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A New Single-Layer Reflectarray Using Circular Patch
with Semicircular Ring Slots

Yang Liu1, 2, Hongjian Wang1, 2, *, Fei Xue1, 2, and Xingchao Dong1, 2

Abstract—A single-layer reflectarray antenna using circular patch with four semicircular ring slots is
proposed in this paper. By changing the diameter of the circular patch, the proposed phasing element
can realize phase range about 500 degrees with relatively stable reflection magnitude. Besides, the
reflection phase curve with smooth slope is almost linear. Based on the good phase response, a 421-
element reflectarray is designed, simulated and fabricated. The measured results show that 1.5-dB gain
bandwidth can attain 24% at the center frequency of 15 GHz.

1. INTRODUCTION

Reflectarray antenna has attracted much attention due to its low profile, low cost, versatile radiation
characteristics and high gain performance [1]. A number of outstanding reflectarray designs are
developed to achieve these good merits in recent years. Most of the phase-shift elements used in
the reflectarray antennas are patches [2], rings [3], stubs [4], slots [5] and their combinations [6–8]. A
certain shifting phase can be generated by adjusting the dimension of key part or rotating the whole
element by a certain angle. All the above approaches can realize relatively good performances.

According to the number of metallic layers except the ground, the reflectarray can be divided
into multilayer and single-layer configurations [9]. Given the high cost and high loss of multilayer
implementation, the single-layer configuration seems a better choice in fabrication. But in some single-
layer designs [10, 11], a thick air or foam layer is added between the substrate and the ground plane with
the aim to eliminate rapid phase change, which will increase complexity and uncertainty in assembly.
As a result, using only one kind of dielectric material as the substrate is a more appealing way in the
design of a reflectarray antenna.

In [12], a detailed study of the characteristics of single patch and ring element demonstrates that
the two elements can achieve a slower phase curve slope by using a thicker substrate but fails to realize
adequate phase range of 360◦. To continue utilizing the simple patch or ring element, the structure
needs to be redesigned or integrated with other structure forms to get more phase-shift range. The
rectangular patch with a four rectangular slots structure called Malta Cross is shown in [13] to obtain
large bandwidth, but two independent parameters will affect the reflection phase range. The circular
patch mentioned in [14] has the advantages in phase response for its independence of the azimuth angle
which will result in less phase error and realize high efficiency. The circular patch with slots introduced
in [15] obtains large phase range but fails to smooth the phase curve. However, there are few papers
diving into the basic phasing element to realize desired goals.

In this paper, a new single-layer reflectarray antenna using a circular patch with four semicircular
ring slots is presented. A comprehensive parametric study of the phasing element is performed to
achieve its linear phase characteristic. By adjusting the dominant diameter of circular patch, about
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500◦ phase range can be realized, which satisfies the design requirement. Then the reflectarray element
is designed and carefully analyzed. In order to validate the element performance, the reflectarray with
square aperture is designed, fabricated and measured.

2. ELEMENT DESIGN

The basic geometry of the proposed single-layer reflectarray element is depicted in Fig. 1. This element
can be seen as the improvement of circular patch, and its main structure consists of a circular patch with
four semicircular ring slots. The angle between every two adjacent slots is 90◦. The material F4B with
relative permittivity (εr) of 2.2 is adopted as the substrate. The phase and magnitude performances
of the element under normal incidence are analyzed using HFSS with Floquet port excitations and
master-slave boundaries.

The parameters and their relationships of the element are as follows. The element grid spacing
Ls is 10.4 mm, which equals 0.52λ0. λ0 is the wavelength of microwave in free space at the center
frequency of 15 GHz. The circular patch diameter D is the dominant control parameter, which will

(a) (b)

Figure 1. Geometry of the proposed element. (a) Top view. (b) Side view.

(a) (b)

Figure 2. The reflection performances for (a) different ratios k, (b) different slot widths w.
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affect the reflection phase in a large degree. R1 is the radius of the outer circle of the semicircular ring
slot and meets R1 = k ·D, where k is the constant ratio that determines the outer circle radius, and its
optimization result is shown in Fig. 2(a). The result suggests that the phase response is approximately
linear, and the phase range is relatively large when k = 0.225. The radius of the inner circle R2 satisfies
R2 = R1 − s. The slot width s is set at 0.3 mm because the simulation results show that the reflection
phase curves overlap with each other when s is at certain values within reasonable range, as shown in
Fig. 2(b). Besides, the inner circle of the semicircular ring slot is always tangent to the circular patch
when both R1 and R2 vary with the change of diameter D.

To demonstrate the good performance of the proposed design, the conventional circular patch and
circular patch with four rectangular slots, displayed in Fig. 3(a) and Fig. 3(b), are also designed and
simulated. The rectangular slot has the same width as the semicircular ring slot which is 0.3 mm, and
the length of rectangular slot is 0.45D, same as the diameter of the outer circle of the semicircular ring
slot. The comparisons of reflection phase and magnitude responses are given in Fig. 4. Though all the
three designs have high reflection magnitude, the reflection phases are quite different. The circular patch
element can reach only 170◦ when substrate height is 3mm. The circular patch with four rectangular
slots can achieve nearly 450◦ phase shift while the proposed unit cell can realize phase range about 500◦.
Actually, the last two designs both meet the phase shifting requirement of 360◦ so that both of them

(a) (b) (c)

Figure 3. The comparison of three different elements. (a) Circular patch. (b) Circular patch with
rectangular slots. (c) Circular patch with semicircular ring slots.

Figure 4. The reflection performances of different elements.
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Figure 5. The reflection performances for
different substrate heights.

Figure 6. The reflection performances for
different frequencies.

Figure 7. The reflection performances for
different incident angles.

Figure 8. The phase distribution on reflectarray
aperture.

can be used to design reflectarray. But considering the slight discrepancy that the phase curve of the
proposed element has better linearity, the circular patch with four semicircular ring slots is selected as
the basic element.

Single-layer realization without extra air or foam layer means that the height of the substrate
should be taken into consideration. The reflection phases and magnitudes of the element with different
substrate heights H are illustrated in Fig. 5. It is clear that the thicker the substrate is, the smoother
the phase curve is. Since the reflection magnitudes remain relatively stable during the changing of
substrate height, it is conjectured that the reflection magnitude is independent of the substrate height
to some extent. When H is more than 3mm, the slope of the phase curve may satisfy the linearity
requirement. Considering the weight and cost, H = 3mm is chosen as the substrate height.

Figure 6 demonstrates that the reflection curves vary with patch diameter for different frequencies.
It is evident that reflection phase curves are approximately parallel to each other at the frequency
band of interest, which indicates good bandwidth performance. The reflection magnitudes are almost
unchanged when dominant length changes, and the maximum element magnitude loss is only about
0.07 dB at all the given frequencies. The influence of incident angle is also studied, as shown in Fig. 7.
It can be noted that the angle of incidence will have little influence on reflection phase curve but will
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(a) (b)

Figure 9. Photograph of the fabricated prototype. (a)
Reflectarray. (b) Antenna under test.

Figure 10. Measured aperture phase
distribution at 15 GHz.

(a) (c)(b)

Figure 11. The simulated radiation patterns. (a) 14 GHz. (b) 15 GHz. (c) 16 GHz.

affect the reflection magnitude when the angle and diameter are with large values. In fact, the magnitude
loss is still within acceptable range. Therefore, the proposed element is suitable for reflectarray design.

3. ARRAY DESIGN AND PERFORMANCE

To verify the validity of the proposed element of circular path with four semicircular ring slots, a
reflectarray prototype needs to be designed. The square aperture D of the reflectarray is 218.4 mm,
which means that the antenna is composed of 21 × 21 elements. The focal distance F from the surface
of the reflectarray to the horn phase center satisfies F = 0.8D. The simulated phase distribution of the
reflectarray without the phasing element etched on the substrate is shown in Fig. 8. Based on the phase
distribution and reflection phase curve, a reflectarray antenna is fabricated using the proposed element,
as shown in Fig. 9(a). A pyramidal horn antenna with 15.2 dB gain is used as feed source, and normal
incidence is adopted.

The reflectarray antenna fed with horn is simulated in software HFSS, and the radiation patterns
of the reflectarray antenna are measured in anechoic chamber using NSI planar near-field system. The
measured aperture phase distribution is not so good compared to the ideal aperture phase, as shown in
Fig. 10, for the reason that the ideal aperture phase of reflectarray under normal incidence is a constant.
This can be explained by the fabrication and testing errors. The simulated and measured radiation
patterns of the reflectarray in E-plane and H-plane are plotted in Fig. 11 and Fig. 12, respectively.
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(a) (b) (c)

Figure 12. The measured radiation patterns. (a) 14 GHz. (b) 15 GHz. (c) 16 GHz.

Figure 13. Measured gain and aperture efficiency versus frequency.

It can be observed from the simulated results that the sidelobe level (SLL) in E-plane is −18 dB and
−21 dB in H-plane. The cross polarization level (CPL) is about −35 dB. The measured gain is 25.2 dBi
at center frequency of 15 GHz. There are distinct differences between the simulated and measured
radiation patterns. For one reason, the instability of material properties may lead to unequal paths
between the top patch and ground plane so that the real phase shift may be different from the initial
design. For another, the blockage and misalignment of the feed horn may bring error in focal length,
which may cause the deformation of radiation patterns. The measured gain and aperture efficiency are
shown in Fig. 13. It can be seen that the measured 1.5-dB gain bandwidth is 24% (from 13.2 GHz to
16.8 GHz), and the 3-dB gain bandwidth is 32.7% (from 12.7 GHz to 17.6 GHz). The aperture efficiency
is 22% at 15 GHz.

4. CONCLUSION

A new single-layer reflectarray using circular patch with four semicircular ring slots has been described.
The phase range of the proposed element can reach about 500◦ with varying the dominated diameter of
the circular patch, and the reflection phase curve has a smooth slope. This is a significant improvement
compared to the conventional circular patch. Besides, the square-shaped reflectarray antenna with side
length of 218.4 mm, consisting of 421 phasing elements, is designed, simulated and fabricated. The
measured results show good bandwidth performance. The measured 1.5-dB and 3-dB gain bandwidths
are 24% and 32.7%, respectively.
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