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A Dual-Mode Millimeter-Wave Folded Microstrip
Reflectarray Antenna

I-Young Tarn, Yu-Shin Wang, and Shyh-Jong Chung, Senior Member, IEEE

Abstract—A dual-mode folded microstrip reflectarray antenna
was developed and demonstrated in this paper. The proposed
folded reflectarray antenna contains three parts: a planar main
reflector, a planar subreflector, and printed feed antennas. The
main reflector is used to produce twisted reradiated fields and
to provide phase compensation for focusing. The subreflector
parallel with the main reflector is made of a substrate printed with
high-density metal grid lines, which is transparent to perpendic-
ularly polarized fields, but would reflect the parallel ones. Three
fixed-position patch antennas with polarization parallel to the grid
lines are created for the radar mode, so that the radiation beam
is switchable. Another patch with perpendicular polarization is
designed for communication. A simple approach was proposed
for simulating and designing the folded reflectarray. Measured
results show good agreement with the calculated ones.

Index Terms—Beam switching, dual-mode, folded reflectarray,
millimeter wave.

I. INTRODUCTION

THE reflectarray antenna [1]–[10] presented in this paper
can be simultaneous operated in two modes, namely, the

radar mode and the communication mode. In the radar mode, the
antenna demonstrates high gain and narrow beamwidth charac-
teristics with beam switching capability. It is suitable for radar
applications, such as automotive sensors in wireless Intelligent
Transport Systems (ITS). While in the communication mode,
the beamwidth is much broader and thus provides communica-
tions over a wide angular range.

The radar is a key technology in ITS, which opens up new per-
spectives of comfort and safety features in future automobiles.
The automotive radar can be used for target identification, road
condition detection, vehicle collision warning and avoidance,
obstacle warning, stop-and-go traffic support and cruise control.
In addition, accurate radar images about the ambient traffic sit-
uation could be applied for multiple targets classification and
scenario interpretation. For a forward looking vehicle radar, a
coverage of about degree, deduced from the demand of
operation in urban area or narrow road curvature, is acceptable.
The required field of view can be achieved using a multibeam or
steerable beam high-resolution antenna. In general, a narrower
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Fig. 1. The schematic diagram of the proposed folded reflectarray antenna.

beamwidth antenna is required to obtain higher resolution, and
higher gains contribute considerably to the sensitivity.

Besides, there is an increasing trend in having a combined use
of the inter-vehicle communications as well as the radar sensing.
The inter-vehicle communications play an essential role in an
advanced ITS for it enables each vehicle to communicate with
other vehicles (not only directly, but also indirectly via road-
side communication units), so as to get the information that are
difficult or impossible to measure by the vehicle alone. The ve-
hicular collision avoidance capability can be enhanced by in-
corporating inter-vehicle communications technology through
wireless ad hoc networks.

The design of each constituting part of the proposed antenna
is presented in this paper. Some formulas have been derived for
analysis and design. Measurement results of the antenna pattern,
antenna gain, aperture efficiency, and beam switching property
show good agreement with the simulated ones.

II. PRINCIPLE

The proposed dual-mode folded reflectarray antenna is illus-
trated in Fig. 1. The distance from the main reflector to the
subreflector is 23 mm. The main reflector is a reflectarray that
consists of hundreds of square patch antennas distributed over
a circular region with diameter ; each square patch has two
open microstrip stubs for field twisting and phase compensa-
tion. The subreflector is composed of high-density printed metal
lines, which is transparent to one polarization but would reflect
the other. The feed antennas are probe-fed rectangular patch an-
tennas located on the main reflector.

For the radar mode, the fields radiated from the feed antennas
are polarized in the direction parallel to the metal grid lines
on the subreflector. The fields confront the subreflector are re-
flected. Due to the path differences, the fields received by every
square patch antenna on the main reflector have different phases
and amplitudes. Each square patch has two open stubs to provide
the required 90 polarization twisting and phase compensation.
The fields reradiated from the square patch array are in uniform
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Fig. 2. Coordinates for the analysis of the folded reflectarray antenna.

phase and tapered amplitude distribution, with polarization per-
pendicular to the grid lines. Thus, the reradiated fields could
penetrate through the subreflector and generate a narrow radia-
tion beam.

The beam direction will vary with the position of the feed.
Different from the single mode horn-fed multiple-beam reflec-
tarray antennas which have already been extensively discussed
[11], [12], three feed patches were designed and implemented
in the vicinity of the center of the main reflector for radar mode
beam switching in our work.

On the other hand, the feed for the communication mode is
designed to have a polarization perpendicular to the grid lines
on the subreflector. Therefore, the fields radiated from this feed
will transmit through the subreflector directly, the gain pattern
is in principle that of the feed antenna, and the position of the
feed antenna is not restricted to areas in the vicinity of the center
of the main reflector.

Refer to Fig. 2. The input power fed to the feed antenna is
denoted as . and are the maximum gains of the feed
antenna and the square patch antenna, respectively. The antenna
gains at the direction of are thus correspondingly equal to

and , with and
being the normalized power pattern of the feed antenna and the
square patch antenna respectively. It is noted that, the typical
pattern of the designed feed antenna and the measured

of realized antenna was used in the simulations.
The power received by the th square patch can be cal-

culated from the Friis’s formula and written as

(1)

with defined as

(2)

here, is the path length from the th
square patch to the feed antenna, with being the distance be-
tween the square patch and the feed antenna. For an illuminating
angle of from the feed antenna, the receiving angle for
the th square patch is .

The received power by each square patch antenna will rera-
diate from the same antenna. The total radiation power at
an angle of from the in-phase excited array is

(3)

where the array factor is

(4)

with being the global coordinates of the th square
patch antenna. Thus, the total antenna gain pattern of the
folded reflectarray antenna can be derived as

(5)

where the normalized array factor is

(6)

III. DESIGN

In this paper, we developed a 38.5 GHz dual-mode folded
reflectarray antenna. For radar mode beam switching operation,
three fixed-position patch antennas were created as the feeds for
three corresponding spot beams. Whereas, there is another patch
for the communication mode. The details for the design of each
part are presented in the following subsections.

A. Feed Antenna

As a low profile folded reflectarray, feed antennas with wider
beams are preferred in order to illuminate more square patch
antennas. Besides, every feed’s area on the main reflector has
to be small to enable multiple closely spaced beams [13]. Horn
antennas are used as the feeds in general reflectarrays. A horn
with sophisticated illumination design [14] would make the re-
flectarray have optimal aperture efficiency, but it suffers from
bulky configuration and mechanical complexity. On the con-
trary, printed type antennas, which can be directly made on the
main reflector, are advantageous to multiple-feed or movable
feed design. Also, the transceiver circuits can be easily inte-
grated on the backside of the antenna. Hence the feeds in this
work are probe-fed microstrip patch antennas.

The feed patches of the folded reflectarray, having sizes
of 2.3 2.4 mm , were designed on a Duroid 5880 substrate

with thickness of 0.508 mm and . The measured
return loss of the fabricated antenna (Fig. 11) shows a 10-dB
bandwidth of 9% (from 36.5 to 39.9 GHz), with a peak value of
24.8 dB. The broadside gain is 6.3 dBi, and the measured
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Fig. 3. The measured radiation patterns of the feed antenna at 38.5 GHz.

3-dB beamwidths in E-plane and H-plane at 38.5 GHz are 74.7
and 88.2 , respectively, as shown in Fig. 3.

Several feed antennas, for both the radar and communication
modes, will be jammed into between the dense square patch an-
tennas on the main reflector. The close adjacency of the feed an-
tennas and their neighboring square patch antennas will cause
the depolarization effect on the feed antennas. The cross-polar-
ization is lower than the co-polarization by at least 15 dB in
simulation, which is ignorable. However, the worst isolation is
only about 5 dB by measurement. Simple treatments around pe-
riphery of the designed feed would be required to prevent the
couplings, in case that the radiation pattern for communication
mode is worsen, as will be discussed in Section IV. Whereas,
in the radar mode, the narrow beam patterns after focusing will
scarcely affected by the variations caused by the couplings as
shown in Section III .

B. Subreflector

Though in general, the substrate thickness of about
would allow the fields to go through the dielectric slab with
minimum insertion losses [14]. The 31-mil Duroid 5870 lam-
inate is chosen to fabricate the subreflector, with fine parallel
metal lines printed on, because it has a low loss tangent and its
relative permittivity is close to 1. The insertion loss of a high
permittivity substrate is very sensitive to the thickness. On the
other hand, for low permittivity material, for example Duroid
5870, at 38.5 GHz is around 100 mil. It is unpractical to use
such a thick laminate, despite the simulated insertion loss for
this case is 0.12 dB. The simulated loss for the 31-mil Duroid
5870 substrate at 38.5 GHz is 0.51 dB, which is a quite good
value that can be obtained with commonly available laminates.

The width and spacing of the metal lines are designed so
that the insertion loss is as low (high) as possible for an inci-
dent wave with its polarization perpendicular (parallel) to the
metal lines. Three subreflectors with different printed lines were
tested. The lines’ width and spacing for each subreflector are
kept the same, and are equal to 0.1, 0.2, and 0.5 mm, respec-
tively. A horn antenna illuminated EM waves toward another
horn antenna at 230 mm apart. These two horns were colli-
mated and aligned with each other and were vertically polarized.

The subreflectors were placed in the middle of the transmit-
ting and receiving horns with metal lines oriented horizontally.
The powers received by the receiving horn antenna were then
compared to that without subreflector inserted. For the 0.1-mm
subreflector, the insertion loss due to the presence of the sub-
reflector is only 0.67 dB. Then the subreflector was rotated to
make the metal lines oriented to vertical direction, the power re-
ceived with the subreflector is 38.49 dB lower than that without
the subreflector. It is evident that the incident wave parallel to
the metal lines is almost totally blocked and reflected by the
subreflector.

Note that the nonzero insertion loss represents a certain por-
tion of the incident power will be reflected. Those waves will
bounce between the main reflector and the subreflector, experi-
ence multireflection and polarization twisting, and thus would
impair the antenna performance.

Although not presented here, the measurement results for the
0.2-mm and 0.5-mm subreflectors show that the blocking ef-
fect for the parallel incident fields becomes worse when the line
width and spacing increases. Thus, the 0.1-mm subreflector was
adopted for use in the folded reflectarray.

C. Main Reflector

The efficiency of a reflectarray is usually not that high as com-
pared to a conventional reflector antenna. The reduction in ef-
ficiency mainly results from the power losses in the stubs-at-
tached patch elements and the phase and polarization errors due
to mutual coupling between nonidentical elements. Although
the typical values for reflectarrays range from 10% to 30%, effi-
ciency up to 70% has been reported [15]. The aperture efficiency

is defined as

(7)

here, is the area of the main reflector and
is the maximum antenna gain.

To get a maximum density of the array elements, the square
patches are arranged to form an equilateral triangular array with
spacing equal to 5 mm, or about 0.6 , within a circular area
with diameter . In general, the aperture efficiency for a small
reflectarray, even with reasonable good illumination, is not very
good, but gets much better with increasing size and adapted il-
lumination.

Fig. 4 shows the calculated aperture efficiency of the folded
reflectarray antenna as a function of when illuminated by the
same feed patch. As the antenna size increases, the efficiency
first increases due to the fast growth of the antenna gain. Then,
when is further increased, the efficiency slightly decreases.
This is because that the illumination power decreased as the
distance and angle from the feed patch increases; the received
power of the square patch antenna decays rapidly as the patch
moves far away from the feed antenna, and thus the gain of the
whole reflectarray becomes saturated. A maximum calculated
efficiency of about 25% could be achieved as equals 140 mm.
However, when becomes larger than 100 mm, the efficiency
growth by enlarging the array size is quite limited, since the nor-
malized received powers of the square patches located outside
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Fig. 4. Calculated aperture efficiency, as a function of the aperture’s diameter
D of the folded reflectarray antenna.

Fig. 5. The field twisting effect of the 45 tilted square patch antenna with two
open stubs.

the circular region of radius 50 mm are below dB. There-
fore, is determined to be 100 mm in this work.

The same substrate material as that for the feed antenna was
used to fabricate the main reflector. The main reflector com-
prises several hundreds of square patch antennas located inside
a circular area of diameter mm. The square patch
antennas are oblique to the feed antenna with 45 . For field
twisting and focusing, two microstrip open stubs, each with a

impedance transformer, are attached to two adjacent edges
of the square patch, as shown in Fig. 5. The square patch mea-
sures 2.3 2.3 mm . The widths of the stubs and the trans-
formers are, respectively, 0.17 and 0.1 mm. The field incident
on the antenna will be received by the two stubs, reflected at
the open end, and then fed back to the antenna for reradiation.
The difference between the open stubs’ lengths is designed to
be . This will make the reradiated field orthogonal to the in-
cident field, as will be explained in the next paragraph. Besides,
the absolute lengths of the stubs are determined according to
the location of each square patch so as to compensate the phase
delay due to path differences. Therefore, the antennas on the
main reflector are excited with uniform phase and tapered am-
plitude distribution.

To see the field twisting effect, let us consider a vertical field
(radiated from the feed antenna) incident on the stubs-attached
patch. As shown in Fig. 5(a), the incident field can be decom-
posed into two orthogonal components, that is, component A
and component B. These two equal-amplitude components are
separately received by the two orthogonal open stubs on the left
and right sides. After reflected at the stubs’ open ends, these
components are fed back to the antenna. Since the left stub is

Fig. 6. Calculated H-plane patterns of the folded reflectarray antenna for var-
ious � at 38.5 GHz.

longer than the right stub by , component A experiences
180 more phase delay than component B in the round-trip tour.
The resultant total reradiation field is thus twisted to the hori-
zontal direction, as shown Fig. 5(b).

For better estimation of the folded reflectarray’s perfor-
mance, scattering parameters of the individual square patch
antenna was measured by extending the two open stubs as two
ports. Around the design frequency of 38.5 GHz, the return loss

and isolation between ports are less than dB.
Also, the co-polarization and cross-polarization patterns were
taken with one port terminated. The broadside gain and the
3-dB beamwidth of the co-polarization component are 5.6 dBi
and 88 respectively. By putting the measured patterns of the
individual square patch into (5), a co-polarization gain of about
26 dBi and a maximum cross-polarization gain (assumed the
cross-polarization fields of the square patches were in-phase)
of dBi of the folded reflectarray were obtained.

Furthermore, derived from the full wave simulation result of
the single square patch with appropriate periodic boundary con-
ditions applied, the maximum cross-polarization of the folded
reflectarray grows up from dBi to about dBi. It is
the mutual coupling effect by the close proximity of the square
patches and the stubs. Actually, the cross-polarization compo-
nent of the array is at least 27.5 dB lower than
the co-polarization component of the array, which is very small
and will be blocked by the subreflector.

For more efficient use of the excitation power and suppressing
the pattern ripple, the feed antennas for radar mode should be
placed as near the center of the array as possible. Square patch
antennas overlap the feed antennas are to be detached for the ac-
commodation of the feed antennas. Therefore, since the effec-
tive aperture reduces, the main beam gains will decrease and the
side lobes will increase. Assume that there are no square patch
antennas within the circular area of diameter . The simulated
patterns for various are shown in Fig. 6. When
mm, the gain drops about 1.27 dB in comparison to
mm. In reality, the feeds will occupy an area substantially less
than that of the mm circle. The pattern will not be
significantly affected.
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Fig. 7. Calculated H-plane patterns of the folded reflectarray antenna for var-
ious displacements (d) of the feed position at 38.5 GHz.

D. Beam Switching Mechanism

As can be seen from Fig. 2 that, by moving the position of the
feed antenna, the path length from the image feed antenna to the

th square patch changes from the original value to a new
value , and then the new normalized array factor becomes

(8)

the path length variation for a small feed movement has neg-
ligible influence on the received power , but the shift

in the phase term of the antenna gain
pattern would result in a beam direction change.

Fig. 7 shows the calculated H-plane gain patterns for various
displacements of the feed position. The feed antenna moves
along the x direction from mm to mm. When

mm, the radiation beam points to the broadside direction,
with the antenna gain of 25.73 dBi, 3-dB beamwidth of 4.9 , and
side lobe levels of about dB. It is seen that, as changes
from mm to mm, the main beam directs from
to , the corresponding first side lobe moves from the left
hand side of the main beam to the right hand side, and the side
lobe level rises with the increase of the feed position displace-
ment. The beam steering rate is about 1 per 1 mm movement.
However, the antenna gain becomes lower as the feed moves
farther away from the center position. The maximum gain vari-
ation in the range of mm to mm is about 1.5 dB.

A sliding track mechanism, as shown in Fig. 8, which allows
controlling the movement of the feed, was fabricated to verify
the above analysis. The center region of the main reflector was

Fig. 8. Bottom view (left) and top view (right) of the sliding track mechanism,
which is mounted with the main reflector.

Fig. 9. The measured H-plane patterns for various feed positions (d) at
38.5 GHz.

Fig. 10. Photo of the finished folded reflectarray antenna.

dug out so that the feed antenna can be placed and moved. The
total movable range is 8 mm ( mm to mm). The
measured H-plane patterns of the folded reflectarray antenna for
various feed positions at 38.5 GHz are illustrated in Fig. 9.
A total steering angle of 7.2 was attained for the 8-mm feed
position displacement. The beam steering rate is very close to
the simulated one.

IV. RESULTS

Fig. 10 shows the photo of the finished folded reflectarray
antenna with the subreflector uncovered. An aluminum ring wall
with inner diameter of 128 mm and height of 23 mm was used as
the housing to support and separate the two reflectors. The three
feeds for the radar mode are lined up along the x direction, with
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Fig. 11. The measured return losses of the fabricated folded reflectarray an-
tenna for d= 0 mm feed in the radar mode, and the single feed patch.

Fig. 12. The radar mode H-plane patterns of the folded reflectarray antenna at
38.5 GHz for various feed positions (d).

the intervals being 12.5 mm, and located at the center of the main
reflector. While the feed for the communication mode is not on
the same line as the radar mode feeds and away from the center
by about 14.2 mm. The measurement results for both modes are
presented in the following subsections.

A. Radar Mode

The measured return loss of the finished folded reflectarray
for mm feed is shown in Fig. 11. It is dB at
38.5 GHz. Fig. 12 illustrates the measured H-plane patterns of
the folded reflectarray antenna for various feed positions at
38.5 GHz. Simulation results are also shown for comparison. It
is seen that, as changes from mm to mm, the
main beam directs from to . The beam steering
rate is a little larger than 1 per 1 mm movement, while the
simulated main beam directions are and
for mm and mm, respectively. The
measured gains of the antenna for mm,

mm, and mm are 22.5, 27.4, and 22.6 dBi, respec-
tively. The maximum aperture efficiency is about 33.9%, which
is better than the simulated one of 23.0%. The measured 3-dB
beamwidths are 4.9 in the E-plane and 4.4 in the H-plane. Be-
sides, the measured side lobe levels are dB in the E-plane
and dB in the H-plane.

The measurement results agree well with the simulations in
the main beam region, yet behave worse in the side lobe areas
owing to the blockage of the feed antennas and the phase errors
caused by mutual couplings between the square patches. Also,
parts of the waves reflected at the grid lines are rereflected at the
main reflector and spreading around in the antenna, leading to
increased side lobes.

In fact, the beam scanning angle introduced by placing the
feed off the focal point decreases with focal length to diameter
ratio for a reflector antenna. Nonlinear phase as a function of
feed displacement leads to pattern distortion, including beam
broadening, rise in side lobe levels, and gain loss. These effects
worsen with increasing feed displacement for a reflector antenna
with a short focal length like this [16].

B. Communication Mode

The communication mode is expected to have a pattern re-
sembles that of the feed patch. Unfortunately, the measured pat-
tern exhibits a high ripple level. The major reason would be that,
on the main reflector, the square patch elements in the close
proximity of the communication mode feed patch would be ex-
cited by the couplings from that feed, and the radiations from
those excited square patch elements would spoil the pattern. In
addition, the cross-polarization component of the communica-
tion mode feed operates in the radar mode, which will be re-
flected by the subreflector and then reradiated from the square
patches, so that the pattern will be interfered. The introduction
of the subreflector would be another influential factor.

In order to ameliorate the ripple level, the subreflector was
first removed, and then the effects of various treatments on the
feed patch for the communication mode were investigated. The
feed patch was enclosed by metal traces with different shapes
and widths. Some of the most efficient methods are illustrated in
Fig. 13. It is obvious that, with the metal traces, the patterns have
been considerably improved, as shown in Fig. 14. The case that
the feed patch surrounded by a metal square frame [Fig. 13(d)]
was selected and implemented, because its pattern is most sim-
ilar to that of a typical patch antenna and has the most mitigated
fluctuations. The co-polarization pattern becomes smoother and
more symmetric, and the gain is slightly increased. This deci-
sion is also corroborated by the fact that the measured cross-po-
larization fields are at least 10 dB lower than that without the
metal square frame, as shown in Fig. 15. The measured return
losses of the finished folded reflectarray for various feed an-
tennas presented in Fig. 13 at 38.5 GHz are shown in Fig. 16.
The return loss at 38.5 GHz for the case with Fig. 13(d) as the
feed is dB.

Then, the subreflector was reinstalled while keeping the
square frame enclosed patch [see Fig. 13(d)] as the feed. The
measured pattern is shown in Fig. 17. The pattern of using the
original patch as the feed [see Fig. 13(a)], with the subreflector
installed, is also shown for comparison. It can be seen that the
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Fig. 13. Four communication mode feed antennas: (a) The original feed patch
described in Section III. (b) The original feed patch enclosed with a metal ring
trace. The width of the trace (w) is 3 mm and the radius of the ring (r) is 4.5
mm. (c) The original feed patch enclosed with a larger metal ring trace. Both
the width of the trace (w) and the radius of the ring (r) are 6 mm. (d) The original
feed patch enclosed by a metal square frame, with the trace width being 2.7 mm
and the gap being 1 mm.

Fig. 14. The measured co-polarization patterns for various feed antennas pre-
sented in Fig. 13, with the subreflector removed.

modification made to the feed has alleviated the sharp dips,
and raised the averaged gain by about 2 dB, especially near the
broadside direction (e.g., to ). Although the ripples
are not thoroughly removed, this pattern performs satisfactorily
for the inter-vehicle communications, which is an application
of short-range wireless technology.

Comparing Fig. 14 with Fig. 17, it is found that the subre-
flector has some effect on the radiation pattern. The nonuni-
form phase delays experienced when the transmission fields ra-
diated from the feed passing through the subreflector result in
side lobes in the pattern because the design of the subreflector
was done on the basis of normal incidence of a plane wave.
The ripple level could be further improved once the transmis-
sion phase characteristics of oblique incident waves with var-

Fig. 15. The measured cross-polarization patterns for various feed antennas
presented in Fig. 13, with the subreflector removed.

Fig. 16. The measured communication mode return losses of the fabricated
folded reflectarray antenna, for various feed antennas presented in Fig. 13.

Fig. 17. The measured patterns at 38.5 GHz, with subreflector, for: (a) original
feed patch [Fig. 13(a)], (b) original feed patch enclosed by a metal square frame
[Fig. 13(d)].

ious angles from the feed are taken into consideration of the
subreflector design.
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At last, the metal ring wall was removed and several dielec-
tric posts were used instead to support the main reflector and
subreflector. The patterns were measured and the results show
that the influence of the metal wall is insignificant.

V. CONCLUSION

A 38.5 GHz dual-mode folded reflectarray antenna has been
proposed and demonstrated. In the radar mode, the radiation
beam can be steered by switching between feeds. Three feed
patches for the radar mode were implemented at different po-
sitions of the main reflector. The total beam switching angle is
29.5 . At the design frequency, the finished folded reflectarray
antenna possesses an antenna gain of larger than 20 dBi within
the beam switching range. A maximum gain of 27.4 dBi and
the corresponding aperture efficiency of 33.9% were achieved.
While for the communication mode, the ripple in the pattern
was improved by enclosing the feed patch with a square metal
frame. The proposed millimeter-wave folded microstrip reflec-
tarray antenna works well for both the radar and communica-
tion mode, which is one of the likeliest candidates for an ITS
antenna.
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