance degradation, or even complete failure [12].

There are two tuning methods to compensate for these
variations: bias voltage tuning [13] and thermal tuning with
local heaters [14]. The power consumed by tuning is highly
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dependent on the magnitude of the deviation in resonant
wavelength from the carrier wavelength. We simulate the
average difference, or “tuning distance”, in this paper, and
show that a naive direct tuning scheme will consume excessive
power, compromising the practicality of on-chip optical
communication.

In this paper, we propose an online reconfiguration and
calibration technique for on-chip optical communications to
limit the average tuning distance and reduce tuning power
consumption.

The contributions of this paper:

1. We propose a channel-remapping scheme with sub-
channel redundant resonators that opportunistically reassigns
logical channels to the carriers through one of the redundant
rings to decrease the worst case tuning distance from one FSR
(Free Spectral Range) to less than one channel so that the
calibration can be achieved solely by the bias voltage based
tuning. Our simulation results show that we can decrease the
worst-case tuning distance of one ring to as little as 2.1% of the
original, leading to a similar reduction in tuning power.

2. We also propose a self-calibration mechanism to
compensate for the effects of process and thermal variation on
resonant wavelength with affordable cost. This circuit can be
shared by many rings, limiting the total hardware overhead.

The rest of the paper is organized as follows: Section II
describes the principles of on-chip optical communication.
Section III discusses the variation in resonant wavelength
induced by both process variation and dynamic thermal
variation. Reliability challenges for optically connected
systems are also discussed in this section. Our proposed
channel remapping, sub-channel redundant rings, and self-
calibration mechanism are illustrated in Section IV, followed
by the simulation results in Section V. Section VI concludes
the paper.

II. PRINCIPLES OF ON-CHIP OPTICAL COMMUNICATION

Ring resonators are widely used as electro- optical
modulators, wavelength filters, and switches to redirect light
from one waveguide to another. Ring resonators are
constructed as circular waveguides placed adjacent to a signal
waveguide, and each of these rings is sensitive to a certain set
of resonant wavelengths. Multiple carrier signals are
transmitted along the signal waveguide. If the resonant
wavelength of a ring matches the wavelength of a carrier
(shown as the solid curve in Figure 1), the resonator is
considered to be on-resonance, and the carrier’s light will be
coupled into the ring, removing it from the waveguide.

As shown by the dashed curve in Figure 2, adding a bias
voltage (V) to the ring will slightly shorten the resonant
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Figurel. Transmission spectra of ring resonator w.r.t. bias voltage

wavelength, bringing the ring out of resonance with the carrier
and allowing the light to pass.

Communication is performed by switching the bias voltage,
bringing the resonator on-resonance (Vg_on) and off-resonance
(Vs_orr) to directly modulate logic ‘0’ and “1°.

Figure 2a shows the transmission (which is negatively
proportional to resonance) spectrum of one ring resonator.
Transmission minima appear repeatedly in the spectrum at each
harmonic wavelength. The spacing between two such
successive minima dictates the Free Spectral Range (FSR),
which is the total available optical bandwidth.

Within the FSR, WDM (Wavelength Division Multiplexing)
allows multiple light carriers to be transmitted along the same
waveguide, significantly increasing its total data bandwidth. As
shown in Figure 2b, A;, Ay, and A; are 3 different physical
channels sharing one waveguide, whose wavelengths also fit
within one FSR.

Figure 3 shows two example communication mechanisms
using ring resonators. An off-chip laser light source generates
multiple carriers, and injects them into a single signal
waveguide. In Figure 3a, two carriers and corresponding
modulator/detector pairs share one waveguide. R1 is biased
with Vp=Vp_orr, modulating ‘1’ (letting light pass). The
corresponding detector R3 couples this light in, and a
Germanium doped photodiode embedded in the ring detects
logic ‘1’. Similarly, R2 and R4 are using another channel to
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Figure2. FSR and DWDM: a) FSR of one resonator; b) DWDM
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per channel a) using modulators and detectors; b) using transceivers
transmit logic ‘0’: the carrier is absorbed by R2 and R4 senses
the lack of light.

Figure 3b shows a different topology using transceivers
rather than dedicated modulators and detectors. Although
similar to a modulator, the transceiver has a drop waveguide
with a detector at the end. When the ring is on resonance, light
will be first coupled into the ring, then from there to the drop
waveguide, and finally absorbed by the detector. Such a
structure enables each ring to work as either a modulator or a
detector. In the figure, transceiver R1 works as a modulator,
modulating logic ‘0’, and R2 detects ‘0’ because no light is
received by the detector at the end of its drop waveguide.
Further, R1 can use its detector to monitor the quality of
modulation. In this case, detector in R1 should detect ‘1’ in
order to guarantee R1’s modulation of logic ‘0.

III. RELIABILITY CHALLENGE

Ring resonators suffer from two kinds of variation:
fabrication process variation and dynamic thermal variation
[15], both of which cause the resonant wavelengths of the rings
to shift from their design values. Combined, these variations
present a reliability challenge for an optically connected system.
It is possible to compensate for these variations by tuning the
bias voltage and adding local heaters [16], but neither of these
methods is sufficient to solve the problem within a reasonable
power budget.

A. Sources of Variation

Process variation is deviation of the geometric parameters
(ring radius, waveguide thickness, etc.) and will change the
resonant wavelength, causing a mismatch between the resonant
wavelength and the carrier wavelength. Previous studies have
shown that a 1nm variation in ring radius will shift the resonant
wavelength by approximately 0.58nm [15]. In [12], process
variation caused as much as 1nm shift in resonant wavelength.

Thermal variations caused by power dissipation from the
logic chip and surrounding environment will also cause shifts
in resonant wavelength. Unlike process variations, which are
fixed at manufacturing time, thermal variations change as the
temperature of the environment and system workloads change.
In [17], a 1°C change in temperature will lead to a shift of
0.1lnm in resonant wavelength. According to [12], the



temperature could vary as much as 17°C between processor
cores at any given time. For a system using resonators in [20]
with FSR of 15nm and 64 channels on one waveguide, this
amount of variation will lead to shifts as large as 8 channels. In
the die-stacked structure required for an optically-connected
system [11], the interposing layers between dies would work as
a thermal low-pass filter. This will in turn make the spatial
temperature distribution smoother in the optical die than the
logic die and lower the speed of temperature change (1°C per
second in [19]).

We used the parameters above to simulate the ring yield for
optically connected systems like Corona. The simulation result
shows that a mere 0.03 nm average shift in resonant
wavelength will make 50% of the ring resonators inoperable.

B. Tuning methods

In order to build a functioning system, these variations
require compensation in the form of tuning. There are two
tuning methods commonly used to compensate for these
variations: thermal tuning and bias voltage tuning.

Thermal Tuning (using local heaters): metal ohmic heaters
are built on top of or beside the ring resonators, actively
compensating for thermal and manufacturing variation. Such
heaters are able to red-shift (i.e. lengthen) the resonant
wavelength by 100 nm or more at a power cost of 2.4mW/nm
[16] [14], 16f1/bit [22], or lower by using athermal resonators
[21]. Because of its large tuning range, local heating is
necessary for a system with large variation, but local heating
should be carefully applied because adding more heat to a
microprocessor is not quite reasonable.

Bias voltage tuning: the bias voltage that shifts a ring
modulator’s resonant wavelength for modulation can also be
adjusted to compensate for variation. Compared to thermal
tuning, bias voltage tuning is relatively power efficient. In [25],
only about 100uW is needed to blue-shift the resonant
wavelength by Inm. Unfortunately, the tuning range of bias
voltage tuning is limited, and could be as little as 1nm [13]. As
a direct tuning mechanism, we can use thermal tuning for large,
coarse grained compensation, and then use bias voltage tuning
for fine-grained control.

One supposed benefit of optical interconnects is lower
power consumption. To realize this benefit, the total tuning
power should be no more than 10W [23], which means on
average 10uW per ring in a ~1 million ring system like Corona.
With this tuning power budget, even the more power efficient
bias voltage tuning can only compensate for an average shift of
0.1nm in resonant wavelength. Since this is far smaller than the
expected variation, new approaches to tuning are needed.

IV. PROPOSED APPROACH

To overcome the obstacle discussed in the previous section,
we propose a channel remapping with the use of sub-channel
resonators to decrease the tuning power, and suggest a
feedback mechanism to calibrate the bias voltages.

A. Channel Remapping

A 3-channel optical communication example is shown in
Figure 4. Figure 4a shows 3 physical channels (i.e. carriers)
A, Apand A3 evenly spaced within the free spectral range
(FSR). The black dotted lines represent the center wavelengths
of these carriers.

Ring resonators are fabricated for 3 logical channels LCl,
LC2 and LC3, with nominal resonances at A, A, and A3,
respectively. The V-shaped curves represent their transmission
spectra. Note the dotted curve in Figure 4a: this represents
another resonance wavelength for the ring assigned to LC1. A
similar dotted curve for LC3 is shown in Figure 4b and 4c. As
we described in section II, a ring resonator will resonate at
multiple harmonic wavelengths; the gap between them
determines the FSR.

In Figure 4b, some combination of manufacturing and
thermal variation has caused the resonance wavelengths of all
three rings to red-shift by more than 1 channel, which requires
significant tuning power to shift the resonant wavelengths of all
rings back to their corresponding carriers. Due to the limited
range of bias-voltage tuning and red-shift only nature of
thermal tuning, the only option is to tune the next lower
resonance peak for each ring (e.g. the dotted line for LC3) back
to its respective carrier (the distance marked TRC).

On the other hand, if we remap the logical channels to
different physical channels, we could tune the rings to the
closest channel. This will limit the tuning distance (and in turn
tuning power) to within one channel, even if the resonance
deviation is far greater. An example of this is shown in Figure
4c, where we blue-shift a resonant wavelength of LC3 to the
nearest carrier (A;) with bias voltage tuning. We can also tune
the other two resonators to their closest carriers. Thus, we
remap LC3 to Ay, LC1 to A, and LC2 to A;.

Consider this example with concrete numbers: For a ring
resonator with an FSR of 62.5nm [25] attached to a waveguide
with 64 carriers, the channel spacing is around 1nm. Without
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channel remapping, the maximum tuning range is an entire
FSR (62.5nm), which will require significant thermal tuning.
Channel remapping decreases this to about 1nm, allowing all
the tuning to be done via bias voltage. A similar concept of
using the FSR to remap the channels can be found in [26].

Recall that resonance deviation is caused by two forms of
variation: process and thermal. Process variation is caused by
factors such as etch depth and waveguide thickness. Most of
these variations are spatially correlated: nearby rings tend to
have approximately equal resonance shifts. The resonance
variation within a cluster is within approximately 1nm [15].

Thermal variation is also spatially well-correlated. The
1.5um-radius ring resonator in [25] has a footprint of about
25um’. For a 64-channel waveguide, 64 resonators clustered
together will occupy less than 2000um’. Temperature across
this area will be effectively equal, considering the 3-D chip
thermal low-pass effect [19] and the thermal profile of a typical
modern microchip [27].

We can therefore assume that the combined process and
thermal variation will shift the resonant wavelengths of nearby
rings the same amount (as implied in Fig. 4b and c). Under this
assumption, channel remapping is simplified to cyclic shifting.
Like in Figure 4b, after channel remapping, all logical channels
are cyclically shifted one channel to the right.

While the amount of shift will be the same for adjacent
rings (e.g. those assigned to one core), another group of rings
elsewhere on the chip may shift a different amount. After
tuning every ring to the nearest physical channel, we can send a
pre-defined calibration packet. The cyclic shift required to
realign this packet implies the shift needed for subsequent data
packets received by that group of rings. Alternatively, the
location of logical channel 1 could be encoded in the preamble
of every packet.

There are two overhead costs associated with channel
remapping: hardware and protocol. The hardware overhead
should be minimal; a simple circular barrel shifter and some
calibration sense circuitry are needed in the decode logic for
each core. For an estimate of protocol overhead, consider a
system with a communication speed of 10Gb/s [20], with
calibration packets sent intermittently to determine the shift.
The maximum rate of temperature change is 1°C/s [19], the
resonant wavelength changes 0.11nm/°C [15], and channel
spacing is Inm. For a ring with -3dB bandwidth of 0.17nm [25],
the worst case temperature change will take more than 773ms
to shift the resonator out of resonance with the carrier.
Therefore, the worst-case maximum spacing between
calibration packets is 773ms. Compared to the 10Gb/s
transmission speed, this is negligible.

B. Sub-Channel Redunant Rings

Channel remapping could reduce the average tuning range
for each ring significantly, but still it might not satisfy the
tuning power budget. In this subsection we propose a sub-
channel redundant ring technique to further reduce the tuning
power.

In Figure 5a, the rightmost ring must be tuned the distance
indicated by TD. In Figure 5b, we add “half-channel” rings,
one of which is shown as HCR, whose resonant wavelength is
halfway between two adjacent original rings. For certain
amounts of variation, these half-channel rings have a shorter
tuning distance than the original rings (as shown in 5b). When

this occurs, we tune the half-channel rings to the carriers and
use them instead of the original ones.

This technique can be generalized and extended beyond
half-channel rings, as shown in Figure Sc, where 6 rings are
available for each channel. As the number of redundant sub-
channel rings increases, the tuning distance can be further
reduced. This in turn reduces the tuning power.

One concern with additional redundant rings is area
overhead. Based on [24], we anticipate the size of a processor
chip to be approximately 260mm” in the near future. Recall that
the optical devices are fabricated in their own die (in a 3D die-
stacked system), so this entire area would be available. In a
system with ~1 million rings operating on 64 channels like
Corona, this leaves space for as many as 9 rings per channel.

Another concern with increasing numbers of redundant
rings is decreased performance. Notice that in Figure 5c, after
ring 2 is chosen for communication, adjacent rings 1 and 3 will
still partly (and mistakenly) resonate with the carrier, adding
undesired loss to the channel and potentially degrading
communication. This problem will worsen as the number of
sub-channel rings increases. To mitigate this, we need to tune
the neighboring unselected rings away from resonance.

The process of using the redundant rings is as follows: 1)
find the tuning distance of each redundant ring within one
channel and select the one with shortest tuning distance; 2) tune
the selected ring to the carrier and map its logical channel to
that carrier; 3) tune away neighboring unselected rings if
necessary. For spatially correlated variation, we only need to
tune the rings of one channel and apply those results to all other
rings in the same region.

Figure 6 is the simulation result of normalized tuning power
with respect to the number of rings for one channel. We use the
parameters in [25] for the simulation: FSR is 62.5nm shared by
64 carriers, channel gap is 1nm. Tune-away is performed when
the center wavelengths of adjacent rings are close (within 2
times the -3dB bandwidth) to the operating ring.

For these parameters, we find that fabricating 5 rings per
channel minimizes tuning power (reduced to only 22% of the
original). With fewer rings, the increased tuning distance
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increases tuning power. With more rings, the tuning distance
savings are outweighed by the additional power required to
tune neighboring rings away.

C. Feedback Calibration Mechanism

A fundamental requirement for any calibration system,
whether direct tuning or our proposed remapping scheme, is a
dynamic feedback control circuit capable of constantly or
periodically adjusting the tuning values to compensate for both
process and temperature variation. In this subsection, we
suggest a self-calibration circuit structure for transceiver-style
ring modulator/detectors.

The basic calibration process is illustrated in Figure 7a. As
the bias voltage Vg applied to the ring is swept through
voltages Vg, Vo, and Vg, it shifts the resonance spectra from
C, to C, and C;. Figure 7b plots the modulation depth (ratio of
light coupled in the ring resonator from the signal waveguide)
during this sweep, with points P1, P2, and P3 corresponding
with curves C1, C2, and C3 in 7a. As shown, the modulation
depth will first increase until maximal resonance is reached at
P2, and then decrease.

Tuning power as a function of rings per channel

An example tuning circuit structure is suggested in Figure 8.
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To begin calibration, the modulator is switched to “on-
resonance”. The detector attached to the drop waveguide senses
the coupled light intensity (and in turn the modulation depth),
outputting a proportional voltage Vp. This voltage is fed into a
maximum detector, which controls the bias sweep generator.
When Vp wax is reached, the sweep stops. This corresponds to
the maximal resonance point P2 in Figure 7.

The final output bias of the sweep is held as Vg oy until the
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Figure8. Example of tuning circuit
next calibration cycle, and an offset is added to generate the
off-resonance bias voltage Vg opr. An additional offset bias
value (not shown) would also be needed to accommodate tune-
away of neighboring sub-channel rings.

The area cost of this calibration circuit could be amortized
across multiple rings through two sharing schemes. First, the
spatial correlation of variation could allow one calibration
circuit to determine the bias voltage for an entire temperature
zone. Second, an entire set of sub-channel rings could share a
single drop waveguide and detector without extra TSVs or
mixed-signal circuitry, and be calibrated iteratively. Thresholds
for minimum Vp max and maximum Vg would ensure that only
the on-resonance ring is selected.

V. SIMULATION RESULTS

To explore the potential power savings of our proposed
technique, we simulate two values: 1) the tuning distance for
one ring as a function of absolute temperature deviation (from
nominal), and 2) the average tuning distance per ring in a
system with different amounts of temperature variation across
the chip. While total tuning power would be a preferred metric,
it is difficult to model accurately without additional
assumptions about heat dissipation and thermal conductivity.

Parameters used in the simulations are as follows: channel
gap is 1nm [11][25], average variation in resonant wavelength
by process variation is Inm [15], and temperature deviation
will cause 0.11nm/°C [12] shift in resonant wavelength. The
first simulation is run both with and without process variation
to highlight the effects of the proposed technique.

In Figure 9, using direct tuning with no remapping, the
tuning distance increases with temperature deviation. As the
resonance peak is shifted farther and farther away from the
carrier wavelength, more power is needed to tune it back.

With channel remapping, the tuning distance will
periodically return to 0 every ~9 degrees (ignoring process
variation): at this point, the channel remapping has simply
shifted the logical channel to the next physical carrier, with
which it is precisely aligned. The use of 5 (sub-) channel rings
exhibits the same behavior, but with a reduced period
corresponding to 1/5 of the channel spacing.

Process variation is assumed to be a random variable with
mean value of 0, and in some cases will partially cancel out the
effect of thermal variation. As shown in Figure 9, this has the
effect of smoothing out the tuning distance to approach its
average. Additional process variation will merely cause this
smoothing effect to be more pronounced.

In Figure 10, we simulate the average per-ring tuning
distance across an entire optically connected chip as a function
of the temperature difference between two temperature zones.
The temperature of each zone is a random variable with mean 0



(i.e. nominal), and the maximum temperature variation is
expressed in terms of 6 times the standard deviation.

As shown in the figure, when max temperature variation
reaches 17°C [15], the tuning distance for direct tuning could
be as much as 4.60nm. Note also that for temperature variation
exceeding about 1°C, the average tuning distance for channel
remapping and sub-channel rings levels off at only 0.44 nm and
0.097 nm (2.1%), respectively. This means that with a
combination of channel remapping and sub-channel rings, the
total tuning power with bias voltage tuning for a system with 1
million rings [10] could feasibly be brought under 10W [23].

V. CONCLUTION

In this paper, we propose a dynamic reconfiguration and
calibration technique that helps to enable on-chip optical
communications by significantly reducing the required tuning
power. We also propose a self-calibration mechanism that
would work in tandem with these techniques. Simulation
results show that using the proposed approach, the average
tuning distance could be decreased to about 2.1% of the
original, bringing the total tuning power under 10W.
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