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Abstract – A three-dimensional compact propeller-
shaped circularly polarized ceiling-mounted antenna
loaded by inverted L-shaped slot is proposed in this
paper. This three-dimensional structure has a small size,
single feed and half-plane radiation mode. The antenna is
composed of four alternately welded radiating elements
and a disc reflector. Each radiating element is formed
by etching a rectangular microstrip radiating patch and
a trapezoidal microstrip radiating patch on the surface
of the substrate. The four radiating elements are welded
vertically on the disc reflector. The back of the disc
reflector has the ground plane. The antenna is fed coax-
ially through the via in the center of the disc reflec-
tor. The result demonstrates that the 10-dB impedance
fractional bandwidth achieves 66.3% (4.4-8.94 GHz).
The 3-dB axial ratio fractional bandwidth is 2.2% (6.44-
6.58 GHz). The radiation characteristic is close to half-
space radiation on the xoz plane and the yoz plane. The
peak gain of the antenna is 3.22 dBi. The simulation
and measurement results are in good agreement. With its
compact structure, effective coverage, miniaturization,
etc., the antenna is very suitable for applications such
as biomedical monitoring equipment and short-range
radio communications.

Index Terms – axial ratio (AR), circular polariza-
tion (CP), coaxial feed, inverted L-shaped slot, three-
dimensional.

I. INTRODUCTION
With the rapid development of modern wireless

communications and the increasing number of communi-
cation systems, circularly polarized (CP) antennas have
attracted more and more attention due to their excel-
lent performance and have been widely used in wire-
less communication systems [1].The attractive benefit of
CP antennas is that it can send and receive signals in all
planes having strong absorption and reflection of radio

signals [2]. Attributing to the requirement of great capac-
ity and higher transmission rate of 5G in the future, it
is difficult to find spectrum resources with large band-
widths of up to 100 MHz or even hundreds of megahertz
for spectrum below 6 GHz. Spectrum above 6 GHz is
an important source for 5G to find new frequency bands.
The use of spectrum above 6 GHz for 5G has become
a global consensus [3]. Because the antenna proposed
in this article has good directivity and compact struc-
ture, it has potential application for indoor positioning,
unmanned aerial vehicles (UAVs), automobiles and other
point-to-point communication, or in subway stations and
conference halls etc.

Circularly polarization characteristics of antenna
can be achieved by many methods, such as cutting cor-
ners [4], rotated stacked [5] and stub line loading [6],
selecting a suitable feed point location and multiple feed-
ing ports [7]. The CP antenna can resist the interference
of clouds, rain and fog in radar and satellite communica-
tion systems [8]. The correct information can be received
by using CP antenna in devices that swing and roll vio-
lently [9]. CP antennas are used in TV and broadcasting
systems to improve the quality of the receiving signal
[10]. The CP antenna can eliminate the polarization dis-
tortion which is caused by the ionospheric Faraday rota-
tion effect [11].

Compared with linearly polarized (LP) antennas, CP
antennas have many advantages, which can be applied to
a very wide number of fields. Therefore, a variety of new
CP antennas with excellent performance have been pro-
posed. Guo Qing-Yi et al. proposed a Fabry-Pérot cav-
ity (FPC) CP antenna that works in the millimeter wave
frequency band [12]. The antenna integrates a three-
dimensional (3D) printed resonator with an inserted par-
tial reflective surface to enhance the antenna’s gain and
CP bandwidth. This FPC antenna provides high direc-
tional radiation similar to a horn antenna. In [13], a novel
CPW-fed microstrip antenna which uses two PIN diodes
to switch between RHCP and LHCP, is introduced. This

Submitted On: January 3, 2023
Accepted On: May 1, 2023

https://doi.org/10.13052/2023.ACES.J.380402
1054-4887 © ACES

https://doi.org/10.13052/2023.ACES.J.380402


CHEN, XING, HUANG, WANG, MA: A THREE-DIMENSIONAL COMPACT PROPELLER-SHAPED CIRCULARLY POLARIZED CEILING 232

antenna is designed to work in the center frequency of
2.4 GHz which is applicable in WLAN systems. How-
ever, due to its large size, it is not easy to conform to
other equipment.

To enhance indoor communication quality and com-
munication coverage, experts and scholars have designed
various structure ceiling antennas. In [14], a 2×2 array
of ceiling antennas for access point devices is pro-
posed, which consists of a beamforming network and
a four-sided clover-leaf antenna (clover-leaf antenna).
The beamforming network includes four microstrip rat-
race couplers and two 90◦ delay lines. The peak gain
reaches 7.8 dBi, but there is a radiation zero point in the
main radiation direction, and the structure is more com-
plicated. Jang and Go [15] proposed a ceiling-mounted
antenna composed of a cylindrical monopole, foam, a
circular ground plane and an SMA connector. It can
be applied to mobile and satellite communication sys-
tems, but there is a phenomenon of distortion of radiation
characteristics. A monopole ceiling antenna based on
asymmetric dipole offset feed, which reduced the radi-
ation zero point and achieved low passive intermodula-
tion (PIM) has been reported [16], mainly working at 60
GHz millimeter wave frequency band and LP radiation.
A central coaxial feed monopole formed by placing three
metal patches on a circular ground plane is reported in
[17]. There are three shorting legs composed of coupling
patches on the monopole to extend the lowest frequency,
and the top of the coupling patch is loaded with a broad-
band omnidirectional antenna composed of a metal disk.
Although higher gain and better efficiency are achieved,
there is a radiation zero point in the radiation direc-
tion. The above-mentioned antennas provide good gain,
impedance bandwidth and radiation pattern, but they are
all in LP mode, which has some disadvantages for some
specific application scenarios, such as drones, subways
station, and halls, etc. For example, drones may cause
communication interruption to base stations due to their
instability and mobility, and they are often affected by
fast fading. Multipath of subways and shaking of ter-
minals will also cause the quality of communication to
decrease. Although [18] designed CP polarized ceiling
antenna with a multilayer spiral structure, this antenna is
mainly used for indoor radio frequency identification at
900 MHz.

In this paper, a circularly polarized ceiling antenna
with a three-dimensional propeller shape is proposed
and implemented. The antenna consists of four sub-
strates etched with rectangular microstrips and trape-
zoidal microstrips to form radiating patches, which are
vertically welded on a disc reflector with ground on the
back. Each radiating patch is loaded with an inverted
L-shaped slot. A single-port coaxial feed is performed
through the through hole of the disc reflector. This struc-

ture has good CP characteristics. A 50 Ω characteristic
impedance SMA connector is located under the reflec-
tor that has little effect on the electrical characteristics of
the antenna. This kind of antenna can be hung under the
unmanned aerial vehicles, the top of the car or the roof
to cover a larger area.

II. THE PRINCIPLE OF CIRCULAR
POLARIZATION

During the propagation of electromagnetic waves
in space, the electric field and magnetic field vectors
keep reciprocating. Electromagnetic wave polarization
usually refers to the trajectory projected by the end of
the electric field vector on a plane perpendicular to the
direction of propagation. Here, the change vector of the
magnetic field does not need to be considered, because
the magnetic field and the electric field have a fixed rela-
tionship. When the rotation direction of the electric field
vector of a CP wave is clockwise, a right-hand circular
polarization (RHCP) signal is generated. For a left-hand
circular polarization (LHCP) wave, the electric field vec-
tor will rotate counter clockwise [19]. In order to realize
that the track of the electric field vector as a function of
time is a circle, it must be satisfied that the electric field
must have two orthogonal linear components, the ampli-
tude of the two components must be equal, the phase dif-
ference is an odd multiple of 90 [20]. If the complex volt-
age terms in the horizontal and vertical planes EH and EV
are of equal amplitude and in phase quadrature (±π/2),
these terms may be combined to express either the RHCP
or LHCP wave components [21]:

ERHCP =
1√
2
(EH + jEV ) , (1)

and

ELHCP =
1√
2
(EH − jEV ) . (2)

The real and imaginary components of the horizon-
tal and vertical response can be expressed as:

EH = EA cos(Hp)+ jHA sin(Hp), (3)

EV = EA cos(Vp)+ jVA sin(Vp). (4)
The horizontal and vertical amplitude (HA, VA) and

phase components (HP, VP) are quantities that are mea-
sured at each angle in the far field of the antenna. Sub-
stitute formulas (1) and (2) into formulas (3) and (4) to
obtain the polarization field:

ELHCP =
1√
2

{
[HA cos(Hp)+VA sin(Vp)]

+ j[HA sin(Hp)−VA cos(Vp) ]} , (5)
and

ERHCP =
1√
2

{
[HA cos(Hp)−VA sin(Vp)]

+ j[HA sin(Hp)+VA cos(Vp) ]} . (6)



233 ACES JOURNAL, Vol. 38, No. 4, April 2023

The polarization of an antenna is related to the direc-
tion of the electric field radiated by the antenna. The radi-
ation patterns that are generated by a CP antenna can be
plotted by combining the amplitude and phase response
of two orthogonals. In each hand of polarization, the
power can be expressed by:

P(dB) = 10log10

(
E2

377

)
, (7)

where 377 Ω is the wave impedance in free space. A
practical antenna normally generates a desired reference
polarization in addition to an undesirable cross-polar
component, which is polarized in the opposite hand. In
the main beam, |PRHCP(dB)-PLHCP(dB)| gives the cross-
polar level at a given azimuth angle. AR is the ratio of
the cross-polarized wave to the co-polarized wave, so for
a perfect circular polarization conversion, the AR should
be equal to one. The AR can be written as:

AR = 20log10(
1+ e
1− e

), (8)

where e=10−PdB/20 and PdB is the cross-polar power.
A 3 dB point can be considered as the reference

point for polarization conversion. When the values of
AR are smaller than 3 dB, the structure can be used as a
polarization converter. On the other hand, the frequency
range for which the AR value is smaller than the refer-
ence value is called axial ratio bandwidth [22], [23].

III. ANTENNA STRUCTURE
The propeller structure of the CP antenna is shown

in Figs. 1 (a) and (b). The radiation patch includes a
rectangular microstrip patch and a trapezoidal microstrip
patch, which are etched on rectangular dielectric sub-
strate to form a radiating element. An inverted L-shaped
slot is loaded on each radiating element. The four radi-
ating elements are welded together in a staggered man-
ner and placed vertically on the disc reflector to form a
propeller shape as shown in Fig. 1 (a). The feed point
is located in the center of the disc reflector structure by
connecting 50-Ω SMA connector to realize the symme-
try axis ratio and radiation pattern. Cross-placed inverted
L-shaped radiating elements can produce two orthogonal
polarization components, thereby synthesizing circularly
polarized waves in the far field. Figure 1 (b) is the top
view of the antenna structure.

The structure of the propeller is to generate mutu-
ally orthogonal electromagnetic waves in order to syn-
thesize circularly polarized waves in the far field. Com-
pared with other types of ceiling antennas, due to its spe-
cial structure, it has a more compact structure and bet-
ter directivity. However, this structure causes a certain
amount of interference between patches placed orthog-
onal to each other, which will have a certain impact on
reflection coefficient and radiation pattern. The interfer-

ence can be minimized by adjusting the length L1 and
width W1 of the rectangular patch.

(a) (b)

Fig. 1. Proposed antenna configuration. (a) Three-
dimensional view. (b) Top view of the substrate.

Fig. 2. Structure diagram of inverted L-shaped slot radi-
ating element.

The structure of the radiating element loaded by the
inverted L-shaped slot is shown in Fig. 2. The size of the
rectangular patch is W1×L1. The bottom side of verti-
cally placed trapezoidal patch is W1, the upper bottom
side W2, and the height g. The length and width of the
microstrip radiation patch are calculated by the follow-
ing equations:

W =
c

2 fo

(
2

εr +1

)1/2

, (9)

fo =
c

2
√

εe (L+∆L)
, (10)

where ∆L is the extension caused by the edge effect, and
εr is the relative dielectric constant of the substrate, εe is
the effective dielectric constant. At 6.5 GHz operating
frequency, the length (L1) and the width (W1) of the radi-
ating microstrip patch are 12.2 mm and 15.2 mm by the
equation (9) and (10), respectively. L is the equivalent
length of the microstrip edge effect. The width W2 of
the 50 characteristic impedance microstrip is 2.2 mm.
The coaxial probe is fed from the back of the circular
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Table 1: Design parameters of the propeller shaped CP
antenna (unit: mm)

W1 W2 W3 L1 L2 L3 g d r h
13.4 2.2 6 12.8 7.7 8.8 2.9 0.2 20 1

reflector. The inverted L-shaped slot is used to change the
current path on the radiating patch, thereby the radiation
intensity of the antenna is enhanced in the +z direction.
The inverted L-shaped slot has a horizontal length of
L2, the vertical length of L3, and the slot width of d.
The radiation pattern and impedance bandwidth of the
antenna are optimized by adjusting the structural param-
eters of the antenna. The relevant structural parameters
are shown in Table 1.

IV. SIMULATION DESIGN ANALYSIS
The proposed three-dimensional compact propeller-

shaped CP ceiling-mounted antenna is designed by the
High Frequency Electromagnetic Simulator software
(HFSS). The low cost FR4 substrate is used in the design,
with the thickness of 1 mm, the relative dielectric con-
stant of 4.4, and the loss tangent of 0.02.

The width W1 of the rectangular microstrip radiat-
ing patch is changed, the corresponding reflection coeffi-
cient and AR characteristics are shown in Figs. 3 (a) and
(b), respectively. When the width W1 of the rectangu-
lar microstrip radiating patch is reduced from 13.6 mm
to 13.3 mm in step of 0.1 mm, the impedance band-
width of the antenna is influenced obviously. The result
of Fig. 3 (a) shows that only when W1 is equal to
13.4 mm, the reflection characteristic in the band is
optimal, meanwhile, the 10 dB impedance bandwidth
reaches 4.54 GHz. When the value of W1 deviates
from 13.4 mm, the reflection coefficient begins to dete-
riorate in the lower frequency band, and the 10 dB
impedance bandwidth decreases. This is caused by res-
onance between the patches. Figure 3 (b) shows the AR
results when W1 changes from 13.3 mm to 13.6 mm. It
is observed that when W1=13.4 mm, the 3 dB AR band-
width achieves 185 MHz, and the AR value is 0.99 dB
at the center frequency. When the value of W1 increases
or decreases from 13.4 mm, the AR will increase, and
the 3 dB AR bandwidth will decrease rapidly. Obvi-
ously, the optimal width W1=13.4 mm is selected to
achieve good impedance matching of the antenna and the
3 dB AR operating frequency is included in the 10 dB
impedance bandwidth.

Figure 4 shows the effect on the AR characteris-
tics of the antenna when the horizontal length L2 of
the inverted L-shaped slot is gradually increased from
7.6 mm to 7.9 mm in steps of 0.1 mm. Among them,
when L2 is greater than 7.7 mm, the AR characteristic
deteriorates, and the working frequency band shifts to
the high frequency at the same time. When L2 is less

(a)

(b)

Fig. 3. Simulated results of the reflection coefficient and
the AR with different W1 . (a) Reflection coefficient. (b)
Axial ratio.

Fig. 4. Simulated results of the AR with different L2.
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Fig. 5. Simulated results of the AR with different L3.

(a)

(b)

Fig. 6. Simulated results of the reflection coefficient and
the AR with different g. (a) Reflection coefficient. (b)
Axial ratios.

than 7.7 mm, the AR value slightly increases, and the
3 dB AR bandwidth decreases. When L2=7.7 mm, the
3 dB AR bandwidth is the widest, and the AR value of
the center frequency is the smallest.

Figure 5 shows the AR results of the antenna when
the vertical length L3 of the inverted L-shaped slot
changes. When L3=8.8 mm, the axial ratio bandwidth is
the widest, and the circular polarization characteristic is
the best. When the length of L3 deviates from 8.8 mm,
the 3 dB AR bandwidth reduces sharply.

Figure 6 shows the simulation results of the reflec-
tion coefficient and the AR of the antenna when
the height g of the trapezoidal microstrip is varied,
respectively. Figure 6 (a) shows that when g is equal
to 2.9 mm, there are excellent reflection coefficient and
in-band characteristics. Figure 6 (b) shows that when
g=2.9 mm, the center frequency is near 6.5 GHz. At this
time, the antenna has a small AR value and the AR band-
width is wide. When the value of g is less than 2.9 mm,
the 3 dB AR frequency band moves to a low frequency.
When the value of g is greater than 2.9 mm, the 3 dB
AR frequency band moves to a high frequency. The AR
bandwidth reduces rapidly and the performance in the
band deteriorates.

V. EXPERIMENT RESULTS
To verify the simulation results, a propeller-shaped

CP ceiling antenna was fabricated and measured. The
actual measurement is conducted in an anechoic cham-
ber with Agilent’s vector network analyzer (VNA, Agi-
lent E8362B). Figure 7 is the measurement photo of the
CP antenna. Figure 8 is the simulation and measure-
ment curve of the final antenna reflection coefficient.
The measurement result shows that the frequency band
with the reflection coefficient less than −10 dB is from
4.51 GHz to 9.01 GHz, and the bandwidth is 4.5 GHz,
which is slightly smaller than the simulation result.

Figure 9 shows the measured AR characteristic
curve. The frequency band range is from 6.44 GHz to
6.58 GHz with the AR less than 3 dB. The 3 dB AR
bandwidth is 140 MHz and the 3 dB AR fractional band-
width of the antenna is 2.2%. The measurement curve
of the CP antenna gain and the radiation efficiency is

(a) (b)

Fig. 7. Antenna photograph and anechoic chamber pho-
tograph. (a) Photograph of the fabricated CP antenna. (b)
Measurement photograph of the CP antenna.
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Fig. 8. Simulation and measurement results of the pro-
posed antenna’s reflection coefficient.

Fig. 9. Simulated and measured results of the AR curve
of the proposed antenna.

Fig. 10. Measured results of the antenna gain and radia-
tion efficiency.

shown in Fig. 10. It is well known that as the size of
the antenna is reduced, so does the efficiency. For the
antenna proposed in this paper, in addition to the size
of the antenna, the width d of the inverted L-shaped slot
on the radiation patch and the dielectric constant of the
substrate material will also affect the radiation efficiency
measurement. The radiation efficiency of the antenna
is 35% to 39% in the range of 6.2 GHz to 6.8 GHz
in Fig. 10.

Figure 11 shows the simulated and measured xoz
plane and yoz plane radiation patterns of far-field
radiation at different working frequencies of 6.45 GHz,

(a)

(b)

(c)

Fig. 11. The measured CP radiated patterns on xoz plane
and yoz plane, respectively. (a) 6.45 GHz. (b) 6.5 GHz.
(c) 6.6 GHz.
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Table 2: Comparison of the published ceiling-mounted antennas
Ref. IBW

(S11<−10 dB)
GHz

ARBW
(AR<3 dB)

GHz

Feeding
Method

Radiation
Zero Point

Antenna Size (λ0
3) Peak Gain

(dBi)

[14] 2-2.9 - Side yes 1.6×1.6×0.35 7.8
[15] 1.98-3.55 - Back yes 0.07×0.07×0.85 3.5
[16] 0.698-0.960

1.35-3.8
- Back no 1.2×0.78×0.05 -

[17] 0.65-6 - Back yes 0.9×0.9×2.67 6
[18] 0.865-1.005 0.861-0.92 Back no 0.3×0.9×0.9 4.3
[24] 2.41-2.47 - Back yes 0.5×0.5×0.65 0.4

This paper 4.4-8.94 6.44-6.58 Back no 0.4×0.4×0.98 3.22
IBW=impedance bandwidth, ARBW=axial ratio bandwidth

6.5 GHz, and 6.6 GHz, respectively. The radiation pat-
terns are all half-space radiation. Due to the size of
the via of the reflector and the manufacturing process,
a certain amount of radiation leakage occurs on the
back side.

Table 2 compares the various types of ceiling anten-
nas working in different frequency bands that have been
published with the ceiling antennas proposed in this arti-
cle. The key structural parameters and electrical param-
eters are listed in Table 2. Most of the ceiling-mounted
antennas use coaxial back-feed excitation and the polar-
ization characteristic is LP with a relatively large area.
The fatal flaw in the comparison literature is that the
ceiling-mounted antenna has a radiation zero point in the
radiation direction. The propeller-type ceiling antenna
proposed in this paper does not produce a radiation zero
point in the radiation direction, meanwhile, it obtains a
higher gain in a relatively small volume.

VI. CONCLUSION
In this paper, a novel ceiling-mounted CP antenna is

proposed and implemented. The antenna is loaded with
the inverted L slot structure on a microstrip radiation
patch. Four cross-placed radiating elements are welded
on the reflector substrate whose back has ground to real-
ize half-space CP radiation. The measured impedance
bandwidth reaches 4.5 GHz. The 3 dB AR bandwidth
is 140 MHz. The gain fluctuated from 3.04 dBi to
3.22 dBi in the range of 6.2 GHz to 6.8 GHz. Because
this propeller-shaped ceiling-mounted CP antenna has a
compact structure and good directivity, it can be used in
various wireless communication systems. It is especially
suitable for, by way of example: UAVs, trains, airplanes
or cabins, subway stations and other indoor places.
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