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Abstract—A  dual-linearly-polarized, electrically small,
low-profile, broadside radiating Huygens dipole antenna is
presented that is an advanced combination of electric and
magnetic near-field resonant parasitic (NFRP) elements. Its
prototype was fabricated and tested. The measured results are in
good agreement with their simulated values. At 1.515 GHz the
prototype is electrically small (ke = 0.904) and low profile
(0.04834y). It exhibits high port isolation and a large front-to-back
ratio (FTBR). The isolation between its two ports is demonstrated
to be over 25.8 dB within its -10-dB fractional impedance
bandwidth (FBW), 0.46%. When port 1 (port 2) is excited, the
peak realized gain is 2.03 dBi (2.15 dBi) strictly along the
broadside direction with a 12.4 dB (12.1 dB) FTBR.

Index Terms—Dual polarization, broadside radiation,
directivity, electrically small antennas, Huygens dipole antennas,
near-field resonant parasitic elements.

I. INTRODUCTION

With the intense drive of wireless communication systems
towards compactness and integration, electrically small
antennas (ESAs) have attracted considerable attention in recent
years. However, their directional radiation performance is
generally constrained to be that of an electric or magnetic
dipole antenna [1]. Consequently, their peak realized gains and
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front-to-back ratios (FTBRs) are usually low. In order to
empower better directivity for a variety of wireless applications,
e.g., long-distance/point-to-point wireless communications
[2-3], radio-frequency identification devices (RFIDs) [4-6], and
wireless power transfer [7-10], many different approaches have
been reported. These include loading the radiating elements
with electromagnetic band gap (EBG) structures [11], adding
slot structures[12], and employing additional small radiating
elements[13-14], only to name a few. In comparison, the
method of combining pairs of electric and magnetic dipoles to
realize Huygens dipole ESAs commands an inherent advantage.
Directivity enhancement (~ 3 dB) is achieved without
significantly increasing the overall size and profile of the
antenna system. Existing Huygens source ESAs can be
classified into the two usual polarization categories: linearly
polarized (LP) designs [15-21] and circularly polarized (CP)
designs [21-23]. However, to the best of our knowledge, all of
the reported systems radiate a single polarization state.

Dual-polarized antennas are well-known to have significant
advantages over their single-polarized counterparts in many
practical engineering applications. They are equivalent to a
combination of two different polarized antennas. Thus, they
reduce the total number of units in a system and, hence, its cost,
weight, and footprint while still maintaining, if not increasing,
its communications capabilities and qualities.

High port isolation between each element in a dual-polarized
system is an indispensable feature. Numerous effective
structures have been examined to accomplish it. Examples
include aperture-coupled feed networks [24-26], meandering or
cross- probes [27-28], coupled feed networks [29-30], hybrid
feed networks of apertures and probes [31], and even-odd mode
feed  structures [32].  Similarly, several dual-LP
magneto-electric dipoles have been reported that employ other
technologies. For instance, two separate substrate integrated
waveguides (SIWs) and aperture-coupled feed networks were
utilized to achieve dual-polarized operations in [33]. The
dual-polarization performance characteristics in [34] were
accomplished using two orthogonal I'-probe coupled feed
networks. However, since very large ground planes were
required to construct those feed networks [33, 34], their
electrical sizes are inescapably quite large, i.e., ka > 3.5, where
k =2mn / A and a is the radius of the smallest sphere that
completely encloses the entire antenna system at the
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operational free-space wavelength Ay. Consequently, their
applications in compact wireless communication systems are
very limited.

In this paper, an electrically small, low-profile, Huygens
dipole antenna with dual-LP radiation performance
characteristics is reported. It is based on an advanced
combination of magnetic, capacitively loaded loop (CLL), and
electric, Egyptian axe dipole (EAD), near-field resonant
parasitic (NFRP) elements and the introduction of a compact,
balanced feed network specifically tailored to accommodate
these NFRP elements. This architecture leads to the large port
isolation while maintaining the electrically small size and low
profile. The dual-LP antenna design is introduced in Section II.
Next, in Section III, the fabrication and assembly of an
optimized prototype is described. The measured results are
shown to be in agreement with their simulated values. They
demonstrate that the prototype is impedance matched to its
50-Q source at 1.515 GHz and is electrically small (ka <1), low
profile, and exhibits high port isolation within its -10-dB
impedance bandwidth. When either port is excited, broadside
radiation is attained along with a corresponding large FTBR
value (> 10 dB). The operational mechanisms are investigated
in detail in Section IV, including the isolation performance, the
antenna loss, and the broadside radiation mechanism. Finally,
some conclusions are drawn in Section V.

All of the numerical simulations and their optimizations
reported herein were performed using the frequency domain,
finite-element based ANSYS/ANSOFT High Frequency
Structure Simulator (HFSS), version 13. The simulation models
employed the known, real properties of the dielectrics and
conductors. An operational frequency near 1.5 GHz was
selected for the designs to simplify the fabrication of the
dual-LP prototype and to match the available measurement
equipment. We note that this frequency of operation can be
readily shifted to match nearby bands that have narrow-band
applications, e.g., radio-frequency identification devices
(around 980 MHz), wireless power transfer devices (around 2.4
GHz), and MIMO communication systems (around 3.8 GHz).

II. DUAL-LP HUYGENS DIPOLE ESA DESIGN

The geometric structure of the dual-LP Huygens dipole ESA
is shown in Fig. 1 and the corresponding optimized design
parameters are given in Table I. As shown in Figs. 1 (a) and (b),
the dual-LP Huygens dipole ESA consists of five substrate
layers into which the conductors are integrated. They are
labeled as Layer 1-Layer 5. All of these copper cladded
substrates are Rogers 4350B laminate with a 0.017 mm copper
thickness, relative dielectric constant ¢,= 3.48 and loss tangent
tan 0 = 0.0037. All these substrates have the same radius (R1 =
28.5 mm), but have different thicknesses (h1 =h2 =h4 = 0.254
mm, h3 = 1.508 mm, h5 = 0.508 mm).

The magnetic element consists of two orthogonally-oriented
CLLs. One is oriented along the x-axis, the other along the
y-axis. The horizontal portions of these magnetic elements are
placed on the upper surfaces of Layer 1 and Layer 3. They are
connected by copper cylindrical columns passing from Layer 1
to Layer 3. The electric element consists of two Egyptian axe

dipoles (EADs), one oriented along the x-axis, the other along
the y-axis. Both are placed on the upper surface of Layer 2.
These dual CLLs and EADs operate as NFRP elements. They
are excited by the driven dipole strips, which are located on
Layer 4 and Layer 5.
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Fig.1 Geometry of the dual-LP Huygens dipole ESA. (a) 3-D isometric view.
(b) Side view. Upper and lower surfaces of (c) Layer 1, (d) Layer 2, (e)
Layer 3, (f) Layer 4, and (g) Layer_ 5.

TABLE 1. THE OPTIMIZED DUAL-LP HUYGENS DIPOLE ESA PARAMETERS

(IN MM)
hl=0.254 | h3=1508 | h5=10.508 h6=7.3 h7=35.1
L2=38.8 L3=133 L4=13.9 L5=7.0 L6=3.1
L7=35.3 L8 =154 L9=0.57 | L10=3.37 Wi =3.1
W2 =14 W3 =10 gl=14 g2=110 g3=50
g4=6.0 g5=4.0 RI =285 R2=125 R3 =234
R4=2]2 R5 =18 R6=2.8 R7=10.5 R8 =10.6
R9=0.8 O = 66.8° Null

The operating mechanisms of the CLL and EAD NFRP
elements, and the design guidelines of the single-polarized
Huygens dipole ESAs realized with them have been
extensively described previously [18, 21]. In this dual-LP
design, the CLL and EAD elements located along the y-axis are
both excited by port 1; they generate a LP Huygens radiation
pattern along the y-axis. Likewise, when excited by port 2, the
CLL and EAD elements along the x-axis generate the second
LP Huygens radiation pattern along it. The related port
isolation principles will be presented in Section IV. A.

In more detail, the upper and lower surfaces of each
substrate are illustrated in Fig. 1 (c)-(g). Fig. 1 (c) shows that
the magnetic element is cross-shaped, each copper strip being
L2xW1 in size, and lies on the upper surface of Layer 1. The
two orthogonal EAD elements have the same size and are
located on the upper side of Layer 2, as shown in Fig. 1 (d).
The four rectangular copper strips shown in Fig. 1 (e) are each
L4xW1 in size and are symmetrically located with respect to
the center of the disk. The gaps, g2, between them along the x-
and y-axes are the same size. They are located on the upper
surface of Layer 3 and act as the lower face of the magnetic
element. The cross-shaped element on Layer 1 and the four
copper strips on Layer 3 are connected by four copper
cylindrical columns, each with height h6 = 7.3 mm and radius
R2 = 1.25 mm. These four copper cylindrical columns pass
completely through Layer 2, as shown in Fig. 1 (b). They pass
through the four copper rings located on Layer 2 shown in Fig.
1 (d). They have an inner radius equal to 3.3 mm and are
introduced on the electric element to avoid it being shorted to
the magnetic element.

The driven elements are shown in Figs. 1 (f) and (g). They
are designed to lie on both of the surfaces of both Layer 4 and
Layer 5. There are two pairs of copper strips with the same size
lying on the upper surface of Layer 4. They serve as the
feedlines from port 1 and port 2. One pair is placed along the
y-axis, the other pair along the x-axis. Port 1 (port 2) is placed a
distance g4 (g5) away from the center of the substrate along the
x-axis (y-axis) on the lower surface of Layer 5. The inner and
outer conductors of the 50-Q coaxial cable representing port 1
are connected directly to the two short (blue) copper strips on
the lower surface of Layer 5 along the y-axis. The two
same-sized copper strips on the upper surface of Layer 5 are
connected to them by two vertical vias that are 0.25 mm in
radius. Similarly, the inner and outer conductors of the second
50-Q coaxial cable representing port 2 are connected directly to
the two longer (green) copper strips on the lower surface of
Layer 5 also oriented along the y-axis. The two copper pads
(green) on the upper surface of Layer 5 are connected to them
by two vertical vias that are 0.25 mm in radius. The copper
strips on the upper surface of Layer 4 and four copper pads on
the lower surface of Layer 4 are also connected by vias whose
radii are 0.25 mm. In order to guarantee alignment of the four
vias penetrating through Layer 4 and Layer 5, four pairs of
copper pads, each having the radius R8 = 0.6 mm, are etched as
two pairs on the lower surface of Layer 4 and two pairs on the
upper surface of Layer 5. With this two-layer feed structure,
the feedlines of both ports exhibit a 90° rotational symmetry.
Furthermore, in the assembly process, Layer 3, Layer 4 and
Layer 5 are adhered together using a silicone rubber adhesive.
Four 3D printed polyamide brackets are used to maintain the
relative vertical distance between Layer 1 and Layer 2 to
ensure the mechanical stability of the assembled antenna.

III. SIMULATED AND MEASURED RESULTS

The dual-LP Huygens dipole ESA in Fig. 1 was fabricated,
assembled and measured. A photo of all of its component parts
before assembly is presented in Fig. 2 (a). The assembled
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antenna mounted on two sleeve baluns, one for each port, is
shown in Fig. 2 (b). The sleeve baluns are introduced simply to
mitigate any cable effects associated with the measurement
process. The S-parameters of the dual-LP Huygens dipole ESA
were measured with an Agilent E§361A PNA vector network
analyzer (VNA) whose potential measurement scale was
0.01-67.0 GHz. TIts far-field radiation performance
characteristics were measured in an anechoic chamber at
UESTC, Chengdu, China which utilizes an Agilent N5230A
PNA-L VNA and a SATIMO passive measurement system.
The antenna under test (AUT) in this chamber is shown in Fig.
2 (¢).

Q.

(a) Layer_1 Layer 5 3D printed
- e backets
e 4
F + ==
‘ront view i i
% EES - "*:.J i N
= h \_/

Back view

v
Port 1 Port 2

Fig. 2 Fabricated prototype of the dual-LP Huygens dipole ESA. (a) Front and
back views of each layer before assembly. (b) Side view of the assembled
antenna mounted on two sleeve baluns, one for each port. (c) 3-D isometric
view of the antenna under test (AUT) in the anechoic measurement chamber.

As demonstrated with our simulation studies, the length of
the coaxial line has a non-negligible impact on both the
impedance and radiation performance of the dual-LP ESA.
These results are shown in Fig. 3 (a). The reason is that the
direct connections between the balanced dipoles and the
unbalanced coaxial cables lead to unwanted surface currents
that leak onto the outer conductor of the coaxial cables [35-37].
These undesired surface currents degrade the impedance
matching and radiation performance significantly. Therefore, a
49 mm-long (nearly one-quarter wavelength) sleeve balun was
added to each port as shown in Fig. 2 (b) to choke-off those
unwanted surface currents. In particular, each balun was
connected to the outer conductor of the coaxial cable feeding
each port. The terminal end of each balun was arranged to be
very close to the lower surface of Layer 5.
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Fig. 3 Simulated and measured S-parameters of the dual-LP Huygens dipole
ESA. (a) Simulated S-parameters when the coaxial cable length L1=5 mm and
60 mm without the baluns. (b) Simulated and measured S-parameters with the
baluns, together with its simulated 3-D directivity pattern.

The simulated (taking into account the presence of the baluns)
and measured results of the dual-LP Huygens dipole ESA are
shown in Fig. 3 (b). The simulated (measured) results
demonstrate that the resonance frequencies of both states of this
antenna are centered at 1.518 GHz (1.515 GHz) with |S{|nin =
-27.8 dB (-17.8 dB) and |Sy|min = -36.5 dB (-12.4 dB). The
corresponding impedance bandwidth was 9 MHz (7 MHz). The
isolation between the two ports is better than 30.6 dB (25.8 dB)
within the operational bandwidth. Thus, the simulated
(measured) total height and electrical size of this dual-LP ESA
at the resonance frequency (Ao sim= 197.62 mm, Ay meas= 198.01
mm) were 0.0484 1, (0.0483 Ag) and ka = 0.906 (0.904),
respectively. These measured results are in good agreement
with their simulated values; they confirm that the measured
dual-LP Huygens dipole ESA is low-profile and electrically
small.
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TABLE II
COMPARISON OF THE DUAL-LP HUYGENS DIPOLE ANTENNA WITH RELATED ANTENNAS REPORTED IN THE LITERATURE

Category
Peak
ka FBW Realized FTBR Isolation Transverse Electrical Height Ground
(%) Gain (dB) (dB) Size Independent
Ref. (dBi)
[28] 7.990 57.5 8.8 25 >3] 1.1 4% 2.29 X 0.26 Ao no
[34] 3.546 48 9.3 29 > 30 0.8 4% 0.8 Ao 0.26 Ao no
[38] 4.655 56 8.9 - > 30 1.04 2o x 1.04 Ay 0.34 Ao no
[39] 5.695 65.9 9.5 - >36 1.28 ko x 1.28% 0.23 ko no
[40] 5.775 68 9.6 15 > 36 1.3 0% 1.3 % 0.24 ko no
[41] 5.110 52 8.6 15 >35 115X x 1.15 X 0.25 ko no
Rep. Ant. 0.904 0.46 2.15 12 >25.8 0.287 Xox 0.287 Ay 0.048 Ao yes

»Co-pol.

JE-plane 210
(b)

Fig. 4 Simulated and measured normalized realized gain patterns for each port
in the E- and H- planes of the dual-LP Huygens dipole ESA at its resonance
frequency (1.518 GHz in simulation, 1.515 GHz in experiment). (a) Only port 1
is excited. (b) Only port 2 is excited.

The simulated and measured realized gain patterns of the
dual-LP Huygens dipole ESA are shown in Fig. 4. It is clear
that good broadside radiation performance was obtained. The
main-beam direction for each polarization state is oriented
along the +z-axis. Specifically, when port 1 was excited, the
simulated (measured) peak realized gain value was 2.2 dBi
(2.03 dBi) and the FTBR value was 15.6 dB (12.4 dB) at 1.518
GHz (1.515 GHz). The simulated radiation efficiency (RE)
value corresponding to the peak realized gain value was 61.3%.
The simulated (measured) half-power beamwidth (coverage)
was from -60.8° to 75.6° (-68° to 56°) in the E-plane
(zOy-plane) and from -73.9° to 75.9° (-78° to 80°) in the
H-plane (z0x-plane). The simulated (measured)
cross-polarization discrimination (XPD) values in the
broadside direction were 12.6 dB (8.3 dB) in both the E- and
H-planes. In contrast, when port 2 was excited, the simulated
(measured) peak realized gain value was 2.5 dBi (2.15 dBi) and

the FTBR value was 16 dB (12.1 dB) at 1.518 GHz (1.515
GHz). The simulated radiation efficiency (RE) value
corresponding to the peak realized gain value was 64%. The
simulated (measured) half-power beamwidth (coverage) was
from -73.7° to 66.6° (-68° to 46°) in the E-plane (z0x-plane) and
from -70.8° to 74.4° (-134° to 50°) in the H-plane (z0y-plane).
The simulated (measured) XPD values in the broadside
direction were 13.7 dB (10.5 dB) in both the E- and H-planes.

The measured results witness slight differences from their
simulated values as observed in Figs. 3 and 4. The main reasons
for them are ascribed to the small dimensional errors generated
during the fabrication and assembly stages. They include the
following. First, the assembly errors associated with the use of
the silicone rubber adhesive and the length of the four metal
columns impact the relative distances between and parallel
orientation of the five substrate layers. Deviations from the
optimized design cause the differences between the measured
and simulated S-parameter values, especially the impedance
matching levels, i.e., [Si1|min and |Sz2|min- Second, the two baluns
actually do not completely remove all of the surface currents on
the outer conductor of the coaxial lines in the experiment. This
leakage also arises from the fabrication and assembly errors
associated with the baluns themselves. These errors cause the
ripples which appear in the E-plane patterns, and also lead to
the measured XPD levels in both states being slightly lower
than their simulated values. Third, the larger H-plane errors are
associated with measurement system issues. The lower FTBR
values and a slight tilt of the patterns in the H-planes are
generated in both states as a consequence.

As was initially emphasized, the goal of our design was to
achieve an electrically small dual-LP directional antenna
having a low profile. To emphasize the efficacy of our antenna,
a comparison of it and several recently reported dual-LP
antennas is given in Table II. In order to make this comparison
fair and comprehensive, the electrical sizes (ka, where a
includes the entire (ground plane and all other elements)
antenna structure), fractional bandwidths, peak realized gain
values, FTBR wvalues, isolation Ievels, height and
ground-independent performance characteristics are listed.
Note that the electrical size corresponds to the center frequency
of the operational band defined by its -10 dB impedance
bandwidth. Clearly, while Table II highlights the good isolation
achieved with our design, the listed values also demonstrate



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 6

that it has an electrically small size, low-profile, and high
FTBR value without any ground plane. We note that the smaller
bandwidth of our design is expected because of its electrically
smaller size. On the other hand, its compactness is very
attractive for the many existing and potential narrowband
applications.

IV. INVESTIGATIONS OF THE OPERATIONAL MECHANISMS

A. Discussion of the Isolation Performance

In order to explain the isolation mechanism of the dual-LP
Huygens dipole ESA in a comprehensive manner, the surface
current distributions on the main copper surfaces of the dual-LP
ESA were simulated. They are presented at different times: 0,
T/4, T/2 and 3T/4, corresponding to the period T associated
with the resonance frequency, e.g., at 1.518 GHz. Given the
nearly identical performance of the antenna in both of its states,
only the surface current behavior arising from the excitation of

port 1is reported to explain its operation.
A
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Fig. 5 Surface current distributions on the cross-shaped copper strips of the
CLL and EAD NFRP elements and the feedlines of the dual-LP Huygens dipole
ESA at several snapshots in time during one period of the resonance frequency.
(The purple arrows represent the direction of the current along the y-axis and
the red arrows represent it along the x-axis.)

The surface current distributions on the feedlines and on the
cross-shaped components of the CLL and EAD elements are
shown in Fig. 5 with only port 1 excited. For convenience, their
directions are highlighted with the purple and red arrows. On
the one hand, all of the driven and NFRP elements whose
currents are oriented along the y-axis (purple arrows) radiate
corresponding LP fields into the +z-direction (as will be
illustrated in detail below). On the other hand, the surface
currents along the x-axis on all of the driven and NFRP
elements contribute to the port isolation performance. First,
there are strong surface current distributed on the driven

elements, the CLL NFRP element, and the upper surface of
EAD NFRP eclement. As the red arrows highlight, these
currents are always oppositely oriented over the entire period.
This feature means that the fields radiated by them mutually
cancel each other. Therefore, the currents along the x-axis do
not act as effective radiators when port 1 is excited. Second, the
current on the lower surface of the EAD NFRP element along
the x-axis is too weak to have any noticeable effect on the
isolation performance. In the same manner, when port 2 is
excited, dual current behaviors are obtained and port 1 is
isolated from port 2. Furthermore, these current behaviors must
be consistent across the entire -10-dB bandwidth. With the
more than 30 dB isolation between the two ports achieved by
the system over its entire operational bandwidth, these results
provide a consistent description of the dual-LP operation.

B. Discussion of the Antenna Loss

It is noted that the peak realized gain value of our Huygens
dipole ESA in either LP state is lower than the theoretical
directivity value 4.77 dBi [18]. To understand the impact of the
dielectric and conductor losses, we simulated the antenna
performance by removing the various losses in the same port
1-only excitation case. First, when simply removing the two
baluns and using shorter coaxial cables (L1 = 5.0 mm), the
simulated realized gain (RE) was 2.39 dBi (62.7%), indicating
that only a 0.19 dBi (1.4%) improvement occurs when the
baluns are absent. Second, by setting the tan & = 0 in all five of
the substrates, the realized gain and RE values show a
significant improvement (1.03 dBi and 19.2%). Third, when the
copper elements were made lossless, the realized gain and RE
value improved only a small amount (0.38 dBi and 6.3%).
Clearly, the dielectric losses associated with all five substrates
play the most import role in decreasing the realized gain and RE
values. These results are summarized in Table III.

TABLE III
IMPACT OF THE MATERIAL LOSS PROPERTIES ON THE REALIZED GAIN AND THE
RADIATION EFFICIENCY OF THE DUAL-LP HUYGENS DIPOLE ANTENNA

Property tal;(s =0 PEC
NERP elements (substrate)
Only changing the electric elements §66774%/103)1 §65414%/13)1
Only changing the magnetic elements %7%85%}03)1 %6548 8%}?)1
: 3.42 dBi 2.77 dBi
Ch both el t:
anging both elements (81.9%) (69.0%)
No changes 2.39 dBi (62.7%)

C. Explanation of the Directional Radiation

In order to clarify the broadside radiation mechanism of the
dual-LP Huygens dipole ESA, a second version with slightly
different design parameters was simulated and optimized to
have it radiate in the opposite direction, i.e., along the —z-axis.
The corresponding optimized design parameters are listed in
Table I'V. The simulation results are shown in Fig. 6.

When port 1 (port 2) is excited, the resonance frequency is
1.513 GHz (1515 GHZ) with |Sll|min =-17.0dB (|822|min =-15.8
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dB). The corresponding impedance bandwidth is 6.5 MHz. The
isolation between the two ports is better than 31 dB within this
operational bandwidth. Thus, the total height and electrical size
at the resonance frequency (A= 198.28 mm) were 0.0482 A,
and ka = 0.903, respectively. The antenna exhibits good
backward radiation with a 1.6 dBi peak realized gain along the
-z-axis, and a ~10 dB FTBR value. Its radiation efficiency is
60.1%.

TABLE IV
THE OPTIMIZED ESA PARAMETERS (IN MM) OF THE DUAL-LP HUYGENS
DIPOLE ANTENNA THAT RADIATES INTO THE —Z-DIRECTION

hl=0254 | h3=1508 hs =0.508 h6=73 h7 =52
L2 =39.6 L3 =133 L4 =139 L5=70 L6=3.1
L7=53 L8 =154 L9=057 | L10=3.37 Wi =3.1
W2=157 | W3=10 | gl—-14 | g2=11.0 23 =50
g4=06.1 g5=4.0 RI =285 R2=125 R3 =234
R4 =212 RS =18 R6=2.8 R7=10.5 RS8 =0.6
R9=0.8 6 =66.8° Null
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Fig. 6 Simulated S-parameters of the backward radiating dual-LP Huygens
dipole ESA, together with its 3-D directivity pattern.

The surface current distributions on the main copper surfaces
(i.e., the feedlines and NFRP elements) of this dual-LP
Huygens dipole ESA version were simulated, again with only
port 1 excited. They are shown in Fig. 7. In comparison with
Fig. 5, they are the same along the driven strips, the CLL strips,
and the upper surfaces of the electric elements. Consequently,
their polarization behaviors are the same. However, in contrast,
the currents on the lower surface of the electric elements are not
the same. Instead, they have an opposite phase behavior. This
means the phases of the “electric dipole” currents witness a ©
phase shift. Therefore, the combined “magnetic dipole” and
“electric dipole” elements in this case produce the 3-D cardioid
directivity pattern along the —z-axis shown in Fig. 6.
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Fig. 7 Surface current distributions on the cross-shaped copper strips of the
CLL and EAD NFRP elements and the feedlines of the dual-LP Huygens dipole
ESA with backward radiation performance. (The purple arrows represent the
direction of the current along the y-axis and the red arrows represent it along the
X-axis.)

V. CONCLUSION

In this paper, a dual-LP Huygens dipole ESA was reported. It
has a low profile, wide beamwidths, and high FTBR values for
both LP states. Moreover, it exhibits high isolation between its
two ports. Its five substrate layer design is composed of two
pairs of orthogonal CLL and EAD NFRP elements. Both pairs
are driven by a corresponding set of orthogonally-oriented
dipole strips excited from two ports. Whichever port is active,
the LP fields generated by the antenna correspond to the active
driven element direction and have a large isolation from the
inactive port direction. A prototype dual-LP Huygens dipole
ESA was fabricated, assembled and tested. Good agreement
between the simulated and measured performance
characteristics verifies the effectiveness of the reported design.
The operational mechanisms leading to its attractive properties
were discussed in detail.

It is anticipated that this dual-LP Huygens dipole ESA would
be a very good candidate for future wireless applications
needing a high performance, multi-functional, compact,
narrow-band antenna system. While a corresponding CP design
has been achieved, experimental verification was beyond the
scope of the present work. The requisite eight layer structure
awaits our access to better and affordable fabrication and
assembly technologies.
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