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A Novel 3-D Printed Dual-Port Rectenna for
Simultaneous Energy Harvesting and
Backscattering of a Passively

Generated UWB Pulse

Giulia Battistini, Student Member, IEEE, Giacomo Paolini, Member, |IEEE,
Alessandra Costanzo, Fellow, IEEE, and Diego Masotti, Senior Member, IEEE

Abstract—This work presents the design and
characterization of a new compact rectenna system, fully
3-D printed on a low-cost material, the polylactic acid
(PLA). The rectenna consists of a patch-like antenna, with
two orthogonal excitation ports, suitably designed to
achieve both ultra-high frequency (UHF) and ultra-
wideband (UWB) cross-polarized radiation performance.
The first port harvests multi-tone RF power at UHF,
around 2.47 GHz (for the present case 8 equally spaced non-
synchronized tones are used); the second port backscatters
the intermodulation products generated by the rectifier,
realizing a quasi-UWB pulse. The rectifier consists of a
single-diode embedded into two linear subnetworks: one,
connecting the UHF port and the diode, is co-designed to
ensure DC-block and rectifier-antenna matching in the
UHF band; the second one combines a high-pass filter,
connecting the diode and the UWB port, to backscatter the
passive pulse, and a DC path to collect the converted DC
power. The 3-D etching of the low-cost substrate is
optimized to obtain antenna performance comparable to
those achieved with specialized RF materials. The system
design is carried out by integrating full-wave and nonlinear
simulations with the manifold goal of minimizing the overall

footprint, ensuring UWB-mask-compatible radiated
spectra and RF-to-DC conversion efficiency. A 3-D printed
prototype has been realized and experimentally

characterized. With a total received power of —15 dBm,
equally distributed over 8 tones spaced by 1 MHz, a quasi-
UWB pulse power peak of about 80 nW has been
demonstrated.

Index Terms—3-D printing, backscattering, energy harvesting,
localization, UWB.
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Fig. 1. (a) Schematic overview of the proposed 3-D printed rectenna with
augmented functionalities: at the ultra-high frequency (UHF) port a multi-sine
RF power is received; the nonlinear rectifier converts it into DC and into higher
harmonic intermodulation products that are radiated through the ultra-
wideband (UWB) port; (b) block diagram of the system integrated with low-
power control electronics for energy-autonomous UWB communication and
sensing.

. INTRODUCTION

N the last years, the additive manufacturing (AM) process
has allowed three-dimensional (3-D) printing to become a
powerful tool for the engineering of the electromagnetic
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(EM) properties of materials and structures [1].

The traditional subtracting methods, such as micromachining
and etching, have led to the creation of fancy and complex bi-
dimensional layouts [2], [3], but with no access to the internal
part of the structure. 3-D printing bridges this gap, by a fast and
inexpensive fabrication process which allows to tailor the
dielectric characteristics [relative permittivity (&) and
conductivity (o)]. This is obtained in 3-D, by regulating the
material infill percentage and the empty/full pattern ratio. In
this way the designer takes advantage of an almost unlimited
number of degrees of freedom in the material synthesis, even in
the microwave/millimeter-wave range for both circuit [4] and
antenna [5] applications. 3-D printing is particularly suitable to
meet the internet of things (IoT) requirements in terms of
miniaturized, low-cost electronic technologies for healthcare
applications, where wearable, lightweight, non-invasive
systems need to be adapted to curvilinear surfaces of the body
[6]. Furthermore, the engineered material can be co-designed
with respect to its mechanical properties that can be varied with
the application, i.e., by deploying a low infill percentage with a
high empty/full ratio if efficiency is the primary goal (as for
radiative applications [1]), and a high infill percentage for
miniaturization purposes.

Fig. 1(a) shows the system overview of the 3-D printed
rectenna (rectifying antenna) proposed in this work, where the
radiative and circuital sub-systems are realized on a thick (2
mm) and high empty/full ratio material and on a thin (0.5 mm)
full substrate, respectively, in a seamless way. Such system
provides at the same time energy autonomy [7]-[9] and high-
accuracy localization capabilities [10] exploiting a passively
generated quasi-UWB pulse. Indeed, localization using
impulse-radio ultra-wideband (IR-UWB) technique has already
demonstrated sub-meter accuracy and robustness to
interference [11]-[13].

The system of Fig. 1(a) satisfies all these constraints by using
the 3-D printable, cheap, and lossy material polylactic acid
(PLA) for the AM process. A preliminary system architecture
has been presented in [14] and has been derived from structures
available in the literature mimicking those of living organisms,
such as honeycombs, to provide low weight and excellent
damage resistance abilities [4], [15]-[18].

The present work proposes for the first time a non-planar
structure of the 3-D printed PLA whose core etching, and thus
the empty/fill ratio, is carried out accounting for the operating
frequency and the radiation and circuital performance, as
detailed in Section Il. Then, the engineered 3-D structure is
adopted to co-design a novel advanced microwave system
which is able to simultaneously perform energy harvesting
(EH) activity, e.g., for supplying a low-power microcontroller
unit (MCU) and/or sensor, and to generate a quasi-UWB signal
for indoor localization, using a novel two-port antenna
structure.

Several two-port rectennas operating at both single-
frequency [19] and multi-band [20] have been presented for
narrow-band simultaneous wireless information and power
transfer (SWIPT) [21]. In [22], a combined UHF-UWB antenna
is presented but it is not suitable for wearable applications

because of its ungrounded nature and UHF and UWB are not
cross-polarized.

For this purpose, a novel dual-port patch-like antenna is
designed on the 3-D printed material for the reception of a
multi-sine UHF signal for EH [23] and the backscattering of a
quasi-UWB  signal, generated by harvesting the
intermodulation (1M) products of the multi-sine excitation [24].

The solution proposed in this work, thanks to the adopted
thick 3-D-printed substrate with a background plane, allows to
exploit UWB radiation on body with high decoupling from it,
as required by wearable systems as the one addressed in this
work. To the authors’ knowledge, a dual-port wearable antenna
covering cross-polarized UHF and UWB bands is presented in
this work for the first time.

The whole nonlinear rectifying and backscattering system is
designed by resorting to an effective combination of circuital
and full-wave simulations, where all the IM products falling in
the UWB band are considered without affecting the central
processing unit (CPU) simulation time [24]. Finally, the
measurement campaign of the realized prototype provides the
demonstration of the productive usage of the engineered PLA
for the creation of a compact system able to autonomously
generate strong enough quasi-UWB signals for localization
purposes. Fig. 1(b) shows the block diagram of an extended
system consisting of the proposed dual-mode rectenna
integrated with low-power control electronics, powered by the
harvested energy, to support energy-autonomous UWB
communication and sensing.

The paper is organized as follows: Section Il offers a detailed
description of the 3-D printed substrate hosting the antenna part
and demonstrates the effectiveness of the adopted optimized
structure for the design of the novel two-port antenna; Section
111 is devoted to the co-design (circuital and full-wave) of the
dual-port system acting both as a rectenna in the UHF band and
as a passive backscattering tag in the UWB band. Finally,
Section 1V shows the experimental demonstration of both the
EH and the UWB signal generation and the radiation
performance of the whole system.

Il. MATERIAL CHARACTERIZATION AND ENGINEERING

Usually, materials for AM are selected for properties such as
elasticity, waterproof, mechanical robustness or temperature
resistance and lack from satisfying the requirements for EM
applications: by 3-D etching, they can be worked out to fill this
gap. Therefore, it is necessary to accurately derive the dielectric
properties of test-printed samples before starting the RF design
based on these non-conventional substrates. The Ultimaker 3
Extended 3-D printer (minimum layer thickness: 20 um, XY
accuracy: 12.5 um) is used. Printer settings, such as resolution,
speed, and infill factor, are fundamental for creating high-
accuracy prototypes in terms of well-defined dielectric
properties, permittivity & and loss tangent tano. An uncertainty
margin in the accuracy of the samples printed by fused
deposition molding (FDM) must be accounted for, due to
material shrinkage during the cooling down phase or
uncontrolled material flow which generates small air gaps
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@) (b)
Fig. 2. Photographs of the fabricated T-resonators with adhesive copper on
(2) 0.5 mm and (b) 2-mm-thick PLA samples.

TABLE |
PLA EM CHARACTERIZATION RESULTS
Freq. (GHz) g &' tano
05mm [ 2mm | 0.5mm | 2mm | 0.5mm | 2mm
2 2.65 2.64 0.05 0.05 0.019 0.019
5 2.64 2.66 0.08 0.09 0.03 0.03
7 2.65 2.7 0.095 0.13 0.036 0.048
10 2.68 2.76 0.13 0.13 0.048 0.047

between the individual printed lines forming a single layer. This
porosity within FDM-AM is expected to be of about 15% even
for 3-D printed samples with 100% material infill which may
have an impact at RF when the wavelength is comparable to the
air gaps and may cause structural and EM anisotropy [25].

However, the interesting aspect is the freedom in reaching
customized mechanical and EM properties, to match specific
design requirements. For instance, in [1] the infill factor is
modified to control and tailor the properties of 3-D printed
dielectrics for lenses design purposes.

The material used for this work is the PLA, a low-cost
biodegradable bioplastic with & = 2.7 and tans = 0.008, at 1
MHz, but information up to 60 GHz has been provided in
literature for a variety of applications [26].

Due to the above-mentioned material property deviation, we
first carried out our own EM characterization, by means of the
T-resonator technique [27], with two different PLA thicknesses,
0.5 and 2 mm, respectively, to investigate the uniqueness of the
dielectric constant values. The T-resonators have been
fabricated (see the photos in Fig. 2) and full-wave iteratively
simulated for varying relative dielectric constant and
conductivity, with the goal of broadband matching the
S-parameter measurements.

The microstrip metallization, consisting of a quarter-
wavelength open stub connected to a 50-Q microstrip line, has
been manually cut from a 35-um-thick adhesive copper. The
prototypes’ photos are shown in Fig. 2. The stub length is
Lswo = 31 mm resulting in a first resonance at 1.5 GHz,
according to the closed form expression:

n-c
Lseup = P 1)

where, n = 1 is the resonance order, ¢ = 3-108 m/s is the speed
of light, f, = 1.5 GHz is the first resonance frequency, & = 2.6
is the first guess (neglecting losses) of the PLA dielectric
effective permittivity [1].
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(b)
Fig. 3. Measured and simulated (a) reflection and (b) transmission
coefficient magnitudes of the T-resonators of Fig. 2 on 2-mm-thick (red
curves) and 0.5-mm-thick PLA (blue curves).

The Keysight N9952A FieldFox vector network analyzer
(VNA) has been used for measuring the S-parameters of the two
resonators. The characterization procedure results are reported
in Figs. 3(a) and (b), for the samples of Figs. 2.

Table | reports the resulting dielectric properties derived for
several frequencies: they are almost independent from the
thickness, as confirmed in [26]. However, they show the
dispersive behavior of the 3-D printed PLA, and the loss tangent
is excessive for exploiting PLA for high performance RF
circuits design.

To overcome this drawback, in [28] air cavities of simple
geometries have been 3-D etched, resulting in an
inhomogeneous material with a reduced effective complex
dielectric constant, thus with reduced intrinsic losses.
Moreover, in [28] the substrate under the antenna has been
almost totally removed resulting in a quasi-air-filled solution
below the patch metallization. This led to an increased antenna
gain and radiation efficiency, but to weaker mechanical stability
when subject to stretching or external pressures, which may
also affect the EM performance, including frequency shifting in
an unpredictable way.

For this reason, the design freedom of the AM material must
be determined by simultaneously accounting for the resulting
EM and mechanical properties. One example is reported in [14]
where, inspired by recent aerospace and automotive
manufacturing, a sandwich-like structure has been investigated
for the antenna substrate design. It consists of an etched central
core covered by top and bottom thin sheets. The central core is
etched using patterns like honeycomb, truss or gyroid, that
generate an air-material mixture able to realize a lightweight
structure, with a high empty/fill ratio, still robust with respect
to flexural and transverse shear. A similar structure is used for
the present work and is reported in Fig. 4.
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Fig. 4. Exploded view of a microstrip transmission line realized on a PLA
substrate engineered as a sandwich-like structure with a honeycomb core with
octagonal cells.

Two 300-pum-thick PLA layers are the top and bottom sheets
encapsulating a 1.4-mm-thick central core engineered as a
honeycomb pattern with octagonal air-filled cells.

The octagonal shape and size, as well as the spacing between
adjacent octagons, have been optimized for the best
compromise between mechanical robustness and high EM
(radiation) performance.

For the present operating frequency, 4-mm-radius octagonal
cells have been selected as the best pattern satisfying the two-
fold goal of minimizing the amount of PLA, and thus the
intrinsic propagating losses, and maintaining a stiff and robust
PLA structure. This optimized pattern consists of octagonal air
cavities connected by PLA inclusions, with air and PLA
percentage of 52% and 48%, respectively. This mixture of air-
PLA must be represented using effective EM parameters that
account for the field propagating in both materials and the
associated boundary conditions due to the material pattern.

Thus, the starting point values of the etched material in Table
| have been considered, and the homogenization theory of the
Maxwell-Garnett (M.G.) model [29], developed for dielectric
mixtures, has been adopted to derive the effective quantities.

From [29], the constituent media and their volume fractions
are used to predict an effective dielectric permittivity as
follows:

), 2

Eeff = Ent3Viey (ei+£h—2 Vi(gi—€pn)

where &, and & are the host and inclusion dielectric
permittivities (with reference to Table I: 6 = &, & = 1),
respectively, and V; is the inclusions’ volume fraction.
Obviously, when V; tends to 0%, & =~ &, and when V; tends to
100%, &ff = 4.

The higher the operating frequency, the higher the accuracy
required in selecting the PLA inclusions’ dimensions, which
may cause anisotropy. For this reason, the approximate model
of & retrieved through (2) is valid only in the long-wavelength
limit, where the static and quasi-static conditions are satisfied.
Thus, inclusions’ size lower than the smallest wavelength must
be selected: as a rule of thumb, it must not exceed one tenth of
the wavelength in the effective medium. In this way, (2) may
offer a useful initial guess of the effective dielectric constant of
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Fig. 5. Resonator’s layout positioning on top of the core with (a) octagonal
and (b) hexagonal cells patterns; magnitude of the measured transmission
coefficients with (c) octagonal and (d) hexagonal cells patterns.

the medium with inclusions; indeed, from (2) an equivalent
effective medium with e+ = 1.62 is derived for an average
spacing [(s1 + S2) / 2] = 0.75 mm (see Fig. 4) among adjacent
octagons. This has been obtained by using the PLA relative
dielectric permittivity & = 2.65 evaluated at the nominal
frequency of 2.45 GHz as shown in Table I, and &, = 1, dielectric
permittivity of the air.

This result has been validated by full-wave-simulations of
the reference T-resonators, with the actual inclusions’ shapes
accounted for, resulting in a complex effective permittivity with
&t = 1.8 and &« = 0.035 at the nominal frequency of 2.45
GHz. &' is in good agreement with the value computed by (2).

It is noteworthy that patterning octagonal cells [14], instead
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Fig. 6. Dual-port antenna layout: (top) cross-section, showing the multilayer
structure, and (bottom) front views of the top and middle layers.

of the more common hexagonal ones, has the significant
advantage of better mimicking an effective homogeneous
medium. As representative validations of this concept, Figs.
5(a) and (b) show two different positioning of the same
T-resonator on top of the two honeycomb patterns, with
octagonal and hexagonal cells, respectively (having the same
empty/full ratio, hence the same &). Figs. 5(c) and (d), report
the corresponding measured transmission coefficients: when
octagonal cells are adopted, the T-resonator frequency behavior
is almost unaffected by the different positions, whereas
resonance shifts are observed for the hexagonal case, especially
at higher frequencies. Similar results have been obtained for
other orientations of the microstrip lines, confirming the
superior “effective” uniformity of the octagonal pattern.

I1l. CIRCUIT-LEVEL EM NONLINEAR
CO-DESIGN OF THE UHF-UWB TAG

A. Dual-Port Antenna Design

The above described 3-D printed PLA sandwich structure is
adopted as the substrate for the design of the antenna, shown in
Fig. 6, with two ports: the input port (P1), placed in the lower
edge of the antenna, is vertically-oriented, for the reception of
the multi-sine excitation at UHF; the output port (P2) is
horizontally-oriented, for the backscattering of the passively
generated quasi-UWB pulse, and lies on the right-hand side of
the antenna. Locations and orientations of P1 and P2 have been
carefully optimized to ensure UHF-UWB ports decoupling and
cross-polarization at the same time. The unified two-port
antenna resulted in a relevant foot-print reduction and system
performance enhancements with respect to the solution with
two antennas proposed in [14].

The dual-port antenna exploits the flexibility of the AM
process: it is designed on a multilayer structure composed of
two 2-mme-thick engineered PLA layers of dimension 70 x 55
mm? (described in Section 1) sandwiched together. As shown
in Fig. 6, the bottom-right corner of the antenna substrate is
trimmed to host the rectifier circuitry, on a 0.5-mm-full PLA

layer, obtained by prolonging the antenna top-layer.

The multilayer design, illustrated in Fig. 6 (top), has the dual
purpose of providing a wideband antenna behavior, when the
UWB port is involved, and of making the structure robustly
wearable thanks to the bottom ground plane which decouples
the antenna from the environment [30]. The top layer hosts the
patch metallization characterized by a stretched shape, whose
dimensions are starting from an octagonal shape patch antenna,
which provides wideband performance.

The vertical length is Lunr = 52 mm, a half wavelength in the
effective 3-D printed medium, at 2.45 GHz, for the efficient
reception of the RF power at UHF; the insets, with length
Lsiot = 15 mm and width Wy = 1.5 mm, are designed to match
the antenna input impedance to the 50-Q feeding line.

The horizontal, shorter length is Luws =25 mm, and has been
optimized for antenna operation in the UWB band. Wideband
performance is augmented by the layer underneath, hosting a
10-mm-radius-circular reflector whose dimensions and position
enhance the antenna bandwidth, to cover up to the fourth
harmonic of the highest fundamental UHF tone (2.47 GHz), for
the backscattering of the quasi-UWB signal through port (P2)
[24], as will be described in the following section. Moreover,
vertical and horizontal partial ground planes are introduced in
the middle layer to keep the feeding lines’ widths tight (5 mm).
Finally, at the bottom of the second honeycomb layer a full
ground plane makes the tag completely wearable since it is
decoupled from the further material layers. To enhance the
decoupling between P1 and P2, P2 has been moved towards the
patch upper edge.

B. Numerical and Experimental Characterization of the
Antenna

The designed dual-port antenna has been full-wave simulated
using Computer Simulation Technology (CST) Microwave
Studio in the frequency range up to 10 GHz and the fabricated
prototype on the 3-D printed 2-mm-thick sandwich structures
(see Fig. 6), is measured to validate the design.

In Fig. 7(a) and (b) the measured and simulated reflection
coefficients at the UHF and UWB antenna ports, respectively,
are superimposed. It is noteworthy that the reflection coefficient
at the UWB port [see Fig. 7(b)] shows resonance differences in
the lower frequency range, which is useless for backscattering
purposes and will be filtered out; while at the higher harmonics,
exploited for the quasi-UWB pulse, a good agreement is
observed. This is also true for the measured and simulated
transmission coefficient between the two ports of Fig. 7(c).
From these results it can be observed that the prototype
resonates at 2.47 GHz (2.45 GHz predicted) and the UWB
measured antenna has a bandwidth (|Sz.| < —10 dB) from 4.5
GHz to 10 GHz.

The simulated antenna radiation patterns are reported in Fig.
8: Fig. 8(a) illustrates the polar plot corresponding to the ¢ = 0°
azimuthal plane of the UHF antenna, with the main lobe in the
broadside direction having a maximum gain Guune = 4.76 dBI,
whereas Fig. 8(b) shows the polar patterns in the ¢ = 90° plane
of the UWB antenna evaluated at the 11, I1l and IV harmonics,
with predicted gains in the maximum radiation directions of
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Fig. 7. Reflection coefficient vs frequency at (a) the UHF and (b) the UWB
antenna ports; (c) transmission coefficient between the two ports.

GUWB,II =6.24 dBI, GUWB,III = 4 dBi and GUWB,IV = 8.62 dBI,
respectively.

The designed UHF-UWB cross-polarization is also
predicted. Table 1l reports the electric field vertical and
horizontal components, E, and E,, respectively, and the axial
ratio (AR). By inspecting these values, one can see that at the
fundamental UHF frequency the antenna is vertically polarized,
and it is horizontally polarized in the UWB band.

C. UHF-UWB Tag Design: Nonlinear Design of a
Simultaneous UHF-to-DC and UHF-to-UWB Converter

With the aim of designing a SWIPT tag by the exploitation of
a multi-sine excitation, a dual-port nonlinear rectifier has been
designed and realized. The two-fold goal of this sub-system is
to harvest RF energy from an input multi-sine signal and to
convert it into DC with the aim, for instance, to supply a low-
power MCU and/or sensor to modulate the passively generated
quasi-UWB signal to be exploited for localization purposes.

For efficient nonlinear simulations, the multi-sine excitation
has been formulated as in [24], where each tone is represented
as the proper higher harmonic of the tone spacing frequency,

o —— 494GHz |
Pl 30—, 330 —— 741 GHz
60 7 N 2 LN 9.88 GHz
/ , 300 60 1 300
| V2 | \ 20
\ - / ) N2
\_ /313\7 B / 270 90 L w< 270
120 240 20 L 240
210 210
150 0 150 e
(® (b)

Fig. 8. Normalized logarithmic polar plots in (a) ¢=0° plane at the UHF
frequency and (b) ¢=90° plane in the UWB band at the II, Il and IV
harmonics of 2.47 GHz, namely 4.94, 7.41 and 9.88 GHz.

TABLE I
AXIAL RATIO AND E-FIELD COMPONENTS IN THE
MAXIMUM DIRECTION OF RADIATION

A’;}g:‘t”a Freq. (GHz) | AR (dB) E,(V/m) | Ec(V/m)
UHF 247 212 8.88 123
2.47 276 04 6.2
4.94 39.1 0.11 10.2
uwe 741 28.7 0.33 6.78
9.88 9.6 463 7.03

which for the present case is fo = 1 MHz. Eight tones have been
selected around 2.47 GHz, and the excitation can be represented
as follows:

x(t) = ngl x; cos(2mifyt + ¢y) (3)

where x; and ¢; represent the magnitude and phase of the i
multi-sine excitation, and K; = 2467 and Kr = 2474 are the
integers corresponding to the starting and ending higher
harmonics of fy representing the multi-tone excitations. The
center tone at 2.47 GHz, the frequency spacing, and the number
of tones have been selected based on the measured antenna
resonance and bandwidth.

The circuital schematic of the rectifier and the photo of the
top view of the system prototype (including the two-port
antenna) are reported in Fig. 9(a) and (b), respectively. The
rectifier consists of a single diode (Skyworks SMS7630-079LF)
embedded in a linear sub-network composed of: i) a single stub
matching network [MN in Fig. 9(b)] at the UHF port rectifier
with SC-Stub, having length equal to 4.42 mm and width 1.3
mm, TL-1 having length equal to 11.6 mm and width 1.3 mm
and a DC-block capacitance (Cun = 0.9 pF); ii) a two-branch
output network: the first branch collects the DC output power
only, and consists of a low-pass filter loaded by the optimum
load (RLoap = 790 ), made by a high-quality inductance
L = 1100 nH [506WLS by American Technical Ceramics
(ATC)] and a lumped capacitor (C, = 560 pF); iii) the second
branch drains the higher harmonics to the antenna’s UWB port.
It consists of a 50-Q transmission line (TL-2, with length: 44.3
mm, width: 1.3 mm), a 50-Q open-circuit stub (OC-Stub,
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Fig. 9. (a) Circuit schematic of the designed dual-mode rectifier; (b)
photograph of the system prototype (top view) with the two-port antenna
connected to rectifier. UHF and UWB ports are also highlighted.

length: 20.8 mm and width: 1.3 mm) and a capacitor (C; = 0.9
pF) acting as a DC-block.

All these circuital elements have been used as the design
variables inside the nonlinear optimization procedure, with
simultaneous specifications on: i) RF-to-DC conversion
efficiency; ii) at the UWB port: simultaneous maximization of
the power spectral lines near the multi-tone higher harmonics
(11, 111 and 1V) and minimization of the near-carrier spectral
lines falling in the multi-tone fundamental frequencies; iii)
minimization of the return loss at the antenna ports. It is
noteworthy that such nonlinear procedure has been carried out
in a multi-domain environment [13], combining EM and
circuital simulations, in such a way that the dispersive behavior
of the antenna is fully accounted for during the nonlinear design
process.

Multi-sine excitations, characterized by either constant or
parabolic phase distributions, have been considered. In
particular, the following formula has been adopted to assign a
parabolic phase distribution:

2_
o =0T k=t LN 4)
where N is the number of tones (8 in the present case) and ¢x is
the phase of the k™" tone.

Nonlinear circuit optimization of the entire rectenna predicts
a higher efficiency behavior in the case of parabolic phase

—— Parabolic Phase - Simulated
35 f|=—— Costant Phase - Simulated
® Parabolic Phase - Measured

-15 A 0 5 0 5
Pav.R.F (dBm)

Fig. 10. PCE as a function of the available RF power P, rr equally distributed
over the 8 tones for two different phase distributions: with the tones sharing
the same phase (simulated), and with a parabolic phase distribution (simulated
and measured).
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Fig. 11. Predicted power spectral lines at the antenna UWB port near the (a)
first, (b) second, (c) third, and (d) fourth harmonics of the excitation signals,
when the total available power is Py rr = —15 dBm.

distribution over the power range of interest (see Fig. 10),
which has been chosen for the present design. The two
excitations obviously share the same peak-to-average power
ratio (PAPR).
The overall rectenna RF-to-DC power conversion efficiency
(PCE), is calculated as:
Po

PCE (%) = ﬁ 100, (5)

where Poypc is the rectified output DC power and Payre iS the
available RF power that may differ from the actual power
entering the rectifier (Pinge) Which takes into account also the
antenna efficiency [31].

The simulations have been performed with the circuit
simulation software Keysight Advanced Design System (ADS).
The adopted approach is based on a novel formulation of the
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Fig. 12. Simulated power waveforms generated (a) at the UHF port
(Pavrr =—15 dBm) and (b) at the UWB port.
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Fig. 13. Measurement setup for energy harvesting validation measurements,
showing the transmitting (TX) antenna connected to the arbitrary waveform
generator, and the receiving antenna (RX).

harmonic balance (HB) excitation with a high number of tones,
that cannot be handled by commercial HB-based simulators.
Indeed, each tone is represented as the higher harmonic of the
common fundamental frequency (here, fo = 1 MHz), that is the
tone spacing. Thus, the multi-tone simulation is converted into
a single-tone one and the efficient optimization of the tones’
parameters, such as their number, the frequency spacing, the
amplitude, and phase can be easily carried out to satisfy the
multi-domain specifications, such as maximization of either the
rectified power or voltage and maximization of the higher
multi-tone harmonics for the passive generation of the UWB
signal. In this way, the spectrum results to be denser (10
thousand of harmonics), but the analysis is faster and more
accurate compared to a standard intermodulation analysis [24].

By means of the EM/nonlinear co-design technique, the final
UWB effective isotropic radiated power (EIRP) has been
computed: for a multi-sine input power of —15 dBm, it results
to be below —41.3 dBm/MHz, as requested by the Federal
Communication Commission (FCC), considering the maximum
UWB antenna gains of 6.24, 4, and 8.62 dBi at the second, third,
and fourth harmonics, respectively.

Figs. 11 report the power spectral contents, located near the
abovementioned harmonics of interest and exceeding —120
dBm, at the antenna UWB port, to be backscattered from the
UWB antenna, when Pare = —15 dBm. As specified by the
nonlinear design, it is worth noticing that the filter at the UWB
output minimizes the spectral content near the first harmonic
[Fig. 11(a)], which is not part of the quasi-UWB signal to be
backscattered. As shown by these plots, the spectral intensities
are sufficient for the generation of the quasi-UWB signal but
are negligible contributions to be recycled by the harvester. On

UWB Horn Antenna
(TDK HRN-0118)

20 cm

RX Antenna

UWRB port for
quasi-UWB signal
backscattering

UHF port
for multi-sine
reception

Arbitrary Waveform UHF TX Antenna

Generator

Fig. 14. Schematic view of the setup for measuring the backscattered quasi-
UWSB signal.

the contrary, the harmonics near the fundamental tones are
higher and are reflected from the UWB port to the rectifier by
means of the high-pass filter so that they can be further
exploited to enhance the PCE. Figs. 12 shows the power
waveforms at the input UHF port and at the output UWB port,
whose PAPRs are 8.36 and 8.19 dB, respectively. As expected,
the output waveform has a slightly different shape with respect
to the input one, due to the nonlinearities, and can be exploited
as a quasi-UWB signal to be backscattered by the antenna.

IV. UHF-UWB TAG EXPERIMENTAL CHARACTERIZATION

A. UHF-to-DC Energy Power Conversion

In order to validate the simulation results presented in the
previous section, a measurements campaign is conducted for what
concerns the EH part of the described system. A photo of the
measurement set up is reported in Fig. 13 where a complete link is
shown: on the transmitter side, the standalone UHF antenna is
connected to the arbitrary waveform generator (Tektronix
AWGT7122C), to radiate the UHF multi-sine excitation; on the
receiver side, the two-way rectenna is used and the DC output
power is first measured. Fig. 10 shows the measured PCE
calculated using (4), superimposed to the simulated ones, with
respect to Paygre, ranging from —19 to 5 dBm.

B. UHF-to-Quasi-UWB Signal Generation

A second measurement campaign has been dedicated to the
characterization of the quasi-UWB signal generated by the
nonlinearities and backscattered from the antenna.

The overall power transmitted from the multi-tone generator
is 20.7 dBm, and the gain of the UHF TX antenna is 4.76 dBi:
in such conditions P4 rr = —15 dBm has been obtained at the
UHF port. Indeed, quite low available power has been
considered, to ensure that the backscattered signal complies
with the FCC UWB mask. Fig. 14 shows the measurement
setup, modified from the one of Fig. 13, where a UWB
horizontally polarized horn antenna (TDK HRN-0118) is used
to capture the quasi-UWB signal backscattered by the two-port
rectenna (whose UWB radiation is co-polarized with the horn).
The UWB horn is located 20 cm above the antenna transmitting
the multi-sine excitation.

Figs. 15 report the measured spectral power lines near the
second and third harmonics of the multi-sine excitation,
backscattered by the system of Fig. 9, received by the horn, and
registered by the Keysight N9952A FieldFox with a resolution
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Fig. 15. Measured power spectral lines backscattered by the rectenna and
received by the horn associated to the quasi-UWB backscattered signal (total
input power P, re 0f —15 dBm), near the (a) second, (b) third, and (c) fourth
harmonics.

bandwidth of 3 kHz. The spectral lines near the fourth harmonic
resulted to be lower than the minimum useful level exploitable
to contribute to the quasi-UWB signal. These measurements are
consistent with the predicted transmitted ones of Figs. 11, for
both the shapes similarity and the spectral intensities, validating
the effectiveness of the EM/nonlinear co-design technique
adopted for the present system.

Fig. 16 schematically shows a possible application scenario
of this energy autonomous localization system where the signal
processing details can be found in [24] and are not reported here
for the sake of brevity. The proposed system is suitable for
indoor environments where selected anchor nodes can
accurately localize it by receiving the backscattered quasi-
UWB signal. The harvested DC power is sufficient for
modulating the UWB signal and for monitoring the inertial
activities of the subject(s) under test by means of an inertial
measurement unit (i.e., an accelerometer).

For example, for a Payrr =—10 dBm and Ppc = 12.5 pW, this
power can be used for controlling the dynamic switching and
the static bias of the UWB switch [32]. Reference values for a

Anchor #1 nchor #2

I A
Backscattered %

-
quasi-UWB Signal

=@

“\\V

(@

Multi-tone Source #2

TAG #1

<))

Multi-tone Source #1
TAG #2

Fig. 16. Envisioned scenario for a practical localization application with
single/multiple multi-tone sources and anchor nodes that are placed around an
indoor environment for the reception of the backscattered quasi-UWB signals.

commercial single pole double throw (SPDT) switch (i.e.,
Skyworks  SKY59608-711LF) are: supply voltage
Veias = 1.8 + 3.3V, supply current Is = 5 pA.

Moreover, the available power levels can satisfy the energy
requirements of a low-power commercial MCU, a transceiver
operating with LoRa technology, and a three axis accelerometer
(400 samples per second) [33]; in particular, if the
STM32L476RE MCU and the Semtech SX1280 LoRa
transceiver are taken into account, and considering the
efficiency of a commercial power management unit (PMU)
equal to 50%, it is possible to store sufficient energy to sustain
the processing operations of the MCU and a three-axis
accelerometer and to transmit all the information about
acceleration activities every 160 seconds.

V. CONCLUSIONS

In this work, a fully 3-D printed novel rectenna system on a low-
cost PLA substrate has been presented. By connecting a single
diode rectifier to a dual-port antenna, a successful integration of
EH and UWB backscattering operations has been predicted and
validated.

An intensive study of the material characterization has been
carried out and a novel etching pattern has been proposed to boost
the resulting EM properties of the original material, and thus the
EM and circuital performances.

By 3-D printing the PLA with an octagonal pattern, optimized
for optimum empty/fill ratio, octagons’ dimensions and spacing, it
has been demonstrated that high antenna performance can be
obtained. A patch-type antenna has been realized on this
engineered substrate with two orthogonal excitation ports,
designed to achieve both UHF and UWB cross-polarized radiation
performance. When the antenna is connected to a rectifier and
excited by a multi-tone signal, it can simultaneously harvest RF
energy and backscatter a passively generated quasi-UWB signal.
The proposed compact solution has been obtained thanks to an
accurate and efficient EM/nonlinear co-design strategy that is
validated by measurements from both the EH and the
backscattering operations point of view.
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