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Design of a Single-Layer C/X Dual-Band Reflectarray Antenna
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ABSTRACT: A single-layer reflectarray antenna working at C- and X-bands is designed in this paper. The proposed reflectarray element
is mainly composed of three square rings. Four phase delay lines are attached to the outer ring to obtain the phase shift at C-band, and
the inner two square rings are utilized to extend the phase range at X-band. The phase shift of the element reaches up to 375◦ and
560◦ at 5.9GHz and 10.4GHz, respectively. The cross-polarization level of the reflectarray is effectively suppressed by using a mirror
symmetric element arrangement. To experimentally validate the proposed design, a center-fed dual-band prototype reflectarray with the
size of 180mm×180mm is designed, fabricated, and tested. The measured peak gains are 16.5 dBi at 6.2GHz and 17.1 dBi at 10.3GHz,
respectively. Besides, the measured 1-dB gain bandwidth is 9.15% (5.83–6.37GHz) at the lower band and 3.27% (10.12–10.46GHz) at
the upper band, respectively. Moreover, the cross polarizations at both bands are under −21 dB.
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1. INTRODUCTION

Recently, reflectarray antenna has drawn much attention
since it combines several advantages of both parabolic re-

flector antennas and planar arrays such as light weight, com-
pact size, easy fabrication, and low cost [1–4]. A reflectarray
antenna is mainly composed of a feed antenna, a bottom reflec-
tor, and an array of elements with specific sizes to compensate
for spatial phase delays and then to form a planar wavefront
over the aperture [5].
Tomeet the requirement of the dual-band directive antenna in

modern telecommunication systems: satellite communications,
remote sensing, etc., dual-band operation has become an im-
portant research area in reflectarray antenna design. In the past
decades, there are mainly two techniques to realize dual-band
reflectarray antennas. One technique is to employ a double-
layer configuration [6–11]. Although the frequency selective
surface (FSS)-backed upper layer is nearly transparent to the
lower layer, its blockage effect is inevitable. Moreover, the
overall profile of the antenna is also doubled. The other is to
implement dual-band elements on a single-layer substrate [12–
15]. This technique not only possesses the low-profile advan-
tage of the traditional reflectarray antenna but also eliminates
the shielding effect. However, it leads to closer element spac-
ing and smaller phase variation.
In this paper, a single-layer C/X dual-band reflectarray an-

tenna is proposed. The proposed dual-band element consists
of double square rings operating in the X band and a larger
square ring attached with four phase-delay lines operating in
the C band. Two different structures are arranged in a single el-
ement. The mutual coupling of this element configuration can
be taken into account in the element analysis. A dual-band slot-
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loaded microstrip patch antenna is utilized as the feed source.
To effectively reduce the cross-polarization levels of the pro-
posed reflectarray antenna, a mirror-symmetrical arrangement
for elements has been adopted.
This paper is organized as follows. Section 2 introduces the

structure of the element and the process of analyzing the reflec-
tion phase. Section 3 presents the design of the feed antenna
and reflectarray. Section 4 gives the results of measurement
and simulation and discusses these results. Section 5 is the con-
clusion of the whole work.

2. DUAL-BAND ELEMENT DESIGN AND ANALYSIS

2.1. Element Configuration
The configuration of the proposed dual-band element is shown
in Figs. 1(a) and (b). The element is composed of triple square
rings and four attached phase-delay lines. In the X-band, the
internal square loop operates, while the outer square loop, aug-
mented with phase delay lines, functions in the C-band. The
element is arranged in a square lattice with a period of P =
16mm, which corresponds to 0.31λ0 at 5.9GHz and 0.55λ0 at
10.4GHz. The element is etched on a substrate with a thick-
ness of h = 2mm and a relative permittivity of εr = 2.65.
The metal ground is etched on the bottom surface of the same
lower substrate. The two substrates are separated by an air layer
of h1, which makes the reflection phase curve more linear and
broaden the phase shift range.
At low frequencies, the phase shift can be controlled by ad-

justing the length of the four delay lines connected to a square
ring with a length of L. It is noteworthy that the phase delay
line is partitioned into two distinct parts, cand c1, respectively.
The width of the square ring and the interconnecting delay line

21doi:10.2528/PIERM23101604 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIERM23101604


Liu et al.

(b)(a) (c)

FIGURE 1. Geometry of the proposed unit cell: (a) top view of the unit (b) side view of the unit and (c) equivalent circuit diagram of the unit.

TABLE 1. Design parameters of the proposed element.

Parameters P h h1 w L

Values (mm) 16 2 5 0.3 12

TABLE 2. Optimal parameters of the element.

Parameters a b Yf

Values (mm) 13.3 12.25 2
Parameters sh sl sw
Values (mm) 5.46 11 0.19

is denoted as w. At high frequencies, the width w1 of the in-
ner double ring varies proportionally with the side length L1
of the innermost square ring, with a proportionality factor k,
denoted as w1 = k · a1. Additionally, the side length L2 of
the larger square ring also varies proportionally y with a fac-
tor represented by a2 = k1 · a1. By altering the length of the
square ring L1, it is possible to simultaneously adjust the width
of the high-frequency double ring and the length of the double
square ring, thereby manipulating the phase shift at high fre-
quencies. Fig. 1(c) presents the equivalent circuit model of the
dual-frequency unit. When electromagnetic waves impinge on
the unit surface, in the low-frequency range, the outer single
ring can be equivalent to a series resonant circuit and a parallel
resonant circuit in series. In this series connection, the L3C3
branch represents a phase delay line, while the L4C4 branch
represents the characteristics of the outer ring. In the high-
frequency range, the double-sided ring can be equivalent to the
parallel connection of two series resonant circuits represented
by the L1C1 branch and the L2C2 branch. According to cir-
cuit theory, it can be demonstrated that there are two resonant
frequencies:

flow =
1

2π

√
1

(L3 + L4) · (C3 + C4)
(1)

fhigh =
1

2π

√√√√ 1

(L1 + L2) ·
(

1
C1

+ 1
C2

) (2)

2.2. Element Performance
The element’s performance is evaluated through the utilization
of four surrounding walls with periodic boundary conditions
and a Floquet port excitation by conducting full-wave simula-
tions on the CSTMicrowave Studio platform. Various essential

geometric parameters that affect the element’s performance are
analyzed and optimized.
The reflection phase curves of the element are at the lower

frequency band when the length c + c1 of the phase delay line
changes, as illustrated in Fig. 2. The investigation reveals that
the phase shift range decreases as L increases. Conversely,
a smaller L results in a deterioration of the linearity of the
curve. Consequently, the optimal balance between linearity
and smoothness of the reflection phase curve is achieved when
L = 12mm.
As depicted in Fig. 3, the reflection phase curves of the ele-

ment exhibit changes when the length of the innermost square
ring L1 is modified at higher frequency bands. It is apparent
from the results that changing the values of k and k1 has a min-
imal impact on the phase shift, which is primarily observed in
the L1 range of 6–10mm. Additionally, k1 has a more signif-
icant impact on the phase shift compared to k, with the phase
shift showing more linear characteristics when k = 0.08 and
k1 = 0.75.
The reflection phase curve of the element is investigated for

varying values of the air layer thickness, h1, at two frequency
bands, and the results are presented in Fig. 4. The analysis
shows that the effect of h1 on the phase shift is marginal at the
lower frequency band, as depicted in Fig. 4(a). However, at the
higher frequency band, h1 has a significant impact on the phase
shift, as illustrated in Fig. 4(b). The phase shift range increases
as h1 decreases, but the reflection phase shift curve becomes
steeper. Therefore, h1 = 5mm is determined to be a suitable
compromise.
Table 1 lists the final optimized parameters of the proposed

element while Fig. 5 shows the corresponding reflection coef-
ficient curves at two frequency bands. At the lower frequency
band, Fig. 5(a) demonstrates that the element achieves a phase
shift range of 375◦ with the phase delay line c+c1 varying from
0 to 27mm. On the other hand, Fig. 5(b) shows that at the higher
frequency band, when the length of the inner ring changes from
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FIGURE 2. Reflection phase curves at C-band for different L.

(a) (b)

FIGURE 3. Reflection phase curves at X-band: (a) for different values of k and (b) for different values of k1.

(a) (b)

FIGURE 4. Reflection phase curves at two frequency bands for different h1: (a) C-band and (b) X-band.
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FIGURE 5. Simulation reflection magnitude and phase responses of the element: (a) C-band and (b) X-band.

TABLE 3. Comparison of the performance with previous works on dual-band reflectarray antenna.

Reference This work [8] [12] [13] [14] [15] [16]
Center Frequency

(GHz)
5.9/10.4 20.4/30.2 6.2/9.3 18.95/28.5 20.4/30.2 11.4/13.2 3.5/25.8

Frequency Ratio 1.76 1.5 1.5 1.5 1.5 1.16 7.4
Polarization Linear Circular Circular Circular Circular Linear Linear

Phase Shift Range 375◦/560◦ 304◦/331◦ 360◦/360◦ 360◦/360◦ 304◦/331◦ 320◦/310◦

−10 dB impedance
bandwidth (%)

2.88%/2.98% - - 2%/3%

unit cell size
(mm)

9 9.88 2362 1.575 9.88 7.7 4.624

aperture size
(mm)

180 Square 400 Circular 345, Square 19, Square 400 Circular 69.3, Circular 136, Square

F/D 0.44 0.9 0.74/0.87 0.87 0.9 0.59
1-dB gain

bandwidth (GHz)
9.15%/3.27% 10.1%/7.2% 16.7%/12.4% 10.1%/7.2% 12.2%/5.8%

aperture
efficiencies

22.86%/7.9% 64.1%/65.4% 51.8%/42% 35.1%/46.8% 64.1%/65.4% 74%/34%

2 to 10mm, a phase shift range of 560◦ can be obtained. The
corresponding reflection magnitudes in dual bands are less than
−0.02 dB which satisfies the basic requirements of element de-
sign.
Figure 6 illustrates the reflection phase curves of the element

for different frequencies. It is observed that the phase curves are
nearly parallel for the adjacent frequencies, resulting in good
bandwidth performance in both frequency bands.
The mutual coupling interferences between dual-band ele-

ments are analyzed. Fig. 7(a) shows that the phase shift curves
at the lower frequency band remain nearly invariant when L1
changes. The reflection phase curves at the higher frequency
band with different c + c1 are shown in Fig. 7(b), indicating
that the delay line length has a small impact on the phase shift
of the higher frequency band. The results demonstrate that the
mutual coupling between the two elements is acceptable.
The simulation reflection phase responses of the element un-

der different oblique incidence angles are investigated in both

frequency bands, as shown in Fig. 8. The results indicate that
the sensitivity of the element remains constant as the incident
angles increase in the lower frequency band. On the other hand,
in the higher frequency band, the phase curves display minor
variations within 40◦ until the incidence angle reaches up to
45◦.

3. DRAL-BAND REFLECTARRAY ANTENNA DESING

3.1. Feed Antenna Design
As shown in Fig. 9, a dual-band slotted rectangular-patch an-
tenna is utilized as the feed source. The patch incorporates two
symmetrical narrow slots with dimensions sl and sw, which
are etched on the patch near and parallel to the radiating edges.
The distance between the slot and the center is sh, and the feed
point is offset from the center along the y-axis by Yf . To meet
the dual-band design requirements of the proposed reflectarray
antenna, the center frequencies of the feed antenna are set to
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(a) (b)

FIGURE 6. Simulation reflection phase curves of the element for different frequencies: (a) C-band and (b) X-band.

(a) (b)

FIGURE 7. Mutual coupling interferences between dual-band elements: (a) C-band and (b) X-band.

(a) (b)

FIGURE 8. Simulation reflection phase shift of the element at different oblique incidence angles: (a) C-band and (b) X-band.

5.9GHz and 10.4GHz, with the optimal parameters listed in
Table 2.
The measured and simulated reflection coefficient curves are

presented in Fig. 10, which indicate a dual-band radiation char-

acteristic, with a value of less than−10 dB observed within the
frequency ranges of 5.82 to 6.03GHz and 10.28 to 10.50GHz.
Fig. 11 displays the radiation pattern of the feeding antenna
in the E-plane and H-plane at 5.9GHz and 10.4GHz, respec-
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FIGURE 9. Geometry of dual-band feed antenna. FIGURE 10. Measured and simulated reflection coefficient curves of the
feed antenna.

(a) (b)

FIGURE 11. Measured radiation patterns at 5.9GHz and 10.4GHz. (a) E-plane and (b)H-plane.

tively. They appear to be nearly rotationally symmetric. These
features make the patch antenna a suitable candidate for dual-
band reflectarrays.

3.2. Reflectarray Antenna Design

Utilizing the commercial software CST for modeling, we
employed classical theory to design a microstrip reflectarray
antenna. Calculations were performed using a time-domain
solver. To achieve a tilt in the main beam towards the direction
(θb, φb), the reflection phase for each unit can be determined
as follows:

ϕR (xi, yi) = k0 (di − (xi cosφb + yi sinφb) sin θb) (3)

di =

√
(xi − xf )

2
+ (yi − yf )

2
+ (zi − zf )

2 (4)

When the direction of the main beam is perpendicular to the
reflector aperture surface (along the z-axis), Equation (3) can

be simplified as follows:

ϕR (xi, yi) = k0di (5)

where k0 is the vacuum propagation constant, and (xi, yi) rep-
resent the coordinates of the ith element. ϕR (xi, yi) denotes
the required phase shift for the ith element. di is the distance
from the ith element to the phase center of the feed antenna.
(xi, yi, zi) represents the position of the feeding source an-
tenna.
The dimensions of the reflective surface for designing a re-

flectarray are determined based on the following principles.
Firstly, the larger the dimensions, the higher the gain of the an-
tenna. However, when the size of the reflectarray is too large,
the edge of the reflective surface receives very little energy,
resulting in a small contribution to the antenna gain and a de-
crease in aperture efficiency. It is worth noting that the ratio
of focal length to diameter (F/D) has a significant impact on
the spillover and illumination efficiency of the reflectarray an-
tenna. A larger F/D ratio makes it easier for the reflectarray an-
tenna to achieve uniform aperture illumination, but as the F/D
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(a) (b)

FIGURE 12. Measured reflection coefficient versus frequency and gain with different RAs. (a) Reflection coefficients. (b) Gains.

(a) (b)

FIGURE 13. Configuration of proposed reflectarray antenna: (a) top view of the antenna and (b) side
view of the antenna.

FIGURE 14. Mirror symmetrical ar-
rangement.

(a) (b)

FIGURE 15. Phase distribution of the array aperture. (a) at 5.9GHz (b) at 10.4GHz.

ratio increases, the reflectarray cannot intercept a larger portion
of the energy. To minimize spillover losses, the height of the
feed source must be limited to ensure that the reflector plane
covers the main lobe of the feed antenna. Therefore, the re-
flectarray must have a moderate size to achieve high gain and

high aperture efficiency for the antenna. Then, three reflectar-
rays, named RA01, RA02, and RA03, were constructed using
9 × 9, 10 × 10, and 11 × 11 original unit cells, respectively.
Through calculations, it was found that the aperture efficiency
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FIGURE 16. Photograph of the fabricated antenna. FIGURE 17. Measurement environment.

FIGURE 18. Measured and simulated reflection coefficient versus frequency.

(a) (b)

FIGURE 19. Measured and simulated radiation patterns: (a) E-plane at 5.9GHz and (b)H-plane at 5.9GHz.

can be maximized when the F/D ratio is 0.44. The three anten-
nas were simulated, and the simulation results were compared.
The simulated gains of the three antennas are shown in

Fig. 12. The maximum gains of these antennas are 16.0/17.2,
17.1/17.6, and 17.8/17.9 dBi, respectively. The aperture effi-

ciencies are 21.96%/7.28%, 22.86%/7.9%, and 20.92%/6.73%,
respectively. It is apparent that although RA03 has a higher
gain than RA02, its aperture efficiency is lower. Considering
both gain and aperture efficiency, a 10x10 unit cell reflectarray
antenna operating at 5.9 and 10.4GHz was designed.
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(a) (b)

FIGURE 20. Measured and simulated radiation patterns: (a) E-plane at 10.4GHz and (b)H-plane at 10.4GHz.

FIGURE 21. Measured and simulated gain of the proposed antenna.

To accommodate the support structure, the size of the reflec-
tarraywas increased to 180×180mm2, as shown in Fig. 13. The
selection of an appropriate element arrangement is crucial in re-
ducing the cross-polarization of the far field. In this research,
we adopted a mirrored arrangement of elements between adja-
cent quadrants, as presented in Fig. 14. In this arrangement, the
elements are mirrored repeatedly in both x and y directions So
that, each element is the immediate mirror of its neighbor ele-
ments in both x and y directions. In other words, the radiated
fields of every two adjacent elements viewed as a pair, would
eliminate the farfield cross-polar component. Fig. 15 presents
the phase distribution obtained through the compensation phase
formula and the feed height calculation. The phase distribution
diagram also reveals a noticeable symmetric relationship in the
compensation phase of the reflecting units on the reflectarray.

4. RESULTS AND DISCUSSION
To validate the design of the proposed reflectarray antenna, a
prototype was constructed, as depicted in Fig. 16. The reflec-
tarray was printed on the PTFE substrate, while a single-side
etched substrate was utilized as the ground plane. The accurate
formation of the air layer between the two substrates was en-

sured with the use of eight Nylon screws. The support frame for
the feed source was constructed using FR-4 substrates while the
feed patch antenna was directly etched onto the horizontal sup-
port substrate. The distance from the feed patch antenna to the
upper-layer dielectric substrate is 79mm. The radiation perfor-
mance of the manufactured prototype was assessed within a mi-
crowave anechoic chamber. Fig. 17 displays the measurement
system utilized, where the reflection coefficient of the proto-
type antenna was measured using an Agilent E8362B vector
network analyzer, and the distance from the receiving horn to
the reflecting array antenna is 1.5 meters.
In Fig. 18, a comparative analysis of the reflection coefficient

curves between themeasured and simulated results is presented.
The measured impedance bandwidth is observed to be slightly
higher than the simulated bandwidth, which is primarily at-
tributed to the imprecise relative permittivity of the substrate
material. It is noted that the −10 dB impedance bandwidth
achieved from themeasurements is 2.88% (5.84–6.01GHz) and
2.98% (10.36–10.67GHz) at 5.9GHz and 10.4GHz, respec-
tively.
Figures 19 and 20 present the radiation patterns obtained

from measurements and simulations at 5.9GHz and 10.4GHz.
The main lobe regions of both the measured and simulated radi-
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ation patterns exhibit a high degree of similarity, except for the
H-plane pattern at 5.9GHz, which may be attributed to manu-
facturing errors and misalignment during the measurement pro-
cess. The cross-polarization and sidelobe levels are observed
to be below −23 dB and −11 dB, respectively, at 5.9GHz,
while at 10.4GHz they are found to be lower than −21 dB and
−11 dB, respectively.
The present study presents a comprehensive analysis of the

1-dB gain bandwidths measured for the proposed antenna de-
sign, which are illustrated in Fig. 21. Specifically, the C-band
and X-band exhibit narrow 1-dB gain bandwidths of 9.15%
(5.83–6.37GHz) and 3.27% (10.12–10.46GHz), respectively.
The simulation and measurement results confirm the dual-band
radiation characteristics of the proposed antenna design. It
is worth noting that the narrow gain bandwidths observed in
the dual bands can be attributed to the relatively narrow band
performance of the slotted rectangular-patch feed antenna em-
ployed in the design.
Table 3 presents a comparative analysis of the performance

of the proposed dual-band reflectarray antenna with prior
works. The results demonstrate that the proposed antenna
offers a larger frequency ratio and wider phase shift range.
As previously highlighted, the reflectarray antenna displays
favorable radiation properties in both bandwidths.

5. CONCLUSION
This paper presents a low-profile and easy-to-manufacture
single-layer reflectarray antenna for dual-band operation in
C- and X-bands. The proposed design utilizes a square ring
loaded with four two-segment delay lines for the C-band
element and two square rings with varying lengths and widths
for the X-band element. The achieved phase shift ranges are
375◦ to 560◦ at 5.9GHz and 10.4GHz, respectively, resulting
in a larger frequency ratio of 1.76. The measured results of
the proposed reflectarray antenna are in good agreement with
the simulation, achieving a peak gain of 16.45 dBi at 6.2GHz
and 17.1 dBi at 10.3GHz, with measured −10 dB impedance
bandwidths of 2.88% (5.84–6.01GHz) and 2.98% (10.36–
10.67GHz). The comparison with previous works indicates
that the proposed antenna exhibits a larger frequency ratio and
wider phase shift range. The superior radiation characteristics
of the proposed reflectarray antenna offer valuable insights for
the study of dual-band and multi-band operations.
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