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Abstract—This paper presents a solar-powered wireless
temperature sensor based on time-coded ultra-wideband
radiofrequency identification. A negative temperature coefficient
resistor acts as the sensing element. It controls the current of a
PIN diode connected to an ultra-wideband scattering antenna.
The wireless sensor is self-calibrated using a narrowband tone,
making its performance independent of the distance or
orientation between the reader and the sensor. A consumption of
82 pA is demonstrated. An error under 0.6 °C within a 35 °C -
70 °C temperature range is obtained for most of the cases.

Index Terms—Ultra-wideband, PIN diode, NTC, solar cell,
energy harvesting

1. INTRODUCTION

ADIOFREQUENCY identification (RFID) is used to

remotely identify targets, and it is widely used in
logistics, medicine, industry and other fields [1]. RFID
consists of a reader that interrogates one or more tags. The
reader remotely acquires the tag’s identification (ID) by means
of a radiofrequency (RF) link. Currently, chip-based RFID
tags at UHF band are the most used for identification.

The American Federal Communications Commission
(FCC) allocated an Ultra-Wideband (UWB) spectrum from
3.1 to 10.6 GHz in 2002 [2]. Since then, a great interest has
grown in developing technologies that use UWB, due to the
advantages associated to its large bandwidth [3]. UWB has
good immunity to multipath propagation, it is barely affected
by narrowband interferences, and it has a high range
resolution and penetration in materials. Furthermore, the
bandwidth allocation and masks of UWB are very similar
worldwide, with small differences depending on the region
[2][4]. Therefore, low-cost UWB circuitry is expected in the
next years.
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RFID systems were initially designed only to collect
identification information from the tag. A lot of research has
been done to improve RFID capabilities: the aim is to obtain
not only the ID, but also physical parameters of the tag’s
environment. These parameters are sensed by the tag itself,
which becomes a wireless sensor. One way to achieve it is by
embedding a sensor into a chipless tag [5-6]. Another way is
by using chip-based tags. To this purpose, a standard Gen2
UHF tag has been integrated with a sensor in [7]. Other
solutions use custom chip-based systems [8].

Several wireless temperature sensors have been recently
presented. In [9] a temperature sensor is integrated into a
battery-free standard UHF RFID tag. In [10] another
temperature sensor is integrated in a tag which uses a 2.3 GHz
signal to send data and a 450 MHz signal to receive power. In
[11] a temperature and photo sensor is integrated in a custom
UHF system. In [12-13] passive, microcontoller-based UHF
EPC Gen2 compliant sensing platforms are proposed. Read
ranges of 5 m in [12], and 10 m (fully passive) or 22 m
(battery-assisted) in [13] are reported.

In [7-13] cases, narrow band signals have been used.
However, recent works [14-18] have demonstrated that ultra-
wideband signals can also be used for RFID applications.

This work presents a semi-passive RFID sensor based on a
time-coded UWB backscatterer (UWB antenna connected to a
delay line) [18-19]. Here, a PIN diode loads the delay line.
The PIN diode current is controlled by a negative temperature
resistor (NTC). Then, the backscattered response of the tag is
modulated in amplitude by the temperature. However, since
the signal received at the reader not only contains this
information of temperature, but is affected by the tag-reader
distance, orientation or environment (clutter), a calibration
mechanism is also included. It is based on a parallel 2.43 GHz
link which switches the sensor between the measurement,
calibration and clutter removal states. In addition, big efforts
are being done during last years to power wireless sensors and
RFID tags by means of green energies, such as solar energy
[20-21]. In this direction, a solar cell is integrated to power up
the sensor.

This paper is organized as follows. Section II presents the
working principle and theory of the UWB sensor and the
modulation of its response as a function of the temperature.
Section III describes the reader and the implemented tag.
Section IV presents the -calibration procedure and the
measured results. Section V discusses the power consumption



and complexity of the tag in front of other approaches. Finally,
Section VI draws the conclusions.

II. OPERATION THEORY

A. Time-coded UWB backscattering

Fig. 1. shows a scheme of the UWB backscatterer and the
signals sent from the reader (TX) and backscattered at the tag
(RX). The tag is composed by a UWB antenna connected to a
delay line which is, in turn, loaded with a low-cost PIN diode
(model NXP BAP64-03).

The reader transmits a UWB pulse p(?). When it hits the tag,
a portion of it is reradiated back and another portion
propagates inside the tag. Then, the tag response is composed
by the sum of these two terms: the structural mode (ss,) and
the tag mode (sr,). The structural mode depends on the tag
shape, size and material. The tag mode depends on the
radiation pattern of the antenna and the load connected to it.
The antenna can be modelled as a two-port network [15]
terminated with the PIN diode-loaded transmission line. The
response can be expressed as (1):

$()=sg, (£)+57,, (1) :aSll(t)*p(t)*§(t—Tp)
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where a is the round-trip attenuation factor due to the
propagation in free space, 7p is the round-trip time delay
between tag and reader, 7p = 2L/v is the round-trip propagation
delay along the transmission line (with length L and
propagation velocity v), g(?) is the inverse Fourier transform of
S12851, 0 is the Dirac delta function and * denotes the
convolution operator. The approximation is valid considering
that I';04p is real. The term S, *p(2) is the response associated

to the structural mode and I',  g(¢)* p(¢) is the response
associated to the tag mode.

o = (ZLOAD -Zc )/(ZLOAD + Zc) is  the

coefficient due to the load Z;o4p at the end of the transmission
line, being Z.=50 Q the characteristic impedance of the

Moreover,
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transmission line.
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Fig. 1. Scheme of the sent and received signals between the reader and tag.

B. Modulating the tag mode with a PIN diode

For the purpose of adding sensing capability to the tag, this
work aims to modulate the amplitude of the tag mode. This

can be done by modulating the load Z since the

LOAD >
resistance of the PIN diode in forward polarization depends on
the current that flows through it [22]. This current is controlled
by a temperature detector circuit.

Fig. 2a shows the measured backscattered signal of a time-
coded chipless tag loaded with the BAP64-03 PIN diode,
biased with a 10 kQ resistor, as shown in Fig. 1. This
measurement is performed with the Time Domain PulsON
P400 MRM radar, connected to two UWB antennas, with a
distance tag-reader of 30 cm. The diode bias voltage (Vppy) is
manually swept from 0 to 3.3 V (current between 0 and
260 pA). Each line represents a different current. In Fig. 2b.
the continuous Wavelet transform (CWT) has been applied to
the measured signal to improve the signal-to-noise ratio [16].
All signals are normalized with respect to their own maximum
amplitude, which is the structural mode. It can be observed
that the tag modes amplitudes vary depending on the current
that flows through the diode.
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Fig. 2. Measured time-domain response of the tag depending on the diode
current. (a) Raw signal, (b) signal after applying the CWT.
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Fig. 3 shows the structural to tag mode ratio as a function of
the diode current. The ratio goes from a large value at 0 pA,
which equals to an open circuit state (Z,,,, — o), to a low

value at around 55 pA, which equals to a matched load state
(Z,4p = Z.). It is important to note that the ratio is not equal

to zero at the minimum of the curve, mainly because of
parasitic effects of the diode. The shaded area in Fig. 3 shows
a low-power consumption zone of the curve that can be
exploited. Considering a 10 kQ polarization resistor, this zone
corresponds to a bias voltage range between 0.45 V and
1.15 V, and current between 0 pA and 55 pA.
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Fig. 3. Structural to tag mode ratio as a function of the diode forward current.

III. SYSTEM AND SENSOR DESIGN

Fig. 4 shows a basic scheme of the system. It consists of a
reader and the sensor. The reader uses a narrowband 2.43 GHz
signal to change the tag state in order to perform the
calibration and clutter removal for each temperature
measurement. The reader also uses the UWB radar (Time
Domain PulsON P400) to collect the tag answer by
backscattering. The 2.43 GHz link has two objectives. First,
clutter is obtained and removed for each temperature
measurement, and then it does not matter if it is not stationary.
Second, a calibration curve can be obtained for each
measurement and temperature can be derived for any
distance/angle between reader and tag, a serious limitation in
chipless RFID tags [6].
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Fig. 4. Scheme of the proposed system.
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The system works as shown in the flow diagram of Fig. 5.
First, the reader measures the background scene with the
UWRB radar, which consists on the tag being deactivated. Next,
the reader sends a 2.43 GHz calibration signal with a
“Calibration” state. The tag sets itself to a known calibration
state, which is independent of the temperature. Then, the
reader collects the backscattered calibration answer via UWB.
After, the reader sends another calibration signal with a
“Temperature” state. The tag sets itself to a state which, in this
case, depends on the temperature, and the reader collects the
backscattered answer via UWB.
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Fig. 5. Flow diagram of one temperature measurement.

A. Sensor design

Fig. 6 shows a scheme of the sensor. It consists of four main
blocks. The UWB backscatterer block (see Section II.A)
communicates the sensor with the reader. It is based on a
broadband eccentric annular monopole antenna connected to a
delay line. The delay line length L is chosen to separate the
structural and tag modes with a round-trip delay of about 1 ns.
The ground plane has significant effects on planar UWB
monopole antenna properties. A negative impact on antenna
performance is also obtained when it is connected to long
meander-shaped delay lines. To solve these problems two slots
have been introduced between the antenna and the ground
plane similarly as done in [6]. They are marked with yellow
ellipses in Fig. 7b. A detector circuit block, which depends on
the 2.43 GHz signal received from the reader, activates the
calibrator circuit block. The calibrator circuit block delivers
the three states. These states permit three consecutive

measurements with the UWB backscatterer, which are used
for clutter removal, calibration and temperature measurement.
The temperature is sensed by means of the NTC. Finally, there
is a power supply circuit block which consists of a solar cell
and a regulator, that generates the bias voltages and voltage
thresholds for the state comparators. Photographs of the
fabricated sensor tag are shown in Fig. 7. It is manufactured
on Rogers RO4003C substrate. The tag size is 15.7 cm x
8.2 cm.
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Fig. 6. Scheme of the designed tag.

Fig. 7. Fabricated tag, (a) top face and (b) bottom face.

B. Reader

A scheme of the designed reader is shown in Fig. 8. It
consists of the 2.43 GHz modulator which sets the tag at
different states, and the UWB radar that sends the pulsed
signal to the tag and collects the backscattered signal with the
measurement. The modulator is based on a 2.43 GHz
oscillator, followed by a power amplifier and a monopole
antenna. The transmitted power is +20 dBm at the ISM band,
which falls within the European regulation. In order to
generate two different calibration signals from the modulator,
a PIC 16F1827 microcontroller is used as a buffer to activate
or deactivate the oscillator. In this manner, an On-Off-Keying
(OOK) signal is generated. The two calibration signals consist
of a “Calibration” state, with a duty cycle of the 30% of the
OOK, and a “Temperature” state, with a duty cycle of 70% of
the OOK. The control PC communicates with the
microcontroller through a USB-RS232 interface.
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Fig. 8. Scheme of the reader.

C. 2.43 GHz Detector

The detector is shown in Fig. 9. It consists of a 2.43 GHz
dipole antenna connected to an Avago HSMS-2852 Schottky
diode rectifier through a matching network. A 100 pF DC
block capacitor is placed between the 2.43 GHz antenna and
the matching network. The matching network consists of a
shunt-connected, open-ended L-shaped stub and a series
connected transmission line. At the output of the Schottky
diode, a 1 nF capacitor and an 820 kQ resistor are shunt-
connected to obtain the rectified voltage from the diode. A
Texas Instruments TLV2401 low-power operational amplifier
is used as a comparator, providing a 0 V output when the
rectifier does not detect voltage and 3 V when it does. The
comparator threshold is obtained by an RC estimator
(R=82kQ, C =1 pF). Using this configuration, the detector
is robust to external interferers (such as Wi-Fi or Bluetooth),
and can theoretically be used up to a 12.6 m distance [17].
Finally, the output of the comparator is connected to another
RC estimator (R = 820 kQ, C = 1 pF), which provides the
mean value of the OOK signal between 0 V and 3 V. This
mean value depends on the duty cycle, but not on the tag-to-
reader distance.
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Fig. 9. Scheme of the 2.43 GHz detector circuit.

D. Calibrator

The calibrator circuit is shown in Fig. 10a. A time diagram
of the main signals involved in the calibrator circuit is shown
in Fig. 10b. The circuit consists on a (first) Texas Instruments
TLV2402 dual channel operational amplifier. Each channel
acts as a comparator (C1 and C2), detecting whether the mean
value of the OOK signal exceeds two predefined voltage
thresholds V;,; and V. If the mean value exceeds Vy;,; but is
below ¥, (meaning a 30% duty cycle), a second TLV2402
and a Maxim MAX4523 switch are powered from the first
TLV2402 output 30P. This corresponds to the “Calibration”
state. In this case, amplifier B of the second TLV2402
provides a V., = 1.33 V voltage for the switch input COM2. B

is operating as a buffer to independize the V;,, threshold from
V.. Finally, since the mean value is not above V7, the switch
will provide V., at its output (Vpp).

When the mean value exceeds V,, (meaning a 70% duty
cycle), the first TLV2402 outputs (30P and 70P) are at up state
and the switch output (Vpy) will correspond to input COMI.
This corresponds to the “Temperature” state. The COMI1
voltage depends on the value of the AVX NB20R00684 NTC
SMD Thermistor. This COM1 temperature-dependent voltage
is generated from the non-inverting amplifier structure of the
second TLV2402 amplifier A. It has a gain of 2.2 set by the
220 kQ and 100 kQ resistors. The non-inverting input IN1+ is
the voltage at the NTC in parallel with a 150 kQ resistor,
minus the voltage drop at the 820 kQ series resistor. With
these values, the output voltage 10UT is between 0.6 V at
70 °C (NTC =420 kQ) and 1.2 V at 35 °C (NTC = 98 kQ). It
corresponds to the shaded zone of the of Fig. 4. The output of
the MAX4523 switch is ended with a 1 MQ resistor and a
35 pF capacitor due to manufacturer’s requirements.
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Fig. 10. (a) Scheme of the calibrator circuit. (b) Time diagram of the signals.

E. Solar cell integration

The flexible amorphous silicon Power Film SP3-37 solar
cell was selected for this work. The specifications of SP3-37
are an open circuit voltage V,. = 4.1 V and a short circuit
current [, = 28 mA, when illuminated by a light source
complying with the standard AM1.5G global solar irradiance
spectrum [23], 7=25° and 1 sun (= 100 mW/cm?) irradiance.

The SP3-37, shown in Fig. 11, is rectangular with
dimensions 64 mm by 37 mm. In Fig. 11 one can see the
positive and negative terminals of the solar cell as well as a
number of conductive strips on its top surface. The cell itself
is a small solar module consisting of five smaller cells isolated
by each of the four intermediate horizontal conductive strips
which are electrically connected in series. Each of the
individual cells provides an open circuit voltage V,. = 0.82 V



and short circuit current /. = 28 mA, set by the width of the
cell.

The integration of solar cells with antennas has been
originally proposed in [24]. The placement of a solar cell on
top of a printed antenna does not affect the antenna
performance provided that the area of the conductive surface
of the antenna where the current density is high, such as near
the feed point and the radiating edges, is not covered by the
cell [24]. This fact allows to significantly reduce the total area
required for the circuitry and solar cells, allowing for more a
compact system implementation.

The solar cell used to power the sensor was therefore
integrated on the UWB antenna ground plane. In order to
avoid placing the solar cell near the antenna feed point and
due to the presence of the circular disc aperture in the ground
plane limiting the available area, it was necessary to cut the
original cell along its length into two pieces capable to
produce an open circuit voltage V,. = 4.1 V and a short circuit
current /., = 14 mA under 1 sun irradiance. As one can see in
the inset of Fig. 11, it was necessary to further shape the two
pieces in order to conform to the ground plane conductive area
leading to a non-uniform width which results in a slightly
reduced current capability. The current capability of each solar
cell piece alone is sufficient to power the sensor circuitry.

Width, W =37 mm

Positive terminal
Length, L= 64 mm

Horizontal
Intermediate cell COf_\dUCtIVE
Voc =0.82V strips
lsc =28 mA

T

Negative terminal
Fig. 11. Power Film SP3-37 solar cell.

Fig. 12 shows the measured |S;;| parameter of the UWB
monopole with and without two solar cells. There are two
measurements, one with the solar cells placed with a 1 mm
gap between the circular slot and the cell and the other with a
2 mm gap. The antenna performance is not affected at all by
the cells.
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Fig. 12. Measured |S;;| parameter of the tag antenna without and with the solar
cell.

Each cell has sufficient current capability to power the
sensor tag. As a result only one cell was placed in the final

circuit prototype as it can be observed in Fig. 7. It should be
noted that the negative terminal of the cell is directly soldered
on the ground plane conductor while the positive terminal of
the cell is connected to the circuit supply using an insulated
wire.

F. Regulator and thresholds

The output of the solar cell is connected to a Linear
Technologies LT1763 (LT1763CS8#PBF) variable voltage
regulator. As shown in Fig. 13, It is adjusted to provide a 3 V
output with two resistors of 500 kQ and 750 kQ , according to

the manufacturer: yVee = 1‘22(14.132 /R1)+[ADJR2, where Iyp; =

30 nA typically. The thresholds needed for the detector and
calibrator circuits are obtained using a simple resistive circuit.

Vce
Solar Cell LT1763 1MQ  470kQ  330kQ
IN ouT
Rz
750 kQ
T SHDN ADJ R Vth2 Veal  Vithi
- 1
GND 500 kO 1333V 055V
N

Fig. 13. Scheme of the s_olar cell_connected to the regulator and the resistive
values for the thresholds.

IV. RESULTS

A. Calibration and temperature measurement

To evaluate the validity of the system, the tag performance
is measured. Fig. 14a shows the unprocessed (RAW) signals
of the tag response at a 40 cm distance, heating the tag up to
70 °C with a heatgun and letting it cool down on still air to 35
°C . Fig. 14a also shows the RAW signals for the background
state (spqt), and the calibration state (where the PIN diode is
biased with V). A very large coupling contribution from the
reader’s TX to RX antenna is present before the tag response,
since the separation between the reader’s antennas is smaller
than the reader-sensor distance. Also, some clutter is present
due to reflections with surrounding objects. Fig. 14b shows the
zoomed area corresponding to the tag response. The structural
modes, as shown, remain identical for all the possible
temperatures of the tag. On the contrary, the tag modes
amplitudes change. The tag mode with the largest amplitude
corresponds to the s, state, which corresponds to the tag
measurement without any current flowing through the diode,
that is without any 2.43 GHz calibration signal sent to the tag.
With this background measurement, the clutter and coupling
contributions can be diminished without having to measure the
empty-room response. To enhance the tag modes, for each
measurement s; (which contains the coupling contribution, the
structural and tag modes, and clutter) the background sy, is
subtracted as shown in Fig. 15. It can be clearly observed that
the coupling contribution and clutter have been diminished in
front of the tag mode. Since the structural mode is also the
same for the background (the tag is not removed from the
scene), it is also removed.
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Fig. 16 shows the background-subtracted signal from Fig.
15 after applying the CWT. As shown in the inset of Fig. 16,
the amplitude grows when temperature changes from 35 °C to
70 °C. All amplitudes are normalized with respect to the
calibration state.
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Fig. 16. Tag response after subtracting the background signal and applying the
CWT.

The calibration to temperature ratio can be defined as the
ratio between the amplitude in the calibration state and the
amplitude in the temperature measurement state. It can be
obtained by detecting the peaks of the tag modes in Fig. 16.
Fig. 17 shows the calibration to temperature ratio as a function
of the diode current, which varies from 15 pA to 60 pA.

Calibration to
Temperature Ratio

15 20 25 30 35 40 45 50 55 60
Diode Current (uA)

Fig. 17. Calibration to temperature ratio as a function of the diode current.

The real temperature is obtained with a reference wired
multimeter (Agilent 34410A) from the output voltage of the
calibrator. Since the elements in the circuit are known, the
equivalent NTC resistance Ryrc for a given voltage can be
calculated. In this manner, the wireless performance is
compared to the same NTC sensor when it is measured with a
stable, wired instrument. The real temperature T for a given
resistance can be obtained using the manufacturer’s values
(R, =680 kQ at 25 °C, =4400, T, =298 K):
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Fig. 18 shows the calibration to temperature ratio for 8
random measurements at distances tag-reader from 40 cm to
150 cm, as a function of the real temperature. The mean ratio
for these 8 measurements is also shown. As it can be observed,
all the measurements are very similar.

Fig. 19 shows the real temperature as a function of the mean
ratio from Fig. 18, and a 5™ degree polynomial regression. The
polynomial regression coefficients are used to obtain the
estimated temperature from the ratios. This step is required
only once in order to obtain the temperature calibration curve
of the sensor.

Finally, Fig. 20 shows the estimated (measured)
temperature as a function of the real temperature for the 8
measurements. The estimated temperature is calculated for
each of the 8 measurements using their ratios and the
polynomial regression parameters from Fig. 19. An ideal
curve is also shown, where the estimated temperature equals
the real temperature. As shown, most of the measurements are
very close to the real temperature, validating the functionality
of the system, independently of the distance and angle.

Calibration to
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Fig. 18. Calibration to temperature ratio as a function of the real temperature

for 8 random measurements from 40 cm to 150 cm.
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B. Error study

For the purpose of characterizing the error obtained with the
tag sensor, a study is carried out next. Fig. 21a shows an
histogram obtained from 500 measurements at a fixed
temperature (29 °C) and distance (40 cm). In this case, 88% of
the measurements are under 0.6 °C of error. Fig. 21b shows
another histogram for the 8 random measurements of
Section IV.A. Tag-reader distances are between 40 cm and
150 cm and the temperature range is from 35 °C to 70 °C.
Here, 84% of the measurements are within a 0.6 °C of error.
Finally, Fig. 22 shows the mean relative error of Fig. 20b. In
comparison with other works where a UWB radar is used as
the reader [6], these results are similar for the fixed
temperature/distance cases. The main advantage of the sensor
proposed in this work is that the error for a fixed case is very
similar to the error for the case of the sensor being moved. In
chipless sensors [6] the error is greatly increased when the
distance or orientation between the tag and the reader changes,
and they require a calibration curve for each tag-reader
distance/orientation,  something  impractical in  real
applications, and something which is not required in this
sensor.

20

(-)1‘5 -1 05 0 05 1
Error (°C)
a- b-
Fig. 21. (a) Absolute temperature error as a function of the real temperature
for 8 random measurements from 40 cm to 150 cm.
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Fig. 22. Mean relative temperature error as a function of the real temperature
for 8 random measurements from 40 cm to 150 cm.

V. POWER CONSUMPTION AND DISCUSSION

The presented tag needs to work by its own power source
(in this case, solar energy). Since the consumption is a major
concern in autonomous sensors, a study is carried out here.
Table 1 shows the current consumption of each element in the
tag circuitry. As expected, the most consuming element is the
PIN diode, which draws up to 75 pA when it is in a calibration
state. There are three possible combinations, depending on
whether the tag is on a “Standby” state, waiting to receive the
calibration signal by the reader, a “Temperature” state, or a
“Calibration” state. Their corresponding currents, Isisy, {7emp
and /¢, respectively, are calculated next (3)(4)(5). As shown,
the maximum current consumption is around 82 pA.

Lo, =1, +31Cmp =4.3042 pA 3)
_ I, + SICmp + 1, +1p,, =22.06 pA (at 70 °C) @)
Temp —
v I, + SICmp +1,,+1,,, =62.06 pA (at 35 °C)
Iy =1p+51,,+ 1, +1, =82.06 nA 5)
TABLEI
CURRENT CONSUMPTION BY ELEMENT
Element Symbol Current (uA)
Minimum Maximum

Threshold resistive divisor Iy 1.66
TLV240X Icmy 0.88/channel
MAX4523 e 1
PIN Diode (Temperature) Lpmm, Lpmm 15 (at 70 °C) 55 (at 35 °C)
PIN Diode (Calibration) Ipe 75

It is important to note that the current consumption of this
setup is noticeably lower than the one required by setups
based on a microcontroller, such as [17]. Even though that the
tag in [17] consumes 75 pA while answering, it requires 250
HA to operate the Analog-to-Digital converter module (ADC).
This module is required to acquire the output voltage from the
conditioning circuit of the NTC. Therefore, the total
consumption of the microcontroller-based approach is about
325 pA when using the ADC, which is higher than the 82 pA
in this work. Other commercial microcontrollers such as the
Texas Instruments MSP430 have lower ADC consumption (75
pA). However considering the total consumption, it would
sum up to around 150 pA, which is still above the 82 pA
presented in this work.



The complexity of this system is also lower than the
microcontroller approach, which makes it a good candidate to
integrate all the discrete elements into a single chip.

VI. CONCLUSION

This work has presented a semi-passive solar-powered
temperature sensor based on a time-coded UWB tag. This is a
low-cost and battery-less solution based on simple off-the-
shelf components. A calibration mechanism has been
integrated allowing for clutter removal and making the
measurement of temperature completely independent of the
reader-tag distance and angle. A sensor power consumption of
82 UA is demonstrated with an error under 0.6 °C within a
temperature range 35-70 °C. It is measured using a UWB radar
as reader at distances up to 150 cm.
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