422 D. ZHAN, K. ZHU, S. QI, A NOVEL HIGH-GAIN CIRCULARLY POLARIZED OMNIDIRECTIONAL FILTENNA ...

A Novel High-Gain Circularly Polarized
Omnidirectional Filtenna Based on Coaxial Structure

Duo ZHAN!, Keren ZHU 2, Shishan QI 2

1 Dept. of Nanjing Institute of Technology, 211167 Nanjing, China
2 Dept. of School of Electronic Engineering and Optoelectronic Technology,
Nanjing University of Science and Technology, Xiao Ling Wei 200#, 210094 Nanjing, China

duozhang@njit.edu.cn, kerenzhu@gmail.com, gishishan@gmail.com

Submitted January 21, 2025 / Accepted May 5, 2025 / Online first June 12, 2025

Abstract. A novel omnidirectional slot array filtenna with
a circularly polarized (CP) radiation beam is presented in
this paper. This filtenna utilizes the coaxial cylinder struc-
ture, and the antenna’s filtering function is primarily
achieved through the direct synthesis method of a tubular
bandpass filter. Four perpendicular slot pairs form the
basic omnidirectional CP radiation element, which is cut
into the sleeve and added to the outer conductor of the
coaxial cylinder to implement the compact performance.
To simplify the design, this work utilizes the high and low
impedance conversion of the inner conductor, as well as
isolation through dielectric materials. This filtenna
achieves high gain by forming an array along the z-axis
direction and placing the antenna elements reasonably for
radiation in phase. A prototype was designed and fabri-
cated to validate its practicality. The results indicate
a fractional impedance bandwidth (S1: <-10 dB) of 5.8%,
from 8.87 to 9.39 GHz, and a 3-dB axial-ratio (AR) band-
width of 6.1%, from 8.85 to 9.40 GHz. The realized gain of
the antenna is consistently higher than 5.29 dBi over the
operating bandwidth, and its out-of-roundness is less than
1.5 dB in the radiation direction.
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1. Introduction

Due to the 360° full-signal coverage, low multipath
reflections, and absences of polarization mismatches, om-
nidirectional circularly polarized (CP) antennas have in-
creasingly attracted the attention of researchers. Traditional
designs for realizing omnidirectional antennas include
dipole antennas [1-3], loop antennas [4], [5], microstrip
patch antennas [6-8], and slot antennas [9], [10]. Further-
more, owing to their compact size and low insertion loss
[11], [12], CP omnidirectional antennas with integrated
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filtering response are widely utilized in radio and television
broadcasting, mobile communication, indoor distribution
systems, vehicle stations, satellite communication, and
various modern wireless communication systems [13].

In recent years, various resonant filters, such as loop-
resonator filters, step-impedance resonators and quarter-
wavelength resonator filters, have been employed to excite
monopole and dipole antennas resulting in satisfactory
filtering characteristics [14-21]. To reduce insertion loss,
the work proposed in [22] incorporates non-radiating ele-
ments, including a coupled U-shaped microstrip line and
two I-shaped slots both located in the feeding network, to
achieve filtering performance. However, it only achieves
again of 25dBi. The filtennas based on dielectric
resonator structures are investigated in [23-25] but they
face the same issue of low gain.

Recently, a triangular patch antenna has been excited
in both its TMo; and TM11 modes, achieving a filtering
response through the combination of a ring slot and a series
of shorting vias introduced onto the patch [26]. However,
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Fig. 1. Geometry of the omnidirectional filtenna. (a) Side
view. (b) Cross-sectional view.
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the filtenna has a considerable size, measuring
1.45J0% 1.4540, due to its large ground area. Meanwhile,
typical low-profile omnidirectional filtennas are linearly
polarized. Additionally, their operating bands are confined
to the S-band and C-band, lacking the capability to expand
to higher frequencies, which makes them difficult to be
applied to X-band communication systems. A compact
wideband circularly polarized planar filtenna has been
proposed in [27] which combines a hairpin line filter and
a hexagonal shaped CP antenna element. However, the
cross-pol of the design is inconsistent across the entire
plane. Similarly, cascaded filter structures and radiation
structures are employed to implement wideband linearly
polarized monopole and dipole filtennas in [28], [29]. Due
to the cascaded structure, the filter and antenna occupy
space solely which is difficult to implement compact per-
formance. CP horn antennas with good filtering perfor-
mance have been proposed in [34], [35]. Although the
pencil beams are generated, the method of achieving circu-
lar polarization is quite ingenious. In [36], a compact polar-
ization rotator is designed to replace the traditional polari-
zation-twisting device. In [37], a compact filtering antenna
using composite right/left-handed (CRLH) transmission
line structure is presented. Series LC and parallel LC cir-
cuits are employed to generate radiation nulls. Full-Metal
omnidirectional filtenna array using 3-D metal printing
technology is designed in [38]. The polarization of this
design is linear. Due to the poor surface roughness of 3D-
printed structures, antenna losses will increase at high
frequencies.

In this paper, CP omnidirectional radiation is
achieved using an all-metal coaxial waveguide structure
with three sets of perpendicular slot pairs cut into the ex-
ternal metal sleeve, which is connected to the inner con-
ductor, as illustrated in Fig. 1. In fact, the integrated filter-
ing function into a waveguide slot array antenna is very
difficult. Even minor modifications can significantly affect
the radiation performance of a series-fed waveguide array.
By integrating the filter into the inner conductor of the
coaxial waveguide, the antenna's compact size can be
maintained without compromising its radiation characteris-
tics. The method proposed in this paper represents the
optimal solution for designing filtered waveguide slot an-
tenna arrays. This design approach ensures that the filtering
characteristics and radiation properties can be independent-
ly optimized without mutual interference. According to
previous literature, a filtering response has not been real-
ized on this structure before [30], [31]. Therefore, the pro-
posed antenna creatively utilizes the impedance transfor-
mation of the inner conductor of the coaxial waveguide and
incorporates dielectric discs into the structure to achieve
a filtered response. Specifically, the filtenna employs
a simpler and more precise design methodology based on
S-parameter curve-fitting to obtain a bandpass filtering
function [32], [33]. A prototype operating at 9 GHz was
optimized and fabricated. This design eliminates the need
for a complex feed network, offers higher gain, and pro-
vides significant advantages in terms of horizontal dimen-
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Fig. 2. Circuit diagram of the narrowband bandpass filter.

sions compared to existing planar omnidirectional filten-
nas. Additionally, it uses a nested coaxial structure to
achieve a more compact structure and easier processing
compared to antennas with conventional metallic circular
waveguide structures.

2. Design of Filter

Before presenting the integrated filtenna, a four-order
tubular bandpass filter is designed, as shown in Fig. 2.
Tubular filters have been extensively studied in wireless
communication due to their advantages of compact struc-
ture, low insertion loss, and high-power capacity. The
topology is typically derived from K-impedance converter
theory and consists of II-resonator capacitor networks and
series inductors that are alternately cascaded. The filter
operates at 9 GHz with a fractional bandwidth (FBW) of
4.8%, ranging from 8.79 GHz to 9.22 GHz.

First, it is essential to determine the inductance based
on the operating frequency, taking Ls=0.3nH (all
inductors are equal in value). The capacitance values Cpo,
Co1 and Cps at the source, as well as the capacitance in
series between neighboring inductors of the filter, are
determined by the following equation[32, 33].
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where Cxg is introduced to ensure that the capacitance
values of Cpo, Co1 and Cps can be realized by a physical
component, even though the values of the above capaci-
tances are all positive. By empirical data, Cxo is generally
chosen to ensure that Cpo= Cpi. The Cxo will finally be
determined using a Python program to calculate the above
equations. The values of G;and B, are calculated from (6)

to (11) as follows:
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where the gi and Qc are the original value and cut-off
frequency of the n-order low-pass filter prototype,
respectively.

The theoretical values of all capacitors are presented
in Tab. 1. A thin high-impedance line can be directly uti-
lized as a series inductor, while a ring disc serves as a se-
ries capacitor. Additionally, a low-impedance line can be
employed using the outer conductor of the coaxial cylinder
to form a parallel capacitor. The simulation results of the
3D structure using HFSS software are curve-fitted with the
simulation results of the schematic circuit diagram using
ADS software to extract the equivalent inductance and
capacitance values corresponding to different structure
dimensions in this design.

To enhance accuracy, it is essential to consider both
the distributed capacitance effects of high impedance lines
and the distributed inductance effects of low impedance
lines. Additionally, the response remains nearly constant at
the same single-cavity resonant frequency and the inter-
cavity coupling coefficient for coupled resonant filters. The
H-shape resonant units, which are independent of one
another, are illustrated in Fig. 3 with the grey section rep-
resenting the metal shell, the orange inner conductor, and
the blue Teflon. They are selected as the simulation model
and the simulation curves of their equivalent circuits serve
as the target values.

The overall physical structure of the tubular filter is

constructed based on this foundation and is shown in Fig. 4.

After fine-tuning and optimization, the final filter dimensions

Symbol Value Symbol Value
Co 2.2848 Cpy 1.2658
Cip 0.1272 Cpi, 1.9654
Csa 0.1272 Cps.4 1.9654
Cus 2.2848 Cps 1.2658
Cpo 1.2152 Cps 1.2152

Tab. 1. The theoretical values of all capacitors (in pF).
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Fig. 3. H-shape resonant units. (a) Geometric structure.
(b) Circuit diagram.
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Fig. 4. Geometry of the coaxial tubular filter (The right
dimension is symmetrical to the left).

Symbol Value Symbol Value
R; 8.0 Dcs 6.6
R, 10.0 Dp; 0.6
Rs 12.0 Dp, 0.8
D 0.9 Dp; 0.6
DCl 06 C|_1 23
Dc, 5.6 Co, 2.3

Tab. 2. Optimized geometric parameter of the filter (in mm).
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Fig. 5. Comparison of the simulated S-parameter in ADS and
HFSS.

are shown in Tab. 2. The simulation results obtained by
Ansoft HFSS, agree well with the theoretical values of the
target circuit shown in Fig. 5.
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3. Design of Filtenna

The complete filtenna is illustrated in Fig. 1 and the
perpendicular slot pairs arrays in the outer conductor of the
coaxial waveguide is designed to achieve the CP and om-
nidirectional performance. Additionally, a folded air-filled
coaxial waveguide has been used as the feeding structure.
The transition from the filter coaxial waveguide to the
radiation coaxial waveguide is located at the top of the
filtenna.

3.1 Design of Antenna

The radiating component of the antenna is constructed
using the universal cut rectangular slots. Three sets of
perpendicular slot pairs are cut into the surface of the
sleeve, and one of the slots in each pair is inclined at
a clockwise angle of 45° while the other leans at an anti-
clockwise at 45°[30]. When the centers of the narrow radi-
ating slots are appropriately optimized, they will then radi-
ate circular or near-circular polarization waves. Also, the
second set of slot pairs and the third set of slot pairs were
rotated by 30° and 60° along the circumferential direction,
respectively.

The length of each slot is approximately A4/2 (44 is the
medium wavelength) and the distance between two slots is
set to about 14/4 along the z-axis. This configuration is
necessary to achieve left-hand circularly polarized (LHCP)
characteristics, as it requires the waves excited from the
slot pairs to have a 90° phase difference. The simulated
electric field distribution on the sleeve at 9 GHz is illus-
trated at different time instants in Fig. 6. The three sets of
slot pairs are arranged along the z-axis to form slot arrays
to enhance gain. Each slot pair is positioned at intervals of
L> = L3 = 44 to ensure that the waves excited from them are
in phase. The antenna has the property of omnidirectional
radiation in the xoy plane, and its gain can be improved by
adjusting the spacing of the slot pairs to be approximately
equal to the free space wavelength in the z-axis direction.
Specifically, the slot array elements closest to the upper
surface are cut to a length of Cy compared to the others to
eliminate the reflected waves from the coaxial cylinders
and to act as matching load. Additionally, the smooth tran-
sition area between the inner conductor and the top connec-
tion point of the filtenna is designed to ensure impedance
matching. The electric field of the filtenna indicates that
the majority of the power is radiated from the resonant
slots, with only a minimal amount remaining at the bottom.
Consequently, these structures improve the efficiency of
the filtenna, producing good traveling wave properties and
AR results.

3.2 Simulated and Measured Results

The omnidirectional CP filtenna was simulated and
optimized using HFSS software. The optimized geometric
parameters are summarized in Tab. 3 and a prototype was
fabricated and tested, as shown in Fig. 7(a). The simulated

(a)

(d) (e)

Fig. 6. Electric filed behavior on the sleeve of the filtenna
over one period at 9 GHz. (a) Electric field distribu-
tion. (b) t=0. (c) t=T/4. (d) t = 2T/4. (e) t = 3T/4.

and measured S-parameters are shown in Fig. 7(b),
indicating that the measured impedance bandwidth of
S11<-10 dB is 5.8%. The outcome is in general agreement
with the results of the simulation but slightly deflected to
the high frequency. There is a probability that the actual
permittivity constant value & is smaller than the simulated
value of &= 2.1 due to the impurity of the teflon medium.
Figure 8 demonstrates the measured average AR and gain
in the xy-plane. The measured AR bandwidth of less than
3dB is 6.1%, ranging from 8.85 to 9.4 GHz, while the
measured gain is better than 5.29 dBic from 8.87 GHz to
9.39 GHz demonstrating the same trend as the simulated
ones. The proposed filtenna obtains the stable high gain
within the AR bandwidth.

Symbol Value Symbol Value
D, 26 L, 29.5
D, 14 S 15.8
D 6.6 W, 3.0
D, 2.6 S, 15.8
T, 2.0 W, 3.0
T, 2.0 Ss 15.8
T, 3.0 Ws 3.0
L, 4.06 Z; 11.74
L, 28.7 Z, 12.02
L, 275 Z5 12.02

Tab. 3. Optimized geometric parameter of the CP filtenna (in
mm).

S, (dB)

8.0 85 9.0 9.5 10.0
Freq (GHz)

(b)

(a) Photography ~ of  the filtenna  fabricated.
(b) Comparison of the simulated and measured S;; of
the filtenna.

Fig. 7
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Fig. 8. Comparison of the simulated and measured realized

gain and AR.

The measured LHCP normalized radiation patterns
and simulated RHCP and LHCP normalized radiation pat-
terns in the yz-plane and xy-plane (omnidirectional plane)
at 8.8 GHz, 9 GHz and 9.2 GHz are shown in Fig. 9. Simu-
lated results indicate that the cross-polarization levels are
more than 16 dB lower than the co-polarization, and the
measured results show reasonable agreement with these
simulations. At 9 GHz, the FNBW value of the main lobe
are 15 and 22 degrees, respectively. The energy contained
within the main lobe is about 58.8%.

Table 4 presents the performance comparison be-
tween the proposed filtenna and other designs. The table
reveals that the gain of low-profile filtennas in [14, 15, 17,
28, 29] are worse than the prototype, and the antennas
mentioned in [14, 15, 26, 28, 29] also have difficulty in
achieving circular polarization characteristics. The antenna
in [30] lacks filtering. Consequently, the proposed filtenna
has superior overall performance in terms of compact
structure, filtering function and CP characteristics.

4. Conclusion

A slot array filtenna on a coaxial cylinder with omni-
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Fig.9. Simulated RHCP and LHCP and measured normalized
radiation pattern in the omnidirectional plane (xy-plane
on the left) and the E-plane (yz-plane on the right).
(@) 9 GHz; (b) 8.8 GHz; (c) 9.2 GHz.

which consists of the high and low impedance transfor-
mations of the conductor within the coaxial waveguide,
along with insertion of the dielectric disk. The fabricated
prototype's measured results are generally consistent with
the simulated results. The prototype exhibits a —10 dB
impedance bandwidth of 5.8% and a 3 dB AR bandwidth
of 6.1%. The measured gain is better than 5.29 dBic in the
operating bandwidth from 8.87 GHz to 9.39 GHz. The
proposed filtenna demonstrates excellent performance in
omnidirectional characteristic, with an out-of-roundness of
less than 1.5 dB in the radiation direction. In terms of min-

directional CP radiation is proposed. The realization of the ~ iaturization, the overall size of the filtenna is

filtering properties is implemented based on a tubular filter 0.784¢ x 3.04 4.
Ref. Polarization Center Freq. (GHz) | 3dB Axial Ratio Bandwidth Dimensions (o) Gain (dBi) Filtering
[14] linear 2.9 0.33 x 0.32 x 0.007 2.5 Yes
[15] linear 4.9/5.2 0.21 x 0.37 x 0.007 2.5 Yes
[17] circular 2.45 20% 0.57 x 0.61 x 0.007 3.3 Yes
[26] linear 4.5 1.1x1.1x0.029 6.0 Yes
[28] linear 1.65 1.41 x0.76 x 0.007 2.4 Yes
[29] linear 2.354 0.36 x 0.64 x 0.007 1.15 Yes
[30] circular 5.5 14.5% 2.43x243x1.0 5.8 No
[38] linear 2.8 0.33 x 0.33 x 1.52 6.6 Yes
This circular 9.13 6.1% 0.78 x 0.78 x 2.91 6.5 Yes

Tab. 4. Comparison of the performance of the CP omnidirectional filter antenna designed in this paper with related literature.
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