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Abstract—The bandwidth bottleneck looming for traditional
electronic interconnects has driven the consideration of optical
communications technologies as realized through the complemen-
tary metal-oxide-semiconductor-compatible silicon nanophotonic
platform. Within the silicon photonics platform, silicon microring
resonators have received a great deal of attention for their ability
to implement the critical functionalities of an on-chip optical net-
work while offering superior energy-efficiency and small footprint
characteristics. However, silicon microring-based structures have
a large susceptibility to fabrication errors and changes in temper-
ature. Integrated heaters that provide local heating of individual
microrings offer a method to correct for these effects, but no large-
scale solution has been achieved to automate their tuning process.
In this context, we present the use of dithering signals as a broad
method for automatic wavelength tuning and thermal stabilization
of microring resonators. We show that this technique can be man-
ifested in low-speed analog and digital circuitry, lending credence
to its ability to be scaled to a complete photonic interconnection
network.

Index Terms—Frequency locked loops, multi-processor inter-
connection, optical interconnects, optical resonators.

I. INTRODUCTION

GROWING bandwidth needs are motivating the replace-
ment of traditionally electronic links with optical links

for applications as diverse as data centers, supercomputers, em-
bedded computing processor-memory interconnects, and fiber-
optic access networks [1], [2]. For applications such as these,
the silicon photonics platform has received significant atten-
tion because of its ability to deliver the necessary bandwidth,
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Fig. 1. An optical link composed of microring-based devices. A wavelength
source (λ-source) is modulated by multiplexed microring modulators (doped in a
diode configuration to enable fast carrier-induced resonance shifts). A microring
switch can then route the entire set of signals appropriately before it is received
by a demultiplexing microring array.

and by leveraging its compatibility with complementary
metal-oxide-semiconductor (CMOS) fabrication, at a poten-
tial economy of scale. In particular, silicon microring res-
onator based devices exhibit leading metrics on size density,
energy-efficiency, and ease of wavelength-division-multiplexed
(WDM) operation [3].

Fig. 1 illustrates a portion of an envisioned microring-based
photonic network that would be used for transcribing electrical
data signals into the optical domain, transmitting and routing
them as necessary, and converting the optical signals back to the
electrical domain at the termination of the link. The beginning of
the link consists of a multi-wavelength laser source. These laser
wavelengths are individually modulated by cascaded microring
modulators in a multiplexed configuration. The entire set of
signals can then be routed as necessary by microring-based
switches. Finally, they are received by a microring array that
demultiplexes the individual signals before receiving them on
independent photodetectors.

The basic configuration of Fig. 1 is but one of a myriad of pro-
posed possibilities for photonic networks enabled by microring-
based devices, with more complex network designs fully lever-
aging the unique capabilities of microrings [4], [5]. However,
these proposed microring-based photonic networks currently
face severe challenges in the path towards commercial realiza-
tion. Specifically, the relatively high thermo-optic coefficient of
silicon combined with the wavelength selectivity of microring
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Fig. 2. A small dither signal, applied thermally to the microring resonator,
results in a small modulation of the optical signal.

resonators lends them susceptible to changes in temperature and
laser wavelength. Additionally, fabrication tolerances will likely
result in microring resonators that are initially offset from their
designed operating wavelength.

The dominant method of resolving these problems is to use
energy-efficient integrated heaters to tune and stabilize the mi-
croring resonance to the laser wavelength [6]. While demonstra-
tions of manual tuning validate the functionality of these heaters,
for commercial implementations an energy-efficient and scal-
able solution to lock and stabilize microring resonators is
required.

There have been several attempted solutions for wavelength
locking and thermally stabilizing microring resonators [7]–[11].
However, no prior demonstrated system has satisfied all required
criteria, that is, a system that is scalable, low-cost, energy-
efficient, immune to fluctuations in optical power, compatible
with WDM implementation, and does not require additional
photonic structures. Recognizing the limitations of traditional
techniques in addressing the above listed criteria, we have pi-
oneered a novel method of locking and stabilizing microring
resonators.

The underlying principle of our method is to use dithering
signals to break the symmetry of the microring resonator [12].
For most applications, the minimum transmission point of the
microring resonance is aligned with the laser wavelength it is
routing and detecting. In this configuration, it is difficult to lock
the microring resonance to the laser wavelength by measur-
ing just the optical power transmission, because the direction
of resonance shift is ambiguous in relation to the transmission
of optical power. Historically, to overcome this, methods such
as the Pound–Drever–Hall (PDH) technique have been used to
generate anti-symmetric error signals that can be utilized by
closed-loop feedback controllers [13]. However, the details of
the PDH technique are not suitable for the scenario of wave-
length locking a microring resonator, and we look towards the
use a dithering signal for the purpose of generating the desired
anti-symmetric error signal.

Fig. 2 illustrates the dithering mechanism (applied thermally),
whereby a small modulation is applied to the local temperature
of the microring in order to produce a small modulation of the
optical signal. The generated optical modulation will either be
in-, or out-of-phase with the driving signal, depending on which
side of the resonance the laser wavelength is offset. By mixing
the modulated optical signal with the driving dithering signal
this information can be recovered as shown in (1), where fD is
the frequency of the dithering signal, and φ is the relative phase

Fig. 3. A schematic of the device used in this experiment (not to scale).
The off-chip electronics interfacing with the integrated photonic elements are
shown in the dashed box. Highlighted in the red box is the circuitry devoted to
wavelength locking.

(0 or π) of the modulated optical signal

cos(fD t) ⊗ cos(fD t + φ) =
1
2
[cos(2fD t + φ) + cos(φ)].

(1)

The higher harmonic can be filtered, leaving the sign of the
dc component {cos(φ) term} as an indication of the location of
the resonance relative to the optical signal. The end product of
this process is the desired anti-symmetric error signal.

II. DEVICE AND EXPERIMENTAL SETUP

The device we used to demonstrate our method is illustrated
in Fig. 3, and consists of a 15-μm radius silicon microring res-
onator (on a SOI platform). A thin film titanium-based heater is
situated directly above the microring, separated from the micror-
ing by 1 μm of oxide. The drop port of the microring terminates
in a defect-enhanced silicon photodiode, enabling the monitor-
ing of the optical power dropped into the microring [14].

The off-chip electronics implementing the thermal dithering
system are shown in the dashed box of Fig. 3. The electronics
consist of low-speed (<20-MHz bandwidth) analog and digital
ICs. The dithering signal is chosen to be higher in frequency
than the thermal fluctuations it is monitoring.

The optical signal, modulated by the thermal dithering, gen-
erates a photocurrent on the integrated silicon photodiode. The
photocurrent is converted to a voltage using a transimpedance
amplifier (TIA), and then furthered amplified. An analog mul-
tiplier IC (AD 633) is used to then mix the amplified signal
with the driving dithering signal. A low-pass RC filter is used to
suppress the ac component of the mixed product. The result of
this process is the generation of an anti-symmetric error signal
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(a)

(b)

Fig. 4. (a) The microring resonance as it is subjected to thermal dithering
signals of varying magnitude (simulations in dashed). (b) The corresponding
generated error signals (simulations in dashed).

that can then be used for the purpose of initializing (wavelength
locking) and thermally stabilizing the microring resonator.

A. Generated Anti-Symmetric Error Signal

The use of the thermal dithering signal has the consequence
of reducing the extinction ratio of the microring resonance. In
Fig. 4(a), the simulated and measured resonances of the mi-
croring resonator (Q of ∼14,000) are plotted for square-wave
thermal dithering signals of magnitude 0.1 and 0.2 K. A larger
thermal dither will result in a larger reduction of the extinc-
tion ratio. Fig. 4(a) shows the un-dithered resonance having an
original extinction ratio of 17.3 dB. For thermal dithering of
magnitude 0.1 K and 0.2 K the reduction in extinction ratio
was measured to be 1.9 and 4.8 dB, respectively. Simulations
produced identical results (Fig. 4(a)).

While a larger thermal dither results in a larger reduction in
extinction ratio, it has the advantage of producing a stronger
error signal. Fig. 4(b) plots the simulated and measured wave-
forms of the generated error signal.

The anti-symmetric response of the error signal [see Fig. 4(b)]
clearly distinguishes between the red and blue sides of the
microring resonance. Furthermore, the zero crossing of the

Fig. 5. Simulations of the generated error signal contrast the use of a square-
wave dithering signal versus the use of a sinusoidal dithering signal.

monotonic slope is located at the resonance minimum. Hence,
a feedback controller can easily stay locked to the zero cross-
ing in order to lock the microring resonance with the laser
wavelength.

While a larger error signal makes the system more robust
against noise, we found that the smaller 0.1 K dithering signal
generated a sufficient error signal for locking and stabilizing the
microring resonator. All further results described in this paper
were done using a dithering signal of magnitude 0.1 K.

B. Optimization of the Error Signal

In our experimental implementation we utilized a square-
wave dithering signal rather than the sinusoidal dithering signal
described in (1). In theory, the dithering signal can be com-
posed of any periodic waveform. However, the square-wave
offers the advantage of being able to be synthesized easily in
electronic circuitry. Additionally, the mixed product of (ideal)
square-waves will produce a pure dc component and none of the
higher harmonic components that are eventually filtered (see the
Appendix). This has the consequence of producing a larger er-
ror signal for dithering signals of equivalent magnitude. Fig. 5
graphs simulations of the generated error signals when using
an ideal square-wave dithering signal versus using an ideal si-
nusoidal dithering signal. As can be seen from the graph, the
square-wave dithering signal generates an error signal that is
twice as large in magnitude.

C. Immunity to Power Fluctuations

A significant advantage of the generated error signal is that
it is relatively immune to changes in the optical power of the
signal. In future microring-based optical networks it is envi-
sioned that optical paths can be reconfigured as necessary to
address dynamic bandwidth allocation requirements. The inser-
tion loss characteristics of optical paths will change as they are
re-provisioned, yielding uncertainty in the optical power reach-
ing any given microring resonator.

As Fig. 6 shows the generated error signals will change in
magnitude following variations in optical power. Additionally,
the slope of the error signal will also vary. However, a robust
feedback controller (one that is able to contend with the change
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Fig. 6. The measured error signals when a 0.1 K thermal dithering is applied
and the optical power of the laser into the chip is varied.

in slope of the error signal) will be able to maintain the locking
between the microring resonator and laser wavelength because
the zero crossing of the error signal remains constant.

It should also be noted that, as demonstrated, these error
signals can be generated with a relatively weak optical signal
reaching the photodetector. The fiber-to-fiber coupling loss of
the chip was measured to be ∼20 dB; assuming symmetric
coupler and waveguide losses, the power reaching the photode-
tector for the measured error signals in Fig. 6 is then less than
−20 dBm. This figure covers the lowest optical powers that
would be present in a silicon photonic link due to the sensitivity
limit on current photodetectors [3].

D. Effect on Data Signals

For use in data applications, it is critical that the dithering of
the microring resonance does not negatively impact the integrity
of the optical data signals. To test this, we simulated 10 Gb/s op-
tical data signals as they are routed from the input port, through
the microring, and into the drop port of a dithered microring res-
onator (a microring in the demultiplexing configuration). Fig. 7
shows the simulated eye patterns of the received signal when a
dithering signal of magnitude of 0.1 and 0.2 K was applied to
the microring, as well as when no dithering signal was applied
(as stated before, a 0.1 K dithering magnitude was sufficient
for experimentally locking and thermally stabilizing the micror-
ing resonator). In these simulations, we modeled the microring
resonator to have the same characteristics (extinction ratio and
Q-factor) as the microring resonator we worked experimentally
with [see Fig. 4(a)].

As expected, and as evidenced by the simulated eye patterns,
the dithering has the effect of broadening only the ‘1’ level of
the optical signal. However, this broadening is minimal, result-
ing in eye closures of only 0.3% and 1.6% when using dithering
signals of 0.1 and 0.2 K, respectively. For small deterministic
eye closures such as this, the power penalties can be directly cor-
related as being 0.01 and 0.07 dB, respectively. Power penalties
of this magnitude are well within the optical link budgets for
microring-based links [3], and hence will not impede the use of
the dithering technique for data applications.

Finally, it should be noted that the error signal generated from
a modulated signal will be smaller than the error signal gener-
ated from an unmodulated signal. This is due to the broadened
spectrum of the modulated signal. Our simulations show that
the error signal generated from a 10-Gbps NRZ signal will be
20% smaller than an error signal generated from an unmodu-
lated signal (when using a microring resonator with the prior
discussed parameters).

III. WAVELENGTH LOCKING

The first application of the generated error signal is in the pro-
cess of tuning the microring resonator such that it is aligned in
resonant wavelength with the laser source. Denoted as wave-
length locking, this is a critical functionality for any given
microring-based platform as the lasers and microring resonators
will be initially offset in wavelength due to fabrication tolerances
or changes in the ambient temperature.

The electronic circuitry devoted to the wavelength locking
process is detailed in Fig. 3 (outlined by the red box). The func-
tionality of this circuitry is succinctly described in the state
diagram of Fig. 8. A simple reset signal is used to trigger
the ramping of the voltage applied to the integrated heater. As
the microring is tuned to the laser wavelength the error signal
will trip the system into the hold state, in which the feedback
controller is activated and the microring is locked and stabilized
against further drifts in temperature or laser wavelength. Addi-
tional logic can be added to reset and re-attempt the wavelength
locking should it fail on its initial attempt.

The optical spectrum analyzer traces in Fig. 9 demonstrate
the system locking a microring resonator to a laser (an ASE
source is used to background image the microring’s resonance).
Initially, the microring resonance is at∼1559.2 nm, and the laser
is offset at ∼1560 nm. Over the course of 50 s, the microring
is tuned higher in wavelength until the control system detects
the error signal and establishes the lock. To record the optical
traces of Fig. 9, the ramp speed (rate at which the tuning occurs)
of the system was drastically reduced, such that the wavelength
locking would occur over the course of seconds. In subsequent
trials, the ramp speed was increased to achieve wavelength lock-
ing in the ∼ms time frame. In future implementations, the speed
of the dithering signal can easily be increased to >1 MHz to
allow the wavelength locking to occur in the ∼μs time frame.
At that point, the fundamental limits on the speed of the wave-
length locking will be determined by the initial offset between
the microring resonance and the laser wavelength, and the rate
at which the integrated heater can tune the temperature of the
resonator.

Fig. 10 shows an oscilloscope measurement of the heater
voltage during the wavelength locking process. Here, the ramp
speed has been decreased to allow locking in the ∼ms regime.
The graph of Fig. 10 has been annotated with the stages of
the state machine, with the period (I) designating the heater
voltage while the system is in the reset state, (II) designating the
period in which the voltage is ramped, and (III) designating the
wavelength-locked hold state, which occurs once the microring
resonator and wavelength become aligned.
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Fig. 7. Simulations of the eye pattern of a 10 Gb/s optical signal propagating through a microring with no dithering (left), and dithering of magnitudes 0.1 K
(middle) and 0.2 K (right).

Fig. 8. A state diagram describing the functionality of the wavelength locking
circuitry (red box, Fig. 3).

Fig. 9. Optical traces show the microring resonance being tuned and wave-
length locked to a laser source.

IV. THERMAL STABILIZATION

The wavelength locking method we have demonstrated serves
as an effective means to initialize the microring-based photonic
link. Once the link has been initialized, it is necessary to guard
it against thermal fluctuations. Conventionally, to maintain the
local temperature of the microring, the heat generated by the
integrated heater is increased or decreased in response to de-
creases or increases in the ambient temperature [10].

To implement this, the thermal dithering system was cascaded
with a feedback system (as schematized in Fig. 3) to thermally
stabilize the microring resonator. To test the system, 10-Hz si-
nusoidal thermal fluctuations of magnitude 5 K were generated
using an external visible laser [9].

Fig. 10. Oscilloscope trace of the heater voltage as the microring is wavelength
locked to the laser source. Annotated are the reset state (I), ramp state (II), and
hold state (III).

In order to verify the thermal stabilization, wavelength scans
were performed of a resonance adjacent in wavelength to the res-
onance that the thermal dithering & feedback system was locked
to (see Fig. 11). As Fig. 11 shows, with the thermal dithering
& feedback system implemented, the microring resonance stays
locked to the laser wavelength, with the dynamic tuning of the
heater counteracting the thermal fluctuations inflicted on the
microring (see Fig. 12). In contrast, without thermal stabiliza-
tion, the resonance fluctuates severely, being washed out in the
wavelength scan (see Fig. 11).

This thermal stabilization method is robust enough that wave-
length locking can occur even in thermally volatile environ-
ments. To demonstrate this the microring resonator was wave-
length locked while the microring resonator was subjected to
sinusoidal thermal fluctuations. Fig. 13 shows the heater volt-
age during this process. At the moment in time that the microring
resonator is wavelength locked, the system immediately begins
the thermal stabilization mechanism (as evidenced by the sinu-
soidal counter-tuning of the heater voltage in Fig. 13).

V. SCALABILITY AND POWER EFFICIENCY

In order for the demonstrated control system to be adapted for
commercial microring-based links it must be scalable. Scalabil-
ity requires meeting two criteria, the first being that the control
system is sufficiently low-power such that the aggregate power
consumption of initializing and stabilizing all the microring
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Fig. 11. The microring resonance when subjected to thermal fluctuations
(T.F.), with and without the dithering & feedback system implemented. Also
shown for comparison is the resonance without the stabilization system under
normal, thermally stable conditions.

Fig. 12. Heater voltage when the microring resonator is being exposed to
thermal fluctuations and, with and without, the dithering system actively coun-
teracting said thermal fluctuations.

Fig. 13. Heater voltage as the microring resonator is wavelength locked while
being subjected to sinusoidal thermal fluctuations.

resonators in the optical link does not exceed the power-
efficiency improvement gained by the use of microring res-
onators. Secondly, the mechanisms in the control system must
be compatible with the typical WDM configuration of micror-
ing resonators, in which they are cascaded along a common
waveguide bus.

To get an estimate of the power consumption we replicate
the approach of [10], tabulating the active components of the
control circuitry (see Fig. 3) and referencing established power
consumption figures when these components are implemented
in conservative CMOS technology. We note that the majority of
the circuitry devoted to wavelength locking (see Fig. 3, red box)
is composed of digital logic elements that only draw power when
switching logic states. Under the assumption that the optical

link’s operating time will be much longer than the initialization
period, the power consumption of these elements are negligible.
The feedback control can be decomposed into 4 op-amps [10],
with the TIA, unity buffer, and summers contributing another
4 op-amps, for a total of 8 op-amps. Op-amps with the required
∼MHz bandwidth characteristics have routinely been imple-
mented in CMOS technology with power consumptions as low
as 40 μW [15]. The dithering signal can be implemented using
an oscillator, with an example oscillator covering the required
sub-MHz to few-MHz range while exhibiting power consump-
tions as low as 20 μW [16]. Lastly, analog multipliers are also
routinely implemented in CMOS technology, with a conser-
vative example having a power consumption of 45 μW [17].
The aggregate power consumption of the control circuitry can
then be estimated to be 385 μW. To express this in the popular
fJ/bit metric we assume that the microring resonator is oper-
ating on a 10 Gb/s data signal, yielding a power consumption
of 38.5 fJ/bit for the control circuitry. This estimate falls well
within the strictest pJ/bit power budgets required of some envi-
sioned applications [1].

When evaluating the power consumption of this solution,
the power consumption of the integrated heater should also be
taken into consideration. However, this power consumption can
be treated independently of the control circuitry, and will be
a function of the heater efficiency, required tuning distance,
and variation in temperature [10]. Advances in integrated heater
design continue to improve on their efficiency [18]–[20], indi-
cating that they will eventually adhere to the power consumption
budget of microring-based optical links.

When considering the other important criteria, that the control
method is compatible with WDM implementation, we note that
there are no inherent features of the dithering technique that
precludes the use of WDM. The dithering is a process local to
the microring resonator and does not affect adjacent cascaded
microring resonators. Additionally, by using different dithering
frequencies for different microring resonators, the orthogonality
principle can be leveraged (2)

∫
cos(fn t) cos(fm t)dt = 0, fn �= fm . (2)

This feature eliminates crosstalk in error signals even when
microring resonators overlap in the spectral regime. Hence,
WDM implementation can be readily achieved, with each mi-
croring resonator in the cascaded array initializing and stabiliz-
ing independently.

VI. CONCLUSION

The demonstrated system has been shown to be able to ef-
fectively initialize and thermally stabilize individual microring
resonators. Our experimental testbed limited us to testing the
system against thermal fluctuations of magnitude 5 K. However,
the temperature range an implemented solution could cover is
much larger. There are no inherent limitations on the voltages
supplied by the control circuitry, and integrated heaters typi-
cally have very large temperature tuning ranges (tested to be
>80 K on our device). This should be sufficient to cover the
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temperature variations in envisioned applications. For instance,
within a data center rack, the projected temperature variation is
at most 20 K [21].

As discussed, the novel use of thermal dithering to generate
the error signal has the advantage of giving the feedback sys-
tem relative immunity to power fluctuations. This renders the
system robust against fluctuations in the received power, and re-
silient to Fabry-Perot artifacts in the optical path. Additionally,
the use of low-speed analog and digital ICs in the experimen-
tal implementation lends credibility to the system’s ability to
scale in an energy-efficient manner to the multiple microring
resonators that comprise a WDM photonic interconnect. Thus,
the fabrication offset and thermal issues that currently plague
microring resonators can be resolved in future commercial im-
plementations, allowing them to be manifested in a variety of
applications for the purpose of delivering magnitudes of order
greater interconnect bandwidth than available with traditional
electronic interconnects.

APPENDIX

The Fourier representation of a normalized 2π-periodic ideal
square wave is given in (3)

f(t, φ) =
4
π

∞∑
n=1,3,5...

sin(nt + φ)
n

. (3)

As per the construction given in Section I, when the generated
optical modulation is in-phase with the driving dithering signal,
the product is given as (4)

f(t, 0)f(t, 0) =
16
π2

( ∞∑
n=1,3,5...

sin(nt)
n

) ( ∞∑
n=1,3,5...

sin(nt)
n

)
.

(4)
The DC component is given as the integral of (4). Using the

orthogonality principle (2), the cross-terms can be eliminated,
leaving the non-zero terms given in (5)

∫
f(t, 0)f(t, 0)dt =

16
π2

∫ ∞∑
n=1,3,5...

sin2(nt)
n2 dt

=
16
π2

(
1
2

) ∞∑
n=1,3,5...

1
n2

=
16
π2

(
1
2

)(
π2

8

)
= 1 (5)

where the infinite summation has been solved as a modified
Basel series. Similarly, when the generated optical modulation
is out-of-phase with the driving dithering signal, the product and
dc component are given as (6) and (7), respectively,

f(t, 0)f(t, π) =
16
π2

( ∞∑
n=1,3,5...

sin(nt)
n

)

×
( ∞∑

n=1,3,5...

sin(nt + π)
n

)
(6)

∫
f(t, 0)f(t, π)dt = −16

π2

∫ ∞∑
n=1,3,5...

sin2(nt)
n2 dt = −1. (7)

Hence, the dc component takes on a value of {1,−1}, in
comparison to using normalized sinusoidal waves (section I), in
which the dc components have values of {1/2, −1/2}.
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