
The interaction operator from PEC to ES can be derived from
Eq. (20) by setting M1 � 0. Moreover, the interaction operator
from ES to PEC is
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J1

1

�
M1

1

�
t1
� � �L21

EJ � K21
EM 0

0 0 1� � �
J1

1

�
M1

1

�
t1
�. (22)

Hence, the equation for the example in Figure 2 can be written
as the following,
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�
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4. NUMERICAL EXAMPLES

Here we will show one example of a two-monopole array mounted
on a ground plane as shown in Figure 3(a). Two ES’s that intercept
the ground plane are used to enclose the antennas [Fig. 3(b)].
Triangular mesh and RWG basis [11] are used to discretize the
structure. There are 779 unknowns on the whole antenna and 476
unknowns on each ES. The simulation frequency is 0.3 GHz, and
the length of the monopole is a quarter wavelength. The excitation
is a multiple-�-gap source added on the left arm. Figure 4 shows
the equivalent current distribution, and Figure 5(b) shows the
radiation field using the direct method and EPA. The two results
agree with each other very well.

5. CONCLUSIONS

The equivalence principle algorithm is introduced in this commu-
nication. It is based on MOM and equivalence principle. Tap basis
is introduced to model a continuous current intercepting the equiv-
alent surface. Using this scheme, the current continuity is con-
served and the singularity of the charges is avoided. Moreover, it
is more stable and accurate than using a fictitious junction basis.
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ABSTRACT: A simple steerable array antenna is designed using a
movable dielectric phase shifter. The change of the effective dielec-
tric constant at different dielectric slab positions on a coplanar
waveguide is used as the phase shifter. The impedance matching and
desired phase shift conditions are satisfied at two slab heights, and
reflection is designed to be minimized at all slab positions. A four-
element steerable array antenna at 5.8 GHz is fabricated and mea-
sured for testing purposes. © 2006 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 48: 2222–2227, 2006; Published online
in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
21920
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1. INTRODUCTION

In this paper, we introduce a movable dielectric slab placed close
to a coplanar waveguide (CPW) which can be used as a phase
shifter for the array antenna. The proposed array antenna consists
of a patch array antenna, phase shifter, and feed network with a
preset delay line as shown in Figure 1. It is noted that the most
significant and difficult part of the simulation and fabrication
process is the design of the phase shifter [1]. In order to obtain the
optimum combinations of a transmission line (TL) structure and
material, several TL structures have been investigated. These in-
clude a microstrip TL, a coplanar TL without gaps, and a coplanar
TL with gaps. Our study shows that the microstrip TL and coplanar
TL without gaps are insensitive to the position of a dielectric slab
and are eliminated from consideration. In addition, it is found that
a high-�r material such as BaTiO3 is not suited for a phase shifter.
It appears that the electromagnetic field perturbation caused by a
high-�r material is significant, and the proposed design does not
work as a phase shifter. The effective dielectric constant and the
characteristic impedance are calculated as a function of slab
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height. We compare the simulated radiation patterns and the mea-
sured radiation patterns of the steerable array antenna at 5.8 GHz.

2. CONTINUOUS PHASE SHIFTER BASED ON A MOVABLE
DIELECTRIC SLAB

The basic concept of the phase shifter is illustrated in Figure 1. The
CPW has air gaps between the center signal line and ground lines.
As the movable dielectric slab moves closer or into the gap of the
CPW, the effective dielectric constant changes and it is given as a
function of d for a given structure. In this paper, we assume that
the slab can be moved continuously from the flash on the substrate
(d � 0 or very small) to far away from the substrate (d � � or d �
2 mm in our case).

The width of the signal trace is S and the width of the ground
trace is GW. The gap between the ground and the signal is G.
Substrate thickness is h and the height of the dielectric material is
5 mm. The length of the dielectric material is l.

This structure can be modeled as an unmatched TL section (or
a layered structure). The transmission coefficient T of a layered
structure is given as [2]

T �
�1 � �1

2� e	j�

1 � �1
2 e	2j� , (1)

where �1 is the reflection coefficient at the boundary due to a
semiinfinite layer and � is the phase shift due to a slab. When �
becomes an integer multiple of l/2, it is well known that the
reflection from the slab diminishes (or T becomes 1). This is the
impedance matching condition. In addition, the phase shift of the
slab section when d is changed from d � � to d � 0 will be related
to the effective dielectric constant of these two states [3]. Our
primary concern will be a good impedance matching at all values
of d. First, we set the matched impedance condition at d � 0 and
d � �. Since the integer multiple of the �/2 condition must be
satisfied at d � 0, this will determine the available length of each
slab. At d � � or without slab, the impedance is always matched.
The main task, therefore, is to estimate the effective dielectric
constant of CPW with a slab on it. This process requires knowl-
edge of the material characteristics, TL structure, and a good 3-D
simulation tool. Because we are designing a low-cost antenna, we

use a CPW structure fabricated on an FR-4 type substrate (IS620
from Iola) which has a thickness of 1.6 mm and �sub.� 3.73. The
CPW has a signal trace width of 2 mm and a ground trace width
of 6 mm. The gap between the ground and the signal is 1 mm.
Without the dielectric slab (d � 5 mm or effectively d � �), the
CPW has a characteristic impedance of Z0 � 103 
 and an
effective dielectric constant of �effective � 1.4. To simplify the
fabrication process, we also used dielectric slabs without protrud-
ing notches in the initial design. Therefore, when d � 0, the CPW
gap is filled with air rather than with the dielectric material. The
dielectric constant of the slab must be much higher than that of the
substrate, but it cannot be too high. It is found that a high-�r

material such as BaTiO3 creates a strong electromagnetic field
perturbation and is not useful as a slab in our design. We chose the
Teflon–ceramic composite with �r � 10.5 as a slab. Using HFSS
simulations, the desired effective dielectric constant is found to be
about �effective � 7.76 when d � 0. This will determine the length
of the �/2 section to be 9.32 mm, and the amount of phase shift
with respect to the d � � condition is 105°. Therefore, if we want
to introduce a 105° phase difference among four antenna elements,
the length should be 0, �/2, �, and 3�/2. Since we cannot find an
analytical formula to estimate �effective for d � 0, extensive HFSS
simulations are conducted for 0 � d � 5 mm. Because the slab
length is set close to the integer multiple of �/2 when d � 0, the
reflection from this slab will be small at d � 0. By setting, we can
approximate T in Eq. (1) as T � e	j�. Then the phase change at the
slab height d with respect to that without a dielectric slab (d � �)
can approximately be expressed as

�d � k0 Ld� ��eff�d � ��eff�d��� , (2)

where k0 is the wavenumber in free space and Ld is the slab length.
�eff d � � represents the effective dielectric constant when the
dielectric material is far enough away from the substrate, and
�eff d represents the effective dielectric constant when the slab
height is d. The effective dielectric constant for 0 � d � 5 mm is
estimated from this phase. Table 1 presents numerical results for
the G-S-G CPW with the center gap for cases with and without the
dielectric material. The characteristic impedance and the effective
dielectric constant change depending on the distance of the dielec-
tric material from the substrate. As expected, the impedance is
matched at d � 5 and 0. When d � 1.25 mm, there is a slight
impedance mismatch, although S21 is still close to 1. Figure 2
shows the effective dielectric constant as a function of distance d.
Beyond d � 2 mm, the slab is completely out of the CPW and
there is no change in �effective. The effective dielectric constant
gradually changes from d � 2 mm to d � 0.25 mm and then
increases rapidly at d � 0. We chose the phase difference of
	105° to 105° between adjacent elements, because the phase
difference between d � 5 mm and d � 0 is 105° in Table 1.

Figure 1 Block diagram of a 4-element steerable array antenna

TABLE 1 Simulated Results at d� 5 mm, d� 1.25 mm, and
d� 0

Parameter

d (mm)

5 1.25 0

	S21	 0.99 0.91 0.98
	S11	 0.01 0.36 0.02
Characteristic impedance (
) 103 83 51
Effective dielectric constant 1.4 3.73 7.76
Phase difference based on d � 5 mm 0° 49.5° 105°
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Figure 3 shows the magnitudes of S21 and S11 as a function of
d. As expected, good matching (small S11) can be obtained at d �
0 and d � 2 mm, but the maximum value can reach to 0.366 at d �
1.25 mm. The transmission coefficient, however, is always greater
than 0.9 at all positions of d. Although we cannot satisfy the
impedance matching condition at all values of d for the continuous
phase shifter, S11 is still less than 	9 dB (0.366) for this phase
shifter.

3. DESIGN OF THE FEED NETWORK USING THE PRESET
DELAY LINES

In order to reduce the number of phase shifters to N-1 where N is
the number of arrays, the preset delay line is added to each feed
line as shown in Figure 1. The basic concept is illustrated in Figure
4. Suppose the antenna is designed with a phase difference of
	105° to 105° between adjacent elements, then the required
phases at different antenna elements are shown in Figure 4. The
Antenna Element 1 which is shown as S21 does not require an
adjustable phase shifter, but it must have a 	105° preset phase
with respect to Element 2 (S31 in Fig. 4). The largest phase shift of
630° is required for Element 4 (S51 in Fig. 4). Therefore, by
introducing the preset delay line, we can eliminate one phase
shifter.

The CPW has the characteristic impedance of Z0 � 103 
 with
d � 5 mm and an input impedance of the patch antenna of 103 
.

The main problem with the proposed phase shifter is that the
characteristic impedance also changes when the dielectric slab
position is changed from d � 5 mm (Z0 � 103 
) to d � 0 (Z0 �
51 
). The lowest Z0 occurs at d � 0, and thus the circuit must be
designed to minimize the reflection at d � 0. In order to reduce the
unwanted reflection, the effective length of the CPW is set with
d � 0 to be m�/2 where m is an integer. Because a �/2 section does
not create a reflection, this will guarantee the impedance matching
at d � 0. At other slab positions, we estimate the characteristic
impedance using HFSS. Table 2 shows the required slab height d
and the characteristic impedance Z0 for the 4-element array an-
tenna with the phase difference at 	105°, 0°, and 105°. Al-
though the reflection is minimized at d � 0 and d � 5 mm, we
have an impedance mismatch at d � 0.5 mm as shown in Table 2.
For the element phase differences of 	105° to 105°, we can
obtain the antenna beam scan angle of 	40° to 40°.

4. FABRICATION OF A 4-ELEMENT STEERABLE ARRAY
ANTENNA AT 5.8 GHZ

To demonstrate the feasibility of our concept, a 4-element steer-
able array antenna is designed and fabricated at 5.8 GHz for a
wireless network. The array antenna is designed to scan with a
phase difference of 	105° to 105° and with an expected beam
scan angle of 	40° to 40°.

Figure 5 shows the fabricated 4 � 1 and 4 � 2 array antenna
with and without the dielectric slabs [4, 5]. The substrate is IS620
with �sub � 3.73 and a thickness of 1.6 mm. The height of the
dielectric slab is 5 mm with a dielectric constant of �r � 10.5,
which was obtained using Duroid 6010. The width of the patch
antenna is 17 mm and the height of the patch antenna is 12.66 mm.
In order to remove the grating mode, the antenna separation is set
to 22 mm, which is less than �/2 while the input impedance is 103

Figure 2 Effective dielectric constant vs. height d from the substrate.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

Figure 3 Simulated S21 and S11 results from d � 0 to d � 5 mm. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com]

Figure 4 Phase difference among four elements from 	105° to 105°

TABLE 2 Phase Relationship of 4-Element Array at 3 Phase
(Slab) Positions: �105°, 0, and �105°

Phase
Distance

(mm) S21 S31 S41 S51 Z0

	105o d�0 0° 210° 420° 630° 51
0o d�0.5 0° 105° 210° 315° 77

105o d�5 0° 0° 0° 0° 103
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. The preset delay lines in Figure 6 have 	315° for Element 1,
	210° for Element 2, and 	105°, for Element 3, whereas the
dielectric slabs introduce a maximum phase shift of 	210° for
Element 2, 	420° for Element 3, and 	630° for Element 4. This
corresponds to the phase diagram shown in Figure 4. The lengths
of the dielectric slabs on the CPW are 20.9, 41.8, and 62.7 mm.

Figure 6 shows the simulated H-plane radiation patterns of a
4 � 1 array antenna at 5.8 GHz. Figure 6(a) is for d � 0 with the
peak at 30°, (b) is for d � 0.1 mm with the peak close to 0°, and
(c) is for d � 5 mm with the peak at 	40°. Figure 7 shows the
measured H-plane radiation pattern of a 4 � 1 array antenna for
the same three values of d. We obtain good agreement for the d �
0 and d � 0.1 mm cases, but when the slab is on the CPW, the peak
of the beam is only at 13°. This discrepancy seems to be due to a
small residual gap (�10 	m) between the dielectric slab and
conductors, and it is difficult to avoid when using the flat bottom
slabs. In order to solve this problem, we added protruding notches

Figure 5 Photographs of a 4 � 1 and 4 � 2 array antenna with and
without dielectric slabs. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]

Figure 6 Simulated H-plane radiation patterns of a 4 � 1 array antenna
at 5.8 GHz. (a) d � 0 mm, (b) d � 0.1 mm, and (c) d � 5 mm. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com]

Figure 7 Measured H-plane radiation patterns of a 4 � 1 array antenna
at 5.8 GHz. (a) d � 0, (b) d � 0.1 mm, and (c) d � 5 mm. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com]
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Figure 8 Phase shifter. A 3-D schematic of a ground-signal-ground
(G-S-G) CPW with a movable dielectric slab. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com]

Figure 9 Measured H-plane radiation patterns of a 4 � 2 array antenna
at 5.8 GHz. (a) d � 0 mm with small notches, (b) d � 0.1 mm, and (c) d �
5 mm. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]
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to the flat bottom dielectric slabs, and tested them with a 4 � 2
array antenna. This modification makes the shape of slabs similar
to the one shown in Figure 8. Figure 9 shows the H-plane radiation
patterns of three cases. With the addition of small notches, the
antenna beam can now be scanned up to 40°.

5. CONCLUSIONS

A novel design of a steerable array antenna has been demonstrated.
The phase shifter is based on a movable dielectric slab placed close
to a CPW with air gaps. The impedance mismatch can be avoided
by choosing the slab dielectric constant and length for the two
extreme positions, namely at d � 0 and d 2 mm. It may be possible
to further reduce S11 by optimizing the impedance mismatching
position at d � 0 instead of d � 0. We also show that the use of
preset delay lines can reduce the number of phase shifters. Al-
though the test antenna is designed for 5.8 GHz, the technique can
be applied at a much higher frequency. One possible application is
for the 77 GHz automobile collision avoidance radar [6].
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ABSTRACT: In:Fe:LiTaO3 crystals were grown in an air atmosphere
using the Czochralski method. The photorefractive properties were mea-
sured by the two-wave coupling experiments, and light-induced scatter-
ing was used to characterize the optical damage. It was found that the
photorefractive response speed of In:Fe:LiTaO3 was about four times
faster than that of Fe:LiTaO3, and the resistance ability to optical
damage was drastically improved. The increase in damage resistance
and faster response speed could be attributed to the Fe3 losing
their electron acceptor properties and, therefore, an increase in pho-
toconductivity. © 2006 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 48: 2227–2230, 2006; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.21919

Key words: In:Fe:LiTaO3 crystal; exponential gain coefficient; diffrac-
tion efficiency; response speed; photodamage resistance

1. INTRODUCTION

Doped lithium tantalum (LiTaO3, LT) crystals exhibit excellent
photorefractive properties, and this attractive feature makes them
important for applications in piezoelectric, electro-optic, surface
acoustic wave, waveguide, and nonlinear optical devices [1– 5].
Doping with transition metal or rare earth ions into crystals can
affect efficiency, sensitivity, speed, and spectral response of pho-
torefractive effect. A great amount of studies on LiTaO3 included
crystals containing various dopants, such as Fe, Ce [6], Zn [7], Cr
[8], Tm [9], Ho [10], and so on. Fe:LiTaO3 crystal has been
selected as one of holographic storage media for industrial use. In
Fe:LiTaO3 crystal, Fe2 ions acted as electron donors, and Fe3

ions act as electron traps. Electrons are excited from Fe2 to the
conduct band, and then are redistributed because of diffusion, drift,
and bulk photovoltaic effect. Finally, Fe3 will capture the elec-
trons and a space charge field builds up. The refractive index can
be modulated by electro-optic effect. Fe:LiTaO3 crystal has the
promising application in the volume holographic storage, but there
are some disadvantages, e.g. long response time and low photo-
damage resistance ability. For improving photodamage resistance
ability of Fe:LiTaO3 crystal, in this work, In2O3 was doped into
Fe:LiTaO3 crystal. In:Fe:LiTaO3 crystals grown by Czochralski
(CZ) method show excellent photodamage resistance ability. In
addition, the response time of the In:Fe:LiTaO3 crystal decreased
to a acceptable degree in comparison with Fe:LiTaO3 crystal.

2. CRYSTAL GROWTH AND SPECIMEN PREPARATION

All crystals including Fe:LiTaO3, In:Fe:LiTaO3, Fe:LiNbO3, and
In:Fe:LiNbO3, are grown from congruent melts by the conven-
tional CZ method, using an intermediate frequency(IF) furnace.
The starting materials used to grow the crystals were Fe2O3, In2O3,
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