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V-BAND WAVEGUIDE TRANSMISSION CELL
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University, Tsuchiya Ebinokuchi 84-4, Honjyo, 015-0055, Japan
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Large electrooptic effects based on the reorientation of liquid crystal molecules

are expected in the high frequency electromagnetic wave region. However,

there is only limited information about the optical and=or dielectric properties

of the liquid crystal (LC) materials except for the visible and very low fre-

quency region. Here, we try to determine the loss parameter and refractive

index anisotropy of the commercially available nematic liquid crystal materi-

als in the millimeter wave (MMW) region by using a V-band (50GHz – 75GHz)

rectangular waveguide test cell. Loss parameters are determined by fitting the

theoretical data based on the multiple reflection phenomena to the measured

transmission spectra. Refractive index anisotropy is derived from the phase

difference between the horizontal and the vertical LC molecular orientation

states. It is found that the usual nematic LC materials are transparent in the

millimeter wave region and the refractive index anisotropy is still large.

Keywords: loss properties; millimeter wave; nematic liquid crystal; refractive index anisotropy

INTRODUCTION

Optical properties of liquid crystal (LC) materials in the visible frequency
region are well investigated due to the large demand for the display
applications. However, large electrooptic effects can also be expected in
other electromagnetic wave spectra. Recently, there has been enormous
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technological progress and improvement in the information technology
field for utilizing a higher frequency region reaching to the millimeter wave
(MMW). LC materials may have a potential applications in the telecom-
munication technology field as well as in the visible region. Thus far, there
have been some LC research works based on the microwave technologies
for the higher frequency region. The microstrip-line-type phase modulators
[1–3], waveguide-type phase modulators [4–6] and controlling devices for
the propagation of electromagnetic wave through space [7,8] have been
reported so far. Although the possibility of the LC as an excellent material
in the high frequency region has been shown, precise material data such as
a complex refractive index are necessary to design the actual devices for
the next research phase.

In this work, we are trying to investigate some commercially available
nematic liquid crystal materials in the MMW. A V-band (50–75GHz) rec-
tangular waveguide is used to prepare the test LC cell. Since there is a large
MMW reflection by the glass window on the both ends of the waveguide
cell, we adopt a multiple reflection model similar to the optical thin film
in order to determine the loss parameter which is related to the imaginary
part of the refractive index. The refractive index anisotropy in the real part
is determined from the phase difference between the parallel and the per-
pendicular molecular orientation states. Measured data are compared with
the data in the visible region and the potential applications of LC materials
in the high frequency region are discussed.

MEASUREMENT AND DATA ANALYSIS

A rectangular waveguide is used for the test LC cell since data for the fun-
damental electromagnetic mode (TE10) is simple to analyze. Both ends of
the waveguide (40mm long) are sealed with thin glass windows (0.1mm in
thickness) and the nematic liquid crystal is filled within the cell as shown in
Figure 1. Molecular alignment direction is determined by the external mag-
netic field using a pair of permanent magnets (5 kG). The molecular align-
ment direction can be changed by rotating the magnets between the
parallel state (V: LC molecules are aligned parallel to the MMW E-field)
and the perpendicular state (H: LC molecules are aligned perpendicular
to the MMW E-field). The transmission properties are measured using a
vector network analyzer (HP8510) within the frequency range from
50GHz to 75GHz (V-band).

Figure 2 shows the calculation model for the LC test cell used for data
analysis. Both thin glass plates are ignored and two symmetric boundaries
are assumed. There was observed to be considerably large reflection in our
test cell, so we take account of the multiple reflection phenomena in the
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calculation. Here, amplitude transmission and reflection coefficients are
indicated by t; t0; r and r 0. The coefficients t; t0 and r 0 can be expressed
by r. A pass length of the LC layer is ‘, and the loss parameter is indicated
by A which causes an amplitude attenuation by exp(�A‘) for each pass of
the LC layer. Incident MMW is partly reflected at the both boundaries and
comes out as an nth output as indicated by Tn. Next output Tnþ 1is created
from the output Tn by adding two times reflection and the phase shift with
some loss while traveling twice the LC layer. Total of the output T1 through

FIGURE 1 Transmission test cell.

FIGURE 2 Calculation model of the transmission test cell based on the multiple

reflection phenomena.
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output Tn (n!1) gives the actual transmission of the sample. The
transmittance can easily be obtained by the sum of the geometric series
to infinity as the following:

Trans ¼ ð1� r2Þ2e�2A

1� 2r2e�2A cos kDþ r4e�4A

kD ¼ 2p
kng

2‘ ¼ 4p
k0

n�
LC‘

ð1Þ

Here, k is the wavenumber which is denoted by the same form with the free
space by adopting the effective wavelength in the waveguide kg. The effec-
tive wavelength is different from that in a vacuum and is further modulated
by the refractive index of the filled LC material. Then a relationship bet-
ween the effective wavelength and the refractive index of the LC material
can be described as a next equation by introducing an effective refractive
index n�

LC.

kng ¼ k0
n�
LC

; n�
LC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
LC

� k0
kc

� �2
s

ð2Þ

Basically, the refractive index of the LC materials can be determined from
the phase data. However, since there may be some uncertainty of 2p�m
(m: integer) in the phase data, the absolute refractive index value is diffi-
cult to determine from the phase measurement at this stage. We tried to
determine the refractive index anisotropy by measuring the phase differ-
ence between the molecular orientation states which corresponds to ne

and no, because the phase change exceeding 2p can be followed by chan-
ging the LC molecular orientation direction continuously. Although the
amplitude of the transmission MMW is also modified during the rotation,
the number of the phase jump can be followed within a sufficiently slow
variation.

The loss parameter can be determined from the amplitude data. Here,
we take into a consideration of multiple reflection phenomena, because
the loss of the LC tends to be overestimated without the consideration.
There are three unknown fitting parameters 1. reflection: r, 2. loss para-
meter: A and 3. refractive index: n, and the measured transmission spectra
is fitted by using the Eq. (1). The refractive indices calculated form the
phase data are used for this fitting. Because there is no effect on the fitting
even though the uncertainty of 2p m is included. The validity of this deter-
mination method is confirmed by using an empty test cell. By choosing the
fitting parameters properly, data fitting by Eq. (1) can be successfully
achieved, although there is a considerably large reflection coefficient of
r ¼ 0.5.

202 Toshiaki Nose et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
0:

35
 1

1 
A

ug
us

t 2
01

2 



EVALUATION OF LC MATERIALS

Typical measurement results of the MMW transmission spectra (K15:BDH)
are shown in Figure 3(a) and (b), where the LC alignment direction is par-
allel and perpendicular to the electric field of the MMW, respectively.
Closed circles show the measurement data and solid lines are fitting curves.
It is seen that the periodic fluctuation in the data can be successfully be
fitted as shown in Figure 3(a). Since there is some dispersion in the mea-
sured data, fitting parameters are determined by minimizing the sum of the
square of the error. Sometimes it is difficult to get a sufficient fitting for the
small fluctuation of the data especially in the low transmission case as
shown in Figure 3(b), but that causes no fatal problem to determine the

FIGURE 3 Transmission properties of K15 (a) V-state:molecular alignment direc-

tion is parallel to the MMW E-field, (b) H-state:that is perpendicular to the MMW.
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loss parameter. It is seen that the transmission loss along the direction par-
allel to the LC molecular long axis is smaller than that along the direction
perpendicular to the molecular axis. The loss parameter is small about
10�1(cm�1), but there is a considerably large anisotropy.

Typical phase spectra measured for K15(BDH) is also shown in Figure 4
(a) and (b). While the magnetic field is rotating from the H-state (4(b)) to
the V-state (4(a)), the phase value tends to decrease with some jump up
from �p to p. This means that the phase value along the direction parallel

FIGURE 4 Phase properties of the K15 (a) V-state: molecular alignment is parallel

to the MMW, (b) H-state: molecular alignment is perpendicular to the MMW.
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to the LC molecular axis (Fig. 4(a)) is smaller than that along the perpen-
dicular direction (Fig. 4(b)). Larger k gives a reduction of the phase value
by the conventional determination of the phase sign in the microwave
research field. The measured data using the network analyzer are also fol-
lowing the notation. Then, the results in Figure 4 show that the LC material
has a positive refractive index anisotropy in the MMW region as in the
visible region.

There is some uncertainty of 2p�m between the data taken with the
magnetic field direction parallel and perpendicular to the molecular align-
ment direction. We determined the integer m by counting the number of
phase jumps during the magnetic field rotation, and calculated the ani-
sotropy of the refractive index. Before and after the correction of the
refractive index anisotropy data (Dn) are shown in Figure 5. The cause
of the small data fluctuation in the figure is not clear in this stage, however
there may not be large absorption and dispersion within this frequency
band. It is also seen that the LC material has a considerably large Dn,
although the value tends to become smaller than that in the visible region.

Determined refractive index and loss parameters for some nematic LC
materials at 60GHz are summarized in Table 1. It seems that the fluori-
nated LC material (ZLI5092:Merck) has a smaller loss property in compari-
son with other materials. The loss along the direction perpendicular to the
LC molecules is larger than that along the direction parallel to the mole-
cules for all materials as observed in the submillimeter wave region [9].

FIGURE 5 Refractive index anisotropy before and after the correction of the phase

jump.
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The transmission loss is much smaller than that in the submillimeter wave
region, and the imaginary part of the refractive index becomes about one-
tenth.

Determined value are influenced by the dispersion in the measured
phase and amplitude data. Comparing among the repeated experimental
results, there may be a certainty about �0.02 both in the determined value
of Dn and loss parameter. However, since the difficulty of the sample prep-
aration tends to cause larger dispersion of the results, improved measure-
ment method should be attained to increase the reliability.

Unfortunately, the refractive index anisotropy tends to decrease to be
around 1=2 � 1=3 of the value in the visible region, however it still has a
large value on the order of 10�2. The order of the refractive index ani-
sotropy among the measured materials in the MMW region is the same with
the order in the visible region. The LC materials which have a large refrac-
tive index anisotropy in the visible region can be expected to have a large
refractive index anisotropy in the MMW region.

CONCLUSIONS

The refractive index anisotropy and the loss parameter of the common
nematic LC materials are successfully determined by using a rectangular
waveguide test cell in the MMW region (V-band:50GHz–75GHz). Although
a glass window which seals the LC material inside the waveguide causes a
large reflection of MMW, the measured data can be well fitted considering
with the multi reflection phenomena.

It is found that the LC materials are transparent in the MMW region, but
the direction perpendicular to the LC molecular axis has a larger loss pro-
perty. Fluorinated material tends to show smaller loss and smaller loss

TABLE 1 Loss and Refractive Index Properties for Various LC Materials at 60GHz.

a is the Loss Parameter and Da is Defined as a (V)� a(H)

60GHz Alignment a(cm�1) Im(n) Da Dn

E44 V 2.0 1.0� 10�4

H 0.30 1.6� 10�4 �0.10 0.068

K15 V 0.19 9.9� 10�5

H 0.27 1.4� 10�4 �0.08 0.067

B ¼ 0 0.22 1.1� 10�4

Isotropic 0.25 1.3� 10�4

ZLI5092 V 0.12 6.4� 10�5

H 0.17 9.2� 10�5 �0.05 0.039
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anisotropy. The refractive index anisotropy becomes around 1=2�1=3 of
the visible value, but the value is still large and is on the order of 10�2.

There should be a dielectric dispersion band between the MMW (or sub-
MMW) region and visible region considering with the degradation of Dn.
This is supported by the fact that there are usually absorption bands
around the infrared region. Increase fraction of the polarization may unfor-
tunately reduce the anisotropy of the LC materials in the MMW region.

In this work, although we have successfully determined the anisotropy of
the refractive index by the magnet rotating method, determination of the
absolute value of the refractive index is also very important to design the
actual devices and to understand the dielectric dispersion phenomena
around the very high frequency region. Then a new determination method
for the absolute value is under investigation.
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