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This paper describes a passive harmonic tag for radio frequency identification (RFID) and wireless sensor applications.The tag uses
a dual polarized UHF patch antenna as an input antenna. One of the outputs is connected to a frequency doubler, which consists
of a Schottky diode with its output connected to a patch tuned at twice the input frequency. The other output of the input antenna
feeds a DC power harvested converter that drives an oscillator whichmodulates its output signal by controlling the bias point of the
Schottky diode. The antenna’s output is also used as a humidity sensor. To achieve this, the antenna is loaded with an interdigital
capacitor with humidity-dependent capacitance. The antenna is consequently detuned when humidity varies, and therefore the
second harmonic power is received. The tag is manufactured using standard fiberglass substrate. The basic theory of harmonic
tag operation is described and compared with the standard backscattering approach. Experimental results with a proof of concept
using commercial components are presented.

1. Introduction

Passive RFID systems have experienced tremendous growth
in recent years [1]. A passive RFID system operates as follows
(see Figure 1). The RFID reader transmits a modulated RF
signal to the RFID tag. It consists of an antenna and an
integrated circuit (IC). The IC receives power from the
antenna and responds by varying its input impedance and
thus modulating the backscattered signal. In these systems,
the continuous-wave (CW) signal that powers up the passive
tags is inevitably coupled to the receiver input as a strong
self-interference, which presents a major challenge to the
reader’s receiver design. Several cancellation techniques to
overcome this problem have been proposed [2, 3]. An
alternative approach based on harmonic radar can be used
to avoid it. This consists of a frequency multiplier that
generates a harmonic or subharmonic of the interrogation
signal [4–9], providing a unique response signal among the
leakages from the transmitter. Harmonic radars have been
used to track insects for several years [6] using maritime
radar based technologies at X-band fundamental frequencies.
The transponder typically consists of a simple, lightweight
antenna structure directly matched to a Schottky diode. In

this application, it is possible to detect the insect at long
distances within an environment with strong clutter. This
feature is exploited to find avalanche victims [4, 10]. A
commercial avalanche detector is available fromRECCO [10]
and it uses 917MHz fundamental frequency to achieve very
good ground penetration capability. Depending on the final
application, transponders that operate at different frequency
ranges have been presented in the literature. UHF and L-band
CW hand-held harmonic radars were used to track ground
insects [11, 12]. Other transponders have been designed at 2.45
or 5.8GHz [13, 14]. A millimeter wave transponder based on
a nonlinear transmission line (NTL) has been reported in [7]
with a read range less than 1m.

Potential applications of passive RFID technology require
its functionality to be increased by adding sensing capa-
bility to the tags. These could be used to sense different
environmental conditions, that is, temperature and humidity.
Some commercially available sensors are usually based on
active tags which make them quite expensive. Passive or
semipassive tags are thus a preferred option for low-cost
sensor applications [15]. Consequently, a great interest to
develop passive UHF sensors has arisen in the literature.
These tags are often based on detuning the antenna by the
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Figure 1: Block diagram of a UHF passive system.

sensor.Hence, both the required power to turn-on the tag and
the received power depend on the physical magnitude to be
read [16–18].

Harmonic scattering from passive UHF RFID tags has
been used to characterize the radiation pattern diagram of
the tag [19]. In a recent work [20], the residual harmonic
signal from commercial UHF tags has been investigated,
and it is proposed as useful tool for the development
of future sensors. These works show that standard UHF
tags generate backscattered harmonics. However, since the
antenna is matched at the fundamental frequency, it filters
these components. Therefore, the backscattered power of the
harmonics is too low. In this sense, standard tags can be
considered as harmonic tags due to nonlinear behaviour. One
practical problem when a harmonic sensor is designed is
the selection of the working frequency. In order to enhance
the nonlinearities, high power should be used to achieve
a great read range of meters; thus, UHF RFID band is
a good candidate. However, the second harmonic can fall
within other band dedicated to other services that can be
interfered by the backscattered harmonics near the reader. At
a few meters, the harmonic level is small, and therefore the
interference will be small too and comparable to the level of
harmonics in conventional UHF RFID systems. In any case,
there is a lack of regulation about the frequency band for
harmonic radars. However, sensors based on harmonic tags
have begun to be studied in the literature [21]. For instance, a
temperature harmonic tag has been proposed in the literature
working at 1.5 GHz fundamental frequency [22].

In this work, a proof of concept for a novel humidity
sensor based on harmonic tag working at UHF RFID band
is presented. An input rectenna is used to power a low-
fre-quency oscillator that modulates the frequency doubler
based on a Schottky diode.Thismodulation allows increasing
the read range because it reduces the problems associated
with the harmonic leakage in the reader. The RF signal
received by the other polarisation of the input antenna is
used as input signal towards the doubler. A simple low-cost
interdigital capacitor that loads the output patch antenna is
used as sensor. The effective permittivity changes with the
relative humidity, changing the capacitance and detuning the
output antenna. The paper is structured as follows. Section 2
presents the humidity sensor tag and describes the basic
theory of operation. A link-budget study is done in this
section in order to study the read range and the level of
harmonic. A comparison between the read range that is
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Figure 2: Block diagram of the system.

achievable with the proposed harmonic tag and conventional
backscattering RFID systems will be studied in this section.
Section 3 presents the experimental results of the system.
Finally, some conclusions are drawn in Section 4.

2. RFID System Based on Harmonic Radar

2.1. System Description and Theory of Operation. A block
diagram of the RFID system based on a harmonic tag is
shown in Figure 2, comprising the reader and the tag.The tag
can be observed in Figure 3. It consists of a dual-polarized
patch reception (Rx) antenna that collects the interrogation
signal at aUHF frequency of𝑓

0
(865–868MHz).This antenna

is connected to the transmission (Tx) patch antenna bymeans
of a frequency doubler. The Tx antenna is loaded with an
interdigital capacitor with a capacitance dependent on the
humidity so that, when the relative humidity changes, the
antenna is detuned. A variation in the received power at the
reader is thus obtained.The experimental results given in the
next section show that despite using filters at the transmitter
output, the amplitude of the leakage signal at 2𝑓

0
is larger

than the tag reflected amplitude at the second harmonic.
Modulation of the tag is therefore required to exploit the
receiver’s sensitivity. To that end, the second port of the
Rx antenna is connected to a RF to DC converter module,
which supplies a low-frequency oscillator. This oscillator
modulates the output signal at 2𝑓

0
by controlling the bias

point of the frequency doubler. In consequence, the tag
answers the reader modulating the second harmonic. The
reader’s mixer demodulates the backscattered signal using
the second harmonic of the transmitted signal as the local
oscillator. The tag is manufactured using standard fiberglass
substrate FR4. The Rx antenna is a square patch antenna
79mmwide and an inset line length of 14mm, inset linewidth
of 1mm, and an inset gap of 1mm.The frequency conversion
in harmonic tags is generally accomplished by a Schottky
diode which should have zero-bias high voltage sensitivity
and a low barrier in order to maximize the conversion of
small signals. In this study, the frequency doubler is based
on a zero-bias Schottky diode (Avago Technologies, model
HSMS-2850). The fundamental signal at 𝑓

0
is filtered using
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Figure 3: Photograph of the implemented tag (a) and block diagram (b).

a high pass filter implemented with a 𝜆/4 stub at 2𝑓
0
. The

frequency doubler blocks the second harmonic at the input
using a short-circuited 𝜆/4 stub at𝑓

0
using a bypass capacitor.

The output of doubler can be modulated by changing the
diode DC bias point. To this end, a bias resistor (𝑅bias)
is inserted at the output of the oscillator. The end of the
quarter wavelength line is connected to the ground at RF by
a bypass capacitor. The high value of the resistor (1 kΩ) also
blocks the RF signal and limits the DC current consumption,
while the DC return is allowed through the resistor. The
modulating capability is shown in Figure 4.This figure shows
the measured conversion loss of the designed frequency
doubler at 868MHz for 0V and a 0.5 V DC bias. With an
input power under −10 dBm, a difference larger than 12 dB
between the two states is observed.

The RF to DC converter is based on a diode voltage mul-
tiplier (see Figure 5) using series-connected zero-bias diodes
(Avago Technologies, model HSMS-2852). Figure 6 shows
the measured detected voltage as a function of input power
at 868MHz. The low-frequency oscillator is implemented
with two NAND logic gates (74AUP1G00). This oscillator
needs 0.45V to start oscillating. The minimum input power
to obtain this voltage is thus about −19 dBm, which is close
to the value achieved by commercial UHF RFID tags (e.g.,
Impinj Monza Gen 5 or Alien Higgs-3 ICs). The output of
this oscillator is connected to the input stub of the doubler
to modulate its conversion loss.

2.2. Loaded Patch Antenna as a Humidity Sensor. The Tx
patch antenna is tuned to the center frequency of the second
harmonic and loaded with a variable capacitor.This structure
is used as a humidity sensor. The capacitor is an interdigital
capacitor connected to the ground. Fiberglass is known to
change its permittivity depending on the water content. A
low-cost integrated humidity sensor is therefore designed
using fiberglass (relative permittivity 𝜀

𝑟
= 4.4, substrate

height 1.6mm). When the relative humidity increases, the
surface permittivity of the substrate between the interdigi-
tal electrodes also increases. The capacitance consequently
increases, and the resonant frequency of the patch antenna
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Figure 4:Measured conversion loss of the frequency doubler for 0V
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therefore changes. Figure 7 shows the layout of the antenna
with its main dimensions.

A model based on a transmission line to understand the
loaded antenna operation is shown in Figure 7. 𝐿 is the length
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Figure 6: Measured detected voltage as a function of input power
at 868MHz.The dashed line shows the minimum voltage needed to
power up the oscillator (0.45V).

of the patch, and Δ𝐿 is the extension length in order to take
into account the end capacitance of the patch.𝑅rad models the
radiation resistance of the patch.The input match is obtained
by adjusting the inset length, 𝐿 inset. From this model, it is
evident that the resonant frequency of the patch can be tuned
with the capacitance C that is a function of the humidity. The
patch and input matching network are adjusted using Agilent
Momentum for an interdigital capacitor with the nominal
permittivity of the substrate. The patch dimensions are𝑊 =
51mm, 𝐿 = 37.5mm, and 𝐿 inset = 9.5mm with an inset gap
of 1mm. An 18-finger interdigital capacitor with a length of
5mm, a width of 0.6mm, and a gap between fingers of 300
microns has been designed.

Figure 8 shows the capacitance obtained from the mea-
sured reflection coefficient for different humidity percent-
ages. As expected, the capacitance is proportional to the effec-
tive permittivity that increases with the relative humidity.
Figure 9 shows the variation of capacitance and quality factor
as a function of humidity.

Figure 10 compares the input reflection of the antenna
loaded with the sensor and without the sensor (antenna
unloaded). In the case of the antenna unloaded, the variation
of the resonant frequency is small because the patch protects
the substrate from the humidity. However, a small change due
to the humidity in the fringing capacitance modeled with the
effective length incrementΔ𝐿 is observed.Thevariation of the
resonance frequency is 3.2MHz (0.17%). Figure 10 shows the
input reflection coefficient of the loadedpatch antenna,which
is close to−10 dB for the entire relative humidity range. As the
model of Figure 7 predicts, the main effect of the interdigital
capacitor is a reduction of the resonance frequency. Figure 11
shows the measured resonance frequency of the loaded
antenna as a function of relative humidity. The frequency
range is between 1740MHz and 1728MHz (0.69%), which
is approximately within double the frequency range of the
European RFID band. A small shift between the nominal
(1730–1736MHz) and measured resonance frequency range
can be caused by the tolerance between the gaps and the lines
of the interdigital capacitor in the fabrication process. Higher
sensitivity can be obtained increasing the capacitance of the
interdigital capacitor. These figures show that the sensor has
greater sensitivity for relative humidities larger than 40–50%.

As expected, the quality factor decreases with the water
content due to the water losses, and the antenna suffers
a small mismatch when the relative humidity approaches
100%. The temperature dependence of the FR4 substrate
causes changes on its permittivity. Consequently, the sensor
must be characterized as function of the temperature. The
measured sensitivity of the resonance frequency with respect
to the temperature in the range between 25 and 100∘C was
−0.847MHz/K.

2.3. Link Budget. The aim of this section is to study the
performance of the harmonic radar as a function of the
distance. A comparison with the conventional backscattering
method using a single antenna is made for reference. For
Passive RFID, the read range is limited by two factors [23]: the
need for very strong power to feed the tag, limiting the reader
to the tag range, and the backscattered power from the tag to
respond to the reader, limiting the tag to the reader range.

The power transferred from the reader to the tag 𝑃
𝑟,tag

under matching conditions can be calculated from the Friis
equation. However, propagation in RFID environments dif-
fers from free-space conditions. An approach for predicting
average power level in indoor environments for mobile
communications is the dual slope model [24]. This model
is derived from a two-ray path model where there are a
direct ray and a reflected ray. This model assumes that, for
large distances, the angle of incidence of the reflected ray
approaches 90∘, and the reflection coefficient is −1. Physically,
this corresponds to the case where the propagation path is
within the first Fresnel zone boundary for a distance greater
than the breaking distance, 𝑅B1, as follows:

𝑅B1 =
4ℎreaderℎtag

𝜆in
, (1)

where ℎreader and ℎtag are the transmitter and receiver antenna
heights (reader and tag antenna heights in this case) and 𝜆in is
wavelength at frequency 𝑓in. Using this model, 𝑃

𝑟,tag is given
by the following expression [24]:

𝑃
𝑟,tag =

𝑃
𝑇
𝐺
𝑇

4𝜋
(
1

𝑑𝑛1
⋅

1

(1 + 𝑑/𝑅B1)
𝑛
𝐵
−𝑛
1

)𝐴
𝑒,tag, (2)

where the effective area of the input tag antenna is given by

𝐴
𝑒,tag =

𝜆2in
4𝜋
𝐺tag,in, (3)

where 𝐺tag,in is the gain of the input antenna, 𝑃
𝑇
is the

transmitted power, and𝐴
𝑒,tag is the effective area at frequency

𝑓in. For distances 𝑑 ≪ 𝑅B1, the path loss exponent is 𝑛
1
, and,

for distances 𝑑 ≫ 𝑅B1, the path loss exponent is 𝑛B. The free-
space model is recovered when the antenna heights are large
(𝑅B1 very large) and 𝑛1 is set to 2. Using the flat earth model,
at the limit the path loss exponent tends to 𝑛B = 4. Values
of 𝑛
1
> 2 correspond to radio environments that include

multiple path propagation effects. A typical range of 𝑛
1
in

RFID environments is 2 < 𝑛
1
< 2.5 [25] and depends on

the polarization and the antenna heights.
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Figure 7: (a) Antenna layout. (b) Antenna loaded with a humidity sensor model.
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The power received by the tag must be greater than
the tag sensitivity or the minimum power (also known as
power-up threshold, 𝑃th) that is needed for the rectification
of the incident RF power to feed the tag and to generate the
response by modulating the radar cross section. The power
backscattered by the tag can be calculated using the concept
of a differential cross section described in [23] and the two-
slope propagation model as follows:

𝑃
𝑟,reader

= 𝑃
𝑟,tag𝐺doubler ⋅

𝐺tag,out

4𝜋
(
1

𝑑𝑛2
⋅

1

(1 + 𝑑/𝑅B2)
𝑛
𝐵
−𝑛
2

)𝐾
𝜆2out
4𝜋

𝐺
𝑅
,

(4)

where 𝐺tag,out is the gain in the tag output antenna, 𝐺
𝑅
is the

reader receiver antenna gain and the wavelength at frequency
2𝑓in, and𝐺doubler is the average gain of the frequency doubler.
In (4), 𝑛

2
is the path loss exponent for 𝑑 ≪ 𝑅B2, and

the breaking distance 𝑅B2 is calculated from (1) but using
the wavelength at the frequency 𝑓out = 2𝑓in. The classical
backscattering case can be recovered setting 𝜆in = 𝜆out,
𝐺tag,in = 𝐺tag,out, and 𝐺doubler = 1.

In (4), 𝐾 is the modulation loss factor [23]. In conven-
tional backscattering systems, 𝐾 can be estimated as

𝐾 =
1

4

𝜌1 − 𝜌2

2
. (5)

The factor 𝐾 for a BPSK modulation with a 50% duty cycle
is 1/4 and 𝜌

1
and 𝜌

2
are the complex reflection coefficients

for the two tag states. In passive UHF tags, the typical choice
of modulating states is matched and short, which results in
a −6 dB modulation loss. In practice, the modulation loss
is lower because the reflection coefficient module does not
reach the unit and depends on the incident power. Typical
values of −12 to −23 dB were experimentally found [23]. A
modulation loss of −12 dB is considered in the simulations for
both systems.

In the case of the harmonic tag, the output amplitude at
the output frequency ismodulated by a 50% duty cycle square
waveform. The time domain signal can be approximated by

𝑥 (𝑡) = (𝐴1 + (𝐴2 − 𝐴1)
∞

∑
𝑛=1

∏(
𝑡 − 𝑛𝑇

𝑇/2
)) cos (2𝜋𝑓out𝑡) ,

(6)

where𝑇 is the period of themodulating signal and𝐴
1
and𝐴

2

are the amplitudes for the two stateswhich are proportional to
the square of conversion loss of the doubler given by Figure 4.
From the Fourier transform of (6), themodulation factor loss
𝐾 in a harmonic radar case can be obtained as

𝐾 =
2

𝜋2
(
𝐴
2
− 𝐴
1

𝐴
1
+ 𝐴
2

)
2

. (7)

Figure 12 shows the calculated modulation factor𝐾 using (7)
and the conversion loss of Figure 4. Values between −12 and
−10 dB are observed for input powers under −10 dBm.
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Figure 9: Measured capacitance (a) and quality factor (b) as a function of relative humidity at 868MHz.
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Equation (2) is only valid under matched conditions.
This is approximately true for the harmonic tag because the
impedance that loads the antenna does not change much
between states. However, in a conventional backscattering
tag, the average mismatch coefficient should be taken into
account. Consider

𝑀 = 1 −

𝜌1

2
+
𝜌2

2

2
. (8)

Under the previous conditions (matching and short
states),𝑀 is in the order of 0.5. A value of𝑀 = 0.5 is chosen
in the simulation for the two systems.

In order to study the read range limiting factors, the
threshold power and reader sensitivity for both systems
are required. For instance, for the commercial tag Impinj
Monza Gen 5, the threshold power 𝑃th is about −20 dBm.
For a commercial UHF reader, a signal-to-noise ratio (SNR)
of 11.6 dB is required to guarantee 0.001% of BER [26].
The typical reader sensitivity for a commercial reader is
limited by the leakage power to approximately −70 dBm
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[23, 26]. The required receiver noise floor for commercial
readers is therefore−81.6 dBm [26].The receiver sensitivity of
harmonic radar can be improved because the leakage signal at
the transmitted frequency can be easily filtered in the receiver,
and the leakage at the second harmonic can be reduced by
filtering the signal at the output of the transmitter. The noise
floor can thus be reduced below −138 dBm, using a receiver
with a 6 dB of noise figure and a spectrum analyzer resolution
bandwidth of 1 KHz. The phase noise is consequently the
most limiting factor. The typical phase noise of −120 dBc/Hz
at 100 kHz offset can be obtained using commercial UHF
phase-locked oscillators. A reader sensitivity better than
−120 dBm can thereby be achieved.
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The following figures show a comparison between the two
systems, based on the conventional backscattering method
and harmonic radar. The simulation assumes that the trans-
mitted power complies with the European RFID band regu-
lation where the equivalent isotropic radiated power (EIRP)
is limited to 33 dBm. This value is taken into account in the
simulations of both systems. Figure 13(a) shows the power
received at the tag and the power received at the reader in
both systems as a function of the distance, using a free-space
model (𝑛

1
= 𝑛
2
= 2, 𝑅B1 = 𝑅B2 = ∞), whereas Figure 13(b)

shows the simulation using a more realistic propagation
model (𝑛

1
= 𝑛
2
= 2.5, and the antenna heights ℎreader = ℎtag =

1.5m). Figure 14 shows the signal-to-noise ratio (SNR) in
both systems as a function of distance for the two propagation
models. The gains of the reader antennas are assumed to

be equal to 6 dB, and the antenna gain corresponds to the
simulated gain for the patch antennas used in the harmonic
tag design, 1.6 dB for the input patch and 2.6 dB for the
output patch. In the case of the tag by backscattering, the
antenna gain is assumed to be the same as the input antenna
for the harmonic tag. A power-up threshold of −20 dBm is
considered in the simulations.

Some conclusions can be obtained from these figures.
First, the maximum range considering only the reader-to-
tag communication is the same in the two RFID systems if
the same antenna and mismatch coefficient are taken into
account. However, whereas the read range in conventional
systems is limited by the tag-to-reader communication, in
the harmonic radar it is limited by the reader-to-tag radio-
link. Depending on the radiopropagation model considered,
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Figure 15: Block diagram and photography of the experimental
setup used.

the simulated harmonic tag read range varies between 10m
(free space) and 5.8m (using a two-slope model with 𝑛

1
=

𝑛
2
= 2.5 and ℎreader = ℎtag = 1.5m). In conventional RFID

systems, the simulated read range varies between 8.8m (free
space) and 5m (using a two-slope model with 𝑛

1
= 𝑛
2
= 2.5

and ℎreader = ℎtag = 1.5m). A better signal-to-noise ratio
(SNR) can thus be achieved using harmonic radars because
of their greater sensitivity, although the received power at
the reader is lower than in conventional RFID systems due
to the tag conversion loss. This SNR improvement is greater
than 10 dB at a distance of 5m. Harmonic RFID systems are
consequently more robust in front multipath fading effects
because they allow larger fading margins than conventional
RFID systems.

3. Experimental Results

Some experiments were performed in order to validate the
prototype designed. The experimental setup is similar to
the one proposed in Figure 2 and is described in Figure 15.
The oscillator is implemented using a Rohde & Schwarz
SMF-100A signal generator. Its output signal is amplified by
a Minicircuits ZHL-3010 power amplifier. A notch filter is
connected between the power amplifier and theUHF antenna
in order to reduce the spurious emissions at the second har-
monic. The commercial UHF RFID antenna model PATCH
A0025-01 from Poynting, with circular polarisation and a
gain of 6 dB, is used. The level of the signal generator is
adjusted to obtain an EIRP of 33 dBm at the antenna’s output.
A Rohde & Schwarz FSP-30 spectrum analyser model is
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Figure 16: Measured spectrum at a distance of 7m between tag
and reader. The antenna height is 1.5m and the input frequency is
865MHz. The resolution bandwidth of the spectrum analyzer is set
to 1 KHz.
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Figure 17: Measured variation of the received power as a function
of the input frequency for different relative humidity contents. The
tag-to-reader distance was 1.5m.

used as receiver. A low-noise amplifier (LNA) composed
of the cascade connection of a ZX60-3018G-S+ and ZRL-
3500+ from Minicircuits is used to reduce the overall noise
factor. A band pass filter centered at the second harmonic is
connected to the input of the amplifier to reduce the level
of the fundamental UHF signal and is coupled between the
transmitter and receiver antennas to prevent the saturation
of the amplifiers. The overall noise factor is approximately
5 dB. A broadband antenna model AU-0.5G2.5G-1 from
Geozondas with a gain of 6 dBi at 1.7 GHz is used as a receiver
antenna. A custom climatic chamber is made. A wet air flow
is used to increase the relative humidity, while a dry air flow
is injected to reduce the humidity. The chamber is made
with glass to prevent excessive attenuation of radiofrequency
signals. A commercial humidity sensor (model HIH-5030
fromHoneywell) is used as a reference tomeasure the relative
humidity.

In order to check the read range predicted by the link
budget, Figure 16 shows the spectrumat the reader-to-tag dis-
tance of 7m in an indoor environment.This distance is within
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Figure 18: Measured variation of the received power (a) and relative humidity measurement of a commercial sensor located near the tag.
Input frequency of 865MHz and tag-to-reader distance of 1.5m.
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Figure 19: Normalized power level change as a function of relative
humidity measured by the commercial sensor. Input frequency of
865MHz and tag-to-reader distance of 1.5m.

the range predicted in Figure 13.Thehighest peak in Figure 16
corresponds to the coupling between transmitter and receiver
antennas due to the leakage signal at the second harmonic
of the transmit signal generated by the nonlinearities in
the power amplifier. Despite using filters at the transmitter
output, the amplitude of this signal is larger than the tag
reflected amplitude at the second harmonic. Modulation of
the tag to exploit the receiver sensitivity is therefore needed.
The other peaks around the second harmonic are due to the
modulation of the tag. The received power at the modulated
frequency is 30 dB above the noise floor; so, a good SNR is
observed (about 30 dB). In consequence, the uplink does not
limit the read range. The tag is not powered up for distances
greater than 7m. This result demonstrates that the main
limitation is the reader-to-tag link.

Figure 17 shows the received power at the modulated
frequency when the carrier frequency is swept between
830MHz and 875MHz for different relative humidity levels.
It can be shown that the peak power corresponds to the
frequency where the antenna is best matched.This frequency
depends on the relative humidity. For relative humidity under
40–50%, the change is difficult to detect as explained above
because the change in the sensor capacitance is very small.
Based on these results, an alternative measurement method
can be used, avoiding the sweep of the oscillator frequency.
The major changes in the detected power take place at a

frequency of 865MHz. The received power at the first peak
of the modulated frequency is therefore used to detect the
relative humidity.

Figure 18 shows the variation of the received power at
865MHz as a function of time.The output of the commercial
sensor is also compared in Figure 18(b). The chamber is
exposed to several cycles of humidity (low-high-low) by
injecting dry or wet air as required. The sensor output gives
values greater than 100% when the chamber is saturated with
water vapour and the sensors are wet. The receiver power
returns to the same value when the antenna is dry.

Figure 19 shows the normalized received power level
change (variation of the received power with respect to the
maximum variation of the received power) as a function of
the relative humidity measured by the commercial sensor
used for reference. The relationship between relative humid-
ity and the normalized power level change is approximately
linear from 10% to 90%. A good correlation coefficient
between the twomagnitudes is found close to 0.9. Below 10%,
the measurement is too noisy due to the small capacitance
change of the interdigital capacitor. For values greater than
90%, the capacitance changes very quickly, as can be seen
in Figure 9. Figure 19 can thus be used to obtain the relative
humidity from the received power measurements at the
modulated frequency. A drawback of this approach is the
sensibility of the DC voltage at the output of the rectenna
in relation to the distance. A change in the distance varies
the input RF power and therefore the rectified DC voltage,
changing the oscillator frequency. Therefore, this approach
can be used when the tag-to-reader distance is fixed. The
problem can be solved integrating the rectifier and the
oscillator including an integrated regulator similar to that
used in commercial UHF tags [27]. A simplemethod consists
in measuring the antenna detuning so that it is independent
of the distance as shown in Figure 17.

4. Conclusions

In this study, we present an RFID humidity sensor based on
a passive harmonic tag. The sensor is based on the change in
the response of a patch antenna loaded with an interdigital
capacitor with a capacitance that is a function of the relative
humidity. The basic theory of operation of harmonic tags
is introduced. A read range of 7m is experimentally found,
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consistent with link budget simulations when a 2W EIRP
is transmitted. This read range is limited by the power-
up distance in the reader-to-tag link. A larger signal-to-
noise ratio can be achieved, providing higher robustness
against channel fading thanks to better receiver sensitivity of
harmonic radars than in conventional backscattering RFID.
Experimental results with a proof of concept using commer-
cial components are presented. Two methods for obtaining
the relative humidity of the sensor have been presented. The
first is based on the measurement of the resonant frequency
of the antenna by sweeping the transmitter frequency. Using
this method, the response for humidities under 40–50% is
poor due to the finite quality factor of the antenna and
small capacitance change in this humidity range. The second
method is based on the relative change in the received
power level at one frequency. A good correlation coefficient
is achieved with commercial sensors. Using this second
method, the sensor can work at 10% to 100% of RHwith good
linearity up to 90%. Further developments will focus on the
size reduction of the tag antennas. In conclusion, the proof-
of-conceptmeasurements open the door to harmonic tags for
RFID and wireless sensor applications.
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