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Abstract — We present a method to create a compact model for the static performance 
of an electro-optic phase modulator (EOPM), which uses the quantum-confined Stark 
effect (QCSE). The efficiency and optical loss are characterized, both of which are 
dependent on wavelength and bias voltage. This data is empirically fitted in two 
dimensions, yielding a single equation for both optical loss and efficiency. This model 
can be used to predict the performance of the EOPM at any point within the characterized 
wavelength and voltage range. This can be used for circuit simulation or the optimization 
of the operating point of the EOPM. 
Index Terms — Characterization, electro-optic modulators, optical losses, phase shifting, 
semiconductor device modeling. 

Introduction 
The electro-optic phase modulator (EOPM) is an important building block for photonic 
integration platforms. For efficient simulation and design of photonic integrated circuits, 
compact models of the different building blocks are needed. Based on the characterization 
of real devices, these models can give an accurate estimation of the building blocks' 
behavior, without the burden of a computationally intensive simulation. 

In this paper, we present our approach for creating a compact model for the DC 
performance of an EOPM. By using an empirical fit in two dimensions, the wavelength 
and voltage dependence are captured in one equation for optical loss and one equation for 
efficiency. 

Methodology 
In this section, the construction of the compact model is described. The compact model 
is based on the measurement data we presented previously with our method for 
characterization of EOPMs [1]. The EOPM is measured as a bare die forming a Fabry-
Pérot cavity. The optical transmission is recorded while changing the wavelength or the 
reverse bias voltage. The optical loss and efficiency are determined from the measured 
fringe patterns: loss is derived from the fringe visibility, and efficiency from the fringe 
period. The final result of the characterization is the wavelength- and voltage-dependent 
DC performance of the EOPM: 1. The optical loss versus wavelength, for multiple reverse 
bias voltages. 2. The efficiency (half-wave voltage, phase change, or effective index 
change) versus reverse bias voltage, for multiple wavelengths. Expressing efficiency as a 
phase or index change is the most practical for a compact model. For clarification, refer 
to the processed data in Fig. 1, Fig. 2, and Fig. 3 in the results section below. 

The model is created by iteratively fitting an equation in one dimension 
(wavelength or voltage) and fitting the different fit parameters in the other dimension. 
This step-by-step approach is needed to shape the model by choosing the right equations, 
to guide it to converge, and to find initial values for the fit parameters. In the following 
subsections, the approach is described in more detail.  



Optical loss model 
The objective is to derive a single equation for the optical loss, which is dependent on 
both wavelength and reverse bias voltage. We expect an exponential decay of the tail of 
the absorption edge. In addition, there is a voltage-dependent redshift due to the QCSE 
and a static offset of the absorption. This led us to the following equation, which gives a 
good fit for the loss-versus-wavelength curves: 

𝛼𝛼 = 𝑎𝑎 ∙ exp[−𝑏𝑏 ∙ (𝜆𝜆 − 𝑐𝑐)] + 𝑑𝑑 (1) 
with 𝛼𝛼 the optical loss in dB/cm and 𝜆𝜆 the wavelength in nm. Parameters 𝑎𝑎, 𝑏𝑏, 𝑐𝑐, and 𝑑𝑑 
are fit parameters. Parameter 𝑎𝑎 is redundant with parameter 𝑐𝑐 [2], which prevented 
conversion of the fit parameters. Hence, parameter 𝑎𝑎 was left out. This equation describes 
only the wavelength dependence. To include the voltage dependence of the fit parameters, 
the model was built according to the following steps: 

1. Each loss-versus-wavelength curve was separately fitted with (1) to yield a 
different 𝑏𝑏, 𝑐𝑐, and 𝑑𝑑 for each reverse bias voltage. 

2. Parameter 𝑑𝑑 was fixed to the average 𝑑𝑑 for voltages 0 V to 4 V. 
3. Each curve was separately fitted again, now using the fixed value of 𝑑𝑑, to yield a 

new 𝑏𝑏 and 𝑐𝑐 for each reverse bias voltage. 
4. The different 𝑐𝑐 parameters were fitted with 𝑐𝑐 = 𝑐𝑐1 + 𝑐𝑐2 ∙ 𝑉𝑉 + 𝑐𝑐3 ∙ 𝑉𝑉2. 
5. Each curve was separately fitted again, now using the fixed value of 𝑑𝑑 and the fit 

for 𝑐𝑐, to yield a new 𝑏𝑏 for each reverse bias voltage. 
6. The different 𝑏𝑏 parameters were fitted with 𝑏𝑏 = 𝑏𝑏1 + 𝑏𝑏2 ∙ 𝑉𝑉 + 𝑏𝑏3 ∙ 𝑉𝑉2. 

This resulted in a single equation for the optical loss, dependent on both wavelength and 
reverse bias voltage, making use of a total of 7 fit parameters. 
 
Efficiency model (phase) 
The objective is to derive a single equation for the efficiency, which is dependent on both 
wavelength and reverse bias voltage. Since the EOPM is based on the QCSE, the phase-
versus-voltage curves are fitted excellently with a quadratic relation [3]: 

Δ𝜑𝜑 = 𝑝𝑝 ∙ 𝑉𝑉 + 𝑞𝑞 ∙ 𝑉𝑉2 (2) 
with Δ𝜑𝜑 the phase change (representing efficiency) in deg/mm and 𝑉𝑉 the reverse bias 
voltage in volt. Parameters 𝑝𝑝 and 𝑞𝑞 are fit parameters. This equation describes only the 
voltage dependence. To include the wavelength dependence of the fit parameters, the 
model was built according to the following steps: 

1. Each phase-versus-voltage curve was fitted separately with (2) to yield a different 
𝑝𝑝 and 𝑞𝑞 for each wavelength. 

2. The different 𝑝𝑝 parameters were fitted with 𝑝𝑝 = 𝑝𝑝1 + 𝑝𝑝2 ∙ 𝜆𝜆 + 𝑝𝑝3 ∙ 𝜆𝜆2. 
3. Each curve was separately fitted again, now using the fit for 𝑝𝑝, to yield a new 𝑞𝑞 

for each wavelength. 
4. The different 𝑞𝑞 parameters could not be fitted properly with a quadratic relation. 

From a plot of all 𝑞𝑞 parameters versus wavelength, an exponential relationship 
was identified. A proper fit was obtained by 𝑞𝑞 = 𝑞𝑞1 + exp[𝑞𝑞2 + 𝑞𝑞3 ∙ 𝜆𝜆 + 𝑞𝑞4 ∙ 𝜆𝜆2]. 

This resulted in a single equation for the phase change, dependent on both wavelength 
and reverse bias voltage, making use of a total of 7 fit parameters. 



 
Fig. 1. Optical loss [dB/mm]. 

 
Fig. 2. Efficiency (phase). 

 
Fig. 3. Efficiency (index). 

Efficiency model (effective index) 
The model for the phase change can be easily converted into a model for the change in 
the effective index of the optical mode in the EOPM. To derive this relation, we start with 
the expression for the accumulated phase rotation after a length 𝐿𝐿: 

𝜑𝜑 =
2𝜋𝜋
𝜆𝜆0
𝑛𝑛eff𝐿𝐿 (3) 

with 𝜑𝜑 the accumulated phase rotation in radians, 𝜆𝜆0 the vacuum wavelength, 𝑛𝑛eff the 
effective refractive index of the optical mode in the EOPM waveguide, and 𝐿𝐿 the length 
of the EOPM. By rewriting (3), the change in effective index can be expressed as 

𝛥𝛥𝑛𝑛eff =
𝛥𝛥𝛥𝛥
𝐿𝐿

 
𝜆𝜆0
2𝜋𝜋

. (4) 

Thus, if the phase change is given in deg/mm it can be multiplied by 𝜆𝜆 ∙ 10−6 360⁄  (with 
𝜆𝜆 the wavelength in nm) to get the effective index change. 

Results 
The final equations, which together form the compact model, are as follows: 
 

𝛼𝛼(𝜆𝜆,𝑉𝑉) = 5.9 + exp[(−0.089 + 0.011 ∙ 𝑉𝑉 − 5.5 ∙ 10−4 ∙ 𝑉𝑉2)
∙ (𝜆𝜆 − (1578 + 7.3 ∙ 𝑉𝑉 + 0.95 ∙ 𝑉𝑉2))] (5) 

 
Δ𝜑𝜑(𝜆𝜆,𝑉𝑉) = (1565.2 − 1.8105 ∙ 𝜆𝜆 + 5.291 ∙ 10−4 ∙ 𝜆𝜆2) ∙ 𝑉𝑉

+ (1.465 + exp[23.34 + 4.812 ∙ 10−3 ∙ 𝜆𝜆 − 1.187 ∙ 10−5 ∙ 𝜆𝜆2]) ∙ 𝑉𝑉2 (6) 

 
 Δ𝑛𝑛eff(𝜆𝜆,𝑉𝑉) = 𝛥𝛥𝛥𝛥(𝜆𝜆,𝑉𝑉) ∙ (𝜆𝜆 ∙ 10−6 360⁄ ) (7) 

 
with 𝛼𝛼(𝜆𝜆,𝑉𝑉) the optical loss in dB/cm, Δ𝜑𝜑(𝜆𝜆,𝑉𝑉) the phase change in deg/mm, Δ𝑛𝑛eff(𝜆𝜆,𝑉𝑉) 
the effective index change (dimensionless), 𝜆𝜆 the wavelength in nm, and 𝑉𝑉 the reverse 
bias voltage in volt. Of course, to model the efficiency, either Δ𝜑𝜑(𝜆𝜆,𝑉𝑉) or Δ𝑛𝑛eff(𝜆𝜆,𝑉𝑉) can 
be used, but they are not needed together. An evaluation of this compact model is plotted 
together with the processed measurement data on which it is based in Fig. 1, Fig. 2, and 
Fig. 3. The model is within the measurement uncertainty for the optical loss. For the 
efficiency, the model is in excellent agreement. The model can be used for interpolation 
of the processed measurement data. 



The structure of (5) and (6) was found by the step-by-step approach described in 
the previous section. Now that the proper fit equations are known, the parameters can be 
fit to all curves at once, optimizing all 7 parameters at the same time. This resulted in a 
slightly better overall fit. This quicker fit-at-once method can also be used on new 
measurement data in the future. 

Conclusion 
We presented the creation of a compact model for the DC performance of an EOPM. The 
resulting equations can be easily implemented in a bigger analytical model or in other 
circuit simulation software. It can be used to predict the performance at a specific point 
of operation or to model the working of the device within a bigger circuit. 
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