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ABSTRACT In this study, a W-band reflectarray antenna is designed with the characteristics of low phase
sensitivity and wideband. Low phase sensitivity is achieved by subdividing the unit cell variation method
into five steps. While designing a unit cell with low phase sensitivity, phase distortion may occur within the
target bandwidth with varying incident angles of illumination, resulting in a limited bandwidth. The origin
of large-phase distortion is analyzed based on the input impedance of multiresonant elements, considering
the incident angle. This study suggests a selection strategy of the variation steps in the reflectarray by using
the relative phase requirement based on the structural dimensions of the proposed antenna. An offset feed
reflectarray with 124 aperture diameter at 90 GHz center frequency is designed using the proposed method.
The measured gain is 28.5 dBi at 90 GHz, and the maximum efficiency is 55.3% at 82 GHz. The measured
1-dB gain bandwidth is approximately 28.8% in the W-band of 81107 GHz.

INDEX TERMS Angle of incidence, low phase sensitivity, millimeter wave, reflectarray antenna, wideband.

I. INTRODUCTION

A microstrip reflectarray antenna is a combination of a reflec-
tor antenna and phased-array antenna, in which a curved
conductor reflector antenna is converted into a planar array
antenna with appropriate phase compensation of the radiat-
ing element [1]. Compared to the curved conductor reflec-
tor antenna, the microstrip reflectarray has advantages such
as high efficiency, low cost, low profile, easy fabrication,
and reconfiguration [2], [3]. Presently, high-gain reflectarray
antennas are widely used in applications such as millimeter
wave radars, remote sensing, and target detection [4], [5].
Millimeter-wave sensors are suited to many radar systems,
because the wavelength is short enough to obtain high spatial
resolution. Furthermore, these frequencies permit large band-
widths and improve system performance [6]. However, there
are two critical problems in designing a wideband reflec-
tarray antenna at millimeter-waves. The first problem is the
phase sensitivity according to the variation of element length.
If the unit cell is designed by only considering the target
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performance and not the fabrication accuracy, the desired
performance may not be achieved [7]-[9]. In the case of a
millimeter-wave reflectarray, the phase resolution should be
set considering the fabrication tolerance. If the phase sensi-
tivity is high according to the variation of the element length,
the performance of the antenna may degrade because of man-
ufacturing issues. Therefore, the antenna must be designed
such that the phase sensitivity decreases as the frequency
increases. However, as the unit cell is composed of a resonant
element, the reflection phase shows an S-curve characteristic,
where the phase rapidly changes near the resonance. There-
fore, various methods have been proposed to prevent the
abrupt phase change in the resonance part. In [10], the phase
sensitivity was reduced by subdividing the length variation of
a single loop into four steps rather than varying the one step
in the conventional method [11]. This method improved the
maximum sensitivity from 1200°/mm to 200°/mm. In [12],
the authors proposed a Phoenix unit cell that changes only
one element in the middle, while fixing the inner square patch
and outer square loop element. The total phase range could be
easily widened to 360° owing to the use of multiple resonant
elements and variation in only one middle element, and the
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phase sensitivity was significantly reduced to 148°/mm com-
pared to that using the conventional method of multiresonant
elements [13]. The two aforementioned methods [10], [12]
allowed more diverse variation than that allowed by the
conventional methods. However, as these methods change
only one element, the steps that can be subdivided to lower
the sensitivity are limited, and hence the phase sensitivity is
still considered to be higher. Moreover, the phase sensitivity
required for a W-band or a higher band is much lower than
the values achieved by these methods.

The second problem is the reduction of the gain bandwidth
due to the inherent narrowband characteristics of the unit cell.
In general, the bandwidth of the elements is 3-5%, indicating
that broadband characteristics cannot be obtained in the usual
manner. To address this problem, various techniques, such as
the use of a stack of unit cells, sub-wavelength periodicity,
and multi-resonance unit cells, have been proposed [14]-[18].
However, although a wide phase range can be obtained by
using a stack of unit cell, a stack is difficult to manufacture
and is expensive. For sub-wavelength periodicity, it is dif-
ficult to obtain a phase range of 360° because of reduced
periodicity. Further, in the case of multiresonant elements,
the conventional method of simultaneously varying all the
elements can easily obtain a wide phase range; however,
the phase sensitivity deteriorates. In addition, when design-
ing a wideband reflectarray, the phase characteristics should
be investigated according to the angle of incidence. When
the angle of incidence is varied, additional resonance may
occur within the target bandwidth, which can result in serious
phase distortion. However, to date, this problem has not been
rigorously analyzed. Thus, a solution for phase distortion
is required considering the angle of incidence to obtain the
wideband characteristics.

In this paper, we propose a unit cell with low phase
sensitivity and wideband characteristics. The outline of this
paper is as follows. Section II describes the design approach
for a low phase sensitivity unit cell achieved by individual
subdivision of the variation step. Section III presents the
analysis of the resonance characteristics and reflection phase
of the unit cell considering the incident angle, and describes
the arrangement method of elements in a reflectarray surface
for the wideband characteristic. In section IV, we discuss
about the fabrication and measurement of the prototype of
the reflectarray antenna. Finally, the conclusion and summa-
rization of this work are given in section V. All simulations
are conducted using full-wave CST Microwave Studio.

Il. LOW PHASE SENSITIVITY UNIT CELL DESIGN

Fig. 1 shows the proposed unit cell configuration. The
dielectric substrate is Duroid 5880 with relative permittiv-
ity &, = 2.2, loss tangent tand = 0.0009, and a thickness
of 0.254 mm at 10 GHz. To obtain the small total range
and low slope of reflection phase, the unit cell with the
air gap have been used [12], [19]. The dual-resonant ele-
ments of patch and loop configuration are used with an air
gap of 0.7 mm. The periodicity of the unit cell is set at

VOLUME 8, 2020

Alr Gap

(c)

FIGURE 1. (a) Top view and (b) side view of proposed unit cell
configuration, (c) Conventional variation method (corresponding to
Is = 0.5 mm to 1.6 mm, ps = 0.5 /s, and Iy = 0.1 mm).

approximately 0.481¢ (fo = 90 GHz) i.e., 1.6 mm to avoid
the generation of the grating lobe. A figure of merit for a
typical unit cell is the total phase range and phase sensitivity
according to dimension variation. Therefore, to cover the
compensation phase of the element depending on its position
on the array surface, the phase range of 360° must be satis-
fied, and an appropriate phase sensitivity is required for high
efficiency. In general, a unit cell composed of multiresonant
elements uses a conventional design method that varies all the
elements simultaneously. Fig. 1 (c) shows the conventional
variation method, in which the change in the input impedance
is large because all the elements are varied simultaneously,
such that a large reflection phase shift is observed even
with a small variation in the dimensions. As the frequency
increases, high phase sensitivity can result in high phase
errors depending on the fabrication tolerances. Therefore, in a
high frequency band, a low phase sensitivity characteristic is
required, considering fabrication accuracy. Low phase sensi-
tivity characteristic can be realized by minimizing the change
in the impedance according to dimension variation. Thus,
designing a multi-resonance unit cell in the high-frequency
band by individually varying the elements and subdividing
the variation steps is considered more efficient than the
conventional design method of simultaneously varying all
elements and using only one step. Fig. 2 shows the unit cell
variation step of the proposed variation method and the reflec-
tion phase at each step, and Fig. 3 and Table 1 show the com-
parison between the reflection phase of the conventional and
proposed variation methods. The proposed variation method
is subdivided into five steps to minimize phase sensitivity.
In the first step, a phase range of 9° is derived by varying only
the width of the loop and fixing the patch size. In the second
step, only the loop size is varied, whereas the patch size is
fixed to achieve a phase range of 197° and maximum phase
sensitivity of 25°/0.1mm. The subsequent steps are further
subdivided into the third and fourth steps to prevent an abrupt
phase shift due to the vicinity of unit cell resonance. In the
third step, a phase range of 27° and maximum sensitivity
of 16°/0.1mm are derived by changing only the patch size
while fixing the loop size. In the fourth step, a phase range
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FIGURE 2. Procedure of proposed variation method and reflection phase
for normal incidence (a) Step 1 (variation of a total loop width), (b) Step 2
(variation of a loop length), (c) Step 3 (variation of a patch length),

(d) Step 4 (variation of a total loop width), (e) Step 5 (variation of a patch
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FIGURE 3. Reflection phase of conventional and proposed variation
methods for normal incidence at 90 GHz.

TABLE 1. Reflection phase range and its maximum and average
sensitivities.

Phase Range Maximum Average
Method o Sensitivity Sensitivity
() /0. 1mm) /0.1mm)
Conventional

(Total) 375 82 34
Proposed

(Tgtal) 364 31 17.3

Step 1 9 5

Step 2 197 25

Step 3 27 16

Step 4 62 31

Step 5 70 25

of 62° and maximum sensitivity of 31°/0.1mm are derived by
reducing the loop width while fixing the patch size. Finally,
in the fifth step, only the size of the patch is varied while the
size of the loop is fixed, resulting in a phase range of 70°
and maximum phase sensitivity of 25°/0.1 mm. In addition,
the total average phase sensitivity should be evaluated along
with the maximum sensitivity. If a large number of elements

111066

TABLE 2. Comparison of low phase sensitivity unit cell in previous
studies and this work.

This
Work
Frequency
(GHz) 90 15 10 20 10 20
Phase
Range (°)
Element
Type
Maximum
Phase
Sensitivity
(°/mm)
Maximum
Phase
Sensitivity

(°/0.12y)

(10] [12] [20] [21]

364 360 360 423 360

Phoenix

(triple) Double

Double | Single Multiple

310 200 198 | 148 180 170

103 400 594 | 222 540 510

with high sensitivity are placed on the array surface, the total
phase error of the aperture increases. Therefore, the average
phase sensitivity of all dimensions should be low to reduce
the total phase error. The total average phase sensitivity
obtained using the proposed method is 17.3°/0.1 mm, which
satisfies the aforementioned condition, and the maximum
phase sensitivity and average phase sensitivity are signif-
icantly improved compared with those obtained using the
conventional variation method. Table 2 presents a comparison
of recently published performances of unit cells with low
phase sensitivity with that of our study. In the previous low
phase sensitivity unit cells, the maximum sensitivity value is
evaluated with respect to the unit length of 1 mm owing to
the relatively low-frequency band. However, in the W-band
or a higher frequency, it is not suitable to set the unit length
of 1 mm, which is a very large value compared with the
wavelength. Therefore, the maximum sensitivity is calculated
considering 0.1A¢ as the center frequency. The maximum
sensitivity obtained using the proposed method is 2-5 times
lower than those of previous low phase sensitivity unit cells.

IlIl. WIDEBAND CHARACTERIZATION

A. UNIT CELL CHARACTERISTICS ALONG THE

ANGLE OF INCIDENCE

A significant disadvantage of a reflectarray antenna is its
narrow bandwidth. To overcome this problem, the bandwidth
has been improved through the linearity of the reflection-
phase slope at different frequencies [22]-[24]. However, if the
design of a unit cell focuses only on the linearity of a
phase slope, the phase characteristic could be linear but the
phase sensitivity could significantly deteriorate owing to the
large slope. In a low-frequency band, even if the sensitivity
characteristic is poor, high efficiency can be obtained by
considering the manufacturing accuracy of approximately
410 pm for a printed circuit board (PCB). However, for high-
frequency bands, phase errors may largely occur in typical
PCB fabrication processes. Presently, in a W-band or a higher
frequency band, the accuracy of a 2-pm silicon-based fabri-
cation process can be used to achieve a large bandwidth and

VOLUME 8, 2020



E.-C. Choi, S. Nam: W-Band Low Phase Sensitivity Reflectarray Antennas With Wideband Characteristics

IEEE Access

50000

— p =0.Tmm
40000 o
p=0.2mm
30000 —p,=0.3mm
20000 | —— p=0.4mm
I
> 10000 !
2 e
= 0 s
&
é -10000
N 20000
-30000
-40000
-50000
80 20 100 110 120 130
Frequency (GHz)
(a)
150
—p=0.1mm
- Resonance Frequency Interval p.=0.2mm
—— p_=0.3mm
— T *
50 . 5
8 ) p,=0.4mm
=3 \
s o N\ ! Phasc Rangd at Target Fregquency
@ N\
2 \
] \
& \
s 7 ; N\\\\x
S \
8
% -100
i< \
-150 —
Target Frequency
-200
80 [€D) 100 110 120 130
Frequency (GHz)
40000
——p,=0.1mm
30000 p.=0.2mm
—— p_=0.3mm
20000 .
— p,=0.4mm
-~ 10000 i
] / )
2
£ 0
5 7
£ ' h '
= -10000 B
N 1 i
20000 -| ! ! e
! ! Additional Resonance Characteristics
i i
-30000 3 i
[
Origirlal Resonance Characteristics
40000

80 90 100 110 120 130
Frequency (GHz)

(©

FIGURE 4. Input impedance (imaginary part) and phase range of step 3 of
proposed unit cell for ¢ = 90°. (a) Input impedance of normal incidence
(6 = 0°), (b) phase range of normal incidence (¢ = 0°), and (c) input
impedance of 20° incidence (¢ = 20°).

high efficiency despite high phase sensitivity [25]. However,
if a typical PCB process is used without using expensive
fabrication processes, low phase sensitivity is essential. Low
phase sensitivity is favorably accompanied by almost parallel
and linear phase slopes of the unit cell because it has a low
phase slope rather than the existing S-curve of the reflection
phase. However, the reflection phase characteristic for the
other frequencies, rather than the center frequency, may vary
drastically depending on the angle of incidence. Therefore,
it is necessary to confirm the phase characteristics of not only
the normal incident angle but also other incident angles by
considering the position of the element and the feed horn
of the proposed structure. Fig. 4 shows the imaginary part
of the input impedance and reflection phase at step 3 of
the proposed unit cell depending on the angle of incidence.
As shown in Fig. 4 (a), the resonant frequency changes
according to the patch size. That is, when the target frequency
is near the resonant frequency band, the phase sensitivity
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FIGURE 5. Surface current distributions at resonance frequencies
according to incident angle for ¢ = 90°. (a) f = 97.2 GHz (normal
incidence, 6 = 0°), (b) f = 95.1 GHz (20° incidence, ¢ = 20°),

(c) f = 110.4 GHz (20° incidence, § = 20°).

of the unit cell depends on the shift rate of the resonant
frequency according to the variation in the element length.
Fig. 4 (b) shows the reflection phase characteristics of
Fig. 4 (a). The shift rate of the resonant frequency is pro-
portional to the phase range at the target frequency near
the resonant frequency band. Therefore, in the proposed low
phase sensitivity unit cell, the shift interval of the resonant
frequency and the phase range at the target frequency are
very small, resulting in low phase sensitivity. Thus, the reflec-
tion phase at the target frequency can be controlled and
derived through the resonance characteristics of the unit cell.
Fig. 4 (c) shows the input impedance when the angle of
incidence is set to 20°. When the incident angle is varied,
an additional resonance owing to the higher-order resonance
of conductor elements as well as the original resonance occur-
ring at the normal incidence can be generated. The original
resonance occurs from 93 GHz to 98 GHz, and the additional
resonance occurs from 109 GHz to 113 GHz. Fig. 5 shows
the induced current distribution at the resonance frequencies
when the patch size is 0.3 mm. At 20° incidence, the first
resonance characteristic is almost the same as that of the nor-
mal incidence and resembles the A loop resonance, indicating
that the two resonances are same resonance characteristics.
However, the second resonance of 20° incidence occurs as an
additional resonance resembling a 2\ loop resonance, which
is caused by the higher-order resonance of the conductor ele-
ments. In the case of a low-phase sensitivity unit cell, an addi-
tional resonant frequency band is likely to occur within a wide
target bandwidth, resulting in the serious phase distortion.
Therefore, it is necessary to evaluate the deterioration of the
phase-frequency characteristics depending on the incidence
angle.

B. ARRANGEMENT METHOD OF THE ELEMENTS

ON THE ARRAY SURFACE

Fig. 6 shows the reflection phase of the proposed unit cell
according to the incident angle at different frequencies for
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FIGURE 6. Reflection phase range of the proposed unit cell according to
the incident angle at different frequencies for ¢ = 90°. (a) Reflection
phase for TE mode, (b) reflection phase for TM mode.

transverse electric (TE) and magnetic (TM) modes. For TE
mode, a phase distortion with respect to the incident angle
is observed near 1.1 mm and 0.9 mm of dimension variation
at 90 GHz and 100 GHz, respectively. In contrast, for TM
mode, almost no phase shift with respect to the incident angle
is observed at the center frequency of 90 GHz. However, at a
high-frequency band, a large—phase deterioration is observed
in steps 3-5. At 100 GHz, as the incidence angle increases,
the phase shift increases to more than 60°, starting from
step 3. As the frequency increases, the phase shift deteriorates
more than that of the low-frequency band. To investigate the
effect of TE and TM modes on the proposed reflectarray
antenna, we calculated the real radiated power for the TE
and TM incident waves based on the equivalence principle
on the proposed reflectarray surface. The equivalent current
sources on reflectarray surface are derived by using full-
wave simulation of the pyramidal feed horn. Fig. 7 shows
the real radiated power for the TE and TM incident waves.
As shown in Fig. 7 (a), which is the normalized radiated
power for the TE mode, the radiated power is dominant near
the ¢ = 0° plane, but not dominant near the ¢ = 90°
plane. In contrast, Fig. 7 (b), which is the normalized radiated
power for the TM mode, also show that the radiated power is
dominant near the ¢ = 90° plane, but not dominant near the
¢ = 0° plane. To analyze the effect of radiated power for
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FIGURE 7. Real radiated power on reflectarray elements. (a) Normalized
radiated power for TE mode, (b) normalized radiated power for TM mode,
(c) ratio of radiated power for TE to that of TM mode.

the TE and TM mode on the proposed reflectarray surface
accurately, we calculated the ratio of radiated power for the
TE mode to that for the TM mode. Results indicate that in
most areas of the reflectarray antenna, the radiated power
for the TM mode is very dominant, except near the ¢ = 0°
plane, as shown Fig. 7 (c). Therefore, to analyze and design
the reflectarray antenna effectively, we considered only the
reflection phase for TM incident wave in the arrangement
method of the proposed reflectarray antenna. Furthermore,
the dimension variation of distorted phase with respect to
incident angle is wide, as shown in Fig. 6 (b). Therefore,
the elements in steps 3—5 should be placed at the appropriate
position of the array surface considering the position of the
elements and incidence angle of the feed horn. Fig. 8 shows
the structure of the proposed reflectarray antenna. An offset
structure is selected to reduce the blockage effect of the
feeding structure. The offset angle of the structure is 17°, the
distance from the phase center of the horn to the center of the
array surface is R, = 37.6 mm, and the height of the horn
is h = Ry cosl7° = 35.95 mm. The required reflection
phase of the element placed on the array surface is calculated
as follows [2].

Vi required = ko(Ri — 71 - 70) + Vo (1

where kg is the free-space wavenumber, R; is the distance
between the phase center of the feed horn and the i-th element,
7 is the position vector of the i-th element, 7y is the unit
vector in the main beam direction, and Vg is the constant
phase used to determine the initial step number. The rela-
tive phase error of an array surface can be calculated with
respect to any element in the array [26]. However, as the
above-mentioned reference assumes a normal incident angle,
the phase characteristics according to the angle of incidence
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are not considered. Thus, to accurately analyze the phase
characteristics, we represent the relative phase relation con-
sidering the incident angle 6. At f = fy (target frequency),
the required phase ¥ required (fo) is almost equal to the reflec-
tion phase ¥;(fp) of the element because ;(fy) is derived by
unit cell simulation depending on the normal incident angle.
The center of the reflectarray surface is considered as a refer-
ence for phase calculation. Thus, the reflection phases of the
central and side positions of an array surface are represented
by (2) and (3), respectively.
wref,required(f()) = kOer;f + WO = wref(fO) 2
wi,required(fO) = kO(Ri - ?: . ;(\)) + WO = wi(f()) (3)
Under this condition, if the frequency changes, the reflection
phase relation is distorted. At f = f;, the wave number of
the required phase changes from kg to k;, and the phase of
the element changes from v;(fo) to ¥i(f;), resulting in phase

mismatch with the required phase; this relation is represented
as follows.

wref,required(ﬁv) = keref + I/fO
# Yref (fs) = Yrer (f0) + Avrer (Af) (4)
1pi,requirecl(fs) = ks (Ri - ?1 . ’/’(\)) + Yo

# Vi(fy) = vi(fo) + Avi(Af) )
where Awref(Af) and Ay ;(Af) are the phase shifts of the
element at the central and side positions with respect to fre-
quency variation, considering the angle of incidence, respec-
tively. The relative phase error (PE) for the i-th element in
the array surface with respect to the central position of the

reflectarray is represented as follows, considering the angle
of incidence.

PEi(fy) = |{1//l(fY) - 11”[,reqm'real(f?)}
- {wref(fs) - I/fref,reqm'red(fs)}|
H(kv - kO) <_er;f +R; — ?t ' rAO)}
+ (A (A) = AYADY] (©)

Equation (6) contains two terms: the first term represents the
relative phase requirement determined by the frequency and
structural dimensions, whereas the second term represents

12
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the shifted phase difference Ay, (Af) — AV (Af) of the
elements, which are placed in the central and outer positions,
with respect to the frequency variation. The proposed unit
cell elements exhibit an abrupt phase shift owing to the addi-
tional resonance characteristics in certain frequency bands,
depending on the incident angle, as described previously.
Therefore, the second term should be considered for an abrupt
phase shift to compensate for the relative phase require-
ment Fig. 9 shows the relative phase requirement, which is
described by the first term of (6), along the array surface at
¢ = 90° represented by the angle of incidence. The relative
phase requirement represents the phase relationship between
the central and outer positions of the array surface. Therefore,
the central position of the array surface, which has an incident
angle of 17°, does not have any relative phase requirements
at different frequencies, and the relative phase requirement
increases from the central to the outer positions of the array
surface. To compensate for the relative phase requirement,
the shifted phase Ay (Af) according to frequency variation
should be considered based on the angle of incidence. In the
normal incidence case, Ay (Af) is nearly uniform across all
dimensions of the unit cell, as shown in Fig. 6 (b). However,
in the oblique incidence case, Ay (Af) is nearly uniform in
steps 1 and 2 but increases drastically in steps 3—5. When
the dimension of central element of the reflectarray surface is
selected to be approximately 1.1 mm, which does not cause
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(b) arrangement 2 at 90 GHz, (c) arrangement 3 at 90 GHz, (d) arrangement 1 at 100 GHz, (e) arrangement 2 at 100 GHz,

(f) arrangement 3 at 100 GHz.

phase distortion, Ay ,r (Af) is approximately —70° and
Avr; (Af) at the outer position gradually increases. There-
fore, the shifted phase difference, which is represented by
the second term in (6), gradually decreases from the central to
the outer position of the array surface, compensating for the
relative phase requirement. However, in the outer positions of
the array surface, which are comprised of step 5—3, the phase
distortion of the unit cell abruptly increases and does not
perfectly satisfy the relative phase requirement. Nevertheless,
this step arrangement method can reduce the relative phase
error and improve the gain bandwidth because the phase
of the outer position of the reflectarray has relatively mini-
mal effect on the antenna performance compared with that
of the central position of the reflectarray [27]. Fig. 10 shows
the gain performance according to the step arrangements.
The order of step arrangement represents the step variation
from the central to the outer positions of the array sur-
face. At a center frequency of 90 GHz, the gain perfor-
mance does not vary considerably. However, as the frequency
increases, the gain performance deteriorates according to the
arrangements because the phase shift Ay; (Af) of arrange-
ments 2 and 3 does not gradually change in the vicinity
of the central position of the reflectarray surface. These
characteristics indicate that the additional resonance owing
to the higher order resonance of resonant elements has severe
effect on bandwidth performance rather than the performance
at the center frequency. To investigate the correlation between
the relative phase error and gain performance, we calculated
the real relative phase error of reflectarray elements using
full-wave simulation. This calculation method of real phase
error is based on the equivalence principle [28]. Fig. 11 shows
the real relative phase error of reflectarray elements at dif-
ferent arrangements. As shown in Figs. 11 (a), (b), and (c),
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FIGURE 12. Fabricated prototype of reflectarray antenna.

the real relative phase error is generally very low at the
center frequency of 90 GHz. It is expected that although
there are some elements with the reflection phase distortion
for the TE mode at 90 GHz, the effect on the proposed
reflectarray surface for the TM mode is very dominant, and
the reflection phase for the TM mode at 90 GHz is almost not
distorted with respect to the angle of incidence. Moreover,
in the arrangement 1, the number of the reflectarray elements
consisting of dimension variations of 1 mm to 1.2 mm, which
are distorted phase dimensions for the TE mode at 90 GHz,
are approximately 13 elements in around ¢ = 90° plane. The
number of these elements is very small compared to the total
number of 448 elements. Hence, these results correlate with
the gain performance at 90 GHz at different arrangements.
In addition, the real relative phase errors provide different
results depending on the arrangement method, as shown
in Figs. 11 (d), (e), and (f). In arrangement 1, the real relative
phase errors at 100 GHz is somewhat high compared with
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FIGURE 13. Simulated and measured radiation patterns (a) E-plane and (b) H-plane at 85 GHz; (c) E-plane and (d) H-plane at 90 GHz; (e) E-plane and

(f) H-plane at 100 GHz.

that at 90 GHz, but generally low compared with different
arrangements at 100 GHz. As arrangement increases, the real
relative phase errors at 100 GHz are more deteriorated. Thus,
in arrangement 3, those are generally very high. These results
also correlate with the gain performance at 100 GHz at dif-
ferent arrangements. Therefore, phase distortion along step
variation must be considered based on the relative phase
requirement. Finally, the arrangement of steps of the final
reflectarray antenna is as follows: 2—-1-5-4-3.

IV. EXPERIMENTAL RESULTS

In this study, a W-band single-layer reflectarray antenna is
designed and fabricated. Fig. 12 shows a prototype of the
fabricated antenna, and measurements are conducted in a
millimeter-wave non-directional chamber. To connect the
source to the offset feed horn, a 90° waveguide and a tran-
sition adapter of an RF-cable are used. The strut of the feed
horn is fabricated to be able to adjust the antenna position
to ensure precise set up of the measurement-jig. A dielectric
spacer is used to maintain the air gap. The proposed antenna is
designed to have a center frequency of 90 GHz. The aperture
diameter is 40 mm and the focal length is 37.6 mm, which
satisfies F/D = 0.94. A pyramidal horn is used, and the angle
of the main beam is 17°, which is equal to the offset angle.
The gain performance was measured using a far-field mea-
surement system with a frequency resolution of 1 GHz. The
simulated and measured radiation patterns in the two princi-
pal planes, namely E- and H- planes, are shown in Fig. 13 at
85, 90, and 100 GHz for comparison purposes and to observe
the performance in the broadband. The figure shows good
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agreement between the simulated and measured results. The
side-lobe level of the E- and H-planes at the center frequency
of 90 GHz are —22 and —21 dB, respectively. The cross-
polarization level of E- and H-planes at the center frequency
of 90 GHz are —30 and —27 dB, respectively. The maximum
side-lobe and cross-polarization level are —14 and —26 dB,
respectively. Fig. 14 shows the details of antenna gain and
aperture. The slight discrepancy in gain performance of the
proposed reflectarray antenna is considered to be caused by
the slight discrepancies in the performance of the fabricated
and simulated pyramidal horn. The reflectarray antenna per-
formance exhibited a maximum efficiency of 55.3% and 1-dB
gain bandwidth of 28.8%, which can be regarded as good per-
formance regarding millimeter waves. Table3 shows the com-
parison of the obtained results with those of other millimeter
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TABLE 3. Comparison of W-band or higher band reflectarray antennas in
previous studies and this work.

This

study [25] [29] [30] [31]
Process PCB | Silicon | Dielectric | Dielectric | Graphene
Center
Frequency 90 165 100 220 1300
(GHz)
Aperture |, | 937 10 205 10.8
size (4g) ) ) )
1-dB gain
bandwidth | 28.8 24.2 20.7 20.9 15
(%)
Maximum
efficiency | 55.3 44.7 14.1 27.6 42.58
(%)
Measured
(Y/N) Y Y Y Y N

wave antennas for W-band or higher bands. Compared with
conventional antennas, the proposed antenna achieves good
performance in terms of efficiency and bandwidth.

V. CONCLUSION

In this study, a W-band reflectarray antenna with low phase
sensitivity and wideband characteristics is designed and fab-
ricated, and its performance is verified. The unit cell design
approach proposed in this study can achieve a low phase sen-
sitivity performance in a high-frequency band. The reflection
phase characteristics of the proposed unit cell are analyzed
taking the incidence angle into consideration, and the wide-
band characteristics are obtained through efficient arrange-
ment of elements on the reflectarray surface. The fabricated
reflectarray antenna can achieve a maximum efficiency of
55.3% and 1-dB gain bandwidth of 28.8%.
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