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Abstract — A pattern-reconfigurable, flexible, wideband,
directive, electrically small near-field resonant parasitic (NFRP)
antenna is presented. The antenna consists of a pair of Egyptian
axe dipole (EAD) near-field resonant parasitic (NFRP) elements,
together with a pair of shaped metallic strips that act as the driven
element and are fed by a coaxial cable. These NFRP and driven
elements are designed to achieve compactness. Two pairs of p-i-n
(PIN) diodes are integrated into the driven element to enable the
pattern-reconfigurability. The antenna has two switchable
directive end-fire states, each pointed in direct opposition to the
other. Examples of the evolution of the antenna are used to
illustrate its operating principles. A prototype of the optimized
design operating in a frequency range centered at 1.8 GHz was
fabricated and measured. The simulated and experimental results
are in good agreement. The antenna exhibits a wide, ~13.1 %
impedance bandwidth and a ~4.42 dBi peak realized gain in both
pattern-reconfigurable states while maintaining its electrically
small size: ka ~ 0.94. The flexibility of this antenna is
demonstrated under different bending conditions by mounting it
on cylinders with several different radii and the results confirm
that its performance characteristics are maintained under all of
them.

Index Terms — Electrically small antennas, end-fire radiation,
flexible, near-field resonant parasitic antennas, pattern
reconfigurability, wideband.

[. INTRODUCTION

‘N Jith the continuing advances in integrated circuit (IC)
technology, radio frequency (RF) front-ends are making
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significant strides towards becoming smaller, smarter, and
lighter weight. Consumer demands for higher performance
wireless platforms have necessitated the associated
developments of intelligent antenna systems that are
electrically small in size, light weight, and adaptable to the
electromagnetic and physical environments in which they
operate. Reconfigurable antenna technologies have drawn
increasing attention to address these needs. While providing
multi-functionality in a single package, they offer significant
performance advantages including the mitigation of
polarization mismatch and noise issues, the prevention of
electronic jamming, and the facilitation of beam forming and
energy savings. Thus, reconfigurable antennas have become a
major candidate for intelligent system designs.

One application is the need to simply change the main-beam
direction, either forwards or backwards, for intelligent
transportation systems (ITS) [1-4]. In this scenario
pattern-reconfigurable antennas would facilitate two kinds of
communication links. One is message communications
between vehicles and access points (APs), and the other is
vehicle-to-vehicle (V2V) communications between two
vehicles. In both links, the main-beam of a
pattern-reconfigurable antenna on a vehicle would be towards
its front when the APs or other vehicles are in front of it. The
antenna pattern could then be intelligently switched to the back
direction when they are behind it.

Pattern-reconfigurability can be realized in real time by
introducing electrically controlled devices into the antenna
system. These include, for instance, installing varactors or p-i-n
(PIN) diodes into its radiator elements [5, 6] or its feed network
[7]. These elements act to reshape the antenna topology or to
modify its operating mechanisms. Many types of
pattern-reconfigurable antennas have been developed in recent
years. These include monopole-loop antennas [8], dielectric
resonator antennas [9-10], artificial structure-based antennas
[11-12], parasitic loop antennas [13], closely packed array
antennas [14-15], microstrip stacked array antennas [16-17],
circular cavity antennas [18], parasitic layer-based antennas [19]
and Yagi antennas [20-21], just to name a few. On the other
hand, there have been few electrically small designs reported
and their bandwidths are a real practical concern. For example,
while three kinds of electrically small pattern-reconfigurable
antennas were introduced in [22-24], their operational
bandwidths are limited (fractional bandwidth at most 2.73%).

Furthermore, to cope with complex physical operating
environments, the flexibility of any reconfigurable antenna also



needs to be taken into account [25]. For example, to satisfy the
mechanical requirements associated with fast-moving mobile
platforms, their antennas must be conformal to the surface on
which they are located in order to satisfy critical aerodynamic
performance criteria [26]. Consequently, it is also highly
desirable to realize flexible, electrically small antennas that
maintain their radiation performance while also being suitable
for such physical constraints.

In this paper, a pattern-reconfigurable, flexible, wideband,
directive, electrically small, near-field resonant parasitic
(NFRP) antenna is presented. Two examples of the evolution of
this design are introduced in Section II to illustrate its operating
principles in a comprehensive manner. One explains the
modification of the NFRP Egyptian axe dipole (EAD) system
[27, 28] to achieve a further reduction in its electrically small
size while maintaining its radiation performance. The second
reveals the physical mechanisms leading to its wideband and
directive operation. The optimized design is introduced in
Section III. A prototype antenna of this design was fabricated
and tested. As described in Section IV, the measured and
simulated results are in good agreement. The experimental
validation of the flexibility of the optimized is demonstrated in
Section V.

This electrically small, flexible, pattern-reconfigurable
antenna is the first reported that, to the best of our knowledge, is
wideband and conformal. Its ka = 0.94, where a is the radius of
the smallest sphere that completely encloses the entire antenna
system, fyis the center frequency in its operational band, and &
=21/1y = 2mnfy/c is the corresponding free space wave number.
Its -10dB impedance bandwidth is wide, ~13.1%. The antenna
has two switchable end-fire states, each in direct opposition to
the other, that are controlled simply with two pairs of PIN
diodes. It exhibits stable radiation performance characteristics
in all of the tested bending conditions. The measured peak
realized gain, radiation efficiency, and front-to-back ratio are
~4.42 dBi, ~70.4 %, and ~13.42 dB, respectively.

We note that all the metallic elements in the antenna designs
reported in this paper were chosen to be copper with its known
material parameters: ¢. = 1.0, g = 0.999991 and bulk
conductivity o = 5.8 x 10’ S/m. For ease of fabrication and
measurement, the prototype was designed to operate around 1.8
GHz. All the numerical simulations and their optimizations
were performed using the frequency domain ANSYS/ANSOFT
high frequency structure simulator, version 13 [29].

II. DESIGN PRINCIPLES

Two important modifications of the EAD NFPR elements
facilitated the unique final design. Each is initially considered
separately to explain the design principles in a comprehensive
manner.

A. Modified EAD NFRP element

As is well-known, the length of a traditional electric dipole
antenna is approximately a half wavelength [30]. As an
alternative, NFRP elements are placed in the near field of an
electrically small center-fed dipole to achieve similar
performance while achieving a significant electrical size
reduction [31].
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Fig. 1 Electrically small EAD NFRP elements. (a) Planar, unmodified
configuration. (b) Bent, modified configuration. (I) Geometry. (II) Surface
current density distribution. (III) 3-D directivity pattern.

Fig.1 illustrates the modification of the EAD NFRP element
and its exciting dipole. First, a typical straight EAD NFRP
element is placed above a center-fed dipole. The electrical size
is ka ~ 0.875. As expected, this electrically small antenna
exhibits high radiation efficiency (96 %) and nearly complete
impedance matching. The antenna configuration together with
the surface current density distribution on the top surface of the
EAD NFRP element and the resulting 3-D directivity pattern at
its resonance frequency is shown in Fig. 1(a). The surface
current direction is highlighted by the light blue arrow. Its 3-D
directivity pattern indicates that it performs as an electric dipole
oriented along the x-axis [31].

Next, the EAD NFRP element and the electric dipole are
modified by bending both halves towards each other in the
plane orthogonal to the center line. The electric size of the
antenna is reduced to ka ~ 0.711. The surface current density
distribution on the top surface of this modified EAD NFRP
element and its 3-D radiation pattern is shown in Fig. 1(b) at its
resonance frequency. It is observed that the surface currents on
the bent EAD NFRP element and its 3-D directivity pattern
exhibit behaviors essentially the same as the unbent one. Its



radiation efficiency remains high (89 %), indicating that the
impact of the bent configuration is small. Thus, it is concluded
that this modification can decrease the electrical size of the
antenna without impacting its radiation pattern or its impedance
matching performance.

B. Wideband directive antenna
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Fig. 2 Design evolution leading to the wideband and directional properties.
Simulated |S;| values as a function of the source frequency and the 3-D
directivity patterns associated with these designs.

The wideband and directional operating principles of the
antenna were realized through a series of cases and their
comparisons. The reflection coefficients as functions of the
source frequency together with the corresponding 3-D
directivity patterns for three designs are given in Fig. 2. Ant. I is
the same EAD NFRP element combined with the center-fed
dipole introduced in Fig. 1(a). Ant. II consists of the EAD
NFRP element and a duplicate, each parallel to and separated
from the driven dipole in opposite directions in the same plane.
These two EAD NFRP elements are resonant simultaneously
when the dipole is driven at 2.07 GHz. The resulting impedance
bandwidth and 3-D directivity pattern are almost the same as
those of Ant. .

Ant. III presents an in-between design. The two EAD NFRP
elements of Ant. II remain in the same position while the
center-fed dipole is shifted along the +y-axis until it is under
one of the EAD elements (or consider it to be Ant. I with
another EAD element integrated with it in the same plane as its
NFRP element). Because these NFRP elements now experience
different capacitive couplings between each other and the

driven element, they are no longer resonant at the same
frequency point.

As Fig. 2 illustrates, the introduction of this overlapping
second resonance dramatically increases the overall bandwidth.
As shown in Fig. 2, Ant. III is resonant at two frequencies:
2.005 and 2.15 GHz. The consequent -10 dB fractional
impedance bandwidth is 12.16 %. Moreover, it was also found
that when the center-fed dipole was positioned underneath the
NFRP element offset along the +y-axis, a directive end-fire
radiation pattern along the +y-axis was attained. Furthermore,
the main beam direction remained oriented along the +y-axis
over the entire operational frequency range. The directivity and
FTBR values at the noted two resonance frequencies are 6.33
dBi and 11.25 dB, and 4.12 dBi, and 7.68 dB, respectively. An
obvious interpretation of Ant. III’s configuration is that it is a
type of “quasi-Yagi” antenna, the NFRP element along the
—y-axis acting as its reflector. Note that it was also found from
the simulation studies that if the center-fed dipole were shifted
along the -y-axis to be below the other EAD NFRP element, the
resulting antenna would exhibit the same performance as Ant.
IIT except that the main-beam direction of its 3-D directivity
pattern would then be along the -y-axis. Note that the distance
between the two NFRP elements (25 mm) was optimized to be
approximately 0.18 Ay. As discussed next, this value provided
the proper phase delay between them (~ m/2) to achieve the
desired quasi-Yagi behavior.

Fig. 3 Surface current density distributions on the upper surfaces of the two
EAD NFPR elements over one half period (corresponding to a @ phase change),
where the period T = 1/f, f=2.04 GHz.

The surface current density distributions on the upper
surfaces of the two NFRP elements of Ant. III are shown in Fig.
3 over the half period corresponding to 2.04 GHz, an arbitrary
frequency point within its operating range. They provide an
explanation of the formation of this quasi-Yagi antenna



behavior. The source phase was varied and the results are
presented at multiples of n/4. The main directions of the
currents are highlighted with the additional arrows: blue (red)
represents the current flowing on the left (right) EAD NFRP
element. Within the half period, the current direction on the
right element remains the same in the range (n/4, n) while it
remains unchanged in the range (0, 7/2) on the left one.
Consequently, there is a stable phase delay of ~ m/2 between
two elements. Moreover, the right one leads the phase change
when compared to the left one. Therefore, in a quasi-Yagi sense,
it is thus recognized that the right one serves as the driven
element, and the left one serves as the reflector [30]. This
behavior is similar to that in the previous two-element array
study given in [28].

III. ANTENNA DESIGN

With the realization that (1) the compact bent design
provides approximately the same behavior as the straight
version shown in Fig. 1 of Section II-A and (2) the design
evolution led to the wideband and directional properties
demonstrated in Fig. 2 of Section II-B, two of the bent
elements were systematically integrated together to determine
if their combination would produce the same effects as Ant. II1
did. The outcome was positive. Fig. 4 shows the final
configuration and its design parameters of the
pattern-configurable, flexible, wideband, electrically small
NFRP antenna. The optimized values of those design
parameters are given in Table I.

Driven element
Outer wall of <
the coax-line

Inner conductor
of the coax-line

PIN diode

©

Fig. 4 Configuration of the pattern-reconfigurable, flexible, wideband,
electrically small NFRP antenna. (a) 3-D isometric view. (b) Top view of the
NEFRP elements. (c) Top view of the driven element.

TABLE 1. THE OPTIMIZED DESIGN PARAMETERS OF THE PATTERN-
RECONFIGURABLE NFRP ANTENNA (DIMENSIONS IN MILLIMETERS)

Ra=22.009 Rb=20.433 R=25 L1=16.38
L2=15.74 L3=4.58 L4=5.7 L.5=4.83
W1=0.61 W2=3.80 W3=4 G1=4.8
G2=6.8 G3=0.3 G4=0.76 h1=0.017
h2=0.127 h3=0.017 o =70.86° NULL

The antenna was fabricated using printed circuit board (PCB)
technology and with a single Rogers Duroid 5880 substrate
with relative permittivity and permeability, respectively, ¢, =
2.2 and p, = 1.0, and loss tangent tan J = 0.0009. The substrate
was 0.127-mm thick and the antenna elements were etched
from its 0.5-0z (17 pm thick) copper on both sides. The overall
shape is a disk whose radius is 25.0 mm. These choices made
the design symmetric, simple, and compact for the intended 1.8
GHz range of operation.

As shown in Fig. 4(a) and (b), the pair of bent NFRP
elements realizing the quasi-Yagi performance were etched on
the upper surface of the substrate. They were bent
symmetrically with respect to the y-axis to the same angle, o =
70.86°. They have the same dimensions and are in mirror
symmetry with respect to the x-axis. On the back side of the
substrate, as shown in Fig. 4(c), the driven dipole element is
etched. It includes six metal strips connected by four PIN
diodes. All of those diodes were M/A-COM MA4GP907 PIN
diodes. According to its datasheet, cach of these PIN diodes
serves as a 4.0 Q resistor in its ON-state and as a 0.025 pF
capacitor in its OFF-state [32]. These diodes are denoted here
as PIN_1, PIN 2, PIN 3 and PIN 4. PIN_ I (PIN 2) and
PIN 3 (PIN_4) are directed opposite to each other, i.c., their
negative poles are all set towards the center as depicted in Fig.
4(c). There also are six 56 nH coil inductors installed as shown;
they prevent any RF signal from entering into the DC bias
network.

The ON-OFF switch operation of the PIN diodes causes one
of the two bent EAD NFRP elements to act with the driven
element, and the other to act as the reflector element. Two
combined states of the four diodes produce these two
directional states. When PIN 1 and PIN 2 are ON, and PIN 3



and PIN 4 are OFF, the dipole strips along the —y-axis are
connected to the internal and external conductors of coaxial
cable, respectively. Consequently, this ON-OFF switch
combination makes the left NFRP element act as the driven
element and the right one act as the reflector element. This
configuration produces the “quasi-Yagi” end-fire radiation
pattern with the main beam pointing along the —y-direction. We
denote this state as State-L (i.e., “L” stands for “Left”).
Likewise, when PIN 3 and PIN 4 are ON, and PIN 1 and
PIN 2 are OFF, the dipole strips along the +y-axis are
connected to the internal and external conductors of coaxial
cable, respectively. This state is denoted as State-R (i.e., “R”
stands for “Right”). State-L and State-R and their
corresponding four diode states are summarized in Table II.

In order to ensure the locations of the PIN diodes during
fabrication of the prototype, four small rectangular slots are
etched on both sides of the diode position as markers. They are
0.1 mm x 0.06 mm in size. These slots provide two pads, 0.385
mm x 0.06 mm in size, for the diodes. This arrangement is
shown in the enlarged subplot in Fig. 4(c). A KTG 141-50 type,
semi-rigid, 50Q coaxial cable was selected to be connected to
the driven element. As shown in Fig. 4(a), its internal and
external conductors are soldered to the two isolated metal strips
at the center of the driven dipole element.

TABLE II. THE PIN DIODE STATES FOR THE TWO PATTERN STATES

State PIN_1 PIN2 | PIN 3 PIN 4
L ON ON OFF OFF
R OFF OFF ON ON

IV. SIMULATED ANTENNA PERFORMANCE AND
EXPERIMENTAL VALIDATION

The performance characteristics of the optimized design in
Fig. 4 in Section III were investigated both numerically and
experimentally. Photos of the fabricated prototype are shown in
Fig. 5. Because the balanced driven dipole was directly
connected to the unbalanced 50Q2 coaxial cable as shown in Fig.
4(a), a 39.5 mm long sleeve balun was employed only in the
measurements to eliminate the influence of the leakage currents
that could occur on the outer wall of the cable [33]. With the aid
of the balun, the antenna under test (AUT) thus maintained the
predicted impedance matching and far-field directivity pattern
characteristics.

Back view

DC source
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Fig. 5 Fabricated pattern-reconfigurable ESA prototype in the anechoic
chamber with the measurement sleeve balun installed. (a) Antenna elements
before the assembly. (b) Side view of the prototype antenna after its assembly.
(c) Prototype antenna as the AUT in the chamber.

A GWinstek GPC-3060D dc voltage-stabilized power supply
fed ~1.40 V to the diodes. As shown in Fig. 5(a), three different
pairs of dc bias lines were used to switch the diodes between
their ON and OFF states. State-L employs two green (“+” pole)
and two blue (“-” pole) dc lines; State-R employs two red (“+”
pole) and two blue (“-” pole) dc lines.

The reflection coefficients (|S;;| values) of those two states
were measured as a function of the excitation frequency using
an Agilent ES063A PNA Vector Network Analyzer (VNA).
The measured and simulated results of these two states are
presented in Fig. 6(a). We note that the simulated results for
State-L are the same as those for State-R due to the symmetric
configuration. The simulated -10dB impedance bandwidth is
from 1.676 to 1.916 GHz (240 MHz), which corresponds to a
fractional bandwidth of 13.4%. The results clear show that
there are two resonance frequencies within this range: 1.708
and 1.798 GHz which, as explained, increases the operational
bandwidth. The measured -10dB impedance bandwidths for
State-L and State-R are 232 MHz from 1.683 to 1.915 GHz
(12.9%) and 238 MHz from 1.677 to 1.915 GHz (13.3%),
respectively. The measured and simulated results are in good
agreement. The simulated peak gain, realized gain, directivity
and front-to-back ratio values are depicted in Fig. 6(b) as
functions of the source frequency. The antenna exhibits the
desired end-fire radiation characteristics over the entire
operational band. Note that the gain and FTBR values at the
lower frequencies are larger than those at the higher frequencies.
Moreover, we note that in our simulation study the angle a was
set initially at 90°. The corresponding fractional bandwidth,
peak realized gain, radiation efficiency, and front-to-back ratio
values were 11.5%, 4.64 dBi, 79.93%, and 22.86 dB,
respectively. When angle a was optimized to the value 70.86°,
these values became 13.4%, 4.78 dBi, 80.6%, and 16.15 dB,
respectively. Clearly, the fractional bandwidth, peak realized
gain, and radiation efficiency were improved at the cost of a
slight decrease in the front-to-back ratio value.
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Fig. 6 Performance characteristics of the pattern-reconfigurable ESA. (a) The
measured and simulated reflection coefficient (|S;[) values. (b) The simulated
directivity, peak gain, realized gain, and front-to-back ratio values as functions
of the source frequency in both pattern-reconfigurable states. The simulated
-10dB impedance bandwidth range is highlighted in yellow.

The far-field radiation performances were then measured in
an anechoic chamber at the National Key Laboratory of Science
and Technology on Communications, University of Electronic
Science and Technology of China. This facility is mainly based
on the Agilent N5230A PNA-L VNA and the SATIMO passive
measurement system (0.8—6 GHz) [34]. The prototype was
measured by being mounted on a flat foam pedestal in the
chamber. The corresponding measured and simulated realized
gain patterns in State-L and State-R are presented and
compared at the two resonance frequencies in Fig. 7. The
measured and simulated values of the prototype in both states
are summarized in Table III. The measured and simulated
results for both frequencies are in reasonable agreement. The
differences between the measured and simulated values have
been confirmed through simulations to be a consequence of
fabrication, assembly, and test errors, particularly arising from
the very thin and soft nature of the antenna’s substrate.
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Fig. 7 Measured and simulated normalized realized gain patterns in the E- and
H- planes at the two resonance frequency points of State-L: (a) 1.708, and (b)
1.798 GHz; and of State-R: (c) 1.708, and (d) 1.798 GHz.

The surface current distributions on the upper surface of the
two EAD NFRP elements were investigated further to confirm
the operational mechanisms of this directional configuration.
They are illustrated in Fig. 8 for State-R over a half period
corresponding to its first resonance frequency, 1.708 GHz. The
effective directions of these surface currents are again
highlighted with the blue (left NFRP element) and red (right
NFRP element) arrows. The two EAD elements have the same
electrical size and are separated by a small distance,
approximately 0.15 Ay, which is slightly closer than in the Ant.
III in Fig. 2. Again, this optimized value provides the proper



phase delay to achieve the quasi-Yagi behavior. Again, the
source phase was varied and the results are presented at
multiples of m/4. As observed in the straight configuration in
Fig. 3, the phase of left NFRP element always has a lag of n/2
when compared to the right NFRP element when the antenna
operates in its State-R. Likewise, the phase of the right NFRP
element is delayed by m/2 relative to the left NFRP element
when it operates in its State-L.

TABLE III. MEASURED (M) AND SIMULATED (S) PERFORMANCE
CHARACTERISTICS OF THE PATTERN-RECONFIGURABLE ESA

Fractional Maximum Radiation | Maximum
Performance | Bandwidth | Realized | Efficiency FTBR
Characteristic (%) Gain (dB) (%) (dB)
S 134 4.78 80.6 16.15
State-L 12.9 4.40 70.5 13.27
S 134 4.78 80.6 16.15
StateR - [y 133 443 70.3 13.56
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Fig. 8. Simulated State-R surface current density distributions on the upper
surfaces of the pattern-reconfigurable antenna’s EAD NFRP elements over a
half-period defined by the first resonance frequency, 1.708 GHz, within its
operational range.

V. FLEXIBILITY

Because its substrate is very thin, the prototype
pattern-reconfigurable antenna has the capability to be folded,
rolled, or bent with no structural damage. To confirm the
practical usefulness of this structural quality, its radiation
characteristics were tested in several conformal arrangements
both numerically and experimentally. In particular, it was
affixed on styrofoam cylinders possessing different radii by
being bent relative to their horizontal (along the x-) and vertical
(along the y-) axes. The photo of one example is shared in Fig.
5(c). Considering the symmetry of antenna structure itself, only

the antenna’s performance in its State-R is reported here. The
State-L results were found to be the same.

TABLE IV. MEASURED (M) AND SIMULATED (S) PERFORMANCE
CHARACTERISTICS OF THE FLEXIBLE PATTERN-RECONFIGURABLE ANTENNA
WHEN IT IS MOUNTED CONFORMALLY ON CYLINDERS WITH DIFFERENT RADII
OF CURVATURE UNDER TWO SEPARATE BENDING CONDITIONS

(a) Bending condition with respect to the y-axis (cylinder axis)

50mm 70mm 90mm 110mm
Category @ E
Operational S 1.676~ 1.676~ 1.674~ 1.676~
Frequency 1.92 1.92 1.912 1.910
Range M 1.670/ 1.673/ 1.677/ 1.673/
(GHz) 1.932 1.937 1.918 1.910
Two S 1.706/ 1.708/ 1.704/ 1.706/
l;esonance 1.810 1.806 1.802 1.800
requenc
P?)ints Y M 1.700/ 1.703/ 1.705/ 1.705/
(GHz) 1.8425 1.847 1.830 1.820
Bandwidth | S 244 244 238 234
(MHz) | M 262 264 241 237
Erazﬁf{r(lialll S 13.6 13.6 133 13.1
andwidt
(%) M 14.5 14.6 13.4 13.2
Maximum
Realized S 4.7046 4.7712 4.7588 4.7656
Gain
(dB) M 3.9257 3.9742 4.0081 3.9190
Radiation | g | 7¢ 93 78.75 78.26 77.98
Efficiency
(%) M| 6757 66.76 67.88 67.36
M;’Fi}l;nﬁlm S 15.4128 15.9968 15.3611 15.2254
(dB) M 12.71 12.86 13.52 13.43

(b)Bending condition with respect to the x-axis (perpendicular to cylinder axis)

50mm 70mm 90mm 110mm
Category é ; é 3
Operational S 1.688/ 1.686/ 1.684/ 1.682/
Frequency 1.830 1.864 1.882 1.888
Range M 1.668/ 1.668/ 1.675/ 1.678/
(GHz) 1.925 1.908 1.910 1.915
Two S 1.708/ 1.712/ 1.712/ 1.712/
Resonance 1.792 1.794 1.790 1.794
Frequency
Points M 1.700/ 1.703/ 1.705/ 1.712/
(GHz) 1.837 1.825 1.822 1.822
Bandwidth S 142 178 198 206
(MHz) M| 257 240 235 237
Fractional | g| g 10.0 1.1 115
Bandwidth
(%) M| 143 13.4 13.1 132
Maximum
Realized S| 4.7844 4.6902 4.7368 4.7041
Gain
(dB) M| 3.792 3.865 4.227 3.8152
Radiation | | 74 3 7111 72.83 73.87
Efficiency
(%) M| 62.76 65.43 63.00 63.54
Maximum
FTBR S| 11.2826 11.8050 13.6396 14.3595
(dB) M| 9.72 9.97 11.31. 12.62




Table IV gives the measured and simulated values of the
prototype when it was mounted conformally on cylinders of
radii equal to 50, 70, 90, and 110 mm in both bending
conditions. As shown in the Table IV (a), when the antenna is
bent along the y-axis, the measured -10dB impedance
bandwidth in all of the configurations is shifted only slightly
when compared to the planar condition and the values are in
good agreement with the simulated ones. The maximal
simulated shift was 6.0 MHz, a significantly small fraction
(2.5%) of the 240 MHz bandwidth. Moreover, the measured
max RG, RE, and FTBR values also changed only slightly from
their simulated values.

The radiation characteristics of the cases in which the
prototype was conformal and bent along the x-axis are listed in
Table IV (b). One observes that the simulated -10dB impedance
bandwidths of all of these configurations witnessed only a
small decrease when compared with the planar configuration.
Moreover, the measured max RG, RE, and FTBR results also
change only slightly from their simulated values. On the other
hand, there are more significant differences between the
bandwidth values for the bent and planar cases. For instance,
the simulated maximum bandwidth shift is 98 MHz when the
cylinder radius is 50 mm. This behavior appears to have arisen
from significantly bending the center elements of the EAD
where the bias lines are attached. In the y-axis bend case, the
two symmetric sides are bent more gently around those center
elements. It must be noted that in both bending modes, the
radiation efficiency is not very high, ~74 % in simulation and
~ 65% in measurement. This loss phenomenon is ascribed to
the actual resistance of the PIN diodes. According to our
simulation studies, when the resistance is changed from 4.0 Q
to 0 Q as noted from the data sheets, the radiation efficiency is
higher than 85% in each case in Table IV. It indicates that the
actual resistance of the PIN diodes decreases the radiation
efficiency ~15%.

To test the impact of a conformal placement of the antenna
on a dielectric substrate, simulation studies were performed
with the material properties of the cylinder changed from
styrofoam to glass PTFEreinf, whose relative permittivity ¢, =
2.5, permeability . = 1.0, and loss tangent tan ¢ = 0.002. The
antenna was placed in the y-axis bending condition directly on a

glass PTFEreinf cylinder having a 50.0 mm radius of curvature.

The simulation results demonstrate that the antenna performs
well even when it is placed on a higher dielectric constant
material. Its operational band became 1.676-1.458 GHz, i.e.,
the band was red-shifted by 218 MHz due to the increased
relative permittivity of the material. Its simulated fractional
bandwidth, peak realized gain, radiation efficiency, and
front-to-back ratio values were, respectively, 11.14 %, 3.5 dBi,
75 %, and 10.8 dB. Thus, the antenna mounted conformally on
a cylindrical glass substrate maintained good end-fire radiation
performance within its new operational frequency band.

In contrast to the many previously reported compact
directional antennas, the reported antenna not only has an
electrically smaller size and wider bandwidth, but also
possesses additional advantages, notably its
pattern-reconfigurability and flexibility. Table V provides a
direct comparison with recently reported compact antennas.
The total electrical size, ka, bandwidth, peak realized gain
value for each reconfigurable state, reconfigurability, and

flexibility are listed. Note that for a fair comparison, the total
electrical sizes of the reported designs correspond to the center
operational frequency points within the -10 dB impedance
bandwidth. Table IV demonstrates that our measured prototype
has a wide bandwidth, high realized gain, and is electrically
small with ka < 1, while being pattern-reconfigurable and
flexible.

TABLE V. COMPARISONS OF THE PERFORMANCE CHARACTERISTIC OF THE
PATTERN-RECONFIGURABLE, FLEXIBLE, WIDEBAND, DIRECTIVE,
ELECTRICALLY SMALL ANTENNA IN ITS PLANAR CONFIGURATION WITH
RELATED ANTENNAS REPORTED IN THE LITERATURE

Peak realized
Refs. ka BW (%) gain Reconfigurable | Flexible
(dBi)

[4] 1.70 6.2 6.3 no no
[5] 2.81 16 6.4/3.6/6.2 yes no
[35] 0.97 2 3.57 no yes
[36] 1.18 0.23 7.2 no no
[37] 1.72 13.8 6 no no
[38] 3.35 11 52 no no
[39] 1.45 5.06 5.76 no yes
[40] 1 <4.8 7.0 no no
Rep. Ant. | 0.94 12.9 4.43/443 yes yes

VI. CONCLUSION

The design, simulations, and experimental validation of the
performance characteristics of a novel wideband, electrically
small, pattern-reconfigurable, flexible, directive, NFRP
antenna were presented in a comprehensive manner. The
antenna consists of a pair of NFRP elements and a coax-fed
driven dipole element. Through modifications of past EAD
NFRP element designs, an electrically small size, ka ~ 0.94,
was realized. Moreover, by integrating four PIN diodes into the
driven element, the antenna was made reconfigurable,
producing end-fire directive realized gain patterns that point in
diametrically opposite directions. The principles of operation
of this antenna and its realization were described. The
measured results of this prototype are all in reasonable
agreement with their simulated values. Discrepancies were
explained. The electrically small measured planar prototype
exhibited a wide impedance bandwidth, ~13.1% and a stable
gain of ~4.42 dBi in both its directive states. Its flexibility was
investigated with simulations and experiments of several
conformal configurations. It was confirmed that the antenna
exhibited stable radiation performance characteristics in these
various bending conditions. This type of antenna could be
attractive for many evolving ITS systems.
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