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A comprehensive design of an ultra-broadband circularly polarized (CP) dielectric resonator antenna (DRA) array
operating in the C-band for fifth-generation (5G) communication systems is presented in this paper. The objective
is to achieve a compact antenna size capable of receiving and transmitting CP electromagnetic waves over a
wider bandwidth. The material chosen for the dielectric resonator (DR) is Alumina (Al,O3) ceramic, known for its
low dielectric loss and exceptional mechanical properties, making it an ideal candidate for the DR. The proposed
design utilizes a 2 x 2 array of cross-shaped DRs, fed by a compact circular phase-shift feeding network with
double-point feeding. This configuration results in a 3-dB axial ratio (AR) bandwidth of 48.7 % and an impedance
matching bandwidth (IMB) of 53.2 %. The antenna’s horizontal size is reduced to 1.17 x 1.17%%, and the gain is
significantly enhanced by exciting multiple Mie resonances in the stacked DRs, yielding a measured peak gain of
12.48 dBic. These outstanding features position the CP DRA array as an excellent choice for 5G communication

systems.

1. Introduction

The exponential advance of mobile internet and internet of things for
5G communication is bringing abundant data exchange and extremely
harsh requirements for the high data rates and capacity [1-4], which is
also challenging for the antenna in the 5G wireless system. Meanwhile,
the C-band (4.8-5 GHz) has been regarded as one of the operating bands
of 5G communication in China. Therefore, the corresponding antennas
for such an application are required to possess a wider IMB, higher gain,
and better CP performance to overcome the high power loss and
attenuation of the electromagnetic wave in the propagation. Currently,
the microstrip patch antenna (MPA) is one type of the most common
antenna in 5G systems depending on the lightweight, low cost, and
easier installation. However, the large metallic loss, the restrict re-
quirements of low matching tolerance in the high-frequency band, and
narrow IMB still greatly limit the further practical application of MPA
[5,6]. Therefore, it is a crucial issue to tailor one new-type antenna with
a wider IMB, excellent CP performance, and higher gain to replace the
MPA for the 5G communication system.

The dielectric resonator (DR) antenna (DRA) had attracted much
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attention depending on its favorable features of compactness, low loss,
wide IMB, high radiated efficiency, design flexibility, etc [7]. Owing to
the absence of conduction losses and surface waves, the DRAs can
achieve the radiation efficiency of above 90 % in the microwave band.
Meanwhile, various choices of permittivity ranging from 6 to 140 S/m
and multiple operating modes of DRs benefit the design flexibility of
DRAs and extend the IMB [8]. In addition, the electromagnetic wave can
radiate from all sides of DRA except for the grounding plate in com-
parison to both radiated crevices of MPA, thus also resulting in a wider
operating bandwidth. The quality factor Q of DR, an important factor
affecting the working bandwidth of DRA, can be reduced to improve
IBM of DRA at a single resonant mode by adopting the DR with a lower
permittivity. As permittivity is lower than 10 S/m, the IMB of DRAs can
reach a maximum of 20 % with further optimization [9]. Meanwhile,
inducing multiple resonant modes in DR is also an effective way to
extend the operating band, e.g., Li and his researchers designed a rect-
angular DRA with an IMB of over 40 % by exciting the TE111 and TE113
modes simultaneously [10].

In the current 5G communication system, the CP DRA is usually
preferred relying on its several attractive features, e.g., the strong
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Fig. 1. The schematic of configuration of CP DRA. (a) The perspective view and detailed structures of the proposed CP DRA. (b) The detailed configuration and sizes
of feeding network. (c) The construction of the proposed cross-shaped DR and detailed sizes.

independence of antenna orientation between the transmitter and
receiver, high reflectivity, high absorption, less weather disturbance,
and suppression of multi-path effect as compared to linearly polarized
(LP) DRA, thus widely used in copious communication systems, e.g.,
satellite communication systems, mobile communication systems, nav-
igation systems and radar systems, etc [11,12]. To acquire excellent CP
radiation for the DRA, many different methods have been adopted to
induce the orthogonal modes, e.g., modifying the DR structures and
utilizing the special feeding techniques. The different perturbation DR
structures, such as chamfered [13], cruciform [14], semicircular [15],
inverted-pyramid [16], inverted-sigmoid shaped [17], circular-sectored
[18], double-C-shaped configuration [19] etc., can be fed by the cross-shaped slot
[20], Y-shaped [21] and helix [22] microstrips, etc, to induce the orthogonal modes for CP
radiation, which can be called the single-point-feeding DRA. Although the single-point-feeding
DRAs possess the advantage of simplicity and flexibility of design, the 3-dB axial-ratio (AR)
bandwidth of these DRAs only ranging from 1% to 15% still greatly restricted the further
practical applications.To acquire better CP performance in a wider band, multiple-point
feeding structures have been adopted [23-29]. Lim and Leung investigated a CP hollow
rectangular DRA based on the underlaid quadrature coupler to achieve the 3-dB AR bandwidth
of 33.8% [23]. Han et al introduced a novel hybrid 4-point feeding network to excite the
rectangular DR, which can realize the 3-dB-AR bandwidth of 54.1% [27]. Kumar et al
presented a wide-band CP broadside radiation characteristics by using stacked rectangular
DRA with different volumes [30]. However, the low gain of the single CP DRAs mentioned
above still narrowed the application field. Although the configuration, e.g., horn [33], EBG
[34], etc., can greatly improve the antenna gain, they also result in the larger size and
enhances the complexity, thus leading to the decrease of practical value. By comparison,
constructing the CP DRA array, which mainly depends on the phase sequential feeding
network, is a significant choice to break through the limitations of low gain while maintaining
the simple fabrication [35-43]. sunetal designed the 2x2 substrate-integrated cylindrical
DRA array operating in the 60 GHz, which can acquire the gain of 11.43 dBic and 15.9% 3-dB-
AR bandwidth based on the sequential rotation feeding method [39] . The Rad et al. presented
a 2x1 dual-polarized DRA array with the measured gain of 9.6 dBic for X-band radar ap-
plications, which simultaneously attained the 3-dB-AR bandwidth of 23% and 30% for left-
hand circularly polarized (LHCP) and right-hand circularly polarized (RHCP), respectively
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[41]. Note that the P performances of current DRA arrays with high gain are mainly focused
on the narrow bandwidth due to the single method for CP realization, which becomes a
bottleneck of practical application of DRA. Meanwhile, the expanded size of the DRA array
with the increase of element number is also a crucial poser in the practical research of DRA
especially for 5G communication system.

Alumina (Al203) ceramic is a significant ceramic material widely utilized in various fields
such as electronics, aerospace, chemical engineering, medical, and mechanical engineering. It
possesses a high dielectric constant typically ranging from 9 to 10 [42*44], enabling the
fabrication of smaller-sized AI203 ceramic resonant antennas operating at higher frequencies.
This characteristic is crucial for miniaturization and integration of wireless communication
devices. Additionally, the low dielectric loss property of Al203 ceramic reduces energy loss
during signal transmission [45], enhancing antenna performance and system transmission
efficiency. Al203 ceramic also exhibits high temperature stability, excellent mechanical
strength, rigidity, and corrosion resistance [46*48], enabling it to withstand special
application scenarios, external impacts, vibrations, as well as resistance to chemical substances
and humidity. Consequently, resonant antennas made of Al203 ceramic exhibit long-term
stability and reliability in high-temperature environments, possess durability, and are resis-
tant to corrosion in harsh conditions. These characteristics make Al203 ceramic an ideal
material for manufacturing high-performance antennas, widely applied in communication,
radio spectrum, satellite communication, radar systems, and other fields [49,50]_

In this paper, an ultra-broadband CP DRA array based on Al203 ceramic working in the C-
band for 5G communication is proposed. A1203 ceramic becomes an ideal material choice for
DR due to its low dielectric loss and excellent mechanical properties. To acquire better CP
performance for the DRA array, a series of feeding structures containing the circular phase-
shift feeding network and double-point feeding configuration are adopted to feed the cross-
shaped DRs, the stacking structure of which simultaneously improves the antenna gain.
Meanwhile, the compact feeding network also shrinks the horizontal antenna size to
1.17x1.1710 (20 is the wavelength at the lowest frequency). According to the measurement
result, the given 2x2 DRA array can achieve the 3-dB-AR bandwidth of 48.7%, IMB of 53.2%,
and peak gain of 12.48 dBic. Compared with other reported CP DRA arrays with the identical
element number, the proposed DRA array in this work breaks the limitation of narrow CP
bandwidth while attaining the higher gain, and the shrinking horizontal size can also
contribute to the integration application. In addition, the 2x2 DRA array also can be regarded

as the basic element to fabricate the DRA array with more elements based on the appropriate
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Table 1
Properties of the DR (Al,O3 ceramic).
& 9.5
Density (g/cm®) 3.9
Flexural strength (Mpa) 340
Compressive strength (Mpa) 3600
Dielectric strength (KV/mm) 25
Thermal conductivity (W/mk) 27
Modulus of elasticity (Gpa) 380
Highest application temperature (°C) 1750
Table 2
The dimensions of proposed CP DRA (Unit: mm).
Double-point Feeding Network DR
L I, I3 I Is L Lao las hai
9.55 3.725 2.6 3.7 10.1 21 12 4 13.5
ls I I Litup Wstub haz haz hy wp
8.25 4.75 4.75 9.6 0.7 6.5 6.5 5.4 0.6
w1 wo Wq
1.3 0.8 12

feeding network, which can show better antenna performance, e.g., higher gain, wider CP

bandwidth, etc., to satisfy the high requirements of 5G communication system.
This paper has been organized as follows. The design of units of the

CP DRA based on a double-point feeding network is introduced in sec-
tion II. The 2 x 2 CP DRA array fed by the compact circular phase-shift
feeding network is described in section III, and the experimental veri-
fication has been presented in IV. Finally, section V provides the
conclusion.

2. Design of CP DRA
2.1. Configuration

The proposed CP DRA contains the double-point feeding network,
copper probes, substrate, ground plane, cross-shaped DR, and metallic
patches, as depicted in Fig. 1(a). The F4B (the relative permittivity e, =
3 and the loss tangent tan 6; = 0.003) is chosen as the substrate with a
volume of 40 mm x 40 mm x 0.5 mm. The double-point feeding
network and ground plane are printed on the bottom and top of the
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substrate, respectively. Meanwhile, the short-circuit columns located at
the network are inserted into the substrate to connect the feeding
network and ground plane. To excite multiple Mie resonant modes to
improve the antenna gain, the stacking cross-shaped DR made of the
Al,0O3 dielectric ceramic with the relative permittivity &5 = 9.5 and loss
tangent tan §; = 0.003 [32] is adopted to lay above the ground plane, as
presented in Fig. 1(c). The 99 % Al;O3 ceramic sintered at high tem-
perature (2050 °C) exhibits exceptional performance, as demonstrated
in Table 1. Considering the high hardness of alumina ceramic material,
the dielectric resonator (DR) fabrication process involves grinding, uti-
lizing diamond grinding wheels as the preferred abrasive material.
Furthermore, double copper probes with the diameter d and height h,
are adopted to excite the cross-shaped DR, and the metallic patches
existing between the DR and probes are tailored to gain better imped-
ance matching and CP performance. The proposed CP DRA feeding line
is terminated to a 50 Q SMA connector for signal transmission. The
detailed sizes of such DRA have been listed in Table 2.

2.2. Double-point feeding network

To acquire better CP performance in a wider band, the double-point
feeding network has been employed to excite the cross-shaped DR, as
depicted in Fig. 1(b). The design of such a double-point feeding network
must satisfy two principles to achieve wide-band CP radiation: equal-
power division and 90° phase shift in a wider band. Therefore, the
traditional Wilkinson power divider and novel 90° phase shifter have
been introduced to the feeding network, whose equivalent circuit model
is shown in Fig. 2. The Wilkinson power divider not only can effectively
divide the equal power but also boost the isolation between two output
ports, one of the basic guarantees for generating two independent LP
waves. Simultaneously, the /4 (4, is the effective wavelength) micro-
strips connecting the input and output ports can achieve the impedance
matching between different ports as Z; is equal to 2127, =70.6 Q (Zy =
50 Q). In addition, the other part of the feeding network, the 90° phase
shifter, can form a 90° phase difference between double-independent LP
waves originating from the power divider. However, the traditional
phase shifter cannot keep the stable phase difference in a wide operating
band, which further affects the CP performance. Consequently, the 90°
phase shifter with double short-circuit branches (SCBs) have been
adopted to acquire the stable 90° phase difference in a wider bandwidth.

To theoretically verify the broadband phase stability of such an
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Fig. 2. (a) The schematic of equivalent circuit model of the double-point feeding network. (b) The diagrams and analysis of 90° phase shifter based on even and

odd modes.
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Fig. 3. (a) The phase difference between ports 2 and 3 in the double-point feeding network with or without the SCBs. (b) The scattering parameters of double-feeding
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Fig. 4. The diagrams of the unit CP DRA evolution: DRA 1, DRA 2 and DRA 3.

exotic phase shifter with SCBs, the analysis based on the even/odd
modes and superposition principle has been performed, as shown in
Fig. 2(b). The scattering parameters and the phase difference between
ports 2 and 4 have been given by the below formulas:

S = Sm 0 @
s =120 1 .
el
Ag = arg(Sy) —arg(Ss3) = — O(f) + 7 —tan ™' <%> @

where W; = 173tan( 5) —Yac0t(04), W2 = Yscot(%) —Yatan(6s) with 6(f)
= af,6:(f) = %f, 04(f

= If, the normalized frequency £, and the central
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frequency fo. The Y3 and Y, indicate the normalized characteristic
admittance, respectively. As Y3 and Y4 are equal to 1 and 0.657,
implying Zy = Z3=Zy =50 Q and Z4 = 1.52Zy = 76 Q, and the reflection
coefficient is below —15 dB, the calculated relative bandwidth of the 90°
phase shifter (|¢-90°|<3°) can reach 50 %.

Based on the theoretical analysis of the equivalent circuit model, the
simulation of such a feeding network consisting of a Wilkinson power
divider and 90° phase shifter has been performed by the commercial
simulation softwares (Advanced Design System (ADS) and High Fre-
quency Structure Simulator (HFSS)) to validate the theoretical analysis
of phase stability and scattering parameters, which is presented in Fig. 1
(b). To clarify the improvement of the phase stability of the feeding
network, the feeding networks with or without SCBs are investigated. It
can be noted in Fig. 3(a) that as the traditional phase shifter (without
SCBs) is adopted, the phase difference Agp (90°+3°) between double
output ports is limited to the narrow bandwidth, 5.25-5.58 GHz (ADS)
and 5.35-5.61 GHz (HFSS), which simultaneously varies linearly with
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Fig. 5. The simulated electromagnetic performance of CP DRAs 1, 2 and 3. (a) Reflection coefficient |S11|. (b) Gain and AR.
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Fig. 7. The simulated electric-field distribution on the plane of DR perpendicular to the z-axis (z = 4 mm) in the proposed unit CP DRA 3 at different time instances of

6.4 GHz (T is the time period) based on HFSS driven-mode solver.

frequency. Combing double SCBs with the phase shifter, the feeding
network can reach the stable phase difference Ap (90°+3°) at 5.56-7.94
GHz (ADS) and 5.06-7.9 GHz (HFSS), implying that the added SCBs can
effectively contribute to the stability of phase difference in a wide band.

Meanwhile, it is worth noting in Fig. 3(b) that the proposed feeding

158

network with the SCBs can acquire the lower reflection coefficient (|
S11]<-15 dB) at 5.3-7 GHz, where the transmission coefficients |Sy; | and
|S31] are nearly close to —3.5 dB, according to the simulation results of
HFSS. Therefore, the proposed double-point feeding networks with SCBs
can form double independent LP waves with a phase difference of 90° to
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excite the cross-shaped DR. In addition, the length and width of SCBs are
significant factors in tuning the stable-phase-difference band, as illus-
trated in Fig. 3(c) and (d). It can be seen that with the increase of length
and width, the phase difference between double ports also raises in a
wide band. As Lyyp and wgyp, are set as 9.6 mm and 0.7 mm, respectively,
the phase difference can reach around 90° in the widest band, which
best satisfies the requirement of the design of the following CP DRA.

2.3. Results and discussion of DRA

The aforementioned double-point feeding network with the phase
difference of 90° in a wide band can provide double orthogonal-linear-
polarized signals with the phase difference of 90° to excite the single DR,
then radiating the circular-polarized waves composed of double
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orthogonal-linear-polarized waves with the identical amplitude and the
phase difference of 90° toward the far field. Therefore, the stable phase
difference of 90° in a wide band between double ports in the feeding
network can greatly enhance the CP performance of the single DRA
based on the double-point feeding network. To explore the better elec-
tromagnetic characteristics (i.e., IMB, AR, and gain) of the single DRA,
three different structures of DR (rectangular, T-shaped, and cross-
shaped) are adopted as the radiated elements to fabricate three DRAs
(shown in Fig. 4).

As depicted in Fig. 5, for DRA 1, the rectangular DR is fed by the
double-point feeding network, which can achieve the IMB (|S11]|<-10
dB) of 4.4-4.8 GHz, 5.48-7.1 GHz, and 7.62-7.9 GHz, and the RHCP
bandwidth (AR < 3 dB at ¢ = 0°) of 4.28-4.6 and 5.65-7.1 GHz.
Simultaneously, the 4-dBic antenna gain at @ = 0° for the DRA 1 can be



H. Pan et al.

()

Alexandria Engineering Journal 82 (2023) 154-166

Port 5

(b)

&N
1
%
61=A, =31
Z Zy (61=,/4) Z Z, (0:=32,/4) Z
- Port 4
Port 2 Port 1
N
3
Zy
Port 3

Fig. 10. (a) The schematic of compact circular phase-shift feeding network. (b) The simple equivalent circuit model of compact circular phase-shift feeding network:

Zo=50Q,2Z =54 Q, and Z, = 59.14 Q.

Table 3
The dimensions of compact circular phase-shift feeding network (Unit: mm).

b I Ly Is l Ly

1 2.23 3.2 2.74 6.6 1.6 3.15
Ig Iy Lo w1 w2 w3
1 5.25 2 1.1 0.85 1.3

attained at 5.53-8 GHz and the peak gain can reach 5.32 dBic at 6.12
GHz. To further enhance the antenna gain in the lower band, since the
resonance frequency is determined by the geometric dimensions and
structure of the resonator, larger resonators can lead to changes in the
resonance modes in the lower frequency range. Thus, a larger

rectangular DR with identical dielectric material is stacked on the one in
DRA 1 to fabricate the DRA 2, which can induce the new Mie resonances
in the lower frequency band.

According to the numerical calculation by HFSS, the simulated IMB
of DRA 2 covers 4.3-4.75 GHz and 5.76-7.9 GHz, and the 3-dB AR
bandwidth deteriorates thus decomposing into double narrow bands of
4.15-5.2 GHz and 6.6-6.7 GHz, which is blamed on the destruction of
symmetry of the stacking DR. Moreover, the 4-dBic antenna gain
bandwidth can extend to 4.5-6.3 GHz and 6.7-8 GHz, and the peak gain
increases to 6.4 dBic at 7.3 GHz. The stacking effect alters the existing
resonant conditions, thus, another rectangular DR is also stacked above
the T-shaped DR in DRA 2 to induce another Mie resonances in the cross-
shaped DR of DRA 3.

As depicted in Fig. 5, the DRA 3 can acquire the IMB of 4.2-4.64 GHz
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Fig. 11. The simulated scattering parameters and phase of the compact circular phase-shift feeding networks with or without slots as port 1 is excited. (a) The
simulated scattering parameters of the feeding network without the etched slot. (b) The phase difference between the adjacent ports of the feeding network without
the etched slot. (c) The reflection coefficients of feeding network with different etched slots. (d) The scattering parameters of the feeding network with the U-

shaped slot.
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Fig. 12. The structure of CP DRA array. (a) Perspective view of DRA array.
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Fig. 13. The simulated performance of DRA array with/without the U-shaped slot on the ground. (a) Reflection coefficients |S11|. (b) Gain and AR.

and 5.57-7.86 GHz, and the 3-dB AR bandwidth of 4.43-5.11 GHz and
6.16-6.68 GHz.

To further clarify the operating mechanism of DRA 3, the electric
fields of radiated modes at 6.45 and 7.64 GHz are calculated by the HFSS
eigenmode solver, as depicted in Fig. 6. Note that the radiated modes,
TE*;13 and TE515, are excited to further extend the IMB [51]. Mean-
while, the RHCP radiation of the proposed DRA 3 can be further
demonstrated by the electric-field distribution in the cross-shaped DR as
depicted in Fig. 7. Noted that as the time increases, the direction of
electric-filed vectors at 6.4 GHz rotates in counterclockwise to ensure
the RHCP radiation. Meanwhile, the simulated 4-dBic gain bandwidth of
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DRA 3 is 4.45-7.82 GHz and the peak gain is improved to 7.4 dBic at 6
GHz. It can be noted that the maximum gain difference between DRA 2
and DRA 3 can reach 2.54 dBic in the operating band. Although the
stacking structure of DR can greatly enhance the antenna gain in a wide
band, the asymmetric cross-shaped configuration also deteriorates the
CP performance thus attaining double narrow AR band, which is
because that in the single DRA, two input orthogonal-linear-polarized
signals supported by the double-point feeding network cannot excite
double orthogonal-polarized radiation waves in the asymmetric cross-
shaped DR, consequently not effectively radiating the circular-
polarized wave.
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Fig. 14. The simulated electric-field distribution on the plane perpendicular to the z-axis containing all DRs at different time instances. (a) 0, (b) T/4, (c) T/2, and (d)
3 T/4 at the frequency of 4.5 GHz (T is the time period) based on HFSS driven-mode solver.

Fig. 8 illustrates the normalized radiation patterns versus the angle of
DRA 3 in XOZ and YOZ planes at 4.9 GHz and 6.5 GHz, respectively. At
4.9 GHz, the RHCP fields are at least 22 dB higher than LHCP fields in
the broadside direction (9 = 0°). The angle of the broadside, where
RHCP is achieved, extends to over 40° with a symmetric radiation
pattern. At 6.5 GHz, the LHCP fields are 16 dB lower than RHCP fields in
the broadside direction and the angle of the broadside where RHCP
dominates over LHCP can reach 30°.

The height h, and width w;, of conducting patches (shown in Fig. 1
(c)) existing between the feeding probes and DR have a effect on the
impedance matching and CP performance of the DRA 3, which is
depicted in Fig. 9. With the increase of hy, the Mie resonance existing in
the high-frequency shifts to a lower frequency (from 7.7 to 7.6 GHz),
thus forming the continuous IMB (depicted in Fig. 9(a)). However, the
CP performance deteriorates in the second CP bandwidth-the CP
bandwidth shrinks from 0.82 to 0.46 GHz (presented in Fig. 9(b)).
Similarly, the increase of the width w, also improves the impedance
matching performance in a wider continuous band (shown in Fig. 9(c)),
but worsens the CP performance (illustrated in Fig. 9(d)). Considering
the comprehensive effect of h, and wj, the optimized height and width of
the conducting patches are selected as 5.4 mm and 0.6 mm.

3. Design of CP DRA array

To improve the CP performance of the single DRA 3, the compact
circular phase-shift feeding network is first tailored to connect four unit
DRAs mentioned above, thus fabricating the rotational-symmetric 2 x 2
DRA array, namely the adjacent DRs perpendicular to each other. Owing
to the 90° phase difference between the adjacent ports of the circular
phase-shift feeding network, the phase of eight output ports in the
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feeding network consisting of circular and double-point feeding net-
works can reach 0°, 90°, 90°, 180°, 180°, 270°, 270°, and 360°, conse-
quently exciting many pairs of orthogonal-linear-polarized waves with
the identical amplitude and 90° phase difference to fabricate the circular
radiation waves. Therefore, the designed principle of the compact cir-
cular phase-shift feeding network mainly depends on its two essential
features: the first point is to shrink the antenna array by compressing the
feeding line. The other point is the effect of the feeding network on the
CP bandwidth.

3.1. Investigation of compact circular phase-shift feeding network

Fig. 10(a) illustrates the configuration of the feeding network that is
printed on the F4B substrate (the relative permittivity ¢, = 3, the loss
tangent tan § = 0.003, and thickness is 0.5 mm). The feeding port is
located at the center of the substrate which is connected with ports 2 and
4 by the A¢/4 and 3,/4 folded rectangular microstrip lines (4, is equal to
40.2 mm at the center frequency of 4.8 GHz), respectively. To further
match the input impedance, the corner-truncated technique is adopted.
In addition, double 90° circular arcs with inner radius r = 6 mm connect
ports 2 and 4 with ports 3 and 5, respectively. To further clarify the
mechanism of a compact circular feeding network, the simple equivalent
circuit model (neglecting the coupling effect of folded lines) can be seen
in Fig. 10(b). Ports 2 and 4 with impedance Zy = 50 Q link to ports 3 and
5 by the Ag/4 microstrip lines with the characteristic impedance Z; =
59.14 Q, which can attain a 90° phase difference between ports 2, 4, and
ports 3,5, respectively. Furthermore, the impedance of Z; = 54 Q is for
the paths 4,/4 and 34,/4 each connecting the feeding port 1 with ports 2
and 4 to acquire better impedance matching between the input and
output ports. Simultaneously, the sequential phases of 0°, 90°, 180°, and
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)

Fig. 15. (a) The top surface of substrate in the DRA array. (b) The bottom surface of substrate in the DRA array. (c) The diagram of cross-shaped DR. (d) Mea-

surement of DRA array in anechoic chamber.
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Fig. 16. The simulated and measured results of CP DRA array. (a) Reflection coefficients |S11]. (b) Gain and AR.

270° can be achieved by creating different paths mentioned above. The
detailed sizes of the feeding network can be seen in Table 3.

To clarify the scattering and phase characteristics of the feeding
network, the numerical simulation is performed by the commercial
software HFSS, as depicted in Fig. 11(a) and (b). As port 1 is excited, the
IMB of the feeding network covers 4.25-5.5 GHz, where the trans-
mission coefficients of different output ports are all above —7 dB. The
phase difference of 90°+10° between ports 2 and 3 is mainly located at
4.5-5.5 GHz, and that between ports 4 and 5 concentrates on 4.2-5.2
GHz, which both vary linearly with the frequency. However, the phase
difference between ports 3 and 4 can keep nearly 90°+10° at 4-6.1 GHz.
The phase difference stability in a wide band mainly contributes to the
coupling effects between the adjacent folded microstrip lines, which will
introduce the parasitic capacitance whose value varies nonlinearly with
the frequency and further causes the nonlinear change of the electrical
length. Therefore, the phase differences between the adjacent ports all
can keep nearly 90° in the 4.5-5.2 GHz, which are located in the IMB of
4.25-5.5 GHz.
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However, the narrow IMB of the initial circular phase shifter still
cannot support the broadband DRA array. To overcome this limitation,
the different slots (circular, C-shaped, and U-shaped) are etched on the
ground, respectively, which can introduce the additional capacitance to
counteract the inductive effect of the feeding probe. Meanwhile, the
slots also can induce new resonances in the high-frequency band, which
is close to the resonant frequency of DR to further extend the IMB of DRA
array. It can be noted in Fig. 11(c) that the added circular slot cannot
effectively extend the IMB, but the C-shaped slot can induce the other
magnetic resonance in the high frequency band to further extend the
operating bandwidth of the shifter to 4-7.1 GHz, which is similar to that
of the phase shifter with the U-shaped slot, 4.06-7.36 GHz. Considering
the IMB and fabrication comprehensively, the U-shaped slot is finally
selected to be introduced to the compact circular phase shifter, whose
scattering parameters are depicted in Fig. 11(d). Note that the trans-
mission coefficients from the port 1 to different output ports are almost
above —7 dB in most of the operating band except around 5.4 GHz and
the high-frequency band (|S3;| will deteriorate around 6 GHz due to the
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coupling effect of folded microstrip lines), which satisfies the require-
ment of the CP DRA array.

3.2. Discussion of CP DRA array

Four units of CP DRAs (depicted in Fig. 1(a)) are combined based on
the compact circular phase-shift feeding network without the slot
(shown in Fig. 10(a)) to fabricate the 2 x 2 CP DRA array (80 mm x 80
mm x 20 mm) (presented in Fig. 12).According to the simulation results
(shown in Fig. 13), the IMB of the DRA array covers 4.26-6.63 GHz
(43.26 %) and the 3-dB AR bandwidth (6 = 0°) is located at 4.44-7.74
GHz (54.2 %). Therefore, the effective bandwidth (|S11|<-10 dB and AR
< 3 dB) is 4.44-6.63 GHz (39.6 %), where the gain (0 = 0°) is above 10
dBic and the peak gain can reach 13.2 dBic at 6 GHz. After the intro-
duction of the U-shaped slot, the DRA array can achieve the IMB of
4.2-8.11 GHz (63.5 %) and 3-dB AR bandwidth of 4.12-7.68 GHz (60.3
%), which means that the effective bandwidth can reach 4.2-7.68 GHz
(58.6 %). Meanwhile, it can be noted that the U-shaped slot has a
negligible effect on the gain in the low band, but slightly deteriorates the
gain around 7.45 GHz. Simultaneously, the electric-field distribution in
the proposed ameliorated DRA array at 4.5 GHz is also calculated to
verify the phase-shift characteristic of the proposed circular phase
shifter and the RHCP mechanism of the DRA array, as presented in
Fig. 14. Observe that the excited field (the rotation of its electric-field
vector pattern) by the compact circular phase shifter is rotationally
transmitted to the next one in one quarter of the time period T. In other
words, the all adjacent DRs are excited with 90° phase difference to
further acquire the RHCP radiation.

4. Measurement and discussion

To verify the mechanism and designed details, an experimental
prototype of the CP DRA array (shown in Fig. 15) has been fabricated
and measured. The copper (thickness of 0.03 mm) microstrip feeding
network and ground with U-shaped slot are printed on the bottom and
top of 80 mm x 80 mm x 0.5 mm F4B with permittivity of 3, respec-
tively. To avoid connecting the feeding probe and ground, the drilled
holes for the probe should be larger than the diameter of probes, as
illustrated in Fig. 15(a). Furthermore, four 50-Q resistances are welded
on the feeding network on the bottom of F4B, as depicted in Fig. 15(b).

Table 4
Comparison between our CP DRA ARRAY with reported CP DRAs.
Ref. & Size (g X Ao X Ag) 3-dB AR Bandwidth IMB (%) Peak Gain Element Polarization
(%) (dBic) number
[25] 8.9 0.7 x 0.7 x 0.15818 5.1-8.2 GHz (47.69 %) 5-8.15 GHz (48.46 %) 6.4 1 element RHCP
[26] 12 0.79 x 0.79 x 4.75-8 GHz (54.1 %) 4.4-8 GHz (60 %) 4.55 1 element RHCP
0.10343
[28] 9.8 0.51 x 0.51 x 0.2118 2.75-3.52 GHz (24.6 2.82-3.83 GHz (30.37 %) 5.5 1 element LHCP
%)
[29] 10 0.484 x 0.484 x 3.72-6.53 GHz (54.8 3.71-7.45 GHz (66.8 %) 4.68 1 element LHCP
0.23743 %)
[30] 9.8 0.39 x 0.39 x 0.1513 2.21-2.48 GHz (54.84 2.17-3.81 GHz (11.53 %) 5.9 1 element RHCP
%)
[31] 10 0.50 x 0.44 x 0.42/{8 3.68-5.80 GHz (44.73 2.9-6.0 GHz (69.66 %) 6.34 1 element RHCP
%)
[32] 9.2 0.427 x 0.427 x 1.83-2.85 GHz (43.5 - 7.7 1 element RHCP/
0.2443 %) LHCP
[35] 10.2 2.13 x 2.13 x 9-11.7 GHz (26 %) 8-12.5 GHz (44 %) 12 2 x 2 elements RHCP
0.13543
[36] 10.2 1.6 x 1.096 x 8.35-12.2 GHz (38.5 8-12.3 GHz (43 %) 10.5 2 x 2 elements RHCP
0.15843 %)
[37] 9.8 1.57 x 0.809 x 4.5-5.7 GHz (23.52 %) 4.7-6.4 GHz (30.9 %) 10 1 x 4 elements RHCP
0.1243
[39] 10.2 - 55-64.5 GHz (15.9 %) 50-67 GHz (29 %) 11.43 2 x 2 elements LHCP
Element in this 9.5 0.59 x 0.59 x 0.29/13 5.57-7.86 GHz (34.1 4.43-5.11 GHz, 6.16-6.68 GHz (14.2 % 7.4 1 element RHCP
work %) and 8.1 %)
Array in this work 9.5 1.17 x 1.17 x 0.2943  4.5-7.4 GHz (48.7 %) 4.37-7.54 GHz (53.2 %) 12.48 2 x 2 elements  RHCP

(4o is the wavelength in air at lowest operating frequency. “-” refers to the parameter that is not given.).
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Meanwhile, the four cross-shaped DR made of ceramics with permit-
tivity of 9.5 are tailored, where double small copper patches are printed,
as shown in Fig. 15(c). Finally, the feeding probes are welded on the
feeding network, and simultaneously to ensure the connection between
the feeding probes and patches on the DR, a thin tin are also soldered to
connect the probes and patches.

The scattering parameters are tested with the vector network
analyzer (Keysight E5071C) and the radiated characteristics are
measured in the anechoic chamber (illustrated in Fig. 15 (d)). It can be
seen in Fig. 16(a) that the measured IMB covers 4.37-7.54 GHz (53.2
%), which is reduced by 10.3 % compared to the simulation result. In
addition, the measured 3-dB AR bandwidth of 4.5-7.4 GHz (48.7 %), as
depicted in Fig. 16(b), is also lower by 11.6 % than the simulation.
Therefore, the effective bandwidth of the CP DRA array is located at
4.5-7.4 GHz (48.7 %), which is also reduced by 9.9 %. Simultaneously,
the 10-dBic gain bandwidth is 4.7-7 GHz (39.3 %) and the peak gain can
reach 12.48 dBic, as presented in Fig. 16(b). The slight deterioration is
due to the added soldering tin existing between the probe and con-
ducting patch on the DR, which may affect the impedance matching
between the DR and feeding network, and produce extra power loss.
Meanwhile, since the eight feeding probes are manually welded into the
feeding network, it is impossible to ensure that the welding situations of
each feeding probe are consistent, e.g., slightly deviating from the ver-
tical direction, the solder slightly padding up the probes, etc., thus
leading to a certain difference in the effective contacting length between
the eight feeding probes and the DRs. Furthermore, the slight difference
of effective contacting length can cause a mild change in the phase
difference between the adjacent output ports compared with the simu-
lation, which makes it possible that the 3-dB AR bandwidth deteriorates
slightly compared to the ideal result of simulation. Additionally, the
tolerance of fabrication of DR and feeding network is also responsible for
the mild deterioration of DRA array performance.

Based on the CP antenna testing system in the anechoic chamber, the
CP radiation patterns of the designed CP DRA array at different fre-
quencies can be measured. It can be noted in Fig. 17 that the measured
radiation patterns are similar to the simulated ones, which can verify the
accuracy of measurement. In the broadside direction (6 = 0°), the
simulated isolation between the RHCP and LHCP both can reach 25.5 dB
in XOZ and YOZ planes at 4.5 GHz (22.5 dB and 21.4 dB in XOZ and YOZ
planes at 5.5 GHz, and 29.9 dB and 27.5 dB in XOZ and YOZ planes at
6.5 GHz, respectively). Based on the measurement results, the RHCP
fields are higher by 20.4 dB and 29.7 dB than the LHCP ones in XOZ and
YOZ planes at 4.5 GHz, respectively, (17.3 and 24 dB at 5.5 GHz, and
32.5 and 41.3 dB at 6.5 GHz) in the broadside direction. Meanwhile, the
angle of the broadside direction (0 = 0°) where the RHCP fields of the
DRA array dominate over LHCP ones can reach 53.8° and 56.3° in XOZ
and YOZ planes at 4.5 GHz according to simulation results (35.8° and
41° at 5.5 GHz, and 43.1° and 28.7° at 6.5 GHz), respectively. The
measured RHCP angle can reach 46.4° and 43.5° in XOZ and YOZ planes
at 4.5 GHz (40.2° and 35° at 5.5 GHz, and 40.9° and 30.8° at 6.5 GHz),
respectively.

Table 4 summarizes and compares the characteristics of CP DRA
based on the DRs with the similar permittivity including this work and
other reported CP DRAs in terms of size, 3-dB AR bandwidth, IMB, peak
gain, element, and polarization. Compared with the reported one-
element DRA[25,26,28-32], the proposed DRA element in this work
can achieve the higher gain of 7.4 dBic with double CP bands. Although
the increase of number in the reported 2 x 2 DRA arrays without
external auxiliary structures [36,37,39], e.g., reflector, EBG, cavity, etc.,
can effectively raise the gain, their single method of acquiring the CP
radiation still limits their CP bandwidth. However, the designed DRA
array in this paper attain the ultrabroad AR bandwidth by utilizing the
double-point feeding structure and circular phase shifter while main-
taining the higher gain based on the stacked configuration and the
element coupling. Meanwhile, the compact feeding network also con-
tributes to shrinking the horizontal size of the DRA, which is beneficial
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to the further integration application. Compared to the CP MPA arrray
with the identical element number[38,51-53], the proposed DRA array
will achieve the higher gain by about 3-4 dBic, which means the an-
tenna can cover a larger area that is vital for the 5G communication
system. In addition, the 2 x 2 DRA array also can be regarded as the
basic element to fabricate the DRA array with more elements by utilizing
the appropriate feeding network, which can show better antenna per-
formance, e.g., higher gain, wider CP bandwidth, et al, in the 5G
communication system.

5. Conclusion

This paper proposes an ultra-broadband CP DRA array based on
Al;03 ceramic with the small horizontal size working in the C-band for
5G communication. Al,O3 ceramic has made a constructive contribution
to the performance enhancement and stability of the DRA. A series of
feeding structures consisting of multiple units of double-point feeding
networks and compact circular phase-shift feeding structures are
tailored to excite the cross-shaped DRs, which greatly extends the 3-dB
AR bandwidth and reduces the sizes of the 2 x 2 DRA array. Meanwhile,
the stacking structure of DR can induce multiple Mie resonances to
further improve the antenna gain. Measured results show that the DRA
array with the horizontal size of 1.17 x 1.17 43 can attain the 3-dB AR
bandwidth of 48.7 %, IMB of 53.2 %, and peak gain of 12.48 dBic. The
characteristics of the proposed DRA array indicate that it is an excellent
candidate for 5G communication systems.
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