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Abstract— An electrically small, low-profile, planar, Huygens 

dipole antenna with four reconfigurable polarization states is 
presented. The design incorporates both electric and magnetic 
near-field resonant parasitic (NFRP) elements and a 
reconfigurable driven element. The four polarization states 
include two orthogonal linear (LP) and two circular polarization 
(LHCP and RHCP) states. A 1.5 GHz prototype was fabricated 
(partially with 3D additive manufacturing), assembled, and tested. 
The measured results, in good agreement with their simulated 
values, demonstrate that even with its simple configuration, 
electrically small size (ka = 0.944),and low-profile height 
(0.0449λ0), this reconfigurable Huygens antenna possesses stable 
broadside radiation performance in all of its four polarization 
states. The measured results demonstrate that in its x (y)-LP state, 
the peak realized gain, front-to-back ratio (FTBR), and radiation 
efficiency values are, respectively, ~3.03 dBi (2.97 dBi), ~10.7 dB 
(9.9 dB), and ~68.2% (67.5%). For the LHCP (RHCP) states they 
are, respectively, ~2.82 dBi (2.74 dBi), ~11.4 dB (12.5 dB), and 
~67.1% (65.9%). 
 

Index Terms—Electrically small antennas, low-profile antennas, 
Huygens dipole antennas, near-field resonant parasitic elements, 
polarization-reconfigurable antennas. 
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I. INTRODUCTION 
lectrically small antennas (ESAs) with high-directivity 
have received increasing attention in recent years. They 

provide significant advantages for many space-limited wireless 
platforms associated, for example, with long-distance and 
point-to-point communication systems [1, 2]. The pursuit of 
higher directivity ESAs has led to a variety of designs. 
Nevertheless, Huygens sources, which utilize pairs of magnetic 
and electric radiators to achieve the desired directive outcome, 
possess intrinsic advantages. In particular, the high directivity 
is obtained without the need to load the radiator with additional 
constructs such as periodic electromagnetic band gap (EBG) 
structures [3], slot structures [4], or reflector elements [5]. 
These constructs generally increase the overall size and profile 
of the antenna system significantly. A variety of Huygens 
source ESAs have been reported with different arrangements, 
including spherical wires [6], curved wires [7], and planar strips 
[8]. We recently have also developed several Huygens dipole 
ESAs using near-field resonant parasitic (NFRP) technologies 
[9]. These include three-dimensional structures [10, 11], 
multi-layered structures [12, 13], and non-Foster designs [14]. 
However, it is expected that Huygens source ESAs could be 
even more useful if they were versatile. For instance, antennas 
with polarization reconfigurability have many advantages. 
These include mitigating polarization mismatch, improving 
system capacity, reducing channel interference, and realizing 
multiple transmission channels for frequency reuse [15]. 
Therefore, it would be highly desirable to enable polarization 
reconfigurability in an electrically small Huygens source 
antenna. Such a polarization diverse ESA would be quite 
suitable for many modern compact wireless applications [16, 
17], especially for narrowband multiple-input multiple-output 
(MIMO) communication systems [18] and narrowband 
wireless fidelity (WiFi) connections [19]. 

A number of antennas with polarization reconfigurability 
have been reported in the literature over several decades 
[20-27]. Generally, the methods to realize polarization diversity 
can be divided into three categories. The first employs 
reconfigurable radiating elements [20-22]. The second relies on 
reconfigurable feeding networks [23-25]. The third resorts to 
reconfigurable parasitic periodic structures [26-27]. 
Unfortunately, none of these methods prove to be useful 
individually in the design of a polarization-reconfigurable 
Huygens source ESA. Specifically, the first method would 
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necessitate the placement of p-i-n (PIN) diodes/switches on 
both the magnetic and the electric NFRP elements, the actual 
radiators. Thus, a large number of PIN diodes would be needed 
to simultaneously control both of them. In turn, this would lead 
to an increase in the difficulties in the design and assembly of 
the antenna, especially with the placement of the requisite bias 
lines. The second method requires components such as power 
dividers, phase delay lines, and other related devices to realize a 
reconfigurable feed network. They result in a significant 
increase in the electrical size and design complexity of the 
overall system. The third method integrates reconfigurable 
periodic elements, e.g., active EBG structures [26] or 
metasurfaces [27], into the antenna system. They make the total 
antenna size electrically large. Thus, to the best our knowledge, 
there has been no ESA design with polarization 
reconfigurability reported to date, let alone a reconfigurable 
Huygens source ESA. 

A four-state, reconfigurable Huygens dipole antenna is 
reported in this paper. Different from the three methods 
discussed previously, a reconfigurable driven element is 
introduced that selectively excites the requisite NFRP elements 
to achieve the different polarization states. Benefiting from the 
inherent geometrical disconnect between the driven and NFRP 
elements, the antenna reconfigurability is then easily 
accomplished without any modifications to the NFRP elements. 
Six PIN diodes are introduced to change the current pathways 
on the driven element, which in turn lead to four states of 
polarization, i.e., two linear polarized (LP) states and two 
circular polarized (CP) states, by changing the currents on the 
NFRP elements through the different capacitive coupling 
behaviors between them and the driven element. The antenna 
configuration is described in Section II, and its design 
parameters are detailed. As discussed in Section III, a prototype 
was fabricated and tested. The measured results, in good 
agreement with their simulated values, confirm the efficacy of 
this electrically small, polarization-reconfigurable, Huygens 
dipole NFRP design with quad-polarization diversity. Finally, 
some conclusions are drawn in Section IV. 

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), version13.0. 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 
antenna and to match the available measurement equipment. 

 

II. RECONFIGURABLE HUYGENS SOURCE ESA DESIGN 
Fig. 1 illustrates the configuration of the 

polarization-reconfigurable Huygens dipole ESA. The 
corresponding optimized design parameters are given in Table 
I. As shown in Figs. 1(a) and 1(b), the antenna consists of three 
substrate layers which are labeled as Layer_1, Layer_2 and 
Layer_3, respectively. All of these substrates are Taconic 
TLY-5 with relative dielectric constant εr= 2.2, loss tangent tan 
δ = 0.0009, and copper cladding thickness 0.017 mm. All three 

layers have the same radius, R1 = 30.0 mm. However, each of 
them has a different thickness: h1 = h2 = 0.25 mm, and h3 = 
1.58 mm. 

The magnetic element consists of two intersecting, 
orthogonally-oriented capacitively loaded loops (CLLs) whose 
sizes are the same. One is oriented along the x-axis, and the 
other is along the y-axis. As shown in Fig. 1(c), the upper face 
of the magnetic element is cross-shaped with a copper ring 
(inner radius R4 and outer radius R3) in the center and is 
located on the upper surface of Layer_1. The four rectangular 
copper strips shown in Fig. 1(e) are located on the top of 
Layer_3 and act as the lower part of the magnetic element. Each 
are L4×W1 in size and are symmetrically located with respect 
to the center of the disk. The gaps between them along the x- 
and y-axis are equal (g2). The cross-shaped element on Layer_1 
and these four copper strips on Layer_3 are connected by four 
copper cylindrical columns, each with height h4 = 7.4 mm and 
radius R2 = 1.25 mm. These four copper cylindrical columns, 
respectively, pass completely through the four copper rings 
shown in Fig. 1(b) that are located on the top of Layer_2. The 
rings have an inner radius R10 = 1.8 mm and outer radius R9 = 
2.8 mm. They are printed on the electric element to avoid the 
magnetic element being shorted to it.  

 
(a) 

 

 
(b) 

 

 
(c) 
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(e) 
 

Fig.1 Geometry of the polarization-reconfigurable Huygens dipole ESA. (a) 
3-D isometric view. (b) Side view. Upper and lower surfaces of (c) Layer_1, (d) 
Layer_2, and (e) Layer_3. 

 
The electric element consists of two Egyptian axe dipoles 

(EADs) printed on the upper surface of Layer_2, each having 
the same size. One is oriented along the x-axis, and the other is 
along the y-axis. As shown in Fig. 1(d), it also has a copper ring 
(inner radius R5 and outer radius R6) in its center.  

These dual CLLs and EADs operate as the NFRP elements. 
They are excited by the driven element, which is located on the 
lower surface of Layer_3. To ensure the mechanical stability of 
the antenna system during its assembly and testing, a KTG 
141–50 type, semi-rigid, 50 Ω coaxial cable was selected to 
feed it and four 3D printed polyamide brackets were used to 
maintain the relative vertical distance between the three layers. 
Because the operating mechanisms of the CLL and EAD NFRP 
elements together with their design guidelines when used to 
form a Huygens dipole ESA have been described previously 
[11], they will not be repeated here. 

 
TABLE I. THE OPTIMIZED DESIGN PARAMETERS (IN MILLIMETERS) 
 OF THE POLARIZATION-RECONFIGURABLE HUYGENS DIPOLE ESA  

 
h1=0.25 h3=1.58 h4=7.4 h5=5.3 L1=5 
L2=45.2 L3=9.43 L4=19 L5=0.8 L6=2.16 
L7=1.8 L8=1.6 L9=2 L10=2 W1=3.2 

W2=1.07 W3=1 W4=0.6 R1=30 R2=1.25 
R3=8.5 R4=5.7 R5=6.93 R6=8 R7=24 

R8=26.1 R9=2.8 R10=1.8 R11=3.3 g1=1.27 
g2=7.35 θ1=60° Null 
 

A. Reconfigurable Driven Element Design 
In order to realize the polarization reconfigurability amongst 

the two LP and two CP modes, a reconfigurable driven element 

was developed. Its configuration is highlighted in orange (feed 
structure 1) and blue (feed structure 2) in Fig. 1(e). The 50-Ω 
coaxial feed cable is placed at the center of the lower surface of 
Layer_3 and is oriented orthogonal to it. Its inner and outer 
conductors are connected, respectively, to the orange and blue 
circular segments with inner radius R11 = 3.3 mm that are 
concentric to the center of the layer. Two pairs of copper strips 
of length L7 and L9 extend from these circular segments along 
the x-axis and y-axis, respectively. Another two equal length 
(L6) copper strips are also oriented along the ± x-axis. 
Similarly, another two copper strips, but with the different 
lengths, i.e. L8 ≠ L10, are also oriented along the ± y-axis. Two 
additional rectangular copper strips, each L5×W3 in size, are 
printed along the –y-axis and +x-axis, respectively. 
Furthermore, there are eight additional rectangular copper 
patches (gray) distributed on the lower surface of Layer_3. As 
shown in Fig. 1(e), the Coil Craft inductors are installed 
between these patches and the driven element strips to block 
any RF signal from entering into the dc bias network. Each 
patch is used as the connection point for the dc feeder lines 
required to control the states of the diodes.  

Six M/A-COM MA4GP907 PIN diodes were incorporated 
into this driven element. As shown in the subplot of Fig. 1(e), 
two pairs of small rectangular slots were etched on both sides of 
the gaps in order to ensure their accurate positions when they 
were installed. All four slots were 0.1 mm × 0.2 mm in size. 
Two pads, 0.385 mm × 0.2 mm in size, were located on each 
side of these gaps. They acted as markers for the placement of 
each diode. 
 

 

 
 

Fig. 2 The locations of the PIN diodes and the RF blocking inductors on the 
driven element are indicated in the top subplot. The current directions for each 
of the four polarization states are indicated by the red arrows in the bottom row 
of subplots. (a) x-polarized LP. (b) y-polarized LP. (c) RHCP. (d) LHCP. 
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For an easy description of their ON and OFF states, we have 
denoted these diodes as PIN_1 - PIN_6 and show their location 
in Fig. 2. According to the PIN datasheet, each diode acts as a 
4ohmresistor in its ON state and 0.025 pF capacitor in its OFF 
state [28]. The two LP states are produced and switched by 
changing the states of the first four PINs (i.e., PIN_1 to PIN_4), 
as detailed in Figs. 2(a) and 2(b). When only PIN_1 and PIN_3 
are turned ON and the rest are turned OFF, the antenna 
generates a Huygens radiation pattern whose maximum is 
directed along the +z-axis and its LP state is oriented along the 
x-axis. Similarly, when only PIN_2 and PIN_4 are switched 
ON and the rest are turned OFF, the antenna generates a 
Huygens radiation pattern directed along the +z-axis and its LP 
state is oriented along the y-axis. 

The two CP states are produced by turning the first four PINs 
ON and changing the ON/OFF states of PIN_5 and PIN_6. 
These arrangements are depicted in Figs. 2(c) and 2(d). 
According to the design principles reported in [29], a CP ESA 
is achieved by feeding two orthogonally oriented LP radiators 
with a π/2 phase shift. With the first four PINs turned on, two 
orthogonally oriented Huygens LP patterns are generated. The 
states of the remaining two diodes, PIN_5 and PIN_6, control 
the π/2 phase shift and, hence, which of the two CP modes are 
produced. In particular, whenPIN_6 is switched ON and PIN_5 
is switched OFF, a LHCP Huygens field is radiated with its 
maximum along the +z direction. On the other hand, when 
PIN_5 is switched ON and PIN_6 is switched OFF, a RHCP 
Huygens field is radiated with its maximum also in the +z 
direction. The control of the radiated polarization with the PIN 
diode states is summarized in Table II. 
 
TABLE II THE PIN DIODE STATES TO ATTAIN THE FOUR POLARIZATION STATES 
 
Category State PIN_1 PIN_2 PIN_3 PIN_4 PIN_5 PIN_6 
Fig. 2(a) X-LP ON OFF ON OFF OFF OFF 
Fig. 2(b)  Y-LP OFF ON OFF ON OFF OFF 
Fig. 2(c) RHCP ON ON ON ON ON OFF 
Fig. 2(d) LHCP ON ON ON ON OFF ON 

 
B. Polarization Reconfigurability Illustrated 

In order to clarify the operational mechanisms of the four 
polarization states, the current distributions on the antenna were 
simulated for each of them. Since both of the LP and CP states 
have similar operating principles, only the y-polarized LP and 
the RHCP states were selected for discussion herein. 

The surface current distributions on the main copper surfaces 
were simulated and are depicted on the upper surface of the 
driven element and on the upper surfaces of the NFRP elements 
for the y-polarized Huygens LP and the RCHP states, 
respectively, in Figs. 3 and 4 at 1.503 GHz (λ0 = 199.60 mm), 
which is a frequency point within all four operational bands. To 
facilitate understanding, the current directions are highlighted 
with the additional solid red arrows in Fig. 3. The currents are 
found to be uniform, directed along they-axis, and maintained 
over the entire period. This means that the segments of the CLL 
and EAD elements located along the y-axis are excited by the 
y-oriented driven strips and generate the y-polarized Huygens 
LP radiation pattern. BecausePIN_1 and PIN_3 are turned 

OFF, the driven element segments along the x-axis and, hence, 
the corresponding pieces of the CLL and EAD elements are not 
excited.  

 

 

 
 

Fig. 3 Surface current distributions on the driven element and on the upper 
faces of CLL and EAD NFRP elements at quarter period intervals when the 
reconfigurable Huygens dipole ESA is in its y-polarized LP state. 
 

Likewise, the current distributions on the driven strips and 
corresponding segments of the CLL and EAD elements are 
shown in Fig. 4 for the RHCP state. The more complicated 
surface current directions are highlighted with the solid red 
(referring to the driven element), purple (referring to the upper 
face of the CLL element), and orange (referring to the upper 
face of the EAD element) arrows to annotate their directional 
behavior. Recall that the first four PINs are switched ON to 
excite both the CLL and EAD elements to generate two 
orthogonal LP radiators with equal amplitude. The additional 
rectangular copper strip along the –y-axis that is connected 
when PIN_5 is turned ON produces the requisite π/2 phase 
difference to attain the RHCP state. In detail, when PIN_5 is 
turned ON and PIN_6 is OFF, the lengths of the copper strips 
along the y-axis are longer than those along the x-axis. As a 
consequence, the long y-axis branches operate on the lower 
frequency side of the resonance frequency (i.e., they act 
capacitive components) while the short branches along the 
x-axis operate on the higher frequency side (i.e., they act as 
inductive components). Their sizes were optimized to achieve 
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the requisite π/2 phase shift at the frequency 1.503 GHz. 
Moreover, following the purple arrows as an example, their 
vector directions along the y-axis and x-axis rotate in the 
counterclockwise direction. Hence, the RHCP field is 
generated. As the system is a broadside radiator, the maximum 
directivity is along the +z direction. In the same manner, when 
PIN_6 is turned ON and PIN_5 is OFF, the x-axis branches 
become longer than the y-axis branches, leading to the 
generation of the LHCP field. 
 

 

 
 
Fig. 4 Surface current distributions on the driven element and on the upper 
faces of CLL and EAD NFRP elements at quarter period intervals when the 
reconfigurable Huygens dipole ESA is in its RHCP state. 

 

III. SIMULATED AND MEASURED RESULTS OF THE 
POLARIZATION-RECONFIGURABLE HUYGENS DIPOLE ESA 

The optimized polarization-reconfigurable Huygens dipole 
ESA was fabricated, assembled, and measured. The assembled 
antenna system is shown in Figs. 5(a) and 5(b). The antenna 
under test (AUT) in the measurement chamber is shown in Fig. 
5(c) along with the ATTEN TPR3003T-3C regulated dc power 
supply that provided the requisite ~1.4 V to turn on the PIN 
diodes. The |S11| values (reflection coefficients) of the antenna 
in its different polarization states as functions of the source 
frequency were measured with an Agilent E8361A PNA Vector 

Network Analyzer (VNA). The far-field radiation performance 
of the antenna was measured with a SG128 multi-probe antenna 
measurement system at the China Academy of Information and 
Communications Technology, Chongqing, China [31]. This 
antenna measurement system can directly measure the realized 
gain, directivity, axial ratio (AR), antenna radiation efficiency 
(RE), and other performance characteristics. 

 

 
 

Fig. 5 Fabricated prototype of the polarization-reconfigurable Huygens dipole 
ESA. (a) The side view of the assembled antenna. (b) The bottom view of the 
assembled antenna. (c) The antenna under test (AUT) in the chamber. 
 

The presence of the balun shown in Fig. 5 was necessary 
only to evaluate the antenna performance accurately. The long 
coaxial cable associated with the measurement system would 
have led to inescapable leakage currents on it that would have 
influenced the radiation characteristics for such a balanced 
antenna structure [11]. Therefore, a sleeve balun that was 49 
mm in length (nearly one-quarter wavelength) was designed to 
mitigate any of those spurious currents induced on the outer 
walls of that long coax cable. Consequently, the accuracy of the 
measured results was improved significantly [30].Furthermore, 
because the balun was only ancillary to those measurements, it 
was not included in the calculation of its ka value.  

The simulated (taking into account of the presence of the 
balun) and the measured |S11| values for the two LP and the two 
CP polarization states are presented in Figs. 6(a) and 6(b), 
respectively. The simulated (measured)resonance frequencies 
of the x- and y- LP states are 1.508 GHz (1.507 GHz), and 1.509 
GHz (1.512 GHz), respectively, where |S11|min = -41.6 dB (-12.4 
dB), and -30.0 dB (-12.0 dB). The measured -10 dB bandwidths 
are 1.502−1.516 GHz (14 MHz, 0.92%) and 1.503−1.520 GHz 
(17 MHz, 1.1%) for these x- and y- LP states, respectively. Thus, 
the measured overlapped operating bandwidth for the two LP 
states is 13 MHz, covering 1.503–1.516 GHz. Similarly, the 
simulated (measured) resonance frequencies of the LHCP and 
RHCP states are 1.501 GHz (1.501 GHz), and 1.501 GHz 
(1.500 GHz), where |S11|min = -19.5 dB (-16.5 dB), and -16.5 dB 
(-13 dB). The measured -10 dB bandwidths are 1.491−1.511 
GHz (20 MHz, 1.33%) and 1.493−1.509 GHz (16 MHz, 1.06%) 
for these LHCP and RHCP states, respectively. Thus, the 
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measured overlapped operating bandwidth for the LHCP and 
RHCP states is 16 MHz, covering 1.493−1.509 GHz. 
 

 
(a) 

 
(b) 

 
Fig. 6 Simulated and measured |S11| values of the polarization-reconfigurable 
Huygens source ESA for its four polarization states as functions of the source 
frequency. (a) x- and y- LP states. (b) LHCP and RHCP states. 
 

 
 

Fig. 7 Simulated and measured AR values when the polarization-reconfigurable 
Huygens source ESA is radiating its LHCP and RHCP states. 

 
The AR values of the two CP states are plotted in Fig. 7 as 

functions of the source frequency. The simulated 3-dB AR 
bandwidths are 1.4991−1.5043 GHz (5.2 MHz, 0.34%) and 
1.4988−1.5043 GHz (5.5 MHz, 0.36%) for the LHCP and 
RHCP states, respectively. The simulated overlapped operating 
3-dB AR bandwidth is 1.4991−1.5043 GHz (5.2 MHz, 0.34%). 

The measured overlapped operating 3-dB AR bandwidth is 
1.500−1.503GHz (3.0MHz, 0.19%). 

Fig. 8 presents the simulated and measured realized gain 
patterns when the antenna radiates each of its four polarization 
states. The main-beam direction for each of these states is 
clearly oriented along the +z-axis. Good agreement between the 
simulated and measured results is demonstrated. 

The measured realized gain patterns of the x- and y-LP states 
are shown in Figs. 8(a) and 8(b), respectively. For the x-LP 
state, the simulated (measured) peak realized gain, FTBR, and 
RE values are ~3.51 dBi (3.03 dBi), ~11.2 dB (10.7 dB), and 
~77.9% (68.2%), respectively. The corresponding values for 
the y-LP state are ~3.54 dBi (2.97 dBi), ~11 dB (9.9 dB), and 
~78.9% (67.5%), respectively. In the x-LP state, the simulated 
(measured) half-power beamwidth was from -61.5° to 62.9° 
(from -79° to 50°) in the E-plane (z0x-plane) and from -76.6° to 
76.5° (from -51° to 71°) in the H-plane (z0y-plane). In the y-LP 
mode, the simulated (measured) half-power beamwidth was 
from -60.5° to 62.3° (from -60° to 50°) in the E-plane 
(z0y-plane) and from -77.4° to 77.7° (from -52° to 80°) in the 
H-plane (z0x-plane). The cross-polarization levels in the 
broadside direction are below -15 dB for both LP states, 
indicating their high polarization purity. 

 

 
(a) 

 

 
(b) 
 

 
(c) 
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(d) 

 
Fig. 8 Simulated and measured realized gain patterns for the four polarization 
states at specific measured (simulated) frequencies in their overlapping 
frequency bands.(a) x-LP at 1.507 (1.508) GHz. (b) y-LP at 1.512 (1.509) GHz. 
(c) LHCP at 1.501 (1.501). (d) RHCP at 1.500 (1.501) GHz. 
 

The measured realized gain patterns of the LHCP and RHCP 
states are shown in Figs. 8(c) and 8(d), respectively. For the 
LHCP state, the simulated (measured) peak realized gain, 
FTBR, and RE values are ~3.13 dBi (2.82 dBi), ~15.2 dB (11.4 
dB), and ~71.3% (67.1%), respectively. The corresponding 
values for the RHCP state are ~2.99 dBi (2.74 dBi), ~15.5 dB 
(12.5 dB), and ~69.8% (65.9%), respectively. In the LHCP 
state, the simulated (measured) half-power beamwidth was 
from -68.1° to 68.3° (from -57° to 61°) in the z0x-plane and 
from -71.1° to 68.7° (from -68° to 68°) in the z0y-plane. In the 
RHCP state, the simulated (measured) half-power beamwidth 
was from -68.6° to 70.6° (from -72° to 61°) in the z0x-plane and 
from -68.4° to 68.6° (from -57° to 56°) in the z0y-plane.  

The simulated and measured RE values were stable and high 
( > 70% in simulation and > 60% in measurement) in all of its 
dynamic polarization states. As illustrated in Figs. 3 and 4, the 
electrical and magnetic NFRP elements play the main role for 
radiating the energy outwards in the LP and CP states. As 
explained previously [9], this NFRP feature is responsible for 
the RE being much larger than it would be if only a driven 
structure was employed. This aspect was demonstrated in a 
previous reconfigurable ESA design [32]. It facilitates two 
significant advantages of this design. The first is that since all 
the lumped elements are integrated on the driven structure and 
not on the NFRP elements, they cause much less energy loss. 
The second is actually related the first one. Because the six PIN 
diodes are integrated into the driven elements, there is only a 
small difference in the RE values between the ON and OFF 
states. They have no impact on the NFRP elements. 

To emphasize the efficacy of our electrically small (ka = 
0.944) system, we note that two electrically large 
magneto-electric dipole antennas with polarization-diversity 
have been reported recently [33, 34]. The volume of two 
antennas are, respectively, 1.89×10-1 λ0

3 (ka = 4.081) [33] and 
1.74×10-1 λ0

3 (ka = 4.119) [34], which have the peak realized 
gain with the approximately same values (~8.2 dBi).The 
volume of our antenna, 4.05×10-3 λ0

3, is 46.6 times smaller than 
that in [33] and 42.96 times smaller than that in [34]. While our 
antenna’s radiation efficiency is approximately the same to 
those in [33, 34], its aperture efficiency is much higher. In 
particular, while the physical aperture area of our antenna, 
7.096×10-2 λ0

2, is 10.6 times smaller than that in [33] and 11.6 

times smaller than that in [34], its realized gain is only ~3.2 
times smaller than those in [33, 34].Moreover, our antenna does 
not require any cavity backing. Furthermore, our design is 
simpler, achieving the quad-diversity with only 6, instead of 
8PIN diodes in [33]. Even though a smaller number (4) of PIN 
diodes are utilized in [34], only tri-diversity was obtained. We 
note that while concurrently it has the expected smaller 
bandwidth because of its electrically smaller size, the 
compactness and multifunctional features of our design are 
quite attractive for the many existing and aspirational 
narrowband applications. On the other hand, by integrating 
non-Foster components into both the electric and magnetic 
NFRP elements [14], the operational bandwidths of the 
reported polarization-reconfigurable Huygens dipole ESA in all 
four of its dynamic states could be increased significantly. This 
design approach would facilitate a number of additional 
applications. 

IV. CONCLUSION 

A polarization-reconfigurable Huygens dipole ESA was 
presented. Rather than altering previously successful Huygens 
dipole NFRP elements, the reported multi-functional 
configuration was achieved through the development of a 
novel, reconfigurable driven element implemented with six 
PIN diodes. By manipulating their ON/OFF states, it was 
demonstrated that this ESA is capable of dynamically 
achieving four different polarization states, i.e., two LP and two 
CP states, which are radiated with their maximum gain in the 
broadside direction. The measured overlapping impedance 
bandwidth for the two LP states is 0.86%, covering 
1.503–1.516 GHz; and for the two CP states is 1.06%, covering 
1.493–1.509 GHz. The measured, overlapping 3-dB AR 
bandwidth is about 0.19%, from 1.500 to 1.503 GHz. The 
advantages of this low-profile, electrically small configuration 
include stable and useful realized gain values in its broadside 
direction, symmetric radiation patterns, and low back radiation 
in all four of its dynamically attainable polarization states. A 
prototype was fabricated and tested. The measured results are 
in good agreement with their simulated values, confirming the 
design strategy and the final optimized design. The 
multi-functionality attained with this 
polarization-reconfigurable approach could be extended to 
many other types of reconfigurable antennas. The realized 
system has a number of potential applications to the next 
generation wireless systems, e.g., to narrowband MIMO 
communication systems and narrowband WiFi connections. 
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