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Electrically Small, Low Profile, Highly Efficient,
Huygens Dipole Rectennas for Wirelessly
Powering Internet-of-Things (IoT) Devices

Wei Lin, Member, IEEE, Richard W. Ziolkowski, Fellow, IEEE and Jianquan Huang

Abstract — Wireless power transfer (WPT) technologies are a
major trend for emerging Internet-of-Things (IoT) applications.
Because they negate the need for heavy, bulky batteries and can
power multiple elements simultaneously, WPT systems enable
very compact, ubiquitous IoT wireless devices. However, the
realization of high performance, ultra-compact (electrically small)
rectennas, i.e., the rectifying antennas that enable mid-range and
far-field WPT, is challenging. We present the first electrically
small (ka < 0.77) and low profile (0.04 Ag) linearly (LP) and
circularly (CP) polarized WPT rectennas at 915 MHz in the IMS
band. They are facilitated by the seamless integration of highly
efficient rectifiers, i.e., RF signal to DC power conversion circuits,
with electrically small Huygens dipole LP and CP antennas. Their
optimized prototypes have cardioid, broadside radiation patterns
and effective capture areas larger than their physical size.
Experimental results validate that they achieve an 89% peak AC-
to-DC conversion efficiency, effectively confirming that they are
ideal candidates for many of the emerging IoT applications.

Index Terms — Electrically small rectennas, Huygens radiation
pattern, internet-of-things (IoT), rectifier circuits, wireless power
transfer.

INTRODUCTION

he concept of wireless power transfer (WPT) — transferring

power from one point to another separate point wirelessly -
can be traced back to Nikola Tesla and his experiments
attempting to prove his conjectures at the turn of the 20th
century [1], [2]. These non-radiative energy transference
concepts have evolved into current near-field and short-range
non-radiative-based WPT devices that recharge batteries in cell
phones and EVs (electric vehicles) [3] — [6], as well as active
implantable medical devices (AIMDs) and pacemakers [7], [8].
Aside from these near-field WPT applications, far-field
microwave power transfer (MPT) enables long distance
wireless power transmission. The first MPT system was
demonstrated by W. C. Brown at Raytheon in 1963 [9]. These
far-field radiative MPT systems continue to be investigated [10]
—[13].
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The more recent pursuit of the Internet of Things (IoT)
paradigms [14] has led to the intense development of a variety
of far-field WPT technologies particular to the fifth generation
(5G) of wireless systems [15]. It is expected that the associated
ubiquitous wireless electronic devices have the potential to
revolutionize many aspects of human life. They are being
employed not only in consumer areas like communications,
personal entertainment, smart homes, intelligent transportation
systems, and smart cities, but also for security and health-care
applications. However, the lack of compact, long-lasting
portable power sources has hindered the deployment of many
IoT concepts, e.g., current battery and supercapacitor systems
are too large, too heavy, or too short-lived. Moreover, the next
generation of sensors and control systems are embedded in the
IoT electronic devices [16] — [19]. Consequently, any battery
replacement will be difficult or even impractical. For these
reasons, it is important to avoid the traditional battery as a
power source and to develop new efficient and reliable ways to
power devices wirelessly [20] in future IoT applications.

There are two main approaches to wirelessly powering
devices remotely and robustly. One exploits already available
ambient electromagnetic resources through wireless energy
harvesting (WEH), i.e., unintentional WPT, and the other is
enabled by intentional WPT [21], [22]. WEH takes advantage
of existing frequency bands [23] — [26] and requires broadband
or multi-band antennas to capture as much of the available
spectrum as is possible [27] — [34]. In general, the magnitudes
of transferred wireless power in WEH applications are small
amounts. On the other hand, intentional WPT applications aim
to transfer as much power as possible from the wireless source
to the targeted devices.

A major component of any far-field WPT system is a
rectenna, i.e., a receiving antenna integrated with a rectifying
circuit to convert the incident electromagnetic (AC) power into
DC power. Narrowband operation in specific frequencies such
as the (free) ISM bands is optimal. To capture larger amounts
of power, large-scale rectenna arrays are usually implemented
[35] — [39]. However, IoT devices such as RFID (radio
frequency identification) tags, sensors, and communication
devices require a single rectenna that is electrically small, but
has a large energy capture capacity (e.g., cardioid-shaped
radiation patterns to acquire the maximum amount of power
from their driving sources while not wasting power radiated in



the opposite direction) and high power conversion efficiency.
Moreover, a circularly polarized (CP) system has notable
advantages over a linearly polarized (LP) one in certain
scenarios in which the orientation of the rectenna is not
guaranteed and the WPT source is either a LP or CP system.
Nonetheless, despite these highly desirable properties, no WPT
rectenna has been reported to date that exhibits all of them.

In this paper, we introduce the first reported electrically
small, highly efficient, Huygens linear (LP) and circular (CP)
rectennas to date. Their designs are successfully facilitated by
the seamless integration of significantly modified versions of
our previously reported electrically small LP and CP Huygens
dipole antennas [40], [41] and highly efficient AC-to-DC
convertor circuits, i.e., rectifiers. Three innovations led to the
successful Huygens LP (HLP) and CP (HCP) prototypes. First,
a very compact and highly efficient rectifier circuit was
developed. A combination of lumped components and a co-
planar strip (CPS) line facilitated its seamless attachment to
both electrically small Huygens radiators. Second, the HLP
antenna was specifically redesigned to have its input impedance
conjugate matched to the impedance of the rectifier, 68-j133 Q,
rather than to the 50 Q source. This removed the lossy inductor
that was necessary for testing the rectifier circuit alone with the
50 Q source and, in turn, facilitated a significant enhancement
of the maximum AC to DC conversion efficiency. Third, a CPS
extension line was introduced for the HCP rectenna. This
modification of the HLP design was critical; it prevented
interference between the antenna and the rectifier.

The 915 MHz ISM band (902-928 MHz, Region 2,
Americas, Greenland, and eastern Pacific Islands) was selected
for our optimized proof-of-concept prototypes. The
experimental results for both the HLP and CP (HCP) prototype
systems demonstrate the efficacy of their designs. They have
cardioid, broadside radiation patterns and effective capture
areas significantly larger than their physical size. Although
being electrically small (ka < 0.77) and low profile (0.04 ) at
915 MHz (49 = 327.64 mm), they achieve an 89% peak AC-to-
DC power conversion efficiency. These experimental results
confirm that they are ideal candidates for many of the emerging
IoT devices and their applications.

I. DESIGN COMPONENTS

The methodology to realize an electrically small, highly
efficient, Huygens WPT rectenna system is to seamlessly
integrate an electrically small Huygens antenna and a highly
efficient AC to DC convertor circuit together into a compact
platform as illustrated in Fig. 1. The developed rectenna is able
to capture wireless energy from broad incident angles and
convert them into DC power with high efficiency.

A. Electrically small Huygens antenna system

A Huygens radiation pattern with high directivity is preferred
in WPT applications for IoT devices. Its uni-directional
cardioid-shaped form has a large (front to back ratio) FTBR
value and broad beamwidths that are identical in all vertical
planes. Fig. 1 illustrates the basic Huygens dipole system. An
infinitesimal electric dipole (ED) is oriented along the x-axis.

An infinitesimal magnetic dipole (MD) is oriented orthogonal
to it along the -y-axis. The far-field expressions for their electric

fields: EED and EMD are [42], [43]:

—jkr
Efp =jk nllLl]-— [# x 7 x %]
—jkr
= jk 77[IeL]-4ﬂr- [~ cosOcospd +singpp| (la)
. e Jkr
Elp =~k ULl 5[ x (=9)]
= jk [ImL]-i:rk:- [—cos 0 +cosOsingp @] (1b)

where [, L is the electric dipole current moment; I,,L is the
magnetic dipole current moment; and k = 2w/, 1, being the
free space wavelength corresponding to the operational
frequency. With /. and I,, being orthogonal and in-phase, the
balanced condition: I, = I,,,, yields the Huygens LP far-field
radiation pattern:
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The cardioid behavior is clearly attained, i.e., the maximum
total field is twice that of either individual field in the broadside,
6 = 0° direction and zero in the opposite, & = 180° direction. Its
3D directivity pattern is illustrated in Fig. 1.
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Fig. 1. Design concept of the electrically small, highly efficient, Huygens WPT
rectenna system.

To realize electrically small Huygens antenna systems,
metamaterial-inspired electrically small near-field resonant
parasitic (NFRP) elements: the Egyptian Axe Dipole (EAD)
and the capacitively-loaded loop (CLL), are integrated together
into compact entities. Both LP and CP versions were
investigated in our previous works [40], [41]. We successfully
modified those designs to permit their seamless integration with
the highly efficient rectifier circuit and to realize the first
electrically small, highly efficient, Huygens WPT rectenna
systems. As the power flow results given in Fig. 2 illustrate, the
resulting rectenna strongly channels the incident field into it,
making its effective area much larger than its electrically small
physical area. This combination leads to a highly efficient AC-



DC power conversion system that is ideal for many of the
emerging IoT WPT applications.
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Fig. 2. Simulated electric field distribution and power flow under illumination
by a normally incident LP plane wave. (Note the effective area of the HLP
antenna is much larger than its physical cross section).

B. Highly efficient rectifier (AC to DC convertor circuit)

The essential conversion component of the desired far-field
WPT system is a highly efficient rectifier, i.e., an AC to DC
convertor circuit. It converts the received microwave power
into dc power [44], [45]. As illustrated in Fig. 1, it is typically
composed of a matching circuit, an input low-pass filter, a
rectifying circuit, an output smoothing filter and a load resistor.
An inductor, L, and two capacitors, C; and C», constitute a T-
type network that matches the input impedance of the rectifying
circuit to the input impedance of the Huygens antenna. It should
be noted that the inductor L also acts as the input filter,
suppressing re-radiation of the higher harmonics that are
generated by the nonlinear, rectifying diode. Moreover, the
capacitor C also acts as an energy storage device. The vertical
diode facilitates charging it during each negative portion of the
sinusoidal signal. This stored energy is released during the
positive portions, doubling the output voltage. A full wave
rectifying circuit that consists of two Schottky diodes is adopted
in this design to achieve the realized high output voltage and
conversion efficiency. The capacitor Cs on the output side of
the rectifier serves as a smoothing filter, which minimizes the
ripples in the DC voltage that is realized across the output port
resistor R;.

II. HUYGENS LINEARLY-POLARIZED RECTENNA

The design and operating principles of the electrically small
LP Huygens WPT rectenna system are described. It is attained
by seamlessly integrating the HLP antenna directly with the
high efficiency rectifier. The fabricated prototypes of the
rectifier and the entire WPT system are then presented along
with the associated experimental results.

A. System configuration and simulated results

The HLP rectenna configuration is shown explicitly in Fig. 3.
All of the components are fabricated on three (#1 to #3)
Rogers™ 5880 copper-cladded layers. Each layer is a circular

disk substrate that is composed of a 0.5 0z (17 um) thick copper
cladding of a dielectric whose relative permittivity and
permeability equal to 2.2 and 1.0, respectively, and whose loss
tangent is 0.0009. The thickness of substrate#1 and #3 is 0.7874
mm and of substrate#2 is 0.508mm. The top and bottom pieces
of the metallic CLL element are etched, respectively, on the top
surface of substrate#1 (top disk) and on the top surface of
substrate#3 (bottom disk). They are connected by two copper
posts that pass through and are normal to substrate#2. The EAD
element is etched on the top surface of the substrate#2 (middle
disk). The copper posts of the CLL pass through holes in the
center arm of the EAD element to avoid any electrical
connection to it and provide mechanical support of substrate#3.
The middle disk is supported by a Rohecell™ foam layer,
which has a relative permittivity of 1.05 and essentially no loss.
The short driven dipole and the rectifier circuit are located on
the bottom surface of substrate#3.
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Fig. 3. Electrically small Huygens LP rectenna system configuration.

The HLP receiver and its rectifier load share a common port.
As indicated in Fig, 3, the rectifier circuit consists of three
capacitor components, along with the two Schottky diodes. The
received AC power is converted into DC power at its output
port resistor R;. In order to eliminate any interference
introduced by the DC output lines in the measurement setup,
two RF chokes are added at the DC output port. It is emphasized
that the standard input low-pass filter and the impedance
matching inductor L indicated in Fig. 1 are not present. To
minimize the number of components and to increase the
efficiency, they have been eliminated simply by tuning the HLP
antenna to provide the appropriate inductive input impedance
value. This approach was introduced in [46]; it avoids the non-
negligible loss of the lumped inductor (around 6%) and
compensation techniques adopted, for instance, in [47]. The
entire structure is electrically small (ka < 0.73) and low profile
(0.04 Ay) at its resonance frequency fy = 915 MHz, where the
corresponding free space wavelength 19 =327.64 mm, the wave
number k = 21/ Ay, and a is the radius of the smallest sphere
enclosing it. It is also compact transversely with only a 0.115 4,
= 37.68 mm radius.

The current distributions on the orthogonally-oriented
electric and magnetic dipoles of this electrically small HLP
antenna are depicted in Fig. 4. The major currents are
concentrated on the CLL element at the times 0 and 2T/4, where
T is one period of the source excitation. They are concentrated



on the EAD element at the times T/4 and 3T/4. Since the CLL
represents a current loop of area 4 that is driven with essentially
a constant current /j in free-space, its magnetic current moment
Iy =jo uolp A / L, where L is the inductance of the loop [48].
Thus, the phase of the magnetic dipole is 90° ahead of the actual
loop current. Consequently, as shown, these “E” and “M”
dipoles are resonating in-phase as required to achieve the
desired broadside cardioid antenna pattern.
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Fig. 4. The current distributions on the electric and magnetic NFRP elements
over one period T of the source frequency demonstrate their in-phase behavior.

The simulated radiation performance characteristics of the
optimized HLP rectenna are given in Fig. 5. Unlike the design
in [41] which matches to 50 Q source, the input impedance of
this HLP antenna at 915 MHz is 68+j133 Q, which is
completely conjugate matched to the impedance of the rectifier
circuit, notably providing the requisite inductance to
compensate for its capacitance. Its cardioid-shaped 2D realized
gain patterns are almost identical in the two vertical planes ¢ =
0° and ¢ = 90°. They have identical very broad 3 dB
beamwidths, £67°, about the broadside direction in the upper
hemisphere. The broadside realized gain is 3.8 dBi. The
simulated radiation efficiency is 84%.
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Fig. 5. Simulated HLP rectenna performance. (a) Input impedance as a function
of the source frequency. (b) 2D realized gain patterns at 915 MHz.

B. Measured results of the rectifier circuit alone

To validate the performance of the rectifier circuit, it was
fabricated, assembled and tested alone. To replace the antenna
in this configuration, it was fed by an input 50 Q differential
source via a balun as shown in Figs. 6(a) and 6(b). A Coilcraft™
lumped inductor L was selected for this matching circuit. To
achieve the desired high AC-to-DC conversion efficiency,

HSMS286C Schottky diodes from Broadcom™ were selected.
The package information can be found from [49]. Murata™
capacitors were selected for the corresponding C; to C3 lumped
elements. The resistor R, is from Yageo™. The two RF chokes
were 560 nH inductors from Murata™ (yielding isolation larger
than 30 dB from 900 to 930 MHz). All of these lumped
components were in 0403 (1 mm length) surface-mount device
(SMD) packages. The rectifier circuit was highly compact. Its
total length, including all the components, was only 7.3 mm
(0.02 ). Compared with the previously developed rectifier
designs that were cascaded to dipole antennas, e.g., [50], [51],
the entire size of our HLP system is electrically small. The
lengths of the rectifiers in [50] and [51] are larger than 0.5 4o
and 0.15 A, respectively. In fact, those circuits cannot even be
considered for our system since it has a radius of only 0.115 4.
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Fig. 6. Rectifier circuit alone measurements. (a) Photo of rectifier under test. (b)
Enlarged view of the rectifier circuit with differential excitation. (c) Measured
input impedance matching results for different choke and output resistor values.
Input power: 5 dBm (3.16 mW).

Due to a discrepancy arising between the actual parameters
of the HSMS286C diodes and those in the ADS (Advanced
Design System from Keysight Technologies™) simulation
model, the actual values of the components in the matching
circuit and the load had to be tuned manually to achieve an
optimized measured performance. The optimized simulation
model component values were: L = 39 nH; C; = 0.4 pF; C, =
100 pF; C; = 100 pF; R; = 10 KQ. These values provided the
initial values tried in the experiments. However, as shown with
the Smith Chart in Fig. 6(c), the measured input impedance had
a high inductance at 915 MHz. To compensate for this fact and
to achieve good impedance matching, the initial 39 nH inductor
and 10 KQ load resistor were replaced by an available 22 nH
inductor and a 5.1 KQ resistor.

After this element tuning, good impedance matching was
achieved as shown in Fig. 7(a). The |S1;| values were below -10
dB from 825 to 945 MHz for a variety of input power levels.



The bandwidth is wide and covers the targeted 915 MHz ISM
band. Fig. 7(b) presents the measured and simulated AC-to-DC
conversion efficiency (output DC power divided by the input
RF/AC power) as functions of the input power at 915 MHz. The
rectifier reaches its peak efficiency of 80.3% at 10 dBm input
power, i.e., the DC output power is 8.03 mW when the input
power is 10 mW. In addition, the AC-to-DC conversion
efficiency is larger than 50% when the input power is ranges
widely from -5 dBm (0.3 mW) to 13.5 dBm (22.4 mW).
Consequently, the measured results confirm, in agreement with
their simulated values, that the developed rectifier circuit
facilitates a high AC-to-DC conversion efficiency.
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Fig. 7. (a) Measured [S1i| of the rectifier circuit as functions of the source
frequency for different input powers. (b) Measured and simulated AC to DC
conversion efficiency as functions of the input power at 915 MHz.
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Fig. 8. Measurement setup and the fabricated electrically small HLP rectenna.

C. HLP rectenna measured results

To validate the performance of the HLP rectenna, its
prototype was fabricated and measured in the far field anechoic
chamber environment shown in Fig. 8. The measurement setup
shown in Fig, 8(a) consisted of a rectangular horn antenna, a
power amplifier, two RF cables, a signal generator, a DC power
supplier, and a multimeter. The electromagnetic source was a
linearly- polarized, wideband, double ridge rectangular horn
antenna. Its polarization was fixed in the setup; it was oriented
along the vertical direction as shown in the photo. Its measured
realized gain at 915 MHz is 7.0 dBi. The power amplifier was
a Mini-Circuits™ ZHL-20W-13SW+ [52]; it had a gain of 50.5
dB. The signal generator was from Keysight Technologies™.
Cable#1 connected the output port of the signal generator and
the input port of the power amplifier. Cable#2 connected the

output port of the power amplifier and the input port of the horn
antenna. The total measured loss from the two cables around
915 MHz was 3 dB. A DC voltage supply provided 24 V to the
power amplifier. The multimeter measured the DC voltage
output from each rectenna through two DC lines located after
the two RF chokes in the rectifier circuit. The optimized
electrically small HLP rectenna was fabricated as shown in Fig.
8(b). The rectifier is seen to be seamlessly integrated with the
antenna. Two DC lines were connected to the DC output of the
rectifier for ease of the measurements. Two short, thin (0.8 mm
diameter) copper rods were attached on the short driven dipole
for tuning purposes.

Fig. 9 presents the measured output DC voltage and AC-to-
DC conversion efficiency of the electrically small HLP
rectenna as functions of the received power at 907 MHz, the
frequency at which the maximum output DC voltage occurred.
It is a mere 0.87% shift (8§ MHz) from the designed 915 MHz
resonance frequency and still within the ISM band as shown in
Fig. 10(b). To evaluate the conversion efficiency, we employed
the standard approach which is clearly discussed in [16] and has
been used for rectenna reports throughout the literature as
evidenced, e.g., in [17] —[39].

©
)

©
o

——— Meas. HLP Rectenna = , =
= Meas. Rectifier A

\.
1
1
S
=
LY
S
cy (%
\

(-]
™
en
o N
o o
\
N\

N

\

020} # Meas. HLP Rectenna ", |
- / = = = Meas. Rectifier Alone
|- <, Sim. Rectifier wi

15 10 -5 0 5 10 15 15 -10 -5 0 5 10 15

Received power (dBm) Received power (dBm)
(a) (b)

Fig. 9. Electrically small HLP rectenna and the rectifier alone. (a) Measured
output DC voltage as functions of the received power at 907 MHz. (b) Measured
and simulated AC to DC conversion efficiency at 907 MHz.

Output DC Voltage (V)

o AN W A G
N\
G
E
s
S

The amount of power delivered to the rectenna is calculated
according the Friis transmission equation [42]:

2

P’"—GxG x(lo) 3
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where P, is the power received by the rectifier; P; is the
transmitted power measured from the source horn antenna; G,
is the gain of the horn antenna (7 dBi); G, is the gain of the
Huygens radiator (3.8 dBi); 4y is the wavelength at 907 MHz
(330 mm); and R is the distance between the horn antenna and
the rectenna (1.2 m). The maximum linear dimension, D, of the
horn antenna was 0.3 m and the targeted operational frequency
of the rectennas was 915 MHz. Consequently, the
corresponding free space wavelength was 49 = 0.328 m and the
far field of the horn antenna was reached at the distance 2D? /
Ao=0.55 meters away from it. Consequently, the rectenna under
test at 1.2 meters away from the source antenna was well into
its far field.

Fig. 9(a) compares the measured output DC voltage values



of the HLP rectenna and the rectifier circuit alone as functions
of the received power. Their trends are in good agreement. The
output DC voltage rapidly increases after the received power is
0 dBm (1 mW) and saturates at 10 dBm (10 mW) to the value
of 7.4 V. Fig. 9(b) compares the measured and simuated AC-
to-DC conversion efficiencies of the HLP rectenna and the
rectifier alone. Their trends agree very well. Because its design
eliminated the lossy lumped inductor, the HLP rectenna
achieves higher efficiencies than the rectifier alone. The
measured maximum AC-to-DC efficiency of the HLP rectenna
reaches 88.9% when the received power is 9.0 dBm. The
corresponding maximum of the rectifier alone is only 80.3%
when the received power is 10 dBm. Furthermore, Fig. 9(b)
shows the simulated maximum AC to DC conversion efficiency
without that inductor being present is 87.8%. Both of these
results confirm the negative impact that the loss of the lumped
inductor has on the rectifier’s conversion efficiency and
emphasize the advantage that was accomplished by directly
matching the antenna to the rectifying circuit. It is also noted
from Fig. 9(b) that the conversion efficiency is greater than 50%
over a wide range of input powers, i.e., from -6 dBm (250 pyW)
to 13 dBm (20 mW). These measurements clearly demonstrate
the high conversion efficiency of the HLP rectenna.

In addition, another set of measurements was carried out as
the rectenna was rotated in relation to the horn’s LP direction
to highlight its wide-angle power capture. The measured DC
voltages at 907 MHz were 5.7, 5.0, and 4.3V when the HLP
rectenna was rotated clockwise around the z-axis (as observed
from its top) by 30°, 45°, and 60°, respectively. The measured
DC voltages were 5.6, 4.9, and 4.2 V when it was rotated in the
anti-clockwise direction by 30°, 45°, and 60°, respectively.
These measured symmetrical results confirm the ability of the
HLP rectenna to receive power over large angles of incidence
in agreement with the wide beamwidths of the simulated
patterns in Fig. 5(b), as well as its large effective capture area
represented by the power flow curves illustrated in Fig. 2.

III. HUYGENS CIRCULARLY-POLARIZED RECTENNA

The HLP rectenna is highly suited to WPT situations in which
it can be aligned preferentially to an LP source. On the other
hand, there is a polarization mismatch issue if it cannot be.
Polarization mismatch can have significant ramifications on the
performance of any type of one-way or two-way
electromagnetic (EM) system. The top illustration in Fig. 10
clearly shows the configuration in which the electric field of the
incident EM wave generated by the source is oriented
perpendicular to the LP direction of the rectenna, i.e.,
perpendicular to the center conductor of the EAD NFRP
element. This incident EM field will thus pass through the
rectenna without any significant interactions with it as the
simulated power flow results in Fig. 10(a) depict. The measured
output DC voltage values as a function of the source frequency
when the microwave power source was polarization aligned and
mismatched with the HLP rectenna are shown in Fig. 10(b).
Clearly, there was essentially no DC signal detected in the
mismatch configuration. This polarization mismatch issue

focuses attention on the need for CP systems to mitigate its
impact.
Polarization mismatch problem
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Fig. 10. Demonstration of the polarization purity of the electrically small HLP
rectenna. (a) Simulated power flow when the incident LP electromagnetic wave
is orthogonal to it. (b) Measured DC output voltage as a function of the source
frequency when the source and rectenna polarizations are matched and not.

A. System configuration

The HCP rectenna follows naturally from the HLP design.
The HCP configuration, as shown in Fig. 11, combines two
orthogonal pairs of EAD and CLL elements. The substrates and
foam are identical to those in the HLP prototype. The arcs of
the EAD are bent to achieve the requisite reactance in a more
compact structure.

Electrically Small HCP Rectenna
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Fig. 11. Configuration of the electrically small HCP rectenna.

The major change is the “driven” dipole. An unbalanced
crossed dipole pair was adopted and matched to the four NFPR
elements for the HCP design. Circular polarization is produced
if the lengths of these orthogonal dipoles, /> along the x-axis and
l; along the y-axis, are different and properly adjusted to bring
about the necessary 90° phase difference. The length /; is 12.6
mm and /; is 13.5 mm. The current distributions on the NFRP
elements presented in Fig. 12 clearly demonstrate this behavior.
In a period of time T, the orthogonal £ and M elements are both
rotating in a clockwise manner. Thus, a left-handed CP (LHCP)
Huygens dipole directivity pattern is generated in this design.

The rectifier circuit is essentially the same as its LP design,
except that the inductor L is reintroduced in this CP design. It



was very challenging to achieve an inductive port impedance
and good CP radiation simultaneously. Both the input
impedance and AR values change dramatically when the driven
crossed dipole of the HCP antenna is adjusted. Because the
input impedance of the HCP antenna at 915 MHz was
determined to be 42 — j12 Q, it was consequently decided to
match the system directly to the 50 Q source without further
modifications. Moreover, the rectifier is not directly attached to
the driven dipole, but is positioned away from its center through
an extended co-planar stripline (CPS). This configuration was
necessary to prevent strong coupling between the rectifying
circuit and the NFRP elements.

Agyr [Afm]

SRR ENS A% S

CLL#Z\:‘1 ,«CLL#I

‘>< - ><;
I,
1,

t=0 t=1/4T t=34T
Fig. 12. Current density distributions on the crossed EAD and CLL NFRP
elements over one period T of the source frequency and the corresponding
orientations of the £ and M dipoles illustrate the resulting LHCP behavior.
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Fig. 13. Demonstration of the effects associated with the CPS extension to move
the rectifying circuit away from the center of the dipole element. (a) HCP
antenna with CPS feed extension. (b) HLP antenna without the CPS feed
extension. (¢) HCP antenna without the CPS feed extension.

B. Key design considerations and simulated results

The co-planar stripline (CPS) extension from the center of
the “driven” dipole element of the HCP antenna to the input port
of the rectifier is a critical design feature in the HCP rectenna
system. As illustrated in Fig. 13, the metallic parts of the
rectifier circuit impact the electromagnetic performance of the
HCP antenna if they are too close to the center of the dipole. It
is clearly observed in Fig. 13(a) that only minor currents are
coupled to the rectifier if it is moved away from the dipole
center and, hence, do not affect the system’s CP characteristics.
Similarly, Fig. 13(b) demonstrates that the currents coupled to
the metallic parts of the rectifier are truly minor in the

corresponding HLP system. This feature is expected because,
in fact, the rectifier itself is orthogonal to the dipole. On the
other hand, as observed in Fig. 13(c), strong currents on the
rectifier are established from its coupling to the dipole element
and the NFRP elements when it is too close to the center of the
dipole. They significantly deteriorate the CP performance.

The impact of the CPS extension on the HCP rectenna is
demonstrated further with the simulated |S;| and AR values
given in Fig. 14 as functions of the source frequency for the
system with and without the extension. The overall length of
the extended CPS line is 14 mm ( Ao / 23.4 ). The values f; and
f> are the resonance frequencies of the two orthogonal sets of
NFRP elements. The resonances nicely overlap only when the
extension is present. As shown in Fig. 14(b), the operating
frequency of the best CP performance falls at 915 MHz, which
lies between f; to f>. It is the frequency at which the phase
difference between the resonant pairs of NFRP elements
reaches 90°. On the other hand, both the impedance matching
and the AR values also become quite poor when the rectifier is
attached directly to the center of the dipole. These results
clearly demonstrate the need for the CPS extension to move the
rectifier circuit far enough away from the center of the dipole
to eliminate the effects of their coupling.
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Fig. 14. Electrically small HCP rectenna. Simulated (a) [S11| and (b) AR values
as functions of the source frequency.
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Fig. 15. Electrically small HCP rectenna. (a) Realized gain and directivity
values as functions of the source frequency. (b) 2D realized gain patterns at 915
MHz.

The simulated realized gain and directivity values as
functions of the source frequency are shown in Fig. 15 (a). The
simulated radiation efficiency is 74%. The realized LHCP gain
at 915 MHz is 2.91 dBic and the directivity is 4.35 dBic. The
difference is 1.44 dB, which is higher than the 0.86 dB value in
the HLP case. Nonetheless, the increase is expected because the



fields in the substrate and the current densities on the NFRP
elements are larger than those in the HLP system. Fig. 15(b)
gives the 2D realized gain patterns. The cardioid pattern is
clearly attained; the cross-pol levels are quite low.

C. HCP rectenna measured results

The HCP rectenna was fabricated and tested. The prototype
is shown in Fig. 16 along with the simulated power flow and
measured output voltage and conversion efficiency results.
Because the source is the same LP horn and the rectenna is now
CP, the rectenna will convert only half of the power incident on
it. Consequently, the incident power level was increased by 3
dB (factor of 2). Fig. 16(a) illustrates again that the effective
area of the HCP rectenna is much larger than its physical size.
Moreover, it is found that the power flow behavior is the same
when the rectenna is rotated about its broadside direction. In
fact, similar DC output voltages are realized around 911 MHz
during this process. In particular, when it is rotated clockwise
in steps of 45° with respect to its broadside direction (+z-axis),
they are 5.5, 4.7, 4.7, and 5.5 V for 0°, 45°, 90° and 135°,
respectively, as shown in Fig. 16(b). The received power
difference between 5.5 V and 4.7 V is 1.2 dB, as predicted by
the corresponding simulations. Decent CP radiation receiving
capacity is observed. The measured DC output voltages for the
HLP and HCP systems are compared in Fig. 16(c). The trend of

HCP system clearly performs almost identically to the HLP one.
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Fig. 16. Comparisons of the electrically small HCP and HLP rectennas. (a)
Simulated electric field distribution and power flow into the HCP rectenna
under illumination by a normally incident CP plane wave. (b) Measured output
DC voltage as a function of the source frequency at different rotation angles.
Comparisons of the measured (c) output DC voltages and (d) measured and
simulated AC-to-DC conversion efficiencies at 911 MHz.

In the same manner, we also measured the output DC
voltages at 911 MHz when the HCP rectenna system was
rotated about the EAD centerline along the y-axis. They were
4.6,4.1,and 3.6 V for clockwise rotation (as observed from top)
by 30°, 45°, and 60°, respectively. The values were 4.7, 3.9, and
3.3 V when it was rotated in the counter-clockwise direction by
30°, 45° and 60°, respectively. These results help confirm the
capacity of the rectennas to capture incident EM waves over a
wide set of incidence angles. They confirm the very broad
beamwidths of the HCP rectenna.

The power conversion efficiencies of the HCP and HLP
rectennas are compared in Fig. 16(d). Again, since we used the
LP horn as the power source, we used the equivalent LP gain of
the rectenna to calculate the received power with (3) and, hence,
the AC-to-DC conversion efficiency. The HCP measured
values are slightly lower than the HLP ones. The peak value is
82% (9.6 mW) when the received power is 10.7 dBm (11.75
mW). As explained above, the decrease (from 88.9% to 82%)
in efficiency is caused by the presence of the lossy inductor L
in the rectifier. Unfortunately, as the inductor L was present in
this HCP rectenna because it was found to be quite difficult to
align both the minimums of the reflection coefficient and AR
values since they change simultaneously. The simulated results
for the rectifier with the inductor L alone also confirm this
efficiency drop. The maximum simulated efficiency of the HCP
rectenna is 82.2%, which is very close to the measured
efficiency, 82.0%.

IV. CONCLUSION

Huygens LP and CP rectenna systems with high AC-to-DC
conversion efficiencies were presented for operation in the IMS
band around 915 MHz. Both the HLP and HCP systems were
low profile (0.04 4) and electrically small (ka <0.73 for the LP
system and ka < 0.77 for the CP version). The HLP system
achieved a high 88.9% peak conversion efficiency. It is suitable
for applications in which the polarization of the LP power
source and its polarization are easily aligned. The HCP peak
conversion efficiency was 82%. It is suitable for applications in
which the LP source cannot be aligned to the polarization of the
HLP and is ideally suited for WPT applications when the source
is also a CP device. Power flow simulations clearly illustrated
that both devices have effective (power capture) areas much
larger than their physical areas. Moreover, they both have large
3 dB beamwidths, £67°, about their broadside directions. The
measured results affirm that both systems are excellent
candidates for many emerging wireless [oT/IoE applications.
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