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A novel integrated UWB-UHF one-port antenna
for localization and energy harvesting

Marco Fantuzzi, Diego Masotti, Member, IEEE, and Alessandra Costanzo, Senior Member, IEEE

Abstract—In this work a novel compact, single-port antenna
combining both UWB and UHF bands is presented. This solution
is proposed for next generation passive RFID tags, performing
communication and localization through UWB technology and
efficient energy harvesting in the UHF band, but it is also
designed in order to keep compatibility with previous tags
generations. The UWB communication is deployed by means of
an Archimedean spiral topology, while energy harvesting at UHF
is obtained by suitably extending the spiral outer arms, thus
realizing a meandered dipole, without affecting the UWB
behavior. The single-port architecture provides an overall size
reduction, while preserving the radiation performance in both
the operating bands. This solution allows a direct connection to
future integrated UWB-UHF chips, to standard RFID chips, or to
a diplexer for suitably combining the UWB and the UHF
functionalities. A prototype of this new antenna, realized on a
standard FR-4 substrate, is first presented to validate the
proposed novel design. As a second step, the same architecture is
scaled on a paper substrate in view of its fully eco-compatible
realization to be exploited by future pervasive RFID applications.
The compact design of the antenna feeding network in discrete
technology is also presented.

Index Terms—Ultra wideband antennas, UHF antennas,
rectennas, radiofrequency energy harvesting, radiofrequency
identification.

I. INTRODUCTION

he fast growing evolution of our society, together with the
development of information technologies, are inexorably
leading us towards the introduction of systems more and more
distributed in the environment. Terms like Internet of Things,
Ubiquitous Electronics and Autonomous Logistics are
therefore increasing their popularity.
The impact of systems organized as networked low-cost
nodes (tags) that are distributed in the space, identifiable and
localizable can be potentially enormous in a high number of
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applications: e.g., logistics, security, energy and healthcare. In
this context technologies such as radio-frequency
identification (RFID) and real-time locating systems (RTLS)
are of primary importance. However, the functionalities of
identification and localization are typically offered by
different wireless sub-systems. The possibility to combine
them in a unique, highly efficient and possibly eco-friendly
tag-device is therefore very attractive.

In the last years impulse-radio ultra-wideband (IR-UWB)
technologies have demonstrated to be a promising solution to
indoor localization problems, with sub-meter precision [1-4],
thanks to their interference robustness characteristics. Thus a
promising evolution of next-generation RFID is based on the
exploitation of the UWB technology. The idea of
backscattering UWB communication has been proposed for its
use in low cost, semi-passive [1, 2, 5, 6], and passive tags [7].
Furthermore one of the advantages in adopting UWB
communication is the ultra-low power consumption, which
makes it possible to deploy battery-less RFID sensors by
exploiting radiofrequency (RF) energy harvesting. For energy
harvesting purposes UWB technology is not adoptable due to
the extremely low spectral power density allowed. A possible
solution, to keep the same radiating element for both
communication and energy harvesting, could be the
exploitation of the 2.45 GHz band, which is close to the lower
limit of the UWB band. However this would limit the
maximum reachable link distances. This is clearly shown in
Fig. 1 where the DC power delivered to the optimum load of
two rectennas (rectifying antennas) operating at 900 MHz and
2450 MHz, are plotted versus the free-space distance from the
RF source. In both cases we consider an effective radiated
power of 500 mW, incident in the maximum link direction.
Both the antennas are connected to a full-wave diode rectifier
through a suitable matching network [8].

The great advantage in collecting RF energy from the
ambient by exploiting the UHF band is clear: roughly one
order of magnitude less in terms of rectified power is achieved
at 2450 MHz. Thus, the best solution is to combine two
radiating elements: one designed for energy harvesting
purposes in the UHF band, the other one to sustain UWB
communication. Moreover, this choice has the great advantage
of guaranteeing full compatibility with previous RFID
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generations, as strongly recommended by market needs. This
also allows the integration of UWB-RFID communication
with ultra-low power sensors, autonomously sustained by the
RF energy harvesting activity [8].

A possible realization on eco-friendly materials enables the
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Fig. 1. Simulated DC converted output power for two rectennas, operating at
900 and 2450 MHz.

deployment of a distributed low-power intelligence (zero
power smart tags) as envisaged by the “better society” chapter
of Horizon 2020 [9, 10].

Hybrid UWB-UHF RFID systems have been already
investigated [11] and several solutions of co-localization of
UWB and UHF antennas are present in literature [12-14].
Most of them consist of smart placement of separate antennas
on the same substrate, typically a UWB monopole/patch and a
UHF dipole [12] or a 2.45 GHz monopole [13], or a more
compact slotted UHF dipole obtained from the ground plane
of the UWB monopole [14]. However all these solutions offer
two separate antennas architectures with two different ports,
one for UWB (backscattered) communication, the other for
UHF communication/harvesting.

With this paper we present the first single-port antenna
solution for hybrid UWB-UHF systems operating in the
European UHF-RFID and lower UWB bands: 868 MHz, and
3.1 to 4.8 GHz, respectively. In this way a superior size
reduction with respect to previous solutions is achieved,
maintaining a high quality of the radiation characteristics.

In order to validate design results, a first prototype of the
proposed topology is realized on a standard FR-4 substrate. In
view of the pervasive diffusion of “green” electronics, a
second paper-based prototype is also realized and
experimentally validated. A compact design of a three-port
feeding network in microstrip technology is also provided to
demonstrate the overall UWB-UHF system feasibility.

Il. HYBRID UWB-UHF ANTENNA DESIGN

As in all wideband applications, an almost uniform antenna
behavior in the whole frequency band, from the near-field
(antenna impedance) and far-field points of view, is an
important design requirement, though not always satisfied by
the available solutions. Moreover, circular polarization is
desirable in RFID applications to reduce tag installation

constraints.

A large number of wideband antennas is available from
literature. The simplest choice is to resort to step-wise [15] or
tapered [14, 16, 17] planar monopole topologies, with partial
ground plane for image theorem application, or similarly
inspired solutions, such as the Vivaldi antenna [17]. Many
drawbacks pertain to these antennas: the dispersive behavior
in terms of both far- and near-field, the linear polarization of
the radiated field, and the unbalanced nature of the port (less
suitable to chip connection). The antipodal Vivaldi antenna
[18] solves the problem of the unbalanced port, only.

For the present design we exploit the self-complementary
architecture [19] which theoretically provides an almost
constant port impedance behavior in the whole band (ideal Z ~
188.5 Q, practical Z ~ 120 Q, due to finite metallization
thickness and feed line [19]) and identical radiation properties,
since a fixed-shape “active zone” moves along the structure,
by varying the operating frequency. Within this family of
antennas, some topological choices permit to satisfy the
circular polarization constraint, too: as the cases of standard
Archimedean [19] and logarithmic spiral [17] topologies, both
providing a balanced port, or a tapered version of the
Archimedean spiral with unbalanced port [20].

The selected topology for the present design is the
Archimedean spiral, providing the minimum size. This choice
has been taken by comparison of electromagnetic (EM)
simulations of an Archimedean and a logarithmic spiral
antenna printed on a 1.5 mm-thick FR-4 substrate (g=4.3,
tan(6)=0.025 @ 10GHz), offering a similar behavior.

A. Optimization and sizing of the Archimedean spiral
antenna

A first coverage of the UWB band, from 3.1 up to 4.8 GHz,
is obtained by a 3.2 cm-diameter spiral, with lines width
(equal to lines gap for the auto-complementarity principle) of
1 mm. The “active zone” of this antenna is the circular portion
of the spiral having a circumference equal to the working
wavelength A: in this section an in-phase condition for the
currents flowing in the two stripes is reached, thus providing a
behavior equivalent to a full-wavelength loop antenna [19].

It is well known that superior performance is achieved by
thin-arms spiral antenna: the exploitation of vertical metallic
strips (i.e. strips lain on the thin thickness side) allows to have
much tighter turns: this way the number of strip turns can be
considerably increased and thus a purer spiral behavior can be
achieved [21]. A further goal, however, is to accomplish an
additional UHF band coverage by means of a unique,
compact, planar structure. As a first attempt in this direction,
the above-described Archimedean spiral can be used by
simply increasing its dimension; however this solution
requires a spiral diameter of almost 13 cm to reach good
radiation properties at the desired frequency, thus obtaining a
total area incompatible with almost all RFID applications.
This result clearly points out the necessity to investigate ad-
hoc solutions in order to obtain the demanded goal within
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suitable overall dimensions.

Antenna miniaturization has always been of great interest in
both commercial and military applications, therefore several
techniques and guidelines have been proposed in literature
[22, 23]. A possible solution would be that of using high
dielectric constants [24] or even magneto-dielectric [25]
materials, but our final aim of realizing an eco-friendly device
forces us to discard these possibilities. We thus resort to
another miniaturization solution, the so-called “gap-loading”
technique [26]: the inclusion of a capacitive load (a 1 mm-
circular stripe, placed 1 mm-far from the spiral) increases the
electrical length of the structure, thus reducing its overall
dimension. However the almost 23% reduction factor reached
is not yet enough for the desired purpose.

B. Novel UWB and UHF antennas co-localization topology

A new solution for co-localizing a UWB and a UHF
antenna sharing the same substrate and the same port can be
obtained by extending the spiral length to form a meandered
dipole. In Fig. 2 the principle of the presented idea is shown;
the reference system adopted in the whole paper is also shown
in the same figure.

- y
UHF dipole

UWB spiral

Fig. 2. New UWB-UHF antenna architecture.

The new topology justifies, from another point of view, the
choice of the Archimedean spiral, instead of the logarithmic
one: the fusion of the spiral with the dipole can be
straightforwardly obtained without any tapering in-between
the two structures. It is worth noting that all the spiral paths
contribute to the dipole antenna, thus allowing an overall
dipole length suitable for UHF band applications. It must be
stressed that the UHF dipole still offers linear polarization, as
standard straight dipoles: in fact, the far-field polarization is
determined by the vertical arms departing from the spiral,
while the rest of the branches mainly contribute as reactive
loads. This is demonstrated by both EM-simulations and
measurements in Section Ill. Linear polarization of the UHF
antenna is required by the wireless powering mechanism
foreseen in the National Project for which this antenna has
been developed [10]: this is based on a set of intentional,
linearly polarized UHF sources deployed in the ambient to
provide the RF power on demand. Conversely, circular
polarization for the UWB antenna is chosen for
communication/ranging purposes, as usually required in most
RFID applications.

In order to preserve the self-complementarity of the spiral
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Fig. 3. Final topology of the proposed antenna (a), reactance and maximum
realized gain as a function of the length of the dipole (b).

and to minimize lines coupling in the long path providing the
dipole operation, wider lines with respect to previous
experiments are chosen: lines and gaps width is set to 1.5 mm.

This value has been chosen as a good compromise to
guarantee the best spiral and dipole coexistence. Indeed this
width leads to a total UHF dipole length of a 1.5-A UHF
dipole while preserving a compact layout. Conversely,
reduced width size better ensures the spiral currents in-phase
condition [21] (with the number of turns increased
accordingly, to preserve the outer circumference dimension).
However this choice directly lengthens the UWB spiral arms
and forces the use of a 2.5-A UHF dipole, as the whole spiral
path contribute to the dipole antenna. By EM simulation [27]
we proved that this configuration worsens dipole performance,
since most of its length comes from the spiral path. As a
consequence, its polarization is turned from perfectly linear to
elliptical. Moreover, longer and thinner paths involve higher
losses, which would be a critical aspect in view of an ultra-low
power, eco-compatible realization on paper substrate.

Finally, a standard 0.5-\ dipole cannot be adopted as well,
since it would require an excessive reduction of the number of
turns at the expense of the spiral performance, especially in
the lower UWB frequency range.

The final topology of the antenna is reported in Fig. 3(a),
where a picture of the prototype is shown. The folded dipole
layout guarantees a resonant behavior at 868 MHz (imaginary
part of the dipole impedance equal to zero). However if the
antenna is used with a standard UHF-RFID chip (for
compatibility purposes with previous generations), an easy
conjugate matching can be obtained by varying the final part
of the dipole length (L) of Fig. 3(a). This is clearly shown in
Fig. 3(b), where the imaginary part of the dipole input
impedance is plotted versus frequency, with L as a parameter.
It can be observed that a 20-mm length variation provides a
100 Q reactance span. From Fig. 3(b) it is also clear that, for
any selected length value, the reactance slope with respect to
frequency does not vary significantly. This allows us to
conclude that the operating RFID UHF bandwidth, shown
later on in Fig. 10 (imaginary part ~ 0), can be guaranteed for
many different dipole lengths. In Fig. 3(b) the corresponding
realized gain, in resonant conditions, is also plotted: its almost
flat behavior confirms that, by varying the branch L of the
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total dipole length, the radiation properties in the UHF band
are not significantly degraded. Thus these tuning properties
can be exploited for compatibility with standard RFID chips
and for the combined UWB-UHF applications addressed in

—

ey |

—=m @ 4 GHz
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Fig. 4. Full-wave simulation results in terms of surface current magnitude in
the UHF and UWB bands (higher values in red, lower in blue).
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-30

this paper.

The first demonstration of the effectiveness of the presented
idea is reported in Fig. 4, where the surface current magnitude,
computed by full-wave simulation in correspondence of the
operating frequencies is assessed. Besides the shift of the
active zone within the UWB band, the 1.5-A behavior in the
UHF band can be noticed, too: indeed two zero current values
for each branch are evident.

A further confirmation of the optimal co-existence of the
two antennas is then provided by the highly similar spiral
performance with and without the dipole. In Fig. 5 the
reflection coefficient (normalized to 120 Q) is shown: a
maximal value of -10 dB is guaranteed for the two
configurations in the frequency bands of interest. In Fig. 6 the
plots of the radiation patterns in the yz-plane at the UWB
center-frequency are compared, showing an excellent
agreement. The same is true for the antenna circular
polarization properties: in Fig. 7 the axial ratio (AR) in the xz-
and yz-plane of the UWB antennas are compared: a maximum
difference of 1.5 dB is predicted in both planes. Similar results
have been obtained all over the 3 to 5 GHz band, thus ensuring
the proper UWB communication in the presence of the UHF
dipole.

Previous results also justify the insensitivity of the UWB
antenna near- and far-field properties to dipole length
variation, as verified by EM simulation.

I1l. HYBRID UWB-UHF ANTENNA EXPERIMENTAL
CHARACTERIZATION

A. FR-4 realization

The new UWB-UHF integrated antenna has been first
realized on a FR-4 substrate: the photo of the prototype with
the associated dimensions is shown in Fig. 8(a).

As regards antenna port measurements we have to face the
balanced nature of the antenna port. We resort to the
measurement procedure proposed in [28], where a Y-shaped
three-ports coaxial junction is used. After applying the cable
de-embedding  procedure we obtain the excellent
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Fig. 8. Photo of the FR-4-based prototype: (a) front view; (b) perspective
view with the coaxial cable used in radiation pattern measurements.
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Fig. 9. Measured and modelled antenna input impedance: (a) real part, (b)
imaginary part in the UHF band; (c) real part, (d) imaginary part in the UWB
band.

correspondence between measured and modelled antenna
impedance shown in Fig. 9, spanning both the UHF and the
UWB bands. From inspection of the figure the exact
resonance at 868 MHz, and the almost constant behavior in the
UWB band can be easily evinced; the third zero crossing of
the reactance in the lower band clearly confirms that the total
length of the dipole provides a 1.5-A behavior. It can be
observed that in the UHF band the integrated antenna shows
an impedance real part of about 12 Q, which is acceptable for
being matched to an RFID rectifier. This also confirms that a
common half-wavelength topology is not adoptable due to its
extremely low impedance values.

Very good agreement can also be observed by comparison
of the modelled and measured reflection coefficients in both
the UHF and UWB bands, by resorting to the proper
normalization, as shown in Figs. 10 and 11, respectively. From
the measurements of Fig. 10 the operating UHF bandwidth
can be approximately derived as the frequency band where the
magnitude of the reflection coefficient, normalized to the
antenna impedance at resonance (12 Q), is lower than -10 dB.
A 35 MHz-band is achieved, thus providing compatibility with
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Fig. 10. Measured and modelled reflection coefficient in the UHF band
(normalized to 12 Q). 0.5-A, 1.5-A and 2.5-1 resonances can be clearly
recognized.
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Fig. 11. Measured and modelled reflection coefficient in the UWB band
(normalized to 120 Q).

RFID chip practical band requirements. It is noteworthy that
this is a fairly good bandwidth estimation, given that a
rigorous one is not possible due to the nonlinear behavior of
the antenna load (e.g. RFID chip) [29]. An alternative
approximate estimation could be obtained by reducing the
nonlinear chip input impedance to an equivalent RC circuit
and considering the conjugate matching condition.

The highly dispersive behavior of the antenna impedance
shown in Fig. 9 (especially by comparing the UHF and the
UWB bands) must be accurately taken into account for the
foreseen strategic tag realization. A UWB-UHF antenna
feeding network can then be designed with the twofold goal of
decoupling the UHF and UWB paths, and providing matching
conditions, to a rectifier at 868 MHz and to a backscattering
modulator in the UWB band. An accurate description of its
design in hybrid microstrip/lumped-element technology is
given in Section 1V.

Antenna far-field measurements are carried out in a real
office scenario, and not in an anechoic chamber, in order to
test the antenna performance in practical applications. Since
we look for normalized behavior of the radiation properties,
direct connection of the conductors of a 50-Q coaxial cable
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Fig. 12. Measured and modelled normalized field radiation patterns of the

co- and cross-polarized component at 868 MHz, in the E-plane (yz) (a), and
in the H-plane (xz) (b) of the dipole.
[30, 31] to the antenna differential port is adopted.

In Fig. 12 the predicted and measured radiation patterns of
the co-polarized and cross-polarized components in the E and
H-plane (yz- and xz-plane, respectively) of the UWB-UHF
antenna at 868 MHz are reported. As can be evinced, they
prove to be almost identical to those obtained by a standard
straight standalone dipole. The unique difference with respect
to a straight dipole is the absence of secondary lobes, despite
the geometrical 1.5-A length, since most of its total length is
arranged in a spiral-like configuration. As regards the
polarization of the dipole far-field, it results perfectly linearly-
polarized in the y-direction (main axis of the dipole) for a
wide elevation range. The light asymmetry of the radiation
patterns of Fig. 12 is due to the coaxial cable termination

8¢ RHCP

—— modelled Co-pol
——— modelled X-pol
—— measured Co-pol
——— measured X-pol

Fig. 13. Measured and modelled normalized field radiation patterns at 3, 4

and 5 GHz, in the yz-plane (left column), and in the xz-plane (right column). EEE

shown in Fig. 8(b), which is taken into account in the
simulation, too. Similar conclusions can be drawn in the UWB
band: Fig. 13 reports the simulated and measured radiation
patterns at the UWB-band frequencies 3, 4 and 5 GHz, for
both the co- and the cross-polarized components. Due to the
ungrounded antenna structure, in the z > 0 half-space the co-
polarized component is the right-handed circularly polarized
(RHCP) one, while in the z < 0 half-space (light grey area in
the figure) the co-polarized component is the left-handed
circularly polarized (LHCP) one. The coaxial cable junction in
the backside of the antenna is the main responsible of a not-

2 4 5 4
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5% & AN

1 ul
=12
-14 ‘ ‘ 0 : —
750 1000 1250 1500 3000 4000 500(
Frequency (MHz) Frequency (MHz)
(a (b)

Fig. 14. Simulated (solid line) and measured (markers) realized gain of the
FR4-prototype: (a) in the UHF band, (b) in the UWB band.

negligible cross-polarized component, as verified by
simulation, too, and consequently of an AR worsening with
respect to the isolated antenna results of Fig. 7.

The simulated realized gain in the maximal radiation
direction of the antenna is plotted in Fig. 14, in both the
operating frequency bands: an almost constant behavior is
obtained in the UWB band, as expected; and a value of more
than 0 dBi is guaranteed in the UHF band. In the same figure
the measured gain is superimposed, too: good agreement with
modelled results is achieved.

These results were obtained using a 12 Qand a
120 Q termination, for the UHF and the UWB bands
respectively.

B. Paper-based realization

In addition to the FR-4 solution, a second prototype of this
innovative antenna has been realized on paper, taking into
account the full compatibility with the environment. Paper is
indeed an excellent candidate to reduce environmental impact
of electronic circuits: it is widely available at a very low cost
and most of all its highly biodegradability, with respects to

1.8 mm

53 mm

38 mm ;

Fig. 15. Photo of the paper-based prototype.
m
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other ceramic substrates, allows it to turn into organic matter
in landfills in only a few months [32]. For this purpose a
scaled version of the proposed antenna has been designed and
realized on a 0.69 mm-thick paper substrate (g=2.85,
tan(8)=0.053 @ 4GHz). This first prototype is realized by
hand-painting a conductive paste over a thin cardboard. The
photo of the paper-based prototype is shown in Fig. 15
together with its final layout dimension: a scaling factor of
1.22 with respect to the prototype of Fig. 8 is adopted, taking
into account the different substrates permittivity. For
measurement purposes we make use of a conductive glue in
the connection between the coaxial junction and the paper
prototype.

The behavior of the two prototypes is very similar. In
particular the normalized radiation patterns of Figs. 12-13
pertain to the paper antenna, too, and are not reported here for
the sake of brevity. Fig. 16 reports the comparison between
measured and modelled input impedance of the paper-based
antenna: the results are in almost perfect agreement in the
UHF band (in particular the 1.5-A resonant behavior at 868
MHZz), while some differences are observed in the UWB band,
probably due to the imperfect metallization.

In Tab. I the predicted radiation efficiencies all over the
frequency bands are compared for a lossy and lossless paper.
One drawback of the paper solution is the modest efficiency in
the UHF band: the long and winding current path at 868 MHz
is responsible for an efficiency of 63% (almost 70% is the
corresponding value on a FR-4 support). Higher values are
observed in the UWB band due to the shorter current path of
the circular “active zone” when frequency values greater than

1000 - 1000 -

| 1
: 750 - ;
800 1 ' 500 - '
— ! = !
G 600 - | <} 250 - i
) : g 0T SRV ol
& 400 ; E-250 - i
' -500 '
200 | ; ! (b
; -750 - ;
0 - AN —— AR i modelled it
250 750 1250 1750 750 1250 1750
Frequency (MHz) -o- measured | Erequency (MHz)
200 75 i
_ — 50
9, 150 g
8 Nas
2 (© E
100 -
0 (d)
5 WW 25 | ‘ ‘ ‘ :
3000 3500 4000 4500 500( 3000 3500 4000 4500 5000
Frequency (MHz) Frequency (MHz)

Fig. 16 Measured and modelled antenna input impedance of the paper-based
prototype of Fig. 15: (a) real part, (b) imaginary part in the UHF band; (c)
real part, (d) imaginary part in the UWB band.

3 GHz are involved (see Fig. 4). The higher the frequency, the
shorter the active part of the loop, and the higher the
efficiency.

A final test of the link performance has been carried out in a
real indoor scenario using the two prototypes. We measured
the power received by a horn antenna (TDK HRN-0118) with
broadband and medium-gain capabilities, located at 3 m-
distance from our antennas in broadside (6 = 0°) transmitting
mode. Similar values with respect to simulated results have
been obtained: at the UWB center frequency (4 GHz) the
measured gain of the FR-4 antenna is 2.9 dBi, while in the
same conditions the paper-based antenna shows a 2-dB
reduction.

IV. THREE-PORT ANTENNA FEEDING NETWORK DESIGN

In this section we describe the design of a three-port-
microstrip/lumped element antenna feeding network able to
simultaneously provide high decoupling between the UHF and
the UWB paths and the matching conditions of the two paths.
The challenging aspect is to reach these goals with reduced
dimensions in order not to affect the antenna performance. In
view of a uniqgue UWB-UHF chip realization, this network
could be used as a proof-of-concept to be integrated in a
unique chip.

Different aspects need be simultaneously accounted for in
this feeding network design, namely: i) preserving the
radiating performance of the ungrounded antenna; ii) realizing
a suitable transition from the antenna balanced port to the
unbalanced microstrip network; iii) separating and matching
the UHF and UWB paths with minimum insertion losses.

In Fig. 17(a) the back view of the proposed non-invasive
feeding solution is shown (here the antenna paper substrate is
made transparent for visualization purposes): it consists of a 1-
cm? brick of paper, 2.5 mm-thick, attached to the back side of
the antenna. A balanced line departing from the antenna is
realized inside the brick. In this way we realize the transition
from a horizontal (the antenna) to a vertical (new couple of
strips) balanced line: in Fig. 17(b) a zoomed view of this
transition is shown, with the 1-cm? paper brick removed for
ease of visualization. The balanced line output is connected to
a vertically-aligned planar microstrip circuit (its ground plane
is visible in the figure), with a paper sheet as substrate, having
the same thickness of the antenna sheet (0.69 mm). The total
area of the three-port network is only of 12 x 10 mm?. This
miniaturized solution allows an effective balun-free transition
from balanced-to-unbalanced architectures [33, 34] and
guarantees quite unaltered antenna performance both in terms
of radiation patterns and polarization, all over the frequency
bands of interest.

© 2015 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or

reuse of any copyrighted component of this work in other works.
doi: 10.1109/TAP.2015.2452969



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

Nonlinear/electromagnetic co-simulation is then adopted to
optimize the network for the stringent design goals described
above. As a realistic load for the UHF output we have adopted
a standard full-wave nonlinear rectifier (for energy harvesting
purposes); while the UWB-port is conventionally loaded by a
50 Q termination.

We have proved that the procedure can be successfully
followed for different combinations of loading conditions,
depending on the specific components choice for the UHF and
the UWB branches. For the present case, the resulting network
topology is schematically described in Fig. 18(a): the UWB
path consists of a double-stub filter, while the UHF path is
realized by a T-network of lumped SMD components whose
values are: Ly=0.1 nH; C4=19 pF; L,=1.1 nH; C,,=38 pF;
L=82 nH; Cg=1 pF. The corresponding meandered adopted
layout on paper substrate is shown in Fig. 18(b). The rectifier
is a standard voltage doubler with two Skyworks SMS7630
diodes, loaded by the optimum load (20 k€, in this case), [8].

The simulated 3-port circuit behavior is reported in Fig. 19,
in terms of scattering-parameter amplitudes: in this case a
complex impedance of 20-j250 is used as the UHF port
impedance. This constant value has to be understood as an
average of the variable non-linear rectifier input impedance at
the expected low input power levels (from -20dBm to 0 dBm).
For the present purpose the UWB port has been kept
referenced to 50-Q. The S,; and Ss; plots show promising
values of the transmission coefficients between the antenna
port and the UHF and UWB ports, respectively: they are equal
or greater than -2 dB in both cases and all over the bands of
interests, in spite of the high paper losses. The effectiveness of
the designed network is also confirmed by the high decoupling
between the UHF and the UWB ports all over the bands (see
S,z in Figs. 19(a) and (b)). The realized paper-based prototype
is measured in its final configuration, i.e. with port 2 loaded
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Fig. 17. (a) Perspective back-side view of the new antenna with proposed
feeding network; (b) detail of the feeding network-antenna connection (brick
of paper removed for ease of visualization).

by the rectifier, and thus no more directly accessible. The
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corresponding measurement shows good agreement with the
model, as demonstrated by the comparison in terms of
scattering parameters between port 1 and port 3, reported in
Fig. 20: it is noteworthy that, for measurement setup needs,
these parameters are normalized to 50 Q to comply with the
network analyzer input impedance.

Finally an estimation of the rectified power on the optimum
load resistance of the UHF-rectifying circuit is reported in Fig.
21. A 2-W ERP for a standard dipole resonating at 868 MHz is
considered at the RF source side: about 50 pW of DC power is
predicted at a distance of 5 m, which is compatible with the
power consumption of ultra-low power sensors. The same set-
up is used to give an estimation of the system reading range
capabilities, considering the typical power consumptions of
available tags chips [35] : if an average of -15 dBm is adopted
as a threshold activation power level, a distance of about 4.5 m
can be covered by the system under consideration.

V. CONCLUSION

The proposed antenna system introduces for the first time a
novel, single-port, compact, low-profile antenna capable of
hybrid UWB-UHF operations. This miniaturized, eco-
compatible architecture has dimensions suitable for current
and future RFID applications. It allows to exploit UWB
technology, for accurate localization and communication, and
UHF band for efficient energy harvesting, while preserving
compatibility with previous RFID generations. Design steps
have been described and justified, and numerically validated
by EM simulation. Measurements in real environments have
shown similar performance over both the 3.1 to 4.8 GHz
UWAB band and the 868 MHz UHF-RFID band.

This efficient, compact, low-profile antenna is thus foreseen
as a potential candidate for future eco-friendly zero-power
smart tags: in spite of the not negligible losses of the paper
substrate, the antenna performance are fully compatible with
UWB communication and UHF energy harvesting
requirements. Exploitation of alternative recyclable materials,
introducing lower losses (e.g., PET, fabrics), can be
straightforwardly addressed by simply scaling the antenna
layout.

The proposed UWB-UHF antenna system is thus ready to
be adopted by a customized subsystem realizing UHF
rectification and UWB backscattering communication [10].
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