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A 32-Gb/s Si Micro-Ring Modulator Transmitter
With an Integrated Code-Based

Temperature Controller
Dae-Won Rho , Jae-Koo Park , Yongjin Ji , and Woo-Young Choi , Member, IEEE

Abstract—This paper presents a 32-Gb/s silicon micro-ring mod-
ulator (MRM) transmitter that consists of the hybrid-integrated Si
photonic integrated circuit (PIC) and the CMOS electronic inte-
grated circuit (EIC). The EIC contains data-generation and MRM
driving circuits, as well as a new type of an on-chip MRM temper-
ature controller. The controller generates newly proposed codes
used for the MRM calibration with which the MRM temperature
for the optical modulation amplitude (OMA) is determined, and
maintains this condition. Experimental results validate the trans-
mitter performs well up to 32-Gb/s under varying temperatures.

Index Terms—Active impedance circuit, code-based tempe-
rature controller, electronic-photonic integrated circuit, high-speed
data transmission, hybrid integration, optical modulation ampli-
tude (OMA), silicon micro-ring modulator (MRM), silicon
photonics, temperature control.

I. INTRODUCTION

THE exponential increase in connected devices and the pro-
liferation of data-intensive applications, including artificial

intelligence (AI) and machine learning (ML), have accelerated
the demand for high-bandwidth interconnects in hyper-scale
data centers to accommodate growing network traffic and com-
putational workloads [1], [2]. To meet these demands, optical
interconnect solutions based on silicon (Si) photonics have
emerged as a preferred choice, thanks to their high performance
and strong compatibility with the CMOS ecosystem [3]. Among
the various optical components required for Si photonics-based
optical interconnect solutions, the optical modulator plays a
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pivotal role in determining overall interconnect performance.
It directly impacts the transmission bandwidth, footprint, and
power consumption. In this context, the Si micro-ring modulator
(MRM) has gained particular interest due to its compact size and
high performance [4], [5]. However, its performance is highly
sensitive to the input optical wavelength and temperature due
to its resonant characteristics [6]. Therefore, precise control of
its resonance wavelength using an on-chip heater is necessary to
ensure optimal performance, in particular the optical modulation
amplitude (OMA), for the given input wavelength and against
any ambient temperature variation.

Previously reported MRM temperature control techniques can
be classified into three types: direct OMA monitoring, average
MRM output optical power monitoring, and bit-statistics-based
monitoring. In [7] and [8], the on-chip MRM heater voltage
is swept while directly monitoring the MRM OMA so that
the heater voltage for the optimal OMA can be determined
and locked. This approach is straightforward and reliable, but
it comes with increased hardware complexity and significant
power consumption due to the circuits needed for processing
high-speed signals. In [9], [10], [11], the on-chip heater volt-
age is controlled through the closed-loop feedback to maintain
the target average MRM output optical power. This method is
relatively simple, but the target average power needs to be heuris-
tically determined. The −6 dB insertion loss (IL) condition is
often used [10], but this may not provide the optimal condition,
as -6 dB represents the optimal point when the MRM is critically
coupled, which may not be the case for the target MRM. The
bit-statistics-based monitoring condition reported in [12] allows
for reliable MRM temperature control regardless of modulating
data patterns. However, this method requires direct counting of
a certain number of bits, which can increase design complexity
with accompanying power consumption.

In this paper, a new method is proposed which accounts for
the data transition density for the optimal MRM modulation
condition, yet without requiring too much hardware nor power
overhead. The new MRM temperature controller is implemented
in an electronic integrated circuit (EIC) together with pseudo-
random data generating and MRM driving circuits. The EIC is
wire-bonded with a Si photonic integrated circuit (PIC) con-
taining an MRM and a monitoring Ge photodetector (PD). The
Si photonic transmitter (TX) demonstrates successful 32-Gb/s
operation for pseudo-random binary sequence (PRBS)-31 under
temperature stress from 20°C to 30° C.
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Fig. 1. Calibration and locking control flow of the proposed temperature
control algorithm.

This paper is structured as follows. Section II explains the
proposed code-based temperature controller, including its work-
ing principle, on-chip implementation, and control algorithm
validation through simulations. Section III describes the EIC
design, focusing on its data generation and temperature control
functionalities, as well as its integration with the silicon PIC.
Section IV presents the measurement results, demonstrating the
effectiveness of the proposed temperature control technique un-
der varying thermal conditions. Finally, Section V summarizes
the key findings and concludes the paper.

II. TEMPERATURE CONTROLLER

A. Calibration and Reference Signal Determination Algorithm

The key idea of our control scheme is to use three predefined
bit patterns, which are ‘1110’, ‘0001’, and ‘1100’. These codes
are used to estimate the modulation amplitude, determine the op-
timal heater voltage, and establish a reference level for locking.
The selection and characteristics of these codes are explained in
Section II-B.

Fig. 1 illustrates the overall control flow of the algorithm. The
process begins with a two-stage heater sweep to identify the
optimal operating point of the MRM. During the coarse sweep,
the heater voltage is incrementally adjusted across a wide range.
At each step, the code ‘1110’ is first transmitted repeatedly to

obtain the corresponding average optical power, and then ‘0001’
is transmitted in the same manner to obtain its respective value.
The difference between these outputs, denoted as ΔPopt , is
used to estimate the optical modulation amplitude. The heater
voltage that maximizesΔPopt is selected as the coarse optimum.
A fine sweep is then conducted around this region using the same
method to refine the final heater setting.

Once the optimal voltage is determined, the code ‘1100’ is
transmitted to generate a reference average optical power, which
is stored for locking. During data transmission, the controller
maintains this condition by adjusting the heater voltage through
dithering-based feedback [13].

B. Design Conditions for Predefined Calibration Codes

As described in Section II-A, the temperature calibration
algorithm operates based on the transmission of three predefined
bit patterns. To ensure accurate OMA estimation and reliable
locking, these codes must satisfy the following three conditions.
First, the number of ‘1’s and ‘0’s must be statistically balanced,
as AC coupling is often employed between the MRM and the
driver output in order to accommodate the high driving voltage
required for MRM operation, which can exceed 2Vpp [9], [10].
Second, it should have the same number of data transitions
as the actual modulation data, since MRM exhibits dynamic
characteristics, resulting in different device temperatures due to
transition-density-dependent dynamic power dissipation [14].
Assuming the modulation data pattern is random with N/2
transitions for N bits of data, the calibration codes should exhibit
the same number of N/2 transitions. Third, the calibration codes
should be able to easily generate a reference signal to which
the MRM OMA temperature can be locked so that the optimal
condition is maintained regardless of external temperature vari-
ation.

With these conditions in mind, the repeating pattern of ‘1110’
is used for estimating the MRM output for the high-level modula-
tion. ‘1110’ is used instead of ‘1111’ for high-level modulation
as the repeating pattern of ‘1111’ does not contain any data
transition. Likewise, the repeating pattern of ‘0001’ is used
instead of ‘0000’ having no data transition for estimating the
MRM output for the low-level modulation. It can be easily
seen that these calibration codes have N/2 data transitions when
they are repeated sufficiently. Furthermore, ‘1110’ provides the
average output value corresponding to 75% level modulation and
‘0001’ to 25% level modulation. This is illustrated in Fig. 2(a),
which shows the average MRM output power at the drop port
when driven by the respective codes. The difference between
these two average optical powers corresponds to half of the
OMA for the MRM at a given temperature. In our scheme, as
the on-chip MRM heater voltage is scanned, the MRM OMA
at a given temperature is estimated using the above calibration
codes, and the optimal on-chip heater voltage for the largest
OMA is determined.

In order to maintain the optimal condition regardless of any
ambient temperature, a reference level is required to which the
on-chip heater voltage is locked. For producing the reference,
the repeating pattern of ‘1100’ is used, which also has N/2
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Fig. 2. Average optical power measured at the MRM output under different
calibration codes. (a) Optical power under repeated ‘1110’ and ‘0001’ patterns.
(b) Optical power under repeated ‘1100’ pattern and PRBS-31 input.

Fig. 3. Measured average optical power (Popt) under ‘1110’ (black) and
‘0001’ (gray) patterns, and their difference ΔPopt (red) versus heater voltage.

transitions and produces an average MRM output that closely
approximates the mean optical power under PRBS modulation
when repeated sufficiently, as shown in Fig. 2(b). Once this
reference signal is obtained for the optimal on-chip heater volt-
age during the calibration, this can be used for maintaining the
maximum OMA during the actual MRM operation regardless
of the ambient temperature.

To validate our algorithm, a standalone PIC test is conducted
using an MRM sample, and the results are presented in Fig. 3
. Detailed information regarding the MRM sample in the PIC
will be provided in Section IV. Fig. 3 plots the average output
optical power of the MRM under repeated ‘1110’ and ‘0001’
patterns while sweeping the heater voltage. The dark gray line
represents Popt_1110 measured when the MRM is modulated

Fig. 4. Block diagram of the MRM temperature controller.

Fig. 5. Electrical and optical integrated equivalent SPICE model for MRM .

with the repeating patterns of ‘1110’ and the light gray line
when modulated with ‘0001’(Popt_0001). It can be observed that
the magnitude of their difference is maximized at two distinct
heater voltage (points A and C in the figure), corresponding to
the largest OMA. Among these, point C should be selected as
the optimal condition, as point A may suffer from bi-stability
[15].

C. On-Chip Controller Design

Fig. 4 shows the block diagram of the MRM temperature
controller implementing the control algorithm described above.
The average optical power from the MRM drop port (Popt) is
first converted into a photocurrent by an on-chip photodetector
and then passed through a low-pass filter to generate a voltage
signal, referred to as VLPF. VLPF is digitized by a successive ap-
proximation register (SAR) analog-to-digital converter (ADC)
and used by the on-chip controller to perform calibration and
locking. The 10-bit heater codes generated by the controller are
applied to the MRM heater through a digital-to-analog converter
(DAC). The controller also provides the mode selection bit,
Selmode, to the multiplexer (MUX) which in calibration mode
transmits the calibration code and in operation mode trans-
mits PRBS-31 data. Additionally, the code corresponding to
the calibration step is also input to the TX by the controller.
To validate the control algorithm, a gate-level simulation is
performed using the MRM model and controller. Fig. 5 shows
the simplified MRM equivalent circuit model used in this sim-
ulation. By using voltage-dependent R, L, and C elements, the
large-signal MRM modulation characteristics can be accurately
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Fig. 6. Co-simulation results of the controller and MRM for the temperature
control algorithm.

Fig. 7. Block diagram for the hybrid Si MRM transmitter with temperature
controller.

simulated [16], [17]. In addition, the numerical values of the
of the voltage-dependent circuit parameters are determined at
various temperatures so that the temperature-dependent MRM
behavior can be simulated [18]. Fig. 6 presents the simulation
results of the MRM circuit model together with the controller.
This result shows that the controller operates as described in
Fig. 1, performing heater calibration with both coarse and fine
sweeps, followed by the reference signal generation and locking
through the dithering technique.

III. EIC IMPLEMENTATION

Fig. 7 shows the block diagram of the EIC and the PIC.
The EIC comprises a data generation section and a temperature
control section. The data generation section receives a 16- GHz
external clock, which passes through a divider, quadrature error
corrector (QEC), and a duty cycle corrector (DCC) with a digi-
tally controlled delay line (DCDL) before reaching the serializer.
The EIC delivers 2V peak-to-peak differential signals to the
Si MRM via ac coupling capacitors and bonding wires. High
impedance, implemented using an active impedance circuit,
supplies the bias voltage to the Si MRM, whose impedance is

Fig. 8. Microphotograph of the Si MRM in PIC.

Fig. 9. Transmission characteristics at (a) different bias voltages and (b)
heating powers.

more than 1 MΩ, resulting in a cutoff frequency of less than
250 kHz.

The temperature control section includes an LPF with a cutoff
frequency of 15 MHz, a SAR ADC that converts voltage levels
into an 8-bit digital signal, a finite state machine (FSM) for
determining the optimal temperature condition, and a 10-bit
DAC that provides voltage to the MRM on-chip heater. During
the calibration mode, the EIC generates calibration codes, while
in the operation mode, it generates 32-Gb/s PRBS-31 data.

IV. MEASUREMENT RESULTS

Fig. 8 shows the microphotograph of the PIC. The MRM has a
radius of 12µm and a free spectral range (FSR) of 8.04 nm, with
both through and drop ports having a gap of 220 nm. The
drop port of the waveguide is connected to a low-bandwidth
Ge PD for monitoring, enabling observation of optical output
power based on the heater voltage applied to a metal heater
located directly above the PN junction of MRM. There are six
pads in total: two RF pads to drive the MRM, two for the bias
and current output of the Ge PD, and two heater pads to apply
the heater voltage from the controller. The two RF pads receive
output data from the EIC, and the output current from the Ge PD
is fed back into the EIC to provide feedback to the controller.
Based on this feedback, the controller determines the optimal
heater voltage and applies this voltage to the metal heater via
two heater pads.

Fig. 9 shows the measured transmission characteristics of the
MRM. Fig. 9(a) illustrates the effect of the bias voltage applied to
the PN junction, showing the resonance wavelength shift of 16.5
pm/V. Fig. 9(b) presents the heater efficiency, with the resonance
wavelength shift of 61.6 nm/W.

Fig. 10 shows the micrograph of the fabricated chips. The
TX EIC is fabricated using a 28-nm planar CMOS technology,
with an active area of 0.0758 mm2 within a total area of 1.72
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Fig. 10. Die micrograph of the EIC TX and PIC MRM.

Fig. 11. Measurement setup.

mm2. The PIC is fabricated at the AMF Si photonics foundry
and occupies a total chip area of 0.3053 mm2 that includes the
bond pads. The PIC and EIC are hybrid-integrated through wire
bonding.

Fig. 11 illustrates our measurement setup. An Anritsu
MP1800A supplies an external 16-GHz clock signal to the TX.
A 1550-nm wavelength laser source, generated using an Agilent
81689A tunable laser source, is coupled into the PIC via a
grating coupler, passes through the MRM, and exits the PIC
again through a grating coupler. The grating coupler introduces
an insertion loss of approximately 4.5 dB. The modulated optical
signal is amplified by an EDFA, converted to an electrical signal
using an external PD, and the output waveform is measured
with a Keysight MSOV334A oscilloscope. The packaged chip is
placed on an externally temperature-controlled stage, where the
temperature of the control stage below is used as an aggressor.
By varying the stage temperature, the operation of the controller
can be verified. The VLPF and the heater voltage input to the
controller are monitored externally through the PCB board and
measured using a NI 6361 DAQ.

Fig. 12 shows the measured VLPF values during the calibra-
tion mode. Initially, the on-chip heater voltage is coarsely swept
from 0 V to 2 V and a fine sweep is conducted near the optimal

Fig. 12. Experimental results showing VLPF and Vheater waveform during
heater sweep and locking with optimal point at maximum ΔVLPF and dotted
lines corresponding to baseline obtained through offline heater tuning.

Fig. 13. Experimental demonstration of the dithering-based on-chip tempera-
ture control. (a) On-chip heater power (Pheater) response to a sinusoidal varia-
tion of external stage temperature from 20 °C to 30 °C. (b) Corresponding VLPF

maintained at the reference level during the external temperature variation.

on-chip heater voltage identified during the coarse sweep. After
determining the reference VLPF value using the ‘1100’ code,
the controller enters dithering mode to maintain the calibrated
condition. The black and red dotted lines in Fig. 12 indicate the
manually determined optimal values of VLPF and Vheater, which
were obtained by sweeping the heater voltage and identifying
the point at which the eye diagram appeared maximally open
on an oscilloscope. The automatically determined values by
the controller closely match these manually determined values,
confirming the accuracy of the proposed calibration and locking
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TABLE I
COMPARISON OF OPTICAL TRANSMITTERS WITH TEMPERATURE CONTROLLERS

Fig. 14. 32-Gb/s eye diagram with (a) and without (b) the temperature con-
troller under an external temperature variation from 20°C to 30° C.

scheme. Due to the increased RC time constant caused by
parasitic capacitances at the offline monitoring node, our digital
controller operates at a sub-kHz clock frequency, resulting in a
total calibration time on the order of a few seconds.

Fig. 13(a) presents the results of the temperature stress test,
where the chip stage temperature varies sinusoidally between

20°C and 30° C, over approximately 500 seconds, while the
controller operates in dithering mode. The red line clearly
demonstrates that the MRM heater voltage responds in the
opposite direction to the external thermal stress, represented
by the gray dotted line, effectively compensating the ambient
temperature changes and stably maintaining the optimal VLPF,
as shown in Fig. 13(b). The measured 32-Gb/s eye diagram in
Fig. 14(a) demonstrates that an open eye is maintained during
the thermal stress when the controller is on, whereas Fig. 14(b)
shows a completely closed eye when the controller is off under
the same thermal stress. Table I provides a comparison between
the results reported in this paper and recently reported optical
TXs with temperature controllers. Our TX features a code-based
temperature controller that can automatically find the optimal
OMA condition and maintain this condition against temperature
fluctuations in an energy-efficient manner.

V. CONCLUSION

A 32-Gb/s Si MRM transmitter with a code-based temperature
controller is successfully demonstrated. The key techniques
to enhance performance and stability include newly proposed
calibration codes and an integrated on-chip controller for precise
temperature regulation. With our technique, a reliable Si pho-
tonic transmitter based on the MRM modulator can be realized
with low power consumption and a compact, simplified tem-
perature control scheme. The current limitations in temperature
coverage and calibration speed are primarily due to hardware
constraints such as ADC resolution, heater driving capability,
DAC linearity under high voltage operation, and the efficiency
of the MRM heating structure. These are not fundamental lim-
itations of the control algorithm itself and can be significantly
improved through circuit-level enhancements in both the PIC
and EIC.
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