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Abstract: A single-feed broadband quasi-isotropic antenna was designed for non-line-of-sight (NLOS)
wireless sensor networks. The proposed antenna is based on a combination of fork-shaped crossed
dipoles. It shows the broadband of quasi-isotropic radiation characteristics with high radiation
efficiency. The electrical size ka of the proposed antenna is 0.94 with respect to its lower operating
frequency. Its profile is also extremely thin at 0.0015A. The impedance is matched from 1.8 to 4.3 GHz,
or an 81.9% fractional bandwidth, whereas the maximum gain deviation ranging from 6.2 to 9.2 dB
for the quasi-isotropic radiation is achieved from 1.8 to 3.6 GHz with a 10 dB criterion, which is
close to the impedance bandwidth. The performance from the computed expectations is verified,
as it shows a gain deviation of 8.4-9.8 dB from 1.9 to 3.3 GHz with an 80% fractional impedance
bandwidth. The proposed antenna also shows good spatial coverage of circular polarization at high
frequencies. Lastly, the received power level performance of the proposed antenna is tested under
the NLOS condition, which shows a higher level compared to the linearly polarized, broadband

omni-directional monopole antenna.

Keywords: broadband antennas; crossed dipole; isotropic radiation; non-line-of-sight communications;
pattern synthesis; small antennas; wireless sensor networks

1. Introduction

Owing to the rapid growth in wireless technology and the miniaturization of de-
vices, the demand for compact, broadband, and full-spatial-coverage antennas has become
popular in respect to many applications, including wireless sensor networks, energy har-
vesting, Internet of Things (IoTs), and monitoring and radio frequency identification (RFID)
systems [1-8]. However, such mission-critical wireless sensor network applications face
challenges. First, in many realistic cases, the transmitting (Tx) and receiving (Rx) nodes
cannot directly see each other due to the time-varying feature of mobile nodes and obstruc-
tions [2], representing the non-line-of-sight (NLOS) environment, as shown in Figure 1.
Traditional networks offered noteworthy achievements using numerous techniques, such
as spread spectrum, channel diversity, and time diversity. However, mission-critical control
systems need reliable networks that surpass what existing networks can provide. The
second issue is the need for frequency-hopping systems in wireless sensor networks, where
the transmitter changes its carrier frequency to detect the signals from different channels
and the interference during each hop [6]. This leads to a complex system requiring in-
tricate and costly digital frequency synthesizers and an error detection mechanism. To
overcome this, broadband operating antennas are preferred over narrow-band antennas.
The need for batteries is the last, but not the least, predominant issue in regard to charging
multiple devices in wireless sensor networks [9,10]. Indeed, many wireless sensor nodes
are encountered in inaccessible or burdensome places. The maintenance of the battery
remains challenging; currently, many technologies are being developed that will resolve
the battery life limitations in wireless devices, such as the advancement of rechargeable
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batteries and the use of double-layer capacitors. In addition, the collection and conversion
of ambient energy from diverse sources, including electromagnetic waves, vibration, and
heat for energy harvesting technology, are being studied intensively [11,12]. Among these
sources of energy, wireless energy harvesting has garnered significant attention due to the
availability of several wireless signals such as cellular, satellite, and Wi-Fi.

Transmitter
Concrete wal

Metal
door
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Figure 1. Representation of the NLOS environment.

To provide reliable and robust NLOS communications with less cumbersome wireless
connections and battery-less sensors, it is desired for the antenna to operate in broad
frequencies and radiate electromagnetic energy uniformly in all directions. Such uniform
radiation characteristics could be obtained by an ideal isotropic source [13]; however, due to
its non-existence nature [14], researchers instead showed a way to obtain a nearly uniform
radiation pattern in the name of quasi-isotropic antennas [15-30]. These types of antennas
can be achieved using radiation pattern synthesis, such as by a combination of electric and
magnetic dipoles, a different orientation of dipoles, two electric dipoles with a 90° phase
shift, etc. The performance of quasi-isotropic antennas is measured through the metrics of
gain deviation, isotropic coverage, or beam width [15], and the practice of measuring the
gain deviation is widely carried out. Gain deviation is defined as the difference between
the minimum and maximum gains of the entire spherical radiating space.

The remarkable achievements of quasi-isotropic antenna designs so far are that they
mostly operate in a narrow band [16-19] or in dual bands [20-22], and only very few of
them show quasi-isotropic characteristics in broad frequencies [22-26]. In [23], an antenna
made of a curved meandered dipole and two short-circuited strips was studied in an
ultra-high-frequency (UHF) RFID band to provide a quasi-isotropic performance in a broad
bandwidth of 20%. In [24], an inactive UHF RFID tag antenna was reported using two
twisted dipoles and a modified double T-matching network with a maximum bandwidth
of 8.5%. The antenna in [25] contained four consecutive revolved L-shaped monopoles
fed by a compact uniform sequential-phase feeding network with an equal amplitude
and an incremental 90° phase delay. The reported maximum bandwidth is 20.8%. For
antenna-on-package (AoP) applications, a dipole antenna was folded along the edges of
the package with the maximum impedance bandwidth of 32% while obtaining 18% spatial
coverage of the circular polarization (CP) [26]. The desired quasi-isotropic radiation pattern
was observed at 1.57 GHz. In [27], an inverted antenna-based RFID tag with an impedance
bandwidth of 15% was reported.

It is worth noting that currently, there is no standard gain deviation for quasi-isotropic
antennas in the literature, but it is usually in the range of 3 to 10.5 dB for single-frequency
resonant antennas, whereas it is usually in the range of of 6 to 12.7 dB for wideband
antennas [27]. Moreover, there are very few works on quasi-isotropic antennas with CP
performance [26,29,30] in broad frequencies, despite its advantageous features in wireless
systems, such as polarization mismatch mitigation and multi-path interference reduc-
tion [31-33].

In this paper, we propose an electrically small, low-profile, and highly efficient quasi-
isotropic antenna that is matched over broad frequencies from 1.8 to 4.3 GHz, or 81.9%,
while simultaneously providing the quasi-isotropic radiation pattern and CP characteristics.
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A quasi-isotropic pattern with a gain deviation ranging from 6.2 to 9.2 dB is observed
from 1.8 to 3.6 GHz. The proposed antenna takes the crossed dipole configuration, and
the working mechanism is examined with parametric studies. We use Ansys HFSS 2020
R2 for the full-wave electromagnetic (EM) simulations in this work, and the computed
expectations are verified experimentally. Furthermore, the proposed antenna’s performance
is verified in the university corridor NLOS environments to consider the applications of
the wireless sensor network nodes and RF energy harvesting. Some preliminary results
have been reported in [34].

2. Broadband Quasi-Isotropic Antenna Design
2.1. Crossed Dipole Antenna

The basic configuration of the proposed antenna is composed of two electric dipoles
that are oriented perpendicularly along the x- and y-axes, as shown in Figure 2. In this
antenna, the electric dipole oriented along the x-axis has maximum radiation in the yz-plane
and null in the xz-plane, whereas the electric dipole oriented along the y-axis has maximum
radiation along the xz-plane and null in the yz-plane. Therefore, a combination of the two
dipoles can produce a quasi-isotropic radiation pattern [33]. This type of configuration
is also widely used in the design of unidirectional CP antennas, where the directional
radiation pattern is obtained with the reflectors [35-39].

(a)

Figure 2. Basic configuration of the crossed dipole antenna. (a) x-oriented dipole and its radiation

pattern. (b) y-oriented dipole and its radiation pattern.

Starting with this basic principle of the crossed dipoles, we design the proposed
antenna, as shown in Figure 3. To achieve the quasi-isotropic radiation pattern using the
crossed dipoles, the two electric dipoles necessarily have an equal amplitude and a 90°
phase difference. Instead of using power dividers, feeding networks, or delay lines to meet
the phase condition, we adopt phase delay curved lines, which are often referred to as
vacant rings for the compact design [36]. CP performance can be achieved by choosing
the proper dipole lengths [37]. Each half of the two perpendicular dipoles along the x-
and y-axes are placed on the top and bottom of the substrate, Rogers RT/duroid® 5880
(¢ = 2.2 and tané = 0.002), with a thickness () of 0.254 mm, respectively. The x- and
y-oriented dipoles on the top layer are connected through the vacant ring, and those in
the bottom are connected through another ring at the bottom, as shown in Figure 3a. In
this case, the x- and y-oriented dipoles are connected perpendicularly. The antenna is fed
at the center of the dipole by a coaxial cable through a hole in the dielectric substrate. To
eliminate the current flowing over the outer jacket of the cable, it is surrounded by ferrite
beads, as described in Figure 3b. The radius of the substrate close to the dipole arm length
is selected.
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Figure 3. Configuration of the proposed fork-shaped crossed dipole antenna. (a) Top view. (b) Side

view.

2.2. Development of a Fork-Shaped Crossed Dipole Antenna

The development stages of the proposed antenna are shown in Figure 4. Note that the
radius of the substrate and the radius and width of the vacant ring remains the same for
all development stages. An ideal port, and not a modeled coaxial cable, is utilized in this
section and in the parameter studies. A conventional crossed dipole, as shown in Figure 4a,
is popular for its relatively easier form factor to tune the polarization and radiation pattern
synthesis of unidirectional or quasi-isotropic patterns. However, the desired pattern could
deteriorate as a result of bandwidth enhancement due to the non-uniformity of the current
distribution on the radiating surface.

&
L=
1

(b)

Figure 4. Development of the proposed antenna design and its current distribution at 2.4 GHz.
(a) Original crossed dipole antenna (Antenna I). (b) Tapered-shaped crossed dipole antenna (Antenna
II). (c) Proposed fork-shaped crossed dipole antenna.

For example, when the shape of the dipole arms is tapered to enhance the working
bandwidth, as shown in Figure 4b, the current is mainly concentrated along the periphery
(or in the ¢-direction) of the tapered arms, and it negatively affects the radiation perfor-
mance. Note that the central portion of the tapered arms in Figure 4b, where the surface
current density is relatively weak, can be removed for current uniformness, with a negli-
gible effect on the impedance bandwidth. This results in a fork-shaped proposed crossed
dipole antenna, as shown in Figure 4c. As illustrated in Figure 4c, the direction of the
current distribution is more aligned along the dipole arms than that in the case of Antenna
II, where the current distribution in the ¢ direction is stronger, as shown in Figure 4b.

The three arms In the proposed fork-shaped design can create resonances at three
different frequencies, which is beneficial in enhancing the impedance bandwidth. Overall,
the proposed antenna in Figure 4c shows a broad impedance bandwidth from approxi-
mately 1.8 to 4.3 GHz, with a fractional bandwidth of 81.9% with a —10 dB criterion, as
shown in Figure 5a. As shown in Figure 5b, the gain deviation level and its performance
bandwidth are improved when compared with Antennas I and II, clearly indicating the
better performance of the crossed dipole design. However, it is also worth noting that the
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total gain is lowered compared to that of Antenna II since part of the radiating patch is
notched out. This can be regarded as a tradeoff between the maximum gain and the gain
flatness across the frequencies.
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Figure 5. Simulation results of the performance of the crossed dipole antennas in the design stage
shown in Figure 4. (a) Reflection coefficient. (b) Gain deviation.

2.3. Parameter Studies

To understand the working mechanism of the proposed antenna, parameter studies
are carried out on the critical design parameters. These studies focus on achieving a nearly
perfect isotropic radiation pattern while maintaining its broad bandwidth performance.
The design parameters and values are illustrated and listed in Figure 3a and Table 1,
respectively. In each study, only a single parameter is varied, while the values of all other
parameters are kept the same. We plot the reflection coefficient and gain deviation.

Table 1. Antenna design parameters.

Parameters Description Value
Ly Length of the primary dipole 245
Ls Fork-shaped arm length 22
124 Width of the dipole 1.5
o Angle between the dipoles 11
We Width of the vacant ring 0.25
Te Radius of the vacant ring 2.5
r Radius of the substrate 25
h Thickness of the substrate 0.254

Note: All of the values are in millimeters except for a, which is in degrees.

We first check the radius of the vacant ring, 7., since the behavior of the proposed
quasi-isotropic radiation is strongly dependent on the phase difference between the two
fork-shaped dipoles. The vacant rings extend the length of the dipole and create an
orthogonal phase difference on the dipoles. In addition, CP waves can also be achieved due
to the existence of a phase delay between the two dipoles. As shown in Figure 6a, when the
radius of the vacant ring increases, the bandwidth is somehow improved, whereas the gain
deviation worsens sensitively with respect to .. This is due to the variation in the desired
phase delay offered by the vacant ring. The next study is on the thickness of substrate
h since the gain deviation is significantly affected by the vertical current component. As
shown in Figure 6b, when / is smaller, the gain deviation improves due to the lower effect of
the vertical currents. The impedance bandwidth is also improved. Lastly, the angle between
the fork-shaped arms « is examined. As previously mentioned, the proposed fork-shaped
arm design possibly increases the impedance bandwidth while providing a more uniform
current at the dipole conductors. Figure 6¢ illustrates again that changing « has a huge
impact on the antenna impedance bandwidth, as well as on the radiation properties. This
is mainly due to variations in the resonant frequency and current distribution.
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Figure 6. Parameter study results. (a) Effects of r.. (b) Effects of h. (c) Effects of .

2.4. Final Design of the Proposed Antenna

Based on the observations from the parameter studies, the antenna design can be
optimized for the acceptable gain deviation of a quasi-isotropic radiation pattern in a
broad impedance bandwidth. In this study, the performance of the quasi-isotropic antenna
is measured by the gain deviation. The previously reported broadband quasi-isotropic
antenna showed a maximal gain deviation in the range of 6 to 12.7 dB [28], and we set
10 dB as the gain deviation criterion. In quasi-isotropic antenna designs, the minimal gain
value is also important, as is the gain deviation. Note that the minimum gain value of the
proposed work is greater than —7 dBi in the operating frequencies, which is high enough
to enable reliable communication [40]. The final design values are tabulated in Table 1. As
shown in Figure 7, the proposed antenna is optimized to operate at frequencies ranging
from 1.8 to 4.3 GHz with a —10 dB criterion. The gain deviation ranges from 6 to 9 dB for
frequencies of 1.8 to 3.6 GHz with a 10 dB reference, approaching the impedance bandwidth
range. The electrical size ka of the proposed antenna is 0.94, where k is the free-space wave
propagation constant and 4 is the radius of an imaginary sphere enclosing the antenna. The
antenna profile is 0.254 mm or 0.0015A at the minimum operating frequency of 1.8 GHz.

— 0 . - . 130

m —Reflection coefficient [Sim.]

=, — -Reflection coefticient [Meas.] —_—
= -5 — Gain deviation [Sim.] 25 %
o — -Gain deviation [Meas.] —
] =
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[5) =
5 =
=15 155
o -20 10

= &)
3]

o~

5
1.5 2 25 3 35 4 45
Frequency [GHz]

Figure 7. Reflection coefficient and gain deviation of the final design.

3. Antenna Radiation Properties

The radiation properties must be thoroughly estimated when measuring quasi-isotropic
antenna performance. In this section, we discuss the radiation performance of the proposed
antenna, including its gain deviation and CP characteristic.

3.1. Radiation Pattern

The simulated results of the spherical gain deviation of the proposed antenna are
plotted in Figure 8. For brevity, the representative radiation patterns at the four different
frequencies of 2.0, 2.6, 3.2, and 3.6 GHz are presented. The maximum gain deviations are
6.3,8.5,7.5, and 9.2 dB for the entire space at each frequency. From a practical perspective,
obtaining the measured performance expected from the simulation is challenging due
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to the unbalanced conditions that can occur from the vertical current distribution of the
feeding coaxial cable. Therefore, to check the impact of the ferrite beads surrounding the
coaxial cable, we carried out a simulation for three different types: one with the ideal port
excitation, one with the coaxial cable without the ferrite beads, and one with the coaxial
cable covered by the ferrite beads.

Gain deviation [dB], 2.0 GHz 180 Gain deviation [dB], 2.6 GHz

1.8
I0.20

I-1,4

180
I2.2
0.040

f21

B ‘ B
% I-2.9 =2 I-4,2
® -4.5 ® -6.3
0 180
¢[deg] ¢ [deg]
(a) (b)
180Gain deviation [dB], 3.2 GHz 180 Gain deviation [dB], 3.6 GHz
2.7 3.2
IO.SZ I0.91
-1.0 -
5 | 05 H-14
S, I‘ . S, I-3.7
Q: -4.8 S -6.0

180

Figure 8. Simulated spherical gain deviations of the proposed antenna: (a) 2.0 GHz, (b) 2.6 GHz,
(c) 3.2 GHz, and (d) 3.6 GHz.

The gain deviation performance results from the various excitation methods are
plotted in Figure 9. First, we can see that the ideal port without the coaxial cable shows the
broadest operating frequencies. The case of the feeding cable with ferrite beads shows a
narrower bandwidth than that of the ideal case. Nevertheless, it still shows the comparable
bandwidth closest to the ideal port case with a 10 dB gain deviation criterion. This implies
that the undesirable vertical current component on the coaxial cable is effectively dissipated
by the ferrite beads. In this work, we used ferrite beads of part number 2661000301 from
Fair-Rite [41].

18
—=— Jdeal port
15 —e— Cable feed without ferrite bead L
— | —— Cable feed with ferrite bead
e /
=,
= 12
g / /
g ol A\ vy
E \///"-'\-\Q////
=)
@)
3

.5 20 25 30 35 40
Frequency [GHz]

Figure 9. Simulated gain deviation of the proposed antenna with respect to excitation methods.



Appl. Sci. 2024, 14, 2068

8 of 16

Lastly, even when the cable is used without ferrite beads, the gain deviation worsens
in terms of bandwidth as well as gain deviation. From this, we can see the effect of the
vertical current along the outer conductor of the coaxial cable on the gain deviation of
the quasi-isotropic antennas. The antenna performance in the built prototype would be
sensitive to the feeding cable.

3.2. CP Performance

The axial ratio (AR) is defined as the ratio between the major to the minor axes of the
polarization ellipse in the range of 1 < AR < oo. CP performance is achieved along the xz- or
yz-planes in unidirectional crossed dipole antennas [35-38]. As shown in Figure 10, where
the spherical contour of the AR is plotted at 2.0, 2.6, 3.2, and 3.6 GHz within the operating
frequency, the polarization is linear with symmetry in the xy-plane and shows CP nearly at
the xz-plane at 2.0 and 2.6 GHz, and the spatial coverage where AR is less than 3 dB is wider
by 40% and 44.8% at the higher frequencies of 3.2 and 3.6 GHz, respectively. Note that, at
even higher frequencies of 3.8 and 4.0 GHz, where the gain deviations are slightly higher
than 10 dB at 11.7 and 12.8 dB, the 3 dB coverage is 43.3% and 40.7%, respectively. The AR
value of the region with less than 3 dB is highlighted with the dashed line in the figures.

Axial ratio [dB], 2.0 GHz

Axial ratio [dB], 2.6 GHz

180

g g’ 90
N N
;180 90 90 180
¢[deg] ¢[deg]
(a) (b)
= o
Q ()
S )
() )

¢ [deg]
(d)

Figure 10. Simulation results of CP performance: (a) 2.0 GHz, (b) 2.6 GHz, (c) 3.2 GHz, and
(d) 3.6 GHz.

When compared with the quasi-isotropic antenna in [2], which is composed of electric
and magnetic dipoles, and where an AR of less than 3 dB is observed only at a few spots, a
wider spatial CP coverage is achieved at the proposed antenna. The CP is created when
the linear polarized signals in the same strength are in a 90° phase difference. The desired
phase difference is obtained from the vacant ring, and not only the two linear signal paths
with an original crossed dipole, as shown in Figure 4a, but also several linear signal paths
can be added from the forked-shape arms of the proposed design, as shown in Figure 4c.
This also explains the wider AR spatial coverages at 3.2 GHz and 3.6 GHz in Figure 10,
where more signal paths can be formed on the electrically larger dimension at higher
frequencies. The CP performance might be further improved by adjusting the size, number,
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and angle of the fork-shaped arms. The proposed antenna shows a better CP performance
compared with the other quasi-isotropic antenna designs, such as the electric and magnetic
dipole combinations [2] and the folded electric dipoles [26]. In [29], the quasi-isotropic
antenna for AoP applications provides radiation with a spatial CP coverage performance
of 85%, which is wider than that of the proposed antenna. However, such a feature occurs
only at a single resonant frequency.

4. Measurements with the Built Prototype

The proposed antenna is built on the same substrate used in the simulation for experi-
mental verification, as shown in the photos in Figure 11. Each metallic arm is etched at the
top and bottom sides of the substrate. The proposed antenna is fed using a coaxial cable
surrounded by ferrite beads, also used in the simulation, to eliminate the current flows in
the outer conductor of the cable. A quarter dollar coin is placed next to the antenna as a
size reference in Figure 11a. The measured reflection coefficient can be found in Figure 7,
where one can see a good agreement with the simulation.

<+— Ferrite bead

<+ SMA cable

(b)
Figure 11. Photos of the built antenna. (a) Top view. (b) Bird’s eye view.

The radiation performance of the proposed antenna was measured in an anechoic
chamber. The elevation (xz-plane) and azimuth (yz- and xy-planes) radiation patterns of
the simulated and measured results are presented in Figure 12. Only the radiation patterns
at 2.0, 2.6, 3.2, and 3.6 GHz are shown for the brevity of the paper. From this, it can be
clearly seen that the proposed antenna shows an omni-directional radiation pattern at
the xz- and yz-planes with a good quasi-isotropic radiation pattern at the xy-plane for the
observed broad range of frequencies. The simulated and measured results generally agree
with each other.

The spherical radiation pattern measurement results are plotted in Figure 13. They
show a similar trend to the computed ones, as displayed in Figure 8, although there is a
deviation in the absolute gain values. The measured gain deviations across the frequencies
can be found in Figure 7. The proposed quasi-isotropic antenna shows a maximum gain
deviation in the range of 8.4 to 11.2 dB for the frequency range of 1.9 to 3.5 GHz from
the measurement. When compared with the simulated gain deviation, which is in the
range of 6.2 to 9.2 dB, the measured gain deviation is a bit higher around 2 dB and is in
the range of 8.4 to 9.8 dB at frequencies from 1.9 to 3.3 GHz, where a gain deviation of
less than 10 dB is observed. In addition, for frequencies around 1.8, 3.4, and 3.5 GHz, the
gain deviations are 12.6, 11.2, and 10.7 dB, respectively. As expected from the simulation
results of the different feeding methods shown in Figure 9, the feeding cable will surely
affect the measured radiation performance of the antenna. Even though the material
properties of the ferrite beads were characterized in the simulation setup, they could vary
from those of real products. Another possible reason for the deviation might be from
the anechoic chamber measurement setups, including the dielectric supporters, and not
perfectly shielded measuring cables. Not only in this design, but also in most cases, quasi-
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isotropic antennas are quite sensitive to their feeding cables [18,20,25,26]. Even though
the measured gain deviation is higher than the simulation results, it is still within the
acceptable range of the 10 dB criterion over the broadband frequencies. As illustrated in
Figure 14, the measured peak gain is mostly in the range from 2 to 3 dBi, and the efficiency
is around 90% from 1.9 to 3.3 GHz.

Simulation Measurement
E E, E

total ‘phi theta ‘phi Etheta
@ 2.0 & 3.2 GHz—4-2.0 & 3.2 GHz7 2.0 & 3.2 GHz 2.0 & 3.2 GHz -} 2.0 & 3.2 GHz

—#- 2.6 & 3.6 GHz4—2.6 & 3.6 GHz*=2.6 & 3.6 GHz'/x* 2.6 & 3.6 GHz 2.6 & 3.6 GHz

Figure 12. Simulated and measured radiation patterns: (a) xz-plane at 2.0 and 2.6 GHz, (b) yz-plane
at 2.0 and 2.6 GHz, (c) xy-plane at 2.0 and 2.6 GHz, (d) xz-plane at 3.2 and 3.6 GHz, (e) yz-plane at 3.2
and 3.6 GHz, and (f) xy-plane at 3.2 and 3.6 GHz.

180 Total Gain [dBi Total Gain [dBi], 2.6 GHz

180

46 2.8
d I 2.4 I0A43
_ foas -1.9
_E" 90 I-1,9 _g’ I-442
> -4.1 B -6.5
0 0
;180 90 0 90 180 180 90 0 90
¢ [deg] ¢ [deg]
(a) (b)

Total Gain [dBi], 3.2 GHz

Figure 13. Measured spherical gain deviations of the proposed antenna: (a) 2.0 GHz, (b) 2.6 GHz, (c)
3.2 GHz, and (d) 3.6 GHz.
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To verify the CP performance of the proposed antenna, the measured ARs are also
plotted for the frequencies of 2.0, 2.6, 3.2, and 3.6 GHz within the target band, as can be
seen in Figure 15. The measured ARs of 26.8% and 28.8% with less than 3 dB of coverage
are shown at 3.2 and 3.6 GHz, respectively, and they are smaller than the computed
expectations shown in Figure 10. This difference might be caused by the sensitive nature of
the unshielded feeding cable of the chamber during the measurement. Nevertheless, the
linear polarization characteristic along the azimuth plane and the overall tendency of the
CP coverage are well verified.

Axial ratio [dB], 2.0 GHz

180
oo L oo,
:,. s 18
1 {

Axial ratio [dB], 2.6 GHz

0
2180 90 180 270 18
¢ [deg] ¢[deg]

(a) (b)
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¢ [deg] ¢ [deg]
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Figure 15. Measurement results of CP performance: (a) 2.0 GHz, (b) 2.6 GHz, (c) 3.2 GHz, and
(d) 3.6 GHz.

To highlight the novelty and the merits of the proposed antenna design, the electrical
size ka and the radiation performance, including the operating bandwidth, gain deviation,
and polarization, are compared with those in the previously reported works on quasi-
isotropic antennas in Table 2. All of the listed values in the table are from the measurements.
While the values in most of the works [23,24], including refs. [26,27], are not electrically
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small with a ka value larger than 1, the proposed antenna has a ka value of 0.94 with an
extremely thin profile of 0.0015A. It also shows the broadest impedance bandwidth while
providing the desired quasi-isotropic radiation characteristic within most of the matched
frequencies. Compared with [24,25], the gain deviation is a bit higher, but still within
the acceptable range of less than 10 dB, with a much broader operating bandwidth. The
antenna in [23] has an electrically smaller size but shows a narrower bandwidth than that
of the proposed antenna. Not much information about antenna radiation performance
is given for this work. The proposed antenna shows broader and better gain deviation
properties than the antenna designs in [26,27] with a simple and compact structure. Among
the several designs of quasi-isotropic antennas, refs. [26,30] show the CP performance at
narrowband frequencies. In [42], the elliptical loop-based quasi-isotropic antenna shows a
broader bandwidth than that of the proposed antenna due to its larger size. Overall, the
proposed antenna is highly efficient and shows a broader impedance and CP bandwidth
than those in [26,30] with a quasi-isotropic radiation pattern.

Table 2. Performance comparison of the proposed broadband quasi-isotropic antenna with other
reported quasi-isotropic antennas.

Matched Fractional Pattern Gain

Ref. Design Method Du[n;;s]lon ka Frequency Bandwidth Bandwidth Deviation CcP ﬁ/ff]
[GHz] [%] [GHz] [dB] ’
[16] Eleftri“ dipole and 25 (Radius) x 2.2 (H) 0.48 0.95 24 N/A 45 No 81
00p antenna
[23] Meandered dipole 98.7 (L) x 14.2 (W) x 0.05 (H) 0.9 0.84-0.95 20 N/A N/A No N/A
Twisted dipole
[24] with matching 792 (L) x 53.1 (W) x 005 (H) 1.6 0.84-0.92 85 0.88-0.96 6 No N/A
network
L-shaped monopole
[25] with feeding 45 (L) x 45 (W) x 0.8 (H) 1.46 2.2-2.7 20.8 2.36-2.53 6 No 80
network
[6)  Hlectricdipolealong o5, 95w 95 () 12 1.31-1.81 2 15 1252 Yes N/A
X, y, and z-axes
[27] Inverted-F antenna 52 (L) x 37 (W) x 1.6 (H) 7.01 10.5 15 N/A 10.5 No N/A
[30] Inverted-F antenna 25 (L) x 25 (W) x 3.1 (H) 0.88 24 4.1 N/A 3.6 Yes 65
[42] Elliptical loop 100 (L) x 90 (W) x 1.59 (H)  1.15 0.82-35 124 N/A N/A No N/A
xzﬁ( Crossed dipole 25 (Radius) x 0.254 (H) 0.94 1.8-4.2 80 1.9-3.3 8.4~9.8 Yes 90

5. Antenna Performance Verification under an NLOS Environment

The quasi-isotropic antenna can be strategically used to provide reliable and robust
communications under the NLOS environment [2,17,22]. In this section, we verify the
performance of the proposed broadband quasi-isotropic antenna by comparing the re-
ceived power under line-of-sight (LOS) and NLOS measurement scenarios at the univer-
sity building corridor. The overall Rx power measurement setup is shown in Figure 16.
Two different pairs were set for the measurement. One pair consisted of commercial
broadband omni-directional monopole antennas being placed as both Tx and Rx anten-
nas [43]. The monopole antenna was vertically polarized with a length and width of 275 and
45 mm, respectively. The received power values from this setup were used as references.
The other consisted of the Rx antenna being replaced with the proposed antenna as a
means of verifying the broadband quasi-isotropic performance. The Tx signal was fed
from a signal generator, Anritsu MG3692C (Anritsu, Kanagawa, Japan), and amplified by
a ZX345 power amplifier (Doggett, Houston, TX, USA) from mini circuits [44]. The Rx
antenna was connected to the signal analyzer, Anritsu MS2830A, to measure the amount of
received power.
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Figure 16. Received power measurement setup.

The measurement was performed by moving the position of the Rx antenna from
position 0 to position 7, as illustrated in Figure 16. As shown in Figure 17, a concrete wall
was used as a block to create the NLOS circumstance between the Tx and Rx antennas.
In this measurement, the distance (d) between the Tx and Rx was set as 2 m when the Rx
antenna was at position 0. The input power was set at 15 dBm. In all measurements, the

position of the Tx antenna was fixed, and only the Rx antenna position was varied from
LOS to NLOS.

Figure 17. Experiment setup at the university building corridor. (a) LOS. (b) NLOS.

The measured results are plotted for LOS (at positions 0 and 1) and NLOS (at the other
positions) for both pairs of antennas in Figure 18. The results for the case of frequencies of
2.0 and 2.5 GHz are plotted in Figure 18a, and those for the case of frequencies of 3.0 and
3.5 GHz are plotted in Figure 18b.
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Figure 18. Measurement results of received power for the different operating frequencies: (a) 2.0 and
2.5 GHz and (b) 3.0 and 3.5 GHz.
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In the measurement results, the solid lines represent the omni-directional antenna (Tx)
and the proposed quasi-isotropic antenna (Rx) pair, whereas the dotted line represents the
reference with the omni-directional antenna pair. For positions 0 to 1, the received power
shows little difference for both pairs. For positions 2 to 7, however, the received antenna
power is clearly higher when the proposed quasi-isotropic antenna is used. There are some
points where the proposed antenna shows slightly less power than the omni-directional
antenna pair, and this is because the peak gain of the proposed antenna is lower than
that of the omni-directional antenna at some frequencies, as in Table 3. Although the
overall performance verifies, the quasi-isotropic antenna generally receives better results
than the omni-directional antennas. This is due to the merit of the field uniformness in
quasi-isotropic antennas that have the capability of receiving more power irrespective of
their position.

Table 3. Antennas used for demonstration.

Frequency [GHz] Peak Gain [dBil]
Omnidirectional antenna Length of the primary dipole 245
Proposed antenna 1.8~4.2 1.6~4

6. Conclusions

In this paper, a single-feed broadband quasi-isotropic antenna with CP characteristics
was proposed. The proposed antenna is compact in terms of its electrical size ka of 0.94 with
an extremely low profile of 0.0015A. It shows a broadband matched impedance bandwidth
of 80% from 1.8 to 4.2 GHz with a maximum radiation efficiency of 90%. The maximum
gain deviation of less than 10 dB is achieved from 1.9 to 3.3 GHz, or 53.8%, and it is the
widest bandwidth considering the small size of the antenna. The wide spatial coverage of
the CP performance was also verified experimentally. Furthermore, the performance of the
proposed antenna was verified under the NLOS communication environment, showing
that a higher level of received power can be obtained by utilizing quasi-isotropic patterns.
While the operating frequencies with the quasi-isotropic radiation pattern nearly match
the impedance bandwidth, the frequencies for a relatively large coverage of the CP greater
than 40% occur only at higher frequencies. A more improved design that simultaneously
meets the quasi-isotropic pattern and CP characteristic in a broad bandwidth remains an
achievable goal in the near future. The parametric study results given in this work and on
the other parameters, such as the number and length of the fingers, are worth revisiting in
this regard.
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