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ABSTRACT A new compact printed monopole antenna is presented in this paper. An open-loop hexagonal
radiator excited by a microstrip feed line, which is printed on top of the substrate, which is FR4 type, while
on another side, a partial ground plane is fixed and embedded with two pairs of slits as well as a pair of
rectangular strips. Triple operating bands with two different polarization types are obtained. The lower band
has right-hand circular polarization (RHCP) characteristic, whereas the upper band has left-hand circular
polarization (LHCP) characteristic means that a dual-band dual-sense circular polarization (CP). Concerning
the middle band, a linear polarization (LP) has been gotten in this antenna. Numerical analysis and
experimental validation of the proposed antenna structure have been performed, and results are demonstrated.
The measured impedance bandwidths (IBWs) are 14.7% (1.478-1.714 GHz), 6.8% (2.54-2.72 GHz), and
13.1% (4.29-4.89 GHz), respectively. The measured 3-dB axial ratio bandwidths (ARBWs) are 6.2%
(1.510-1.606 GHz), and 22.7% (4.035-5.07 GHz) for the lower and the upper band, respectively. So, it’s
suitable for covering modern wireless applications such as GPS (Global Positioning System), LTE (Long
Term Evaluation), and Satellite.

INDEX TERMS Hybrid polarization, dual-band dual-sense CP, printed monopole antenna, axial ratio, linear
polarization.

I. INTRODUCTION
During the last decade, wireless communication systems have
been grown significantly. This development comes sponta-
neously due to the increased functionality of wireless devices.
It is well known that the antennas represent the backbone
of wireless communication systems. The polarization vari-
ety in printed antennas gives a significant possibility in the
multiplicity of applications used in wireless communication
systems. Some of these systems constructed depending on
linear polarization (LP) [1], [2], whereas others build based
on circular polarization (CP) [3]–[5]. On the other hand,
other applications have used both polarizations (CP and LP)
such as wireless local area networks (WLAN) and worldwide
interoperability for microwave access (WiMAX) to benefit
from provided frequency. This matter led to design printed
antennaswithmultiband and hybrid polarization. The circular
polarization (CP) antennas have distinct features as com-
pared to linear polarization (LP). The first feature, it is very
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influential in struggling multi-path interferences or fading so,
it’s granular for the harsh environment such as high humidity
and rainy. Second, CP antennas can improve the root mean
square time delay spread [6], [7].

Various kinds of dual-band monopole antennas with dif-
ferent shapes are presented in [8]–[19]. In [8], [9], a single-
sense CP is demonstrated while in [10]–[15], dual-sense CP
monopole antennas excited by microstrip feedline are pre-
sented. Regarding [8], the antenna is implemented by loading
two L-shaped stubs outside the truncated patch, which excited
by meandering probe feed, whereas in [9], a rectangular strip
embedded with two slits excited by direct feedline printed on
a substrate. On the other side, a reduced ground plane with
pair sleeves is extended from its edges.

In [10], a dual-band dual-sense CP achieved via etch-
ing annular slot with four unequal arms etched on one
side of a substrate while a microstrip feed line printed on
another side. In [11], an annular slot, pair of notches, and
asymmetrical cross slots are printed on a single substrate,
whereas on the other side, the rectangular strip is excited by
a direct feedline to perform dual-band dual-sense CP. In [12],
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Two concentric annular slots with reactively loaded etched
from patch while on another side, the microstrip feed line
which based on stepped impedance employed to produce
dual-band dual-sense CP. In [13], a dual-band dual-sense CP
generated by etching asymmetrical T slot in the center of
the radiator patch as well as truncated triangle strips from
opposite corners and a pair of the vertical slot. In [14], a
C-shaped radiator printed on the substrate and excited by
direct feedline while wide slot with two asymmetrical strips
in the opposite direction on the other side used for achieving
dual band dual-sense CP. In [15], a tilted D-shaped radiator
fed by a microstrip feed line with a suitable impedance trans-
former and a reduced ground plane on the other side has been
configured to perform dual-band dual-sense CP.

Another design approach to fulfill a dual-band dual-sense
CP is a slotted ground plane with some perturbations and
coplanar waveguide (CPW) feed [16]–[19]. In [16], a slot
antenna fed by CPW with pair spiral slots embedded in top
left and bottom left corner in the ground plane. In [17],
a CPW-fed slot antenna with a U-shaped open-slot and a
vertical grounded stub is configured. In [18], a slot square
antenna is proposed with a pair of asymmetrical strips added
on the ground plane with an F-shaped feed line and para-
sitic elements configuration. In [19], a dual-band dual- sense
created by a rectangular radiator with two unlike rectangular
strips excited by CPW surrounded with a square slot ground
plane with inverted L-shaped on the right side of it.

Also, there are other approaches used to produce more
than one band CP, such as stacking [20]–[25] and meta-
materials [26]–[28]. In [20], a pair of stacked patches with
low-temperature cofired ceramic (LTCC) substrate type has
been constructed to implement a dual-band for GPS applica-
tion. In [21], an antenna has been configured with two trun-
cated stacked patches, which are excited by coaxial probe-fed
to achieve dual-band CP for ISM applications. A microstrip
antenna constructed by pair of truncated and semi-groove
stacked patches to execute a dual-band CP has been proposed
in [22]. Also, in [23], a microstrip antenna configured by
a pair of substrate layers separated by an air gap, the rect-
angular patch printed on top of an upper substrate while
the circular patch placed on the other side of it to achieve
dual-band CP. Besides, the authors in [24] have presented
a double layer microstrip antenna with a rectangular ring
below the meandered ring to generate a dual-band resonant
response. Moreover, dual pairs of inverted-L shaped strips
and perturbation structures are inserted in two rings to per-
form CP radiation at the two bands. The authors of [25]
have investigated the design of a microstrip antenna to obtain
dual-band dual-sense CP for UHF RFID reader applications.
The proposed antenna is constituted of a pair of ellipti-
cal rings, three substrate layers, and an asymmetric 5-type
dual-band complex impedance transformer.

In this paper, a multiband printed monopole antenna with
dual-band dual-sense CP is investigated. These bands come
from a configured monopole antenna with an open-loop
hexagonal ring radiator on the top side of a substrate,

whereas on the other side, a reduced ground plane with two
pairs of slits and one pair of rectangular strips with dimen-
sions of nh1×nw1 and nh2×nw2 have been embedded.

FIGURE 1. Configuration of the proposed open-loop monopole printed
antenna (a) radiator part, (b) partial ground plane with stair slits.

II. ANTENNA DESIGN AND ANALYSIS
A. ANTENNA CONFIGURATION
The schematic order of the proposed monopole printed
antenna is presented in Fig. 1. The antenna is constituted of
three main parts: a ground plane, a dielectric substrate, and a
radiator. Regarding the ground plane, it’s a partial plane with
a pair of rectangular strips with dimensions of nh1×nw1 and
nh2×nw2, as well as two pairs of asymmetrical stair slits.
The second part is the dielectric substrate with FR4 type
(εr = 4.4) with thickness 1.6 mm and loss tangent tan δ =
0.02. The last part is the open-loop hexagonal radiator, which
excited by a microstrip feed line 50 � with a width of wf
and length hf. The overall dimensions of the antenna are
70 × 45 × 1.6 mm3. The optimized parameters of the pro-
posed printed monopole antenna, using the HFSS V.13 (High
Frequency Structure Simulator), are mentioned in Table 1 and
Table2.

110372 VOLUME 8, 2020



M. A. Al-Mihrab et al.: Compact Multiband Printed Monopole Antenna With Hybrid Polarization Radiation

TABLE 1. Parameters of the proposed antenna.

TABLE 2. Parameters of stair slits.

B. DESIGN PROCEDURE
This section clarifies the construction stages of the proposed
antenna. As illustrated in Fig. 2, the antenna passed in five
main stages. At first, the Ant.1, as shown in Fig. 2, its
radiator is a hexagonal closed-loop, and the ground part is
a partial patch. The primal results of Ant.1 are presented
in Fig. 3: there are two operating bands and resonating at
around 2.2 GHz and 6 GHz frequencies while the AR level
at these bands is very high. In Ant.2, the closed hexagonal
radiator ring is opened, which causes to moving reflection
coefficient response to the lower frequency region as well
as generating another operating at (2.85-3.15 GHz). Regard
the AR in Ant.2; the AR level starts to decrease, as noted
in Fig. 3(b) and CP condition verified at (4.45-4.67 GHz). For
decreasing the AR level at other bands, some of the load parts

FIGURE 2. Evolution of the proposed open-loop monopole printed
antenna.

are added to the radiator part, as shown in Ant.3. Because
of loading parts addition, the AR level is decreased under
3dB in another region (6.5-6.8 GHz), as seen in Fig. 3(b),
while the reflection coefficient under −10 dB has remained
poor. In Ant.4, four stair slits are etched on the ground
plane. The necessity of more than one slit in the proposed
antenna came because the antenna operates in more than
one frequency region. Also, it has an attractive feature to
produce different polarizations. Besides, the slits with stair
shape are effective in contributing to reduce the axial ratio in
band1 and enhancement of it in band4, as shown in Fig. 3.
Subsequently, the slits can play a critical role in controlling
the polarization of the antenna. In Ant.5 (proposed antenna),
a pair of rectangular strips with dimensions of nh1×nw1 and
nh2×nw2 have emerged from the partial ground plane. As a
result, axial ratio bandwidth (ARBW) is increased from 4.8%
to 23.2% at the upper band. Furthermore, the |S11| response
became more matchable with AR response at CP bands,
as seen in Figs. 3(a) and 3(b). The effect of each part will
clarify adequately in the parametric study section.

C. SURFACE CURRENT DISTRIBUTIONS
Surface current distributions are necessary for expound-
ing circular polarization radiation behavior. The current
distributions performed on Ant.5 (proposed) at both CP
resonant frequencies 1.575 GHz and 4.5 GHz, as noted
in Figs. 4(a) and 4(b) respectively. Figs. 4(a) and 4(b) show
the surface current distributions on time instants at t = 0◦

and t = 90◦ at 1.575 GHz and 4.5 GHz, respectively.
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FIGURE 3. Comparison for different stages of Fig. 2 (a) reflection coefficient (|S11|), (b) axial ratio (AR).

FIGURE 4. The surface current distribution of the proposed open-loop hexagonal radiator antenna at (a) 1.575 GHz, (b) 4.5 GHz.

For verifying CP radiation conditions, the amplitude of
vectors should be the same. Besides, the phase difference
between these vectors should be 90◦. In the proposed antenna,
there are two bands that should be CP because the axial ratio
is less than 3-dB. By using the current distribution on the
proposed antenna, the CP should be verified, and the type of
CP should be known for each CP band.

As presented in Fig. 4, the current distributions are imple-
mented at 1.575 GHz and 4.5 GHz when time instants t = 0◦

and t = 90◦. Fig. 4(a) describes the current distributions at
1.575 GHz for t = 0◦ and t = 90◦. As noted in Fig. 4(a),
the current intensity focuses on the open-loop hexagonal
radiator and ground plane.

Also, CP radiation conditions are observed in many
regions. For instance, when t = 0◦ at 1.575GHz, CP radiation
conditions can be seen between Ej6 and Ej7 in the radiator
and around the slit regions in the ground plane. Regarding
the 4.5 GHz, when t = 0◦, the mentioned conditions can
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be perceived for the current vectors Ej1 and Ej2 with Ej3 as
shown in Fig. 4(b). Also, the current vectors on stair slits and
rectangular strips can contribute significantly to band4 as a
CP band.

To investigate of CP in both bands, the current density vec-
tor diagram should be obtained. Based on the superposition
theorem, the result of the summation vector currents is sym-
bolized with (Ejsum). The current vectors and Ejsum represent a
conceptual one, not an exact. As much as possible, the length
of arrows acts as the current intensity. From Fig. 4 (a), it noted
that the type of radiated wave is right-handed circular polar-
ization (RHCP) in the +z-direction because the Ejsum rotates
counterclockwise as time increases whereas, in Fig. 4 (b),
it noted that the Ejsum rotates clockwise direction as time
increases mean that left-handed circular polarization (LHCP)
radiation is created in the +z-direction. Another substantial
understand from Ejsum is that the lengths of it at t = 0◦ and
t = 90◦ in both Figs. 4(a) and 4(b) are approaching equality
and orthogonality, which explains the CP phenomenon logi-
cally. The opposite direction of current vectors with the same
magnitude will be canceled, as illustrated in Fig. 4(b).

D. PARAMETRIC STUDY
1) EFFECT OF PARAMETER, W4
The impact of width (w4) on reflection coefficient and axial
ratio performance is presented in Figs. 5(a) and 5(b) respec-
tively. Fig. 5(a) clarifies that the parameter w4 impacts only
the impedance matching at the middle band at 2.55 GHz. Its
effects appear on the axial ratio at the upper band, as shown
in Fig. 5(b). The limited increase of w4 from 0 to 1 mm gives
a positive result regarding ARBW. The ARBW under 3-dB
also raised from 520 MHz to 1.03 GHz means w4 at 1 mm
raised the intension of orthogonality of electric field to the
maximum.

2) EFFECT OF PARAMETERS, s1 AND s2
The impact of stair slits s1 and s2 on |S11| and AR is illus-
trated in Figs. 6(a) and 6(b). In the case of s1 = s2 = 0 or
s1 = 0.5, s2 = 0, the matched impedance under −10 dB is
very poor at the lower band with the absence of a middle band
at 2.55 GHz completely. This matter implies that s2 plays a
significant role in impedance matching, as well as it’s entirely
responsible formiddle band creation. Regarding s1, its weight
displayed at the upper band by shifting and matching. Also,
the parameters s1 and s2 have a significant role in producing a
circular polarization at the lower band and the upper band. For
the lower band, the s1 or s2 is enough to fulfill the CP target,
but for the upper band, the maximum ARBW is achieved
when s1 and s2 exist together. From the above, the s1 and s2
make an appropriate disturbance in the electric field, which
leads to reinforcing the orthogonality.

3) EFFECT OF PARAMETERS, s3, s4, AND s5
The parameters s3, s4, and s5 have a substantial influ-
ence on the reflection coefficient and axial ratio, as seen

FIGURE 5. Effect of w4 on antenna performance: (a) |S11|, (b) AR.

in Figs. 7(a) and 7(b), respectively. As noted in Fig 7, there
is a balance between |S11| and AR responses. This came
from the investigation of the effect of each parameter inde-
pendently. The importance of these parameters displayed on
the upper band, whether in |S11| or AR. The best-case noted
when s4= 0.5, s3= 0.5, and s5= 0.6 because they provide a
maximum ARBW as well as produce an acceptable matching
impedance in the upper band, which covers entirely with AR
lower than 3-dB.

III. RESULTS AND DISCUSSIONS
A. REFLECTION COEFFICIENT AND AR
In this subsection, the simulated and measured results of
the reflection coefficient and the axial ratio are presented.
Regarding measurement, first, the proposed antenna is fabri-
cated using CNC3018-3 axis, as shown in Figs. 8(a) and 8(b)
then measured by using VNA (vector network analyzer)
model (Anritsu, 3650 A), as noted in Fig. 8(c).

AR is the ratio between major to minor axes of the ellip-
tical polarization. The test implemented a linearly polar-
ized antenna rotating about its polarization axis, and the
AUT remains fixed until getting maximum measured signal
by the spectrum analyzer (MCS Real-Time Spectrum Ana-
lyzer Software-Version 1.4.5), afterward, rotating the linearly
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FIGURE 6. Effect of stair slits s1 and s2 on antenna performance: (a)
|S11|, (b) AR.

polarized antenna 90◦ about the same axis to measure the
minor axis of the ellipse.

Fig. 9 reveals some critical points. First, it noted that there
is a harmony between simulated and measured results at
band1 as regard |S11| and AR. At the same time, other bands
are slightly shifted towards the high-frequency region due to
dielectric material properties of commercially available and
SMA connector connectivity. Furthermore, the axial ratio is
less than 3-dB at band1 and band4 regions. This means that
the antenna can radiate or receive the waves which have the
circularly polarized characteristic.

Regarding other middle bands, they are with linear polar-
ization. Band3 can be canceled because it has very poor
impedance bandwidth under the −10 dB. The simulated and
measured impedance bandwidths (IBWs) for all bands and
ARBWs under 3-dB are listed in Table3.

B. GAIN
The gain of the proposed antenna is illustrated in Fig. 10,
which demonstrates both simulated and measured results of

FIGURE 7. Effect of stair slits s3, s4, and s5 on antenna performance:
(a) |S11|, (b) AR.

peak gain, which vary with frequency. The prototype antenna
gain is measured employing the 3-antenna technique. Two of
them are identical horn antennas (LB-OSJ-20180-P03) are
employed for calibration purposes. The powers transmitted
and received are seen using MCS Real-Time Spectrum Ana-
lyzer Software-Version 1.4.5, as shown in Fig.3. The proce-
dure is repeated after replacing one of the horn antennas with
the proposed antenna. The simulated peak gains at band1,
band2, and band4 are (1.72-2.63) dBi, (3.85-4.04) dBi, and
(4.57-5.52) dBi, respectively whereas, the measured gains
for same bands are (1.55-2.53) dBi, (3.35-3.81) dBi, and
(4.5-5.45) dBi.

C. THE RADIATION PATTERNS
The simulated and measured results are plotted in both
XZ-plane (phi = 0◦) and YZ-plane (phi = 90◦) at frequen-
cies 1.575 GHz, 2.55 GHz, and 4.5 GHz. The measurement
radiation patterns are implemented in a noise-free environ-
ment (anechoic chamber) employing two antennas set up.
The antenna under test (AUT) is put in a rotating platform,
whereas the reference antenna, which is a dual-polarization
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TABLE 3. The simulated and measured results of the proposed antenna.

FIGURE 8. The fabricated antenna prototype: (a) top view, (b) bottom
view (c) under the VNA test.

FIGURE 9. Reflection coefficient (|S11|) and AR versus frequency.

type (LB-OSJ-20180-P03), is settled in far-field of (AUT)
as shown in Fig. 11. Using the sweep generator (Hewlett
Packard 83752B synthesized sweeper) as shown in Fig.12,

FIGURE 10. Simulated and measured peak gain of the proposed antenna.

FIGURE 11. The fabricated antenna prototype in the anechoic chamber.

FIGURE 12. The sweep frequency generator type Hewlett Packard 83752B.

the test implemented at 1.575, 2.55, and 4.5 GHz and radia-
tion patterns are measured by altering θ from 0◦ to 360◦.
It’s observed from Fig. 13(a) that the antenna radiates

RHCP wave in +z-direction at 1.575 GHz while LHCP
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TABLE 4. Comparison 3-dB beamwidths of the proposed work with previously published works.

FIGURE 13. Normalized radiation patterns of the proposed antenna at
(a) 1.575 GHz, (b) 2.55 GHz, (c) 4.5 GHz.

wave in the −z-direction. When θ = 0◦, the simulated and
measured cross-polarization level of band1 is about 19dB,
which implies a reasonable CP radiation. For 2.55 GHz,
the radiation pattern is demonstrated in Fig. 13(b), which
describes the radiation shape in both planes. In the XZ-
plane, the co-polarization pattern is an omnidirectional shape,
whereas it has a bi-directional shape in another plane. More-
over, the difference between co and cross-polarization in the

boresight direction is about 15 dB in each plane. As a result,
it radiates LP in both planes. The radiation pattern at 4.5 GHz
can be noted in Fig.13(c), which indicates that the antenna
radiates LHCP wave in the +z-direction and RHCP wave in
the opposite direction. Also, it’s noted that the pattern shape
is slightly tilted from the main axis in both planes because
of the asymmetrical geometry of the radiator (open-loop
hexagonal). Regarding cross-polarization level in both planes
is about 16.5 dB, which shows a satisfactory CP radiation.

Also, the 3-dB beamwidth has been obtained from
Fig. 13 for each band in both planes. At band1, the mea-
sured 3-dB beamwidths are 137◦ and 115◦ in XZ-plane
and YZ-plane, respectively. Besides, the radiation pattern
deflections at band1 are 3◦ and 5◦ in XZ and YZ planes,
respectively. Regarding band2 (LTE band), the measured
3-dB beamwidth is larger than band1 and reaches to 188◦ in
XZ-plane while in YZ-plane, the beamwidth is 110◦. For the
last band (band4), themeasured 3-dB beamwidths are 85◦ and
73◦ with diverged by 27◦ and 30◦ in XZ-plane and YZ-plane,
respectively.

Table 4 shows a comparison between the proposed antenna
3-dB beamwidths and previously published works. It shows
that the proposed antenna provides large 3-dB beamwidths
as compared to the monopole antenna presented in [12]
while smaller than quadrifilar helical antenna’s beamwidth
as expressed in [3], [4].

Table 5 shows the comparison of the proposed antenna per-
formance with other works that have been published recently.
The comparison involves some of the essential specifica-
tions such as size, ARBWs, feed type, number of layers,
and number of bands. The proposed antenna surpasses as
compared to others, at least in one specification. Regard-
ing size, the proposed work is compact as compared with
others. Furthermore, there is an extra LP band in addi-
tion to two CP bands with different senses. Besides, the
axial ratio bandwidth under 3-dB of the proposed antenna
is more significant than other antennas, which are listed
in Table5.
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TABLE 5. Comparison of the proposed work with previously published works.

IV. CONCLUSION
A compact multiband antenna with dual-band dual-sense
circular polarization has been presented. The CP is verified
in band1 and band4. The proposed antenna exhibits RHCP
at band1 and LHCP at band4. A CP is implemented at these
bands due to the effects of parameters s1 and s2. Parameter
w4 affects for coupling between axial ratio and reflection
coefficient at band4. The pair of rectangular strips in the
ground plane has a significant role in increasing the ARBW
of band4. Also, the parameters s3, s4, and s5 have affected
on reflection coefficient response at band2 as well as AR
at band4. Besides, the proposed antenna demonstrated a lin-

ear polarization at band2 such that the reflection coefficient
has affected by parameter s2. The antenna discriminates
with compactness, single layer, direct feed line as well as
it provides a new band with LP characteristic that covers an
important application. The proposed antenna covers valuable
frequency ranges, so; it is an appropriate candidate for various
wireless applications such as GPS, LTE, and satellite.
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