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Abstract — An electrically small, planar, frequency-agile, 

beam-switchable Huygens dipole antenna is investigated in this 
paper. The near-field resonant parasitic (NFRP) design 
incorporates an Egyptian axe dipole (EAD) and a capacitively 
loaded loop (CLL) that function as the electric and magnetic 
NFRP elements, respectively. A varactor diode is integrated into 
each of these NFRP elements to facilitate simultaneous tuning of 
its operating frequency and switching its main beam direction. 
By changing the capacitance values of these two varactor diodes, 
the antenna realizes two independent, antipodal, unidirectional 
endfire radiating states with similar realized gain (RG) and 
front-to-back ratio (FTBR) values within virtually the same 
frequency-agile ranges. The experimental results demonstrate 
that the developed antenna exhibits a 5.0% frequency-agile 
fractional impedance bandwidth in both of its two oppositely 
directed endfire states. The antenna is electrically small at the 
highest frequency of this bandwidth (kahigh < 0.86) and has 
measured relatively high radiation efficiency (RE > 67.7%), peak 
RG (2.1–3.19 dBi) and FTBR (5.61–13.4 dB) values, together with 
stable and uniform radiation patterns, over this frequency-agile 
range. 
 

Index Terms — Beam-switchable antennas, electrically small 
antennas, frequency-agile antennas, Huygens dipole antennas, 
planar antennas. 

 

I. INTRODUCTION 
Electrically small antennas (ESAs) with exceptional 

performance characteristics have been investigated extensively 
in recent years. They are advantageous for many fifth 
generation (5G) and beyond internet-of-things (IoT) 
applications [1]. In particular, the pursuit of high-directivity 
ESAs has led to a variety of designs. A very productive 
approach has been developed by organically combining 
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electrically small electric and magnetic near-field resonant 
parasitic (NFRP) elements to achieve electrically small 
Huygens dipole antennas (HDAs). They have achieved high 
directivities, large front-to-back ratios (FTBR) and wide 
beamwidths without the requirement of additional constructs 
such as reflector elements [2], periodic electromagnetic band 
gap structures [3], or slot structures [4]. A variety of 
electrically small HDAs have been reported. These include 
passive versions, such as single linearly [5]-[9] (LP) and 
circularly polarized [10], [11] (CP) designs, dual-LP systems 
[12], as well as active versions, which include reconfigurable 
[13-14] and non-Foster designs [15]. Nonetheless, in order to 
meet the versatility required for modern wireless 
communication platforms, multifunctional electrically small 
HDAs would be welcomed.  

A number of ESAs with reconfigurable performance 
characteristics have been reported recently in the literature 
[13-14, 16-17]. On the one hand, systems with frequency-agile 
or frequency-reconfigurable performance have been developed, 
e.g., PIFA [16] and loop [17] designs using varactor diodes, 
and frequency reconfigurable complementary structure 
designs using p-i-n diodes [13]. On the other hand, RF 
switch-based systems focused on pattern-reconfigurable 
performance, e.g., end-fire radiating Huygens dipole designs, 
have also appeared [14]. A reconfigurable driven element with 
two p-i-n diodes is introduced in [14] that selectively excites 
the requisite NFRP elements to achieve two unidirectional 
endfire states in the fixed frequency band, each state radiating 
in opposite directions. However, one finds that it is a 
challenge to achieve reconfigurable patterns with a 
frequency-reconfigurable ESA and, likewise, to realize 
frequency reconfigurability with a pattern-reconfigurable ESA. 
To the best of our knowledge there is no single ESA system 
currently available that can perform both frequency and 
pattern reconfigurable functions. Therefore, it is highly 
desirable to develop one. It would be quite suitable for many 
modern space-limited wireless platforms that must perform 
multiple functions for advanced land, water and space based 
applications [18], [19]. An electrically small, planar, 
frequency-agile, beam-switchable NFRP HDA is developed in 
this paper. Its NFRP elements include versions of the electric 
Egyptian axe dipole (EAD) and of the magnetic capacitively 
loaded loop (CLL) tailored to enable these multiple functions. 
A varactor diode is integrated into each of these NFRP 
elements to achieve both the frequency and pattern 
reconfigurabilities without requiring any additional matching 
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networks. Two unidirectional endfire states are obtained with 
virtually the same frequency-agile ranges. Note that the 
pattern reconfigurable performance characteristics in [14] are 
realized by integrating the PIN diodes on the driven element. 
In contrast, the varactor diodes are separately integrated into 
the NFRP elements in this design, which would accomplish 
more degrees of freedom to simultaneously obtain the 
frequency and pattern reconfigurabilities. The antenna 
configuration and its design principles are detailed in Section 
II. The prototype of this design that was fabricated and 
measured is described in Section III. The measured results will 
be shown to be in good agreement with their simulated values. 
Moreover, the physical mechanisms that lead to both its 
frequency and pattern reconfigurable functions will be 
discussed in detail to provide a more comprehensive 
understanding of the design principles. Finally, conclusions 
are drawn in Section IV.  

We note that this innovative frequency and pattern 
reconfigurable ESA is a significant advancement from the 
previous, closely related design reported in [14]. In 
comparison, the frequency-agile, beam-switchable HDA 
developed herein consists of only a single HDA and a simple 
dipole as the driven element instead of two separate HDAs 
with a complex driven element. Consequently, it reduces the 
complexity of the antenna system by half. Moreover, the 
reported antenna utilizes the same number of diodes (two 
varactor diodes) to achieve both frequency-agility and 
beam-reconfigurability instead of simply a switchable beam at 
a fixed frequency (two p-i-n diodes). Furthermore, the 
combination of frequency and pattern reconfigurability in a 
simple, electrically small HDA provides a multifunctional 
solution that is readily integrated into size-constrained 
platforms where diversity schemes are employed to improve 
the system performance, e.g., for environmentally agnostic 
communication [16] and anti-jamming communication [17] 
systems.  

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, version 18.0. The simulation models 
employed the known, real properties of the dielectrics and 
conductors. 

 

II. FREQUENCY-AGILE, BEAM-SWITCHABLE HDA DESIGN 
Fig. 1 illustrates the design details of the developed planar, 

frequency-agile, beam-switchable Huygens dipole ESA. The 
entire system consists of only one Rogers DuroidTM 5880 
copper-clad teflon substrate with its thickness h1 = 0.508 mm 
and radius R1 = 26.5 mm. It has a relative dielectric constant 
εr = 2.2, loss tangent tan δ = 0.0009, and 0.017 mm copper 
cladding thickness. The optimized design parameters are given 
in Table I.  

  

 
(a) 

 
(b) 

 
(c) 

Fig. 1 Configuration of the electrically small, planar, frequency-agile, 
beam-switchable HDA. (a) 3-D isometric view. (b) Front view. (c) Back view. 

As shown in Fig. 1(b), the magnetic element is a CLL with 
an additional gap. This split ring-shaped structure has an inner 
radius R2 and outer radius R3. It lies on the xy-plane and is 
printed and centered on the upper surface of the substrate. The 
two gaps in this copper ring have different lengths, i.e., g1 ≠ 
g2. The gap with length g2 accommodates one of the varactor 
diodes. The currents induced on this CLL element produce the 
LP field of a magnetic dipole that is oriented along the z-axis.  

The electric element is shown in Fig. 1(c). It is an 
off-centered EAD printed on the lower surface of the substrate. 
The main body of the EAD consists of two long straight 
copper strips with the same size L6×W7 along the y-axis. A 
gap of length g2 is introduced into it to accommodate the 
second varactor diode. A x-oriented copper strip of length, 
L3+L4, is placed at each end of the long copper strips and 
orthogonal to them. Both strips are located 5.8 mm away from 
the center of the substrate. Four small copper strips with the 
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same length, L2, extend along the y-axis from the ends of 
these two x-oriented strips. The EAD element produces the LP 
field of an electrical dipole oriented along the y-axis.  

The CLL and EAD structures operate as NFRP elements 
that are excited by a coax-fed dipole element. This dipole 
consists of two isolated copper strips with the same length and 
width, L7×W8, also etched on the lower surface of the 
substrate. To ensure the mechanical stability of the antenna 
system during its assembly and testing processes, a KTG 
141–50 type, semi-rigid, 50-Ω coaxial cable was selected to 
feed the dipole element. As shown in Fig. 1(a), this 50-Ω 
coaxial cable is connected and oriented perpendicular to the 
substrate, and its center and external conductors are, 
respectively, connected to the two strips of the driven element. 
 

TABLE I. 
OPTIMIZED DESIGN PARAMETERS OF THE PLANAR, ELECTRICALLY SMALL, 
FREQUENCY-AGILE, BEAM-SWITCHABLE HUYGENS DIPOLE ANTENNA (IN 

MILLIMETERS) 

h1 = 0.508 R1 = 26.5 R2 = 12.4 R3 = 16.9 L1 = 3.4 
L2 = 10.2 L3 = 15.85 L4 = 7.85 L5 = 9.4 L6 = 20.05 
L7 = 5.8 L8 = 3.8 W1= 0.2 W2 = 0.2 W3 = 1.0 
W4 = 1.2 W5 = 1.2 W6 = 1.2 W7 = 1.0 W8 = 2.5 
g1 = 0.9 g2 = 1.2 Null 

 

A. Tailored Aspects of the Design 
Several design details tailored for the desired performance 

characteristics must be elucidated. The presence of the 
additional gap in each of the NFRP elements ensures a proper 
accommodation of the varactor diode and its bias circuit into 
their structures. While the presence of the varactors allows 
them to operate normally as they would without the gap, they 
also help accomplish the electrically smaller size of the entire 
system by introducing more capacitance into each element and, 
hence, lowering its resonance frequency.  

Notice that two copper strips with dimensions L1×W2 
extend along the x-axis from each NFRP element. Two pairs 
of copper patches with dimensions W3×W4 are also present. 
Each strip is connected to the nearest patch. Two 8.7 nH coil 
inductors (LQW18A from Murata) were installed across the 
pads of each NFRP element to block any RF signals from 
entering the DC bias network. The outside patch of each pair 
is employed as the connection point for the external DC feeder 
lines required to control each varactor’s capacitance value. 

Note also that the typical EAD NFRP elements introduced, 
for example, in [12], [14], [15] are symmetric structures. In 
contrast, the EAD NFRP element is asymmetric in this design, 
i.e., the pair of copper strips that constitute the x-oriented end 
pieces of the EAD have different lengths, i.e., L3 ≠ L4. Our 
simulation studies identified that the asymmetric EAD NFRP 
element helped reduce the radius of the substrate without 
negatively impacting the system’s performance. In particular, 
by optimizing its design parameters, the required balance 
between the electric and magnetic NFRP elements to attain the 
desired Huygens dipole performance was achieved over the 
entire frequency-agile range.  

Two Skyworks Green SMV2019 SC-79 varactor diodes 
were selected for this design in order to realize the 

frequency-agile, beam-switchable radiation performance. 
According to its datasheet, the equivalent circuit model of the 
varactor diode is simply a RLC series combination with an 
inductance of 0.7 nH and a resistance of 4.8 Ω [20]. Each one 
has a junction capacitance that changes in the range from 0.3 
to 2.22 pF when its reversed bias voltage is varied from 20 to 
0 V [20]. In order to ensure the proper positioning of the 
varactor diode in the larger CLL element during assembly of 
the prototype, two small rectangular slots were etched on both 
sides of its varactor diode gap as markers. They were W1×W1 
in size. These values were used in the simulations to optimize 
the design and its performance. 

 
B. Design Principles 

According to the existing HDA design principles [5], a 
broadside radiating HDA can be obtained when its magnetic 
and electric NFRP elements are perpendicularly oriented; have 
balanced radiated fields, i.e., radiated electric and magnetic 
fields with the same magnitudes; and have overlapping phase 
centers. The requisite fields arise from balanced in-phase 
current moments, which physically means a ±90º phase 
difference between the actual J

ur
 and K

ur
 current densities 

induced, respectively, on its electric and magnetic elements. 
The unidirectional beam emitted by an HDA is directed 
broadside to those NFRP elements. Its cardioid pattern is 
identical in both principal planes. The specific broadside 
direction is determined by sign of those currents according to 
the right-hand rule, J K×

ur ur
.  

As illustrated in Fig. 2, the true current directions are 
represented by the dashed straight red arrows on the electric 
NFRP element (same as J

ur
) and by the dashed curved blue 

arrows on the magnetic one ( K
ur

obtained then by the right 
hand rule). The maximum beam direction for the HDA system 
shown in Fig. 1 is along the +x-axis or the -x-axis when the 
phase of the currents on either the electric or magnetic dipole 
element are changed by 180º.  

 
 

 
(a) 
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(b) 

 
Fig. 2 Design concept of the electrically small, planar, frequency-agile, 
beam-switchable HDA. (a) Radiating along the +x-axis. (b) Radiating along 
the -x-axis. 

 
The capacitance values of the varactor diodes in the 

magnetic and electric NFRP elements in this design are 
represented, respectively, by Cm and Ce. The Cm and Ce values 
are determined with the following design guidelines. As a first 
step, one would set the values of Cm and Ce near the middle 
value of the available varactor diodes. As a second step, the 
HDA’s operational performance characteristics are then 
optimized for these fixed Cm and Ce values by changing the 
electric and magnetic NFRP elements’ dimensions, the 
distance between them, and the size of the driven element. In 
our design, we first considered the system to be radiating 
along the -x-axis. We then considered its performance along 
the +x-axis and found that it can be obtained mainly by 
decreasing the value of Ce. With the determined most suitable 
sizes of the magnetic and electric NFRP elements, the third 
step is an evaluation one in which one simultaneously 
increases/decreases the capacitance values Cm and Ce to 
explore the frequency agility range of the system while 
maintaining the desired Huygens radiation behavior. If the 
desired frequency band is not covered, different varactors can 
be selected and the system re-optimized. Because the phases 
of the magnetic and electric elements vary with the values of 
Cm and Ce, the main beam directions are easily switched at the 
same time as the resonance frequency is.  

The specific Cm and Ce values that realize the two 
unidirectional endfire states, State A and State B, of the 
antenna are represented as the frequency-agile (ball) markers 
in Figs. 3(a) and 3(b), respectively. In particular, the simulated 
frequency-agile range of the antenna in State A is 1.472–1.55 
GHz when Cm (Ce) is varied from 0.54 (1.06) to 0.84 (1.1) pF. 
The antenna generates a Huygens radiation pattern whose 
maximum is directed along the +x-axis. In contrast, State B is 
obtained with a different range of capacitance values on the 
EAD element. By changing Cm (Ce) from 0.575 (0.92) to 0.9 
(0.985) pF, the frequency-agile range of the antenna remains 
essentially the same, 1.473–1.551 GHz, but the unidirectional 
Huygens radiation pattern has its maximum now directed 
along the -x-axis. 

 

 
(a) 

 

 
(b) 

 
Fig. 3 The relationship between the discrete capacitance values Cm and Ce, and 
their curve-fit lines as functions of the resonance frequency fres. (a) State A.      
(b) State B. 

 

As shown in Fig. 3, a curve fitting line was determined in 
order to obtain the values of Cm and Ce corresponding to all of 
the resonance frequencies in the frequency-agile range in both 
State A and State B. The second-order polynomial equation: 

2
0 1 2( )res res resC f a a f a f= + × + × , was used to curve fit the 

discrete values of Cm and Ce. The calculations of the 
coefficients a0, a1, and a2 for each state were carried out using 
the curve fitting tools in MATLAB R2017a. The subsequent 
equations of the curves that fit the Cm and Ce values in State A 
were: 

{ 2

2
( ) 26.83 30.71 8.87
( ) 19.98 23.79 7.47

m res res res

e res res res

C f f f
C f f f

= − × + ×
= − × + ×          (1) 

where ( )m resC f  and ( )e resC f represent, respectively, the 
capacitance values of the varactor in the magnetic and electric 
NFRP element at the resonance frequency fres. The main beam 
points along the +x-axis, when ( )m resC f  and ( )e resC f  
satisfy these relations over the frequency range from 1.472 to 
1.55 GHz. 

Similarly, the curve-fit equations of the Cm and Ce values in 
State B were determined to be: 
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{ 2

2
( ) 41.99 50.34 15.24
( ) 17.53 25.60 8.83

m res res res

e res res res

C f f f
C f f f

= − × + ×
=− + × − ×           (2) 

The main beam points along the -x-axis when ( )m resC f  and 
( )e resC f  satisfy these relations over the frequency range from  

1.473 to 1.551 GHz. 
 
C. Parameter studies 

Studies of the two major design parameters are provided to 
illustrate the optimization guidelines. Simulations are 
performed keeping all but one of the design parameters fixed. 
For example, when setting Cm = 0.725 pF and Ce = 0.985 pF, 
the antenna operates in State B. Figs. 4 and 5 present the 
effects on the |S11|, realized gain and FTBR values when the 
radius of the magnetic NFRP element (R2) and the length of 
the electric NFRP element (L6) are changed. As Fig. 4 
illustrates, the resonance frequency is greatly impacted when 
R2 changes. Similarly, the realized gain and FTBR values 
witness corresponding changes. When L6 is changed, Fig. 5 
indicates that while the resonance frequency, realized gain and 
FTBR values are affected, the variations are not as large. 
These parameter studies confirm that the magnetic NFRP 
element size plays a primary role in determining the resonance 
frequency and that the electric NFRP element provides a 
means to fine tune it and the overall radiation performance 
characteristics. 
 

 
(a) 

 

 
(b) 
 

Fig. 4 The effects of changing the magnetic dipole radius R2 on the 
performance characteristics of the electrically small, planar, the 
frequency-agile, beam-switchable HDA. (a) The |S11| (reflection coefficient) 
values. (b) The realized gain and FTBR values. 

 
(a) 

 

 
(b) 

 
Fig. 5 The effects of changing the electric dipole length L6 on the 
performance characteristics of the electrically small, planar, frequency-agile, 
beam-switchable HDA. (a) The |S11| (reflection coefficient) values. (b) The 
realized gain and FTBR values. 

 

III. SIMULATED AND MEASURED RESULTS  
The optimized electrically small, frequency-agile, 

beam-switchable HDA design was fabricated, assembled, and 
measured. The prototype is shown in Fig. 6(a), which includes 
the fabricated antenna and a 50.7 mm-long sleeve balun 
(~0.25 λ0) introduced only for measurement purposes, it is not 
included in the calculation of the ka value of the system. The 
balun was necessary to mitigate any spurious currents induced 
on the outer walls of the long measurement coax cable. It 
ensured the accuracy of the measurements of the impedance 
matching and of the far-field directivity pattern characteristics 
[21], [22]. 

As shown in Fig. 6(b), two pairs of DC bias lines were used 
to tune the value of the varactor diodes, i.e., Vm(+) and Vm(-) 
to control the Cm value, and Ve(+) and Ve(-) to control the Ce 
value. The |S11| values of the fabricated antenna were 
measured with an Agilent E8361A PNA Vector Network 
Analyzer (VNA) and two voltage-stabilized sources. The 
far-field realized gain (RG) patterns and radiation efficiency 
(RE) were measured with an SG128 multi-probe antenna 
measurement system at the China Academy of Information 
and Communications Technology, Chongqing, China [23]. 
The antenna under test (AUT) in the measurement chamber is 
shown in Fig. 6(c). 
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Fig. 6 Fabricated prototype of the electrically small, planar, frequency-agile, 
beam-switchable HDA. (a) Side view of the assembled antenna. (b) Bottom 
view of the assembled antenna. (c) The AUT in the multi-probe anechoic 
chamber. 
 
A. Results and Performance 

The measured |S11| results for State A and State B, together 
with their simulated values (taking into account of the 
presence of the balun), are presented in Figs. 7 and 8, 
respectively. Note that the capacitances of the varactor diodes 
used in the simulations were the values that occur for the bias 
voltage values applied in the experiments. We selected only 
five cases to verify the prototypes frequency-agile ability. 

The simulated and measured |S11| values for State A are 
presented in Figs. 7(a) and (b), respectively. When the bias 
DC voltage Vm (Ve) was set to: 3.8 (1.6), 4.2 (1.7), 4.9 (2.0), 
5.4 (2.1) and 6.0 (2.5) V, the corresponding resonant 
frequencies were 1.474, 1.488, 1.509, 1.524 and 1.55 GHz, 
respectively. The associated |S11|min values were -13.0, -12.9, 
-11.9, -10.6 and -10.5 dB. Fig. 7 clearly indicates that the 
resonance frequencies increase with a decrease in the Cm and 
Ce values. When the values of Cm (Vm) and Ce (Ve) were 
changed from 0.84 pF (3.8 V) to 0.54 pF (6.0 V) and from 1.1 
pF (1.6 V) to 1.06 pF (2.5 V), the simulated (measured) 
resonance frequencies increased from 1.472 (1.474) to 1.55 
(1.55) GHz, yielding a tunable bandwidth of 78 (76) MHz, i.e., 
a 5.1% (5.0%) tunable fractional bandwidth. The simulated 
and measured FTBR values are higher than 6.81 and 5.61 dB, 
respectively, for each of these State A cases.  

The simulated and measured |S11| results for State B are 
similarly presented in Figs. 8(a) and (b). When the bias DC 
voltage Vm (Ve) was set to: 3.5 (2.9), 4.0 (3.0), 4.5 (3.0), 5.0 
(3.1) and 5.4 (3.4) V, the corresponding resonance frequencies 
were 1.473, 1.49, 1.511, 1.526 and 1.55 GHz, respectively. 
The associated |S11|min values were -21.4, -33.1, -14.4, -11.1 
and -10.3 dB. When the values of Cm (Vm) and Ce (Ve) were 
changed from 0.9 pF (3.5 V) to 0.575 pF (5.4 V) and from 
1.02 pF (2.9 V) to 0.92 pF (3.4 V), the simulated (measured) 
resonance frequencies increased from 1.473 (1.473) to 1.551 
(1.55) GHz, yielding a tunable bandwidth of 0.078 (0.077) 
GHz, i.e., a 5.1% (5.1%) tunable fractional bandwidth. The 

simulated and measured FTBR values are higher than 6.4 and 
5.97 dB, respectively, for each of these State B cases.  

 

 
(a) 

 
(b) 

Fig. 7 Simulated and measured |S11| values of the electrically small, planar, 
frequency-agile, beam-switchable HDA in State A. (a) Simulated |S11| values. 
(b) Measured |S11| values. 

 

 
(a) 
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(b) 

Fig. 8 Simulated and measured |S11| values of the electrically small, planar, 
frequency-agile, beam-switchable HDA in State B. (a) Simulated |S11| values. 
(b) Measured |S11| values. 

 
In general, these measured results are in good agreement 

with their simulated values. The measured frequency-agile 
range of States A and B were from 1.474 to 1.55 GHz and 
from 1.473 to 1.55 GHz, respectively. These results confirm 
that the frequency-agile range of the two oppositely directed 
states are virtually the same. The corresponding simulated 
(measured) electrical size of the system at the highest 
resonance frequency fhigh, sim. = 1.55 GHz (fhigh, meas. = 1.55 
GHz) within the measured frequency agility range is kahigh = 
0.86 (0.86).  

The measured and simulated realized gain (RG) patterns for 
States A and B are compared in Figs. 9 and 10, respectively. 
The realized gain patterns were measured in each beam state 
for the same five resonance frequencies. 

The measurements confirmed that the antenna generates a 
Huygens dipole pattern whose maximum is directed along the 
+x-axis in State A. Figs. 9(a)-(e) show the simulated 
(measured) realized gain patterns when its operating frequency 
is tuned to 1.472 (1.474), 1.487 (1.488), 1.509 (1.509), 1.525 
(1.524) and 1.55 (1.55) GHz, respectively. The co-polar and 
cross-polar patterns are shown for each orthogonal cut-plane. 
They confirm that the antenna achieved good stable, endfire 
Huygens radiation performance across the entire 
frequency-agile range. The antenna achieved simulated 
(measured) peak RG values of 2.46 (2.21), 2.88 (2.68), 3.13 
(2.91), 2.83 (2.53), and 2.31 (2.21) dBi at 1.472 (1.474), 1.487 
(1.488), 1.509 (1.509), 1.525 (1.524) and 1.55 (1.55) GHz, 
respectively. The corresponding simulated (measured) FTBR 
values are 8.9 (7.71), 12.6 (10.12), 16.18 (13.38), 11.27 
(10.43), and 6.81 (5.61) dB. The associated cross-polarized 
levels are much smaller in comparison. 

 

 
(a) 

 
 (b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 9 Simulated and measured realized gain patterns of the developed ESA at 
the simulated (measured) resonance frequencies in State A. (a) 1.472 (1.474) 
GHz. (b) 1.487 (1.488) GHz. (c) 1.509 (1.509) GHz. (d) 1.525 (1.524) GHz. 
(e) 1.55 (1.55) GHz. 

 
Similarly, the antenna generates a Huygens dipole patterns 

whose maxima are directed along the -x-axis in State B. Figs. 
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10(a)-(e) show the simulated and measured realized gain 
patterns. The antenna achieves simulated (measured) peak RG 
values of 2.52 (2.37), 2.86 (2.52), 3.19 (2.92), 2.89 (2.68), and 
2.10 (1.99) dBi at 1.473 (1.473), 1.488 (1.49), 1.509 (1.511), 
1.525 (1.526) and 1.551 (1.55) GHz, respectively. The 
corresponding simulated (measured) FTBR values are 6.4 
(5.97), 8.21 (7.82), 14.09 (13.4), 14.23 (12.81), and 8.11 (7.99) 
dB. These results confirm that stable, antipodal endfire 
Huygens radiation performance was obtained when the 
pre-determined DC voltages were applied to the varactors in 
both NFRP elements. Again, the associated cross-polarized 
levels are much smaller in comparison to the corresponding 
co-polarized values. 

The simulated and measured RE values in State A and State 
B are higher than 70.5% and 67.7% for all of the resonance 
frequencies in the antenna’s frequency-agile range. The 
simulated and measured radiation patterns for States A and B 
have 3-dB beamwidths in the E-plane that are larger than 
those in the H-plane, as observed in Figs. 9 and 10. The main 
reason for this phenomenon is that when the Cm and Ce values 
are varied, only the excitation phases of the NFRP elements 
are changed. Their variation does not also adjust the excitation 
magnitudes. Thus, when the Huygens radiation effect is 
formed within the frequency-agile range, the phase differences 
between the magnetic and electric NFRP elements can be 
tailored to a desired value at each operating frequency, but 
their magnitude ratio cannot be. 

The simulated and measured values of the prototype in both 
State A and State B are summarized in Table II for easy 
comparison. It is noted that the antenna has high RG, FTBR, 
and RE values in both states over the entire frequency-agile 
range of the antenna. All of the measured results are basically 
in good agreement with their simulated values. The relatively 
small differences between some of them have been considered 
in simulations and have been found to be due to small 
fabrication and assembly errors. On the one hand, errors are 
associated with the fact that the length of the balun and its 
relative position on the coaxial line were determined manually 
during the assembly of the system and its insertion into the test 
range fixtures. Consequently, the balun did not completely 
remove all of the surface currents on the outer conductor of 
the coaxial line during the measurements as expected. These 
assembly issues led to the majority of the differences between 
the measured and simulated impedance matching levels. On 
the other hand, the bias lines used during the measurements of 
the functions of the system also slightly affected the 
performance characteristics of the antenna. They were not 
included in the simulations. Our measurement experiences 
found that their impact was minimized (but not entirely 
removed) by orienting them orthogonally to the polarization 
direction of the antenna. Since that the latter is along the 
y-axis, the bias lines of both the magnetic and electric NFRP 
elements were placed most effectively along the x-axis and 
z-axis, respectively. The associated effects nevertheless caused 
the measured resonances to not be precisely matched to their 
simulated ones. Finally, fabrication tolerances led to inevitable 

variations in the design parameters which also led to some of 
the small measurement and simulation differences.  
 

 

 
(a) 

 
 (b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 10 Simulated and measured realized gain patterns of the developed ESA 
at the simulated (measured) resonance frequencies in State B. (a) 1.473 
(1.473) GHz. (b) 1.488 (1.49) GHz. (c) 1.509 (1.511) GHz. (d) 1.525 (1.526) 
GHz. (e) 1.551 (1.55) GHz. 
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TABLE II 
SIMULATED (CLEAR) AND MEASURED (SHADED) RESULTS FOR DIFFERENT 

APPLIED BIAS VOLTAGES 
 

(a) State A 
DC voltage 

(V) 
Vm=3.8 
Ve=1.6 

Vm=4.2 
Ve=1.7 

Vm=4.9 
Ve=2.0 

Vm=5.4 
Ve=2.1 

Vm=6.0 
Ve=2.5 

Resonance 
Frequency 

(GHz) 

1.472 1.487 1.509 1.525 1.55 

1.474 1.488 1.509 1.524 1.55 
Instantaneous 

Bandwidth 
(%) 

0.41 0.47 0.59 0.59 0.52 

0.54 0.53 0.66 0.7 0.58 

Peak  
Realized  

Gain (dBi) 

2.46 2.88 3.13 2.83 2.31 

2.21 2.68 2.91 2.53 2.21 

FTBR (dB) 
8.9 12.6 16.18 11.27 6.81 

7.71 10.12 13.38 10.43 5.61 

RE (%) 
75 77.2 81.4 82.9 86.1 

67.7 72.2 76.3 77.1% 79.4 

3-dB beam 
coverage in 
the E-plane 

-78° 
~ 

83° 

-82° 
~ 

87° 

-79° 
~ 

83° 

-67° 
~ 

75° 

-51° 
~ 

60° 
-95.5° 

~ 
87.5° 

-98.5° 
~ 

100.5° 

-80° 
~ 

100° 

-68° 
~ 

90° 

-48.5° 
~ 

64.5° 

3-dB beam 
coverage in 
the H-plane 

-115° 
~ 

121° 

-115° 
~ 

121° 

-117° 
~ 

125° 

-119° 
~ 

127° 

-122° 
~ 

129° 
-112.5° 

~ 
109° 

-126.5° 
~ 

125.5° 

-115.5° 
~ 

120° 

-113° 
~ 

117.5° 

-118° 
~ 

128.5° 
 

(b) State B 
DC voltage 

(V) 
Vm=3.5 
Ve=2.9 

Vm=4.0 
Ve=3.0 

Vm=4.5 
Ve=3.0 

Vm=5.0 
Ve=3.1 

Vm=5.4 
Ve=3.4 

Resonace 
Frequency 

(GHz) 

1.473 1.488 1.509 1.525 1.551 

1.473 1.49 1.511 1.526 1.55 
Instantaneous 

Bandwidth 
(%) 

0.61 0.67 0.59 0.52 0.25 

0.74 0.8 0.66 0.52 0.26 

Peak  
Realized  

Gain (dBi) 

2.52 2.86 3.19 2.89 2.10 

2.37 2.52 2.92 2.68 1.99 

FTBR (dB) 
6.4 8.21 14.09 14.23 8.11 

5.97 7.82 13.4 12.81 7.99 

RE (%) 
84.6 85.2 82.7 79.1 76.4 

80.4 82.0 80.2 73.6 70.5 

3-dB beam 
coverage in 
the E-plane 

-123° 
to 

126 

-114° 
to 

116° 

-101° 
to 

103° 

-101° 
~ 

104° 

-106° 
~ 

112° 
-115.5° 

~ 
131.5° 

-116° 
~ 

131.5° 

-80° 
~ 

100° 

-103° 
~ 

97° 

-101.5° 
~ 

105.5° 

3-dB beam 
coverage in 
the H-plane 

-54° 
~ 

57° 

-55° 
~ 

58° 

-57° 
~ 

59° 

-57° 
~ 

59° 

-57° 
~ 

60° 
-42.5° 

~ 
67.5° 

-54.5° 
~ 

50.5° 

-61° 
~ 

64.5° 

-62.5° 
~ 

67° 

-55.5° 
~ 

56° 
 

B. Operating Mechanisms Revisited 
The operating mechanisms behind the pattern-switchable 

states can be further understood and confirmed by the surface 
current distributions on the main surfaces of the driven and 
NFRP elements of the antenna. Those obtained from the 
simulations of State A and State B are shown in Figs. 11 and 
12, respectively. They are presented for one period T 
associated with the resonance frequency point, 1.509 GHz, at 
the times: t = 0 (marked as a), T/4 (marked as b), T/2 (marked 
as c) and 3T/4 (marked as d). It is a resonance frequency of 
both State A and State B. To help understand these current 
behaviors, their principal directions are highlighted with the 
additional solid red arrows in Figs. 11 and 12. 

Referring to the analysis of the current and field behaviors 
of the electrically small HDA reported in [12], the fields 
radiated by the NFPR elements must be in-phase over the 
entire period T to achieve the Huygens cardioid radiation 
pattern. As a consequence, the currents on the magnetic NFRP 
element must be 90º ahead of those on the electric NFRP 
element. Therefore, the maximum of the unidirectional fields 
radiated by the currents depicted in Fig. 11 for State A is 
directed along the +x-axis [24], [25] in agreement with the 
design principles illustrated in Fig. 2(a). In the same manner, 
the current distribution directions depicted in Fig. 12 for State 
B agree with those illustrated in Fig. 2(b). Therefore, the 
maximum of the unidirectional fields radiated by them is 
directed along the -x-axis. 

 

 
 

Fig. 11 Surface current distributions on the driven element and on the 
magnetic and electric NFRP elements at quarter period intervals when the 
antenna is in its State A.
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Table III 
COMPARISON OF THE DEVELOPED HDA WITH RELATED FREQUENCY-AGILE AND/OR PATTERN-SWITCHABLE RECONFIGURABLE ANTENNAS 

REPORTED IN THE LITERATURE* 

Ref. kalow Type of 
Reconfigurability 

FBW 
(%) 

RG 
(dBi) 

FTBR 
(dB) 

RE 
(%) 

Switch 
No. 

Beam 
Scanning 
Capability 

Electrical Size 
(λlow

3) Configuration 

[14] 0.98 Pattern-switchable 1.32 5.4 13.3 85 2 0° & 180° π × (0.15)2 × 0.0026 
= 1.84 × 10-4 2-D 

[17] 0.34 Frequency-agile 64.6 -0.13~5.04 - - 3 no 0.076 × 0.076× 0.023 
= 1.33 × 10-4 3-D 

[26] 0.6 Pattern-switchable 2.7 8.5 7 89.8 2 0° & 180° 0.12 × 0.095× 0.095 
= 1.08 × 10-3 3-D 

[27] 1.32 Pattern-switchable 15 3.5 25.5 83 4 Full 
azimuth 

0.41 × 0.41× 0.022 
= 3.70 × 10-3 2-D 

[28] 4.02 
Frequency-agile  

& 
Pattern-switchable 

26.4 5.0 - - 25 -30°~30° 0.90 × 0.90× 0.04 
= 3.24 × 10-2 2-D 

[29] 4.59 
Frequency agile 

& 
Pattern-switchable 

30 7.4~10 - - 40 Full 
azimuth 

1.19 × 0.85× 0.85 
= 8.6 × 10-1 3-D 

This 
work 0.81 

Frequency-agile 
& 

Pattern-switchable 
5 2.1~3.19 5.61~13.4 >67.7 2 0° & 180° π × (0.13)2 × 0.0025 

= 1.32 × 10-4 2-D 

*The 2-D or 3-D designation in the “Configuration” column indicates that the antenna is either planar or volumetric, respectively. 

 

 
 

Fig. 12 Surface current distributions on the driven element and on the 
magnetic and electric NFRP elements at quarter period intervals when the 
antenna is in its State B. 

Comparing the current distributions on the magnetic and 
electric NFRP elements in State A with those in State B, the 
changes in the Cm and Ce values that occur to realize State B 
cause the phase of the currents on the magnetic dipole to 
advance by π/2 and the phase of the currents on the electric 
dipole to retard by π/2. Therefore, the relative orientations of 
the currents on the NFRP element are reversed and the 

Huygens cardioid radiation pattern whose maximum is along 
the antipodal direction, i.e., the –x-axis, is obtained. 

A comprehensive comparison is given in Table III. It 
emphasizes that our planar, frequency-agile, beam-switchable 
HDA is simpler and electrically smaller with improved 
functionality in comparison to other recently reported 
frequency-agile and/or pattern-switchable reconfigurable 
antennas. The listed performance characteristics include the 
electrical sizes, bandwidths, RG values, FTBR values, RE 
values, numbers of diodes employed, beam scanning 
capability, type of reconfigurability and configuration 
performance characteristics. Note that the electrical sizes are 
specified by the lower bound of the operational frequency 
band, flow, and, hence, for the largest operational wavelength, 
λlow.  

The antennas reported in [14], [26-27] achieved 
pattern-switchable performance within narrower bandwidths 
than our design. While those in [14] and [26] used two p-i-n 
diodes to achieve only fixed pattern-switchable performance, 
our antenna uses two varactor diodes to achieve 
simultaneously both frequency-agile and pattern-switchable 
functions. The system reported in [27] required four diodes for 
a pattern-switchable only function. The stated volume of the 
frequency-agile ESA reported in [17] is comparable to our 
design. However, in contrast, it was realized with a large 
ground plane. The reported volume is that of the radiating 
element alone and, hence, not the entire antenna. Moreover, it 
required three varactor diodes for its frequency agile, fixed 
pattern performance.  

Both frequency-agile and beam-switchable antennas were 
reported in [28] and [29]. They were very electrically large 
with the volumes of those two antennas being 3.24 × 10-2 λlow

3 

(kalow = 4.02) [28] and 8.6 × 10-1 λlow
3 (kalow = 4.59) [29]. The 

two functionalities in those designs required 25 and 40 p-i-n 
diodes, respectively. The beam coverage of the antenna in [28] 
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was around ±30° in the E-plane with a 26.4% continuous 
bandwidth tuning range. The beam coverage of the antenna in 
[29] was 360° in the H-plane with a 30.0% continuous 
bandwidth tuning range. The volume of our design, 1.32 × 10-4 
λlow

3, is 245.5 times smaller than that in [28] and 6515.1 × 
smaller than that in [29]. Furthermore, the physical aperture 
area of our antenna, 5.3 × 10-2 λlow

2, is 15.3 (13.6) times 
smaller than the one in [28] ([29]). Thus, its peak realized gain 
being only ~1.81 dB smaller than the antenna in [28] and only 
~6.81 dB smaller than the one in [29], is remarkable.  

IV. CONCLUSION 

A frequency-agile, beam-switchable electrically small 
Huygens dipole antenna was presented. The frequency 
tunability and beam switchability were simultaneously 
achieved through implementing a varactor diode into each of 
the NFRP elements. The antenna design and its prototype 
were realized with a single-layer substrate. By changing the 
capacitance values of the two varactor diodes, it was 
demonstrated that this ESA is capable of dynamically 
achieving two independent antipodal unidirectional endfire 
radiating states over the same frequency-agile range. The 
measured results indicate that the prototype exhibits a 5% 
–10-dB fractional impedance bandwidth; this is more than ten 
times larger than the 0.46% value of the passive Huygens 
dipole ESA reported in [12]. To the best of our knowledge, 
this is the first time that both the frequency tunability and 
beam switchability have been achieved in an electrically small 
antenna size. The advantageous performance characteristics of 
our developed antenna include its electrically small size, good 
radiation efficiency, and ability to simultaneously change its 
operating frequency and beam direction while maintaining 
stable cardioid-shaped directivity patterns. They empower it as 
an attractive candidate for a variety of wireless applications 
that require high performance, multifunctional radiating 
elements to enable current and future, for example, IoT 
ecosystem concepts. 
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