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Abstract. A full-wave electromagnetic solver coupled with a Poisson’s solver
based on time-domain finite element method (TD-FEM) is developed. This solver
aims to simulate the side-band frequency generation on optical signal due to the
imposed radio frequency (RF) signal through a nonlinear material. The optical
signal propagating within an optical waveguide is simulated in time-domain by
solving the electromagnetic wave equation, whereas Poisson’s equation is numer-
ically solved to compute the strength of the slowly-varying RF signal. The applied
RF signal changes the permittivity of the nonlinear material BTO, and this chang-
ing permittivity affects the transient wave behavior of the light. As opposed to the
available frequency-domain Maxwell solvers, this proposed time-domain solver
is capable of simulating the nonlinear effects introduced by an electro-optical
material, and implemented for the modeling of an application where RF signal
is mixed into the optical frequencies. As a result of the simulations, nonlinear
dielectric constant of electro-optical material is computed, and resulting side-
band frequency generation is observed in the spectrum of the time-domain output
signal.

1 Introduction

New generation mobile network systems offer faster communication speeds and exten-
sive data transfer rates. New 5G and 6G applications utilize higher frequency bands to
satisfy the demand in broader bandwidths and high data transfer rates, and photonic and
plasmonic communication systems proved to be vital in this pursuit to replace highly
lossy traditional electronic counterparts. In [1-5] authors have successfully demon-
strated plasmonic modulation and photodetection reaching up to 500 GHz. Furthermore,
a transparent optical-subTHz-optical link with single line rate of 240 Gbit/s over 115 m
at subTHz frequencies over 200 GHz is reported [5]. The permanent progress in high
frequency communication systems and continuous increase in data transfer rates rely
on conversion of electronic and optical signals to each other [6], and ultra-fast, energy-
efficient electro-optical switches. Recently, electro-optic modulation schemes via quan-
tum effects [7], 2D materials [8], resonant structures [9], or plasmonic effects [10] have
been demonstrated. To avoid the speed limitations that can be introduced by some of
these methods, electro-optic devices with plasmonics that enhances the nonlinear effects
via light confinement into sub-diffraction limits are reported [11]. Including plasmonics,
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one common way of mixing optical and electrical signals is through phase modulation
of an optical signal by an RF signal that produces a series of side-band frequencies in
the optical domain by utilizing nonlinear materials [12]. Therefore, advanced nonlinear
electro-optical devices offer solutions for the next generation high speed communica-
tion systems. The performance of these devices are strongly dependent on the electro-
optic coefficients of these nonlinear materials [13]. Moreover, the physical properties
of the waveguides and light confinement are affecting the device operation as well [14].
Consequently, this article focuses on time-domain modeling of phase modulation of an
optical signal and the mentioned nonlinear electro-optical effect. The objective of this
article is to present a nonlinear material integrated optical waveguide in order to observe
and model the mixing of the RF frequencies to the optical frequencies.

This article is organized as follows. Section 2 presents the optical waveguide and the
material nonlinearity, as well as theoretical backgrounds for the computation. Section 3
discusses the results and Sect.4 concludes the paper with remarks and future work
description.

2 Physical Model and Theory

Considered problem requires electromagnetic analysis of an optical waveguide structure
that has a nonlinear material insertion. The defined scheme is depicted in Fig. 1a, which
consists of a 2-D optical waveguide, and in its middle section, a nonlinear material,
Barium Titanate (BTO), is inserted as a phase modulator. Electric permittivity & pro
of BTO depends on the electric field |Ej,qq| it encounters, and can provide Pockels
coefficients as high as 1600 pm/V [15,16]. Assuming single crystal BTO, the relation
between the permittivity of BTO and the electric field is given as follows [16]:
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where g = 1000 is the typical zero-field permittivity for BTO, and k = 3f3 83 =
10~8m?V 2 is a constant that includes the nonlinear Johnson’s parameter 3.

The core material of the waveguide has 400 nm width and is assumed to be Silicon
(with g,5; = 12.04). Whereas the cladding is 2 wm wide on each side of the waveg-
uide and is taken as Silicondioxide (&,5,0, = 2.07). The electro-optical (EO) modulator
section with BTO insertion is chosen such that the effective permittivity of that section
varies as & = 0.9¢,5; + 0.1€, 370, since the fabricated 3-D devices have dominant con-
tributions from the core material in addition to the deposited BTO. In other words, the
EO section consists of a layer of BTO on the Silicon waveguide which leads to consid-
eration of an effective electric permittivity that is combination of electric permittivities
of Silicon and BTO.

The electromagnetic solver is developed using electromagnetic wave equation in
time domain as in (2). The boundary conditions are perfect electric conductor (PEC)
boundary condition on the top and the bottom sides of the structure (n X E = 0, where n
is unit vector pointing outwards direction), and the port boundary condition (3) is used
for both the input and the output waveports (without excitation at the output, Eg = 0).
On the other hand, the field distribution due to the applied RF signal is computed by
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Fig. 1. Figure illustrating the nonlinear electro-optical signal mixer. (a): 2-D optical waveguide is
depicted. The input waveport is on the left, whereas the output is on the right. The core section
has also an electro-optical (EO) phase modulator (the middle part) in the middle to provide the
nonlinearity. (b): Relative permittivity & vs. |Ejycq| is shown for the pure nonlinear material. The
RF signal is directly applied on the contacts (0 Qgr) near the nonlinear material whereas the light
excitation is provided from the waveport (9€2,,r;) on the left, and it is absorbed from the right.

the Poisson’s equation as in (4). The RF signals are applied as Dirichlet conditions
on the boundaries of the electro-optical (EO) material as in (5) and PEC boundary
conditions are implemented for the computation domain boundaries for the RF field
analysis (¢ = 0 on outer boundaries).

The computed potential distribution ¢ is used to obtain the RF field Egr = —V ¢ and
|Eiocar| = |Err| since the RF field (in the order of V' /m) is much higher than the optical
field (in the order of UV /m). Then, |Ej,.q| is used to compute the electric permittivity
of BTO and the effective electric permittivity of the phase modulator sections based on
(1).

For this coupled analysis to be accurate, the main assumptions are that the wave-
length of the RF signal (in the order of millimeters) is very large compared to the com-
putation domain (in the order of micrometers), and RF signal also varies very slowly
compared to the time domain optical signal. Therefore, it is safe to solve only Pois-
son’s equation for the RF field and resultant nonlinear contribution. Furthermore, the
given waveguide is single-moded and the fundamental mode operation only requires
z-component of the electric field for the light propagation. Consequently, Eq. (2) can
be further reduced to a scalar equation which is be very convenient for the numerical
analysis.
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The introduced equations are discretized using Finite Element Method (FEM) and
using first order linear shape functions by adopting the formulation in [17] and [18].
This discretization resulted around 14000 triangular elements for the complete geom-
etry. The time discretization is done by Backward Difference Formula (BDF) as in (6)
that ensures the stability of the wave equation [18]. Furthermore, the coupling of the
wave equation (2) and the Poisson’s equation is done through the effective permittiv-
ity of the EO material which directly effects the wave propagation. The time-domain
approach requires very small time steps in the order of femtoseconds (0.1-1 fs) for the
full wave simulation of the propagating light, whereas the RF field is changing very
slowly and hence solving the static Poisson’s equation at every time step is sufficient.
In other words, the static Poisson’s equation is solved at every time step to compute the
RF field and the instantaneous effective permittivity before solving the wave equation
in the respective time step. One complete simulation with sufficient number of periods
of the optical signal requires around 200 MB memory, and it takes around 0.3 s CPU
time for the computation of a single time step on an Intel i17-7500 CPU. A snapshot of
the electric field (E;) with the propagating fundamental mode is shown in Fig. 2 where
the scattering due to nonlinear material is visible.

3 Results

The influence of the ‘slowly varying’ RF field directly reveals itself on the propagating
light due to nonlinear electric permittivity of the EO section. From the input port, optical
wave with wavelength of 1550 nm is excited with the spatial shape of the fundamental
mode of the single-moded waveguide. Fast Fourier Transform (FFT) of the input signal,
(the blue curve in Fig. 3b) also proves the excitation initially has purely one wavelength.
After propagating through the waveguide and going through the nonlinear EO material
in the presence of an RF excitation of 500 GHz, light reaches the output waveport, where
its FFT is again computed. Figure 3b clearly shows that at the output, in addition to
the excitation signal, other frequencies emerge. These frequencies occur at f,,; = fo &
mfrr, where fj denotes the original optical carrier frequency, fzr is the RF frequencies
applied to EO section and m = 1,42, ... is an integer. With the applied RF field in this
simulated case, & pro changes between around 25 and 100, which in return provides
the mixing of RF signal into the optical carrier signal.
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Fig. 2. Snapshot of the normalized field due to propagating light in the given waveguide with the
nonlinear insertion. Here the plot depicts the z-component of the propagating electric due to light,
and the applied in-plane RF field is not shown. Light enters into the computation domain from the
left boundary, where the fundamental mode excitation (having only z-component) is applied, and
travels within the Si core between the black lines; and absorbed at the output port on the right.
The box, with 100 nm length (in x dimension), indicates where BTO is inserted. Scattering of the
light due to discontinuity of permittivity can be seen.

Furthermore, amplitude of the applied RF signal have an effect on how efficient the
signal mixing takes place. This also reveals itself as changing side-band ratios in the
spectrum of the output signal. In other words, the emerging side-band frequencies have
different peaks and different ratios with respect to the central optical frequency fp. This
can be observed in Fig. 4, as the higher RF field amplitude results higher sideband peaks
when the spectrum are all normalized with respect to the central peak fj. Also in Fig. 5,
the side-band ratios for the first three side-bands are given with respect to varying RF
field amplitude. Since the permittivity dependence of the BTO is nonlinear with respect
to Ejocal, the side-band ratios also change nonlinearly and they saturate, which makes
the design of electro-optical signal mixers more challenging and interesting.
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Fig. 3. Figure showing the spectrum of the signals indicating the signal mixing at the output.
(a): Spectrum of the RF signal, single peak at 500 GHz. (b): Normalized spectrum of the optical
signals: excitation signal, and the signal at the output port. The spectrum of the output optical
signal shows that side-band frequencies are generated at f,,; = fo Zmfrr.
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Fig. 4. Normalized (with respect to corresponding fy peak) spectrum of the mixed signals when
different RF amplitudes are applied. The two curves depict the spectrum when the peak-to-peak
potential through the EO section is 0.5V and 1.0V. As expected, high RF field results side-
bands with higher amplitude, but the effect is nonlinear due to material’s field dependent electric
permittivity.
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Fig. 5. 1st, 2nd and 3rd sideband ratios with respect to changing RF field peak-to-peak amplitude.
The ratios are calculated from the amplitudes of the respective peak and the central peak at the
output.

4 Conclusion

Thanks to the developed solver, nonlinear EO materials can be considered accurately
and the effects can be observed directly. Additionally, Pockels coefficient of nonlin-
ear materials for a given structure can be determined and verified using this method
starting from the basic material properties. Therefore, this work opens up new perspec-
tive to improve the design of electro-optical high-speed devices by enabling simulation
of more complicated modulator structures, side-band frequency generation and signal
mixing by nonlinear materials. Using the developed solver, it is possible to optimize
the device structures and dimensions to make use of the nonlinear effects and to effi-
ciently obtain signal mixing while maintaining high signal-to-noise ratios. Moreover,
this approach could offer additional physics coupling such as charge transport in the
active material due to RF signal or DC bias [19,20], and nonlinear effects of the mov-
ing charges can also be inserted. Besides, explicit discontinous Galerkin time-domain
methods can easily be applied for the Maxwell’s equations to eliminate the computa-
tional costs introduced due to the costly matrix inversions and dynamic matrix assembly
operations at every time step that result from the nonlinear material properties. We also
plan to extend our studies by performing a full stability analysis of the coupled system
for various time discretization methods.
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