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Abstract — A split circular element is proposed as a unit cell
for reflectarray antennas. The unit cell is derived from a cir-
cle divided into four equal sectors. The radius of two oppositely
located sectors is then scaled by a certain factor to form the
proposed shape. The CST Microwave Studio Suite software sim-
ulator was used to investigate the performance of the proposed
unit cell, which was evaluated using Floquet port excitation.
The designed element’s reflection phase range was compared
to that of a conventional circular patch. Four scenarios of var-
ied substrate characteristics are investigated for the antenna
to establish the best performance parameters. The simulations
showed that a basic substrate with a thickness of 0.16 mm and a
dielectric constant of 3.2, backed by a 3 mm foam with a dielec-
tric constant of 1.05 and a scaling factor of 0.72 offers a wide
phase range of 601.3°. The obtained phase slope is 76.37°/mm
or 134°/GHz.

Keywords — microstrip antenna, reflectarray antenna, split circu-
lar, X band

1. Introduction

A microstrip reflectarray is a flat array of microstrip patches
or dipoles printed on a thin dielectric substrate. A feed an-
tenna illuminates the array, where each element is designed
to scatter the incident field with the proper phase to make
a planar phase surface in the presence of the aperture [1].
Reflectarrays thus combine the features of flat arrays and re-
flector antennas, and microstrip reflectarrays have emerged
as a prospective solution that offers high gain and higher effi-
ciency levels at a lower cost [2], [3].

Several resonant element designs using sophisticated ap-
proaches have been presented in the literature. These include
double concentric rings [4], a double-cut ring with varying
sizes [5], an elliptical dipole, slot lines, as well as a ground
plane [6]. Dual band and dual circular polarizations were
employed in the design of a reflectarray antenna for space
communications in [7]. In this paper, a unit cell comprises
two rings, an inner ring adjusted at the Ka band and a larger
ring suited for the K band. The phase and amplitude of the
reflecting field are regulated by stubs loaded with rings [7].
Patch elements with a cross loop and a square ring slot loaded
patch were proposed in [8]. Many varied forms of fundamental
elements [9]—[10], structures with multiple layers [11]—[13],
and rotation methods [14], [15] were also presented in vari-
ous research papers.
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For the design of reflectarray unit cells, some fractal patch
topologies with low losses, small sizes and appropriate phase
ranges were proposed in [16], [17]. The self-similarity feature
characterizes fractal geometries, where a specific shape is
scaled and repeated several times to generate the final fractal
shape. In practice, a fractal shape is created using an iterative
technique that includes an initial shape, also known as the
fractal generator, a scaling factor s used to shape the dimen-
sions to be scaled, and the repetition number [18]. The fractal
reflectarray antenna is a technique that is widely used in an-
tenna design, for example [16], [17] describe variable-sized
fractal reflectarray units. These investigations aim to attain
a phase range greater than 360° and a lower gradient in the re-
flection phase graph, as a function of element size [17], [18].
The use of the fractal geometries offers a wider bandwidth,
resulting from the various dimensions offered by the fractal
shapes, as seen in paper [18]. To further enhance the solu-
tion’s performance, a multilayer design and fractal geometry
with aperture coupling were also employed in [19].

In [20], an asymmetric rectangular patch reflectarray antenna,
comprising a single layer, is presented for 5G communication
at 26 GHz. The idea is to produce two active lengths leading
to two different frequencies, thus widening the bandwidth.
This paper aims to design a reflectarray unit cell element
offering more than one resonance response on a single lay-
er. The many resonance responses are then used to obtain
an extension in the reflection phase range and lower slope.
The circular patch providing smaller phase slopes [21] is uti-
lized here to propose a split circle element that can achieve
a double resonance response at a lower slope. The split circle
microstrip unit element is investigated for the X band reflec-
tarray design.

The paper is organized in the following manner. Section 2
presents the design of the proposed unit cell. The results of
the investigations are presented in Section 3. The performance
of the proposed unit cell is compared with that of other pub-
lished elements in Section 4, while conclusions are drawn
and described in Section 5.

2. Design of the Unit Cell Element

For reflectarrays, the unit cell element should provide a phase
range in excess of 27 radians and should be characterized by
low sensitivity to size and frequency changes. An inadequate
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a)

Fig. 1. Evolution of the split circle: a) circle, b) split into two sectors,
¢) split into four sectors and d) opposite sectors are scaled.

phase range might cause phase errors on the array, resulting
in poor radiation pattern performance [21]. To extend the
range of the phase response up to the full swing of 360°,
a unit cell split circle is proposed here to enhance the array’s
performance.

The evolution of the proposed split-circle element is depicted
in Fig. 1. This unit cell is derived from a circle of diameter
d that is divided into two halves by the diagonal. Then,
each half is further divided into two halves along the other
perpendicular diagonal, resulting in four adjacent sectors. The
radius (r = %) of two oppositely located sectors is then scaled
by a certain factor, as shown in Fig. 1. The four sectors are
kept in contact forming a single conducting element placed
on one side of a grounded substrate. The multi-dimension
features in this proposed element generate more than one
resonance frequency and thus increase the bandwidth of the
unit cell.

The research begins with a unit cell element designed for an
X band microstrip reflectarray with a central frequency of
10 GHz. Taconic TLY-5 substrate with relative permittivity
of 2.2 and loss tangent tan § of 0.0009 is used as a separator
between the ground plane and the reflecting patch. The unit
cell size is 18.1 x 18.1 mm, which corresponds to 0.6 X 0.6\,
where )\, is free space wavelength at an operating frequency
of 10 GHz.

3. Simulation Results

The proposed unit cell was investigated using the CST Mi-
crowave Studio simulator. The frequency solver was employed
to determine the unit cell’s characteristics. As illustrated in
Fig. 2, unit cell boundary conditions are used in the transverse
x and y directions, while Floquet port boundary conditions
are used in the positive z direction. The incident wave is
assumed to propagate in the negative z direction.

3.1. Phase Range Performance

The simulations comprised four cases. In case 1, the ele-
ment is mounted on top of a 3.175 mm thick Taconic TLY-5
substrate (,, = 2.2 and tan § = 0.0009) which is backed by
a conducting ground plane with a thickness of 0.035 mm.
Case 2 uses identical properties, except for the fact that the
thickness of the substrate is altered to 1.57 mm. In the third
scenario (case 3), €, is set to 3.2, while the remaining sub-
strate parameters remain unchanged. In case 4, the active
element is printed on a 0.16 mm thick Taconic TLY-5 sub-
strate supported by a 3 mm thick foam layer with €, = 1.05.
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Fig. 2. The Floquet technique: a) boundary conditions of a unit cell
and b) CST MWS model of an infinite periodic array.
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Fig. 3. Details of the antenna substrate configurations for: a) cases
1-3 and b) case 4.
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Fig. 4. Case 1 phase responses of the disk and split circle structures.

Figure 3 shows the antenna substrate configurations for all
four cases. The phase responses for a unit cell including the
disk or split circular patch on a single-layer substrate are giv-
en in each case. Outer diameter d determines the phase and
magnitude of the reflected wave. Scale factor s is given for
four alternative values in each scenario (1, 0.9, 0.8, 0.7). Fig-
ures 4, 5, 6, and 7 demonstrate the phases of a unit cell’s
reflected wave as a function of its diameter. The results were
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Fig. 5. Case 2 phase responses of the disk and split circle structures.
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Fig. 6. Phase responses of the disk and split circle in case 3.

arranged in four cases, as described below. Figure 4 shows
the simulation results for case 1. One can see that the disk
element (s = 1) has a phase range of 257.2°, which is less
than the required value of 360°. This result is congruent with
the finding presented in [21]. By decreasing s from 0.9 to 0.7
(split circle), the phase range is expanded to approx. 615° by
altering d from 2 to 15 mm. It is also demonstrated that with
the growing the value of s, the phase gradient decreases.
For case 2, the results are displayed in Fig. 5. The phase range
was greater than in the previous case, and reached approx.
663°. As s was decreased from 0.9 to 0.7, the slope becomes
less linear than in case 1, particularly at s = 0.7.

Figure 6 depicts the results for case 3. The obtained phase
range is 686°, which is better than in the two previous cas-
es. However, the linearity of the phase response deteriorates
with the growing s parameter.

Figure 7 depicts the effect of attaching a 3 mm foam substrate
with a dielectric constant of 1.05 to the element with a thick-
ness of 0.16 mm and a dielectric constant of 3.2 (case 4).
While lowering the s parameter from 0.9 to 0.7, the linearity
remains good as compared with cases 2-3, while the phase
range is 592°, which is less than in the preceding simulations.
The value is sufficient, however, to develop a reflectarray
antenna.
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Fig. 7. Phase responses of the disk and split circle in case 4.
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Fig. 8. Reflection coefficient features for the four simulated cases:
a) magnitude responses versus frequency, b) phase responses versus
frequency, and c) phase responses with diameter d.

3.2. Reflection Loss and Phase Slope of Reflection

The amplitude and phase responses of the reflection coeffi-
cients that were obtained as best values of the four cases are
shown in Fig. 8. The results were gathered for d =10.8, 11.0,
9.0, and 12.7 mm for the four cases, respectively. As seen in
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Fig. 8a, the presence of a split circle results in two resonances
in the magnitude of s parameters. The resonances are caused
by the unit cell’s small and large sectors, and the reflection
amplitude varies between —2.9 dB in case 3 to —0.12 dB in
case 4. It is worth noting that when the magnitude of the re-
flection coefficient approaches zero, then the reflection tends
to be perfect or the unit cell is experiencing smaller losses.
To assess the phase range performance of different reflec-
tion phase curves, a figure of merit (FoM) related to the slope
of the phase curves has been created. The FoM is provided
by [2]:

Af
FOM = A—f , (1)
or a phase slope that can be expressed by [17]:
Phase slope = % , 2)
where ﬁ—fc signifies the phase variation with the frequency

determined at the phase center and % denotes the change in

the reflection phase with size calculated at the phase center.
Therefore, FoM is calculated in degrees per GHz and phase
sensitivity is computed in degrees per millimeter. To improve
bandwidth performance, the FoM, or slope of the phase curve
around the resonance of a reﬂectarray antenna, must be as
low as possible [17], [21]. Figures 8b and 8c illustrate the
simulated reflection phases versus frequency and size for
the best values of four cases. The thicker substrate (case 1
and case 4) produces a linear phase and slow fluctuation as
compared to cases 2-3, as indicated by the phase responses
presented in Figs. 8b and 8c and the computed values of their
properties provided in Tab. 1. The smallest slopes in terms
of size and frequency are obtained in case 4, which is equal
to 76.37° per mm and 134° per GHz with a phase range of
601.3°. It is also noted that case 4, with a minimum FoM
value of 134° per GHz, has the minimum phase range of
approx. 601.3°, but case 3, with a maximum FoM of 263.1°
per GHz, has a maximum phase range of 678.6°. It is clear
that the phase range is related to the FoM.

In order to calculate the element’s bandwidth from phase
fluctuation, a maximum limit of 180° for the change in phase
when the frequency varied is considered. With such a limit,
an oscillating phase swing of +90° from the value at the
center frequency of operation is thought to be sufficient to
degrade the array’s radiation pattern. Such a phase change
limit was taken into account when estimating the reflectarray
bandwidth in [22]. Table 2 lists the calculated bandwidths
from the responses displayed in Fig. 8b. When compared
to the other cases, the element in case 1 has a 13.4% wider
bandwidth.

4. Comparison to Existing Papers

The performance of the proposed unit cell element is com-
pared to earlier works utilizing various element structures.
Table 3 summarizes the comparative performance of unit
cell reflectarray antennas. The table shows that the developed
design delivers a phase variation of 601.3° throughout a fre-
quency range in the X band (8—12 GHz), which is greater than
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Tab. 1. Calculated phase response properties, and substrate details
for the split circle unit cells, as depicted in Figs. 8b and 8c.

Parameter ‘ Case 1 ‘ Case 2 ‘ Case 3 ‘ Case 4 ‘
Gradient | g3 48 | 161 196 | 7637
[°/mm)]

Gradient
[°/GHz] 137.8 241.0 263.1 134
Max. | 489 | 312 | -1857 | -57.29
phase [°]
Min. 1 6450 | _6706 | -6972 | -658.6
phase [°]
Phase 15963 | 6737 | 6786 | 6013
range [°]
€rl 2.2 2.2 3.2 3.2

Substrate
thickness 3.175 1.57 1.57 0.16
h1 [mm]

£ro (foam) - - - 1.05

Foam

thickness - - - 3

ho [mm]

Tab. 2. Calculated bandwidths for the split circle unit cells depicted
in Fig. 8b.

0 at f, frat f2at BW Percent
] #—90° | 6+90° ot BW
[GHz] | [GHz] 27

Case 1
$=0.66 -356.9 10.64 9.30 1.34 13.4
Case 2
$=0.85 -143.6 10.23 9.61 0.62 6.2
Case 3
$=0.85 -326.5 10.60 9.68 0.92 92
Case 4
sc07p | 72899 | 1060 | 940 | 120 12

the phase range achieved in the majority of the remaining
papers. Nevertheless, the element size is larger when com-
pared with the majority of other references. The area of the
unit cells ranged from 0.43 x 0.43 to 0.94 x 0.94 effective
wavelengths, with the proposed unit cell within the range.
The smooth phase curve of the suggested unit cell yields
a lower maximum phase sensitivity of 76.37° per mm when
compared to the values presented in [9], [13] and [26].

5. Conclusions

A single-layer microstrip reflectarray element has been pro-
posed and investigated. The element’s development is based
on a traditional circular patch element. Using the proposed
technique, two distinct resonance frequencies can be ob-
tained from a single element. Expansion of the reflection
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Tab. 3. Comparison of the performance of the proposed unit cell with earlier works.

Reference, Phase 2 Resonance Substrate Air, foam
Area [mm~] Slope Substrate . or second
type of range Ao [°/mm] freq. tvoe €r1 thickness laver tgd
element [°] 9" [GHz] yp [mm] Y
[mm]
[4], single
layer two 15 x 15 6.35
concentric 450 (0.43 % 0.43) NA 11.5 NA 2.2 0.508 foam 0.0009
rings
[5], single
~ 12.5 x 12.5 Arlon 2
layer d(‘)uble = 300 (0.45 x 0.45) NA 10 TC600 6.15 0.508 air NA
cutring
[8], single
layer cross
) 10.7 x 10.7 3
loop Wlt.h 599 (0.51%0.51) NA 14 RT5880 2.2 0.508 air NA
a square ring
slot
[9], single
. 15 x 15
layer .C1rcu1ar 345 (0.83 % 0.83) 525 10 NA 32 1.57 - 0
ring
[13], double 17.65 % 15
layer circular | = 500 17.65 88.23 8.5 FR4 4.4 3 nd ia or NA
disk (0.94 % 0.94) Y
[16], sliced
circular =~ 550 21> 21 45 10 NA 2.2 0.1 3 0.004
(0.72x0.72) foam
fractal
[17], single
layer Koch’s 15 x 15 3
double-ring 421.5 (0.54%0.54) 52.9 10 NA 2.2 1 foam 0.004
fractal
[21], single
15 x 15 . 6
.layer thO 500 (0.51%0.51) 50 10 Laminate | 3.4 0.16 foam 0.0009
circular rings
[23], single
layer four 10 x 10 3
concentrated 382 (052 0.52) NA 15 RT5880 2.2 0.762 foam 0.0009
circular rings
[24], single
layer
rectangular 25 x 25 4
patch and 500 (0.53% 0.53) NA 5.8 F4B 2.65 2 air 0.002
e-shaped
structure
[25], double
layer spider- 8 x8 Taconic 1.52
shaped 800 (0.52x0.52) NA 1725 RF 35 3 0.76 2nd layer 0.0018
structure
[26], single
16 x 16 ~ Rogers 1
layer flower 360 0.75x0.75) | = 384 12.5 4003 3.55 0.508 air 0.0027
shape
This work 18.1 x 18.1 Taconic 3
(case 4) 601.3 (0.64 % 0.64) 76.37 10 TLY-5 32 0.16 foam 0.0009
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phase swing beyond 596° was possible due to the formation
of the additional resonance frequency. The split circle ele-
ment analysis reveals that the proposed unit cell element has
a sufficient phase variation range, a decent linear reflection
phase, a reasonable slope, and a simple design.
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