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A 20 GHz Steerable Array Antenna Using 3-bit
Dielectric Slab Phase Shifters on a Coplanar
Waveguide
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Abstract—A simple steerable array antenna is designed and de-
veloped using a movable dielectric phase shifter. The change of ef-
fective dielectric 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 the reflection is designed to be minimized at these
slab positions. The low-loss dielectric material is used as the dielec-
tric slab and is placed close to a coplanar transmission line with
airgap. The 4 X 4 steerable array antenna with the phase shifters
is designed and fabricated at 20 GHz. The H-plane radiation pat-
terns are measured at different phase shift positions and compared
with the expected results.

Index Terms—Coplanar waveguide, phase shifter, steerable
array antenna.

I. INTRODUCTION

HE global satellite systems play a significant role in
Tcivilian and military communications. Currently, several
military communication systems are using the K- and Ka-band
frequencies (1840 GHz). Although the initial attempt by
Teledesic was not successful, it is expected that deployment
of high-speed satellite-based communication links will be in-
evitable in the future. The current low-data rate satellite phones
such as Iridium will have a limited use as a high-speed data
link. One of the problems of Teledesic was the expected high
cost of a ground station which can track the low-earth orbit
(LEO) satellites. We believe that a low-cost steerable antenna
is one of the missing links for the future of flexible wireless
communication systems. The most flexible satellite-to-ground
communication system is based on electronic phased-array
antenna technology [1]. However, the cost of a phased-array
antenna is related to the number of active elements, and thus
the present systems are often too expensive for many com-
mercial and military applications. The antenna beam steering
can also be done by mechanically moving the reflector or lens
[2]. Although the mechanically steerable antennas can be less
expensive than the electric phased-array antennas, the electro-
mechanical actuators/motors are usually bulky and prone to
mechanical failure.

The phase shifters are a critical element for electronically
scanned phased-array antennas, and typically account for a
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significant amount of the cost of producing an antenna array.
The reduction of fabrication cost opens possibilities for many
applications. Recently, the different types of microwave phase
shifters including MEMS-based and ferroelectric-based, have
been proposed for antenna applications [3], [4]. In addition, a
phase shifter using a PZT controlled dielectric layer to perturb
the electromagnetic fields of a CPW has been demonstrated
[5]. In this paper, we introduce that a movable dielectric slab
which is placed close to a coplanar waveguide (CPW) with
airgap can be used as a phase shifter. We minimize the refection
with or without dielectric material (ON-OFF position) at the
designed frequency. The proposed array antenna consists of
the series-fed patch antennas, phase shifters, and the feeding
network as shown in Fig. 1. It is noted that the most difficult part
of our design, simulation and fabrication processes is the phase
shifter [6]. The desired phase shift may not be achievable with
all transmission line (TL) types. To obtain the optimum com-
binations of the TL structure and dielectric material, we have
investigated several TL structures. These include a microstrip
TL, CPW TL without airgaps, and CPW TL with airgaps. Our
studies show that the microstrip TL and CPW TL without air-
gaps are insensitive to the presence of a dielectric slab on them
and are eliminated from consideration. In addition, it is found
that a high-e,, material such as BaTiOj is not suited for a phase
shifter. It appears that the electromagnetic field perturbation
caused by a high-¢,. material is significant, and the structure
does not work as a phase shifter. The best dielectric materials
seem to be in the range of €, = 3 to 10 in our case. Because
we are introducing the impedance mismatch section on TL, the
elimination of reflection is essential to design a phase shifter,
and possible solutions for the impedance mismatch problems
are explored [7]. To minimize the reflection caused by the
dielectric slab and also obtain the desired phase shifter, the
dielectric constant of the slab has to be set to a specific value.
The performance of the CPW-based phase shifter was tested at
6 GHz. Fig. 1 shows the final layout of the antenna designed
at 20 GHz. Using a 3-bit phase shifter, the antenna beam angle
can be scanned from —45° to +45°. Details will be discussed
in the following sections.

II. PHASE SHIFTER BASED ON A MOVABLE DIELECTRIC SLAB

The basic concept of the phase shifter is illustrated in Fig. 2.
The CPW has airgaps 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
is given as a function of d for the given structure. In this paper,

0018-926X/$25.00 © 2007 IEEE
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Fig. 1. Block diagram of a 4 X 4 steerable array antenna.

Fig. 2. Phase Shifter. A 3-D schematic of a ground-signal-ground (G-S-G)
CPW with a movable dielectric slab. The width of the signal and ground traces
are S and Gy, respectively. The gap between the ground and the signal is G
and the substrate thickness is h. The height of the dielectric material is 2.5 mm
and its length is [.

we assume that the slab can be either attached on the substrate
(d = 0 or very small) or far away from the substrate (d = oo or
d > 5 mm in our case).

This structure can be modeled as an unmatched TL section (or
a layered structure). The transmission coefficient 7" of a layered
structure is given as [8]

R

T=T1"T2c 20

ey

where I'; is the reflection coefficient at the boundary due to a
semi-infinite layer and 6 is the phase shift due to a slab. When
6 becomes mm where m is an integer, the reflection from the slab
diminishes (or |T'| becomes 1). This is the impedance matching
condition which can also be stated in terms of the effective slab
length of mA/2. The slab length must satisfy this condition to
minimize reflection. In addition, when d is changed from d = oo
to d = 0, the phase shift of the slab section will be related to the
effective dielectric constant of these two states [9]. Therefore, if
we want to create a desired phase shift without creating undesired
reflection, we need to satisfy specific conditions for each slab.

A. Impedance Mismatch and Possible Solutions

Suppose we want a 3-bit phase shifter given by 45°, 90° and
180° sections as shown in Fig. 3. Then the available phase shifts
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Fig. 3. TL model of a 3-bit phase shifter.

will be eight states (0°, 45°, 90°, 135°, 180°, 225°, 270°, and
315°). The fixed CPW section is denoted by Z and n; without
dielectric slabs. The sections [1,lo and [3 will have dielectric
slabs, and are given by (Zy,n4) for w/4 section, (Zs,ns) for
/2 section and (Zs,n3) for w section where Z and n are the
characteristic impedance and the index of refraction of each
section. We hope to create conditions with no reflection for all
states. We also aim to obtain the length /1, /5, and [3 as well as
the index of refraction ny,ns, and ng in terms of n,. This can
be done by satisfying the following conditions.
1) For 7/4 section (45°, bit 0), we need to satisfy

(nl — nb)koll = ’/T/4 and nlkoll =mi7

where m; is an integer. By eliminating /1, n; is given by

4m1
=ny———-o. 2
ny = np I — 1 2)

If we choose m; = 1, then

and [ = = - —. 3)

2) For 7/2 section (90°, bit 1), we need to satisfy

(ng —np)kole =7/2 and nokols = mom

where my is an integer. By eliminating [, ns is given by

2m2
=ny—— 4
(RS v | “)
Ao
Forms =1:ny =20, and Iy = — %)
4711,
4 3\
Forms =2:no=-np and [y = 2720 (6)
3 4 Ny

3) For 7 section (180°, bit 2), we need to satisfy

(n3 - nb)kolg =x and nskols = msmw

where mg3 is an integer. By eliminating [3, ng is given by

ms3

n3 =mnp—— @)
m3 — 1
1 A
Forms =2:n3=2n; and Il3=—-- 20 ®)
2 ny
4 3 A
Formsz =4:n3 = -n, and I3=—"- 20 )
3 2 ny
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Fig. 4. Frontal view of a ground-signal-ground (G-S-G) CPW (¢, = 3.38
and €,.3 = 1 or 6.2).

4) If we need a 7/8 (22.5°) section for a 4-bit phase shifter,
the index refraction n4 and the length /4 must satisfy

SM4
=ny—— 10
ng = Ny y— (10)
8 7T A
For my = 1,we haveny = —n;, and Iy = 20
7 ].6 nb
(11)

B. Approximate Analytic Formulas for CPW With Dielectric
Materials

Next we need to derive a method to obtain the effective di-
electric constant of CPW for a given d. The effective dielectric
constant of a simple CPW structure has been studied extensively
[10]. However, we are unable to find an existing analytical so-
lution for a CPW structure shown in Fig. 2, and we have to rely
on the numerical technique.

The previous studies of CPW with dielectric material have the
structure shown in Fig. 4. This is similar to our case of d = 0.
Similarly, when €,3 = 1, the structure is the same as without
the dielectric slab case (d = o0). A full-wave analysis of the
CPW using Galerkin’s method in the spectral domain has been
published [11]. Simple analytical formulas for the quasi-TEM
parameters were obtained from either exact or approximate con-
formal mapping techniques. A general CPW with finite width
ground planes of the effective dielectric constant and the char-
acteristic impedance are given by [12]

Eoff = Q1671 + Q2€r2 + q36r3 + Q4Era (12)
1
Top= —— 13
0= e (13)
where
_ 1 I i _ O
q1_2 Ca? q2—0a7 Q3—Ca
1 Ci
== 14
“U=5""Ca (14)
K(kr) K(k;) .
c* =4 ct =2 =TI II,III, and IV
€0 K’(l{}[>7 3 €0 K’(kz) (7' y 4Ly , Al )
a Sinh(A[[)
Kr=—-Kj=—-—%,
=% "™ inh(Brp)’
inh(A
K = o ( 111) and

SlIlh(B]]]) ’
t;anh(AIV)
Ky =
w tanh(ij)

TABLE I
COMPARISON WITH APPROXIMATE ANALYTIC FORMULAS AND NUMERICAL
RESULTS

Numerical Results
Analytic Formulas

(HFSS)
Parameters d&=5mm d=0mm d=5mm d=0mm
Characteristic
45.37 31.9 39.28 36.9
impedance ( Q)
Effective dielectric
2.59 5.31 2.63 4.81

constant( ;)

Fig. 5. Phase shifters without (Top TL) and with (Bottom 3 TLs) a dielectric
slab.

where

Ta b
TR T

g1 +q2+q3+qs=1

A = (i = I,IL, 11T, and IV)

To check the accuracy of this formula and also the correct-
ness of our simulations, we compared several cases with An-
soft HFSS simulations. Table I shows the comparison of the ap-
proximate analytic formulas given in (12) and (13) with the data
obtained from HFSS numerical simulations. The agreement is
reasonable and our simulation seems to be working. All the fol-
lowing results are obtained using HFSS simulations.

C. Verification of CPW Phase Shifter

In order to verify the validity of this phase shifter, we fab-
ricated the CPW on a Duroid 5880 (es,, = 2.2) and mea-
sured eight different states. Duroid 5880 was chosen because
the dielectric constant is accurately known. Fig. 5 shows the test
phase shifter circuits designed at 6 GHz with and without the
dielectric slab. The CPW with gap (Zy = 98 ) is matched to
the mictrostrip TL with Z, = 50 Q with \/4 transformer for
testing purposes. The width of the signal trace S is 2 mm and
the width of the ground Gw is 6 mm. The gap G between the
ground and the signal is 1 mm. For Duroid 5880, we choose
my = 1,mo = 2, and m3 = 4 so that we can use the same ma-
terial for all the dielectric slabs. The dielectric slabs must have

Iy =3/8(N\o/mp),
l3 = 3/2()\0/711,)

ny = ng = nz = 4/3ny,

Iy = 3/4(A/ny) and (15)

Since n, = 1.23, the required dielectric constant of the slab
is €, = 2.2. Polyethylene which has ¢, = 2.25, is selected
as a dielectric slab material. The lengths of the dielectric
slabs which can be obtained using (15) are 15.24 mm, 30.48
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Fig. 6. The  measured phase with the  3-bit  dielectric
slab  combinations for the desired eight phase conditions

(0°, —45°,—-90°, —135°, —180°, —225°, —270°, and —315°).

mm, and 60.97 mm for —45°,—90°, and —180° sections,
respectively. The height of the dielectric slab is 4 mm and
the width is 19 mm. The bottom layer of the CPW section
does not have a ground plane and via is used for connecting
to the ground. Fig. 6 shows the measured phase of Se; with
the vector network analyzer (VNWA) at seven phase shift
positions created by the 3-bit dielectric slab combinations. The
measured phase is close to that of the eight phase conditions
(0, —45°,—-90°, —135°, —180°, —225°, —270°, and —315°).
The reflections in all cases are small at 6 GHz. This demon-
strates that we can design the phase shifter using the dielectric
slab on a CPW without introducing impedance mismatch.

III. 4 x 4 ARRAY ANTENNA WITH PHASE SHIFTER AT 20 GHZ

A low-cost material and fabrication process are among
our top design goals. The 20 GHz array antenna and phase
shifters are fabricated on the FR-4 based IS640 substrate which
is less expensive than Duroid 5880. The characteristics of
1S640 are e, = 3.38, thickness = 0.508 mm (20 mil), and
loss tangent = 0.0045, respectively. To reduce the E-plane
beam width, four patch antennas are connected in series as
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(d)

Fig. 7. (a) Layout of a4 X 4 array antenna without dielectric slabs. (b) Dielec-
tric slab positions on a CPW for the 3-bit phase shifter.

shown in Fig. 7. Although the E-plane side-lobe can be reduced
by tapering the patch sizes, it was not included in our design.
The antenna patch size is 5.8 mm x 3.85 mm and the input
impedance is 106.5 Q2. The spacing for series elements between
edges is 4 mm, and the spacing for patches between center
to center is 7.4 mm which is less than 0.5 A at 20 GHz. The
4 x 4 array antenna was chosen after testing the E- and H-plane
radiation patterns of 4 x 1, 4 x 2, and 4 x 4 array antennas
[13], [14]. The E-plane beam size can further be reduced by
increasing the number of series elements [15].

The CPW section has a signal line width of S = 0.8 mm, a
ground line width of Gy = 2.5 mm, and a gap between the
signal line and the ground line of G = 0.4 mm. The bottom
layer of the CPW section does not have a ground plane and via
is used to connect to the ground. Based on HFSS simulations,
it is found that the effective index of refraction without slab is
np = 1.152(eoe = 1.329). Ideally, the dielectric slab should fill
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TABLE II
SIMULATION RESULTS WITH ¢, = 3.73 SLAB (Slab Length = 4.8 MM)

d (ym) [Sa| Sul Egp1
20 0.976 0.073 233
19 0.976 0.068 2.341
18 0.976 0.067 2.358
17 0.976 0.064 2.363
16 0.976 0.06 2.375
Air 0.987 0.006 1.329

TABLE III

SIMULATION RESULTS WITH &, = 10.2 SLAB (Slab Length = 3.26 MM)

d(um) ISzl Sl Eepra
8 0.979 0.070 4.936
5 0.982 0.011 5.308

4 0.982 0.02 542

3 0.981 0.04 5.57
Air 0.987 0.006 1.329

the gap when d = 0 as shown in Fig. 2. Unfortunately, this re-
quires additional costly machining. To reduce processing costs,
we investigated the use of slabs without the bottom notches
which go into the CPW gaps. The disadvantage of this flat slab
is that the effective dielectric constant can be sensitive to a small
residual air space and its effect must be included in the simula-
tion. For 7 /4 section, we choose m; = 1 and obtainn; = 1.536
and [; = 4.48 mm. The effective dielectric constant of this sec-
tion must be e.g1 = n? = 2.359. To create eqg1 = 2.359, we
use a dielectric material with e, = 3.73. Table II shows the ef-
fective dielectric constant as a function of residual air space. If a
small airgap (10-20 pm) exists between the dielectric slab and
the conductor, the dielectric material with ¢,, = 3.73 is suitable
for 45° sections.

For 7/2 and 7 sections, we choose my = 1 and m3 = 2, and
obtain no = nz = 2n;, = 2.305,1l5 = 3.26 mm, and I3 = 6.52
mm. The effective dielectric constant of these sections must be
Eoffy = n% = 5.316. To create e.g2 = 5.316, we use a dielectric
material with ¢, = 10.2.

Table III shows the effective dielectric constant as a function
of residual air space for the 7 /2 section. If a small airgap (5-10
pm) exists between the dielectric slab and the conductor, the
dielectric material with ,, = 10.2 becomes suitable for 90° and
180° sections.

Similarly, if we need a 7 /8 section for a 4-bit phase shifter,
we choose my = 1, and obtain ny = 8/7n;, = 1.316,14, = 5.69
mm. The effective dielectric constant of these sections must be
Eoffd = ni = 1.733. To create e.g4 = 1.733, we use a dielectric
material with ,, = 2.94. Table IV shows the effective dielectric
constant as a function of residual air space for the 7/8 section.
If a small airgap (100-110 pm) exists between the dielectric
slab and the conductor, the dielectric material with e, = 2.94 is
suitable for 22.5° section.

TABLE IV
SIMULATION RESULTS WITH ¢, = 2.94 SLAB (Slab Length = 5.69 MM)

d (1) [Sai] Sul Eepra
90 0.982 0.008 1.77
100 0.982 0.008 1.75
110 0.983 0.007 1.723
115 0.983 0.007 1.71
120 0.983 0.007 1.70
Air 0.987 0.006 1.329

S11 measured data

Return Loss(dB)

205 21 215 22

18 18.5 19 19.5 20
Frequency(GHz)

Fig. 8. Measured S;; of a 4 X 4 array antenna without slabs as shown in
Fig. 7(a).

The feeding network is a simple one-to-four power divider
with \/4 impedance matching sections as shown in Fig. 7. Also
shown in Fig. 7 are the positions of the dielectric slabs for the
3-bit phase shifter. Although twelve actuators will be required
to move them independently, a simple mechanism can be used
if this antenna is utilized for the satellite tracking. The input
reflection Sq; is measured with VNWA and shown in Fig. 8. It
is better than —15 dB at 20 GHz.

The radiation patterns measured at different phase shift con-
ditions are shown in Figs. 9-13. Fig. 7(a) shows a 4 x 4 array
antenna without the dielectric slabs on it. This corresponds to
the no-phase shift among 4 elements, and, therefore, we should
expect a beam peak at 0°. Fig. 9 shows the measured and simu-
lated H-plane radiation patterns of this case, and Fig. 10 shows
that of E-plane. The simulated and measured E- and H-plane ra-
diation patterns are in agreement. The large sidelobe in E-plane
(Fig. 10) may be due to the interference from the feeding net-
work. This can be reduced by placing the CPW and feeding net-
work sections on the bottom side.

Figs. 11 to 13 show the radiation patterns with the phase shift.
In all cases, the measured data is normalized with respect to
the peak value of the 0° phase shift (Fig. 9). Fig. 11 shows
the simulated and measured H-plane radiation patterns with di-
electric slabs on a CPW. The phase shifts from left to right are
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Fig. 9. Simulated and measured H-plane radiation patterns: No phase shift
case. Slab positions are (000,000,000,000).
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Fig. 10. Simulated and measured E-plane radiation patterns: No phase shift
case. Slab positions are (000,000,000,000).

—135°,-90°, —45°, and 0° which correspond to the 3-bit pat-
terns of (110,010,100,000). The beam scan angle (peak) is at
—15° (345°) for this configuration. Fig. 12 shows the simu-
lated and measured H-plane radiation patterns with dielectric
slabs on the CPW. These phase shifts from left to right are
—270°,—180°, —90°, and 0° which corresponds to the 3-bit
patterns of (011,001,010,000). The beam scan angle (peak) is
at —30° (330°) for this configuration. Fig. 13 shows the max-
imum beam scan angle of +45° which can be obtained with
—135° phase shifting among elements. From left to right, the
phase shift is 0°, —135°, —270°, and —405° (45°) with the cor-
responding 3-bit pattern of (000,110,011,100).

Figs. 9 to 13 are four examples of the eight possible states
which can be obtained from a 3-bit phase shifter. Other beam
scan angles can be obtained by changing the dielectric slab po-
sitions. With this simple setup, the main beam can be scanned
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H-Plane Measured
————— H-Plane Simulated

+180°
Fig. 11. Simulated and measured H-plane radiation patterns. The phase shift

among elements is —45° which corresponds to the beam angle of 15°. Slab
positions are (110,010,100,000).

H-Plane Measured
————— H-Plane Simulated

+180°

Fig. 12. Simulated and measured H-plane radiation patterns: The phase shift
among elements is —90° which corresponds to the beam angle of 30°. Slab
positions are (011,001,010,000).

from —45° to +45° at 20 GHz. For a 3-bit phase shifter, each
CPW has three dielectric slabs. The 4-element array, therefore,
requires twelve slabs as illustrated in Fig. 7(b). If arbitrary beam
scanning is needed, twelve actuators are required. As a possible
application for satellite tracking antennas, whose scan angle can
be predicted based on the satellite position, we could use the po-
sition-coded rod for each bit. In our case, three rods with notches
that press down on the dielectric slabs will be sufficient. By
moving all 3 rods simultaneously, we can scan the beam from
—45° to +45°. This idea will require only one motor. If a 2-D
scan is needed for satellite tracking, the rotational stage with
another motor will be sufficient. The expected height of this an-
tenna will be relatively thin, and it will basically be a planar 2-D
scanning antenna.
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H-Plane Measured
————— H-Plane Simulated

+180°

Fig. 13. Simulated and measured H-plane radiation patterns: The phase shift
is —135° which corresponds to the beam scan angle of 45°. Slab positions are
(000,110,011,100).

IV. CONCLUSION

The purpose of this paper is to show the feasibility of de-
signing a simple steerable antenna at 20 GHz. Using extensive
numerical simulations, we have obtained the desired structure
and material to create a 3-bit phase sifter fabricated on an IS640
substrate. The proposed antenna is suited for scanning in one di-
rection such as an indoor/outdoor wireless system. For a satellite
tracking antenna which requires a 2-D scan, the rotational mo-
tion must be provided by the motor-driven turntable. Although
further design work is needed to make a practical system, we
have demonstrated that our idea is feasible, and we should be
able design a low-cost beam steerable antenna at MMW fre-
quencies. We believe the proposed method is particularly suited
for high MMW frequency array antennas for which the solid
state-based or MEMS-based phase shifter is difficult and expen-
sive to design [16].
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