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ABSTRACT

In this work we describe and evaluate a dosimetric system based on an NFC (Near Field
Communication) tag and a smartphone that uses commercial MOSFETS as radiation sensors.
The tag is designed with commercial integrated circuits and the smartphone is the power
source of the tag configured as a readout unit, user interface and storage unit. The NFC tag
is supplied wirelessly by the smartphone via NFC, using a home-made structure to align the
tag coil and smartphone coil in order to achieve a good inductive coupling. In this case, the
commercial DMOS transistor ZVP3306 is used as dosimeter in unbiased mode, connected to
the tag before and after each irradiation session to perform the sensor reading. An evaluation
of the dosimetric system has been carried out irradiating three transistors with photon beam
of 6 MV up to 20 Gy. The average sensitivity found is (4.75 + 0.15) mV/Gy, which is in good
agreement with the results found with our previously developed dosimetric system.
Therefore, this miniaturised dosimetric system can be considered as a promising and low cost
electronic architecture to be used for dosimetry control in radio-therapy treatments.
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1. Introduction

In-vivo dosimetry is a complementary technique to improve the quality of radiotherapy
treatments. The energy provided to the tumour must be high enough to destroy it, but the
damage to surrounding tissues must be minimized. The use of small sensor devices is highly
advisable in order to reduce the distortion of the irradiation delivered to the patient.
Therefore, pMOSFET (p channel MOSFET) dosimeters are suitable for in-vivo dosimetry.
In addition, pMOSFETS present good linearity, immediate readout and the calibration can be
carried out easily [1-4]. Thanks to these benefits, the use of pMOSFET dosimeters is
becoming more popular in radiotherapy treatments. In fact, there are several commercial
dosimetric systems based on pMOSFETSs [5-7] and some research groups have developed
their own systems [8,9]. When a MOS transistor is exposed to radiation, electron-holes pairs
are produced in the whole device. However, only in the zones where there is an electric field
the electron and the hole are separated. If all terminals are short-circuited, there is electric
field only in the gate-oxide and in the SiO2-Si interface of the structure. Thus, the main active
area is the gate-oxide region and, to a lesser extent, the SiO2-Si interface [10,11]. To improve
the sensitivity, transistors with a thick oxide, grown with special technological processes,
were developed. The result is pMOSFETSs that are specially manufactured for radiation
detection, known as RADFETs (RADiation FETs) [12-14]. However, for typical
radiotherapy doses, commercial transistors can be used as dosimeters instead of RADFETS
If an adequate signal amplification and filtering are carried out [15-17]. In such cases, the
cost of patient monitoring would be considerably reduced. The cost of the reader unit is not
negligible in a dosimetry system. Therefore, if the reader unit was replaced by a low-cost
device, the final cost of a dosimetric system could be very affordable.

The use of a smartphone as a reader for different sensors would results in considerable
cost savings and facilitate the access to market [18]. Furthermore, if the communication
between the smartphone and the sensor is done via some radiofrequency protocol such as
Near Field Communication protocol (NFC) [19], the contact between the smartphone and the
sensor tag is not necessary. Several research groups have developed NFC tags with sensing
capabilities [20-22]. Depending on the power consumption requirements, the NFC tag can
be developed without battery or any other power source, thus reducing the overall cost
[23,24]. In such cases, an NFC-enabled smartphone can wirelessly energize the NFC tag
through inductive coupling and transfer data by means of signal modulation [25-27]. The
energy harvested from the RF field can also be used to supply some external circuitry, for
example a microcontroller [28], a DC/DC converter [29] or analog circuitry [30]. However,
a perfect tuning and alignment with a high quality factor antenna is required.

In this case, the power consumption for dose measurements with MOSFETS is usually
low [3,8,9] In fact, Sicel Technologies (Morrisville, North Carolina, USA) developed an
implantable MOS dosimeter consisting of an RFID tag that works in low frequency band
(LF) [31-33]. This system uses an Application Specific Integrated Circuit (ASIC) RFID chip



with a ferrite coil. Therefore, to measure the dose by means of the NFC protocol is expected
to be possible.

In this work, we present the development and characterization of a dose reader system
for commercial pMOSFETSs composed of a smartphone and an NFC tag. The sensor module
is connected to the NFC tag configured as a reader unit. An Android™ application has been
designed to use an NFC-enabled smartphone for wirelessly powering the system up and
reading the dose measurements. The hardware included in the system is developed using
commercial integrated circuits, including the radiation sensor. No ASIC circuits are needed,
thus the cost will be considerably reduced. In addition, a whole reader unit is not necessary
to carry out dose measurements, only the NFC tag and a smartphone. Moreover, the system
performance has been compared with our previously developed reader unit [9] showing very
good agreement.

2. Experimental

Numerical simulations for tag antenna optimization were carried out with Advanced
Design Simulator (ADS, Keysight Technologies, Santa Clara, California, USA). Antenna
and reader tag were fabricated on 1.5 mm thick FR4 substrate using a mechanical milling
machine model ProtoMat S100 (LPKF Laser & Electronics AG, Garbsen, Germany). The
FR4 substrate has a relative permittivity of &=4.6 and a loss tangent of tand=0.015.
Metallization layer is 35 pum thick copper with a conductivity of 6=4.6x107 S/m.

For electrical characterization of the tag antenna an impedance analyser was used, the
Agilent 4294A (Keysight Technologies, Santa Clara, California, USA). For thermal
measurements, four devices were introduced into a climate chamber model VCL4006
(Votoshch Industryetedhnik, Germany) while the electrical parameters were registered with
a multimeter Agilent 34410A (Agilent, USA). For the app, Android Studio 2.3.1 was used as
the integrated development environment (IDE). The application was designed and tested
against API level 22 (Android 5.1), although the lowest API level compatible is API level 16
(Android 4.1). The smartphone used in this work as the NFC reader was the Sony Xperia S.

A different set of three sensor modules based on the commercial pMOSFET ZVP3306
(Zetex Diode, USA) were irradiated with a linear accelerator Siemens Artiste (Siemens AG,
Germany). A total of 20 Gy were provided in a series of five sessions of 4 Gy each, with a
field of 10x10 cm? with photon beams of 6 MV. The sensors were placed at the isocenter of
the irradiation source. In order to achieve the electronic equilibrium, a 1.5 cm build-up layer
of solid water was placed over the transistors. To control LINAC stability and to verify dose
measurements, a PTW23332 ionization chamber (Radia-tion Products Design, Inc.;
Albertville, France) was placed under the sensor modules for every irradiation session.



To evaluate the response of the NFC reader unit and compare it with other
instrumentation, our previous reader unit [17,34] was used as reference system. This
dosimetric reader unit can measure the source voltage shift with a resolution of 0.25 mV. The
increment of the source voltage of the transistor was measured at constant drain current,
which is the simplest method to evaluate the threshold voltage shift [3,10,11].

3. NFC tag and sensor module architectures

The NFC tag consists of the following functional blocks: RFID chip and antenna, a charge
pump to increase the supply voltage, a current source, conditioning electronic and a socket
to connect the sensor module. The block diagram of the NFC tag is displayed in Figure 1.
The different parts of the NFC tag will be described in following subsections. As can be seen
from Figure 2, the developed tag operates without battery, only with the energy harvested
from the electromagnetic field coming from the smartphone NFC link.
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Figure 1. NFC tag and sensor module block diagram?.

! The Android robot is reproduced or modified from work created and shared by Google and used according
to terms described in the Creative Commons 3.0 Attribution License.
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Figure 2. NFC tag with the functional blocks highlighted (left) and sensor module
(right).

3.1. RFID chip and antenna

The NFC chip SL13A (AMS AG, Unterpremstatten, Austria) along with a custom-
designed RFID antenna is used for energy harvesting, communication and sensor acquisition
purposes [35]. This chip operates in HF band and it has a sensor front end (SFE) that is able
to measure voltage, current, resistance and capacitance. In this work, the SFE is used as a
single voltage input for the built-in analog-to-digital converter (ADC) of the chip. The ADC
input signal must lie between 300 and 600 mV. Therefore, conditioning circuitry is needed
to measure the pMOSFET source voltage. In addition, energy harvesting capabilities of the
chosen NFC chip enable the development of battery-free designs. The integrated circuit can
provide a regulated voltage of 3.2 V with an output current up to 4 mA if the external RF
electromagnetic field from the RFID reader is adequate. Therefore, this RFID chip is able to
provide up to 12.8 mW without battery, which is enough to supply some additional circuitry.

The antenna consists of a PCB custom-designed planar coil and the internal capacitor of
the SL13A (see Figure 2). The RFID chip communicates with the smartphone through the
antenna and, in addition, the energy is harvested through the antenna and supplies the tag.
The chosen NFC chip integrates an internal tuning capacitor with a value of 25 pF at the
frequency of interest, 13.56 MHz. Thus, a simple coil with a value of 5.5 pH is required to
obtain a parallel LC circuit resonant at 13.56 MHz. The designed antenna coil has 12 turns
and dimensions of 30 mm x 20 mm. The width of the conductor is 200 um and the
interspacing between the lines is 250 pm. The final number of turns and dimensions were
obtained after optimization process with numerical simulations.

3.2. Signal and power conditioning



The measurement of the source voltage shifts at constant current is probably the easiest
way to measure the threshold voltage shifts of pMOSFET as radiation sensor. To do so, a
current source must be included in the tag as well as a buffer to avoid that the conditioning
circuit loads the current source. Thus, the minimal analog circuitry needed to carry out dose
measurements is a current source and a buffer with conditioning circuitry. The integrated
circuit LM334 of Texas Instruments (Dallas, Texas, USA) has been used to implement the
current source. In the present work, we have implemented the circuit topology recommended
by the manufacturer of the LM334 to reduce the thermal drift of the output current by using
two resistors and diode.
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Figure 3. Buffer, voltage shift and voltage divider circuit schema of the tag reader.

The buffer consists of a general propose bipolar transistor model BC848 (Infineon AG,
Germany), which avoids the subtraction of drain current by the voltage divider and ADC of
the SL13A, as shown in Figure 3. The collector current depends on the value of source
voltage, Vs, and it must be set for each transistor model and drain current selected, as it is
described in following sections for the transistor ZVP3306. The output of the conditioning
circuitry must lie between 300 and 600 mV because this is the input voltage range of the
ADC. Thus, a voltage divider is required and implemented with R1 and R2 resistors.
Moreover, a voltage shift of a reference voltage, Vrer, has been included to reduce the voltage



before the ADC, as Figure 3 shows. According to the conditioning circuit depicted in Figure
4, the input voltage of the ADC is given by equation (1):

R
VAPC = =2 (Vs — Vg — Vyey) 1)

" Ri+R,

The selected Vrer was the LM385-1.2 of Texas Instruments (USA) that provides a stable
voltage of 1.23 V with a typical thermal dependence of 20 ppm/°C. The main restriction is
that the reverse current must be between 0.01 and 20 mA. Taking into account that the voltage
source of the ZVVP3306 was around 2.6 V at the chosen bias current, the resistors R1 and R2
were selected as 15 kQ to ensure a reserve current in the LM385 of 0.03 mA, which is in the

correct range of this reference voltage.

The power harvested by the antenna, after being rectified and regulated by the RFID chip,
is used to supply the switch capacitor voltage doubler based on ADMG660 integrated circuit
(Analog Devices, USA). This chip was chosen due to its low quiescent current, 600 pA, and
the easy doubler configuration in which only two external capacitors are required. In this
way, the regulated voltage of 3.2 V is increased up to 6.4 V in order to increase the maximum
drain-source voltage. Assuming a DC/DC efficiency of 80 %, and considering the quiescent
current of the ADM660, the total power that must be provided by the SL13A is around 4
mW. This power can be supplied by the SL13A if the inductive coupling between the coil of
the smartphone and the coil of the tag is appropriate.

3.3. Sensor module

The sensor module is based on the general purpose DMOS ZVP3306 and it was
previously evaluated as radiation sensor with our reader unit [34]. This transistor was selected
due to its ionizing response, low cost (below 0.3 €) and because it is commercially available.
In addition, the DMOS structure is very common in current MOSFETS, therefore another
study of this kind of MOSFET would be interesting in order to study their response to
ionizing radiation. Basically, the sensor module consists of the pMOS transistors as radiation
sensor and a JFET that prevents the damage due to electrostatic discharge during the storage
and irradiation period, as Figure 4 shows. The configuration is similar to the sensor module
presented in previous works [9], but with minor modifications. The JFET used in our
previous work was an N-channel transistor, which connects the source and drain terminals
of the pMOS. This JFET must be cut off during the reading process by biasing the JFET gate
with a negative voltage, so the connection between the source and drain of the pMOS is
interrupted and the current flows through the pMOS transistor [9]. However, in the present
work a negative voltage is not available in the NFC tag, so N-channel JFET cannot be used.
Therefore, a P-channel JFET must be used despite its higher ON resistance. The J175 from
NXP Semiconductors (Eindhoven, Netherlands) was selected. This device presents a typical



ON resistor of 125 Q and a gate-source cut-off voltage of 3 to 6 V. In our case, the gate was
connected directly to the power supply voltage, which was enough to cut off the JFET.
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Figure 4. Sensor module schematic.

3.4. Current bias selection for read-out

The pMOSFET drain and BJT collector currents (see Figure 3) were selected both to bias
the device properly for reading out and to reduce the thermal coefficient of the emitter
voltage. The thermal behaviour assumed in the present work is a linear model, as already
assumed with good results in our previous works [34,36,37]. Therefore, the voltage
increments due to temperature changes (AT) can be written as follows:

AVAPC = qAT | AVs = agAT, AVgp = agpAT (2)

where « is the thermal coefficient of the ADC input voltage, as is the thermal coefficient of
the source voltage and ase is the thermal coefficient of the base-emitter voltage. Neglecting
the thermal dependence of the voltage divider and the reference voltage, the thermal
coefficient of the input A/D converter voltage can be obtained from Equation (1) as follows:

@ =—2 (a5 — agg) 3)

If ag and agy are very similar, the thermal dependence of the voltage input of the ADC
will be minimized. According to our previous work [34], the thermal coefficient of the source
voltage of the ZVVP3306 in saturation region with gate and drain short-circuited and biased at
a current of 220 pA was (-2.30 £ 0.12) mV/°C. In the same work, the reverse diode was
characterized as temperature sensor, obtaining a thermal coefficient of (-2.332 + 0.013)
mV/°C for a diode current of 30 pA.



In the case of our previous reader unit, an operational amplifier instead of a bipolar
transistor was used as buffer. Thus, the method described above cannot be applied to reduce
the thermal dependence in dose measurements with the previous reader unit. To minimize
the thermal drift in that case, the drain current selected to measure the increment of source
voltage was 100 pA. At that current, the thermal coefficient was minimum for these
transistors (2.04 + 0.12) mV/°C [34]. To sum up, the drain currents used for dose
measurements are 220 pA and 100 pA for the NFC reader and our previous reader
respectively, and 30 pA for the collector current of the buffer in the NFC reader.

4. Android application and readout setup

The chosen SL13A chip is compliant with the 1ISO15693 RFID standard and compatible
with Android near-field communication (NFC-V standard). The application is based on the
use of 1SO15693 and cool-Log commands. These latter are EPC (Electronic Product Code)
custom commands with the same structure as the standard 1SO15693 commands. Figure 5
shows a screenshot of the application user interface. It consists of several text fields showing
information about the tag identification number, temperature and the digital value of the
external voltage read through the SFE of the chip.

Once the phone is approached to the tag, the user can start the application, which
programmatically activates the NFC of the phone (see Figure 5). The system is powered up
by the electromagnetic energy from the mobile NFC link, the tag is detected and the
measurements are taken The ADC measurements from the external sensor interface analog
input are taken within an independent thread of the application that executes during 10
seconds, reading a value of the ADC each 500 milliseconds. Each measurement is written on
a file that is stored in the internal memory of the phone. After that, the NFC is automatically
turned off. It is important to switch the NFC on at the beginning of the measurement and then
switch it off when the measurement is concluded, because when a pMOSFET is biased an
initial decay of source-voltage is produced due to activation of low state. The effect of this
decay is minimized if the time during which the pMOSFET is biased before the source
voltage measurement is the same in every measurement. It should be noted that the
smartphone needs to be rooted first since Android API does not allow to enable or disable
NFC programmatically without root access.
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Figure 5. Screenshot of the custom designed Android application.

The alignment for identification of an NFC tag is not critical if the power consumption
of the tag is low, as it happens in typical digital applications such as contactless payments.
However, in tags with sensing capabilities with higher power consumption, the inductive
coupling between the external NFC reader coil and the tag coil must be good enough. The
distance must be as short as possible and both coils should be overlapped to optimize the
energy harvested by the tag. In our case, a wood structure was handmade to ensure the
adequate and repeatable inductive coupling. The tag is placed into the structure keeping the
sensor socket accessible, as shown in the Figure 6.



Figure 6. Experimental setup for NFC measurements

5. Results and discussion

5.1. Electromagnetic performance

We have measured the inductance and quality factor of the PCB coil without the SL13A
chip, as shown in Figure 7a. The inductance at 13.56 MHz is 5.41 pH, very close to the
designed value. In addition, the quality factor achieved using a FR-4 substrate is higher than
60, enough for this type of applications, and the self-resonance frequency is much higher
than 13.56 MHz, about 36 MHz in our case. Therefore, the coil can be considered valid for
our requirements. Once the SL13A is attached to the PCB, the resonant circuit is completed.
Thus a new frequency characterization was carried out, measuring the impedance and phase
of the L||C resonant circuit. In order to fine-tune the resonant frequency, a 4.9 pF parallel
capacitor has been included. As can be observed in Figure 7b, the measured resonant
frequency is 13.575 MHz, which is very close to the desired working frequency of 13.56
MHz.
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Figure 7. (a) Inductance and quality factor of PCB planar coil without the SL13A NFC
chip. (b) Impedance and phase of the antenna coil with the SL13A chip soldered on the
PCB.

5.2. Thermal dependence



The first step was to check the stability of the current source. The thermal dependence of
the current source was measured using a 12 kQ resistor (equivalent resistance of the
ZVP3306 at 220 pA) as load and registering the current. The tag was supplied by a DC power
source fixed at 6.4 V and it was placed into the climate chamber. The temperature was varied
from 0 °C to 50 °C while the output current was measured. Applying a linear fitting, the
thermal drift obtained was lower than 70 nA/°C, which is good enough for our requirements.
Therefore, we can consider the current source suitable for our design.

Once the thermal stability of the current source was verified, we studied the thermal
dependence of the whole sensor module. Four sensor modules were placed into the climate
chamber and the temperature was changed from 0 °C to 50 °C. The source voltage of the
pMOS transistor, Vs, and the emitter voltage of the BJT, Ve, were registered (see Figure 3),
and the thermal coefficient of these voltages were measured for each sensor module. Finally,
the average thermal coefficients of the set of sensor modules was calculated. The global
thermal coefficient of the set of sensor modules was reduced from (-1.80 + 0.15) mV/°C to
(0.63 = 0.10) mV/°C. The thermal compensation was not as good as expected due to the
difference between the thermal coefficient of the source voltage obtained in our previous
work [34], (-2.30 £ 0.12) mV/°C; and the thermal coefficient obtained in the present work (-
1.80 = 0.15) mV/°C. Anyway the thermal coefficient reduction is enough for our
requirements.

5.3. Dose measurements

To test the NFC reader unit, a comparison with our previously developed dose reader unit
was carried out. Before irradiations, the source voltage for each sensor was measured with
our previous reader and the developed NFC reader unit. Five minutes after the irradiation,
the source voltage shift was measured. The obtained results from the three analysed sensors
using both the NFC reader unit and the previous reader are displayed in Figure 8a and 8b,
respectively, and summarised in Table 1 for the three studied sensors.
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Figure 8. Accumulated source voltage shift versus dose measured by (a) the NFC reader unit;
(b) the previously developed reader.



#1 #2 #3 Average

NFC Reader | 464 + 0.03 |[4.69 = 0.02|4.92 = 0.03|4.75 = 0.15

Previous
Reader

488 = 0.02 489 + 0.04 477 £ 0.03]4.85 = 0.07

Table 1. Sensitivities (mV/Gy) found for the three sensor modules using the NFC reader
and the previous reader unit.

The average sensitivity found with the NFC reader unit is (4.75 = 0.15) mV/Gy, which is
in good agreement with the sensitivity measured by our previous reader, (4.85 + 0.08)
mV/Gy. As expected, a higher standard deviation is found with the NFC reader unit where
the system simplicity does not allow the features of high performance readers. The value of
the sensitivity found in the present work for the ZVP3306 is in agreement with previous
studies [38]. The obtained sensitivity is approximately two times higher than the sensitivity
achieved with Tyndall RADFETs of 100 nm oxide-gate thickness, but much lower than
RADFETSs of 400 and 1000 nm [39]. In any case, technical specifications of the presented
architecture can be considered suitable to the majority of applications.

6. Conclusions

A dosimetric system based on a smartphone, an NFC tag and MOSFET dosimeters,
developed using commercial integrated circuit, has been described and evaluated. The
DMOS ZVP3306 has been used as dosimeter sensor. The main uncertainty source, the
thermal drift, has been reduced using a bipolar buffer. To do so, the MOSFET and the bipolar
transistors have been biased at appropriate drain and collector currents respectively,
achieving a reduction of the thermal coefficient of 65 % in average. To carry out NFC
measurements, a home-made structure made of wood was needed to ensure a good alignment
between tag and smartphone antennas. Neglecting the current absorbed by the SL13A, the
rest of NFC tag has a power consumption of 4 mW during the readout process, therefore a
good inductive coupling must be achieved to carry out the measurements properly. The
measurement process and the data storage were controlled by a custom-developed Android
application. Finally, a dosimetric characterization was carried out using the NFC system and
our reader unit presented in previous works, obtaining average sensitivities of (4.75 + 0.15)
mV/Gy and (4.85 £ 0.08) mV/Gy, respectively. Both values are in good agreement except
for the uncertainty, which is higher for the NFC reader, but still acceptable for dose
measurements. In both dosimetric systems a previous calibration would be required for
accurate dose measurements.
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