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Abstract

Periodic and quasi-periodic structures, printed on a dielectric substrate, can be employed to control the reflection and trans-
mission properties of incident waves as a function of structure geometry. Local variations of the element geometry on a sub-
strate with backside metallization — resulting in respective variations of the reflection phase angle — can be used to design
printed reflectarray antennas. The dual-polarization properties of such antennas, together with polarizing grids or slot arrays,
can be exploited for the realization of compact, low-profile folded reflector antennas. Examples of some antennas of this type
are presented, covering the 60 GHz range for communication and ISM applications, and 76 to 77 GHz for automotive radars.
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1. Introduction

Antennas with low profile, low loss, and low production cost
are of increasing importance for communication and sensor
applications., While planar antennas are optimum with respect to
antenna depth and cost, they suffer from high losses, especially for
narrow beamwidths., Arrays of horn antennas, with a waveguide-
feed network or waveguide slotted arrays, are lower in loss, but are
somewhat complicated in their design, and they do not readily lend
themselves to low-cost fabrication, As an alternative solution for
printed low-cost antennas, this contribution describes quasi-opti-
cally fed printed and folded reflector antennas. These are printed
reflectarrays, consisting of arrays of printed patches acting as
fixed-reflection phase shifters and a printed polarization diplexer,
e.g., a printed grid or slot array.

The basis for the design of the planar reflector is a periodic
array of patches, printed on a dielectric substrate with backside
metallization. With a plane wave incident from broadside, the
complete power is reflected. The phase angle, however, depends
on patch length and, to a minor degree only, on patch width (Fig-
ure 1). The reflection behavior of this arrangement is calculated
using a spectral-domain method, e.g. [1]. The phase angle varies
over nearly 360°: Thus, such elements can be used as reflection
phase shifters. The phase angles calculated from a periodic struc-
ture can even be used for the design of the reflecting elements in
planar reflector antennas, with the patches on a periodic grid, but
with varying dimensions [2-5].
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It should be noted that the reflection phase angle is adjusted
by the dimensions of the patches themselves, these mostly being
far from resonance. Consequently, in contrast to arrays based on
microstrip half-wavelength resonant patches, with additional
transmission lines for phase adjustment [6], the reflectarrays
employed in this work exhibit quite low losses. By making use of
an independent choice of lengths and widths of the printed patches,
different properties for the two polarizations can be realized, i.c.,
dual-function or dual-frequency antennas [4, 7]. The focusing
array can be modified to include a polarization twisting of the
electromagnetic field, which, together with a printed polarizing
grid or a slot array, leads to a folded reflector antenna [7-9].

For the antennas presented here, the patches are arranged on
a quadratic grid. Consequently, the reflection phase angle for the
orthogonal polarization can be read from Figure 1 by simply inter-
changing the length and width of a patch. This is indicated in Fig-
ure 1 by the two dots, representing an element 1.6 mm and 1.3 mm
in size. The phase angle for an E field parallel to the longer axis
(1.6 mm length) of the element is approximately 70°, and the
reflection phase angle is about —110° for the orthogonal polariza-
tion, i.e., a phase difference of 180° between the two polarizations,

2. Basic Principle and Design of the
Folded Reflector Antennas

The principal function of a printed folded reflector antenna is
indicated in Figure 2, The antenna consists of a feed, a planar
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polarization filter, and a printed reflectarray. The feed is typically a
cylindrical-waveguide feed horn, but a planar structure may
equally be used. The polarization filter may be a grid or a resonant
slot array, printed on a dielectric substrate, acting, at the same
time, as a radome. The polarizing grid or slot array is designed
using a standard mode-matching procedure, including metalliza-
tion thickness. Either of these polarizers reflects one polarization,
and is transparent for the other polarization.

The radiation from the feed is polarized in such a way that it
is reflected by the printed grid or slot array at the front of the

w

Figure 1a. A periodic array of patches.

Reflection phase angle (degrees)

width w (mm)

Figure 1b. The reflection phase angle as a function of the patch
geometry for the array in Figure la (substrate thickness:
0.254 mm, dielectric constant: 2.22, element distances: 2.4 mm
x 2.4 mm, frequency: 60 GHz). The two dots indicate two
examples of phase angles for patches of 1.3 mm x 1.6 mm and
1.6 mm x 1.3 mm, respectively.
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Figure 2. The basic principle of the folded reflector antenna.

180° phase shift

Figure 3. A single cell/patch, and the vector decomposition of
the incident and reflected electric field for 180° of reflection
phase-angle difference.

antenna (Figure 2). Then, the wave is incident on the reflectarray
with the printed patches. This reflectarray is the key component of
the antennas reported on in this paper. The patch axes of this array
are tilted by 45° with respect to the incident electric field. The
electric-field vector can be decomposed into the two components
parallel to the patch axes (Figure 3), and the reflection properties
can be determined separately. The dimensions of the patches are
selected in such a way that a phase difference of 180° occurs
between the reflection phase angles of these two components. An
example of such a patch, with a length of 1.6 mm and a width of
1.3 mm, is indicated in Figure 1: the two dots represent the
behavior of this element for the two orthogonal polarizations.
Superposition of the reflected field components then leads to a
twisting of the polarization by 90° (Figure 3). The necessary 180°
phase-angle difference between the two field components of the
reflected wave can be achieved for a large number of combinations
of length and width of the patches, differing by their absolute
reflection phase angle. This degree of freedom is now used to
adjust the required phase angles, to transform the incident spheri-
cal wave into an outgoing plane wave. To this end, ray tracing is
employed, together with the condition of an equal phase front of
the outgoing wave. This plane wave, with twisted polarization, can
then pass through the grid or slot array.

As already indicated above, the design of the reflectarray is
done simply on the basis of periodic arrays of patches, and a nor-
mal incidence of a plane wave, The reflection phase angles are cal-
culated in steps of 0.01 mm of the element dimensions, similarly to
what is plotted in Figure 1. The optimum combination of reflection
phase angles for the two polarizations is then selected from this set
of data, according to both twisting and focusing requirements.
Although this design procedure includes several approximations, it
has proven successful, as can be seen from the results given in the
following sections.
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3. Results

3.1 Single-Beam Antennas

Several printed folded reflector antennas, as shown in princi-
ple in Figure 2, have been designed, fabricated, and tested. Fig-
ure 4 displays the layout of a printed reflector of a V-band antenna
with a circular aperture. The diameter of this antenna was 100 mm.
The distance between reflector and polarizer was 25 mm, resulting
in a focal length of 50 mm, or an f/D of 0.5. The reflectarray and
the polarizing grid of this antenna were printed on 0.254 mm and
1.58 mm thick Duroid, respectively. The dielectric constants were
2.2 and 2.5. As a feed element, a circular waveguide horn, with an
aperture diameter of 5.5 mm, was used.
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Figure 4. The layout of a V-band reflectarray for a folded
reflector antenna.
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Figure 5. The E-plane (solid line) and H-plane (dotted line)
radiation diagrams of the V-band folded reflector antenna
(frequency: 61 GHz, diameter: 100 mm, antenna height:
25 mm.)
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Figure 6. The E-plane radiation diagrams of the V-band folded
reflector antenna for different frequencies (58-62 GHz in
1 GHz steps).
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Figure 7. The gain of the V-band folded reflector antenna
(25 mm depth). The dots represent measured values; the solid
line is a least-squares polynomial approximation of the meas-
ured values.

In Figure 5, E- and H-plane radiation diagrams are plotted for
this antenna, at the design frequency of 61 GHz. The beamwidths
were 3.2° and 3.4° in the £ and H planes, respectively. The
sidelobe level was better than —24 dB. E-plane radiation diagrams
at different frequencies are given in Figure 6, showing nearly the
same beamwidths and a sidelobe level better than —20dB between
58 GHz and 62 GHz. A similar performance over frequency has
been achieved for the A plane. The antenna gain has been meas-
ured between 55 GHz and 64 GHz (Figure 7). The maximum gain
was 34 dB, and a bandwidth of about 7 GHz for a 3 dB reduction
of gain can be stated.

To further reduce the antenna depth, tests were made with a
closer distance between reflector and polarizer, thus reducing the
focal length of the reflectarray. Figure 8 displays the radiation
patterns of an antenna with a diameter of 100 mm and only 15 mm
in depth. Again, a reasonably good radiation performance was
shown. The far-off sidelobe level in the H plane was slightly
increased, and the gain was reduced to 31.5 dB. This was due to
increasing phase errors, resulting from the simplifying assumptions
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for the design procedure, as described above. The angle of inci-
dence of the feed radiation varied over a wider angle of incidence,
and due to a faster change in the required reflection phase angles, a
stronger variation in patch size occurred.

Relative amplitude (dB)

awerans:

30 0 30 60
Angle (degrees)

Figure 8. The H-plane (solid line) and E-plane (dotted line)
radiation diagrams of a V-band folded reflector antenna with
reduced height (frequency: 58 GHz, diameter: 100 mm,
antenna height: 15 mm).
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Figure 9. The principle of mechanical beam scanning with the
folded reflector antenna.
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Figure 10. The H-plane radiation diagrams of the mechanically
scanned antenna (scanning in the H plane, antenna diameter:
100 mm, antenna depth: 25 mm, frequency: 76.5 GHz).
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Figure 11. The principle of a folded reflector antenna with
beam scanning using multiple feeds.
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Figure 12a. The overall E-plane radiation diagram of a 77 GHz
antenna (diameter: 90’ mm, height: 22 mm), fed by three dif-
ferent feeds. The reflectarray substrate thickness was
0.254 mm, and the dielectric constant was 2.22; the polarizing
slot array substrate thickness was 1.02 mm, and the dielectric
constant was 4.5.
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Figure 12b. Details of the scanning performance for the
antenna of Figure 12a.

3.2 Multi-Beam Antennas

In a number of applications, and especially for automotive
radar applications, some beam scanning is required. The folded
reflector antennas, as described here, enabled a simple mechanical
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beam scan by tilting only the reflectarray [8]. The feed and the
mm-wave front-end, as well as the polarizer, remained fixed. The
reflectarray itself was very lightweight; in addition, the resulting
antenna beam was scanned at twice the angle of the reflectarray
(Figure 9).

A 76.5 GHz antenna with a movable reflector was designed,
fabricated, and tested. The antenna diameter was 100 mm, and the
distance between the reflector and polarizer was 25 mm. For this
antenna, a slot array on a substrate of 1,02 mm thickness with a
dielectric constant of 4.5 was employed. This allowed good polar-
izer properties using a commercially available substrate material
and thickness at this frequency, although a printed grid would have
given slightly lower losses. In the test arrangement, the reflector
angle was adjusted by a screw, and kept in place by a spring. In an
actual application, a small motor or a simple magnetic mechanism
could perform this task. Figure 10 shows the radiation patterns for
an H-plane scan from —8° to +8°. The beamwidth for the center
beam was 2.7°. The sidelobe level was better than —20dB, up to a
scan angle of 6°. The gain of this antenna was measured to be
35 dB. By rotating the polarizer and the feed polarization by 90°,
scanning in the £ plane was achieved, and very similar radiation
characteristics have been measured.

In many of the present automotive-radar systems, only three
beams are used, based on three separate feeds [10-12]. This type of
beam scanning can be performed equally well using an antenna
such as described here (Figure 11). The E-plane radiation diagrams
of a 77 GHz antenna with a diameter of 90 mm and a depth of
22 mm are presented in Figure 12, The beamwidths were 2.9° for
the center beam, and 3° for the tilted beams. As the feed horn
diameter had to be quite small to enable closely spaced beams, a
relatively strong illumination of the reflector edges had to be
accepted. Together with some coupling between the three feeds,
this led to a slight increase in sidelobe level. The antenna proper-
ties remained nearly unchanged in the frequency range assigned to
this application, from 76 to 77 GHz.

4, Conclusion

The application of printed quasi-periodic structures to the
design of folded reflector antennas has been demonstrated. To this
end, use was made of the dual-polarization properties of the
printed structures, enabling a polarization twisting. The results of
four different antennas have been presented. The folded reflector
antennas show very good radiation characteristics, low losses, and
a comparably low height. Consisting of two printed substrates
only, these can be a promising alternative to conventional printed
or slotted waveguide array antennas.
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Editor's Comments Continued from page 7

reflects the other. The second structure is a printed reflectarray,
formed by a periodic array of printed patches. The field from the
feed strikes the polarization filter. One polarization is transmitted,
while the other is reflected back to the reflectarray. The reflectar-
ray is designed so that when it reflects the field back towards the
polarization filter, there is a phase-angle shift and the field’s
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polarization is twisted. This permits the polarization to match that
of the filter, so that field is transmitted through it. It also provides a
sufficient degree of freedom that by varying the phase change
across the reflectarray, the spherical wave originating from the
feed is transformed into a plane wave as it leaves the polarizing
filter. The resulting antenna thus involves only a waveguide feed
and two closely spaced printed structures. The authors illustrate the
advantages of the design with several prototypes, operating at fre-
quencies of 61 GHz and 76.5 GHz.

In high-power microwave (HPM) applications, it is desirable
to have an antenna that can accept an axially symmetric mode, and
that can radiate with a peak in the pattern along the boresight of the
antenna. This is not easily done, particularly with an antenna
design that is appropriate for high-power applications. Clifton
Courtney, Donald Voss, Carl Baum, William Prather, and Robert
Torres describe a novel reflector-antenna design that accomplishes
this in their feature article. The antenna works by varying the elec-
trical path length from the feed to the aperture plane as a function
of the azimuthal angle around the axis of the reflector. This is
accomplished by segmenting the reflector’s surface, and distorting
it to produce a stepped surface for the reflector. The result is a cir-
cularly polarized radiated field with a boresight peak, in a design
that works quite well at high power levels. Any desired linear
polarization can also be achieved. The results of tests with several
prototypes are presented, and a useable bandwidth of 60:1 was
demonstrated for one of these.

Integral-equation techniques are widely used for the numeri-
cal solution of electromagnetic boundary-value problems. Typi-
cally, a problem is formulated in terms of a known excitation field,
and unknown equivalent (continuous) electric and magnetic cur-
rents distributed over the boundary surface. The boundary condi-
tions are expressed in terms of the known field and the unknown
currents, and the unknowns are solved for — often using the
Method of Moments, for example. In the Method of Auxiliary
Sources (MAS), currents are not used. Instead, fictitious, equiva-
lent point sources — the auxiliary sources — located near the
boundaries, are used. These auxiliary sources are chosen such that
their fields are elementary analytical solutions to the boundary-
value problem. The fields on each side of the boundary are then
expressed as weighted superpositions of these analytical solutions,
and the unknown weights are solved for, using the boundary con-
ditions. The feature article by Dimitra Kaklamani and Hristos
Anastassiu reviews the MAS, presenting it in a particularly easy-
to-understand fashion, The authors then discuss a key point in the
application of the method: how best to chose the auxiliary sources.
They review a variety of important recent developments related to
the MAS, and describe a new, modified MAS. They also provide
an interesting application of the MAS to the computation of the
RCS of jet-engine inlets. They show that for comparable problems,
the MAS can achieve a computational efficiency that is a factor of
10 greater than the MoM. I urge you to read this very understand-
able review: the tool described is potentially very important,

Our Other Contributions

Peter Staecker, our Division IV Director, continues his series
of reports on the IEEE’s fiscal state of affairs. He reports on the
latest results from the June “organizational unit” meetings. It is
finally beginning to appear that the IEEE is taking steps that might
actually solve some of the long-term problems that led to the cur-
rent financial crisis. In my opinion, we are very fortunate to have
someone representing us who is so good about keeping us

Continued on page 64
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