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Dependence of the Electromagnetic Radiation
Transmission Coefficient of Liquid Crystalπ –Cells
in the Terahertz Range
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Abstract: In this article, a modified Abeles technique is proposed for calculating the energy transmission coefficient of electromagnetic radiation
of a liquid crystalmodulator operating on the basis of a π-cell. The proposed technique has an accuracy ofmodeling the characteristics of the liquid
crystal modulator comparable to known analogs. The results of computer modeling allow us to draw the following practical conclusions. The
effect of changing the design parameters on the transmission coefficient of the liquid crystalmodulator increaseswith a decrease in thewavelength
of the electromagnetic range within the range from 16 μm to 1 μm. The maximum effect on the transmission coefficient of the liquid crystal
modulator in the short-wave part of electromagnetic radiation is exerted by the thickness of the electrode layer, while there is no such
dependence in the long-wave part of this radiation. The thickness of the orienting layer of the liquid crystal modulator has the same effect
on its transmission coefficient as the thickness of the electrode layer, but with a smaller amplitude. The control voltage of the liquid crystal
modulator has a significant effect on its transmission coefficient of electromagnetic radiation for short wavelengths and almost does not
affect it in the long-wave region of electromagnetic radiation.
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1. Introduction

Currently, the use of terahertz radiation has found wide
application in the field of communications and diagnostics of
various environments, including biological structures [1, 2]. This
process has been facilitated by significant developments in the
technologies for generating and detecting terahertz waves [3, 4].
Further development of technologies of the terahertz range of
electromagnetic waves requires the development of various
devices for controlling this radiation [5, 6]. Currently, various
devices based on graphene, pin diodes, and liquid crystals (LC)
are used for these purposes [7–12]. From the point of view of
control systems, the most attractive are LCs, as they provide
stable operation, low energy losses, and smooth changes in their
dielectric properties [13–15]. It should be noted that LCs are often
used in photonics to provide tuning of integrated optical devices
due to their unique electro-optical properties. LCs have various
properties such as high birefringence, significant electro-optical
effect, low excitation power, and low-power consumption, which
makes them a promising material for the implementation of low-
power tunable waveguide components and devices [16]. Recently,
liquid crystal devices (LCDs) have been used in various optical
devices such as optical filters, attenuators, switches, and laser
beam control devices [17–21]. The most common applications of
LCDs are in various optical devices such as displays, attenuators,
tunable polarizers, spatial light modulators, optical switches,

filters, biosensors, radiation detectors, etc. [22, 23]. For these
purposes, the same ones as nematics are most often used [24, 25].
In this regard, the authors of this article proposed an original
design of an LC modulator based on the simultaneous use of
several π-cells [26], the use of which raises the question of
minimizing losses due to multi-wave interference in the layered
structure of such a device. This work is devoted to studying this issue.

2. Method of Modeling the Transmission
Coefficient of an LC Cell

Usually, various matrix methods based on the Jones or Berreman
matrix formalism are used to model the optical characteristics of LC
modulators of electromagnetic radiation [27, 28]. In addition, well-
known software packages are used to calculate the characteristics of
such devices only in the visible range of electromagnetic radiation
[27, 28]. The calculation method of optical characteristics of LC
modulators based on Jones matrices does not allow taking into
account the phenomenon of multi-wave interference in its multilayer
structure. At the same time, the Berreman matrix method correctly
takes into account this phenomenon, but requires a large number of
calculations. To eliminate these shortcomings, we propose using the
Abeles matrix method [29]. To correctly apply this method, we will
introduce several practically justified assumptions: (1) most often such
devices are used in conditions where the modulated radiation
propagates through it parallel to the normal to the modulator surface
[28], (2) the basis of the modulator is a LC cell, which is filled with a
nematic with a zero-twist angle of the LC structure. These
two restrictions allow us to assume that if the modulator is exposed to
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o- or e-type radiation, then this type of polarization is preserved.
O – polarization type is a linearly polarized electromagnetic wave
whose electric field vector is perpendicular to the optical axis of the
LC. E – polarization type is a linearly polarized electromagnetic wave
whose electric field vector is parallel to the optical axis of the LC.

If the modulated radiation is not polarized, the LC cell is placed
between two crossed polarizers. If the initially modulated radiation is
linearly polarized, the input polarizer ismissing. Note that the radiation
is modulated due to the effect of electric field-controlled double
refraction [28, 30]. In this case, the maximum transmittance
(transmission coefficient) of electromagnetic radiation transverse
magnetic (TM) is determined by the amount of loss due to multi-
wave interference in the layered structure of the device. In Figure 1,
the classical design of such an LC modulator is presented. Let us
consider the propagation of a linearly polarized electromagnetic
wave in such a structure at an incidence angle of 0°. In the LC cell,
two waves (ordinary and extraordinary) will propagate in the
forward direction and two in the opposite direction. In this case, the
polarization type of the wave propagating in this cell will not
change, since the radiation propagates along the normal to the cell
surface, and the twist angle of the LC structure is 0°. Therefore, we
can first calculate the transmission coefficient of the ordinary wave
(o-type) in such a system and then for the extraordinary wave (e-
type). The transmission coefficient of the total radiation can be
obtained by incoherently adding the ordinary and extraordinarywaves.

Let Eo+, Eor−, Eot+ – be the complex amplitudes of the electric
field vectors of the electromagnetic waves of the o-type incident on
the LC cell, reflected from it, and transmitted through it,
respectively. Similarly, Ee+, Eer−, Eet+ – are the complex amplitudes
of the electric field vectors of the electromagnetic waves of the
e-type incident on the LC cell, reflected from it, and transmitted
through it. Then, the amplitudes of all ordinary and extraordinary
waves are related by the known relation [29]:
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the values of indices i, j, k correspond to Figure 1; li and ni are the
thicknesses and refractive indices of the corresponding media, ne and
no are the extraordinary and ordinary refractive indices of the LC;
accordingly, λ is the wavelength of the modulated radiation; l5 is
the thickness of the LC layer; x – is the current coordinate of the
orientation of the LC director along its thickness; θ(x) is the
orientation angle of the LC director.

1, 9 – external semi-infinite environment: 2, 8 – glass plates: 3,
7 – control electrodes; 4, 6 – orientation layers; 5 – layer of planar
oriented nematic with antisymmetric boundary conditions.

Then, the amplitude transmittance coefficient for an electromagnetic
wave o – (e –) type τo(е) and the corresponding transmission coefficient
TМo(е) are calculated as follows:

τo eð Þ ¼ 1=S11o eð Þ; ToðeÞ
M ¼ τo eð Þ � τo eð Þ (5)

If a linearly polarized electromagnetic wave falls on a LC cell and the
angle between the polarization direction and the optical axis of the
LC is equal to α, then the total transmission coefficient (energy
transmittance coefficient) for the electromagnetic wave TМ is
determined using the expression:

TM ¼ To
Mcos

2αþ Te
Msin

2α (6)

In the case when unpolarized electromagnetic radiation falls on the LC
cell or the angle α= 45°, then Equation (6) can be rewritten as:

TM ¼ ðTo
M þ Te

MÞ=2 (7)

Thus, using Equations (1)–(7) it is possible to calculate the
transmittance of electromagnetic radiation for the TМ, modulator
operating on the basis of the “classical” π – cell in a simple way.
The algorithm for calculating the TM coefficient of the LC
modulator in this case consists of the following steps. In the first
step, taking into account the boundary conditions in the LC cell and
the physical constants of the LC (elasticity coefficients and
dielectric constants), the distribution of the orientation angles of the
LC director θ(x) is calculated at a given control voltage. This
problem is not included in the calculation part of the proposed
method, but is used from a well-known software package [28]. In
the second step, assuming that the LC layer is described by the
ordinary refractive index no (n5 = no), using the Equations (1), (2),
(5), we calculate the transmission coefficient of the ordinary wave
TМo. After this, we assume that the LC layer is described by the
average refractive index for the extraordinary wave, and using the
Equations (1)–(3), and (5), we calculate the transmission coefficient
of the extraordinary wave TМe. If a linearly polarized
electromagnetic wave falls on the LC cell, the polarization direction
of which makes an angle α with the optical axis of
the LC, then the total transmission coefficient (transmission
coefficient) TМ for the electromagnetic wave is calculated using

Figure 1
The structure of a standard LC cell, on the basis of which the

radiation modulator operates
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Equation (6). In the case when unpolarized electromagnetic radiation
falls on the LC cell, the energy transmittance coefficient TM is
calculated using Equation (7).

Based on the described algorithm, a corresponding software
tool has been developed for calculating the energy transmittance
of the TM LC modulator operating on the basis of a “classical”
π-cell. The following set of LC cell parameters is used to calculate
the attenuation (transmittance) coefficient: refractive indices of the
medium (n1, n9) in which the cell is located; refractive index and
thickness of glass substrates (n2, n8, l2, l8); refractive index and
thickness of electrode layers (n3, n7, l3, l7); refractive index and
thickness of orienting layers(n4, n6, l4, l6); refractive indices of the
LC (no, ne) and the thickness of its layer l5; wavelength λ of
modulated electromagnetic radiation and the initial distribution of
orientation angles of the LC director.

The level of adequacy of the proposed software tool was
determined by comparing the results of modeling the dependences
of the transmission coefficients of the TM LC modulator on the
control voltage U, obtained using the proposed method and using
the MOUSE-LCD software package [28] for the visible range of
electromagnetic radiation. The comparison showed that the
discrepancy between these data does not exceed 10%, which
corresponds to the accuracy of the calculations of the MOUSE-
LCD software package itself and indicates the adequacy of the
proposed simple method for calculating the energy transmission
coefficient of the π-cell-based LC modulator. Note that the
proposed simple method for calculating the transmission
coefficient of an LC modulator differs from the “classical” Abeles
method in that it allows for multi-beam interference in anisotropic
layered media to be taken into account.

3. Results and Discussion

Let us consider the influence of the design parameters of the LC
modulator on its characteristics. To exclude the cross-influence of the
double refraction effect and the multi-beam interference effect on the
characteristics of the device, let us consider the design of the
modulator without polaroids. In this case, only the phenomenon
of multi-wave interference in the layered structure of the device
plays a role, which determines the maximum possible value of the
transmission coefficient of the modulator TM. Let us consider the
influence of the design parameters of the LC modulator on its
characteristics. To exclude the cross-influence of the double
refraction effect and the multi-beam interference effect on the
characteristics of the device, let us consider the design of the
modulator without polaroids. In this case, only the phenomenon
of multi-wave interference in the layered structure of the device
plays a role, which determines the maximum possible value of the
transmission coefficient of the modulator TM. The value of this
characteristic is significantly influenced by such design parameters
of the LC modulator as values of the LC refractive indices (ne,
no); thickness of the LC layer; refractive indices; and thicknesses
of the orienting and electrode layers [31]. It is worth noting that
increasing the thickness of the LC layer significantly worsens the
switching dynamics of the LC device [28]. Therefore, we will not
consider the effect of this parameter on the transmission
coefficient and will fix its value. In studies, it is considered that
the thickness of the LC layer is 2 μm. At the same time, standard
LC devices use materials with fixed physical parameters as an
orientant and electrode layer, in this case, refractive indices.
Therefore, the values of these parameters also did not change. On

the other hand, the control voltage changes the value of the
refractive index for the e-wave from ne to no, which can
significantly affect the transmission coefficient of the LC
modulator. In view of the above, we selected the following as
parameters that can significantly affect the value of the
transmission coefficient of the modulator: control voltage U of the
modulator; refractive index for the e-wave of the LC; thickness of
the electrode layer delect: thickness of the orienting layer dorient.

This functional multidimensional dependence can be
most clearly studied using the following partial derivatives:
TMU

‵= ∂TM/ ∂U; T
0
Mne = ∂TM/ ∂ne; T

0
Mdelectr

= ∂TM/ ∂delectr; T
0
Mdorient

= ∂TM/ ∂dorient. Figures 2–5 show the simulation results. Analysis
of these figures shows that changes in the above design parameters

Figure 2
Dependence of the derivative of the transmission coefficient with
respect to the voltage of the LCmodulator on the control voltage

for different wavelengths of electromagnetic radiation
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Figure 3
Dependence of the derivative of the transmission coefficient with
respect to the refractive index of the extraordinary wave of the
liquid crystal on the value of the extraordinary refractive index

for different wavelengths of electromagnetic radiation
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of the LC modulator have a greater effect on the transmission
coefficient of the device for shorter wavelengths of electromagnetic
radiation. Thus, for radiation with a wavelength of 1 μm, a change in
the control voltage in the operating range leads to a sharp change in
the derivative of the transmission coefficient with respect to voltage,
while for wavelengths of 9 or 11 μm this derivative is almost inde-
pendent of U (Figure 2).

In this case, the sign of the derivative changes for wavelengths in
the ranges from 9 μm to 11 μm. Similar behavior is observed for the
dependence on U (Figure 3). This is explained as follows. The value
of the derivative of the transmission coefficient with respect to
voltage from the modulator control voltage is determined by multi-
wave interference in the layered structure of the device. The result of

interference in turn depends on the phase parameter Ф (Ф = n⋅l/λ,
where n is the refractive index of the medium in which radiation
with a wavelength of λ propagates, l is the thickness of the medium
in which the radiation propagates) [32]. Changing the control voltage
leads to a change in the value of the refractive index of the LC,
which entails a change in the phase parameter. For the
short-wave part of the electromagnetic radiation spectrum, the
changes in the phase parameter are significantly stronger than
for the long-wave part. Therefore, the TMne dependences in the
short-wave part of the radiation spectrum are more clearly
expressed than in the long-wave part of the spectrum. It is
worth noting the correspondence of the curves shown in
Figures 2 and 3 in the region where ne changes from 1.5 to 1.6.

If we consider the dependence of the transmission coefficient of
the LC modulator on the thickness of the electrode (delectr) and
orienting (dorient) layers, then their nature is similar to the two
previous dependencies (Figures 4 and 5). That is, TM for small λ
strongly depends on delectr and dorient and with increasing
wavelength of electromagnetic radiation this dependence weakens.
The explanation for such behavior of the dependencies T

0
Mdelectr

and
T

0
Mdorient

is similar to that written above for TMU‵ and T
0
Mne . The

differences are that the changes in the parameters delectr and dorient
occur several times, and the change in the parameter ne– is only no
more than 25%. At the same time, the change in the modulator control
voltage occurs in a very wide range, but this change causes a decrease
in ne from the maximum value to the minimum and does not exceed
30%. Therefore, the TM(delectr) and TM(dorient) dependencies in the
short-wave part of the electromagnetic radiation spectrum have a more
pronounced character than the dependencies TM (U) and TM(ne).

4. Conclusion

This article proposes a modified Abeles method for calculating
the transmission coefficient of electromagnetic radiation of an LC
modulator operating on the basis of a π-cell. The proposed method
has an accuracy of modeling the characteristics of an LC modulator
comparable to known analogue. The proposed simple method for
calculating the transmission coefficient of the LC modulator, in
contrast to the “classical” Abeles method, allows taking into
account multi-beam interference in anisotropic layered media.

Based on the results of computer modeling, the following
conclusions can be made:

1) The influence of changes in the design parameters on the
transmission coefficient of the LC modulator increases with a
decrease in the wavelength of the electromagnetic range within
the range from 16 μm to 1 μm.

2) Themaximum influence on the transmission coefficient of the LC
modulator in the short-wave part of electromagnetic radiation is
exerted by the thickness of the electrode layer, while in the long-
wave part of this radiation there is no such dependence. The
thickness of the orientation layer of the LC modulator has the
same influence on its transmission coefficient as the thickness
of the electrode layer, but with a smaller amplitude. The
significant influence of the thickness of the electrode layer on
the transmittance of the LC modulator is explained by the fact
that the refractive index of this layer differs significantly from
the refractive index of other elements of the modulator.

3) The control voltage of the LC modulator has a significant effect
on its transmission coefficient of electromagnetic radiation for
short wavelengths and has almost no effect on it in the long-
wave region.

Figure 4
Dependence of the derivative of the transmission coefficient of
the LC modulator by the thickness of the electrode layer on the
thickness of the electrode layer for different wavelengths of

electromagnetic radiation
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Figure 5
Dependence of the derivative of the transmission coefficient of
the LC modulator on the thickness of the orienting layer on the
thickness of the orienting layer for different wavelengths of

electromagnetic radiation
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In the future, it is planned to search for the optimal design of a THz
range LC modulator for different wavelengths of modulated radiation.
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