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ABSTRACT The theoretical analysis of beam-steerable, broadside-radiating Huygens dipole antenna
arrays (HDAAs) is presented. Linear HDAAs with different numbers of elements are investigated and
compared with full-wave simulations. Their attractive performance characteristics for wirelessly powered
IoT applications are emphasized. Each Huygens dipole antenna (HDA) is an electrically small, linearly
polarized, efficient, unidirectional radiating element. Linear HDAAs are confirmed to achieve high direc-
tivity beams in one principle plane and significantly broad beamwidths in the orthogonal principle plane.
Very stable gain variation when their main beam is steered is demonstrated. A practical beam-steerable,
broadside-radiating, linear HDAA is developed that employs an experimentally-verified HDA and is facil-
itated by a microstrip power-divider feed network. The entire HDAA design is ultrathin (λ0/240.87), lying
only on a single piece Rogers DuroidTM 5880 copper-clad substrate. A proof-of-concept 3-element HDAA
prototype excited with a 3×3 Butler matrix centered at 2.45 GHz was designed, fabricated and measured.
The measured results, in very good agreement with their simulated values, demonstrate the efficacy of
the linear HDAA designs and their potential usefulness for wireless power transfer (WPT) systems dedi-
cated to emerging IoT applications that require power be directed towards terminals in multiple specified
directions with broad area coverage at each one.

INDEX TERMS Antenna arrays, beam-steering, Butler matrix, electrically small antennas, Huygens dipole
antennas, wireless power transfer (WPT).

I. INTRODUCTION

ANTENNA characteristics such as high directivity
and wide beamwidth are highly desired in wireless

applications that require long distance operation and
multi-user coverage [1]–[3]. For example, base station anten-
nas that are used for emerging wireless power transfer (WPT)
applications should have both high gain and large half-
power beamwidth (HPBW) performance characteristics in
order to broadcast and deliver wireless power to a large
number of widely distributed Internet-of-Things (IoT) sen-
sors [4]. However, it has been challenging and even believed
to be contradictory to achieve both features simultaneously
in compact and low-cost antenna designs. One practical
approach to this issue is to design a high directivity linear

antenna array with a narrow beamwidth in one princi-
pal plane and with wide beamwidth in the orthogonal
plane [5]–[10], and then to insist that the array be capa-
ble of steering its narrow beam in order to enlarge its
coverage.
Fig. 1 illustrates one practical application example of

the aforementioned antenna array for broadcasting wire-
less power to multiple remotely-located IoT devices, e.g.,
rectenna-enabled sensors used in a smart agricultural ecosys-
tem. Wide horizontal coverage of multiple sensor arrays
sparsely distributed at different elevations would be desired.
It is clearly seen that such an application requires a power
transmitting array that features high gain, wide horizontal
patterns and elevation beam-steering.
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FIGURE 1. Application example: Vertical-oriented linear HDAA broadcasting
wireless power to multiple battery-free IoT targets in a smart agriculture ecosystem at
different elevations with wide horizontal coverage, e.g., to anemometers on tall masts
that sense the wind speed, to temperature and humidity sensors embedded in crops,
and to moisture sensors at ground level near water sprinklers.

Linear antenna arrays with beam-steering or multi-beam
performance have been extensively studied, e.g., [11]–[24].
One very popular design methodology is to adopt a Butler
matrix as the beamforming feed network that excites a
linear array of antenna elements. Element choices have
included horn antennas [11], varieties of slot anten-
nas [12]–[17], microstrip patch antennas [18]–[20], modified
dipoles [21]–[24] and magnetoelectric (ME) dipole anten-
nas [25]. A challenge all of these designs share is being able
to simultaneously achieve a wide (3-dB) HPBW, e.g., larger
than 150◦ in the principal vertical plane that is orthogonal
to the array axis; high radiation efficiency; compact size;
and easy, cost-effective implementation on a single piece of
PCB substrate.
For instance, the four microstrip-line-fed double-ridge gap

waveguide (DRGW) horn antennas in [11] were arranged lin-
early and were excited by a 4×4 Butler maxtrix. Its HPBW
in that vertical, orthogonal plane was only 117◦. Moreover,
the required metallic fabrication costs are notably expensive.
Other reported examples that use quasi-unidirectional array
elements in a linear arrangement include beam-steerable
slot antenna arrays enabled by longitudinal slot radia-
tors [12]–[15], tapered slot antennas (TSAs) [16], and CP
slot elements [17]. All of these slot-based designs again
have narrow beamwidths in that vertical, orthogonal plane,
i.e., the largest achieved HPBW is less than 120◦ [17].
Multi-beam linear microstrip patch antenna arrays have also
been developed [18]–[20]. Their beamwidths in that ver-
tical orthogonal plane are again narrow, being restricted
by the beamwidth of each patch antenna element. Both
the slot and patch arrays achieve their quasi-unidirectional
performance by the presence of a large ground plane under
all of their elements. While the corresponding linear dipole
arrays [21]–[24] are able to achieve very wide beamwidths,

they radiate bidirectionally or require a large ground plane.
For example, the linear V-shaped dipole array reported
in [24] achieved a HPBW larger than 150◦. However, the
radiation pattern has a dip in the broadside direction due to
the V-shaped dipole structure. As a consequence, the peak
realized gain decreases and the cross polarization level is
high. On the other hand, a linear ME dipole antenna array
was developed in [25] that achieves a HPBW larger than
150◦. Nonetheless, the design requires multiple PCB layers
and its implementation is not easy.
We report in this paper the first comprehensive theoreti-

cal analysis of beam-steerable, broadside-radiating Huygens
dipole antenna arrays (HDAAs). Moreover, we report the
first design and realization an ultrathin HDAA prototype
based on a linear arrangement of electrically small, Huygens
dipole antennas (HDAs) along with measured results that
confirm its simulated performance characteristics, confirming
the efficacy of the HDAA concepts. The theoretical analysis
demonstrates the beam-steering performance characteristics
with different numbers of HDAs. The theoretical results and
the consequent advantages of HDAAs are highlighted and
confirmed with detailed, realistic simulations. Excellent radi-
ation performance is achieved that successfully addresses the
aforementioned challenges to achieve a high directivity beam
that is steerable in one principle plane and has a significantly
wide (3-dB) HPBW in the orthogonal principle plane. The
HDAAs exhibit attractive features including a large front-to-
back-ratio (FTBR), beam-steering with small gain variation,
and high radiation efficiency. Moreover, the reported realiz-
able linear HDAAs have the practical advantages of being
ultrathin, compact, easy to fabricate and low cost. An opti-
mized proof-of-concept linear HDAA prototype integrated
with a Butler matrix feed network was fabricated and tested
successfully, confirming the analysis and simulation results.
The developed linear HDAAs are ideal candidates for various
wireless applications, notably WPT-based ecosystems that
require power be directed towards IoT devices in multiple
specified directions with broad area coverage at each one,
e.g., as the base station WPT antenna system for power-
ing a large number of remotely distributed battery-free IoT
devices [26].
The remaining sections of this paper are organized as fol-

lows. The theoretical analysis is developed first in Section II,
supplemented with additional details in the Appendix. An
HDA excited by an ideal differential source and HDAAs
formed with it are introduced in Section III. The HDA is
a version of the innovative ultrathin electrically small HDA
reported in [27] as a WPT receiver at 915 MHz. It is mod-
ified herein to act as a transmitting element excited by an
ideal differential source at 2.45 GHz. The practical design
and implementation of HDAAs formed with this HDA are
then presented in Section IV. The measured results of an
optimized proof-of-concept prototype verify the efficacy of
the HDAA concept. Section V draws some conclusions.
All of the numerical simulations and their optimized

configurations reported herein were performed using the
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commercial software packages: MATLAB and ANSYS
Electromagnetics Suite (HFSS), v. 18. The simulation mod-
els employed the known, real properties of the associated
dielectrics and conductors.

II. THEORETICAL ANALYSIS OF BEAM-STEERABLE
HUYGENS DIPOLE ANTENNA ARRAYS
A brief review of the analysis and physics of a Huygens
dipole source is given, emphasizing its cardioid radiation
performance characteristics. The general analysis of an array
of Huygens dipole sources is then developed. Comparisons
with comparable arrays of electric dipole antennas are given
to elucidate the performance advantages that HDAAs offer.

A. HUYGENS DIPOLE SOURCE
As derived in the Appendix, the electric fields generated by a
balanced pair of an infinitesimal electric current (J) moment
Ie = I0� ŷ and a magnetic current (K) moment Im = −ηI0� x̂
in the far field are:

�Effω,J(�r) = jωμ I0�
e−jkr

4 πr

(
r̂ × r̂ × ŷ

)

�Effω,K(�r) = −jωμ I0�
e−jkr

4 πr

(
r̂ × x̂

)
(1)

Therefore, the total far field for an infinitesimal electric
and magnetic dipole pair is

�Effω,total(�r) = jωμ I0�
e−jkr

4 πr
�P(θ, φ)

�Hff
ω,total(�r) = 1

η
r̂ × �Effω,total(�r) (2)

where the angular variation of the vector field calculated with
the vector product expressions given in the Appendix is:

�P(θ, φ) = [(
r̂ × r̂ × ŷ− r̂ × x̂

)] = sin2 θ sin φ cos φx̂

−
(

cos2 θ + sin2 θ cos2 φ + cos θ
)
ŷ

+ [sin θ sin φ + sin θ cos θ sin φ]ẑ (3)

In the yz-plane with φ = π/2 one then has

�P(θ, φ = π/2) = −(1 + cos θ)
[
cos θ ŷ− sin θ ẑ

]
(4)

Similarly, in the zx-plane with φ = 0 one also has

�P(θ, φ = 0) = −(1 + cos θ)ŷ (5)

The cardioid factor: (1 + cos θ), characteristic of a Huygens
source field, is recognized immediately, i.e., the total fields
are null along the negative z-axis, where θ = π , and are
increased by a factor of 2 along the +z-axis.
The corresponding time-averaged Poynting’s vector and

the total power radiated are given by the expressions

�Stotal(�r) = 1

2
Re

{�Effω,total(�r) ×
[ �Hff

ω,total(�r)
]∗}

= 1

2η

∣∣∣�Effω(�r)
∣∣∣
2

(6)

Pradtotal =
‹
S2∞

d	 r̂ · �Stotal(�r) (7)

where S2∞ is the sphere (S2) centered on the origin and
whose radius is infinitely large. The directivity follows as

D(θ, φ) = 4πr2�Stotal(�r) · r̂
Pradtotal

(8)

Consequently, the balanced electric and magnetic dipole
pair gives

�S(�r) = 1

2
(k�)2η|I0|2 1

(4πr)2 (1 + cos θ)2r̂ (9)

Pradtot = (k�)2

6π
η |I|2 = 2 ×

[
π

3

(
�

λ

)2

η |I|2
]

(10)

Thus, the total power radiated is twice the total power radi-
ated by either dipole individually. The directivity follows as

D(θ, φ) = 4πr2�S(�r) · r̂
Pradtot

= 3

4
(1 + cos θ)2 (11)

Therefore, the maximum directivity of the electric-magnetic
dipole pair (N = 1), which is along the positive z-axis,
is 3, twice the value of either dipole alone confirming the
Harrington result [28], [29]: Dmax = N 2 + 2 × N = 12 +
2 × 1 = 3.

A MATLAB program was created to compute the
performance characteristics of an infinitesimal electric dipole
oriented along the y-axis and the basic Huygens dipole pair
with its electric and magnetic dipoles oriented, respectively,
along the +y and −x axes. The integrals of the total radi-
ated power (7) were calculated numerically. The directivity
of the electric and Huygens dipole antennas obtained in this
manner are shown in Fig. 2. The figure-eight pattern of the
dipole element in the principle vertical plane containing the
dipole (E-plane) and the omnidirectional pattern in the prin-
cipal vertical plane orthogonal to it and the cardioid pattern
of the Huygens element in both principal planes are clearly
identified. The peak directivity of the electric dipole antenna
and the HDA are 1.76 and 4.77 dB, respectively. The algo-
rithms to attain these results were integrated into the array
calculations considered next as test cases for them. Thus, as
will be illustrated below, a linear HDAA has two immediate
advantages over a linear array of electric dipole antennas,
i.e., it yields unidirectional rather than bidirectional patterns
and has a factor of 3 dB (2 times) larger peak directivity.

B. ARRAY OF HUYGENS DIPOLE SOURCES
The corresponding results for a finite number of electric
and magnetic current sources in three dimensions follows
by superposition. In particular, consider a set of N electric
and magnetic elemental current sources located at the points
�rn = xn x̂+ yn ŷ+ zn ẑ, n = 1, . . . ,N, in R

3:

�Jn(�r) = Ie,n�e,nδ(x− xn) δ(y− yn) δ(z− zn)ûn
�Kn(�r) = Im,n�m,nδ(x− xn) δ(y− yn) δ(z− zn)v̂n (12)

The electromagnetic fields in the far field of these sources
referenced to the coordinate origin follow immediately from
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FIGURE 2. The directivity pattern in the yz-plane for the electric dipole and the
Huygens dipole antennas. θ = 0◦ is the broadside direction.

the Appendix results (27) and (28):

�Effω,Jn
(�r) = +jω μIe,n�e,n

e−jkr

4 πr
e+j kr̂·�rn

(
r̂ × r̂ × ûn

)

�Hff
ω,Kn

(�r) = +jω εIm,n�m,n
e−jkr

4 πr
e+j kr̂·�rn

(
r̂ × r̂ × v̂n

)
(13)

Consequently, with balanced current moments: Im,n�m,n =
ηIe,n�e,n = ηIn� and with Eq. (25), the electric fields radiated
into the far field by each of the electric and magnetic current
sources of an N-element linear Huygens array are:

�Effω,Jn
(�r) = +jω μIn�

e−jkr

4 πr
e+j kr̂·�rn

(
r̂ × r̂ × ûn

)

�Effω,Kn
(�r) = +jω μIn�

e−jkr

4 πr
e+j kr̂·�rn

(
r̂ × v̂n

)
(14)

giving the total electric field

�Effω,total(�r) = +jω μ�
e−jkr

4 πr

{
N∑

1

[
Ine

+j kr̂·�rn
]

× [(
r̂ × r̂ × ûn

) + (
r̂ × v̂n

)]
}

(15)

Clearly, the standard array factor and element factors
can be identified. The total electric field radiated by the
N-element Huygens array into the far field becomes:

�Effω,total(�r) = +jω μ�
e−jkr

4 πr

×
N∑

n=1

AFn,total(θ, φ)
−−→
EVFn,total(θ, φ) (16)

where the array factor and element vector factor are,
respectively,

AFn,total(θ, φ) = Ine
+j kr̂·�rn

−−→
EVFn,total(θ, φ) = r̂ × r̂ × ûn + r̂ × v̂n (17)

Since all of the electric and magnetic dipoles of each
Huygens pair are taken to be oriented the same, i.e., the
electric dipoles are oriented as +ŷ and the magnetic dipoles
are oriented as −x̂, the element vector factor is the same for
all elements and the more standard array far-field expression
is attained from (16):

�Effω,total(�r) = +jω μ�
e−jkr

4 πr
× AFtotal(θ, φ) × −−→

EVF(θ, φ)

(18)

where the terms:

AFtotal(θ, φ) =
N∑

n=1

Ine
+j kr̂·�rn

−−→
EVF(θ, φ) = r̂ × r̂ × ŷ− r̂ × x̂ = �P(θ, φ) (19)

Several idealized HDAA results are now immediately
accessible. We assume for simplicity and ease of notation
that each array has an odd number of elements. It is assumed
that all of the magnitudes of the sources are the same, i.e.,
|In| = I0, and that the Huygens elements are displaced uni-
formly along the y-axis with the center-to-center distance
being d. The element vector factor is known from the sin-
gle element analysis. We take with no loss of generality the
standard element separation distance d = λ/2.

The patterns in the E-plane (yz-plane with φ = π/2)
and the H-plane (zx-plane with φ = 0) are presented.
The steerable beam direction is specified in the E-plane
by the angle (θ, φ) = (θ0, φ0 = π/2). Thus, we have
kr̂ · �rn = nkd sin θ sin φ − sin θ0. To achieve a tilted beam
in the yz-plane pointing in the θ0 direction, a constant
phase factor is introduced with the source amplitudes.
The amplitudes relative to the center of the array take
the form: In = I0 exp{j[n − (N − 1)/2] kd sin θ0 sin φ0} for
n = 1, 2, . . . ,N with, as noted, φ0 = π/2. Thus, the array
factor takes on the conventional form

AFtotal(θ, φ) = I0

N∑

n=1

e+j [n−(N−1)/2]kd (sin θ−sin θ0) (20)

The calculated directivity patterns in both principal planes
for the single, three, and nine HDA element arrays that gen-
erate broadside beams pointing in the direction (θ = 0◦, φ =
90◦) are shown in Fig. 3. The maximum directivity for the
one, three and nine element arrays is 4.77 dB (3), 9.17 dB
(8.26) and 13.83 dB (24.15). We note that the approxi-
mate maximum directivity as obtained with [30](6-44) for a
broadside-radiating array of nine isotropic elements is only
Dmax ≈ 2N(d/λ) = 9 = 9.54 dB.

Similarly the calculated directivity results for the single,
three, and nine HDA element arrays that generate beams
pointing in the direction (θ = 30◦, φ = 90◦) are shown
in Fig. 4. Their peak directivity values are 4.77 dB (3),
8.94 dB (7.84) and 13.61 dB (22.96). Note the narrowing of
the HPBW of the beams in the E-plane and the maintenance
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FIGURE 3. Directivity patterns in the two principal vertical planes for the one, three
and nine element Huygens dipole antenna array radiating in the broadside direction.

FIGURE 4. Directivity patterns in the two principal vertical planes for the one, three
and nine element Huygens dipole antenna array radiating a directive beam pointed at
(θ = 30◦, φ = 90◦) from in the broadside direction.

of the very wide HPBW in the H-plane in both the broad-
side and beam-tilted cases as the number of array elements
increases.
Comparisons of the nine element HDAA and the corre-

sponding nine element electric dipole array for broadside
(θ0 = 0◦) and θ0 = 30◦ directed beams are shown in
Figs. 5(a) and 5(b), respectively. It is clear then that the
Huygens dipole array yields slightly more than a 3 dB
increase in the directivity over the array of electric dipole
elements. The peak directivity of the HDA and dipole arrays
is, respectively, 13.83 dBi and 9.66 dB in the broadside case
and 13.61 and 9.66 dBi in the 30◦ case. The huge difference
between them can be seen in the back direction where the
dipole radiates with a FTBR = 0 dB versus FTBR ∼ ∞ for
the HDA array.
While its array factor is exactly pointed at θ0 = 30◦,

the maximum directivity of the HDAA differs very slightly
from that direction simply because of the Huygens element
pattern. The calculated maximum directivity of the three and
nine element HDA arrays as the beam angle θ0 is scanned
from 0◦ to 90◦ is presented in Fig. 6. The directivity when
θ0 = 90◦ is 7.07 and 10.87 dB, for the three and nine
element HDAA, respectively. The difference from the peak
directivity in each case: 9.17 and 13.83 dB, is 2.10 and
3.56 dB, respectively. Thus, because of the very wide HPBW

FIGURE 5. Directivity patterns in the principal vertical plane φ = 90◦ for the nine
element HDA and electric dipole arrays. (a) Beam pointed in the broadside direction.
(b) Beam pointed away from broadside.

FIGURE 6. The maximum directivity in the yz-plane of the three and nine element
HDAAs as functions of the beam angle θ0.

of an HDA, the 3-dB rolloff point of the HDAAs is pushed
far towards the horizon. This is another interesting practical
aspect of the HDAAs.

III. HDA EXCITED BY AN IDEAL DIFFERENTIAL SOURCE
AND LINEAR HDAAS FORMED WITH IT
The proper selection of the single-element HDA is essential
to achieve a high performance beam-steering array design.
Among the many previously reported single-element HDA
designs, e.g., the electrically small HDAs developed in [27],
[31]–[33] and the related half-wavelength sized complemen-
tary magnetoelectric (ME) dipole antennas [34]–[38], the
HDA in [27] was selected as the ideal candidate. In partic-
ular, it is an exceptionally thin, single-substrate electrically
small HDA that was developed as a receiving element for
WPT applications which do not require a wide bandwidth.

A. SINGLE HDA EXCITED BY AN IDEAL DIFFERENTIAL
SOURCE
Its simulation model is shown in Fig. 7. The entire system is
designed on a single piece of Rogers Duroid 5880 copper-
clad substrate whose relative permittivity, loss tangent and
thickness are 2.2, 0.0009 and 0.508 mm, respectively. This
HDA consists of two electrically small metamaterial-inspired
near-field resonant parasitic (NFRP) elements, an Egyptian
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FIGURE 7. Optimized design of the ultrathin electrically small Huygens dipole
antenna excited by an ideal differential source.

axe dipole (EAD) which acts as the electric dipole ele-
ment and a capacitively-loaded loop (CLL) which acts as
the magnetic dipole element. They are etched on opposite
sides of the substrate. A short driven dipole is located on the
same side as the CLL element and oriented along the y-axis.
Its operating mechanisms are detailed in [27]. The original
915 MHz receiving design was integrated directly with a
rectifier; it was modified herein to operate as a transmit-
ter at 2.45 GHz. The optimized parameters of this ultrathin
design at 2.45 GHz, i.e., 0.508 mm = λ0/240.97, in terms of
millimeters are: L1 = 37.0, L2 = 7.6, L3 = 4.2, L4 = 21.2,
L5 = 8.2, L6 = 5.2, W1 = 9.2, W2 = 0.8, W3 = 2.0,
W4 = 1.5, W5 = 0.4, DGap1 = 1.0, and DGap2 = 2.0.
The simulated |S11| and realized gain values of the HDA

as functions of the source frequency are shown in Fig. 8(a).
The HDA is resonating at the target frequency, 2.45 GHz
(λ0 = 122.36 mm), in the 2.4–2.5 GHz ISM and WLAN
bands. It is electrically small with ka = 0.97 < 1. The
cardioid-shaped gain patterns radiated by the ideal (theoret-
ically calculated in the Appendix) and realistic (simulated)
HDAs at 2.45 GHz are shown in Fig. 8(b). The simulated
results clearly agree quite well with the theoretical ones.
The simulated (theory calculated) peak realized gain and
FTBR values are 4.2 dBi (4.77 dBi) along the +z-direction
and 18.2 (∞) dB, respectively. Analogous to the theoretical
results, the simulated Huygens patterns are almost identical
for both vertical planes, e.g., the E-plane with φ = 90◦ and
the H-plane with φ = 0◦. The simulated HPBWs for the
E- and H-planes are 130◦ (± 65◦) and 138◦ (−64◦ to 74◦),
respectively. They are very close to the theoretical value,
132◦ (± 66◦). The slight asymmetry in the simulated H-
plane is due to the fact that the EAD and CLL radiators do
not lie on the same surface; and, hence, it is associated with
the thickness of the 5880 substrate.

B. HDAA DESIGN AND BEAM-STEERING
PERFORMANCE
The unidirectional cardioid pattern radiated by the ultrathin
HDA, its consequent 3 dB enhanced directivity over a simple
dipole antenna, its very wide HPBW, and its ultrathin and
compact size make it a very attractive element for a linear
array. The developed uniform HDAA arrangement is illus-
trated in Fig. 9. The center-to-center distance between each

FIGURE 8. Simulated performance of the HDA design. (a) |S11| and realized gain
values as functions of the source frequency. (b) Simulated and theoretical realized
gain patterns at 2.45 GHz in the two principal vertical planes.

FIGURE 9. Configuration of the linear HDAA excited by ideal differential sources.

of the elements is Dspace. As anticipated from the theoretical
analysis, high directivity beams with small variations in its
peak realized gain value as the beam is steered in the E-plane
(φ = 90◦) and a broad beamwidth in the H-plane (φ = 0◦)
are achieved simultaneously as the HFSS simulation models
confirm.
Both 3-element and 9-element HDAAs have been consid-

ered as proof-of-concept designs. The choice of the number
of elements to be used in an array depends mainly on
the specifications associated with its intended applications
as well as its fabrication and implementation costs. The
choice to develop the 3-element HDAA was simple – it is
a cost effective, low complexity, easy to fabricate and mea-
sure proof-of-concept pathfinder. It clearly demonstrates the
emphasized performance characteristics, i.e., beam steering
and broad and stable gain coverage, when the array ele-
ments are HDAs. It employs a 3 × 3 version of a low-cost
microstrip Butler matrix (BM) feed network which can be
scaled to an array of many more elements. It demonstrates
that both the HDAA and BM feed network can be real-
ized on a single, ultrathin PCB substrate. It also confirms
the analytical and simulation results. Larger HDAAs, e.g.,
a 9-element array, realize higher maximum gain and nar-
rower beams as the theory and simulations show. These
are desired properties for long distance applications such as
wireless powered sensor networks. Nevertheless, the real-
ization of its feed network would have been substantially
more complicated and expensive, and the resulting HDAA
system would not have provided any additional noteworthy
fundamental information.
The spacing between the elements was selected to be

Dspace = 0.45 λ0. This choice represents a tradeoff between
the size of the array and the resulting peak directivity and
FTBR values. As shown in Fig. 10, the simulated peak direc-
tivity values are 12.5, 13.9 and 14.5 dBi, and the FTBR
values are 8.8, 18.2 and 33 dB, respectively, when the ele-
ment spacing is 0.35 λ0, 0.45 λ0, and 0.55 λ0. Both the peak
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FIGURE 10. Simulated directivity patterns of 9-element HDAAs with different
element spacing fed by ideal differential sources at 2.45 GHz.

FIGURE 11. Beam-steering performance comparison of the simulated and
theoretical HDAA results. E-plane (left) and H-plane (right) directivity patterns with 0◦,
±60◦ and ±120◦ phase progression of the elements. (a) 3-element HDAA.
(b) 9-element HDAA.

gain and FTBR values decrease if the element spacing is too
small. Moreover, well-formed Huygens directivity patterns
are obtained once it exceeds 0.45 λ0. While the directivity
and FTBR values reach their peak values if the spacing is
0.55 λ0, the 0.45 λ0 spacing was selected for our prototype
because a more compact array is realized without sacrificing
much performance.
A comparison of their simulated beam-steering

performance with the corresponding theoretical HDAAs
formed with the ideal HDA element are shown in Figs. 11(a)
and 11(b), respectively. Very good correspondence between
the performance of the practical and ideal systems is demon-
strated. The left subplots present the E-plane directivity
patterns when their ports are excited by the same amplitude
and with five phase progressions along the array (y-axis),
i.e., −120◦, −60◦, 0◦, +60◦ and +120◦. The E-plane
patterns clearly demonstrate the desired beam-steering
performance. The beams are symmetrical and the peak
directivity variation is very small, i.e., the peak values of
the beams in Fig. 11(a) for the five phase progressions
are 8.7, 9.0, 9.2, 9.0 and 8.7 dBi, a maximum spread of

FIGURE 12. Configuration of the HDA excited by a coplanar twin-line integrated with
a 50-� power divider with differential outputs.

0.5 dBi. Note that this small gain variation is in accord with
the theoretical results displayed in Fig. 5. The demonstrated
scan angles completely cover 130◦ from −65◦ to +65◦.
The right subplots present the H-plane patterns when the
beam is pointing towards the broadside direction, i.e., along
the +z-axis towards (θ = 0◦, φ = 0◦). The HPBW in
the H-plane is wide: 126◦ from −58◦ to +68◦. A large
front-to-back-ratio (FTBR) value, 19.0 dB, is attained.
The expected higher directivity of the beams radiated by

the 9-element HDAA is clearly seen in Fig. 11(b). The
beam-steering performance in the E-plane again shows peak
directivity variations that are small, < 0.7 dBi, with values
ranging between 13.2 and 13.9 dBi The resulting beam direc-
tions for the 5 phase progressions are −47◦, −22◦, 0◦, +22◦
and +47◦, respectively. All of the first sidelobe levels are less
than −11.9 dB. While the beams in the E-plane are narrow,
the beamwidth in the H-plane is still very wide and covers
117◦ from −59◦ to +68◦. The FTBR is 18.2 dB, slightly
lower than the 3-element array due to the increased mutual
coupling that occurs with the larger number of elements in
the array.

IV. CO-PLANAR DIFFERENTIAL POWER-DIVIDER
IMPLEMENTATION OF THE HDA AND SUBSEQUENT
LINEAR HDAAS
The practical realization of the single HDA excited by a
microstrip power divider with differential outputs is shown
in Fig. 12. The HDA remains the same as in the previous
designs. Instead of an ideal source, the short driven dipole
is now connected to a coplanar microstrip feedline inte-
grated with a power divider having differential outputs. As
illustrated, the power divider yields equal amplitudes, but a
180◦ phase difference. The simulated |S11| and realized gain
values as functions of the source frequency are presented
in Fig. 13(a). The HDA remains resonant at the target
frequency, 2.45 GHz, and the −10-dB impedance bandwidth
now covers 78 MHz from 2.417 to 2.495 GHz, a 3.18% FBW,
which is quite satisfactory for the intended narrowband WPT
applications. The peak realized gain value is 5.0 dBi and the
FTBR reaches 19.8 dB.
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FIGURE 13. Simulated performance of the HDAA whose elements are excited by the
co-planar twin-line feed structure with differential outputs. (a) |S11| and realized gain
values as a function of the source frequency. (b) Realized gain patterns at 2.45 GHz in
the two vertical planes.

FIGURE 14. Configuration of the linear HDAA whose elements are excited by the
co-planar twin-line feed structure with differential outputs.

Fig. 13(b) shows the realized gain patterns in the two ver-
tical planes. The patterns are now very symmetric in both
vertical principal planes. The HPBW of the H-plane pattern
covers 166◦ from −80◦ to +86◦. Because of the presence
of the larger ground plane necessitated by the power divider
circuit, the realized gain patterns in the two vertical planes
remain cardioid in shape with the same peak and FTBR
values, but their shapes are no longer identical. Those peak
values change only by 0.8 dB over the entire impedance
bandwidth. The realized gain values in the entire upper hemi-
sphere of the H-plane pattern are larger than 1.0 dBi, yielding
a gain variation of only 4.1 dB over its 180◦ span.

A. HDAA DESIGN AND ITS BEAM-STEERING
PERFORMANCE
Both the 3-element and 9-element HDAAs excited by the
power divider with differential outputs were simulated.
The HDAA configuration is shown in Fig. 14. The spac-
ing between the adjacent two elements is again set to
Dspace = 0.45 λ0.

The simulated beam performance of the linear 3-element
HDAA is shown in Fig. 15(a). The left subplot presents
the E-plane realized gain patterns with the HDAA elements
excited with the same amplitude and the −120◦, −60◦, 0◦,
+60◦ and +120◦ phase progressions. The steered-beams
are symmetrical with respect to the broadside direction.
Moreover, the peak realized gain varies only 0.4 dBi from
8.4 to 8.8 dBi. The right subplot presents the corresponding
the H-plane realized gain pattern for the broadside radiated
beam. The beam scan in the E-plane continuously covers
124◦ from −63◦ to +61◦. The HPBW of the H-plane pat-
tern is very broad, covering 165◦ from −78◦ to +87◦. The
FTBR is 16.4 dB.

FIGURE 15. Beam-steering performance of the HDAA whose elements are excited
by the co-planar twin-line feed structure with differential outputs. E-plane (left) and
H-plane (right) directivity patterns when the elements are excited with equal
amplitudes and with the −120◦ , −60◦ , 0◦ , +60◦ and +120◦ phase progressions.
(a) 3-element. (b) 9-element.

The beam-steering performance of the 9-element array is
presented in Fig. 15(b). The steered-beams are completely
symmetrical with respect to the broadside direction. The peak
realized gain variation is only 0.4 dBi from 12.5 to 12.9 dBi
when their ports are excited with the same amplitude and
with the −120◦, −60◦, 0◦, +60◦ and +120◦ phase progres-
sions. The beam pointing angles are −47◦, −22◦, 0◦, +22◦
and +47◦, respectively. All of the sidelobe levels are lower
than −10.5 dB. A wide HPBW is observed in the H-plane
pattern which covers 157◦ from −74◦ to +83◦. The FTBR
is 15.4 dB. The FTBR is 15.4 dB, slightly lower than the
3-element array due to the increased mutual coupling effects
between the larger number of elements in the array.
Fig. 16 presents the simulated active VSWR and mutual

coupling performance of the 9-element HDAA as func-
tions of the source frequency. Ports #1 to #9 are assigned
from the left to the right of the array. The active VSWR
values [39], [40] are obtained when all of the elements are
excited with equal amplitudes and with the −120◦, −60◦,
0◦, +60◦ and +120◦ phase progressions. These results are
shown in Figs. Fig. 16(a)−(e). It is observed that the VSWR
values for all nine ports change within a limited range when
the scanning angle varies. They are symmetrical with respect
to the broadside direction. The overlapped bandwidth for the
active VSWR < 2.5 is 600 MHz from 2.425 to 2.485 GHz.
Note that this range is sufficient for our targeted WPT appli-
cations which do not require wide bandwidths. Moreover, the
mutual coupling values |Sij| between the adjacent ports of the
array, i.e., i = j+1, in the broadside beam case are shown in
Fig. 16(f) when port j was driven and all of the other ports
were matched to 50 	. All of the mutual coupling values
are small, less than −12.5 dB from 2.425 to 2.485 GHz.

VOLUME 2, 2021 961



LIN AND ZIOLKOWSKI: THEORETICAL ANALYSIS OF BEAM-STEERABLE, BROADSIDE-RADIATING

FIGURE 16. Active VSWR of the 9-element HDAA as functions of the source
frequency when the elements are excited with equal amplitudes and with the
(a) −120◦ , (b) −60◦ , (c) 0◦ , (d) +60◦ and (e) +120◦ phase progressions. (f) Associated
mutual coupling levels between adjacent ports.

With these excellent beam performance characteristics in
the E- and H-planes, the HDAA excited by the power divider
with differential outputs is an ideal candidate for wireless
applications requiring one point to multi-point high directiv-
ity transmissions in one principal vertical plane and broad
radiation coverage in the vertical orthogonal one.

B. IMPLEMENTATION AND MEASUREMENT OF THE 3 × 3
BUTLER MATRIX-FED LINEAR 3-ELEMENT HDAA
A proof-of-concept prototype of the 3-element HDAA
excited by the by the co-planar twin-line feed structure
with differential outputs was realized with a 3 × 3 Butler
matrix (BM) implementation. It was fabricated and tested.
The entire antenna array configuration is shown in Fig. 17.
The air gaps between each HDA element proved to be a
very effective decoupling approach. The 3 × 3 BM con-
sists of three 3 dB couplers realized with microstrip lines.
When each port, Port#1 to Port#3, of the Butler matrix is
excited, the three output ports, Port#4 to Port#6, have the
same amplitude, but with a specific phase progression. They
are connected to the three HDA elements. Detailed design
guidelines of the BM can be found in [23].
Fig. 18 presents the simulated results of the BM alone.

All of its outputs have very close amplitudes at and near
the targeted 2.45 GHz frequency. Their transmission level

FIGURE 17. Design configuration of the 3 × 3 Butler matrix.

FIGURE 18. Simulated amplitude and phase performance of the S-parameters of the
3 × 3 Butler matrix when each port is excited separately. (a) Port#1. (b) Port#2.
(c) Port#3.

is about −4.8 dB when each port is excited. However, they
have distinct phase progressions. In particular, all of the
output ports have the same phase when Port#1 is excited. The
phase progression is −120◦ (delayed response from Port#4
to Port#6) when Port#2 is excited. The phase progression
is +120◦ (advanced response from Port#4 to Port#6) when
Port#3 is excited. Both the amplitude and phase difference
of the BM are stable across a very wide bandwidth.
The simulated 3D realized gain patterns of the HDAA

when each input port is excited separately are shown
in Fig. 19. When one port is excited, the other two
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FIGURE 19. Simulated 3D beam-steered radiation patterns of the HDAA when each
input port of the BM is excited separately, the other two being terminated in matched
loads.

FIGURE 20. Fabricated 3 × 3 Butler matrix-fed 3-element linear HDAA.

are terminated with a 50-	 load. Good beam-steering
performance is realized in the E-plane (left); broad angu-
lar coverage is attained. The patterns are very wide in the
H-plane (right). Thus, the 3-state system achieves both high
directivity and broad angular coverage.
The BM-excited HDAA was fabricated with low-cost

PCB manufacturing technology. A photo of it is shown
in Fig. 20. Three female SMA connectors were adopted
as the signal input ports. The |S11| values were mea-
sured with a vector network analyzer (VNA) from Keysight
TechnologiesTM . The radiation patterns were measured in a
near-field multi-probe anechoic chamber system.
Figs. 21(a), 21(b), and 21(c) show the measured and simu-

lated |S11| and realized gain values as functions of the source
frequency when Port#1, Port#2 and Port#3 are excited,
respectively. The measured and simulated results are in rea-
sonably good agreement. The overlapped −10-dB impedance
bandwidth covers 110 MHz from 2.395 to 2.505 GHz, a 5.5%
FBW. The realized gain values are stable over this impedance
bandwidth. Again, this bandwidth is significantly more than
sufficient for the intended WPT applications. Moreover, if
coverage were desired for short range, low power Wi-Fi
communications, e.g., in a WLAN or with a wireless sensor
network, or for a higher power, longer range information
exchange with, e.g., a drone swarm, it is more than the
100 MHz bandwidth needed to cover the entire 2.4 GHz
Industrial, Scientific and Medical (ISM) band. The measured
peak realized gain values are 7.6, 7.3, and 7.1 dBi, when
Port#1, Port#2 and Port#3 are excited, respectively. Thus,
the peak realized gain variation for all three beams was

FIGURE 21. Measured and simulated |S11| and realized gain values as a function of
the source frequency when (a) Port#1; (b) Port#2; and (c) Port#3 are excited
separately. (d) Measured and simulated H-plane normalized realized gain patterns
when Port#1 (broadside radiated beam) is excited.

FIGURE 22. Measured (dashed lines) and simulated (solid lines) beam-steered
E-plane normalized realized gain patterns of the 3 × 3 BM-fed linear 3-element HDAA
prototype when its three ports are excited separately.

only 0.5 dBi. Fig. 21(d) shows the measured and simulated
normalized H-plane realized gain patterns when Port#1 is
excited. A very wide HPBW was realized for this broadside
radiated beam case that covers 170◦ from −86◦ to +84◦. A
high FTBR, 18.0 dB, was attained.
Fig. 22 shows the measured and simulated normalized

radiation patterns when the three ports are individually
excited. The measured and simulated results are in very
good agreement. The combined E-plane patterns cover a
wide angular range. When the beam angle varies over 121◦
from −63◦ to +58◦, the measured gain variation was only
3.1 dB. Wide-angle coverage in both the E- and H-planes
was thus demonstrated.
Table 1 compares the performance characteristics of the

developed HDAAs with several other beam-steering linear
antenna arrays reported in the literature. In contrast to those
systems, our designs employ much smaller elements and,
hence, are more dense, yet they achieve relatively better
peak realized gains and beamwidths in the vertical plane
orthogonal to the array axis. Moreover, our systems exhibit
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TABLE 1. Performance comparison of linear antenna arrays with steerable beams.

the highest antenna efficiencies. These attractive features
are highlighted in bold text in the table. Furthermore, the
HDA element and, hence, a linear HDAA formed with them
is readily scaled to other frequency bands. Consequently,
because of the simplicity and ultrathin nature of its design
and the high quality board material employed to real-
ize it, analogous versions of our HDAAs at the much
higher frequencies of the comparison systems will exhibit
essentially the same high efficiencies.

V. CONCLUSION
The theoretical analysis, design simulations and measure-
ments of a set of ultrathin, electrically small Huygens dipole
antennas and the uniform linear arrays constructed with those
HDA elements were reported. All of the HDAAs exhibited
very wide HPBWs in their H-planes and stable gain variation
when the beams they radiated were steered in their E-planes.
The practical HDAA designs were shown to closely approach
those of the ideal systems. A proof-of-concept prototype
confirmed the simulated performance characteristics.
With the demonstrated performance characteristics and the

attractive practical features such as being ultrathin and real-
izable with low-cost PCB fabrication, the innovative HDAA
systems are ideal candidates for wireless applications that
require both short or long distance and multi-user coverage.
IoT examples include using them as base station antennas to
wirelessly power multiple remotely distributed battery-free
elements in a sensor network and to act as the data gateway
that collects the data they generate. Moreover, an HDAA
in which each HDA is integrated with a rectifier as was
achieved in [27] is an ideal candidate as a WPT rectenna
array. Because, as noted, our HDA design is readily scaled
to many other frequency bands, the associated HDAAs will
share the properties described and validated herein. Thus,

HDA-based rectenna arrays have the potential to impact
many WPT receiver applications associated, for example,
with wireless powered IoT systems [41] and with solar
power satellite (SPS) and other point-to-point microwave
and millimeter-wave power beaming systems [42], [43].

APPENDIX
FAR-FIELDS OF ELECTRIC AND MAGNETIC DIPOLE
SOURCES
Because textbooks, e.g., [30], typically only discuss the fields
radiated by electric and magnetic currents when their dipole
moments are oriented along the z-axis rather than being in
an arbitrary direction, we consider that more general case.
Recall that the magnetic, �Aω(�r), and electric, �Fω(�r), Lorentz
vector potentials in the Lorentz gauge that are associated with
the single frequency electric, �Jω(�r), and magnetic, �Kω(�r),
current sources are the well-known convolution solutions of
the Helmholtz equations they satisfy that relate them directly
to those sources, i.e., [30]:

�Aω(�r) =
˚

V
Gω

(�r, �r′)
[
μ�Jω

(�r′)
]
d3�r′

�Fω(�r) =
˚

V
Gω

(�r, �r′)
[
ε �Kω

(�r′)
]
d3�r′ (21)

where V is a volume containing the sources with the source
volume element being d3�r′ and the Green’s function of the
Helmholtz operator for outgoing waves being

Gω

(�r, �r′) = e−j k|�r−�r′|

4 π |�r − �r′| (22)

Then, with the textbook far-field approximation for the
distance from the source points: |�r − �r′| ∼ r − r̂ · �r′, the
far-field vector potential expressions follow immediately:
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�Affω(�r) = μ
e−jkr

4 πr

˚
V
e+j kr̂·�r′ �Jω

(�r′)d3�r′

�Fffω(�r) = ε
e−jkr

4 πr

˚
V
e+j kr̂·�r′ �Kω

(�r′)d3�r′ (23)

They both have the form of a medium parameter times
a spherical wave with respect to the origin of the observa-
tion coordinates modified by the three-dimensional Fourier
transform of the current densities. Note that these Fourier
transforms depend only on the observation angles θ and φ

since only the unit radial vector is present in them, i.e.,
r̂ = �r/r = sin θ cos φx̂+ sin θ sin φŷ+ cos θ ẑ.

With the appropriate identities for and manipulations of the
grad, curl and div operations required to represent the electric
and magnetic fields in terms of those vector potentials and
remembering that the associated derivative operations act on
the observation coordinates, not the source ones, the far-field
expressions of the electric and magnetic fields associated
with electric and magnetic current sources are obtained in a
straightforward manner:

�Effω,J = −jω
{�Affω − r̂

[
r̂ · �Affω

]}

≡ +jωr̂ ×
[
r̂ × �Affω

]

�Hff
ω,J = 1

η

(
r̂ × �Effω,J

)
(24)

�Hff
ω,K = +jωr̂ ×

[
r̂ × �Fffω

]

�Effω,K = −η
(
r̂ × �Hff

ω,K

)
(25)

where the wave impedance η = √
μ/ε. These results recover

the well-known fact that the far fields are transverse elec-
tromagnetic (TEMr) with respect to the unit vector in the
observation direction, r̂ [30]. If both electric and magnetic
current sources are present simultaneously, the total fields
are then obtained by superposition, i.e., they simply are the
sum of the fields arising from each source separately.
Consider now the idealized electric and magnetic elemen-

tal current sources located at the point �r0 = x0 x̂ + y0 ŷ on
the xy-plane:

�J = Ie�eδ(x− x0) δ(y− y0) δ(z)û
�K = Im�mδ(x− x0) δ(y− y0) δ(z)v̂ (26)

where Ie�e and Im�m represent the electric and magnetic
current moments with units A− m, i.e., the current density
units are A/m2. The electromagnetic fields in the far field
of these xy-plane sources referenced to the coordinate origin
follow immediately from (24) and (25):

�Effω,J = −jω μIe�e
e−jkr

4 πr
e+j kr̂·�r0

{
û− r̂

[
r̂ · û]}

= +jω μIe�e
e−jkr

4 πr
e+j kr̂·�r0

(
r̂ × r̂ × û

)

�Hff
ω,J = 1

η

(
r̂ × �Effω,J

)

= +jω ε

(
Ie�e
η

)
e−jkr

4 πr
e+j kr̂·�r0

(−r̂ × û
)

(27)

�Hff
ω,K = +jω εIm�m

e−jkr

4 πr
e+j kr̂·�r0

(
r̂ × r̂ × v̂

)

�Effω,K = +jω μ

(
Im�m

η

)
e−jkr

4 πr
e+j kr̂·�r0

(
r̂ × v̂

)
(28)

It is clear from these expressions that both the electric
and magnetic current sources radiate fields that are TEMr in
the far field. Moreover, the expressions in (28) are the dual
of those in (27).
Consider now an elemental HDA located at the coordi-

nate origin. It is obtained when the elemental electric and
magnetic current density amplitudes are taken to be a bal-
anced pair, i.e., with Ie�e = I0� and Im�m = ηI0�. Moreover,
let their vector directions be specified to match the Huygens
dipole antenna configuration in the numerical model, i.e., let
û = ŷ and v̂ = −x̂. This choice, of course, emphasizes the
z-axis as the preferred broadside direction, i.e., û× v̂ = +ẑ.
The electric fields, Eq. (1), follow immediately, i.e.,

�Effω,J(�r) = jωμ I0�
e−jkr

4 πr

(
r̂ × r̂ × ŷ

)

�Effω,K(�r) = −jωμ I0�
eikr

4 πr

(
r̂ × x̂

)
(29)

Moreover, with the radial unit vector written in terms of
Cartesian coordinates, one has

r̂ × x̂ = cos θ ŷ− sin θ sin φẑ

r̂ × r̂ × x̂ = −
(

sin2 θ sin2 φ + cos2 θ
)
x̂

+ sin θ sin φ cos φŷ+ sin θ cos θ cos φẑ

r̂ × ŷ = − cos θ x̂+ sin θ cos φẑ

r̂ × r̂ × ŷ = sin2 θ sin φ cos φx̂

−
(

sin2 θ cos2 φ + cos2 θ
)
ŷ+ sin θ cos θ sin φẑ

The explicit expression of the vector pattern of the far-fields,
Eq. (3), follows straightforwardly.
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