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Calculation of electric field strength sensor in photonic integrated circuit

configuration with polarisation splitter
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A model of an electric field strength sensor consisting of a Pockels cell, a polarisation splitter and a Mach-

Zehnder interferometer in one of the arms has been considered. The results of calculating the dependence of

the normalised intensity of optical radiation on the magnitude of the externally applied electric field strength are

presented. The extinction coefficient was −1.5 dB, the upper limit of measurement was 500V/m at the half-length

of the dipole antenna 2mm, the bandwidth was 10GHz.
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Measurement of the electric field strength is a pressing

problem facing science and industry. Solving this problem

is especially critical for radio-electronic industry because,

according to modern requirements, all radio-electronic

products must be certified for electromagnetic compatibility.

The most common class of devices for measuring electric

field strength in the commercial sector are diode-based

electric field probes.

An alternative to diode-based electric field probes are

sensors using optical radiation as a carrier. Electric

field strength detection in such devices is carried out

due to modulation of optical radiation by electro-optical

effects [3–5].

One of the possible ways to implement an electro-optical

electric field strength sensor is a configuration based on

a Mach-Zehnder interferometer (MZI) [6,7]. This device

consists of two Y-couplers connected by straight waveguides

called
”
arms“. One of the arms is usually surrounded

by an antenna or an array of antennas (dipole or patch

antennas are more commonly used). The size of the antenna
elements is on the order of units of millimetres, forcing

millimetre distances between the interferometer’s arms. If

the optical scheme is implemented based on waveguides

formed by titanium diffusion into a bulk lithium niobate

crystal (LiNbO3) [6,7], this is not a significant limitation

because the low optical contrast of such waveguides, in

its turn, makes it necessary to provide large bending radii

in the Y-coupler in the course of design. This is not the

case for a photonic integrated circuit based on a LiNbO3

thin film on a silicon oxide insulator (SiO2), because

the high optical contrast allows significantly reducing the

geometrical dimensions of the optical circuit compared to

the implementation on a bulk crystal.

This paper will consider an alternative optical scheme

comprising a Pockels cell (PC), a polarisation splitter (PS)
and a MZI with a polarisation converter in one arm [8,9].
By using the PC as the sensing element, the antenna size

constraints will be avoided.

Thus, the purpose of the work is to calculate an electric

field strength sensor in an PC configuration with an

integrated PS in a MZI with a polarisation converter in the

form of a photonic integrated circuit. In this paper we will

calculate the power transfer coefficients of optical radiation

propagation through such a structure taking into account the

externally applied electric field.

The device under consideration is a Pockels cell based

on a thin film of a lithium niobate crystal (LiNbO3) on a

SiO2 insulator, docked to a polarisation splitter in the form

of a directional splitter with zero gap [10,11], to the output

of which the MZI is docked with the polarisation converter.

The device diagram is shown in Fig. 1, the coordinate axes

in the figure denote the orientation of the LiNbO3 . The

waveguide cladding is made of SiO2.

Table 1 shows the circuit parameters shown in Fig. 1,

Table 2 — physical parameters of the model [11].

Linearly polarised optical radiation with an angle ϕ0 of

inclination to the axis Z of a thin LiNbO3crystalline film is

injected into the Pockels cell (section (a) in Fig. 1). As

a result of the birefringence, the linear polarisation of the

optical radiation is converted into an elliptical polarisation.

Additionally, the effect of an electric field applied along the

axis Z of the film causes a change in the magnitude of
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Figure 1. Schematic diagram of the device under consideration: (a) PC, (b) PS, (c) polarisation converter, (d) cross section of the

polarisation converter waveguide core.

Table 1. Geometrical parameters of the model

Parameter Parameter, unit Value

w0 Width of the waveguide core, nm 600

h0 Height of the waveguide core, nm 300

wel Gap between the waveguide and the electrode, µm 1

Lel Length of the electrodes, mm 5

Lc Length of the two-mode interference zone, µm 20.65

Lπ Length of the polarisation converter, µm 21.13

α Rake angle of the polarisation converter wall, deg 70

the extraordinary refractive index and therefore a change in

the phase overlap between the components corresponding

to the ordinary and extraordinary polarisation states. As

noted above, real devices use antennas [6,7] to transmit the

external electric field to waveguide structures. In this paper,

instead of antennas, strip electrodes will be used in the

calculation, since the development of the receiving antenna

is beyond the scope of this paper. Also note that in practical

implementation, the electrodes can be used for the task of

the operating point position of the device by applying a

bias voltage. In this study, the Pockels effect was calculated

only directly along the axis Z of the thin film, since the

electrodes associated with the antennas apply the field along

this direction. Consequently, in other directions, the electric

field will not be enhanced and will be small compared to

the field applied along the Z axis.

The operation concept of the used PS is based on the two-

mode interference arising in the wide part of the PS between

the fundamental mode and the first-order mode. The width

of the interference zone is selected to ensure the two-

mode regime, and the length of this zone is chosen to be

sufficient to ensure separation of the orthogonally polarised

components in space. The methodology for selecting the

geometrical parameters to achieve polarisation separation is

described in detail in [6,7]. The finite element method in

the frequency domain was used to calculate the geometry

by calculating the propagation of optical radiation. The

transmission coefficient for the TE-mode was about 40%,

and for the TM-mode 71.3%. The losses in the PS are

explained by the presence of radiation scattering into the

waveguide cladding.

The scheme uses a polarisation converter based on a

waveguide with a bevelled wall [8,9]. The operating princi-

ple of the polarisation converter used is the hybridisation

of the fundamental TE- and TM-modes propagating in

the waveguide, achieved by breaking the symmetry of the

waveguide core by bevelling one of its walls. The optimum

length of the converter to ensure 100% conversion from TE

to TM can be obtained by the formula:

Lπ =
π

β1 − β2
, (1)

where β1, β2 — propagation constants of the fundamen-

tal TE- and TM-modes. For the parameters described

in Tables 1 and 2, the propagation constants were:

β1 ≈ 6.22 · 106, β2 ≈ 6.06 · 106 rad/m, respectively, thus

Lπ = 21.13µm.

The magnitude of the optical intensity at the MZI output

depends on the phase difference 1ϕ between the waves

propagating along different legs and is determined from the

formula:

I =
1

2
I0 · (1− cos1ϕ) (2)

where I0 — input intensity. Value 1ϕ can be decom-

posed into a constant component 1ϕc , determined by the

waveguide structure, and a component 1ϕf dependent on
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Table 2. Physical parameters of the model

Parameter Parameter , Unit Value

n0 Cladding refractive index (SiO2) 1.44 [12]

n1 Ordinary refractive index 2.2111 [13]

n2 Extraordinary refractive index 2.1376 [13]

λ Radiation wavelength, nm 1550

ε0 Relative permittivity of the cladding (SiO2) 4 [14]

ε11 Components of the relative permittivity tensor 84 [15]

ε33 LiNbO3 30 [15]

r13 Components of the electro-optical coefficient tensor LiNbO3 8.6 [15]

r22 3.4 [15]

r33 30.8 [15]

r51 28 [15]

ϕ0 Angle of inclination of the polarisation plane to the optical axis of the crystal, deg 45

the magnitude of the electric field applied to the PC. Let us

express both components through the formula:

1ϕc =
2π

λ
(n1 − n2)L, (3)

where L ≈ 5060µm — the length of the optical circuit.

From (3), we find that the constant phase difference due

to device geometry is 480.011π or 2.036◦ modulo 360◦ .

To determine the non-constant phase offset component,

we can use the formula:

1ϕf = −

π · n3
2 · r33

(

E + UB
w0+2wel

)

· L

λ
(4)

where E — externally applied electric field, UB — bias

voltage. Fig. 2 shows the dependence of relative intensity

at the MZI output on the value of the applied electric field,

obtained by calculating the propagation of optical radiation

through the circuit (Fig. 1) taking into account the electric

field applied to the electrodes.

As can be seen from Fig. 2, the half-wave intensity of the

above configuration is of the order of 1MV/m, which, taking

into account that the distance between the electrodes is of

the order of 2.3µm is equivalent to a voltage of 2V applied

to the electrodes. If instead of the electrodes a dipole

antenna with a half-length dipole Ld = 2mm is installed,

then, taking into account the gain of such an antenna, which

can be found by the formula [9]:

F =
Ld

wel
=

2mm

10µm
= 2000, (5)

the upper limit of intensity measurement will be 500V/m.

The small extinction coefficient (−1.5 dB) is due to the large

difference between the transmission coefficients of the PS.
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Figure 2. Dependence of the relative intensity at the MZI output

on the value of the applied electric field.

Let’s estimate the frequency range of the sensor by using

the formula linking the electrode bandwidth −3 dB with its

length:

1 f −3dB =
1.4c

π

∣

∣

∣
ne −

√

εr
2

∣

∣

∣
Lel

(6)

where c = 3 · 108 m/s — the speed of light in vacuum,

εr = 44 — the relative dielectric constant of LiNbO3 [16].
Hence:

1 f −3dB =
1.4 · 3 · 108

π ·

∣

∣

∣
2.137 −

√

44+1
2

∣

∣

∣
· 5 · 10−3

= 10.26GHz
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Figure 3. The electric field distribution in the cross-section of the

PC at an applied voltage of 2V.

Fig. 3 shows the electric field distribution in the cross

section of the PC at an applied voltage of 2V and a cladding

height of 2µm.

Fig. 3 shows that due to the large difference in dielectric

constants between LiNbO3 and SiO2 refraction of the field

lines in the region of the waveguide core and reflection of

the electric field from its walls are observed. The large

magnitude of electric field reflections reduces the efficiency

of the electro-optic effect and can be minimised by using

alternative buffer materials with higher dielectric constant,

such as LaAlSiInOx [17].

Thus, an alternative optical scheme for an electro-optic

electric field strength sensor including a Pockels cell,

a polarisation splitter and an MZI with a polarisation

converter in one of the arms was calculated. The extinction

coefficient was −1.5 dB, the upper measurement limit was

500V/m (at a half-length of the dipole antenna of 2mm),

and the bandwidth was 10GHz.
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