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Abstract: A bias-independent inter-modulation method is proposed and demonstrated for measuring 
low-frequency modulation and bias half-wave voltages of Mach-Zehnder modulators (MZMs). The 
method consists of simultaneous sinusoidal modulation on the modulation and bias ports of the 
MZM under test. Sinusoidal-modulated sidebands heterodyne with each other and generate the 
desired inter-modulation products after photodetection, which allows extracting both the modulation 
depth and half-wave voltage for the modulation and bias ports of the MZM. Our method is 
independent of bias voltages of the MZM, which can be canceled out by carefully choosing the 
sinusoidal-modulation frequencies. Moreover, the proposed method enables the low swing voltage 
for measuring both the modulation depth and half-wave voltage of MZMs. Experiments indicate that 
the proposed method features the simple setup and high accuracy for low-frequency response 
measurement ranging from 1 Hz to 1 MHz. 

Keywords: Electrooptical modulation; fiber optics systems; half-wave voltage; inter-modulation 

Citation: Junfeng ZHU, Xinhai ZOU, Ying XU, Yutong HE, Yali ZHANG, Zhiyao ZHANG, et al., “Bias-Independent 
Inter-Modulation Method for Simultaneously Measuring Low-Frequency Modulation and Bias Half-Wave Voltages of Mach-Zehnder 
Modulators,” Photonic Sensors, 2023, 13(2): 230203. 

 

1. Introduction 

Electro-optic response parameters of the 

modulation depth and half-wave voltage reveal the 

conversion efficiency of Mach-Zehnder modulators, 

which is crucial to the applications such as 

electro-optic sensing [1–4], fiber-optic gyroscope, 

[5–7], and arbitrary bias point control [8–10], 

especially in the low-frequency range. In past 

decades, there are several time- or 

frequency-domain methods proposed to measure 

electro-optic parameters of Mach-Zehnder 

modulators (MZMs) for low-frequency applications. 

The most direct power-voltage (P-V) method is to 

sweep the P-V curve through applying different 

direct current (DC) voltages on the bias port of the 

MZM under test [11]. However, it is only efficient 

for extracting the DC half-wave voltage at the bias 

port, which is useless for the dynamic half-wave 

voltage measurement at the modulation port. 
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Alternatively, the triangular-wave method is 

developed by applying a time-variation triangular- 

wave voltage either on the modulation or bias port 

and observing the output sinusoidal waveform with 

a photodetector and an oscilloscope [12]. However, 

it suffers from bias drifting and the measured 

half-wave voltage is a composite value of multiple 

harmonic tones coming from the triangular 

waveform, which can be overcome by sinusoidal- 

wave driving for the single-tone measurement. 

Nevertheless, the major difficulty for the 

time-domain methods lies in that the swing voltages 

are required to be near at least twice the half-wave 

voltage (>2Vπ), which may result in serious thermal 

drifting or even failure for the half-wave voltage 

measurement [1, 13]. 

In contrast, the frequency-domain methods can 

be operated with agile driving levels, such as the 

swept frequency method and the frequency-shifted 

heterodyne method [14–19]. The swept frequency 

method is widely used to characterize the relative 

frequency response of the MZM with the help of an 

electrical network analyzer (ENA) [14, 16]. 

However, this method is not applicable for 

measuring the absolute frequency response. It 

should be noted that the absolute frequency response 

parameters including the modulation depth and 

half-wave voltage are more comprehensive than the 

relative one since it reveals not only the relative 

change of the modulation efficiency but also the 

modulation efficiency itself. For the absolute 

frequency response measurement, the self- 

heterodyne scheme is proposed with an 

acousto-optic modulator (AOM) as an optical 

frequency shifter [17]. In this scheme, the 

low-frequency (sub-MHz) modulated optical signal 

heterodynes with the frequency-shifted optical 

carrier, which enables testing the sub-MHz 

frequency response at the cost of tens of MHz 

(typically 80 MHz) photodetection. Recently, we 

propose a low-frequency (sub-MHz) detection 

scheme for extracting the modulation depth and 

half-wave voltage of MZMs based on two-tone 

modulation and bias swing [18], which enables 

high-speed MZM measurement with a low- 

frequency photodetector. Nevertheless, the two-tone 

method assumes that the MZM at the two-tone 

frequencies has the same half-wave voltages, which 

is not always valid in the low-frequency range due 

to the acoustic anomalies in LiNbO3 material unless 

it is below 100 kHz [20]. Besides, the two-tone and 

bias driving conditions are somewhat redundant in 

the case of low-frequency MZM measurement. 

In this work, we propose a bias-independent 

inter-modulation method for measuring low- 

frequency modulation and bias half-wave voltages 

of MZMs. Our scheme consists of simultaneous 

sinusoidal modulation over the modulation and bias 

ports of the MZM under test. The sinusoidal- 

modulated sidebands heterodyne with each other 

and generate the desired inter-modulation products 

after photodetection, which allows extracting both 

the modulation depth and half-wave voltages for the 

modulation and bias ports of the MZM. Our method 

is independent of bias voltages of the MZM because 

it can be canceled out by carefully choosing the 

frequency relationship of the sinusoidal modulation. 

Moreover, the proposed method enables lower 

swing voltage for measuring both the modulation 

depth and half-wave voltage of MZMs. The 

theoretical description is presented as well as 

experimental demonstration to confirm our  

method, and the consistency is fully checked for 

accuracy. 

2. Operation principle 

As depicted in Fig. 1, an optical carrier with an 

angular frequency ω0 is sent to an MZM driven by 

two sinusoidal signals v1(t) = V1sin(2πf1t+θ1) at the 

modulation port and v2(t) = V2sin(2πf2t+θ2)+Vb at the 

bias port. The optical output field after the MZM 

can be written by 
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Fig. 1 Schematic diagram of the proposed method. LD: laser 

diode; PC: polarization controller; MPD: monitor photodetector; 
Mod: modulation; SG: sinusoidal-function generator; ESA: 
electrical spectrum analyzer. 
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where A0 is the amplitude of the optical carrier, γ is 

the asymmetric factor of the MZM, φb is the phase 

bias from the bias voltage Vb, and m1 and m2 are the 

modulation depths introduced by v1(t) and v2(t) and 

can be expressed by 

1 1 1 2 2 2,m V V m V Vπ ππ π= =         (2) 

where Vπ1 and Vπ2 are the half-wave voltages of the 

modulation port and the bias port, respectively. 

After photodetection, the modulated optical signal 

can be converted into a photocurrent and given by 
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(3) 
with the responsivity R of the photodetector. 

Applying the Jacobi-Anger expansion to (3), it can 

be expressed as 
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 (4) 
where Jp(·) and Jq(·) are the pth and qth-order Bessel 

functions of the first kind, respectively. From (4), 

the desired frequency components can be quantified 

as follows: 
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(5c) 

( ) ( ) ( ) ( ) ( )2
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    (5d) 

It can be seen from (5b) and (5d) that the 

frequency components at 2f1 – f2 and f2 have the 

same amplitude factor of 2γA2 
0 J1(m2)sin(φb). In our 

method, the two frequencies f1 and f2 are set very 

close to each other to let the assumption on the 

responsivity R(2f1 – f2) ≈ R(f2) stand. In this case, the 

modulation depth m1 can be extracted from the 

relative amplitude between the frequency 

components at 2f1 – f2 and f2, given by 
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Similarly, with (5a) and (5c), the modulation 

depth m2 can also be extracted from the relative 

amplitude between the frequency components at  

2f2 − f1 and f1, given by 

( ) ( )
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2 1 2 2
2 2

1 0 2

2 J
=

J

i f f m
H m

i f m

−
= .      (7) 

It is also worth noticing that our measurement 

only depends on the relative amplitude instead of the 

absolute amplitude of the desired frequency 

components from (6) and (7), which eliminates the 

effect from the power fluctuation of the laser diode 

(LD) and the uneven responses of photo-diodes. 

Moreover, the frequency response measurement of 

modulation and bias ports can be realized 

simultaneously and independently. Besides, the 

measurement is independent of the bias voltage of 

the MZM. In practice, it will benefit from an 

improved signal-to-noise ratio (SNR) by setting a 

relatively high signal driving level and a near 

quadrature bias phase. 
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3. Results and discussion 

In our experiment, an optical carrier at the 

wavelength of 1 550.12 nm is injected into the MZM 

(iXblue MXER-LN-10) via a polarization controller. 

The low-frequency driving signals come from     

a dual-channel function generator (Hantek 

HDG2102B) applied to the modulation and bias 

ports of the MZM, respectively, working as an 

inter-modulation of the optical carrier. The bias 

phase φb is adjusted through the bias voltage Vb of 

the MZM. The output signal is detected by the 

onsite MPD and analyzed by an electrical spectrum 

analyzer (ESA). 

As can be seen from Fig. 2(a), the low-frequency 

electrical power of the modulation and 

bias-modulated components are detected at f1, f2,   

2f1 – f2, and 2f2 – f1, respectively, in which the 

frequencies are set as f1 = f2 – 10. For example, 

when the frequencies of f1 and f2 are set to be 1kHz 

and 1.01 kHz, the values of the electrical power    

at desired frequency components of 1 kHz (f1),    

1.01 kHz (f2), 0.99 kHz (2f1 – f2), and 1.02 kHz (2f2 – 

f1) are measured to be –43.46 dBm, –46.66 dBm, 

–67.31 dBm, and –70.20 dBm, respectively. The 

amplitude of the driving signal is determined to be 

2.25 V (17.04 dBm) at 1.01 kHz. According to (6), 

the modulation depth m1 of the modulation port at  

1 kHz is solved to be 1.63 rad. Therefore, the 

half-wave voltage Vπ1 is calculated to be 4.35 V 

based on (2). Similarly, the modulation depth m2 and 

half-wave voltage Vπ2 of the bias port at 1.01 kHz  

are also determined to be 1.18 rad and 5.98 V, 

respectively. And Fig. 2(b) shows the measured 

typical electrical spectra at f1 (10 kHz),           

f2 (10.01 kHz), 2f1 – f2 (9.99 kHz), and 2f2 –       

f1 (10.02 kHz) after photodetection. 

In order to verify the bias independence of the 

proposed method, the absolute and relative electrical 

power of the desired frequency components      

at different bias voltages in the case of 10 kHz (f1), 

10 .01  kHz  ( f 2 ) ,  9 .99  kHz (2 f 1  –  f 2 ) ,  and         

 
Frequency (Hz) 

(a) 

P
ow

er
 (

dB
m

) 

−40

−45

−50

−65

−70

101 102 103 104 105 106−75
100

i(f1) 
i(f2) 
i(2f1−f2) 
i(2f2−f1) 

 

 

Frequency (kHz) 
(b) 

P
ow

er
 (

dB
m

) 

−40

−60

−80

−100

−120

9.92 9.96 10.00 10.04 10.08 10.12
−140

9.88

RBW: 1 Hz 

Span: 300 Hz 

f1=10.00 kHz 

f2=10.01 kHz 

 
Fig. 2 Measured electrical power and spectra: (a) electrical 

power of the electrical signals after photodetection at f1, f2,   
2f1 – f2, and 2f2 – f1 and (b) electrical spectrum in the case of f1 = 
10 kHz and f2 = 10.01 kHz. 
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Fig. 3 Measured electrical power at different bias voltages: 

electrical power at (a) f2, 2f1 – f2 and (b) f1, 2f2 – f1, 
corresponding relative power (c) H1 and (d) H2 in the case of  
f1 = 10 kHz and f2 = 10.01 kHz. 

10.02 kHz (2f2 – f1) are measured, respectively, as 

shown in Fig. 3. From Fig. 3, although the absolute 

electrical power varies with the bias voltage Vb, the 

relative power in between almost keeps constant as 

long as the SNR of the desired frequency 
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components can be guaranteed. It is worth noting 

that weak signals with the poor SNR should be 

avoided as much as possible in the experiment 

because they will result in unexpected errors or even 

failure for the half-wave voltage measurement. The 

bias independence can be explained by (5a), (5b), 

(5c), and (5d), and the relative amplitude between 

the two desired frequency components is 

independent of varying the bias voltages as the bias 

phases contribute equally to the absolute amplitudes. 

Therefore, our method allows measuring the 

frequency response without specially pre-optimizing 

the bias characteristics of the MZM. 

The modulation depths of the modulation port 

and bias port are measured at other frequencies 

according to (6) and (7), as illustrated in Fig. 4. The 

according half-wave voltages are acquired and 

shown in Fig. 5. In order to demonstrate the 

accuracy of the proposed method, we make a 

comparison between the proposed method and the 

sinusoidal-wave method for the measurement of 

half-wave voltages at the modulation and bias ports 

of the MZM, respectively. As shown in Fig. 5, the 

experimental results have an excellent consistency 

between our method and the sinusoidal-wave 

method. In Fig. 5, it is noted that the sinusoidal- 

wave method is not qualified for the measurement at 

above hundreds of kHz due to the non-negligible 

phase drift and the thermal effects resulting from the 

large swing voltage [1]. Superior to the sinusoidal- 

wave method, our method allows simultaneous 

implementation of the modulation and bias ports 

measurement while avoiding the effects of the large 

signal driving level requirements in the low- 

frequency range. Moreover, as can be seen from  

Fig. 5, the measurement frequency range in our 

method can be extended to a lower frequency range 

(below 1 Hz) with a lower minimum operating 

frequency of the dual-channel function generator 

and ESA. 
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Fig. 4 Measured modulation depths of modulation and bias 

ports of the MZM as a function modulation frequency, where 
the microwave driving level is set to be 2.25 V (17.04 dBm). 
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4. Measurement uncertainty 

For completeness, the measurement uncertainty 

of the proposed method is also studied by deriving 

the total differential of (2), (6), and (7), which is 

expressed as 
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As shown in Fig. 6, the error transfer factor F is 

less than 0.6 in the case of 0 < m < 4 and even can 

be reduced to 0 as long as the modulation depth m is 

2.4 rad, indicating that the uncertainty of the 

extracted modulation depth will be less than that of 

the measured relative amplitude function. In our 

experiment, the measurement error is mainly caused 

by the uneven responsivity of the MPD due to the 

approximation of R(f2 – 2f1) ≈ R(f2) and the 

uncertainty of the ESA. The responsivity difference 

of the MPD is estimated to be no more than 0.1 dB 

within a 10 Hz frequency difference, and the power 

measurement uncertainty is estimated to be within 

0.1 dB from the ESA specification. Therefore, the 

measured relative amplitude H would have an 

uncertainty of less than 0.3 dB (= 0.1 + 2 × 0.1), 

which means a relative error introduced by the  

MPD and ESA less than 3.51% [F·δH(m)/H(m) ≤ 

(100.3/20 − 1) × 100%]. It should be noted that the 

relative error can be further improved with the 

high-performance PD and ESA. Besides, the driving 

level difference is estimated to be less than [1% +  

(1 mV/Vset) × 100%] based on the function generator 

specification, corresponding to an uncertainty of 

1.04% [1% + (1/2 250) × 100%]. Of note, Vset is the 

peak voltage output from the function generator. In 

total, the measured modulation depth is estimated to 

have an uncertainty of less than 4.55% (3.51% + 

1.04%). 
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Fig. 6 Error transfer factors. 

5. Conclusions 

In summary, we have proposed and 

demonstrated a bias-independent method for 

simultaneously measuring the low-frequency 

modulation and bias half-wave voltage of MZMs 

based on the inter-modulation. Different from the 

electro-optic swept frequency method [15, 16], the 

proposed method enables the absolute frequency 

response measurement of MZMs at the 

low-frequency range. Compared with the 

sinusoidal-wave method and triangular-wave 

method [12], the proposed method enables the 

bias-independent measurement of the modulation 

depth and half-wave voltage for both the modulation 

and bias ports, and avoids any strict swing amplitude 

requirement. Superior to the frequency-shifted 

heterodyne method [21–23], the method eliminates 

the limitation of the low-frequency characterization 

of MZMs based on the inter-modulation. Therefore, 

our method provides the high-resolution absolute 

frequency response measurement for MZMs, 

leading a bias-drift-free electrical measurement with 

the high accuracy ranging from 1 Hz to 1 MHz. 
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