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Electrically Small, Single-Substrate Huygens Dipole Rectenna for
Ultra-Compact Wireless Power Transfer Applications

Wei Lin, Senior Member, IEEE and Richard W. Ziolkowski, Life Fellow, IEEE

Abstract—An electrically small, single-substrate Huygens dipole
rectenna with exceptional physical and radiation performance
characteristics is reported. A highly efficient rectifier circuit is seamlessly
integrated with an ultra-thin, electrically small, Huygens dipole antenna
(HDA) on a single piece of Rogers™ 5880 substrate. It consists of two
metamaterial-inspired near-field resonant parasitic (NFRP) elements, an
Egyptian axe dipole (EAD) and a capacitively loaded loop (CLL), that are
etched, respectively, on the top and bottom metallization layers of the
substrate. A printed receiving dipole is amalgamated tightly with the
rectifier on the CLL layer. This ultra-compact rectenna system has a large
electromagnetic wave capture capability and achieves nearly complete
conversion of the incident energy into DC power. The HDA prototype has
a realized gain of 4.6 dBi and a half power beamwidth (HPBW) greater
than 130°. The entire rectenna is electrically small with ka = 0.98, is low
cost and easy to fabricate, and has a measured 88% AC to DC conversion
efficiency. The developed rectenna system is the ideal candidate for
ultra-compact far-field wireless power transfer (WPT) applications.

Index Terms—Electrically small antennas, Huygens dipole antennas,
Internet-of-Things (IoT), rectennas, sensors, wireless power transfer

(WPT).

I. INTRODUCTION

Wireless Internet-of-Things (IoT) systems and their associated
applications have undergone rapid development in the past decade [1]
— [3]. Along with the anticipated exponential growth in the number of
IoT devices in the 5G era, far-field wireless power transfer (WPT) [4],
[5] has become a tactical trend to empower IoT devices. The WPT
approach has many desirable advantages over the current usage of
short-life, bulky, and weighty batteries.

A rectenna is the most critical component of far-field WPT
applications. Extensive research has been conducted on the design of
linearly polarized (LP) [6] — [16], dual-polarized [17], [18] and
circularly polarized (CP) [19] — [22] rectennas. Nonetheless, it is very
challenging to achieve simultaneously an electrically small size (ka <
1, where £ is the wave number and « is the radius of the smallest sphere
enclosing the rectenna); large wireless power capture capacity through
high antenna realized gain and large half power beamwidths; and high
AC to DC conversion efficiencies.

To address these challenges and to achieve all the described features
simultaneously, we have successfully developed several electrically
small Huygens rectennas [23] — [25]. However, all of these designs
require at least three PCB substrates, two metallic vias, and time
consuming manual assembly processes. Their mass production is not
feasible. For the future ubiquitous IoT era, it is highly desired to
achieve ultra-compact, low cost, and easily fabricated rectennas with
excellent wireless power capture capability and conversion efficiency.

We report in this communication the first realized single-substrate
Huygens dipole rectenna for ultra-compact WPT applications.
Significantly, the entire rectenna is realized on a single piece of
Rogers™ 5880 substrate with a thickness of only 0.508 mm. It is the
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seamless integration of a planar electrically small Huygens dipole
antenna (HDA) and a compact, highly efficient rectifier circuit. The
HDA consists of two metamaterial-inspired near-field resonant
parasitic (NFRP) structures: a capacitively loaded loop (CLL) that acts
as the magnetic dipole and an Egyptian axe dipole (EAD) that acts as
the electric one. The CLL and EAD structures are etched from
opposite copper sides of the substrate. A short dipole element is
amalgamated tightly with a very compact rectifier. Both lie on the
same side of the substrate as the CLL element. The length of the dipole
is specially designed to achieve an inductive impedance from the
entire HDA that is a direct conjugate match to the capacitive
impedance of the rectifier circuit. The system was designed to operate
at 915 MHz in the ISM (Industrial, Scientific, and Medical) band. A
prototype of the rectenna was fabricated and tested. It is electrically
small with ka = 0.98. The measured results confirm their simulated
values. The AC to DC conversion efficiency of the rectenna is a high
88%. It has a large wireless power capture capacity, i.e., its antenna
has a realized gain of 4.6 dBi and a half power beamwidth (HPBW)
greater than 130°.

This communication is organized as follows. Sec. II discusses the
design and performance of the electrically small, single-substrate
HDA. Sec. Il presents the design, realization and measurement results
of the corresponding prototype rectenna system. Finally, Sec. IV
draws some conclusions.
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Fig. 1. Configuration of the planar electrically small single-substrate Huygens
dipole antenna and its design parameters.
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II. SINGLE-SUBSTRATE ELECTRICALLY SMALL HDA DESIGN

A. Antenna configuration and operating mechanisms

The planar electrically small single-substrate HDA configuration is
shown in Fig. 1. The noticeable difference of this design from our
previously reported electrically small HDAs [26] — [28] is that it is
realized on a single piece of thin substrate. The substrate selected is the
Rogers™ 5880 copper-cladded laminate whose thickness is 0.508 mm
and whose relative permittivity is 2.2 and loss tangent is 0.0009. The
metamaterial-inspired CLL and EAD elements are etched on opposite
sides of the substrate. A short printed dipole is etched on the same side
as the CLL element, close to it, and oriented parallel to its gap. The
entire antenna structure is electrically small, e.g., ka = 0.98 < 1. It is
very easily fabricated with standard PCB manufacturing technologies.
The cost is minimal. The detailed dimensions of the optimized design
are listed in Table I.

TABLEL:
PLANAR ELECTRICALLY SMALL HUYGENS ANTENNA PARAMETERS
(DIMENSIONS IN MILLIMETERS)

Parameter Description Value
Isup Length of the substrate 99.5
Wsub ‘Width of the substrate 26.0
Lot Length of the upper CLL 57.4

WerLi Width of the upper CLL 5.0
lerrs Length of the lateral CLL 22.0
Werro Width of the lateral CLL 2.5
WeLL3 Width of the bottom CLL 4.0
dap crLL Gap of the CLL 5.0
Liviven Length of the driven dipole 254
Wariven Width of the driven dipole 1.0
dGap driven Gap between driven dipole and CLL 0.5
leapi Length of the center EAD 95.5
lpaps Length of the lateral EAD 20.0
leap3 Length of the bent EAD 11.2
Weap Width of the EAD 2
AGap coupling Gap between the EAD and CLL 2.6

The principal operating mechanism of the HDA is the successful
excitation of the two NFRP elements, which then produce magnetic
and electric dipoles oriented orthogonal to each other. As a
transmitting antenna, the short dipole is driven. Its field induces a loop
current on the CLL, which acts as the magnetic dipole. The EAD is
mainly excited through its coupling to the currents flowing along the
upper metallic strip of the CLL; it acts as the electric dipole. By
carefully adjusting the couplings between the NFRP and driven
clements, the magnetic and electric dipoles amplitudes become
balanced. The proper relative phase between the NFRP elements to
achieve the broadside cardioid pattern pointed away from the driven
dipole is obtained by adjusting the coupling distance parameter
dGap coupling- 1ts Operation as a receiving antenna follows by reciprocity.

The current distributions on the CLL and EAD for one time period
corresponding to its resonance frequency, 915 MHz, are shown in Fig.
2. The induced currents in Figs. 2(a) and 2(c) are strong on both the
CLL and EAD elements. The strongest currents on the CLL are found
on its upper strip and are oriented opposite to those on the EAD.
Consequently, the resulting electric fields reinforce in the desired
broadside direction and cancel in the direction towards the driven
dipole. These current orientations also yield a nearly uniform loop
current distribution because they cancel unwanted non-uniform
current components when deay coupiing 1S Optimized. Figs. 3(b) and 3(d)
indicate that the EAD currents are still strong, but that the CLL
currents are now weak. Hence, they are actually out-of-phase by 90°.
Consequently, the corresponding electric and magnetic dipole current
moments are correctly in-phase to obtain the cardioid pattern.
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Fig. 2. Current distributions on the CLL and EAD elements in one period, T,
corresponding to its resonance frequency, 915 MHz.

The simulated performance characteristics of the HDA are given in
Fig. 3. The simulated IS,;| and realized gain values as functions of the
source frequency in Fig. 3(a) indicate that the antenna is resonating at
915 MHz and that the peak realized gain is 4.6 dBi there. The Huygens
cardioid radiation patterns are realized as shown in Fig. 3(b). They are
almost identical in the two vertical planes, ¢ = 0° and ¢ = 90°. The
HPBW =+67°, i.e., the 3—dB beam coverage is 134°.
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Fig. 3. Simulated results. (a) IS, and realized gain values as functions of the
source frequency. (b) Radiation patterns in the two vertical planes at 915 MHz.

B. Critical design considerations

There are two critical design parameters. One is the gap, deap coupiings
between the EAD and the CLL. This gap determines the coupling
between these two NFRP radiators and affects both the overall
impedance matching and radiation patterns. The associated parameter
studies are summarized in Fig. 4. Figs. 4(a) and 4(b) indicate that the
resonance frequency shifts from 907 to 922 MHz when the gap
changes from 2.4 to 2.8 mm. Figs. 4(c) and 4(d) illustrate that good
Huygens patterns that are identical in both vertical planes occur only
when the gap is 2.6 mm. Large discrepancies are found when the gap is
either 2.4 or 2.8 mm. Thus, the gap value was 2.6 mm for the
optimized design.

Another concern is to remove as many circuit components as
possible to minimize losses and, hence, the lossy lumped inductor
between the HDA and the rectifier in particular. Because the rectifier
has a large capacitive reactance, the HDA was redesigned to have a
large inductive input impedance that was a direct conjugate match to
the rectifier. This efficiency-critical feature was simply achieved by
increasing the length of the small dipole. Fig. 5 shows the input
impedance for different lengths: 24.2, 25.4, and 26.6 mm, as functions
of the source frequency. While the imaginary part changes noticeably
near the targeted frequency of 915 MHz, the real part only exhibits a
slight variation. The length, /., = 26.6 mm, in the final design
yielded the required input impedance: 55 +j112 Q.
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Fig. 4. Parameter studies of the coupling distance dgap coupiing between the
EAD and the CLL. (a) IS;;| and (b) realized gain values as functions of the
source frequency; Radiation patterns in (c) ¢ = 0° and (d) ¢ = 90° planes.
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Fig. 5. Parameter studies of the HDA’s input impedance for different lengths of
its short dipole. (a) Real part. (b) Imaginary part.

C. Design guidelines

The developed HDA design is suited for tuning to an arbitrary
frequency of operation f). The design guidelines are summarized as
follows. The first step is to design the CLL and the associated short
driven dipole. The total length of the CLL is initially set to be 0.2 4.
The initial width of its top and bottom is initially 0.01 4,. The short
driven dipole must be placed close to the CLL gap and parallel to it.
The initial values for the gap and the width of the dipole are,
respectively, 1/10 and 1/4 of the width of the bottom strip of the CLL.
The length of the dipole is then adjusted to yield a resonance frequency
around 8% higher than f;. The second step is to design the EAD. The
initial total length of the EAD (Igp; + 0.5g4p2+ lgaps3) is 0.43 Ay; its
width is half that of the upper CLL strip. The EAD is then placed close
to the upper strip of the CLL with dg,, coupiing = 0.008 4y. The third step
is to fine-tune this gap distance along with the length and width of the
EAD through simulations until an acceptable Huygens performance is
achieved at f).

III. ELECTRICALLY SMALL SINGLE-SUBSTRATE HUYGENS RECTENNA
SYSTEM
A.  System Configuration

The rectenna shown in Fig. 6 was realized by seamlessly integrating
the indicated rectifier with the developed single-substrate HDA. The

rectifier itself is compact and implemented on a co-planar microstrip
line with lumped components. The latter include two Schottky diodes,
three capacitors, two inductors and one resistor. The main components
of this full-wave rectifying circuit are the two Schottky diodes, D; and
D,, which act as a voltage doubler. They are a package type
HSMS286C from Broadcom™. The capacitors C; and C, acts as a
matching network between the voltage doubler and the HDA. The
inductive impedance of HDA prevents any harmonics from the diodes
being re-radiated. The capacitor C, works as an energy storage
component during each negative period of the received sinusoidal
wave. The capacitor C; acts as a low-pass filter that smooths the output
DC voltage. The resistor R; is the load and the two inductors L.; and
L., act as RF chokes. The entire rectifier is very compact having a total
length of only 1.0 cm. The actual values of its components are: C; =
0.4 pF, C, = C; 100 pF, R, = 5.1K Q, L.; = L., = 560 nH. As noted
earlier, the input impedance of the antenna is designed to have the
inductive value, 55 + j112 Q, i.e., to be conjugately matched to the
rectifier. This feature eliminates the need to include a very lossy
inductor to act as the matching element.
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Fig. 6. System configuration of the ultra-compact, single-substrate Huygens

dipole rectenna, emphasizing its rectifying circuit model and layout.

B. Fabricated prototype and measured results

The optimized rectenna was fabricated as the photos in Fig. 7 show.
The entire prototype is ultra-compact, lightweight, low-cost and easy
to fabricate. The metallization layers of the rectenna were etched by
standard and low cost PCB manufacturing technology. The lumped
components of the rectifier were easily soldered manually in the
prototype. Mass production is very feasible with industrial soldering
processes.

The rectenna prototype was tested in an anechoic chamber with the
customized far-field measurement setup shown in Fig. 8. The wireless
power was generated by a signal generator from Keysight
Technologies™. This signal was magnified via a power amplifier,
type ZHL-20W-13SW+ from Mini-Circuits™, and then delivered to a
broadband (800 MHz to 18 GHz) double-ridge horn antenna. Two
coaxial cables interconnected these three devices and a DC supply
source was used to power the amplifier. The horn antenna emitted the
electromagnetic waves that were incident on the rectenna. A
multimeter was adopted to measure the output DC voltage V, of the
rectenna. From the Friis transmission equation [29]:
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the received power P, can be determined if the realized gain values of
the transmitting horn antenna G, and the receiving antenna G,, the
input power P;,, and the distance R between them are known.
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Fig. 7. Fabricated prototype of the electrically small single-substrate Huygens
dipole rectenna. (a) Front view. (b) Back view.
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Fig. 8. Rectenna measurement setup in the anechoic chamber.

The distance R between the horn antenna and the rectenna in our
customized measurement setup is 1.2 meters, which is in the far-field
region of the horn antenna, i.e., greater than 0.55 meters at 915 MHz
according to the 2D%/4, value. The gain of the amplifier is 50.5 dB and
the measured total loss from the two coaxial cables is 2.4 dB. Thus, the
input power P;,is determined directly from the tunable output power
strength of the signal generator. The realized gain values of the horn
antenna G, and the rectenna G, are 7 dBi and 4.6 dBi, respectively.
Consequently, the received power P, is readily calculated from (1).
The AC to DC conversion efficiency of the rectenna is determined by
the ratio of the output DC power V,%/R; and the received power P,.

Fig. 9 gives the measured and simulated performance characteristics
of the rectenna and the rectifier circuit. Fig. 9(a) shows the measured
output DC voltage of the rectenna and the simulated realized gain
values of the receiving HDA as functions of the source frequency. The
measured peak output voltage value, 7.0 V, occurs at 909 MHz,
indicating only a 6 MHz (0.7%) shift from simulated operating
frequency, 915 MHz, as conveyed by the simulated realized gain
values. Fig. 9(b) shows the measured and simulated output DC voltage
values of the rectifier (circuit only) and the HLP rectenna as functions
of the received power level. These values increase rapidly from a
received power level of -10 dBm to become saturated above the
11 dBm level. The peak output voltage occurs when the received
power P, is 10.4 dBm (i.e., when the output power of the signal
generator was set to -16 dBm).
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Fig. 9. Proof-of-concept results. (a) Measured output DC voltage as a function
of the source frequency when the captured power is 10.4 dBm. (b) Measured
and simulated output DC voltage values of the rectifier and the rectenna, and
the AC to DC conversion efficiencies of the simulated rectifier and the
measured rectenna as functions of the received power at 909 MHz.

Fig. 9(b) also presents the measured and simulated AC to DC
conversion efficiencies at 909 MHz as functions of the received power.
The measured peak value, 88%, also occurs when the received power
is 10.4 dBm. Note that the AC to DC efficiency is above 50% in a wide
range of received power, i.e., from -4 to 13 dBm. These results were
obtained when the linear polarization of the rectenna was aligned with
that of the horn field. The broadside direction of the rectenna, the
z-axis in Fig. 1, pointed to the center of the horn. The HDA field is
polarized along that y-axis, which is tangent to the rectenna surface.
These axes are indicated again in Fig. 8.

To investigate the broad angle wireless power capture capability of
the rectenna, its output was also measured for different angles of
incidence. The output DC voltages at 909 MHz were 5.3, 6.6, 6.5, and
5.2 V, respectively, when the rectenna, i.e., its broadside direction, was
rotated about the x-axis by -60°, -30°, +30°, and +60° away from the
line of sight to the horn. These results demonstrate the rectenna’s
broad angle wireless power capture capacity and high AC to DC
conversion efficiency. Its ultra-compact size and excellent
performance characteristics make the developed rectenna an ideal,
attractive candidate for wirelessly powering IoT devices.

Note that all of the measured results are in good agreement with
their simulated values. The circuit simulation results were obtained
with the Advanced Design System (ADS) from Keysight
Technologies™. The measured resonance frequency of the receiving
HDA, 909 MHz, is a shift of only 6.0 MHz (0.7%) from the targeted
and simulated operating frequency of 915 MHz. The slight shift in the
received power that produces the highest conversion efficiency is due
to the deviation of the actual component values of the Schottky diodes
from their ADS models.



IV. CONCLUSION

The first realized electrically small single-substrate Huygens dipole
rectenna was reported. The measured performance characteristics of
their prototypes successfully demonstrated their quality and their
agreement with their simulated values. They are ultra-compact,
lightweight, and low cost. Table II summarizes a performance
comparison of the developed rectenna with several previously reported
examples including our own. It is clearly seen that the rectenna
developed in this work is the only electrically small single-substrate
design that simultaneously has a large realized gain, wide capture
angle, and is easy to fabricate. Note that its peak realized gain is higher
than our previously reported versions that were based on three PCB
substrates. Its single-substrate design avoids the losses associated with
the previous more complex layered structures. Given its exceptional
performance characteristics, this innovative rectenna is a very
attractive candidate for a variety of ultra-compact wireless power
transfer (WPT) applications.

TABLEII:
PERFORMANCE COMPARISON OF TYPICAL EXAMPLES OF PREVIOUSLY
REPORTED RECTENNAS
. . . Wireless power L
Size Realized gain of Fabrication
Ref. . capture angle .
(ka) its antenna (HPBW) complexity
. Easy
k3
[7] 0.47 1 dBi N.A. (Single PCB)
. 5 Moderate
[10] 1.2 3 dBi 90 (Two PCBs)
. 5 Moderate
[13] 3.07 8.6 dBi 60 (Two PCBs)
. o Easy
[14] 1.46 2.3 dBi 81 (Single PCB)
. Difficult
& ° o
[23] 0.73 3.8 dBi 134° (£ 67°) (Three PCBs)
. Difficult
* ° o
[24] 0.77 3.3 dBic 134° (£ 67°) (Three PCBS)
This . . c o Easy
Work 0.98 4.6 dBi 134° (= 67°) (Single PCB)

* Electrically small when ka < 1, k being the wave number at resonance and a
being the radius of the smallest sphere enclosing the entire structure.
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