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Abstract—This article presents a wireless temperature
sensor tag able to work in both fully passive mode and in
semi-passive mode when assisted by a flexible thermoelectric
generator (TEG). The sensor tag consists of an EPC C1G2/ISO
18000-6C ultrahigh-frequency (UHF) radio frequency identi-
fication (RFID) integrated circuit (IC) connected to a low-
power microcontroller unit (MCU) that samples and collects
the temperature from a digital temperature sensor. With a
temperature gradient as low as 2.5 °C, the test results show
that the TEG provides an output power of 400 xW with an
output voltage of 40 mV. By means of an up-converter in order
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to boost the TEG output voltage, this harvester supplies the power required to the sensor tag for a 2-conv/s data rate in
semi-passive mode. Moreover, when the tag operates in semi-passive mode, acommunication range of 22.2 m is measured
for a 2-W effective radiated power (ERP) reader. To the best of our knowledge, the proposed TEG-assisted sensortag shows
the longest communication range and the only one that provides stable external power at low-temperature gradients. The
measured performance and the chosen architecture allow using the wireless sensor in multiple industrial or biomedical

applications.

Index Terms— Energy harvesting, integrated circuit (IC), Internet of Things (loT), radio frequency identification (RFID),

thermoelectric generator (TEG).

|. INTRODUCTION

HE projections for the market of the Internet of Things

(IoT) foresee billions of IoT devices deployed across
multiple industrial applications [1]. Such a massive number
of IoT devices demands technologies that allow for low-cost
wireless sensing solutions with high autonomy and low main-
tenance devices. Active wireless sensors using communication
protocols such as Zigbee or Bluetooth low energy (BLE)
typically require a continuous power supply, usually from a
battery, to work properly. The advantage of these devices is
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that their communication range is in the order of tens to
hundreds of meters. However, it comes at a price: greater size,
weight, or cost. In addition, these sensors require maintenance
in order to recharge or replace the battery. Therefore, there
is a strong interest to provide battery-free solutions with no
maintenance requirements and with communication ranges of
tens of meters.

Among the different alternatives, the ultrahigh-frequency
(UHF) RFID technology has become a highly popular IoT
solution for a wide range of industry segments [2], [3], [4].
This technology initially started as wireless object tracking
and identification solution. However, in the recent years, it is
possible to find many reference designs that combine the UHF
RFID technology with sensor capabilities providing low cost
and high autonomy wireless sensors for a wide range of fields,
such as healthcare, transport, or industry, among others [1], [9],
[10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24], [25], [26], [27], [28], [29], [30], [31],
[32], [33], [34], [35], [36].

In spite of the popularity of the UHF RFID technology,
the drawback of the limited system communication range still
exists. A number of alternatives can be found in the prior
art in order to overcome this problem, such as harmonic
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Fig. 1. Block diagram of the sensor tag connected to the energy harvester module.

energy harvesting, repeaters, multiantenna readers, multistatic
scatter techniques, and alternative energy sources [5], [6],
[7], [8]. Specifically, this work focuses on an EPC C1G2
compliant batteryless sensor tag semi-passive solution assisted
by a thermoelectric generator (TEG).

In fact, based on the energy harvesting sources, RFID tags
can be classified as active, passive, or semi-passive. Active
tags are battery-powered with the advantage of long reading
ranges but show greater size, weight, or cost and the need for
maintenance for battery replacement.

The fully passive RFID sensor technology harvests the
energy for its own operation from the energy of the RF wave-
form transmitted by the reader, whereas the communication
with the reader is performed by backscatter modulation of the
RF waveform. As the battery is avoided, passive tags show
unlimited lifetime and low size, weight, or cost. However, fully
passive RFID sensor tags suffer from a short communication
range due to the need of powering both the sensing process
and the RF communications. Many efforts have been done
in order to add sensing capabilities to passive UHF RFID
tags without excessively degrading the communication range
[91, [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21]. However, even though the RFID IC of these tags
is EPC C1G2 compliant, they have the issue of being custom
solutions with limited capability to accept new sensors, low
data accuracy or resolution, and a range of only several meters.

As an alternative, a number of solutions are found in
the recent literature using semi-passive sensor tags for range
extension [1], [22], [23], [24], [25], [26], [27], [28], [29], [30],
[31], [32], [33], [34], [35], [36], where only half of them
implement energy harvesting modules instead of batteries [22],
[23], [24], [25], [26], [27], [28], [29]. Among them, only one
of them discusses a TEG as an energy harvester, with limited
power harvesting and read range [28]. In fact, the predominant
energy harvester for semi-passive RFID applications seems to
be the use of photovoltaic (PV) modules. One reason is that
PV provides lower prices per area when compared to TEG-
based solutions [37], [38]. In addition, PV modules show in
general better performance with respect to power densities and
higher efficiency than TEGs. This is true when referring to PV
outdoor applications, although the gap is reduced when dealing
with PV indoor solutions [39], [40]. Nevertheless, even though
the implementation of TEGs as energy harvesters poses more

design challenges, their use combined with the semi-passive
RFID technology has a great potential in multiple applications
in which thermal energy is present and/or solar energy is
not ensured. The biomedical field where the human body is
considered a near-continuous source of thermal energy is the
first example. In addition, heat sources can also be found in
many other sectors, such as the steel, oil, chemical, or energy
generation industries [41], [42], [43]. Moreover, flexible TEGs
are of special interest as they can be adapted to the shape of
the energy source.

Given the limited solutions offered in the literature and their
application potential, a wireless UHF sensor tag assisted by
a flexible TEG is presented. In addition, the tag comprises
the UHF RFID IC following the EPC C1G2/ISO 18000-6C
communication standard, a TEG with the necessary power
boost converter, a microprocessor, and a digital temperature
sensor connected to it by means of a standard interintegrated
circuit (I2C) protocol. The tag performance in both passive
and semi-passive modes has been tested.

This article is organized as follows. Section II conducts
an overview of the proposed wireless temperature sensor.
Section IIT presents a detailed analysis of the system energy
requirement. Section IV presents the measurements of the
individual parts of the wireless sensor, such as the TEG or
the RFID, as well as the overall performance of the complete
sensor. Finally, Section V concludes this article.

Il. TAG DESCRIPTION

Fig. 1 shows the block diagram of the semi-passive tag.
As it is shown, it comprises an EPC C1G2/ISO 18000-6C
compliant tag IC connected to a 2-dBi dipole antenna [44].
In addition, a differential LC network provides conjugate
matching between the antenna and the input impedance of
the tag IC in passive mode. In contrast, the IC sensitivity
depends on the mode and the expected load. In the passive
mode, it claims —14 dBm for pure identification and —10 dBm
when supplying external sensors. In the semi-passive mode,
it improves down to —24 dBm. In order to work in the semi-
passive mode, an external supply voltage between 1.4 and 3 V
must be supplied. It must also be noted that the chip’s input
impedance changes when it shifts from the passive to the semi-
passive modes from 80—493j to 35—451j at 868 MHz [44].
As it will be discussed, this fact must be considered in order
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Fig. 2. Cross section view of layers of the TEG module.

to choose the best impedance matching between the chip and
the antenna. Finally, the IC adds a configurable LDO regulator
between 1.2 and 3 V for regulated power supply generation.
This LDO is used to supply the microcontroller unit (MCU)
and the digital temperature sensor.

In contrast, the RFID IC controls an MSP430 low-power
MCU via its built-in serial peripheral interface (SPI) master
module. The MCU in turn reads a digital temperature sensor
using the 12C protocol [45]. It corresponds to a low-power
sensor that shows 1 °C accuracy from —40 °C to 125 °C
temperature range. In addition, this sensor may work in
continuous conversion mode, with a programmable conversion
rate (0.25, 1, 4, or 8 conv/s) so that a compromise between
energy consumption and time resolution can be reached. Even
though a temperature sensor has been chosen for the prototype,
as long as an MCU is incorporated into the tag, the temperature
sensor could be substituted by any other low-power digital
or even an analog sensor, using the MCU internal analog-to-
digital converter (ADC).

The tag is completed with the TEG module and the
energy conditioning circuitry, which are described and char-
acterized in detail in Section III. The chosen TEG has an
85 mm x 64 mm area and comprises 170 thermocouples of
p- and n-type pair legs embedded in a flexible proprietary
polymer material [46], [47]. It also mounts a 15-mm height
flexible heat sink [48]. This flexible heat sink allows one
degree of freedom for TEG bending. The cross section view of
the layers required for optimal temperature transfer is shown
in Fig. 2. As seen, a graphite sheet is placed between the
TEG and the heat sink as it improves the lateral thermal
conductivity. In addition, the polyethylene terephthalate (PET)
films allow for electrical insulation between the TEG and the
electrically conductive bottom plate or the heat sink. It is
also required a thermal paste with high thermal conductivity,
8.5 W/mK in this case [49]. Finally, for test purposes, the
thermal conductive bottom plate is a planar copper layer.

Regarding the power conditioning electronics, given that the
output voltage of the TEG is too low for directly powering
the tag, a step-up converter is required. The LTC3108 step-
up converter has been chosen for several reasons [50]. First,
this up-converter may operate from input voltages as low as
20 mV and this ensures voltage up-conversion even for very
low-temperature gradients between the TEG’s cold and hot
sides. Second, its output voltage can be programed for different
output voltage levels from 2.35to 5V, being 2.35 V the chosen
level for this design. The last reason is that its input resistance,
around 3.5 Q, greatly coincides with the output impedance of
the TEG (2.95 Q) for maximum power transfer [46]. This is

6 Q/300 W resistor

Up-converter

Fig. 3. Photograph of the tag prototype.

crucial for maximizing the power efficiency of the voltage
conversion. Finally, as observed in Fig. 1, a storage capacitor
of 220 uF is included at the output of the step-up converter
in order to absorb the dynamic current consumption of the
system. A photograph of the complete prototype is shown
in Fig. 3.

[1l. ANALYSIS AND CHARACTERIZATION OF
THE THERMOELECTRIC MODULE

This section discusses the power consumption requirements
of the sensor tag and characterizes both the TEG module alone
and when connected with the step-up converter in terms of its
power generation capabilities.

A. Power Budget Analysis

In order to ensure that the TEG energy generation is enough
for the tag energy requirements, a power budget analysis is
required. As aforementioned, the semi-passive RFID sensor
tag comprises the RFID IC, the low-power microcontroller,
and the digital temperature sensor. The average power con-
sumption of the tag is as follows: the RFIC IC consumes 7 ¢ A
when it is active. For a temperature resolution of 2 samples/s,
the microcontroller wakes up from LPM3 sleep mode every
500 ms, and, when active, it consumes 1 mA for 1 ms. As long
as the microcontroller requires a minimum of 1.8 V, both the
MCU and the temperature sensor are supplied with the regu-
lated output from the RFID IC configured at 2 V. An external
supply to the IC of 2.35 V is then chosen among the selectable
values of the step-up converter [50]. As mentioned before,
the temperature sensor can be configured to get temperature
samples autonomously. As a 2-conv/s rate is not available,
the chosen temperature conversion rate is 4 conv/s in this
case, with an active current consumption of 40-u A and 25-ms
acquisition time per conversion. Considering the active current
consumption and active time along with the standby current,
the average current consumption of the temperature sensor is
6 1A, whereas it is 3 uA for the MCU. The average power
consumption required for the overall sensor tag is 34.5 ¢W for
a sensor data communication rate of 2 temperature samples/s,
as shown in Fig. 4.

Regarding the TEG power generation capabilities, its equiv-
alent ac electrical resistances at 27 °C are RTEG = 2.95 Q,
while the p- and n-type pairs (p-type: Big3Sbj ;Tes, n-type:
BizSep 3Te, 7) have a Seebeck coefficient of a), = 176 ,uVK_1
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TABLE |
AVAILABLE OUTPUT VOLTAGE AND POWER AT THE TEG OUTPUT

AT Voc Vi Prmax Pour _conv Pour oo
(°C) (mV) (mV) (uW) (uW) (uW)
1.0 57.3 28.6 278 97 83
1.3 74.5 37.2 470 165 140
1.5 85.9 43.0 626 219 186
1.8 103.1 51.6 901 315 268
2.0 114.6 57.3 1113 390 331

and a, = —161 uVK~!, respectively [46]. With these values,
it is first possible to calculate the open-circuit voltage between
terminals by means of the following equation:

Voc = Noap, AT (1)

being AT the temperature difference across the thermocou-
ples, N the total number of thermocouples, and ap, the
thermocouple’s Seebeck coefficient

Opn = Op_0Oy. 2)

For maximum power transfer, i.e., with a load equal to the
internal TEG resistance, the output voltage is halved (3) and
the maximum output power is obtained from the following
equation:

V. =V, Ry (3)
L=VYOCT7w & <
(RL + RtEG)
P _ Vo )
L MAX = AR,

Knowing that the TEG module comprises 170 p-type/
n-type pair legs, several theoretical values for the output
power and output voltage levels are shown in Table I from
1 °C to 2 °C temperature gradients. As shown, the available
output power is more than enough to supply the tag in semi-
passive mode even for low-temperature gradients. Still, given
the low TEG’s output voltage levels the effect of the step-
up converter must also be considered. As mentioned before,
the step-up converter is able to up-convert small input voltage
levels, down to 20 mV. This is achieved by means of a 1:100
turn ratio transformer at the input of the converter. Thus, the
converter should be able to provide 2.35 V to the tag even

for 1 °C of a temperature gradient. In addition, the converter‘s
input resistance is 3.5 Q for a 50-mV input voltage. This
resistance value is higher but close to the internal 2.95-Q
output resistance of the TEG, so that power transfer should be
close to its maximum. Moreover, the optimal loads for TEGs
tend to be higher than their internal resistance, given their
nonlinear behavior [46]. Therefore, maximum power transfer
is expected and, hence, an optimal conversion efficiency in
the converter [50]. It can be concluded that, in theory, the
TEG module connected to the converter will be able to offer
enough power to the semi-passive tag with a proper output
voltage level.

Still, the efficiency of the tag is limited so it needs to be
included in the calculations. In addition, for the case of the
MCU and the temperature sensor that are supplied by the
LDO, the efficiency of the LDO must be also considered.
Therefore, the power at the output of the step-up converter
and the LDO is given in the following equations:

Pout_coNv = PL_MAX * ICONV (5
Pout_LDO = PL_MAX * JCONV * JLDO (6)
where nconv and nrpo are the efficiencies in % of the step-

up converter and the LDO, respectively, and are calculated by
the following equations:

Pour
ncony = 100 x (7
PN
100 foVo (8)
LDO = X
! (Io+14) Vi

where Ip and I, are the output and quiescent currents,
respectively, and Vo and V7 are the output and input voltages,
respectively. As shown in Table I, the input voltage of the step-
up converter (VL) ranges from 28.6 to 57.3 mV. This corre-
sponds to a minimum efficiency of 35% for the converter [50].
In addition, the I, of the tag’s LDO is 220 nA, which results
in 85% efficiency of the tag’s LDO when supplying the 9 A
required for both the MCU and the temperature sensor [44].
These values allow calculating the power at the output of the
step-up converter or the step-up converter plus the LDO shown
in Table I.

B. TEG Module Characterization

In order to confirm this last assumption, the TEG mod-
ule has been first characterized using a 6-Q/300-W resistor.
As shown in Fig. 3, this resistor has been used as a heat source
for which the temperature can be chosen by modifying the
current that flows through it by means of a dc voltage source.
The TEG module temperature gradient has been measured by
means of a thermistor placed at the 6-Q resistor planar face
as the hot side and among the rack of the heat sink as the
cold side. The ambient temperature is 23 °C, whereas the
temperature for the heat source is set to 36.8 °C. This last value
emulates the body temperature in healthcare applications and
it is considered a worst case scenario as, for example, much
higher temperature can be found in industrial applications [42].
The TEG module has been placed both in horizontal and
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site and 23 °C ambient temperature conditions.

vertical orientations, as shown in Fig. 5, and in still air
conditions.

By means of a variable resistor load, the output voltage
and the power generated by the TEG have been characterized.
The results are shown in Fig. 6 for the output power vs.
the output voltage. In horizontal orientation, the maximum
output power level is 400 4W with 37-mV output voltage
for a measured temperature gradient of 2.5 °C. As observed,
a slightly higher output power is obtained when the module
is vertically placed. In vertical orientation, the maximum
output power is 550 uW with 43-mV output voltage and a
measured temperature gradient of 3.5 °C. When compared to
the Vi and Prmax theoretical results of Table I, measured
results indicate that the actual internal temperature gradient
between the thermocouples has to be lower than the measured
temperature gradient between the TEG faces [46]. In fact,
a comparison of the measured output voltage levels with the
ones shown in Table I indicates that the internal temperature
gradient must be around 1.3 °C and 1.5 °C for the horizontal
and vertical orientations, respectively. The fact that the optimal
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Fig. 7. Output power versus output load TEG results for 36.8 °C hot site
and 23 °C ambient temperature conditions.
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Fig. 8. Output voltage versus output load TEG results for 36.8 °C hot
site and 23 °C ambient temperature conditions.

load is 3.3 Q explains the observed reduction in Prpax. Still,
the resultant output power is enough for the chosen sensor tag
application.

In addition, these results also indicate that the optimal load
for the TEG is higher than 2.95 Q. In fact, as shown in Fig. 7,
the resistance value that maximizes the output power is 3.3 Q,
which matches the input impedance of the step-up converter
(3.5 Q) so that an output power close to the maximum power
is ensured.

Finally, the expected output voltage for the 3.5-Q input
impedance of the step-up converter is shown in Fig. 8.
It results in 38 and 44 mV for the horizontal and vertical TEG
positions, respectively. Therefore, the TEG is able to provide
enough voltage for the up-converter to work at an ambient
temperature of 23 °C and a heat source of 36.8 °C.

C. Step-Up Converter Characterization

As previously mentioned, the tag requires a minimum
external supply voltage between 1.4 and 3 V in order to work
in semi-passive mode. This is much higher than, for example,
the 38 mV provided by the TEG when it is horizontally placed.
Therefore, a step-up converter is required. The chosen step-up
converter uses a 1:100 input transformer in order to up-convert
input voltage levels as low as 20 mV to 2.35 V [50].

For its characterization, the up-converter input has been
connected to the TEG placed in the horizontal position with the



19802

IEEE SENSORS JOURNAL, VOL. 22, NO. 20, 15 OCTOBER 2022

100

©
o
T

Output Power
----- Efficiency

H =]
o o
T T

Output Power (uW) and
Efficiency (%)
N
o

---------

-

0 20 40 60 80
Output load (kQ2)

Fig. 9. Output voltage and efficiency versus output load of the set-up
converter.

50 3.0
__ 45 | 1 25
3 3
= 40 | 120 ¢
o S
3 35 115 8
= 5
a2 30 | {10 2
"5 >
o o

25 41 05

20 L L L 0.0

0 20 40 60 80
Output load (kQ)
Fig. 10. Output current and output voltage versus output load of the

set-up converter.

same previously mentioned temperature conditions. Moreover,
the output of the converter is loaded with different resistor
values. Test results are shown in Figs. 9 and 10. As observed in
Fig. 9, the maximum output power from the step-up converter
is 90 #W for 63-KQ load resistance while reaching a peak
efficiency of 22%. In addition, as shown in Fig. 10, the
converter is able to provide 40 A of output current to the
load and reaches a constant output voltage up to 2.35 V for
the 63 KQ load and beyond. The measured output power of
90 uW is below the expected output power of 165 4W from
Table I. This is due to a higher optimal load of the TEG and a
lower measured efficiency for the step-up converter. However,
it is almost three times more than the 34.5 ¢W required by the
semi-passive sensor tag. Therefore, the proposed TEG-based
energy harvesting system should be able to supply the battery-
free sensor tag with only 2.5 °C between hot and cold surfaces
of the TEG module.

Finally, if new sensors are added to the system, then higher
power is required by the sensor tag. Therefore, the power
generated by the TEG needs to be increased. This can be
achieved by increasing the TEG size or by connecting several
TEG modules in series or parallel. However, a detailed budget
analysis is required given that the output voltage and the output
resistance of the harvester may change, which consequently
modifies the power transfer and the efficiency of the step-up
converter.
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Fig. 11. Sensitivity results of the tag in passive and semi-passive modes
measured with the Voyantic Tagformance Pro and query commands.

IV. TEST RESULTS

This section details the different tests carried out on the
system in order to evaluate the sensor tag in terms of sensitivity
and overall communication range in both passive and semi-
passive modes.

A. Sensor Tag Sensitivity and Backscatter
Efficiency Characterization

The sensor tag has been first characterized both in passive
and semi-passive modes with the TagFormance Pro from
Voyantic in a laboratory environment. This setup removes
the effects of the surrounding environment by calibrating the
system with the reference tag that is part of the Voyantic’s
system [51]. This calibration process is possible because either
the sensitivity or the backscattered efficiency of the reference
tag is known. During calibration, the UHF band is swept and
for each frequency, the reader dynamically adjusts its output
power to the minimum value at which the reference tag is able
to answer. The difference between the output power of the
reader and the sensitivity establishes the forward link losses.
In contrast, the backscattered efficiency allows knowing the
power backscattered by the reference tag. Thus, the backward
link losses can be calculated as the difference between the
backscattered power and the power received by the reader.

Once the system has been calibrated, the sensitivity of
the tag by checking the answer to an EPC query command
has been measured. Test results in Fig. 11 show that the tag
sensitivity improves almost 12 dB in semi-passive mode when
compared to passive mode, from —12.6 to —24 dBm. These
results fit well with the IC-reported performance [44].

The setup also predicts the potential read range of both
reader-to-tag (forward) and tag-to-reader (reverse) links. For
these read range results, the TagFormance system calculates
the forward read range assuming the maximum allowable
2-W ERP in Europe for the transmitted power of the reader.
For the reverse read range, the tag’s backscattered power is
measured and a sensitivity of —74 dBm for the reader is
assumed (—70-dBm sensitivity of the reader’s front end and
4-dBi gain antenna). The results are shown in Fig. 12. First, as
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it can be seen, the maximum reader-to-tag read range in the
passive mode is limited to 6.1 m, whereas in the semi-passive
mode, the forward read range extends to 24.2 m. The semi-
passive solution extends the communication range fourfold
when compared to the fully passive mode, as expected from
the 12-dB difference in sensitivity (free space Friis’ formula).
Moreover, it is interesting to see how in the passive mode the
limiting factor for read range is the tag sensitivity, whereas
in the semi-passive mode, the limiting factor is the reader’s
sensitivity. In fact, a reader with a —74-dBm sensitivity
reduces the actual read range to only 11.1 m.

There are different ways to avoid this reverse range limita-
tion. An obvious one is to improve the sensitivity of the reader.
However, it is also possible to increase the reverse range by
boosting the power backscattered by the tag. In this case, the
gain of the tag antenna along with the matching between the
antenna and the tag IC plays a significant role [52]. As it is
known, RFID tags communicate back to the reader through
backscattering. In backscattering, the tag’s IC modifies its
input impedance, which modulates the incoming wave due
to the reflection coefficient change seen by the antenna. The
backscatter efficiency quantifies then the proportion of incident
wave power that is scattered back from the tag and can be
expressed in the following equation:

X = KGg, 9)

being Gy,g the tag’s antenna gain and K the modulation loss
factor [52]. The modulation loss factor K depends on the tag’s
antenna and the chip impedance using the following equation:

K =alpi — p2l? (10)

where o is a modulation-dependent coefficient (o« = 1/4
for the Gen2 FMO signaling scheme [53]), and p; and p»
are the complex reflection coefficients between the antenna
impedance (Z4) and the two different chip loads (Z and Z»
for the off and active states of the internal modulator) using
the following equation:

VAR

_— 11
Zip+ 7% (ah

P12 =

TABLE Il
ANTENNA AND TAG IC DIFFERENTIAL IMPEDANCES

Comp/Mode Frequency (MHz)  Impedance
IC Passive 868 80-j493

IC Semi-passive 868 35-j451

IC Passive 890 71-j485

IC Semi-passive 890 18-j442
IC Passive 915 52-j479
IC Semi-passive 915 14-j456
Dipole Antenna 868 54-j11
Dipole Antenna 890 58+j15
Dipole Antenna 915 63+j36

Normally, antenna-chip matching of passive tags switches
from conjugate load (p; = 0) to almost short load (p; = —1),
where the latter is achieved by a large capacitor placed in
parallel to the RF ports by the internal modulator. Conjugate
matching is desired in order to maximize the amount of inci-
dent power that is collected by the chip and hence maximize its
sensitivity. However, in this case, the modulation loss factor K
cannot be higher than —6 dB (assuming a = 1/4). Conversely,
in semi-passive tags, conjugate matching is not necessarily the
optimal solution, because it is the reverse link the limiting
factor. In this case, a certain mismatch between the chip and
the antenna is preferred in order to increase the backscatter
efficiency. Theoretically, K increases up to 0 dB for o = 1/4
if the chip input impedances switches between short and open
loads. Of course, this is an upper limit because this choice of
impedances prevents any RF signal power from being collected
by the chip.

With these considerations in mind, in the present design, the
effect of the matching network on the backscatter efficiency
has been theoretically studied by means of the data in Table II.
Specifically, Table II collects the differential impedance values
of both the tag chip and the antenna [44]. The latter is a
2-dBi gain dipole antenna that has been designed to cover
both the European 868 MHz and the US 915-MHz bands.
This antenna presents an S1; of —10.8 dB at 868 MHz and
an S1; of —15.9 dB at 915 MHz. It has an overall length of
137 mm.

As previously mentioned, it is desired that the tag works in
both the passive and semi-passive modes. Therefore, by means
of an LC differential network shown in Fig. 1 (the series
inductors Lg; and Lg> of 36 nH and the parallel capacitor
Cp of 1 pF), the tag IC is conjugate matched to the antenna
at 890 MHz in order to cover both 868- and 915-MHz bands
in passive mode. However, as seen in Table II, the impedance
in the semi-passive mode decreases; consequently, conjugate
matching is lost. It is then interesting to anticipate the impact
of this matching deviation on the backscatter efficiency using
(9)—(11). By means of the values in Table II and assuming a
short load when the internal modulator is active, the complex
reflection coefficients for both passive and active modes are
calculated at 868, 890, and 915 MHz. An example of these
calculations is given in Fig. 13 for 868 MHz. The Smith chart
shown provides a geometrical interpretation of the |p; — p2|
difference in (10) by considering that the complex reflection
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Fig. 13.  Graphical representation of the |p1 — p2| difference for tag
backscatter efficiency calculation at 868 MHz.

coefficient can be related to a conventional reflection coeffi-
cient of a modified load (Zy + jX 4) (12) [54]:

_ZL_ZZ _ZL—I-jXA—RA
ZL+Z% Zr+jXa+ Ra

PL = pZL+jXA|ZO=RA .

12)

As observed, the [p; — p»| distance in the semi-passive
mode is longer than in the passive mode, which indicates
higher K and, therefore, better backscattering efficiency in the
semi-passive mode. Similar results are obtained at 890 and
915 MHz. As shown in Fig. 14, the improvement in the
backscattering efficiency has been both calculated and com-
pared to measurements with the Voyantic TagFormance sys-
tem. Fig. 14 shows around 3-dB efficiency improvement from
passive to semi-passive modes for this tag given the aforemen-
tioned matching conditions.

Therefore, with the chosen LC differential network, not
only conjugate matching is obtained for maximum power
transfer in the passive mode but also an improvement of the
backscattering efficiency in the semi-passive mode, which is
the bottleneck for the overall read range in this mode case.

B. Reader Solution and Sensor Tag Read Range

A commercial reader module has been chosen in order
to test the read range of the sensor tag while sending
actual data from the temperature sensor using EPC read
commands. The chosen reader is the Nordic ID NUR-05WL2
model. It presents a maximum output power of 27 dBm,
which is adjustable in 1-dB steps, a sensitivity of —70 dBm
(PER = 0.1%), and a maximum sensitivity of —80 dBm
(Listen-Before-Talk). Its power consumption is 2.9 W with
dimensions of 106 mm x 72 mm [55]. It has been connected
to a 2-dBic (—1 dBi) gain flat antenna. The antenna dimen-
sions are 150 mm x 150 mm [56].

Finally, a Raspberry PI platform is used for the reader
control, data logging, and data visualization by means of
a user interface. A photograph of the reader prototype and

——Meas 1
——Meas 2
——Meas 3
——Calculated

1}

ABackscatter Eff. (dB)
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Fig. 14. Theoretical and measured results of the backscatter efficiency
improvement of semi-passive mode.

920

Fig. 15. Photograph of the proposed reader solution.

the developed user interface are shown in Figs. 15 and 16,
respectively.

With this system, the forward reading range of the tag
was measured both in fully passive and semi-passive modes.
The procedure to calculate the forward reading range is as
follows.

1) A reference tag with known sensitivity is placed in the

measurement setup at a fixed distance from the reader.

2) The output power of the reader is gradually increased
until a successful communication is reached.

3) Knowing the reader output power, the reference tag sen-
sitivity, and the wavelength, the path loss is calculated.

4) By comparing the measured path loss with the theoret-
ical loss from the Friis equation, a correction factor is
applied to the reader output power. It compensates for
the environmental effects.

5) Steps 1 and 2 are repeated with the sensor tag under
test using the same measurement set-up although in this
case, the control software asks for temperature sensor
data by means of read command.

6) Using the reader output power obtained in step 5 and the
correction factor of step 4, the tag sensitivity is obtained.

7) Considering the maximum output power of the reader,
the communication range is calculated.
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A photograph of the setup is shown in Fig. 17. This test
procedure has been followed in order to measure the sensitivity
of the sensor tag in both its passive and semi-passive modes.

In addition, the reverse read range has been also calculated
with the tag sensitivity and path loss measurements obtained
from the described procedure, the reader sensitivity, and by
means of the backscatter efficiency calculated from Voyantic
tests.

Fig. 18 shows the maximum read range results considering
the reader capabilities of 26 dBm (27 dBm and —1-dBi
antenna gain) maximum output power and a sensitivity of
—69 dBm (—70 dBm and —1-dBi antenna gain). For this
compact reader-antenna solution, the overall reading range is
almost 7 m in the semi-passive mode, limited by the tag-to-
reader link. This mode increases five times the read range
when compared to the 1.5 m of the passive solution. In fact,
tests show that the sensitivity of —24 dBm using EPC query
commands is almost preserved when sending temperature
samples, with a measured sensitivity of —23 dBm. Conversely,
in the passive mode, the sensitivity when sending temperature

30
B Semi-passive 253 m
—~ B OPassive
E
o 20 |
(=]
c
©
= 15 |
©
©
& 10
7.8m 6.8m
5 o
1.5m
0
Reader-to-tag Tag-to-reader
Fig. 18. Tag read range for the passive and semi-passive modes

measured with the proposed commercial reader while requesting tem-
perature samples by read commands.

70
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25 | 222m m
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Fig. 19. Tag read range for the passive and semi-passive modes and a
2-W ERP and —80-dBm sensitivity reader while requesting temperature
samples by read commands.

samples deteriorates to —9 dBm, which is expected due
to the increment of power consumption at the sensor tag
side [23], [44].

The reading range can be also estimated for the maximum
allowable reader output power of 2 W ERP (35.15 dBm) in
Europe. As observed in Fig. 19, the reader-to-tag communica-
tion range extends to 22.2 m for the semi-passive mode. This
read range is four times the read range of the passive mode
in this case. As for the tag-to-read communication range, it is
23.7 m for a chosen reader sensitivity of —80 dBm. This value
corresponds to the less demanding sensitivity in order to avoid
the reverse link being the limiting factor. For the implemented
reader solution, with a sensitivity of —70 dBm, this can be
achieved with a 10-dBi gain antenna along with a transmitted
power of 25.15 dBm.

Finally, the accuracy of the temperature sensor data has
also been verified by comparing received temperature samples
with a Hanna HI9040 thermistor-based thermometer over the
20 °C—40 °C range with an error well below 1 °C, as expected
from the sensor performance.
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TABLE Il
SOA COMPARISON

Work Energy Source  Sensor Types Sensor Sensitivity Semi- Sensitivity Antenna Gain Range Semi- Range

Interface passive (dBm)  Passive (dBm) (dBi) passive (m) Passive (m)
[22] RF Analog Int. ADC -15 -7 - 1.13 -
[23] Photovoltaic Analog Built in -24 -14 2.1 21 3.7
[24] RF Analog/Internal Built-in -15 -7 8 13* 5.5%
[25] Photovoltaic Analog/Internal Built-in -15 -7 - 7.3 3.6
[26] Photovoltaic Digital/Internal Built-in -31 -8 - 7 1
[27] Photovoltaic Analog Custom -24 -17 4.8 5.4 2.4
[28] Thermoelectric  Analog/Digital MCU+SPI - -2 2 3 1.75
[29] Photovoltaic/RF Analog/Digital MCU+2C -25.3 -18.3 5 27*/7.48%* 12.1%/-
[30] Battery Digital MCU+I12C -25 - - 17* -
[31] Battery Digital MCU+SPI -24.4 - 1.52 13* -
[32] Battery Analog/Digital MCU+2C -24 -17 5 1.5 -
[33] Battery Analog/Internal Built-in -15 -7 -15 2.8 1
[34] Battery Analog Custom -27 -18 2 20 -
[35] Battery Analog Built-in -6.5 - 2 43 -
[36] Battery Analog/Digital MCU+SPI - -6 2 0.731 -
This work Thermoelectric Analog/Digital MCU+SPI -24 -12.6 2 22.2 44

*Theoretical results based on sensitivity

C. Comparison With the State-of-the-Art

Table III shows the state-of-the-art comparison with recent
(last six years) EPC C1G2 compliant semi-passive solutions
at the UHF band using both batteries and energy harvest-
ing modules. It is observed that only half of them add a
microcontroller to the system in order to allow both digital
and analog sensors. The remaining solutions have internal
sensors or built-in interfaces for analog sensors, whereas others
apply custom sensing techniques. The drawback of these last
solutions is that they do not allow for digital sensors that
work with SPI or [2C communication protocols, which reduces
flexibility for sensor choice. Among the ones including a
microcontroller, the proposed solution is the only one with [28]
that employs a TEG as the assisting energy source. This work
implements a rigid TEG with an area as low as 5.6 cm? and
uses the same step-up converter. Concerning the harvested
power, this work claims a similar output power of 90 W
for similar ambient temperature conditions. However, this
system is highly unstable due to the insufficient output voltage
provided by the TEG. In fact, this output power value is only
possible when there is airflow. In still air conditions, the same
conditions used here, and the output power of their solution
reduces to 23 4W. Moreover, in a real scenario, the output
power they obtain is lower than 11 #W. In fact, the final
application is based on a temperature sensor with a maximum
read rate of 1 min and an overall power consumption of 4 u'W.
This is less than the 34.5-u'W power consumption and read
rate of 4 samples/s of the proposed solution. In addition, the
sensor tag of [28] shows a communication range eight times
shorter than our proposed sensor tag.

In addition, Table III also shows that the majority of semi-
passive solutions employs PV cells as the energy harvesters.
Even when a comparison of harvesters using different har-
vesting mechanisms and energy sources is not straightforward,
from the information given in [23], it is possible to compare
the performance of a PV harvester with the proposed TEG
in terms of power density. The work in [23] characterizes a
PV harvester for indoor applications using three samples of

a solar cell in series under different lightning sources and
intensities. For an overall area of 5.5 cm® and choosing a
typical indoor light intensity of 800 lux, the module is able
to provide 670 uW for a halogen source and 50 uW for a
fluorescent or LED source. This corresponds to a 121.4- and
9.1-uW/cm? power density, respectively. The characterized
TEG, with an area of 54.4 cm?, provides 400 uW for a
temperature gradient of 2.5 °C (horizontal orientation) and
550 uW for a temperature gradient of 3.5 °C (vertical ori-
entation). This results in a 7.35- and 10.1-xW/cm? power
density, respectively. It is observed that TEG power densities
are in general lower than the ones offered by PV technology.
However, the power density of TEG can match that of PV
harvesters depending on the indoor light source.

Finally, the proposed semi-passive solution is the one with
the longest communication range while sending data from
the sensor. To the best of our knowledge, read range results
from [29] (27 m when assisted with a PV cell) are based on
tag’s sensitivity theoretical calculations and not on actual tests
based on sensor data readings.

V. CONCLUSION

A UHF EPC C1G2/ISO 18000-6C compliant sensor tag has
been presented. The sensor tag works both in passive and semi-
passive modes. In the semi-passive mode, it includes a flexible
TEG, which supplies the energy required to the RFID IC along
with a microprocessor and a digital temperature sensor for
proper operation. This approach gives extra flexibility to the
tag to include new sensors both analog and digital. A power
budget analysis has also been performed and demonstrates that
the system is able to work even for temperature gradients as
low as 2.5 °C resulting from a 36.8 °C hot source, 23 °C
ambient temperature, and still air. The sensor tag sensitivity
has also been characterized in both passive and semi-passive
modes and the maximum read range has been discussed.
In addition, a reader prototype has been built in order to
test the sensor tag while sending temperature samples with a
2-conv/s resolution. The system demonstrates that the sensor
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tag reaches a distance of 22.2 m in the semi-passive mode
and 4.4 m in the passive mode while complying with Euro-
pean regulations. Finally, a state-of-the-art comparison shows
that the proposed solution is the only one that demonstrates
a continuous power source from a flexible TEG and low-
temperature gradients. In addition, the presented sensor tag
shows the longest read range while sending data from the
Sensor.
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