This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TVT.2022.3230220

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

A Compact Low-Profile Differential Dual-
Polarized Filtenna Without an External Filter
Circuit for Vehicular Communications

Zhirui Zheng, Daotong Li, Senior Member, IEEE, Xiaoheng Tan, and Qiang Chen, Senior Member, IEEE

Abstract—A compact low-profile differential dual-polarized
filtenna without an external filter -circuit for vehicular
communications is proposed in this paper. It has a compact, low-
profile, simple, and symmetrical structure, which consists of four
identical quarter circular patches with a pair of crossed feeding
lines symmetrically and orthogonally embedded. Good filtering
performance with three radiation nulls (RNs) generated without
extra filtering structure is achieved, and the production
mechanisms of three RNs are studied numerically. To get a deep
insight into its working mechanism, the proposed structure is
analyzed, and the equivalent lumped circuit is modeled and
simulated. The prototype antenna with low profile of 2.832 mm
and average gain of about 9.1 dBi within the frequency band of
5.28-6.11 GHz is fabricated and measured. Moreover, the
measured polarization isolation is more than 44 dB within the
operating band and the measured cross-polarization level is less
than -29 dB. Good agreement between simulated and measured
results can be acquired. The proposed antenna is a good candidate
for in-vehicle local area networks (WLAN), in-vehicle Wi-Fi 6E,
vehicle-to-vehicle (V2V) communication and 5G vehicle-to-
basestation communication applications.

Index Terms—Low profile,
Filtenna

Differential, Dual-polarized,

1. INTRODUCTION

ITH the rapid development of vehicular technology and

the demand for compact and low-profile components on
vehicular platforms, much of radio frequency (RF) devices are
integrated in the limited space of the vehicle As an
indispensable RF front-end device, the antennas play a key role
in vehicular communications. It is well known that dual-
polarized antennas can reduce multipath effect suffered by
vehicular communications, increase the channel capacity, and
work duplex to reduce the volume of systems. Thus, the dual-
polarized antennas with compact and low-profile
configurations are desirable for vehicular communications and
the limited vehicular space. However, due to increasingly
scarcity of electromagnetic (EM) spectrum resources and the
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limited operating space of vehicle, the working bands of various
devices are close, and the electromagnetic environment of the
vehicle is complicated. As a result, conventional dual-polarized
antennas are susceptible to out-of-band interference signals [1],
and suffer coupling from other antennas or devices [2-3].
Moreover, integrating a large number of electronic devices in a
limited space will lead to the serious -electromagnetic
compatibility (EMC) problems on vehicular platforms [4-9].
The EMC characteristics of the communication system will be
destroyed greatly.

The dual-polarized filtennas has great application potential
and prospect in suppressing out-of-band interferences,
decoupling and achieving EMC [10-12]. Moreover, the volume
of transceiver RF front-end can further be miniaturized, and the
insertion loss introduced by the interconnection can be reduced
greatly. Some design methods of dual-polarized filtennas have
been reported [13-17]. However, in the dual-polarized filtenna
design, generally, double-/multi-layer substrates [13-16] or
relatively bulky extra filter circuit [17] is adopted, which is not
easy to process and integrate, and leads to higher profile and
more extra losses. As a result, although these designs own good
filtering response, their incompact and high profile structure
with additional filter circuits are not easy to be applied to
vehicular platforms. Therefore, antennas with compact low-
profile configurations and filtering response without an external
filter circuit are highly desired for the dual-polarized filtenna
design in vehicular communications.

As we all know, differential structures could improve
common-mode suppressions [18-19] and reduce antennas’
cross-polarization levels [20], which are of benefit to the EMC
characteristics of communication systems on vehicular
platforms. Differential-fed dual-polarized filtennas were
proposed by utilizing eight short pins and slots etched on the
ground and patch [21], and four C-shaped slots and four short
pins [22], respectively. However, it lacks a radiation null (RN)
in the lower stopband in [22], and has a narrow bandwidth with
the fractional bandwidth (FBW) of only 1.69%. In [23], by
using low temperature co-fired ceramic (LTCC) process (nine
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layers) and loading an additional square ring and four
differential L-type probes connected with open strips, a
broadband dual-polarized differential filtenna with four RNs
was realized. However, the complexity of processing and
antenna cost are increased. Through loading the extra filtering
circuit and four slots etched on the patch [24], a differential
dual-polarized filtenna was obtained. Nevertheless, the
complex and large overall configuration and the high profile of
11.3 mm are achieved because of the bulky differential dual-
polarized filtering network. Furthermore, in [25], a compact
dual-polarized filtenna with sharp roll-off rate was proposed,
which two RNs were generated by stacked patches. However,
due to four-layer substrates and thick air layers, the high profile
of 20.03 mm is also inevitable. Thus, for vehicular
communication applications, designing the differential dual-
polarized filtennas with high performance and compact, low-
profile and simple configuration is still quite challenging.

In this paper, a compact low-profile differential dual-
polarized filtenna without an external filter circuit for vehicular
communications is proposed. The main contributions of this
paper are as follows: Firstly, by symmetrically and orthogonally
embedding a pair of crossed feeding lines into four identical
quarter circular patches printed on one substrate, it naturally
meets the requirement of dual-polarization, differential feeding
and coplanar waveguide structure, realizing the compact, low-
profile, simple and symmetrical configuration, which is
facilitates the integration in the limited space of the vehicle.
Secondly, without utilizing slots, short pins, parasitic/stacked
elements, L-shaped probes, open stubs and extra filtering
circuits, using only the feeding line and quarter circular patches,
filtering response and three deep RNs are generated through the
self-structure of the proposed antenna, where one RN is
generated by energy reflection and two RNs are introduced by
far field electric field cancellation, avoiding the bulky
differential dual-polarized filtering network and keeping the
compact, low-profile and simple configuration. Additionally,
the proposed antenna is tested to validation, showing high gain
0f'9.58 dBi, FBW of 14.6%, polarization isolation more than 44
dB, deep rejection level of 25 dB, low cross-polarization level
less than -29 dB, three RNs and low-profile of 2.832 mm. The
developed antenna is a good candidate for in-vehicle local area
networks (WLAN), in-vehicle Wi-Fi 6E, vehicle-to-vehicle
(V2V) communication and 5G vehicle-to-basestation
communication applications.

II. ANTENNA CONFIGURATION AND ANALYSIS

The proposed low-profile dual-polarized filtenna with high
gain and high polarization isolation is realized using differential
feeding structures and only one substrate, and no external filter
circuits are utilized. The proposed structure, and its
electromagnetic ~ characteristics simulated using High
Frequency Structure Simulator 15.0 version (HFSS 15.0), are
detailed as follows.

A. Antenna Configuration

The configuration of the proposed differential dual-polarized
filtenna is illustrated in Fig. 1. It mainly consists of a pair of
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crossed feeding lines and four identical quarter circular patches,
and all of them are printed on the top layer of the substrate
Rogers 4350 with relative permittivity of 3.48, loss tangent of
0.004 and thickness 4 of 1.524 mm. The crossed feeding lines
with width of W, are placed orthogonally and symmetrically to
meet differential input and dual-polarization. Each feeding line
is directly fed by a couple of Sub-miniature version A (SMA)
connectors with differential signals. Two T-Shaped branches
with widths of W, and W3 are loaded at both ends of each
feeding line to adjust the antenna impedance. Besides, to avoid
two feeding lines crossing each other, the middle part with
width of Ws of the feeding line in x direction is printed under
the substrate, and connects with other sections on the top layer
of substrate through two metal via holes. Moreover, four
identical quarter circular patches with radius R are placed
rotationally and symmetrically in the four quadrants formed by
the two feeding lines. In addition, there is a very thin air layer
with thickness /4, of 0.8 mm between the substrate and the metal
ground to achieve better impedance matching.
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Fig.1. Configuration of the proposed antenna. (Lo=16.6, Li=35.9, L»=15.5,
L3=6.15, L+=6.15, Ls=1.78, Le=1.78, L;=2.1, W\=1.3, W>»=1.2, Ws=1.2, Ws=1,
Ws=1, Ws=1.3, §=0.7, R=15. h=1.524, h,=0.8, Unit: mm.)

B. Antenna Working Mechanism

Due to the symmetry of the proposed structure, both
polarizations (vertical and horizontal polarization are in y and x
direction, respectively) have the same working mechanism.
Herein, only the investigations of vertical polarization are
presented as example. In order to get a deep insight into the
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antenna operating mechanism, five types of antennas named as
ANT I- ANT _V and the proposed filtenna are involved.

Case 1: Fig. 2(a) and (b) show the structures of ANT I and
ANT _II and their surface current distributions at fi, respectively,
and Fig. 2(c) displays their realized gains. It can be seen that
there is no RN. Nevertheless, an obvious filtering roll-off
property in the low frequencies is revealed, due to the weak
coupling between the feeding line and the patch [26].
Furthermore, in Fig. 2(c), the first three resonance modes, i.e.,
TMi,12, TM112 and TM,; modes, can be observed through
[Saai1| curves. The corresponding vector electric field (v-E-field)
distributions at the three modes are given in Fig. 3(a)-(f). Note
that the single quarter circular patch exhibits the normal
broadside radiation pattern at TM,12 and TM; 12 modes, but
the distorted radiation pattern at TM;,; mode, as shown in Fig.
3(a)-(c). Hence, TM;; mode should be shifted to high
frequency or suppressed. It can be concluded that each quarter
circular patch operates normally at TM2,12 and TM 12> modes.
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Fig. 2. Surface current distributions at fi on (a) ANT_I and (b) ANT_II. (c)
Realized gains and [Sqa11| of ANT Iand ANT_IL

Case 2: When two patches are placed next to each other to
build ANT III and ANT IV, two RNs can be introduced. Fig.
4(a) and (c) illustrate their structures and surface current
distributions at the frequency of RN; which is shown in Fig. 5.
As can be seen, strong currents concentrate on the feeding line
and very weak currents are on the two patches, thus, the power
is reflected to the source, and the radiating of patches are
extremely weak to generate RN;. In Fig. 5, TM;; mode is
moved to a higher frequency, and a distinct weak RN between
TMi,1» and TM;; is generated at f, by the cancelling of the
electric field in far field, which attribute to the currents on the
patches with an opposite direction although the strong surface
currents concentrate on the adjacent patches at f5, as displayed
in Fig. 4(b) and (d). In addition, it can be observed in Fig. 5 that
ANT III has higher realized gain than that of ANT IV,
although the return loss of ANT _III is relatively poor. This is
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Fig. 3. The v-E-field distributions at (a) TMi212 of ANT I, (b) TMi12 of
ANT_1, (¢) TM1,1 of ANT_L, (d) TMis2,12 of ANT_IL, (¢) TMi,12 of ANT_II and
(f) TMi11 of ANT_IIL

because the differential feeding line of ANT III almost
completely couples to two patches on the right side, while only
the upper half of the differential feeding line of ANT IV
couples to two patches. Therefore, ANT III can couple more
energy from the differential feeding line and exhibits higher
realized gain compared with ANT _IV.
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Case 3: Based on ANT IV, when another patch is placed at
the lower left corner, the ANT V is established as shown in Fig.
6(a), and its simulated realized gain is show in Fig.6(c). It has a
similar working principle with Case 2, which is demonstrated
by Fig. 6(a) and (b). For the weak RN situated at £, its surface
current distribution is displayed in Fig. 6(b), the cancelling of
the electric field in far field of patches ensures this RN to be
still generated at the higher stopband. In Fig. 6(c), the newly
added patch makes RN; becomes a weak RN which located at
/3, due to the change of coupling strength [26].
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Fig. 6. Surface current distributions (a) at f3 on ANT_V, (b) at faon ANT_V.
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Case 4: When the fourth patch is added, the proposed
antenna is established. Its simulated realized gain is depicted in
Fig. 6(c). Obviously, the weak RN located at fi gets deep to
form RN, due to further cancellation of the far field electric
field. Because of the strong coupling, RNj3 is split out and
revealed at the higher stopband. It should be noted that RNj is
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a high-order harmonic null near TM; ;. It can be seen that the
surface currents at RN3 also have opposite directions, which is
shown in Fig. 7(c), it reveals that RN3 is also generated by the
cancelling of electric field in far field. In addition, when the
proposed antenna works, the feeding line operates as coplanar
waveguide (CPW) [27], and the quarter patches function as the
radiators as well as the finite grounds of the CPW structure [28],
[29].

Furthermore, Fig. 7 displays the surface current distributions
on the proposed antenna. In Fig. 7(a), (b) and (c), the surface
current distributions are consistent with the analysis of Case 2,
Case 3 and Case 4, respectively. Moreover, the surface current
distribution at the center frequency of 5.7 GHz is presented in
Fig. 7(d).
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Fig. 7. Surface current distributions of the proposed antenna at the frequency
of (a) RN, (b) RNz, (¢) RN; and (d) 5.7 GHz in the passband.

C. Analysis of The Proposed Filtenna

The coupling scheme of the proposed differential filtenna is
given in Fig. 8, where the red nodes denote a pair of differential
input, the blue nodes represent the operating modes and the
white nodes denote the air (load). Form the coupling diagram,
four working paths can be observed: (S+/-)-1-A, (S+/-)-1-2-A,
(S§+/-)-2-A and (S+/-)-2-1-A. Although the electric field of the
quarter circular patch is obtained by symmetrically cutting, the
frequencies of desired TMi 12, and TM; 1, modes can be
deduced form the complete circular patch. According to the
waveguide cavity model theory [30], the frequencies of
TMi 2,12 and TM, 1, modes are derived as follows
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Fig.8. Coupling scheme of the proposed filtenna.

where frepresents the resonant frequency of the quarter circular
patch, f’ represents the resonant frequency of the complete
circular patch, ¢ is the light speed in the vacuum, &, is the
relative permittivity, » denotes the radius of the circular patch
and 4 denotes the thickness of the substrate, respectively. Both
the modes of TM 2,12 and TM 12 can be treated as resonators
in the point of view of filter design, so the behavior of the
proposed antenna can be analyzed using the filter method.
Make fi=frmiz12 and for=frmiie, the coupling coefficient ki»
between the two modes can be extracted by

_ LR

ky ==5—"5

L+ h

where fi and f; are obtained from the S-parameters of two
modes with weakly coupled excitation by the external feeding
ports, as shown in Fig.9. In addition, the radiation quality factor
Ora of the mode can be evaluated using (6)-(9) [31-32] by

analyzing the standalone radiation patches, which is shown in
Fig. 9.
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1+|S P
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2
S =0.5-(8), =8, =8, = Sy) )

where foi, foo, fo3 and fos represent four frequencies with
1Sua11|=8%4a11 and Sgg11min is the minimum reflection coefficient
at the resonant frequency of f; or f5. To acquire the desired
response, the external quality factor Qe needs to be designed
to match QOr.g, where a trade-off between Qraai and Oraa2 should
be considered. Qex of our design can be extracted using (10)
[33], which can be adjusted by tuning the width W, of feeding
line and coupling gap S.

0,- bt (10)

where 7 denotes the group delay of Si; at the center frequency
of fo. In this design, the desired filtering response is obtained
under the conditions of Ki,=0.185, Qnai=31.11, Qra=62.54
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and Qcx=43.8.
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Fig. 9. Calculation procedure for radiation factor Qra of the proposed antenna.

4 8

To establish the equivalent lumped circuit, the electric field
(E-field) and magnetic field (H-field) magnitude distributions
at TMi2,12 and TMy,1» modes are given in Fig. 10(a)-(d). It can
be observed that although the strength of the E-field is much
greater than that of the H-field, it indicates that the E-field and
the H-field coexist and interact between the feeding line and the
patches as well as between adjacent patches. Moreover, as
shown in Fig. 1, the differential input and the symmetrical
configuration is utilized, a virtual electric wall can be
established in the central plane along the x direction according
to odd- and even-mode theories [34]. The proposed
configuration can be divided into two identical parts along the
virtual electric wall when build equivalent lumped circuit. Thus,
the equivalent lumped circuit of the proposed filtenna is
established as Fig. 11 shown [34-35]. The two radiation patches
in the upper or lower half can be considered as a whole, which
can be molded by an RLC circuit in parallel, thus, TM,,i,» and
TM.,1» modes are further equivalent to a parallel circuit of
C4L4R: and CsLsR,, respectively. As mentioned above, the E-
field and the H-field coexist between the feeding line and the
patches as well as between adjacent patches. Therefore, the
electromagnetic (EM) coupling between the feeding line and
the two patches in the upper or lower half is molded as L,C; in
parallel. The EM coupling between a patch and its horizontally
adjacent patch is equivalent to a parallel circuit of L,C.
Although the virtual electrical wall is built in the central plane
along the x axial direction, the upper and lower adjacent patches
can still be coupled to each other, so the EM coupling between
a patch and its vertically adjacent patch is molded by a parallel
circuit of L3Cjs. In addition, the coupling gaps between patches
and feeding lines are modeled as a J (admittance) inverter. The
results of the equivalent lumped circuit simulated by Advanced
Design System 2016 version (ADS 2016) are depicted in Fig.
12, which three nulls are obtained, and good frequency
selectivity and stopband rejection are achieved.

The S-parameters of differential ports can be calculated as
follows [36]

Saan =0.5%(8,, =8, =8,/ +5,) (11)
Saz = 0.5%(Sy3 =81y =Sy +S55) (12)
Saan = 0.5% (S5 =Sy =85, +5,,) (13)
Sain =0.5%(S5; =85, =Sy +5,4) (14)
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where S; (i, j = 1, 2, 3, 4) represent the S-parameters of the
ordinary 4-port network. Fig. 13 displays the effects of the ports
location Lo and the width of coupling gaps S on [Siail,
respectively. It can be observed in Fig. 13(a) that two resonant
nodes shift toward each other with the increase of Lo. In Fig.
13(b), frequency of the second resonant node shifts downward
along with the decrease of S. Thus, based on above analysis, the
bandwidth can be adjusted by changing position of the two
resonant nodes.
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Fig.10. E-field magnitude distributions at (a) TMi2,12, and (b) TMy,1,2. H-field
magnitude distributions at (¢c) TMi,12, and (d) TMi,12.

EM coupling between the EM coupling between
feeding line and patches adjacent patches
le L2 L3
Port 1 LC|‘H J p Ci'_l
180°
L L, Ls —
Port 2 |
o J
R - )
Admittance TMiz,12 TMuin
inverter mode mode

Fig. 11. Equivalent lumped circuit of the proposed antenna (C1=10.0 pF, C2=3.8
pF, C3=6.48 pF, C4+=1.39 pF, Cs=1.06 pF, Li=0.049 nH, L,=0.32 nH, L3=0.095
nH, L,=0.37 nH, Ls=2.6 nH, Ri=256.6 Ohm, R,=224.2 Ohm, J=28.59 mS).

Moreover, impacts of some key parameters on the stopband
performance are displayed in Fig. 14. As we can see in Fig.
14(a), RN, and RNj can be controlled by adjusting %, with little
effects on RN, and the stopband rejection in the frequency
range from RN, to RN3 can be improved effectively. In Fig.
14(b), R mainly dominates the frequency of RN, and adjust the
out-of-band rejection in the high frequency. For RNj, it can be
greatly affected by the number of patch and the position of
patches, which has been proved in Fig. 5 and Fig. 6(c).
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III. SIMULATED AND MEASURED RESULTS

For demonstration, a prototype antenna is simulated,
fabricated and measured. The simulated and measured realized
gain and S-parameter are illustrated in Fig. 15. The working
frequency band ranges from 5.28 to 6.11 GHz and the FBW
reaches 14.6%. The measured average gain in the passband is
about 9.1 dBi, in which the maximum and minimum measured
gain are 9.58 and 8.30 dBi, separately. Three RNs with deep
out-of-band suppression of 21.5, 25 and 20 dB, are located at
3.84, 6.7 and 7.36 GHz, respectively. Hence, passband skirt
selectivity and out-of-band rejection are improved greatly.
Compared with the realized gain in the passband, the stopband
rejection level is more than 19 dB. Moreover, the polarization
isolation is shown in Fig. 17(a), the simulated and measured
polarization isolation are more than 55 dB and 44 dB in the
operating band, respectively. Fig. 17(b) shows the efficiency of
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Table I. Comparisons between the proposed antenna and reported dual-polarized microstrip patch filtennas

. RS" Profile . Gain Iso” CP* . | SRL” . .
Ref. | DI FBW' | RN AE FT LOS
¢ Owho) (/mm) | @B | @) | @B (dB)
tubs +
[11] | no | 078x0.78 1| 0.019/1.63 | 1.6% 0| o 1| 49 1| =431 20| na. | 25 ope SHbs 2
SIW cavity
i ine +
[15] no | 037x037 | 00698 f| 122%1] 2 1| 94 }| 30l 29 | NA. | 40 feeding line 2
stacked patch
16 no | 0.48x0.48 | 0.123/105]| 24.1% | 4 86 1| >301] 201 na. | 30 | openstubstslots+ 4
[16]
stacked patch
[21] yes 0.8x08 1| 0067 T| 23% 20| 89| >3l 221 na | 20 1| Sslots + short pins 1
[22] es | 034x034 | 0037321 17% 01| 21| 751| 565 | nA | 084 | 16 1| slots + short pins 1
y
tubs + L-
23] | yes | 048x048 | 0039044 | 19.5% | 4 57 b| >a0l| 44 | 088 | 27 OPpen Stubs T L- 9
probes + square ring
[24] es 1.08x1.08 I 0.185/11.3 7.6% l 2 l 871 >37l N/A 0.85 18 l open stubs + slots 2
y p
[25] es 02x02 | 0.12020.038] 41% 1] 21| 8 1| >30] -18l| 087 | 15|  stacked patches 4
y p
T
Prop. | yes | 0.63x0.63 | 0.054/2.832 | 14.6% | 3 958 | >44 | <29 | 087 | 25 feeding line 1
patches (planar)

DI represents differential input; RS” is radiator size; FBW" denotes fractional bandwidth; Iso” is isolation; CP* represents cross-polarization; AE" denotes antenna
efficiency; SRL” denotes stopband rejection level; FT” represents filtering technology; LOS" denotes the layer of substrate.

the proposed antenna, where the high radiation efficiency about 10

==10

87% can be observed. Fig. 16 is the photo of the fabricated | ——— Simulated .
prototype. The antenna radiation patterns of vertical Sp=— - =Measured 13
polarization at 5.7 and 6.0 GHz are illustrated in Fig. 18, and =
the low cross-polarization level less than -29 dB is realized. In 0 0 g
addition, the measured front-to-back ratios are larger than 18 g 5 5 5
dB. The measured results agree well with simulated ones. = a

The comparisons between the proposed antenna and some m§-10 -10E
reported dual-polarized microstrip patch filtennas are listed in - =
Table I. Although reference [11] features the low-profile, the -15 158
gain and bandwidth need to be further improved, and there is 20 20
no differential input. In [15], [16] and [25], these designs
exhibit the relatively small size and good filtering performance. 225 L L 25

5 6
Frequency (GHz)

Fig. 15. Simulated and measured results of vertical polarization.

However, they suffer the high profile, and the multi-layer
substrates are used. In [21] and [22], by using slots, short pins
and one substrate, the good filtering response is obtained.
However, the relatively large size and high profile of 7 mm can
be observed in [21], and the narrow band only of 1.7% FBW in
[22] requires to be promoted. Although [23] has the properties
of small size, low-profile, wideband and four RNs, a total of
nine layer substrates are used, and the cost and processing
complexity are increased greatly. Furthermore, it can be found
that all references utilize multiple types of additional filtering
structures, such as slots, short pins, open stubs and stacked
patches, etc. As can be seen, only using the feeding line, quarter
circular radiation patches and one substrate, our proposed
antenna with compact structure not only features the
characteristics of differential dual-polarized input and excellent
filtering response with three RNs, but also exhibits high gain of
9.58 dBi, FBW of 14.6%, low cross-polarization level less than
-29 dB, high isolation more than 44 dB, deep stopband rejection
of 25 dB and low profile of 2.832 mm, satisfying the Fig 16- Photo of the fabricated antenna.
requirements of vehicular communications.
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Fig. 17. (a) Simulated and measured polarization isolation. (b) Simulated and
measured efficiency.
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Fig. 18. Radiation patterns of vertical polarization. 5.7 GHz at (a) E plane and
(b) H plane, 6.0 GHz at (c)E plane and (d) H plane.
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IV. CONCLUSIONS

In this paper, a compact low-profile differential dual-
polarized filtenna without an external filter circuit for vehicular
communications was proposed. Without utilizing slots, short
pins, parasitic/stacked elements, L-shaped probes, open stubs
and extra filtering circuits, only by symmetrically and
orthogonally embedding a pair of crossed feeding lines into four
identical quarter circular patches printed on one substrate, a
compact, low-profile, simple and symmetrical configuration is
achieved. Three RNs can be generated by the self-structure of
the proposed antenna, realizing the great filtering performance
with deep out-of-band suppression. The prototype antenna with
the FBW of 14.6%, average gain of about 9.1 dBi and the
profile only of 2.832 mm was analyzed, fabricated and
measured. The measured results agreed well with the simulated
ones. Moreover, the measured isolation was more than 44 dB in
the passband and the cross-polarization level was less than -29
dB. The excellent performance showed that the proposed
antenna is a good candidate for in-vehicle WLAN, in-vehicle
Wi-Fi 6E, V2V communication and 5G vehicle-to-basestation
communication applications.
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