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Novel Beam-Control Techniques Using Dielectric-
Image-Line-Fed Microstrip Patch-Antenna
Arrays for Millimeter-Wave Applications

Ming-yi Li and Kai Chang,Fellow, IEEE

Abstract—This paper reports novel beam-control methods
which have the potential of low cost and simplicity. The beam di-
rection of the antenna array is controlled by changing the distance
between the perturbed dielectric image line (DIL) and a movable
reflector plate. A rigorous hybrid-mode theoretical analysis is
developed for calculating the dispersion of propagation constants
in DIL’s without or with the movable reflector plate and, then,
for designing beam-control patch-antenna arrays. Experimental
results of scanning angles agree well with theoretical predictions
at Ka-band frequencies.

Index Terms—Beam steering, dielectric image line, millimeter
wave, patch antenna.

I. INTRODUCTION

T HE microstrip patch antenna is a good candidate for many
applications. It is planar, conformal, easy to fabricate

using photolithography techniques, and low cost. The patch
antenna can be fed by many methods. One popular method is
to feed the patch from a microstrip line through a coupling
aperture [1]. For high-frequency applications (-band and
above), microstrip feed lines have higher conduction losses,
and surface modes could also be excited. As a result, the
gain of the antenna suffers. To overcome these problems, an
aperture-coupled dielectric-image line (DIL) feed was recently
proposed as an alternate feed method [2]–[4].

The new beam-control techniques presented in this paper
avoid the use of a solid-state or ferrite phase shifters. The
techniques are less complicated and expensive as compared
to the traditional methods. The electromagnetic (EM) signal
travels mainly in the DIL [5], and the propagation constant of
the EM field in the DIL can be changed. A movable reflector
plate is applied on the back of the DIL feed to form a perturbed
structure [perturbed DIL structures with movable reflector
plates (DILWRP’s)]. The beam direction of the antenna array
is controlled by changing the perturbation distance between
the DIL and the movable reflector plate. The movement can be
controlled mechanically or electromechanically using a motor
or piezoelectric material.

The DIL can be analyzed using the effective dielectric
constant (EDC) method [5]–[7]. However, the EDC method
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Fig. 1. Aperture-coupled microstrip patch-antenna array fed by DIL. The
waveguide components are only used for testing purposes.

cannot analyze the DILWRP. To facilitate the design, a rig-
orous hybrid-mode analysis was developed and used for cal-
culating the dispersion of EM-field propagation constants in
DIL structures without or with the movable reflector plate.
Angular scans of radiation beams were achieved by changing
the perturbation distance of the reflector plate for the DILWRP.
Using the theory and design method developed,-band
microstrip patch-antenna arrays with eight-elements fed by a
DIL or DILWRP have been demonstrated with good scanning
angles. The arrays also exhibited good impedance matching,
high gain, wide-frequency operation, low cross polarization,
and low sidelobes.

II. BEAM-CONTROL CONFIGURATIONS

The structure of aperture-coupled microstrip patch-antenna
arrays fed by DIL’s is shown in Fig. 1. For testing purposes,
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Fig. 2. General schematic diagram of a series-fed beam-steering antenna
array.

the signal is coupled to the DIL from the waveguide through
transitions. Proper design of DIL dimensions allows single-
mode propagation for a considerable range of frequency [5].
For radiating patch elements fed serially along the DIL, there
will be a phase delay between elements. This interelement
phase delay is linearly progressive and is a function of the
propagation constant in the DIL. The radiation-beam angle
will be controlled by changing the propagation constant in the
DIL. A general schematic diagram of series-fed beam-control
antenna arrays is shown in Fig. 2. To form a beam in the
direction from broadside, the following equation has to be
satisfied [8], [9]:

(1)

where is the th beam angle from broadside (normal),
is the free-space propagation constant, is

the propagation constant in the DIL feed,is the distance
between radiating elements,is the length of feed line between
elements, and is the integer. Equation (1) becomes

(2)

If is chosen to be equal to in the patch-antenna array
fed by the DIL, (2) can be written as

(3)

The propagation constants in the DIL can be adjusted
and antenna beam angles can be controlled by changing the
operating frequency. This is the so-called frequency scanning
reported in literature. A method reported here uses a movable
metal reflector plate installed in parallel on the back of the
DIL feed to form the DILWRP structure. The perturbation
spacing between the DIL and the movable reflector plate
is varied and controlled precisely using a micrometer head.
An accuracy of 1 mil can be reached. The EM field in the
DIL is perturbed, and propagation constants andin the
DILWRP will change. The radiation beams are scanned at a
given operating frequency. The method is simple, low-cost,
easy to fabricate, and reliable.

III. T HEORETICAL ANALYSIS USING

RIGOROUS HYBRID-MODE METHOD

Accurate computation of is required for theoretically
predicting radiation scan angles and for designing beam-

Fig. 3. DILWRP.

control antenna arrays. The EDC method may be used for
calculating propagation constants in the DIL, but cannot ana-
lyze DILWRP’s. It is also not accurate enough in calculating
beam-scanning angles due to its approximation.

A rigorous hybrid-mode analysis [10], [11] was developed
and used in this paper for calculating the dispersion of EM-
field propagation constants in DIL structures without or with
movable reflector plates.

A. Theory and Formulation

Fig. 3 is the configuration of a DIL of width , height ,
and relative dielectric constant . A movable perfect electric
reflector plate is placed at a distance parallel to
the ground plane . The perturbation of the reflector
plate on EM-field properties in a DILWRP is adjusted by
changing the distance. DILWRP structures will become DIL
when increases to infinity. The cross-section region with a
DIL under the ground plane is subdivided into four subregions
I–IV. A complete set of field solutions is derived for each
sub-area. The dependence of field components oncan be
assumed to be an exponential function as . is
the phase propagation constant and is the same in all these
four subregions. - and -dependencies of fields in regions
I–IV are formulated using eigenfunctions, so that boundary
conditions are fulfilled on defined boundaries. All modes are
classified as TM and TE with respect to the-direction. Fields
in every subregion are expressed in terms of scalar potential
functions and , which are for TM and TE to modes,
respectively, as follows:

(4)

(5)

The potential functions can be expressed in Regions I–IV as
follows:
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Region I:

(6a)

(6b)

Regions II and III( for region II, and for region
III):

(7a)

(7b)

Region IV:

(8a)

(8b)

where and are wavenumbers for
TM to modes; and , corresponding wavenumbers
for TE to modes. Boundary conditions on the plane

, between regions II and III, are
enforced independently of the remaining conditions. From
the continuity conditions for tangential electric and magnetic
fields of TM and TE to modes, , and

, the following relations are achieved:

(9)

(10)

Wavenumbers , , , and are real or imag-
inary in region II, but are purely real in region III. All
wavenumbers in the-direction for subregions I–IV can now
be solved.

, , , and are unknown constants. The number
of equations needed to calculate this eigenvalue problem can
be reduced if coefficients , , , and are calculated
in terms of , , , and . Finally, a complex matrix
equation is derived as

(11)
Matrix elements , , , and

are functions of frequency ,
perturbation spacing , image line sizes, dielectric constant

Fig. 4. Computed propagation constants�g for Ka-band DILWRP with
different distanceD at 30.0 and 35.0 GHz. Image line sizes: 1.27 mm�
2.54 mm, "r2 = 10:5, � � � 30.0 GHz,� � 35.0 GHz, hybrid-mode
analysis,� EDC method, *H-guide theory.

, and propagation constant . All data, except , in
these matrix elements can be calculated when, , image
line sizes, and are given. Propagation constants in
the DILWRP are computed by solving the zeros of the
determinant of the whole complex matrix equation (11). The
effect of different perturbation distance on propagation
constants is then computed exactly. Propagation constants

in DIL structures are calculated by choosing a very large
distance .

B. Numerical Results

For a given operating frequency and DILWRP structure
characteristics, the determinant of the complex matrix in (11)
is computed and examined for its zero crossing forin the
range between and . Propagation constants are
then determined. The complex double precision is used in
calculating the determinant. A full set of real and imaginary

and has to be included for computing complex matrix
elements in (11). Imaginary and in region II play a
very important role in the final matrix determinant calculation.
The correct way to choose real and imaginary roots has been
studied and found in this paper. A calculation accuracy better
than 1.0% and fast convergence are achieved in this paper
using only five TE modes and five TM modes, which include
four real modes and one imaginary mode.

Propagation constants in a DILWRP are found to be
different when the perturbation distance changes. This is
useful for the beam-control application. Fig. 4 shows numeri-
cal results of in a -band DILWRP for different distance

at 30.0 and 35.0 GHz. is found to increase 15.1% at
30.0 GHz and 9.13% at 35.0 GHz when distancedecreases
from 10.0 to 1.3 mm. Two special cases are also considered:

and . The EDC method is an approximate
method and can be used only for structures with an infinitive
reflector plate distance . The -guide [5] is a special case
of a DILWRP when the distance is equal to the thickness

of the DIL. Calculated results using the EDC method and
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-guide theory are also given in Fig. 4 for comparison. For
these two special cases, the results indicate that the theory
agrees well with the results calculated using the EDC method
and -guide theory.

IV. BEAM-CONTROLLABLE ARRAY DESIGN

Operating frequency range, propagation constantsin DIL
feeds, distance between radiating patch elements, perturba-
tion spacing , and the effect of different on are several
key parameters for designing microstrip patch-antenna arrays
fed by DIL’s or DILWRP’s. These values determine the beam
angles of radiation patterns as seen in (1)–(3). Propagation
constants and its dispersion are determined by the operating
frequency, DIL structure characteristics, and the perturbation
spacing . Ideally, DIL should be kept as large as possible
for millimeter-wave applications, in order to ease fabrication
problems and lessen the effects of size variations on the guide
wave length and scan angle. At the same time, single-mode
operation must be maintained in the propagation of the signal
in the DIL with only a single radiation beam from an antenna
array. The unit ratio of DIL size of provides the
maximum bandwidth [5]. For good field containment and
single-mode operation, the following formula can be used to
select unit aspect ratio for DIL structures:

(12)

Relative dielectric constant of the DIL should be chosen
not too small in order to get enough dispersion in DIL feeds,
and then to realize wide scan ranges. is a good
choice from our experience. To obtain the broadside radiation
at a given center frequency, (3) shows that the distance
between patch elements must be chosen equal to the guide
wavelength. In practice, it is nearly impossible to choose

due to impedance-match problems of linear-array feed
structures. Therefore, the steering angle will not be equal to
zero at the center frequency. In this paper, distancesbetween
patch elements are optimized and chosen slightly smaller than

at its center operating frequency. Wide-frequency steering
ranges and angle scanning ranges are obtained.

The details of the array design have been reported in [4],
and can also be found in [12]–[19]. It will not be repeated here.

V. EXPERIMENTS AND RESULTS

-band beam-control microstrip patch-antenna arrays with
eight-elements fed by the DIL and DILWRP have been de-
signed, fabricated, and measured. Experimental results are
presented and compared with theoretical prediction results.

A. Dimensions and Characteristics

The rigorous hybrid-mode analysis was used to design the
DIL and DILWRP. RT-Duroid material of relative dielectric
constant was used to make the DIL. The DIL had

mm and mm. A movable metal reflector
plate was installed in parallel on the back of the DIL to form
a DILWRP. A micrometer head was used to precisely control
the perturbation distance to an accuracy of 1 mil. RT-Duroid

Fig. 5. Ka-band frequency beam steering radiation patterns inE-plane
for eight-element patch-antenna array fed by the DIL at 29.4, 31, 32, and
33.5 GHz.

Fig. 6. Return loss ofKa-band patch-antenna array for different perturba-
tion distances: —–(D � b) = 10 mm,� � � (D � b) = 1 mm.

substrate of relative dielectric constant and thickness
mm was used for patches with a radiating length

mm and width mm.
Eight-element Dolph–Chebyshev arrays were designed for

sidelobes of less than 30 dB. Using the theory developed, the
normalized impedances of the elements were determined to
achieve the required coupling, and the aperture dimensions
were decided. The -band arrays were designed with the
aperture length for all eight elements being 2.0 mm. The
aperture widths were 0.15, 0.34, 0.47, 0.5, 0.4, 0.29, 0.15,
and 0.08 mm from the load. The inter-element distancewas
chosen as 5.0 mm.

B. Performance and Results

The eight-element arrays gave very good performance. They
showed good match, high gains, wide operating frequency
ranges, large scanning angles, low cross polarization, and low
sidelobes. Measurement results of scanning angles agreed well
with theoretical predictions.

Patch-antenna arrays fed by the DIL were used to steer the
beam by sweeping the operating frequency. The array steered
the -plane radiation beams from1 at 29.4 GHz, 15 at
31 GHz, 22 at 32 GHz, to 33 at 33.55 GHz, as shown in
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Fig. 7. Beam-steering angles versus operating frequencies forKa-band
patch-antenna array fed by the DIL.

Fig. 8. Beam scanning ofE-plane radiation patterns forKa-band
eight-element patch-antenna array fed by the DILWRP at 28 GHz with
different perturbation distances(D � b) of 5 mm, 5 mil, and 2 mil.

Fig. 5. A wide steering angle of 52in a frequency range of
5.0 GHz was realized. The gains of arrays were found to not
change considerably with frequency.

Fig. 6 shows the return loss of the antenna array with a
movable reflector plate when the perturbation spacing
equals 10 and 1 mm, respectively. A good match was found
in a wide-frequency range between 30.3 and 35.5 GHz. The
return loss was also better than 10 dB below 28.36 GHz. The
movable reflector plate did not deteriorate the performance of
the antenna array even when the perturbation spacing
was close to 1 mm. This property makes the antenna array scan
in a large angle range when the perturbation distance changes.
Fig. 7 gives experimental and theoretical results of beam-
steering angles versus operating frequencies for the-band
eight-element patch-antenna array fed by the DIL. The hybrid-
mode analysis and EDC method were used to theoretically
compute the steering angles. The predicted results using the
hybrid-mode analysis agreed very well with experimental data.
Calculation results using the EDC method show less accuracy
due to its approximation. An offset was seen in Fig. 7 between
experimental results and hybrid-mode analysis in a frequency
range from 28.3 to 30.3 GHz. This offset of experimental

Fig. 9. Beam-steering angles versus perturbation distances forKa-band
patch-antenna array fed by the DILWRP at 28 GHz.

results is due to the mismatch of the antenna array in this
2-GHz frequency range, as seen in Fig. 6.

Fig. 8 shows the beam scanning of-plane radiation pat-
terns for different perturbation spacings at the operating fre-
quency of 28 GHz. The main beams were scanned from14
at mm, 4 at 5 mil, to 11 at 2 mil. Gains
were found to closely keep the same level. Fig. 9 gives the
experimental and theoretical results of beam-scanning angles
versus perturbation distances for the array fed by the
DILWRP. The experimental results agree very well with the
theory.

VI. CONCLUSIONS

Novel beam-control techniques using microstrip patch-
antenna arrays fed by DIL’s have been presented in this
paper. Without the reflector plate, the radiation beams of
antenna arrays can be steered when the operating frequency
sweeps. With the reflector plate, the beam direction of the
antenna array can be controlled and scanned by varying
the perturbation distance between the DIL and the movable
reflector plate at a given operating frequency. The movement
can be accomplished mechanically or electromechanically
using a motor or piezoelectric materials. A rigorous hybrid-
mode analysis has been developed. The theoretical results
agree well with the measurements at -band frequencies.
The techniques provide the advantages of simplicity, low
cost, and good performance.
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