
Received November 30, 2020, accepted December 9, 2020, date of publication December 14, 2020,
date of current version December 29, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3044363

Analysis and Elimination of Unwanted
Resonances for Wideband Reflectarray
Antenna Design at Sub-Millimeter Waves
EUN-CHEOL CHOI AND SANGWOOK NAM , (Senior Member, IEEE)
School of Electrical and Computer Engineering, Institute of New Media and Communication, Seoul National University, Seoul 08826, South Korea

Corresponding author: Sangwook Nam (snam@snu.ac.kr)

This work was supported in part by the Center for Advanced Meta-Material funded by the Ministry of Science, ICT, and Future Planning as
Global Frontier Project under Grant CAMM-2014M3A6B3063708.

ABSTRACT In this study, unwanted additional resonances are analyzed and a method is developed to
eliminate them for wideband offset dual reflectarray antenna at sub-millimeter waves. In the terahertz range,
the additional resonances can usually be generated within the target bandwidth, depending on the angle of
incidence, which cannot be predicted by the normal incidence characteristics of a reflectarray. To evaluate
the effects of the additional resonances, the phase error and element patterns of the reflectarray are checked
by using the equivalence principle and full-wave simulation. It is found that the additional resonances result
in the performance deterioration of the reflectarray antenna due to undesirable phase variation and element
pattern changes. Therefore, a sub-wavelength unit-cell is employed to eliminate the additional resonances
so that the phase error and element pattern distortion of the reflectarray elements can be avoided in the
target bandwidth even for a large angle of incidence. A reflectarray with the sub-wavelength unit-cell is
then designed, fabricated, and measured to show the improved gain and bandwidth performances of the
reflectarray demonstrating the validity of the proposed analysis.

INDEX TERMS Angle of incidence, dual reflectarray, higher-order resonances, sub-wavelength, surface
wave, wideband.

I. INTRODUCTION
Terahertz (THz) technologies in the frequency range from
0.1–10 THz have been undergoing rapid development. There
are great potential applications of THz system, such as short
range wireless communication, remote sensing, biological
detection, and high revolution imaging [1]–[4]. However,
there are a lot of practical challenges for the THz compo-
nents design and manufactures [5]. In the area of antenna,
the alternative antenna technologies such as the reflectarray,
transmitarray, and metasurface have been developed to avoid
the use of complex feeding networks [6]–[8].

A reflectarray antenna technology combines the advan-
tages of a conductor reflector antenna and phased-array
antenna. It can produce the desired radiation pattern by the
phase compensation of the incident wave through the array
elements [9]. Microstrip reflectarray antennas have attracted
considerable attention owing to their printed technique,
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which cannot be implemented using the conductor reflector
antennas. The reflectarray technique is employed in vari-
ous applications such as phase synthesis, contoured beam
and multi-beam production, and beam steering by adjusting
the reflection phase of the reflectarray elements [10]–[14].
The reflection phase of the microstrip reflectarray elements
is derived by varying the size of the conductor elements.
Considering that the adjacent array elements are of similar
sizes, the reflection phase can be approximately derived by
unit-cell simulations in which the array elements are uniform
and infinitely arranged. Generally, a unit-cell simulation is
implemented with normal incidence, and the reflection phase
and amplitude of the unit-cell are determined by the reso-
nance characteristics. However, additional resonance charac-
teristics as well as the original resonances have been observed
with respect to the angle of incidence as surface wave and
higher-order resonances [15], [16].

In [15], the additional resonances due to surface wave
resonance were described. Because surface wave reso-
nances are almost independent of the conductor elements,
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the proposed reflectarray element did not improve the band-
width performance within the frequency band of the sur-
face wave mode excitation. In [16], additional resonances
due to the higher-order resonance of the conductor elements
were analyzed. These higher-order resonances deteriorated
the gain bandwidth of the reflectarray antenna. Therefore,
through the proposed method of arranging the reflectar-
ray elements, the effects of the additional resonances were
reduced, and the gain bandwidth of the reflectarray antenna
was improved. The two aforementioned studies addressed the
additional resonances due to the surface wave and higher-
order modes. However, these unwanted resonances were
not eliminated, deteriorating the reflectarray antenna perfor-
mances. To improve the gain and bandwidth performances
significantly, the unwanted resonances of the surface wave
and higher-order modes should be eliminated within the
target bandwidth.

Nevertheless, the solution of unwanted additional reso-
nances have been hardly investigated in reflectarray tech-
nique, even though the resonance characteristics of surface
wave is well known for periodic structure in a substrate [17].
Generally, in low frequency band, owing to the electrical
thin thickness of substrate, the additional resonances can be
disregarded because the frequencies of unwanted resonances
are far from the target bandwidth. However, when the elec-
trical thickness of the substrate and incident angle increases,
the frequency of the surface wave mode excitation decreases
resulting in the performance deterioration of the reflectarray
within the target bandwidth. Therefore, in high frequency
band such as sub-millimeter wave, the additional resonance
characteristics should be considered with respect to the angle
of incidences.

In this study, we designed an offset Cassegrain antenna
structure with a large angle of incidence, and analyzed the
additional resonance characteristics of the surface wave and
higher-order mode using a circle diagram and the input
impedance of the unit-cell. In addition, to evaluate the effects
of the additional resonances, the phase error and element pat-
terns of the reflectarray elements are calculated and analyzed
based on the equivalence principle and full-wave simulation.
To eliminate additional resonances in the target bandwidth,
we replaced the λ/2 array elements with a sub-wavelength
array element considering the angle of incidence.

The remainder of this paper is outlined as follows.
Section II describes the geometry of the offset dual
Cassegrain reflectarray antenna with a large angle of inci-
dence. Section III provides an analysis of the input impedance
according to the angle of incidence and evaluation of the
phase error and elements pattern of the sub-reflectarray ele-
ments. Next, a sub-wavelength unit-cell is presented to elim-
inate the additional resonances within the target bandwidth.
Section IV discusses the fabrication and measurement of
the prototype of the offset dual reflectarray antenna. Finally,
Section V provides the conclusion and summary of this work.
All simulations were performed using the full-wave CST
Microwave Studio.

II. OFFSET DUAL REFLECTARRAY ANTENNA DESIGN
In this study, an offset Cassegrain antenna structure is
designed to investigate the performance deterioration of the
reflectarray elements considering the large angle of incidence
in W-band. Fig. 1 shows a schematic of the offset dual
reflectarray antenna. Starting with [18], offset dual reflec-
tarray antennas have been developed previously [13], [14],
[19], [20]. In the cassegrain structure, the feed antenna and
front-end electronics can be located behind the reflector
structure in comparison with front-fed antenna. Therefore,
the complication of the feed system and ground noise due
to spillover sidelobe can be reduced [21], [22]. Moreover,
an offset Cassegrain antenna is advantageous over a sym-
metric Cassegrain antenna in that the position of the feed
horn is convenient and the blockage effect of the sub-reflector
can be minimized. In addition, the obtained equivalent focal
length is greater than the actual physical distance compared
to that in a single reflector antenna [20]. The design proce-
dure of the dual Cassegrain reflector antenna was previously
described in [23]. The distance between the phase center
of the feed horn and sub-reflector is additionally adjusted
in this case to improve the antenna performance. The final
parameters of the offset Cassegrain antenna are summarized
in Table 1. In this structure, the feed horn is used as the
pyramidal horn antenna. The aperture dimension and gain
performance of the pyramidal feed horn are 7.5 × 7.5 mm
and 17.1 dBi at 90 GHz, respectively. The illumination at the
edges of the sub-reflectarray is −14.7 dB. The diameter of
the main-reflectarray aperture is 45 mm, which is equivalent
to 13.5 λ0 (f0 = 90GHz); the focal length is 37 mm; and
F/D is 0.822. The angle between the phase center of the feed
horn and central position of the sub-reflectarray is 46◦, and
that between the main focal point and central position of the
main-reflectarray is 32◦. The required phases of the unit cells
arranged on the sub-reflectarray and main-reflectarray are
given by (1) and (2), respectively [24]:

ψm = k0(FsM −
−→ri · r̂0)+ ψ0 (1)

ψs = k0(F1S − F2S)+ ψ0 (2)

FIGURE 1. Schematic of the offset dual reflectarray antenna.
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TABLE 1. Parameters of offset dual reflectarray antenna.

where k0 is the free-space wavenumber, Eri is the position
vector of the i-th element, and r̂0 is the unit vector in the main
beam direction. The geometrical parameters of the offset dual
reflectaray antenna are as follows: the main focal point (F2),
element positions on themain-reflectarray surface (M ), phase
center of the feed horn (F1), and element positions on the
sub-reflectarray surface.

III. ADDITIONAL RESONANCE ANALYSIS OF UNIT-CELL
A. λ/2 UNIT-CELL CHARACTERISTICS ALONG THE ANGLE
OF INCIDENCE
To obtain the wideband characteristics, the multi-resonance
technique of fundamental resonances of unit-cell have been
employed as single- and multi-layered structure [25]–[29].
Thus, we used the two layered resonant element as λ/2 unit-
cell. Figs. 2 (a) and (b) show the λ/2 unit-cell configuration
of two layers consisting of square patches. The dielectric sub-
strates (Duroid 5880) have the following parameters: relative
permittivity εr = 2.2, loss tangent tanδ = 0.0009, and a
thickness of 0.508 mm. The periodicity of the unit-cell is set
at approximately 0.48λ0 (f0 = 90 GHz), i.e., 1.6 mm, to avoid
the generation of a grating lobe. The reflection phase of the
λ/2 unit-cell is derived by varying the patch size with a fixed
ratio of p2 = 0.7p1. In general, the reflection phase can be
derived using a normal incidence wave because the reflection
phase with a moderate incident angle is not significantly dif-
ferent from that with normal incidence. However, when there
is a significant change in the angle of incidence, additional

FIGURE 2. λ/2 two-layered unit cell geometry. (a) Top view and (b) side
view of the unit cell (corresponding to p1 = 0.2–1.6mm, p2 = 0.7p1).

resonance characteristics can be observed within the target
bandwidth [16]. Therefore, when designing a reflectarray
with a large angle of incidence, the resonance characteris-
tics should be investigated according to that angle. For the
designed offset cassegrain structure, the incident angles of
the sub-reflectarray are approximately 36◦−56◦. Those are
the incident angle of 3dB beam width of the feed horn based
on the center position of the sub-reflectarray surface. Thus,
we investigated the unit-cell characteristics for a 46◦ angle
of incidence as a representative value. Fig. 3 (a) and (b)

FIGURE 3. Input impedance (imaginary part) and reflection phase of the
λ/2 unit cell. (a) Input impedance with normal incidence, (b) input
impedance with 46◦ incidence, (c) reflection phase with normal
incidence, and (d) reflection phase with 46◦ incidence.
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represent the input impedance of a λ/2 unit-cell depending
on the angle of incidence at p2 = 0.7–0.9 mm. In the case
of normal incidence, the original resonances between 95 and
110 GHz are shown in Figs. 3 (a). However, when the angle
of incidence is set to 46◦, additional resonances are obtained
near the 90- and 118-GHz bands, as shown in Fig. 3 (b). These
additional resonances significantly change the unit-cell char-
acteristics. Figs. 3 (c) and (d) represent the reflection phase of
the unit-cell according to the angle of incidence. In the case
of normal incidence, the reflection-phase range is 360◦ at the
center frequency of 90 GHz and the reflection characteristics
show the same trend in all frequency bands. However, in the
case of a 46◦ angle of incidence, the reflection phase shows
a significant phase shift from 90–120 GHz owing to the
additional resonances. In particular, the reflection phase at
100–120 GHz satisfies the phase range of ≤ 360◦ for normal
incidence, but the reflection phase is severely shifted to more
than 600◦ for the 46◦ angle of incidence.
To investigate the origin of the additional resonances,

the resonant frequency is calculated from the surface-wave
mode. For yTMmn = 0, which is the equivalent admittance of
the current source at the air-dielectric interface, a singularity
is observed in the Floquet impedance. This singularity is asso-
ciated with a surface wave mode. Therefore, the blindness
of the surface wave of the TM mode can be calculated as
follows [17]:

yTMmn = Y TM+mn − jY TM−mn cot(k−zmnh) = 0 (3)

where YTM
mn is the modal admittance with YTM+

mn = k+zmn/ωµ0
and YTM−

mn = k−zmn/ωµ0, for

k+zmn =
√
k20 − k

2
ρmn, k

−
zmn =

√
εrk20 − k

2
ρmn (4)

where k+zmn and k
−
zmn are the wave numbers in the z-direction

of air and the dielectric, respectively. The surface wave
propagation constant kρmn of the TM0 mode is numerically
calculated from (3) and (4). Table 2 shows the calculated
kρmn of the TM0 mode according to the different frequencies.
In addition, the kρmn can be mathematically expressed as

(kρmn/k0)2 = (kxmn/k0)2 + (kymn/k0)2

=

(
m
a/λ
+ u

)2

+

(
n
b/λ
+ v

)2

(5)

TABLE 2. Calculated surface wave propagation constant kρmn of the TM0
mode.

where u = sinθcosφ, v = sinθsinφ. Fig. 4 shows circle
diagrams of the surface wave modes and the (0, 0) Floquet

FIGURE 4. Circle diagram for the surface wave mode and (0, 0) Floquet
mode (angle of incidence θ0 = 46◦, φ0 = 0◦).

mode, which are represented by the dashed and solid lines,
respectively. In the E-plane, the first resonant frequency of
the surface wave mode is given by

k0 sin θ0 cosφ0 + kρmn =
2π
a

(6)

When the angle of incidence is set to θ0 = 46◦, φ0 = 0◦,
as shown in Fig. 3, the frequency of TM0 mode surface
wave excitation calculated from (6) is 91 GHz. As shown
in Fig. 3 (b), the calculated resonant frequency from the
surface wave mode is almost identical to the first additional
resonances occurring near 90 GHz. Furthermore, the first
additional resonances exhibit almost no frequency shift for
different element sizes. It is expected that the resonant fre-
quency from the surface wave mode is almost independent
of the conductor element pattern. In addition, the second
resonant frequency from the surface wave is generated by
the (−1, −1) surface wave mode circle and is calculated
to be 145 GHz. However, as the second resonant frequency
from the surface wave is higher than the target frequency
band, it can be disregarded in the design of the proposed
structure. As shown in Fig. 4, when the angle of incidence
θ0 is greater, the resonant frequency due to the surface wave
mode is lower. Therefore, in structures with large angles of
incidence, the resonance characteristics generated from the
surface wave mode should always be considered.

In [16], when the angle of incidence was varied, the sur-
face current of the original resonance exhibited the same
current distribution as in the normal incidence case. However,
the additional resonances from the higher-order mode can
occur at other frequency bands in addition to the origi-
nal resonant-frequency band, and the surface current of the
additional resonance exhibits a current distribution different
from that of the original resonance. As shown in Fig. 3 (b),
the second additional resonances near the 118 GHz band
are considered to be due to the higher-order resonance of
the unit-cell. This resonance characteristic depends on the
dimension of the unit-cell, dielectric constant, and pattern of
the conductor elements [30]. Therefore, the second additional
resonance near the 118-GHz band exhibits a large frequency
shift based on the different element sizes, as compared to

VOLUME 8, 2020 224753



E.-C. Choi, S. Nam: Analysis and Elimination of Unwanted Resonances for Wideband Reflectarray Antenna Design

the first additional resonance generated by the surface wave
mode.

To evaluate the effects of the additional resonances,
we analyzed the sub-reflectarray elements because the angle
of incidence on the sub-reflectarray is larger than that
on the main-reflectarray. The reflectarray elements of the
sub-reflector surface is designed with the unit-cell consider-
ing a 46◦ angle of incidence. Fig. 5 presents gain performance
of the sub-reflectarray with a feed horn located at focal point.
It is equivalent to that of the feed horn located at main focal
point F2 without the sub-reflectarray structure. Therefore,
the gain performance of the sub-reflectarray with a feed horn
is same as the feed horn itself if the designed reflection phase
is obtained in sub-reflectarray. However, as expected, due to
the unwanted resonances within the target frequency band,
the gain performance deteriorates significantly around 90 and
118 GHz. Therefore, to evaluate the origin of the perfor-
mance degradation, the reflection phase error and element
patterns are calculated based on the equivalence principle
and full-wave simulation. The equivalence principle can be
employed to calculate the radiation patterns of ideal aperture
antennas using the equivalent current sources on the aperture
surface [31], [32]. However, to obtain the equivalent current
sources of the actual reflectarray elements, we utilized the
full-wave simulation results for the proposed reflectarray
antenna. Fig. 6 depicts the equivalent current source sampling
in the reference plane of the reflectarray elements. The sam-
pling interval is set to 0.02 mm. Thus, in one reflectarray ele-
ment (λ/2), the equivalent current sources of 6400 points are

FIGURE 5. Simulated gain performance of the sub-reflectarray composed
of the λ/2 reflectarray elements.

FIGURE 6. Setting the reference plane and current sampling of
reflectarray elements for calculating the real element characteristics.

obtained. Moreover, the full-wave simulated reflection phase
error and element patterns are calculated using both the equiv-
alent electric and magnetic currents. Fig. 7 presents the real
relative phase error and element patterns of sub-reflectarray
elements for different frequencies based on the equivalent
principle and full-wave simulation. The real relative phase
error of the reflectarray elements is defined by the reflection
phase error of the actual reflectarray elements with respect to
that of the central element [16]. As shown in Figs. 7 (a) – (c),
the relative phase errors of edge elements are significant
although the reflectarray elements of the sub-reflector is
designed with the unit-cell considering a 46◦ angle of inci-
dence. Figs. 7 (d)–(f) show the element patterns arranged on
the half plane of the sub-reflectarray surface. The element
patterns for 80 GHz are not distorted, but those correspond-
ing to 90 and 120 GHz are significantly distorted. These
pattern distortions at 90 and 120 GHz are caused by the
surface wave loss and current distribution change due to the
higher-order mode, respectively. In addition, the reflected
angle of the sub-reflectarray is approximately 40◦. Notice that
in around reflected angle 40◦, more elements exhibit lower
intensities (<−10 dB) at 90 and 120 GHz compared with
80GHz. Thus, it is concluded that the gain deterioration of the
sub-reflectarray is caused by the element pattern distortion
and reflection phase error due to the effects of the unwanted
resonances. Fig. 8 shows the simulated gain performance of
the dual reflectarray antenna consisting of λ/2 unit-cells at
different frequencies. The gain performance shows the maxi-
mum gain of 28.5 dBi at 84 GHz and maximum efficiency
of 43.5% at 79 GHz. The gain and efficiency of 25.8 dBi
and 21.1%, respectively, represent low performance at the
center frequency of 90 GHz. In addition, a narrow 1-dB
gain bandwidth of 8 GHz (8.8%) is obtained from 78 to
85 GHz. Therefore, it is expected that low performance of
the dual reflectarray antenna with λ/2 unit cells is caused by
the effects of the unwanted resonances due to the large angle
of incidence.

B. SUB-WAVELENGTH UNIT-CELL CHARACTERISTICS
ALONG THE ANGLE OF INCIDENCE
As described in Section III.-A, the additional resonance char-
acteristics based on the angle of incidence can cause ele-
ment pattern distortion and reflection phase error, resulting
in antenna performance degradation. Therefore, to achieve
the desired performance, the additional resonance charac-
teristics within the target bandwidth should be eliminated.
In the case of resonance from the surface wave mode,
the intersection between the (0, 0) Floquet-mode and sur-
face wave mode circles in Fig. 4 induces surface-wave
resonance characteristics. Therefore, to eliminate the addi-
tional resonances within the target frequency band, we used
a sub-wavelength unit-cell with small periodicity. So far,
sub-wavelength unit-cells have been employed for wide-
band characteristics [33]–[38]. However, the relationship
between sub-wavelength unit-cell with small periodicity and
the additional resonances has not been sufficiently described.
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FIGURE 7. Real relative phase errors and element patterns of the sub-reflectarray composed of λ/2 elements based on the equivalence principle
and full-wave simulation. (a) Relative phase error at 80 GHz (original resonance), (b) 90 GHz (surface wave resonance), (c) 120 GHz (higher-order
resonance), and (d) element patterns at 80 GHz (original resonance), (e) 90 GHz (surface wave resonance), (f) 120 GHz (higher-order resonance).

FIGURE 8. Simulated gain characteristics of dual reflectarray composed
of λ/2 elements.

Fig. 9 shows the proposed sub-wavelength unit-cell geom-
etry. As in the λ/2 unit-cell case, a double-layer substrate
of Duroid 5880 is used and the periodicity is periodicity is
reduced. Table 3 summarizes the variation method of the pro-
posed unit-cell. To reduce the phase sensitivity, the elements
of the proposed unit-cell are varied individually, unlike in
the conventional variation method of changing the elements
simultaneously. Fig. 10 shows the proposed variation method
according to different steps. The dimension variation of the
sub-wavelength unit-cell is as follow: p1 is varied between
0.1 to a

′

mmwhere p2 is fixed to 0.1mm, and then p2 is varied
between 0.1 to (a

′

−0.03) mm where p1 is fixed to a
′

mm.
To determine the periodicity of the sub-wavelength unit-

cell, the characteristics of the sub-wavelength unit-cell

FIGURE 9. Proposed sub-wavelength unit-cell structure. (a) Top view and
(b) side view of unit cell.

FIGURE 10. Proposed dimension variation of sub-wavelength unit-cell
according to different steps. (a) Step 1 and (b) step2.

are simulated with respect to the different periodicities.
Fig. 11 shows the reflection phase of sub-wavelength unit-
cells. Table 4 shows the total phase range and calcu-
lated resonant frequency of the surface wave mode of the
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TABLE 3. Geometric parameters of the proposed variation method.

FIGURE 11. Reflection phase of the unit-cell according to the angle of
incidence at f0 = 90GHz.

TABLE 4. Total phase range and frequency of TM0 mode surface wave
excitation.

sub-wavelength unit-cell from (3)–(6). As the periodicity of
the unit-cell is reduced, the total reflection phase range of
unit-cell is reduced and the resonant frequency of the surface
wave mode increases. To obtain the high efficiency perfor-
mance of reflectarray antenna, at least 360◦ phase range of the
unit-cell should be obtained and the additional resonances of
the surface wave mode should be eliminated within the target
bandwidth. Thus, considering the characteristics of the sub-
wavelength unit-cell, the periodicity of the sub-wavelength
unit-cell to 0.83mm (λ/4) is selected. In the proposed sub-
wavelength (λ/4) unit-cell, the resonant frequency from the
(−1, 0) surface wave mode is calculated to be 168 GHz.
This resonance frequency of the surface wave mode can
be disregarded because it is not in the target bandwidth.
Figs. 12 (a) and (b) show the imaginary part of the input
impedance of a sub-wavelength (λ/4) unit-cell depending
on the angle of incidence at p1 = 0.5–0.8 mm. Unlike the
λ/2 unit-cell, the sub-wavelength unit-cell shows a frequency
shift due to the variation in wave number according to the
angle of incidence. Thus, no additional resonance character-
istic is generated in the desired frequency band. In addition,
owing to the different conductor element variation method
and reduced periodicity of the unit-cell, the additional res-
onances from the higher-order resonance of the unit-cell are
further shifted to a higher frequency band. Figs. 12 (c) and (d)

FIGURE 12. Input impedance (imaginary part) and reflection phase of the
λ/4 unit cell. (a) Input impedance with normal incidence, (b) input
impedance with 46◦ incidence, (c) reflection phase with normal
incidence, and (d) reflection phase with 46◦ incidence.

FIGURE 13. Gain performance of the sub-reflectarray composed of the
sub-wavelength (λ/4) reflectarray elements.

show the reflection phase of the sub-wavelength unit-cell
based on the angle of incidence. As the additional res-
onances are eliminated in the target frequency band,
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FIGURE 14. Real relative phase errors and element patterns of the sub-reflectarray composed of the sub-wavelength (λ/4) elements based on the
equivalence principle and full-wave simulation. (a) Relative phase error at 80 GHz, (b) 90 GHz, (c) 120 GHz, and (d) element patterns at 80 GHz,
(e) 90 GHz, (f) 120 GHz.

FIGURE 15. Simulated gain characteristics of dual reflectarray composed
of the sub-wavelength (λ/4) and λ/2 elements.

the reflection phase is not significantly shifted. The reflection
phase range for normal and oblique incidence at the cen-
ter frequency of 90 GHz is approximately 360◦ and 400◦,
respectively. Fig. 13 shows the simulated gain performance of
the sub-reflectarray designed with the sub- wavelength unit-
cell. The gain performances are not deteriorated within the
target frequency band due to the elimination of the additional
resonances. Fig. 14 represents the real relative phase error
and element patterns of array elements of the sub-reflectarray
designed with the sub-wavelength unit-cell based on the
equivalence principle and full-wave simulation. Compared
with the sub-reflectarray with the λ/2 unit-cell, the rela-
tive phase errors are generally very low across the entire
sub-reflector surface. In addition, the element patterns are not

FIGURE 16. Fabricated prototype of proposed reflectarray antenna
composed of the sub-wavelength (λ/4) elements.

distorted within the target frequency band. These results are
correlated with the gain performance of the sub-reflectarray
designed with the sub- wavelength unit-cell. Fig. 15 shows
the simulated gain performance of the offset dual reflectarray
consisting of sub- wavelength unit-cells at different frequen-
cies. The simulated gain performance shows a maximum gain
of 30.1 dBi at 104 GHz and a maximum efficiency of 52.6 %
at 89 GHz. At the center frequency of 90 GHz, a peak gain
of 29.2 dBi and an efficiency of 46.7 % are obtained. The
1-dB gain bandwidth of 26 GHz (28.8%) from 88 to 114 GHz
and the 2-dB gain bandwidth of 45 GHz (50%) from 78 to
123 GHz are widely satisfied.

Due to the elimination of the unwanted surface wave
and higher-order resonances, the gain bandwidth and
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FIGURE 17. Simulated and measured radiation patterns of proposed reflectarray antenna composed of the sub-wavelength (λ/4) elements on the
(a) E-plane and (b) H-plane at 80 GHz; (c) E-plane and (d) H-plane at 90 GHz; (e) E-plane and (f) H-plane at 100 GHz; and (g) E-plane and (h) H-plane at
110 GHz.

efficiency of the proposed sub-wavelength reflectarray
antenna are improved compared with those of the reflectarray
antenna consisting of λ/2 unit cells. Thus, when design-
ing a reflectarray structure with a large angle of incidence,
a sub-wavelength unit cell is considered to be a good candi-
date for the reflectarray elements.

IV. EXPERIMENTAL RESULTS
In this study, a W-band dual reflectarray antenna composed
of the sub-wavelength elements is designed and fabricated,
as shown in Fig. 16. The measurements are performed in
a millimeter-wave non-directional chamber. To connect the
source to the offset feed horn, a 90◦ waveguide and a
transition adapter of a radiofrequency cable are used. For
the precise set up of the measurement equipment, the strut
of the feed horn is fabricated to adjust the antenna posi-
tion. The proposed antenna achieves the necessary gain
bandwidth within the W-band (75–110 GHz) and D-band
(110–170 GHz). However, the measurements is only

FIGURE 18. Simulated and measured gain and corresponding aperture
efficiency of proposed reflectarray antenna composed of the
sub-wavelength (λ/4) elements.

conducted up to the W-band because the measurement mod-
ule of the radiation pattern in the D-band is not prepared at
an authorized radiation-measurement institute. The proposed
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antenna is designed to have a center frequency of 90 GHz.
The simulated and measured radiation patterns in the two
principal planes, i.e., the E-and H- planes, are presented
in Fig. 17 at 80, 90, 100, and 110 GHz for comparison
and to illustrate the wideband antenna performance in the
W-band. The radiation pattern of the E-plane is acquired
through far-field measurement. The radiation pattern of the
H-plane is obtained by performing planar near-field mea-
surements owing to the tilted scan angle. In the measured
radiation pattern of the H-plane, some asymmetrical charac-
teristics are observable because a scattering field is detected
in the measurement equipment within the planar near-field
measurement range. The time required for near-field mea-
surement is significantly longer than that for far-field mea-
surement, limiting the measurement scan range to ±30◦.
The side-lobe levels of the E- and H-planes at the center
frequency of 90 GHz are −17 and −18 dB, respectively,
and the corresponding cross-polarization levels are −33 and
−27 dB. Themaximum side-lobe and cross-polarization level
within the target band are −17 and −26 dB, respectively.
Fig. 18 shows the proposed antenna gain and aperture effi-
ciency as functions of frequencies. The maximum aperture
efficiency is 51% at 80 GHz. The simulated 1-dB gain band-
width is approximately 28.8% at 88–114 GHz, and the sim-
ulated 2-dB gain bandwidth is 50% at 78–123 GHz. Owing
to the deficiency of measurement module above the W-band,
the measured 1- and 2-dB gain bandwidths are 28.8% and
35.5%, respectively. However, because the simulated and
measured gain performances exhibit similar trend, similar
result can be obtained for the simulated and measured gain
above the W-band. Table 5 compares the obtained results of
previous offset dual reflectarray and single reflectarray anten-
nas with sub-wavelength unit-cell. The proposed reflectarray

TABLE 5. Comparison with previous studies of offset dual reflectarray
antennas and sub-wavelength unit-cell.

antenna shows improved bandwidth performance compared
with previous offset dual reflectarray antennas. However,
due to the structural configuration of offset dual reflectarray
with large incident angle, some single reflectarray anten-
nas with sub-wavelength unit-cell and small incident angle
show improved performances compared with proposed dual
reflectarray.

V. CONCLUSION
In this study, considering a large angle of incidence, the addi-
tional resonances are found to deteriorate the performance
of a reflectarray antenna due to the reflection phase error
and element pattern distortion at sub-millimeter wave. The
analysis confirmed that the additional resonances are due to
the surface waves and higher-order modes. The effects of the
additional resonances are evaluated by calculating the phase
error and the element patterns of the reflectarray elements
based on the equivalence principle and full-wave simulation.
It is found that, to eliminate the additional resonances within
the target bandwidth, sub-wavelength unit-cells can be used
as the reflectarray elements. This approach improves the
phase error and element pattern distortion of the reflectarray
elements as well as the gain and bandwidth of the proposed
reflectarray antenna. Further, a W-band offset dual reflectar-
ray antenna with wideband characteristics is designed and
fabricated, and its performance is verified. Themeasured gain
is 28.9 dBi at 90 GHz and the maximum efficiency is 51%
at 80 GHz. The simulated 1- and 2-dB gain bandwidths are
approximately 28.8% and 50%, respectively. Owing to the
deficiency of the measurement module, the measured 1- and
2-dB gain bandwidths are approximately 28.8% and 35.5%,
respectively.
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