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Wideband, Compact Antennas with Interdigitated Magnetic-based Near-field
Resonant Parasitic Elements

Xiaoming Chen, Ming-Chun Tang, Da Yi, and Richard W. Ziolkowski

Abstract —Wideband, compact antennas based on interdigitated
magnetic-based near-field resonant parasitic (NFRP) elements are
presented. The interdigitated NFRP elements, driven with
coax-fed monopole antennas, facilitate the realization of two
adjacent resonant modes whose combination yields the enhanced
bandwidth. The resulting wideband compact antennas exhibit
broadside radiation performance. Linearly polarized (LP) and
circularly polarized (CP) prototypes based on this interdigitated
NFRP element concept were designed, simulated, fabricated, and
measured. The measured and simulated results are in good
agreement. The NFRP radiating element of the LP antenna is
electrically small with ka = 0.921 and yields a wide, 17.4%, -10-dB
impedance bandwidth with a stable realized gain, ~ 5.5 dBi, over
its entire operational bandwidth. The NFRP radiating element of
the CP antenna is also electrically small with ka = 0.923 and
exhibits a wide, 8.6%, 3-dB axial ratio bandwidth. Stable realized
gain, ~5.2 dBi, and uniform radiation patterns along with
relatively high radiation efficiency, RE > 88%, are achieved over
its entire operational bandwidth.

Index Terms —Bandwidth, compact antennas, interdigitated
structures, linear and circular polarization, magnetic-based
near-field resonant parasitic (NFRP) elements, NFRP antennas.

I. INTRODUCTION

Resonant magnetic-based antennas have advanced near-field and
mid-range wireless power transfer applications [1]. Similarly,
electrically small antennas (ESAs), i.e., antennas that satisfy ka < 1,
where k& = 2n/dy = 2rfyc, 1y being the free-space wavelength
corresponding to the operating frequency f; and a is the radius of the
smallest sphere that completely encloses the entire antenna system [2],
with magnetic-based near-field resonant parasitic (NFRP) elements
[3], [4] have been applied in many space-limited platforms. These
include wearable applications [S], mobile ionospheric heaters [6], and
wireless power transfer [7]. However, the minimum quality factor for a
magnetic ESA is a factor two larger than an electric one with same
electric size: Omag =2 Qetec= 3 Qenu= 3[RE X (1/ka+1/(ka)3)], where RE
is the radiation efficiency of the ESA [8], [9]. Consequently,
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magnetic-based ESAs usually exhibit a much narrower impedance
bandwidth as compared with electric ones [10]-[12].

Many effective methods have been adopted to expand the
operational bandwidths of magnetic ESAs to promote their potential
applications in wideband space-limited platforms. They can be
generally classified into the two categories: passive and active
solutions. For example, multiple passive magnetic-based NFRP
elements have been employed to attain several overlapping resonances
[13]-[15]. The integration of active elements, e.g., non-Foster circuits
[16] and varactor diodes [17], [18] into the NFRP radiators have led to
significantly enhanced instantaneous operational bandwidths, but at
the cost of DC power sources and complex circuits being required.

On the other hand, recently reported metasurface antennas (MSAs)
[19]-[25] have interesting low profile and wide bandwidth merits. By
exciting a discrete sub-wavelength patch array with either
slot-aperture [19]-[21], probe [22],[23] or dipole strip [24],[25], feed
structures, multiple resonant modes of the patch array, e.g., the TM,
and anti-phase TM,, modes [20], were driven and combined to realize
a wide operational bandwidth with stable radiation patterns. This
technique was utilized recently to realize a simple and effective
electric ESA redesign whose prototype exhibited a measured 2.5
times-enhanced bandwidth when compared to its original version [25].

In this Communication, compact, highly efficient linearly polarized
(LP) and circularly polarized (CP) magnetic antennas based on
interdigitated capacitor-integrated NFRP elements with significantly
improved bandwidths are developed. This approach is entirely
different from the introduction of multiple passive NFRP elements
[13]-[15] or active DC-powered circuits [16]-[18]. As discussed in
Section II, the original “intact” capacitively-loaded loop (CLL) NFRP
element can be electrically coupled to a driven monopole to excite and
efficiently radiate a fundamental magnetic dipole mode [3], [4]. The
evolution of the CLL element into an interdigitated capacitor (IDC)
version is described. It is explained how the resonance frequency of
the first higher order mode of the IDC-based CLL can be controlled by
its design. By overlapping it with the fundamental mode, the
IDC-based CLL thus provides a much wider bandwidth with stable
radiation patterns than the intact one. The resonances corresponding to
the fundamental and first higher-order modes of these IDC variants
combine to yield significantly enhanced operational bandwidths, i.e.,
over 5 times those of their original designs. Their bandwidth
enhancement mechanisms are explained in detail. A monopole-driven,
wideband, LP IDC-CLL NFRP antenna is then introduced in Section
III. Simulation results for this variant demonstrate that it has a wide
17.4% fractional bandwidth — a 5 fold enhancement — and a high 95%
radiation efficiency and stable radiation patterns over that bandwidth.
A monopole-driven, wideband, CP IDC-CLL NFRP antenna is
introduced next in Section IV. Its CP performance is achieved by
introducing two orthogonal IDC-CLL NFRP elements driven by two
electric monopoles fed with a simple coax-based structure. The
measured prototype exhibits a wide enhanced CP bandwidth, 8.6% —a
5 fold enhancement — and a high 88% radiation efficiency and uniform
radiation patterns over that bandwidth. A summary of the results is
given in Section V.



II. IDC MAGNETIC-BASED NFRP ESA

Fig. 1(a) compares the two basic magnetic-based NFRP ESA
designs. Ant. I consists of a driven dipole element and an “intact”
magnetic NFRP element, i.e., a simple CLL with two gaps along the
y-direction [26]. The CLL element lies on the top surface of a circular
sheet of Rogers Duroid™ 6006 whose dielectric constant is = 6.15
and loss tangent is tan 6 = 0.0019; the dipole lies on the bottom surface.
This configuration yields an LC resonance arising from the
inductances and capacitances of both elements [3]. In contrast, the
NFRP element of Ant. II has evolved into an eight-unit IDC version of
the CLL structure. The multiple fingers of the interdigitated units
enhance the capacitance of the CLL structure. The dimensions and
placement of the dipole in the two designs are adjusted to maximize
the coupling between it and its respective CLL NFRP elements. The
increased capacitance introduced by the IDC structure, together with
the increased length of the driven dipole, facilitates the excitation of
the first higher order mode of the antenna and lowers the ratio of its
resonance frequency to that of the fundamental mode.
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Fig. 1. Two dipole-driven, magnetic-based, NFRP ESAs. (a) Configurations. (b)
Simulated |S;,| values and the 3-D directivity radiation patterns corresponding
to the indicated frequency points.

Fig. 1(b) shows the reflection coefficients (|S;;|) of the two ESAs. It
is readily seen that the fundamental resonant frequency of Ant. I is
located at 0.78 GHz. Its —10-dB fractional bandwidth (FBW) is only
1.8%. The corresponding electrical size of the antenna is ka = 0.65.
The 3-D directivity pattern is similar to that of a classical magnetic
dipole, being nearly omni-directional in the xOy-plane. In contrast, Ant.
IT has two adjacent resonant frequencies, i.e., at 0.97 and 1.06 GHz.
They are significantly overlapped to exhibit a wide 9.1% FBW.
Although its electrical size witnesses a small increase to ka = 0.80, its
impedance bandwidth is over 5 times wider than that of Ant. L.
Moreover, even if the electrical size of Ant. I is the same as that of Ant.
I, Ant. IT still has a ~3 times larger FBW. Note that the 3-D directivity
patterns of Ant. II have deep nulls at both resonance frequencies.
However, unlike Ant. I, they are essentially unidirectional in both the
x0y- and y0z-planes.

The surface currents density distributions together with the
x0y-plane cut of the directivity patterns at the resonance frequencies of
the two ESAs are depicted and compared in Fig. 2. Fig. 2(a) shows the

surface current distributions on the CLL element of Ant. I at 0.78 GHz.
The CLL’s physical perimeter is 252 mm = 0.65 4 75 g, It is clearly a
loop current that is symmetric with respect to the y-axis. Consequently,
its directivity pattern is as well. However, there is some distortion
away from omni because the magnetic dipole is not perfectly formed,
i.e., the current density is not uniform. The asymmetric position of the
driven dipole causes this outcome.
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Fig. 2. Surface current distributions on the CLL NFRP elements of the two
antennas and the corresponding 2-D directivity patterns in the x0y-plane at their
resonance frequency points. (a) Ant. I, Point A, 0.78 GHz. (b) Ant. II, Point B,
0.97 GHz. (c¢) Ant. II, Point C, 1.06 GHz.

Figs. 2(b) and (c) show the surface current distributions on the IDC
CLL element of Ant. II at its two resonance frequencies and the
resulting 2-D radiation pattern in the x0y-plane. The currents on the
periodic IDC CLL geometry in Fig. 2(b) are less symmetric with
respect to the x-axis at the lower frequency, 0.97 GHz, than they are on
the simple CLL of Ant. I. Nevertheless, they too are associated with its
fundamental mode. Viewing the +y half of the IDC CLL as an electric
dipole and the back, -y half, as one with the opposite current direction,
the entire antenna is quasi-Yagi [27], i.e., the front half acts as a
director and the back half acts as a reflector in the presence of the
driven dipole. Thus the greater directivity in the forward, broadside
direction versus the backward one is understood. The front-to-back
ratio (FTBR) value is 2.2 dB in the xOy-plane.

The surface currents shown in Fig. 2(c) on the IDC CLL element at
the higher resonance frequency, 1.06 GHz, resemble the anti-phase
first higher order mode of the MSAs in [19]-[24]. It is also interesting
to notice that the surface currents are concentrated more on the +y side
of the CLL with higher amplitudes than on its -y side. Thus, the fields
radiated by the director of this quasi-Yagi configuration are stronger
than those at the lower resonance frequency. This behavior yields a
larger FTBR value, 8.5 dB.



In summary, the dipole-driven magnetic-based IDC-CLL NFRP
ESA exhibited a 5-fold enhancement of the —10-dB impedance
bandwidth when compared to the original, simple, intact CLL version.
This enhanced bandwidth performance encouraged us to redesign
previously developed monopole-driven magnetic-based NFRP
antennas [3] with this IDC-CLL innovation.

III. WIDEBAND, MONOPOLE-DRIVEN, LP ANTENNA DESIGN

The monopole-driven, LP antenna with its innovative IDC-CLL
NFRP element is shown in Fig. 3(a). In contrast to Ant. Il in Fig. 1, the
magnetic NFRP element is divided in half and is oriented
perpendicular to and in the center of a large circular metal ground
[13]-[18]. The metal ground serves two functions. On the one hand, it
preserves the “loop current” characteristics of the fundamental and
adjacent first higher-order modes of the IDC-CLL NFRP element
shown in Figs. 2(b) and 2(c) because of the associated image arising
from the ground [28]. On the other hand, the fields generated by the
currents on the ground cancel much of the back radiated fields. This
leads to most of the radiated power being directed into the upper
hemisphere rather than into both hemispheres as a figure-8 pattern
with its null along the x-direction. The optimized design parameters
are given in Table I. As shown in Fig. 3(b), the rectangular
monopole-driven strip is etched on one side of a semi-circular disk of
the 6006 substrate. The driven strip is offset away from the center of
the ground and is excited with the center conductor of a 50-Q source
coax fed through a tiny hole in it. The IDC-CLL NFRP element
contains 8 IDC units. Each IDC unit has 10 fingers and the length of
the fingers is quantified by the angle 8, = 15.5°. The length of the
connection strips between the full units is separated by the indicated
angle 0; =7.0°. Those at the two ends of the CLL are quantified by half
that angle, 6, /2 = 3.5°. The gap between fingers and the connection
strips is quantified by the angle 8; = 0.5°. The width of each finger is
W; = 0.5 mm with a gap of g; = 0.5 mm between each finger.
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Fig. 3. The LP monopole-driven IDC-based NFRP antenna configuration.

(a) 3-D isometric view. (b) Side view in the y0z plane.

The optimized monopole-driven, LP antenna was fabricated,
assembled, and measured. The assembled prototype is shown in Fig. 4.
The |S{;| was measured with an Agilent E§361A PNA Vector Network
Analyzer. The far-field radiation performance of the antenna was
measured using an SG128 multi-probe antenna measurement system at
the China Academy of Information and Communications Technology,
Chongqing, China [29]. The measured and simulated |S;;| values
together with realized gain values are presented in Fig. 4. It indicates
that the antenna exhibits a wide measured (simulated) —10-dB
bandwidth from 1.10 - 1.31 GHz (1.12 - 1.30 GHz), corresponding to a
17.4% (14.9%) FBW, which is much wider than the corresponding one
with its simple, intact CLL NFRP element (~2.9%) [17]. There are
clearly two resonant frequency points; they are located at 1.15 and
1.25 GHz (1.15 and 1.27 GHz), respectively. The total electric size of
the magnetic NFRP element, which is the main radiator of the antenna,
is ka = 0.921, corresponding to the lower frequency bound of the
operational bandwidth. The measured (simulated) boresight realized
gain values are maintained near 5.5 dBi (6.7 dBi) across the
operational band. The simulated RE values are higher than 95% over

the entire band. The measured results witnessed a small 20 MHz
red-shift, i.e., 1.7%, from the simulated ones which have been
confirmed numerically to have resulted from minor errors originating
from the fabrication, installation, and measurement processes.
Moreover, the driven strip does not act as a monopole radiator in the
operating band. Because of its size, its resonance frequency is located
at a much higher frequency (1.8GHz). Consequently, it does not
perturb the radiation performance of the antenna in its operating band.

TABLE 1. OPTIMIZED DESIGN PARAMETERS OF THE LP PROTOTYPE

g, =0.5mm 2:=05mm | L;=312mm | W;=0.5mm
W,=13.5mm | W;=0.6mm W, = 10mm R; = 40mm
6, = 7deg 6, =15.5deg | 6; = 0.5deg NULL
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Fig. 4. Measured and simulated |S;;| and realized gain values of the LP
prototype.
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Fig. 5. Measured (simulated) realized gain patterns of the LP monopole-driven
IDC-based NFRP antenna prototype. (a) Lower resonance frequency, 1.15
(1.15) GHz. (b) Higher resonance frequency, 1.25 (1.27) GHz.

Fig. 5 presents the realized gain patterns at the two resonance
frequencies. The LP antenna produces broadside radiation patterns
that are stable and uniform over the entire operational band. They are
quite different from those emitted by a standard monopole-like
radiator which has a deep null along its axis [28]. Moreover, their peak
values are considerably larger as well. Because the NFRP element
radiates as an effective magnetic dipole that is parallel to the ground
plane, its image facilitates this increase. Fig. 6 displays the current
distributions on the IDC-CLL NFRP element at its two resonance
frequencies. The fundamental “loop current” and the
first-higher-mode anti-phase “equivalent loop current” distributions
are clearly observed. They produce the realized patterns noted to be
uniform over the entire operational bandwidth. These current
distributions have behaviors similar to those shown in Figs. 2(b) and
(c). The surface currents at the lower resonance frequency are
concentrated mostly around the middle sections of the IDC-CLL
NFRP element and resemble the fundamental “loop current” mode in



Fig. 2(b). The surface current distribution on the IDC-CLL NFRP
element at the higher resonance frequency is concentrated primarily on
the +y near-vertical side, near the monopole. The currents thus
resemble those associated with the anti-phase first higher-order mode
shown in Fig. 2(c). This concentration produces the slight tilt of the
E-plane realized gain patterns in Fig. 6(b). Parameter studies have
demonstrated that most of surface currents on the ground plane are
concentrated near the NFRP element. Consequently, they have
minimal impact on the |S;;| and realized gain values if the ground
plane radius is larger than the selected value, 60.0 mm.

(®
Fig. 6. Simulated current distributions on the LP monopole-driven IDC-based
NFRP antenna prototype looking from the —x direction. (a) 1.15 GHz. (b) 1.27
GHz.

Studies helped understand the impact of key design parameters on
the LP antenna’s performance characteristics. For example, the effect
of changing the gap size between the IDC NFRP element and the
ground is shown in Fig. 7. When the arc angle of the gap, 8,, decreases,
the higher resonance witnesses a red-shift while the lower one remains
relatively unchanged. Basically, the gap affects the capacitive
couplings in the entire IDC structure. It thus adjusts the frequency ratio
between the first higher order mode and the fundamental mode.
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Fig. 7. The effect of the arc angle of the gap, 0,, between the IDC NFRP
element and the ground on the LP antenna’s impedance match.

The impact of different numbers of the IDC units in the NFRP
element on the antennas’ performance characteristics was also
parametrically studied. Fig. 8 shows the simulated |S;;| results, which
indicate that the electrical size of the antenna decreases along with the
bandwidth when the number of IDC units decreases. Even though its
bandwidth is only slightly larger and its match to the source is not as
perfect as the intact version, the electrical size of the two IDC-unit
antenna is actually a bit smaller. Moreover, the entire antenna — ground
plane included — is electrically small with ka = 0.94. Furthermore,
while the two resonant modes are excited when the number of IDC
units in the NFRP element is smaller than 8, one does not see both
because they significantly overlap. It is not until 8 IDC units are
present to see their individual match to the source. It is now
understandable why the 8 IDC-unit version was selected for the LP
prototype — it yielded a good separation of these two modes while

maintaining their nice overlap to yield the largest bandwidth of all of
the indicated designs.
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Fig. 8. Simulated |S;;| values of the LP design when its NFRP element is
constructed with different numbers of IDC units.

Table II provided a comprehensive comparison between the LP
prototype and recently reported electrically small magnetic-based
antennas, i.e., those with ka,,;.,,,<1. The size, FBW, RE, Q factor, and
Q)i values are provided. The latter are calculated according to [8], [9]
as follows: Q = 2/ (3XFBW._ ), Och = (I/ka+1/ka)’), Oyuio= O /
[REX3%Qcpy]. It is clearly observed that our innovative design has the
largest FBW and lowest Q and Q,,,;, values, which verifies its efficacy
and re-enforces its distinct advantage in improving the bandwidth of
magnetic antennas with compact size.

TABLE II. COMPARISON BETWEEN THE DEVELOPED IDC-CLL BASED LP
ANTENNA AND RECENTLY REPORTED MAGNETIC-BASED ANTENNAS

Electrical Size of (0]
Refs. Radiator (kaagiaror) FBW RE Factor Q niio
[14] 0.90 6.13% 80% 11.1 2.97
[30] <0.26 - 73% 564.0 3.41
[31] 0.41 1.8% 81% 37.03 1.8
[32] 0.804 5.4% 85% 12.34 1.52
2.33%
21 119 . 2.31
[33] 0 (FBW. | 1% | 856 3
[34] 0.85 2.5% 56% 26.7 5.67
Reported 0.921 174% | 95% | 3.83 | 0.59
LP antenna

IV. WIDEBAND, MONOPOLE-DRIVEN, CP ANTENNA DESIGN

The IDC design concept was also applied to the related
monopole-driven, CP antenna design to expand its operational CP
bandwidth. Fig. 9(a) is an isometric view of the configuration of this
CP antenna; the corresponding optimized design parameters are given
in Table III. In contrast to the LP design, the CP antenna consists of
two orthogonal, vertically oriented IDC-CLL NFRP elements printed
on two half-disks of the same 6006 substrates and combined in an
intersecting wine box-spacer configuration. Two printed monopoles,
one for each NFRP element, are driven with a simple coax-driven feed
structure [3], [18]. The feed structure is orthogonal and symmetrical
with respect to the /= 45° plane as illustrated in Fig. 9(b). Figs. 9(c)
and 9(d) show that each IDC-CLL NFRP element is the same as in the
LP design in Fig. 3. Note that the offset of the coax cable feed point
away from the midpoint of the feeding structure, i.e., changing L; in
Fig. 9(b), is an effective way to optimize the impedance match while
maintaining good CP radiation performance characteristics, especially
in the higher portion of the frequency band.
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Fig. 9. The geometry of the CP monopole-driven IDC-based NFRP antenna.
(a) 3D isometric view. (b) Top view. (c) Side view of the y0z-plane cut. (d) Side
view of the z0x-plane cut.

The optimized CP antenna was also fabricated, assembled and
tested. Photos of the assembled prototype are indicated in Figs. 10(a).
In Fig. 10(a), the measured (simulated) results indicate that the antenna
exhibits a wide —10-dB impedance bandwidth from 1.09 - 1.26 GHz
(1.08 - 1.24 GHz), corresponding to a fractional bandwidth of 14.4%
(13.8%). The realized gain values are quite stable ~5.2 dBi (~6.5 dBi)
and the simulated RE values are greater than 88% over the entire
operational bandwidth.

TABLE III. OPTIMIZED DESIGN PARAMETERS OF THE CP PROTOTYPE

g1 =0.56mm 2> =2mm g3 = 0.5mm g4 =0.5mm
g5 = 0.54mm g5 = 2mm g7;=0.5mm L; = 80mm
Ly, =122mm L; =5.6mm Ly=55mm Ls = 34.4mm

Ls=32.4mm L;=5.5mm R; = 40mm W, = 0.508mm
W, =028mm | W5 = 0.44mm W,=8.9mm Ws = 0.25mm
Ws = 10mm W;=0.46mm | Wg=0.12mm Wy = 8.9mm
Wi = 10mm 6, =35.7deg 6, =16.8deg 6; = 0.5deg
0, = 0.5deg 05 = 16deg 05 = 6.5deg NULL

25

[N
S

—
wn

Lower
Freq. AR min. Higher

—
>

4

Realized Gain (dBi)
Axial Ratio (dB)

2]

-3

3 .
1.00 1.05 1.10 1.15 1.20 1.25 1.362 10.08 1.12 116 120 124 1.28
Frequency (GHz) Frequency (GHz)

(a (b)
Fig. 10. Measured and simulated results of the CP monopole-driven IDC-based
NFRP antenna prototype. (a) [S;;| values and realized gain values. (b) AR
values.

Fig. 10(b) demonstrates that the associated 3 dB AR bandwidth is
from 1.11 to 1.21 GHz (1.12 to 1.215 GHz), corresponding to a
fractional bandwidth of 8.6% (8.13%). This bandwidth is substantially

wider than the ~1.5% value of the original CLL NFRP CP antenna [18].

The electric size of the NFRP radiating element is ka = 0.923
corresponding to the lower frequency bound of the 3-dB AR
bandwidth. Note that the measured resonance frequencies experience
about a 10 MHz red-shift which is only 0.8% different from the
simulated value. Again, this small difference is attributed to the
fabrication, assembly and measurement errors.
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Fig. 11. Radiation performance of the CP antenna at its lower AR minimum,
1.12 (1.13) GHz, and its higher AR minimum, 1.18 (1.2) GHz. Realized gain
patterns, (a) and (b), and measured AR over their corresponding beamwidths, (c)
and (d).

Fig. 11 presents the measured (simulated) radiation performance at
the two frequencies at which the AR values are minimal, 1.12 GHz
(1.13 GHz) and 1.18 GHz (1.2 GHz). Fig. 12 displays the current
distributions on the two IDC-CLL NFRP elements at these two
frequencies. The surface currents at the lower AR minimum are
concentrated around the middle sections of the two NFRP elements.
They are analogous to those of the fundamental mode at the lower
resonance frequency of the LP antenna shown in Fig. 6(a). Similarly,
the surface currents at the higher AR minimum are concentrated along
the two near-vertical sides of the NFRP elements. They too are
analogous to those of LP antenna in its first higher order mode shown
in Fig. 6(b). The CP operation is attained because the surface currents
on these two orthogonal NFRP elements have approximately a 90°
phase difference at both of the AR-minimum frequencies. Because the
z0x dipole is longer than the y0z one, the IDC-CLL NFRP element in
the zOx plane leads the one in the y0z plane. This right-hand CP (RHCP,
co-pol) and the corresponding left hand CP (LHCP, cross-pol)
behaviors are shown in Figs. 11(a) and (b) at its lower and upper AR
minima, respectively. Figs. 11(c) and (d) display the corresponding
AR values at different polar angles. The variations arise from the
asymmetrical placement of the driven elements and feed structure with
respect to the IDC-CLL NFRP elements.

V. CONCLUSION

The bandwidths of several metamaterial-inspired, NFRP antennas
were significantly increased by incorporating the innovative
magnetic-based IDC-CLL NFRP elements introduced in this work.
The IDC-CLL NFRP element concept was first introduced with an
ideal dipole-driven magnetic ESA design. A five-fold impedance
bandwidth enhancement was demonstrated. Both LP and CP versions
of monopole-driven, IDC-CLL NFRP antennas were designed,
fabricated and measured. The measured performance characteristics,
in good agreement with their simulated values, demonstrate that the
IDC-CLL NFRP elements expanded the fractional impedance
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Fig. 12. The surface current distributions on the two IDC-CLL NFRP elements of the monopole-driven CP antenna over one period T = 1/ fj, where f; corresponds

to the two frequency points at which the AR dips occur: 1.13 and 1.2 GHz.

bandwidth in the LP case to 17.4%, a 5-fold enhancement in
comparison to its original counterpart. Similarly, the fractional AR
bandwidth in the CP case was expanded to 8.6%, also a 5-fold
enhancement. These magnetic NFRP antenna prototypes have many
potential  applications in wideband space-limited wireless
communication systems that require broad bandwidth LP and CP
performance and that exhibit stable realized gain patterns over their
entire operating band. Examples include wearable and other compact,
portable platforms; indoor base station systems; drones; cubesats; and
radio frequency identification systems.
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