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A coplanar liquid crystal phase-shifter is presented and characterized in the
frequency range of 540 GHz. The interest of this structure lies in the technological
realization which is very simple. The phase-shift variation is of 0.2° /cm/GHz for an
attenuation of 2.5dB/cm at 40 GHz. These performances are in agreement with
those predicted in a preliminary theoretical study.

Keywords Coplanar LC phase-shifter; liquid crystal; micro-strip; microwave
devices

1. Introduction

Frequency tunable devices are circuits whose frequency response can be modified
with an external drive. Such devices present applications in telecommunications.
For example, tunable phase-shifters can be used as element of electronic scanning
antennas.

In the last decade, liquid crystals (LC) have been investigated as active dielectric
for tunable microwave devices [1-6]. This represents a new application of these
materials largely used in visualization displays. Liquid crystals were used to realize
tunable phase-shifters, planar antennas and filters [7-14]. LC present good potenti-
alities among them, low driving electric field (typical 0.2 V/um) and relatively low
dielectric losses at millimeter wavelength. However, the decrease in switching times
(especially the switching off time) still represents a challenge even if some solutions
are possible: low thickness active layer dual frequency driving, ferroelectric liquid
crystals [15-17]. Typically, LC birefringence value is about 0.1 and the maximum
phase-shift variation of tunable LC phase-shifters is lower than 1°/cm/GHz.
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Most LC tunable phase-shifters are based on microstrip structures [18-21]. Here,
we are interested in coplanar LC tunable phase-shifters. To our knowledge, such a
study on coplanar LC phase-shifters without floating electrode [8] was not reported
in the literature.

The device principle is first described in the next section. Then, we give the
results of microwave dielectric characterization of the liquid crystal. This dielectric
data is used to perform a preliminary theoretical study. Finally, a coplanar phase-
shifter is realized and the experimental results and performances are given.

2. Coplanar Phase-Shifters Principle

The structure of the coplanar phase-shifter is given in Figures 1 and 2. The
access lines and the active part are made of coplanar lines so that coplanar
type propagation is maintained in all the structure. To improve liquid crystal
orientation, an isolating substrate is placed on the active part in which the liquid
crystal is introduced by capillarity. The characteristic impedance of the access
lines is 50 Q. The characteristic impedance of the active part is maintained at 50 Q
in changing the strip width (W) and the gap (G) without changing the ground planes
distance (W + 2 QG).

The basic principle to explain tunability is given in Figure 3. An initial
(Vac=0V) planar molecular orientation with a main alignment direction along
the propagation axis is fixed by surface treatment (polymer layer coating and rub-
bing). Under a low frequency driving electric field Eaoc, the molecules reorient due
to the coupling with the low frequency dielectric positive anisotropy (rotation axis
perpendicular to the electrodes). At high electric field, the molecules are perpendicu-
lar to the propagation direction.

Therefore, the radio-frequency active permittivity goes continuously from ¢, to
¢). These permittivities correspond respectively to the case of an electric field Erp
perpendicular or parallel with the director n. For a matched line, the phase-shift
variation for a driving voltage V is:

_2nf L Angy (V)

Ap(V) B

with  Angy (V) = \[eeir (V) — feerr L (1)

Upper substrate (glass)

Ground
" Liquid crystal

Lower substrate

Central strip

Figure 1. Overview of the coplanar phase-shifter. (Figure appears in color online.)
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Ground Liquid crystal n

Lower substrate (Duroid)

Figure 2. Cross-section view of the coplanar phase-shifter. (Figure appears in color online.)

Figure 3. Coplanar phase-shifter principle. (Figure appears in color online.)

where f is the frequency, ¢ the vacuum velocity, L the line length and An.(V) is the
effective birefringence. The maximum phase-shift variation is obtained at high
driving voltage assuming &/ (V) = Séff\l:

2nfLAn,
Ao = — 2/A

max with Aneff = \/m - \/%(T (2)
In practice, gap G is reduced (typically <100 um) to decrease the driving voltage
(driving electric field E=V/G). The liquid crystal thickness and therefore the
response times are directly connected with the conductive strips thickness.

A part of the electric field lines are in the insulating substrates. Then, for a given
liquid crystal, tunability should be lower for a coplanar phase-shifter than for
micro-strip ones. However, the realization technology of these phase-shifters is very
simple and this represents their interest.

3. Dielectric Characterization of the Nematic Liquid Crystal

We performed microwave dielectric characterization using the rectangular wave-
guide techniques in the frequency range 26-40 GHz (Ka band 7.1 mm x 3.56 mm).
Measurements were performed with a vectorial network analyzer (Anritsu
37369A). The empty cell and the filled cell are measured successively without disas-
sembly and without calibration of the vectorial network analyser. The measurement
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Figure 4. Real permittivity of SCB versus frequency. (Figure appears in color online.)

data are then treated using a specific method to determine the complex permittivity
of the sample [22]. The director of the LC is orientated in applying an external high
magnetic field (=1 Tesla).

The classical commercial liquid crystal (K15 Merck) namely, 4-pentyl-4’-cyano-
biphenyl is used in this study. This liquid crystal exhibits a nematic phase at room
temperature (22-35°C). The experimental results for the real permittivity and the loss
factor (1go=¢"/¢') are given in Figures 4 and 5. The peaks at 29-30 GHz and
31-32 GHz are connected to measurement errors and do not exist.

As expected, the real permittivities are frequency independent and the dielectric
losses are low. The dielectric data are the following: &jscp= 298, & 5cp=

2.64, 31/5 = 0.04, &[5 =0.08. The microwave birefringence is found to be:

AHscsZ\; 2.98 — v/ 2.64 = 0.1. Such an effective birefringence would correspond
to a phase-shift variation of 1.2°/cm/GHz (Eq. (2)). Dielectric data are used in
the next section to perform a preliminary theoretical study of coplanar phase-
shifters.
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Figure 5. Losses factor of 5CB versus frequency.
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4. Preliminary Theoretical Study

For this study, we used an analytical model developed for coplanar lines [23]. We
have adapted this model to the structure of the active part (Fig. 2), taking into
account the permittivity of the top substrate (different of unity) and the conductive
strip line thickness. The model calculates the equivalent capacities of each part of the
device, the effective permittivity and the characteristic impedance.

In Figure 6, we give the evolution of the central strip width W versus the gap G
to maintain a characteristic impedance of 50 Q as a function of the conductive strips
thickness t. The lower and upper substrates are respectively made of Duroid 4003
Rogers (¢ =3.38, h=>508 um) and glass (¢’ =5, h="700 um).

At a given gap G, the central strip width decreases with the conductive strip
thickness. At high gaps (G > 60 um), the ratio W/G is about 3. At lower gaps, this
ratio strongly decreases.

The analytic model is also used to predict the tunability of coplanar phase-
shifters. For this, at a given gap G, the central strip W is first fixed to obtain a
characteristic impedance of 50 Q for e = & 505 = 2.63. Then, the effective permit-
tivities £, and g and the effective birefringence Angy = | /&, — /&y, are
determined. These permittivities correspond to the case of an active permittivity of
the liquid crystal equal to € 5.5 and ST‘SCB respectively. The tunability T compare
the effective birefringence An of the device with the birefringence of the liquid
crystal Ancy:

Aneﬁ
AHCL

T (%) = 100 (3)

The tunability T versus the gap G is reported in Figure 7.

The tunability is strongly related to the conductive strips thickness and the gap:
a high conductive strip thickness and a low gap increase the tunability. As expected,
the tunability of a coplanar phase-shifter should be lower than that of a microstrip

——t=0 o t=17pm — t=35um

400

W (um)

10 20 30 40 50 60 70 80 90 100 10
G (um)

Figure 6. Central strip width W versus the gap G: Zc=150Q, e¢; =& 5= 2.63.
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Figure 7. Evolution of the tunability of the coplanar phase-shifter versus the gap G.

phase-shifter (T > 70%). This is explained by the fact that only a part of the electric
field lines are in the liquid crystal. The part of the electric field lines in the substrates
does not contribute to the tunability (fixed permittivities). For example, a tunability
of 38% corresponds to a maximum phase shift variation of 0.45°/cm/GHz for 5CB
liquid crystal.

5. Experimental Results

Scattering matrix measurements are performed in the frequency range (540 GHz)
using a vectorial network analyser (Anritsu 37369A). Contacts are taken with
coplanar microwave probes (Picoprobe, maximum width of 440 pm) with micro-
metric displacements and optical checking. A Short-Open-Load-Thru calibration
is carried out using calibration substrate (CS-5). The access lines are taken into
account to obtain the phase-shifter characteristics. The driving electric field (sinus-
oidal, f=10kHz) is applied via network analyzer external bias.

The lower substrate is realized by photolithography and chemical etching on
presensibilized and coppered substrates. The dimensions of the phase shifter’s active
part are the following: G=40 pm, W =100 pm, t =35 pm and L = 14 mm. The liquid
crystal is introduced by capillarity filling after a surface treatment (PVA coating and
rubbing).

The amplitude of the reflexion and transmission coefficients versus frequency is
given in Figures 8 and 9. Without driving, a good matching of the device is observed
(‘S11| < —ISdB)

The attenuation (|S;5|) is limited to 3.7dB at 40 GHz (2.5dB/cm). At high driv-
ing voltage, the amplitude of S;; parameter increases (<—6 dB at 40 GHz). This can
be understood from the CL permittivity variation.

The S, phase and the S;, phase variation as a function of frequency are given in
Figures 10 and 11. The S, phase variation is calculated from the difference between
the Si, phase measured with and without driving voltage (0 V and 10 V). The S;, phase
evolves linearily with frequency. At 40 GHz, the value of the phase variation is 11.5°.
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Figure 8. Reflexion coefficient modulus |S;| versus frequency.
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Figure 9. Transmission coefficient modulus |S;,| versus frequency.
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Figure 10. S|, phase versus frequency (bias 0V__, 10V_).
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Figure 11. S|, phase variation versus frequency.
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Figure 12. S;, phase variation versus driving voltage (40 GHz). (Figure appears in color
online.)

This corresponds to 0.2°/cm/GHz and to a tunability of 17%. This value is
lower than theoretical predictions (Fig. 7) and could be improved. In Figure 12,
we give the S, phase variation evolution versus driving voltage. Saturation phenom-
enon occurs at about 7V (E=0.17 V/um).

6. Conclusions and Perspectives

This study focuses on the realization and the characterization of a coplanar LC
phase-shifter. These phase-shifters offer simple technological realization whereas
the tunability is lower than that of microstrip structures. A possibility of improving
the tunability woud be to increase the sample thickness. Studies on switching times
and use of a large birefringence LC are also in progress.
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