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Abstract—A novel broadband planar reflectarray with parasitic
dipoles is presented for wireless communication applications.
A unit cell of the microstrip reflectarray consists of a printed
main dipole with a pair of parasitic dipoles. The introduction of
parasitic dipoles can effectively extend the reflection phase range
beyond 360°, which overcomes the problem of an inadequate
phase range when using thicker substrates for a wider operational
bandwidth. The parasitic dipole reflectarrray (PDR) is applied to
a wideband CDMA (WCDMA) system to eliminate blind spots
in communication between the base station and mobile users. A
practical link budget analysis demonstrates the effectiveness of
the proposed planar reflectarray.

Index Terms—Parasitic dipole reflectarray (PDR), reflec-
tion phase, blindness, link budget analysis, wideband CDMA
(WCDMA).

1. INTRODUCTION

MICROSTRIP reflectarray is a flat, low-profile reflector

consisting of an array of microstrip patch elements, and
it reflects a beam in a specified direction when illuminated by
a primary source. The planar reflectarray is rapidly becoming
an attractive alternative to the conventional parabolic reflector
antenna because of its advantages, such as that it can be sur-
face-mounted due to low mass and volume, it can be easily de-
ployed, it has a low manufacturing cost, it has a scannable beam,
and it can be integrated with a solar array [1]-[3]. In wireless
communication scenarios such as that involving a large-scale
outdoor/indoor base station in a wireless local area network
(WLAN) system, planar reflectarray antennas can be mounted
on the ceiling or embedded into walls to reflect beams in order
to cover different areas, especially the blind areas for the pri-
mary source.

The reflectarray is based on the phase compensating for the
dimensions of each element in the array in order to generate
cophase reradiation and to concentrate it toward a specific
direction. Many phasing schemes have recently been developed

Manuscript received April 18, 2009; revised June 08, 2009, July 03, 2009.
First published July 24, 2009; current version published August 18, 2009.

L. Li is with School of Electronic Engineering, Xidian University, Xi’an
710071, China (e-mail: lilong @mail.xidian.edu.cn, lilong@ecei.tohoku.ac.jp).

Q. Chen and K. Sawaya are with the Department of Electrical and Com-
munication Engineering, Tohoku University, Sendai 980-8579, Japan (e-mail:
chenq@ecei.tohoku.ac.jp; sawaya@ecei.tohoku.ac.jp).

Q. W. Yuan was with Tohoku University, Sendai 980-8579, Japan. She is now
with Sendai National College of Technology, Sendai 989-3128, Japan (e-mail:
qwyuan@cc.sendai-ct.ac.jp; qwyuan@ecei.tohoku.ac.jp).

T. Maruyama, T. Furuno, and S. Uebayashi are with NTT DOCOMO,
Kanagawa 239-8536, Japan (e-mail: maruyamatam@nttdocomo.co.jp; fu-
runo @nttdocomo.co.jp; uebayashi @nttdocomo.co.jp).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LAWP.2009.2028298

that involve all identical microstrip patch elements but with dif-
ferent-length delay lines [1], [2], microstrip patches or dipoles
with varying dimensions [3]—[5] or identical patches with dif-
ferent angular rotation [6]. To achieve a wider bandwidth for a
conventional reflectarray, some techniques have been proposed,
such as employing a thick substrate and stacking multiple
patches [7], [8]. However, multilayer configurations are very
costly and incur serious surface-wave losses at millimeter-wave
frequencies. The results of a single dipole element have demon-
strated that a larger operational bandwidth can be achieved
using thicker substrates at the expense of an inadequate phase
range of less than 360° [9]. This inadequate phase range leads
to reflectarray element phase errors that consequently reduce
the directivity of the reflectarray.

In this letter, a novel broadband planar reflectarray with par-
asitic dipoles is presented for wireless communication applica-
tions. The unit cell of the microstrip reflectarray is composed
of a main dipole with a pair of parasitic dipoles printed on a
single-layer substrate. Two degrees of freedom are introduced
to extend the phase range of the unit cell to more than 360°:
the ratio of the length of the parasitic dipoles to that of the
main dipole and the distance between the main dipole and par-
asitic dipoles. The new unit cell is capable of offering a phase
range that well exceeds 360° for a broadband reflectarray design
using thicker substrates. Furthermore, a parasitic dipole reflec-
tarray (PDR) with a large scan angle is designed and applied to
a wideband CDMA (WCDMA) system to eliminate blind spots
in communication between the base station and mobile users. A
practical link budget analysis demonstrates the effectiveness of
the proposed planar reflectarray.

II. ANALYSIS AND DESIGN OF PARASITIC DIPOLE
REFLECTARRAY

The new unit cell consists of a main dipole and a pair of par-
asitic dipoles printed on a single-layer substrate as shown in
Fig. 1(a). The center dipole is called the main dipole and has
length [,,, and width w,,,. The other two dipoles are positioned
symmetrically on the sides of the main dipole. These two dipoles
have the same length, [,,, and width, w,,. For simplicity of the re-
flectarray design, the dimensions of the two dipoles are depen-
dent on those of the main dipole. This is why they are called par-
asitic dipoles in this letter. Only two degrees of freedom are in-
troduced, which are ratio r of the length of the parasitic dipoles
to that of the main dipole ({,,/l,, = r) and distance d between
the main dipole and parasitic dipoles.

An infinite periodic model using the HFSS simulation [10]
was performed to analyze the reflection phase characteristics
of the parasitic dipole element, as shown in Fig. 1(b). In the
model used to calculate the reflection phase of the incident plane
wave, the reflection plane (observation plane) was set in the
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Fig. 1. (a) Geometry of parasitic dipole element. (b) An infinite periodic model based on finite element algorithm used to calculate the reflection phase of a plane
wave that is normally incident in which periodic boundary conditions (PBC) are in place around the unit cell.

far-field zone of the unit cell surface. A perfectly matched layer
(PML) was positioned to absorb the reflected waves. The scat-
tered E-field on the observational plane was recorded, and the
reflection phase on this plane was calculated using

fS Phase(Escattered ) ds
[g5-ds

where S is the evaluated reflection plane and § is its normal
unit vector. The scattered E-field data from a projected incident
wave is directly available as an input to the Field Calculator fol-
lowing the nominal HFSS simulation [10]. Term A is the dis-
tance between the reflection plane and the surface of parasitic
dipole element. Term A\ is the operating wavelength. The period
of the unit cell is L = D = 5 mm. The substrate thickness is
t = 0.76 mm, and the permittivity is €,, = 2.5. The width of the
main dipole is w,, = 2w, = 1 mm. The operational frequency
is 24 GHz.

Fig. 2 shows the reflection phase of the unit cell versus the
length of the main dipole when the plane wave is incident
normal to the surface. The figure shows first that the current
calculation results for a single main dipole agree well with
the results obtained by Pilz and Menzel using spectral domain
techniques [4]. Second, compared to the reflection phase of a
single dipole, the introduction of parasitic dipoles extends the
phase range beyond 360°. Third, even if the substrate thickness
is 1.5 mm, the phase range is still exceeds 500°. This is due
to the multiresonance response and mutual coupling between
the main dipole and parasitic dipoles. A similar analysis was
reported in [11], which showed that the phase range can be
extended by utilizing resonant elements that are similar in
shape but different in size. Here the symmetric configuration
of the parasitic dipoles is convenient for the design of the PDR.
Furthermore, Fig. 3 shows how the phase range varies with
two degrees of freedom, namely r and d. The figure shows that
the new unit cell is capable of offering a phase range that well
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Fig. 2. Reflection phase characteristics versus the length of main dipole.

exceeds 360° and has a slower slope (smaller gradient) of the
reflected wave phase for a broadband reflectarray design.

The key technique in the design of a reflectarray is how to
design the individual elements so that they scatter the incident
wave with the proper phase compensation to produce a beam
toward a specific direction. The configuration of a standard mi-
crostrip reflectarray is shown in Fig. 4. The reradiated field from
the dipoles in an arbitrary direction, 4, will be in the form of [1]

M N R R R
E(@) =Y F(Tmn 7 ) AT mn +iio) A(i - itg)

m=1n=1

where F' is the feed pattern function, A is the pattern function of
the parasitic dipole elements. Terms T mn and 7  are the posi-
tion vectors of the mnth element and the feed horn antenna, re-
spectively. Term 4 is the desired main-beam pointing direction
of the reflectarray. Phase ¢,,,,, is the required phase of the scat-
tered field from the mnth element. The condition for an array
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Fig. 3. Reflection phase range versus r and d of the parasitic dipole cell (I, =
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Fig. 4. Configuration of microstrip reflectarray.

aperture distribution to be cophase in the desired direction, i,
is given by

Gmn — ko(Ron + Tran - Ug) = 2pw, p=0,£1,4+2 ...
3)
where R,,, is the distance frgm the fged source to the mnth
array element, i.e., Ry = | T — 75 |-

According to the differential phase curve shown in Fig. 2, the
resonant length of the mnth element is determined to produce a
phase shift, ¢,,,, in the field scattered from the parasitic dipole
element.

III. LINK BUDGET ANALYSIS IN WCDMA SYSTEM

In wideband wireless communications for mobile users, it is
a significant problem to eliminate the blind spots of base sta-
tion antennas in a downtown, high-building district. Generally,
some RF boosters are used to extend the cellular coverage area,
but standard RF boosters need transceivers, power supplies, ca-
bles, etc., which have a high cost and are limited in terms of
installation space. In this letter, a planar reflectarray is used as a
reflector that is set on the top of a building or embedded into a
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Fig. 5. Elimination of blindness using reflectarrays in wireless communication
system, (a) side view, (b) top view.

Top view

wall. Through proper designs, the reflectarray can steer the main
beam to cover the blind spots of base station antennas, as shown
in Fig. 5. The merits of an erect installation are not only that
quake-resistance standards can be taken into account, but also
that the reflectarray can be integrated with some types of adver-
tisement boards. However, if a metallic reflector is employed, it
is very difficult to control the reflected beam in a specified di-
rection.

A PDR was designed and applied to a WCDMA system. The
WCDMA (Rel.99) system requires paired spectra: one band
(1920-1980 MHz) for the uplink and one (2110-2170 MHz)
for the downlink [12]. Here, the central operating frequency of
the PDR is set to 2050 MHz, and more than 10% of its band-
width is required to cover both the uplink and downlink spectra.
Considering the wireless communication system model shown
in Fig. 5, we designed a 60°-beam-steering PDR, which means
that for the downlink, a plane wave is propagated from a base
station antenna that is normally incident to the PDR, and the
reflected main beam is steered in the direction of 60°. For the
uplink, a plane wave from a mobile user is incident at an oblique
angle of 60° to the PDR, and the reflected main beam is required
to be normal. Fig. 6 shows the reflection phase curve of the
parasitic dipole element operating at 2050 MHz. It can be seen
from Fig. 6(b) that the reflection phase curves are not greatly af-
fected by the incidence angles, even when the incidence angle is
greater than 45°. Thus, a PDR with 11 x 5 elements was simply
designed based on the reflection phase characteristics of a plane
wave that is normal incident.

The geometry of the designed parasitic dipole reflectarray is
shown in Fig. 7 in rows and columns. The reflectarray param-
eters and the relation between the main dipoles and parasitic
dipoles are shown in Fig. 6(a). Since the main beam is scanned
only in the xoz plane, the dimensions of main dipoles within
each column are the same. Table I gives the dimension of main
dipoles in each column and the required compensation phases.

Fig. 8(a) shows the radiation patterns of the PDR for
the downlink and uplink in the xoz plane. In the downlink,
the plane wave is incident normal to the reflectarray, i.e.,
(6;,¢:;) = (0°,0°), and the reflected main beam is directed
to (0,,¢-) = (60°,0°), but the main beam is reflected in-
versely for the uplink. The incident E-field is theta polarization.
Fig. 8(a) shows that the designed PDR satisfies the require-
ments on the main beam position very well. Fig. 8(b) shows the
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Fig. 7. A parasitic dipole reflectarray of 11 X 5 elements.

computed directivity against frequency. The maximum direc-
tivity of the PDR is 14.2 dB. The directivity of the reflectarray
is defined as the ratio of the scattered intensity in the main
beam direction from the reflectarray to the scattered intensity
averaged over all directions. As shown in Fig. 8(b), the —3-dB
directivity-drop bandwidth of 14.1% is achieved to cover
the uplink and downlink spectra. For comparison, the reflec-
tarray using only a single printed dipole on the same substrate
was designed and analyzed. Represented as the dashed line in
Fig. 8(b), the maximum directivity (13.9 dB) and the bandwidth
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TABLE I
MAIN DIPOLES DIMENSIONS AND COMPENSATION PHASE FOR EACH ELEMENT
Column Dimension of main Compensation phase
dipoles (mm) (Deg.)
1 42.38 -62.42
2 52.98 166.06
3 37.97 34.54
4 44.10 -96.97
5 55.48 131.51
6 39.70 0.00
7 46.51 -131.51
8 30.76 96.97
9 41.30 -34.53
10 50.22 -166.04
11 35.82 62.45
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Fig. 8. (a) Radiation patterns of the reflectarray for downlink and uplink.
(b) Comparison of directivity versus frequency of the parasitic dipoles reflec-
tarray and single dipole reflectarray.

(BW_3 ap = 12.3%) of the single printed dipole are less than
those for the PDR. This is because the inadequate phase range
of the single dipole reflectarray leads to element phase error,
which in turn decreases its directivity and bandwidth.

To demonstrate the elimination of blindness using the reflec-
tarray in the wireless communication system model shown in
Fig. 5, we give a simple link budget analysis for the WCDMA
(Rel.99) system. Considering the radar range equation

PGy o G- \?
P, = . . A
<47rRt2 ) (47TR% ) ( 4 ) )
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the first term represents the power density incident to the reflec-
tarray, the second term represents the scattering power density
at the receiver from the reflectarray, and the third term denotes
the effective area of the receiving antenna. Term o is the bistatic
radar cross section (RCS) of the reflectarray. The bistatic RCS
of the PDR working at 2140 MHz for the downlink is shown in
Fig. 9. For comparison, the bistatic RCS of a metal plate with
the same dimensions as the reflectarray is also given in Fig. 9.
Considering conventional cellular mobile communications,
we assume the maximum R; and R, are 500 and 40 m, re-
spectively. Generally, the transmitter and receiver antenna
gains are 10 and 0 dBi, respectively. Therefore, we can predict
the minimum propagation gain (PG = P,./P;) [12] using
various reflectors, as shown in Fig. 10. The dashed line shown
in Fig. 10 represents the threshold of the propagation gain.
Blindness would occur if the propagation gains were less
than —128 dB. The results show that if we use a PDR with
11 x 5 elements, the signal propagation gain can be improved
effectively, which successfully eliminates the blindness in the
original communication environment. However, if a metal plate
is used as the reflector, it does not work even if the size of the
plate is increased. Similar conclusions for the uplink can be

drawn, which demonstrate the effectiveness of the proposed
reflectarray.

IV. CONCLUSION

This letter proposed a new unit cell for a broadband planar
reflectarray design, which consists of a main dipole with a pair
of parasitic dipoles printed on a single-layer substrate. The new
unit cell is capable of offering a phase range that well exceeds
360° for a wider operational bandwidth of the reflectarray. To
achieve a simple design of the planar reflectarray, only two de-
grees of freedom, namely 7 and d, are introduced in this letter.
It is worthwhile to point out that there is greater potential to ob-
tain a wider bandwidth if the parasitic dipoles are set free from
the main dipole. This is because more degrees of freedom can
be utilized in that case, but the design complexity of the reflec-
tarray will also increase greatly. In this study, a parasitic dipole
reflectarray was implemented into a WCDMA system and was
designed to eliminate the blindness in wireless mobile commu-
nications. A link budget analysis demonstrated the effectiveness
of the proposed reflectarray.
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