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Abstract—This article presents a harmonic transponder,
designed to minimize the tag sensitivity to the materials close
to it. The tag is based on a dual-frequency dual-port patch
antenna and a frequency doubler. The tag is designed to be inter-
rogated by the fundamental frequency f0 equal to 2.4 GHz and
it backscatters a signal at 2f0 = 4.8 GHz. The patch is realized
on cardboard, while the frequency doubler and the feedlines are
manufactured on a flexible polylactic acid (PLA) substrate. The
feed lines are electromagnetically coupled to the patch through H
slot apertures. A complete prototype with an area occupation of
5 × 10 cm2 was manufactured and directly integrated in a parcel.
The antenna features a front-to-back ratio higher than 12 dB at
both operating frequencies. The tag could be read up to a dis-
tance of 6 m with a transmitted power of 25 dBm Equivalent
Isotropically Radiated Power (EIRP), regardless of the object
placed in the parcel close to the tag. This work opens the door to
a new class of harmonic transponders for tracking applications,
characterized by low environmental impact, high integrability,
compactness and reliability, which can find application in many
Internet of Things emerging applications.

Index Terms—Harmonic RFID, antenna design, slot-fed dual-
port patch antenna, green substrates.

I. INTRODUCTION

STATE-OF-THE-ART non-optical systems for automatic
goods tracking generally rely on Ultra High Frequency

(UHF) Radio-Frequency Identification (RFID) transponder
based on the Electronic Product Code (EPC) Gen2 standard.
Generally, UHF RFID tags are based on dipole antennas that,
due to their omnidirectional radiation pattern, are affected by
the presence of objects (materials) inside the package, so their
radiation pattern can be modified and their read range reduced,
leading to the miss-detection of some packages. Additionally,
UHF RFID systems can be affected by self-jamming (this is
especially true for systems operating in highly cluttered envi-
ronments), while the receiver sensitivity is usually impaired
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by the power leakage between the transmitted and the receiver
and by the transmitter phase noise [1].

Studies were conducted to reduce the impact of metal and
other materials on the RFID tags performance. Lach et al. [2]
investigate the performance degradation of UHF-RFID tags
considering the impact of objects and materials in its imme-
diate proximity; in [3] the focus is on surface materials for
the RFID placement, and it emphasises how materials used
as packaging in logistics environments, combined with their
contents, often result in a complex and inhomogeneous envi-
ronment. Further analysis of the impact that metals in the
environment have on the radiation pattern of the tag and thus
on the overall characteristics of the antennas are described
in [4] and [5]. Variations in performance for passive UHF
RFID in practical conditions [6] lead back to a general problem
of interaction with objects placed in the environment.

Harmonic tags can represent an effective alternative to RFID
systems in such harsh application scenarios. Simple harmonic
transponders have already been used to study the behavior of
bees [7], or for avalanche victim rescue [8]. This is because
harmonic systems are robust to clutter, and rely on simple
circuit architectures.

A drawback of harmonic systems with respect to stan-
dard UHF RFID transponders is the need for transmitting
and a receiving antennas working at different frequencies on
the tag, which might lead to cumbersome transponders [9].
Solutions based on dual-frequency single antennas have been
studied [10], [11]. However, these solutions are based on
dipole antennas, and more generally on isotropic radiators.
By interacting with the materials of the items where the tag
is placed, antennas can be detuned, thereby impairing the
reliability of the system.

In [12], the feasibility of a slot-fed dual-port rectangu-
lar patch antenna for harmonic transponders was presented,
although the antennas were manufactured using standard sub-
strates for radio-frequency (RF) applications. In particular, the
antenna was demonstrated on standard materials, GML 1000
and RT/duroid 5880.

The extension presented in this new work consists of adapt-
ing the proposed structure to organic materials, i.e., cardboard
and bioplastics, with the aim to ease the tag integration in
parcels and packages. So, first the new substrate materials are
characterized, and then the design is adapted to the new sub-
strates. Additionally, a complete proof-of-concept transponder
is manufactured and characterized. The harmonic tag was
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Fig. 1. Schematic diagram of the proposed harmonic system [12].

produced using the photolithography technique, and tested on
a parcel, in proximity of metal and water.

II. SYSTEM OVERVIEW

The block diagram of a generic harmonic system is shown in
Figure 1. The system consists of a reader and a tag. The reader
transmits a sinusoidal signal with a frequency f0. This signal
is captured by the input antenna of the tag and transmitted
to the frequency doubler (“xin” in Figure 1). The frequency
doubler converts the signal into the second harmonic and it
is usually based on a series-connected Schottky diode. The
resulting output signal (“xout” in Figure 1) is finally backscat-
tered to the reader via the output antenna of the tag and it is
detected by the receiver. The receiver is tuned to 2f0, which
makes the system robust to environmental reflections and to
the transmitter phase noise.

In this work a compact dual-port harmonic antenna system
is proposed, which combines ease of manufacturing with
robustness to detuning caused by metal/water. The tag is
designed to be manufactured using low-cost and eco-friendly
materials, including bioplastics and cardboard, to facilitate the
tag integration in parcels and packages and to reduce their
environmental impact. These materials feature significant lim-
itations with respect to radio-frequency Printed Circuit Board
(PCB) substrates: both cardboard and bioplastics cannot with-
stand high temperatures (polylactic acid, in particular, features
a glass transition temperature of 60◦C), while cardboard has
a high surface roughness and porosity. These limitations are
taken into account in the circuit design and in the choice of
the manufacturing technologies.

A. Materials Characterization

The dielectric materials adopted for the proof-of-concept
tag prototype are polylactic (PLA) acid and cardboard. The
thickness of the adopted PLA film is 300 μm, while the
thickness of the cardboard is 2.5 mm. Both materials are
electromagnetically characterized in the frequency range of
interest using T resonators. The properties of the adopted
PLA films were already reported in [13], corresponding to
εr = 2.8 and tanδ = 0.008. The results concerning cardboard
characterization are reported in this section.

The T resonator is manufactured using the copper adhe-
sive tape technology described in [14]. In particular, a piece
of copper adhesive tape is shaped using photolithography and
then stuck on the cardboard substrate using a sacrificial layer.

Fig. 2. (a) T-resonator on the cardboard. (b) Simulated T-resonator structure,
a = 20.4 mm and b = 30 mm.

Fig. 3. Scattering parameters of the T resonator on cardboard. The solid
lines correspond to simulated scattering parameters, and the dashed lines to
the measured.

This way, cardboard is not involved in the wet chemical
processes for copper etching. Additionally, we could com-
bine high accuracy with a high quality factor (the metal traces
are manufactured using bulk copper) [14], which improve the
accuracy of the measurement.

A T resonator was therefore first applied over the substrate
of interest (see Figure 2), the cardboard, and its scatter-
ing parameters (simulated and measured) were reported in
Figure 3.

The εr and loss tangent of the cardboard material are found
by matching the scattering parameters measured by connect-
ing the prototype to the Vector Network Analyzer, with the
scattering parameters of the T-resonator simulated with a full
wave simulator (see Figure 3).

A good agreement is obtained for εr = 1.35 and
tanδ = 0.02.

III. ANTENNA DESIGN

The antenna system designed for the tag consists of a
dual-port slot-fed harmonic patch antenna, which is purposely
developed to guarantee a compact layout for the tag, while
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Fig. 4. Complete antenna with feature substrates, in green the 2.8 mm thick
cardboard (εr,cardboard = 1.35, tanδcardboard = 0.02), and in grey the 0.3 mm
thick PLA (εr,PLA = 2.54, tanδPLA = 0.009).

making it insensitive to the electromagnetic properties of the
objects placed below it.

Figure 4 shows the antenna stackup, while Figure 5 shows
the exploded view of the antenna layers with the main antenna
dimensions. The antenna is designed to be matched to 50 �

at both operating frequencies. One port is designed for the
fundamental frequency f0 = 2.4 GHz, and the other for the
second harmonic 2f0 = 4.8 GHz

The harmonic antenna consists of a rectangular microstrip
patch antenna which is fed with two orthogonal microstrip
lines coupled with the patch through H-slots. The patch
antenna is manufactured on cardboard (antenna substrate in
Figure 2(a)), while the microstrip feed lines are manufactured
on the PLA layer (circuitry substrate in Figure 2(a)). In this
way, the antenna can benefit from a thick substrate, while the
microstrip lines and the frequency doubler are realized on a
thin substrate which guarantees lower radiation loss.

Figure 5(a) shows the rectangular patch: the long side of
the patch resonates at f0 (first resonance), while the short side
resonates at 2f0. Therefore, the tag back-scatters the 2f0 sig-
nal in orthogonal polarization with respect to the received f0
signal. Layer 2, in Figure 5(b), represents the ground plane
for both the microstrip lines and the patch antenna, and hosts
the slot apertures, two H-shaped slots, which allow electro-
magnetic coupling between the microstrip feed lines on the
bottom layer and the patch on top layer. Thanks to this cen-
tral metal layer, most of the antenna radiation is directed to
the space above the patch, thereby reducing the tag sensi-
tivity to the materials below it. Slot apertures were chosen
instead of coaxial probes and other connection methods since
they allow us to obtain a multi-layer antenna topology with-
out requiring metalized vias through, which would represent a
challenge from a manufacturing point of view. The total area
occupation of the harmonic dual-frequency patch corresponds
approximately to half the area of a square patch working at f0.

A. Antenna Prototype

The metal traces corresponding to the three layers illustrated
in Figure 5 are manufactured using the copper tape technology
adopted for the T resonator. The mictostrip and ground layers
are attached to the two sides of the PLA substrate; the patch
antenna is attached to the cardboard. Then, the two substrates
are aligned thanks to alignment marks and are attached using
a simple stick glue. Due to the almost negligible thickness of

Fig. 5. Exploded view of the proposed antenna. (a) top layer, (b) ground
plane and (c) bottom layer; the yellow colour represents the conductive pattern
and the dimensions are expressed in mm.

the glue with respect to the cardboard, the impact of the stick
glue is not modeled (it is part of the manufacturing tolerance).
The top and bottom views of the antenna proof-of-concept
prototype are shown in Figure 6(a) and (b) respectively, where
two end-launch connectors are attached to the microstrip feed
lines to connect the circuit to the vector network analyzer for
the measurement of the scattering parameters.

B. Scattering Parameters

The simulated and measured scattering parameters of the
antenna are shown in Figure 7. A good agreement between
the simulation and the measured data can be observed.
Slight frequency shifts are due to the manufacturing toler-
ances. Nevertheless, the measured reflection coefficient |S11|
at port 1, is equal to −15 dB at 2.4 GHz frequency, while
the reflection coefficient |S22| at port 2 is equal to −11 dB at
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Fig. 6. Picture of the manufactured antenna prototype, with view from the
top side (a) and view from the bottom side (b).

Fig. 7. Antenna scattering parameters. The solid lines correspond to the
simulations, and the dashed lines to the measurements.

4.8 GHz, demonstrating a satisfactory antenna matching. The
isolation between the ports is also very good, always below
−25 dB.

C. Gain and Radiation Pattern

The radiation patterns of the antenna at the two harmonic
frequencies are measured and compared to the simulation
results. Figure 8 shows an overview of the 3D radiation pat-
tern associated with the two ports of the antenna. The antenna
features a radiation efficiency of 53% at f0 and of 74% at 2f0.

Figure 9 shows the radiation patterns on the E and H planes
(co-polar components) at 2.4 GHz frequency, associated with
Port 1. Figure 10 instead shows the radiation patterns on the
E and H planes of the antenna at 4.8 GHz (Port 2). An excel-
lent agreement between simulations and measurements can be
noticed. The half power beamwidth for the f0 antenna is 60
degree on the E plane, and 120 degree on the H plane; the half
power beamwidth for the 2f0 antenna is 70◦ for the E plane
and 55◦ on the H plane. The front-to-back ratio is better than
12 dB at both frequencies.

Fig. 8. 3D radiation pattern corresponding to 2.4 GHz (a) and to 4.8 GHz (b).

The antenna’s gain was obtained by the direct comparison
method, and the results are shown in Figures 11(a) and 11(b).
Slight frequency shifts are due again to the manufacturing
inaccuracies and uncertainties of the experimental setup. The
measured gain at f0 = 2.4 GHz is about 3 dBi, while the gain
for the 2f0 antenna is about 8.2 dB.

IV. FREQUENCY DOUBLER DESIGN

The adopted frequency doubler is based on a series-
connected Schottky diode and two quarter-wave stubs [15].
The schematic is illustrated in Figure 12 for completeness. The
circuit includes also an input and an output matching networks
used to achieve input and output impedances of 50 �. The out-
put matching network also plays the role of bias tee: the dc
component self-generated by the diode has a return through
the inductance of the LC matching network. In this way, the
dc voltage across the diode is zero, or, equivalently, the diode
is zero biased.

The input and output matching networks are designed to
minimize the conversion loss CL of the doubler, defined as
follows:

CL = Pf0
in

P2f0
out

(1)

where Pf0
in is the available input power and P2f0

out is the power
delivered to the load. To maximize the read range of the tag,
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Fig. 9. 2D radiation patterns of the f0 antenna at 2.4 GHz. (a) E plane, and
(b) H plane.

we need to minimize the conversion loss of the doubler for
the available input power corresponding to the sensitivity of
the tag.

Assuming the signal propagates in free space, the power
received by the reader P2f0

RX when the tag is at a distance R can
be estimated using a link budget analysis as follows:

P2f0
RX = 1

4

Pf0
txGt

1Gr
1Gt

2Gr
2

CL

( λ0

4πR

)4
(2)

where Gj
i, is the specific antenna gain (i = 1 fundamental, i = 2

2nd harmonic, j = t tag, j = r reader), while λ0 is the free-space
wavelength corresponding to the fundamental frequency. The
minimum P2f0

RX that can be detected by the reader corresponds
to the sensitivity of the receiver, which in case of harmonic
tags is mostly determined by thermal noise.

The frequency doubler is designed using harmonic balance
simulations. The design flow is reported in [15]. The simu-
lated conversion loss versus available input power is shown in

Fig. 10. 2D radiation patterns of the 2f0 antenna at 4.8 GHz. (a) E plane,
and (b) H plane.

Figure 13. The minimum CL of the doubler is equal to 13 dB
at −10 dBm. For lower available input powers the doubler
operates in linear region (CL increases linearly as the avail-
able input power decreases). The CL for Pf0

in = −30 dBm is
equal to 27.5 dB.

V. HARMONIC TAG

A complete tag is finally manufactured. The three metal
layers are manufactured using the copper adhesive laminate
technology. Two intermediate steps are shown in Figure 14.
In Figure 14(a) the copper adhesive laminate is shown with
the desired photoresist patterns (after development in weak
soda), while Figure 14(b) shows the layers after wet etching
and photoresist removal.

As for the antenna, both the metal layer with the microstrip
lines and the ground plane are attached to the two sides of
the PLA substrate. Holes are performed in correspondence
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Fig. 11. Gain versus frequency. (a) f0 antenna port, and (b) 2f0 antenna port.

Fig. 12. Schematic of the adopted frequency doubler [15]. The main param-
eters are: lt = 60.4 mm, ls = 21.7 mm, lo = 22 mm, Cm = 0.4 pF,
Lm = 1.6 nH.

with the vias, which are metalized attaching a piece of cop-
per wire on both metal sides using a colloidal silver paste
which solidifies at room temperature. Also, two lumped com-
ponents, namely the capacitor and the HSMS-2850 Schottky
diode, are attached to the frequency doubler microstrip lines
using colloidal silver paste. The lines of the frequency dou-
bler are folded to reduce the area occupation of the tag. The

Fig. 13. Frequency doubler conversion-loss as the input power varies.

Fig. 14. (a) Picture of the three layers after imprinting the photoresist film
with UV light. (b) Photograph of the three layers after acid etching, with
removal of the photoresist.

rectangular patch instead, is directly attached to the exte-
rior of a parcel made of the same cardboard characterized in
Section II-A. Therefore, the circuit on the PLA layer is man-
ufactured separately, it is finally attached to the interior of the
parcel, and aligned with the rectangular patch. The tag area
is 5 × 10 cm2.
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Fig. 15. Panel (a): part of the tag located inside the box, then feed lines and
ground slots; panel (b): outside of the box with the patch.

Fig. 16. Tag view. Experimental setup: two yagi uda used for transmission
and reception, and harmonic tag placed on the remote box.

Fig. 17. Power received as the frequency varies, with peak centered on
4.8 GHz.

VI. EXPERIMENTAL RESULTS

The performance of the manufactured proof-of-concept pro-
totype was measured using the setup illustrated in Figure 16.
The reader consists of a signal generator connected to a Yagi

Fig. 18. Received power of second harmonic vs distance. Comparison
between theoretical (continuous red) and measured power in different con-
ditions (empty box, water and metal inside the box).

Uda antenna (transmitter side) with an operating frequency
of 2.4 GHz; while another Yagi Uda antenna, with operating
frequency 4.8 GHz, was connected to the spectrum analyzer,
and was used to receive the signal backscattered by the har-
monic tag. A stop-band filter is placed between the signal
generator and the Yagi-uda antenna to remove the spurious
second harmonic generated by the signal generator. The RF
transmited power is 15 dBm, which corresponds to 25 dBm
EIRP owing to the 10 dBi gain of the Yagi Uda antenna at
2.4 GHz. The gain of the receiving antenna is 14 dBi, and the
spectrum analyzer is set to achieve a noise floor of −100 dBm.

The harmonic tag was placed on one side of a cardboard
box: the patch antenna exposed on the outside is aligned
with the Yagi Uda antennas, while the circuitry including
the frequency doubler was placed inside the parcel (see
Figure 15).

First, the tag is placed at a fixed distance of 3 m from the
reader and the frequency of the transmitter is varied. This study
is done to check for eventual frequency shifts in the optimal
operating conditions of the tag. The second harmonic power
received by the reader versus frequency with the described
setup is shown in Figure 17. The maximum received power
occurs for 4.8 GHz, thus when transmitting at 2.4 GHz, which
corresponds precisely to the design frequency.

Knowing the transmitting antenna gain and the patch receiv-
ing gain, it is possible to calculate the input power to the
frequency doubler versus distance with the link budget analy-
sis. Then, by comparing the received power with the path loss
at 2f0 and with the gain of the receiving Yagi-Uda antenna,
the conversion loss of the tag can be estimated. By apply-
ing this concept to the obtained results at f0 = 2.4 GHz we
obtain a conversion loss of 16 dB, in good agreement with the
simulation results.

Then, we measured the power of the received second har-
monic P2f0

rx versus the tag-to-reader distance (see Figure 18).
All measurements are conducted in a laboratory corridor. The
obtained results are compared with the theoretical link budget
analysis described by (2). Excellent agreement can be noticed
for R < 3 m. For longer distances, multipath has a higher
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Fig. 19. (a) Tag with water bottles inserted in the box, to test received power
at varying distances. (b) Tag with copper plate inserted in box, to test received
power at varying distance. The letter g, indicating the gap between the objects
and the tag, is 2 mm.

Fig. 20. Picture of cardboard T-resonator characterization in climate chamber.

impact. Nevertheless, a readout distance of 6 m is obtained.
The transmitted power can be increased up to 36 dBm in
industrial, scientific and medical (ISM) band. The projected
maximum tag-to-reader distance for such a transmitted power
is about 15 m.

Finally, the same measurements are repeated with objects
inside the box (see Figure 19), such as water and metals. The
materials are placed at a distance of 2 mm from the tag (this
distance can be guaranteed by adding a protection layer on top
of the microstrip line). As shown by Figure 18, the impact of
water and metal on the received power is almost negligible
and the readout distance remained unchanged.

Furthermore, to verify that the proposed system would
maintain its performance under varying environmental condi-
tions, the tag substrates were characterized electromagnetically
in a climatic chamber (see Figure 20).

The chamber was first brought to a relative humidity (RH)
level of 30% and then to a level of 90%, while the temperature

Fig. 21. Scattering parameters of the T-resonator of the PLA material at
varying percentages of relative humidity: solid lines indicate values corre-
sponding to a relative humidity of around 50%, lines with circles represent
measurements with relative humidity decreased to 30% and lines with stars
indicate curves for a humidity of 90%.

Fig. 22. Scattering parameters of the T-resonator of the cardboard material
at varying percentages of relative humidity: solid lines indicate values corre-
sponding to a relative humidity of around 50%, lines with circles represent
measurements with relative humidity decreased to 30% and lines with stars
indicate curves for a relative humidity of 90%.

was kept at 20◦C. For both conditions, the scattering param-
eters of the T-resonators built on top of PLA and cardboard
substrates were measured, as shown respectively in Figure 21
and 22. No change in the scattering parameters was found for
the PLA, while a small change in the response was detected
for the cardboard for RH = 90%, which then resulted in a
change in the permittivity of the cardboard, which increases
to 1.38.

The antenna was simulated again with the new electro-
magnetic parameters obtained from the material character-
ization for RH = 90%. The scattering parameters of the
antenna remained substantially unchanged, as can be seen from
Figure 23, and the broadside gain with the radiation pattern
also proved to be robust to changes in relative humidity, as
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Fig. 23. Scattering parameters of the antenna with different relative humidity:
the solid line corresponds to RH = 50%, while the dotted line corresponds
to RH = 90%.

Fig. 24. 3D radiation pattern corresponding to 2.4 GHz (a) and to 4.8 GHz
(b), at 90% humidity.

shown in Figure 24. The limited variation is due to the fact
that the adopted cardboard substrate is actually mostly made
of air due to the large amount of voids.

VII. CONCLUSION

A compact harmonic tag, robust to water and metal detun-
ing, has been presented. The tag consists of three metal layers
and it is manufactured on organic substrates to reduce its envi-
ronmental impact and improve the tag integrability in parcels
and packages of interest. A complete tag fully integrated in
a parcel has been presented. The tag has demonstrated to be
able to reach the remarkable readout distance of 6 m with
a transmitter power of 25 dBm EIRP. The readout distance
remained unchanged when metal or water objects are placed
in close proximity with the tag, thereby proving the robustness
of the proposed approach. The proposed tag is one-bit and can
be used only for tracking applications. However, strategies to
introduce multi-bit information have been studied, for instance
by adding a modulation port, as reported in [15] and [16], and
will be implemented in the future.
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