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A Quadrature Biasing Method Based on Slope
Detection for S1 Mach-Zehnder Modulators

Jae-Koo Park ¥, Min-Hyeok Seong *?, Kihun Kim

Abstract—We propose a novel quadrature biasing method for
a silicon Mach-Zehnder Modulator (Si MZM) with an on-chip
heater. The proposed technique determines the quadrature point
by sweeping the heater voltage while modulating the RF signal to
locate the point of maximum optical modulation efficiency. The
quadrature bias point can be identified by sweeping the heater
voltage only within the V. range, instead of the full V5... Moreover,
this method can determine the slope polarity simultaneously while
detecting the optimal modulation point, enabling a more robust
dithering mode operation. The proposed technique is successfully
demonstrated for a custom-designed Si MZM using an FPGA along
with a few commercial ICs.

Index Terms—Heater controller, Si Mach-Zehnder Modulators
(Si MZMs), quadrature Point.

1. INTRODUCTION

ITH the rapid growth of Al workloads and cloud-

based services, the demand for hyperscale data centers
has surged dramatically. In such large-scale data centers, the
high-speed optical interconnects are an essential solution that
can overcome the limitations of traditional electrical links [1].
Among various components needed for these optical links,
the optical modulator plays a critical role. Lithium niobate
(LiNbO3) based Mach-Zehnder modulators (MZMs) have been
widely adopted in high-performance optical communication
systems [2]. However, Si MZMs have recently gained attention
as a compelling alternative for data center interconnect solutions
due to their compatibility with the CMOS technology, which
can provide the very high level of photonic integration. Si
MZMs enable data rates exceeding 200 Gb/s per wavelength
and are well suited for multi-channel transceiver implementation
[3]. However, they inherently suffer from limited modulation
efficiency due to the material properties of silicon. Phase shifters
based on PN junctions exhibit low modulation efficiency, leading
to high V., making it difficult to precisely bias the modulator
using electrical control alone [4]. To address this, most Si MZMs
incorporate thermal phase shifters together with on-chip heaters,
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Fig. 1. Measured normalized transmission curves versus heater power for
input wavelengths of 1550 nm and 1551 nm.

which enable precise control of the optical phase difference
between the two interferometer arms [5]. This allows the modu-
lator to be biased at the quadrature point, where the modulation
efficiency is highest, and the linearity is maximized.

Recent studies have proposed various bias control techniques
for MZMs, each with distinct advantages and trade-offs in
terms of complexity and energy efficiency. For example, in the
harmonic-based bias control method, a pilot tone is injected,
and the first- and second-order harmonics are monitored at the
output, with which the optimal bias point is determined. While
itis very effective, this approach requires additional circuitry for
pilot tone generation and detection, which may increase system
complexity and cost. Furthermore, it can cause interference with
the transmitted data in intensity modulation with direct detection
(IM/DD) systems [6]. Alternatively, a biasing method based on
direct measurement of optical modulation amplitude (OMA)
has been proposed. However, this approach requires high-speed
optical receivers (ORXs) to analyze signal swing in real time,
resulting in high power consumption [7]. To determine the bias
point of a Si MZM, another approach involves sweeping the
heater power to explore the transmission function and identify-
ing the quadrature bias point as the level corresponding to half
of the maximum transmission point [8]. This method requires
locating the maximum transmission and setting the MZM bias to
the corresponding half-transmission point, which necessitates a
heater driver capable of sweeping across a full 27 range. Fig. 1
shows the transmission curves of the Si MZM versus heater
power at two different wavelengths. As seen in the 1550 nm
curve, if the maximum transmission point is located at a low
heater power level, the quadrature bias point can be identified
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within a m-range sweep. However, if the peak occurs near the end
of a2 range, as observed in the 1551 nm curve, the heater driver
must support an almost full 27 sweep to accurately determine
the optimal bias point. As the Si MZM characteristics cannot
be precisely predicted due to the fabrication process variation,
the bias controller should be capable of providing full 27-range
heater sweeps, requiring high-voltage heater drivers.

In this work, we propose a heater control method that detects
the point of maximum slope in the optical transfer function,
rather than relying on peak detection. Since this maximum-slope
point inherently corresponds to the quadrature bias point, only a
m-range heater sweep is required, reducing the necessary heater
voltage by up to v/2. This enables the use of low-voltage heater
drivers, making the scheme more compatible with CMOS inte-
gration. This article is organized as follows: Section II describes
the structure of the Si MZM used for our investigation and
gives details of our bias control scheme. Section III presents
the experimental setup and discusses the measurement results.
Finally, Section IV summarizes this work.

II. HEATER CONTROLLER FOR S1 MZM

The proposed controller is implemented using an FPGA and
a few commercial ICs. Its effectiveness is experimentally veri-
fied using a Si single-ended push-pull MZM (SPP-MZM) [9],
schematically shown in Fig. 2(a). In this MZM, the input light
is split into two arms via a 1 x 2 multimode interferometer
(MMI) coupler and then recombined by a 2 x 2 MMI coupler,
after experiencing different phase shifts induced by Vrp applied
to the PN junctions. The output light is coupled into a single-
mode fiber (SMF) through a grating coupler. Fig. 2(b) shows
a microphotograph of the Si MZM fabricated using the AMF
Si photonics foundry 220-nm SOI process. The modulator is an
unbalanced MZM composed of 500-nm-wide rib waveguides
and 1-mm-long PNP-doped junctions. The PNP-doped junctions
of the SPP-MZM make junction capacitance lower, and that
leads to higher electro-optic (EO) modulation bandwidth [10].

Fig. 2(c) presents the measured wavelength transmission
curves with bias voltages swept from 0 V to —12 V. From the
measurement, a phase shift of about 0.497 is observed when
the bias voltage is —12 V. Therefore, the estimated V. L is
2.45 V.cm. An on-chip heater is implemented on one of the
waveguide arms and Vieater applied to the on-chip heater is
used for bias control.

Fig. 3 presents the measured EO frequency responses of the
Si SPP-MZM under different bias voltages. As shown in Fig. 3,
the bandwidth of the modulator is around 38 GHz.

The transmission characteristic of the Si SPP-MZM as a
function of on-chip heater power is shown in Fig. 4. The input
optical wavelength is 1550 nm, and the heater resistance is
approximately 1.5 k. A full 27 phase shift is achieved at a
heater power of approximately 2.7 mW, corresponding to a
heater voltage of around 2 V. A 7 phase shift is achieved at
a heater power of approximately 1.35 mW, corresponding to a
heater voltage of around 1.4 V. As shown in the transmission
curve of Fig. 4, the quadrature point on the negative slope is
located at around 0.8 mW, while the one on the positive slope
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Fig. 2. (a) Structure and (b) microphotograph of the Si SPP-MZM. (c) Mea-
sured transmission curves of the Si SPP-MZM under various bias voltages.
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Fig. 3. Normalized values of the EO S21 of the Si SPP-MZM from measure-

ment.

appears around 2.2 mW. Among these, the quadrature point on
the negative slope requires less heating power, making it the
more power-efficient operating point.

In the conventional quadrature bias detecting method based on
locating the half-maximum optical output [8], the heater driver
is operated over the full 27 range to find the point of maximum
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Fig. 4. Measured transmission characteristic of the Si MZM as a function of
on-chip heater power.
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optical power. In contrast, the proposed slope detection method
identifies the quadrature point by detecting the maximum slope,
thereby requiring only a 7 range scan without the need to find
the maximum optical power.

Fig. 5 presents the flow chart of the proposed algorithm
that locates the maximum and minimum slope points of the
optical transmission curve. The process begins by initializing
the Vizeater at 0 V. Then, the controller applies 2 V to the Vyrp
and samples the resulting photodetector output (PD_OUT) from
the output monitor. It then sets Virr to 0 V and takes a second
sample (PD_OUT’). The voltage difference between these two
samples corresponds to the local slope of the transmission curve.
Depending on the polarity of the slope, the voltage difference is
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Fig. 6. Block diagram of experimental setup.

recorded as either Slope_P (positive slope) or Slope_N (negative
slope). During the Vyeater SWeep, if the newly calculated slope
is greater than the previously stored Slope_P or Slope_N, the
value and the corresponding Vireater are updated. By sweeping
VHeater across the desired range, the controller identifies the
VHeater at Which the slope is maximized, which corresponds to
the point of highest modulation efficiency. This condition is iden-
tified as the quadrature bias point. In addition, the corresponding
monitored optical power is stored as the reference value to be
used in the tracking mode. In the tracking mode, the dithering
technique is used to maintain the average monitored optical
power equal to the reference value even when any ambient
temperature fluctuation or data transmission changes the optimal
bias condition. This is done without any interruption in data
transmission.

III. EXPERIMENTAL RESULT

Fig. 6 shows the experimental setup used to verify the func-
tionality of the Si MZM heater controller. The test MZM is
mounted on a temperature-controlled stage. A tunable laser
source (TLS) delivers 13 dBm of optical input power to the mod-
ulator via a grating coupler. The per-facet grating coupling loss
is4.5 dB. The output light, after passing through a2 x 2 MML, is
divided using a 9:1 optical coupler. The main output is amplified
by an Erbium-Doped Fiber Amplifier (EDFA) and delivered
to a 50-GHz photodetector (PD) with 0.4 A/W responsivity,
connected to an oscilloscope. The monitor output is directed
to a low-speed PD with 1.2-GHz bandwidth and 0.95 A/W
responsivity, and is used by the monitor PD. The controller
includes one 8-bit ADC, two 8-bit DACs, and three unity-gain
buffers implemented on an FR4 PCB. The FPGA-based heater
controller digitizes the monitor PD signal through the ADC,
and controls both the Vieater and Viyp via DACs. An 8-bit
digital heater code is generated to drive the on-chip heater.
While sweeping Vieater, the controller toggles Vyr between
2 Vand 0 V at each step and monitors PD_OUT to determine
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at an input laser wavelength of 1550 nm and zoomed-in view from 1.9 s to 2 s.
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Fig. 8. Measured waveforms of the heater controller operating scan mode at

an input laser wavelength of 1552 nm, and zoomed-in view from 1.6 s to 1.7 s.

the point of maximum modulation efficiency, corresponding to
the quadrature bias point.

Figs. 7 and 8 show measurement waveforms captured at
internal nodes of the heater controller using a data acquisition
module (DAQ) while executing the quadrature tracking. Fig. 7
illustrates the behavior of the controller when the input laser
wavelength to the Si SPP-MZM is set to 1550 nm. Vijeater 18
swept from O V to 1.5 V over 1.6 s, while Vrp toggles from 2 V
to 0 V during this period. The resulting voltage difference from
the monitor photodetector, PD_OUT, is measured to evaluate
the modulation slope. The zoomed-in view of the highlighted
portion in Fig. 7 clearly shows the variation in PD_OUT as Vyp
alternates between 2 V and 0 V. As shown in Fig. 7, Vieater
sweep range slightly exceeds the 7 range of the transmission
curve, demonstrating that even a relatively narrow sweep range
is sufficient to locate the optimal quadrature bias point.

Fig. 8 shows the controller response when the laser wave-
length is shifted to 1552 nm, placing the Si SPP-MZM in a
phase condition opposite that of the 1550 nm case. In this case,
the optical output increases with Vieater, indicating a slope
polarity is opposite to that in Fig. 7. Despite the reversed slope
direction, the controller successfully detects the magnitude of
the modulation slope and identifies the correct quadrature point.
The Vyeater identified through the scan mode is approximately
7 mV away from the ideal quadrature bias point, which remains
within the minimum step size of the 8-bit commercial DAC
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Fig. 9. (a) Measured waveforms of the heater controller operating tracking
mode while the MZM is under thermal stress ranging from 18 °C to 38 °C.
Measured 30 Gb/s eye diagram with dither mode (b) enabled and (c) disabled.

(15.7 mV) and ADC (10 mV). Although the ADC and DAC
used in this work were sufficient to locate the quadrature point
and maintain stable optical modulation, the accuracy and ro-
bustness of the heater controller could be further improved by
using a PD_OUT ADC and Vyeater DAC with higher ENOB.
After Vijeater sWeep is completed, the controller setS Vifeater
to the identified quadrature point and stores the corresponding
slope polarity. Subsequently, the scan_flag signal is triggered
to indicate successful calibration. Once triggered, the controller
applies the heater power corresponding to the maximum slope
to the MZM and stores the resulting PD_OUT as the reference
value to be used as the target value for dithering. The heater
controller then enters the dithering mode, where it maintains the
PD_OUT level against any thermal fluctuations, ensuring stable
operation under varying thermal conditions.
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Fig. 9(a) shows the measured results that verify the heater
controller correctly modifies Vieater SO that the monitored
average optical output power does not change even under the
thermal stress, and the eye diagram remains open as can be seen
in Fig. 9(b). The Si SPP-MZM is mounted on a temperature
control stage, and a sinusoidal thermal stress ranging between
38 °C to 18 °C is applied for 600-s period. Throughout the
thermal cycling, Vieater 18 adaptively modulated via dithering
to maintain a constant PD_OUT level, demonstrating effective
compensation against thermal variation. Fig. 9(b) and (c) com-
pare the eye diagrams captured during the same thermal stress
condition when the heater controller operates with dithering
enabled and disabled, respectively. A 30-Gb/s NRZ signal with
a PRBS-7 data pattern is applied via a PPG. The waveforms are
measured by the real-time oscilloscope without any equaliza-
tion. When dithering is enabled, the eye remains open and stable
throughout the full thermal range. In contrast, with dithering
disabled, the eye closure is observed with as little as a 5 °C
temperature shift, confirming the effectiveness of active thermal
compensation.

IV. CONCLUSION

We have successfully demonstrated a novel on-chip heater
controller for Si MZMs that identifies the quadrature bias point
using the slope detection and maintains this condition against
any ambient temperature variation. The slope detection approach
allows for robust quadrature tracking with proper dithering
direction determined from slope polarity. By limiting the heater
voltage sweep range to 7 instead of 2w, the required power
budget is reduced by approximately half.
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