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Abstract—This paper presents a low-cost, non-invasive, and
fully integrated smart NFC sensor tag for cattle health monitor-
ing. The proposed sensor solution operates without a battery
and has the potential to measure the body temperature and
health status of cattle. This paper expands on previous work
in this area by the authors and demonstrates significant perfor-
mance improvements, including flexibility for sensor replacement,
simplified programming interfaces, and an extended wireless
range. Among the various electronic components on the proposed
NFC sensor tag, the microcontroller is identified as the most
power-consuming, constituting over 76% of the total power
consumption. Therefore, voltage and frequency scaling for the
microcontroller have been employed to minimize the overall DC
power consumption of the sensor tag. Furthermore, with an NFC-
enabled smartphone, the developed sensor prototype achieves a
measured wireless range of approximately 12 mm. Future work
will investigate the further optimization of the smart contact lens
for in-vivo operation.

Index Terms—Battery-less NFC sensor tag, smart contact lens
for cattle, energy harvesting, cattle health monitoring.

I. INTRODUCTION

The health and well-being of cattle are of paramount impor-
tance for both livestock welfare and the sustainability of dairy
and food industries. Timely detection and monitoring of health
issues in cattle are crucial for disease prevention [1]. The con-
ventional method for cattle health monitoring primarily relies
on farmers’ familiarity with their livestock and, when neces-
sary, the intervention of a veterinarian. This existing approach
is not only time-consuming and expensive but also prone to
human error. Examining biomarkers in cattle’s lacrimal or tear
fluids enables the extraction of health-related parameters such
as body temperature and blood glucose levels [2]. In recent
years, there has been a growing interest in utilizing 13.56 MHz
near-field communication (NFC) technology for non-invasive
and battery-less cattle health monitoring, particularly through
wearable sensors [2]-[6]. Currently, NFC technology not only
facilitates contactless payments but also enables the passive
wireless measurement of various health-related parameters.
Several NFC-based smart contact lens sensor tags for wireless
health monitoring of humans have been reported in existing
literature [7]-[13]. These contact lens-integrated non-invasive
wireless monitoring systems for health-related parameters in-
clude body temperature [7], glucose level monitoring [8],
cholesterol monitoring [9], facilitate corneal wound healing
[10], wireless immune-sensing of cortisol [11], monitoring and
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Fig. 1. Overview of the design evolution of NFC-enabled smart contact lens
sensor tags for cattle health monitoring.

therapy of chronic ocular surface inflammation [12], and gaze
tracking [13], among others. However, there has been limited
research conducted on the development of smart contact lenses
for wireless health monitoring of cattle. NFC-enabled smart
contact lens solutions for collecting data on cattle health-
related physiological parameters are reported in [2], [6], [14].
NFC sensing technology for measuring biomarkers in the tear
fluid of a cow’s eye for health monitoring is described in [2].
The authors of [14] have presented a prototype of a battery-
less NFC sensor transponder designed for monitoring cattle
temperature. Nevertheless, current NFC-based contact lens
solutions reported in the literature have limitations, including a
limited wireless communication range and non-optimized DC
power consumption for the sensor tag [2], [14].

This paper presents a new NFC sensor tag with enhanced
performance compared to the sensor tag previously reported
by the authors in [14]. Fig. 1 illustrates the design evolution of
NFC tags, with the proposed sensor denoted as Generation-II
and the previously reported tag as Generation-I.



The Generation-I tag was shown to have limited capabilities,
and the proposed tag aims to address these limitations. As
depicted in Fig. 1, Generation-I had NFC-enabled temperature
sensing capabilities but lacked the option for sensor replace-
ment and an on-board programming interface. In contrast, the
Generation-1II tag showcases significant performance improve-
ments across several crucial dimensions when compared to
Generation-1. Specifically, Generation-II incorporates an NFC-
enabled Temperature and Humidity Sensor, offers a valuable
sensor replacement option, employs an I12C interface for sens-
ing purposes, utilizes an advanced NFC radio that is compliant
with the ISO15693 standard, and introduces an on-board
user-friendly programming interface. Here, the term valuable
sensor replacement option refers to the potential to replace the
current Temperature and Relative Humidity Sensor (SHTC3)
with custom-developed sensors such as a glucose sensor,
without necessitating alterations to the hardware architecture.
In addition, the DC power consumption of the microcontroller
unit (MCU) has been optimized to minimize the overall power
consumption of the Generation-II tag.

The aforementioned features of the proposed NFC sensor
tag demonstrate significant performance enhancements, lead-
ing to improved functionality and versatility in cattle health
monitoring. This paper is organized as follows: In Section II,
the system architecture, hardware design, and prototype of the
sensor tag are presented. In Section III, the measured results in
terms of DC power consumption and wireless communication
range of the tag are described. Finally, in Section IV, the paper
is concluded, and the proposed future works are outlined.

II. HARDWARE DESIGN AND PROTOTYPE
A. System Architecture of the Proposed NFC Sensor Tag

Fig. 2 illustrates a block diagram of the proposed battery-
less NFC sensor tag. The tag harvests radio-frequency (RF)
energy from a reader, such as an NFC type 5 smartphone.
An NFC-enabled smartphone comprises a coil antenna that
energizes the NFC loop antenna in the tag through inductive
coupling, subsequently enabling the NFC loop antenna to
deliver RF power to the NFC radio. The internal rectifier and
energy harvesting circuitry of the NFC radio perform RF to
DC conversion. The DC output of the radio is denoted as the
harvested voltage (Vi1), which is regulated using a linear low
dropout (LDO) voltage regulator, resulting in a stable 1.8 V
DC output that supplies power to all the tag electronics. The
proposed sensor tag utilizes the STM32L031G6U6 MCU [15]
and the ST25DV16K-JFR6D3 NFC radio transceiver [16] from
ST Microelectronics, SHTC3 Temperature (T) and Relative
Humidity (RH) Sensor from Sensirion [17], and the TLV713
LDO voltage regulator [18] from Texas Instruments. Among
various STM32 MCU options, the STM32L03 series was
chosen primarily because these MCUs belong to STMicroelec-
tronics’ 32-bit ultra-low-power lineup, specifically designed
for achieving low power consumption [15].

To achieve seamless digital communication between the
MCU, radio transceiver, and sensor, the inter-integrated cir-
cuit (I2C) protocol is adopted. Furthermore, an on-board
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Fig. 2. Block diagram of the proposed NFC temperature and RH sensor tag.

programming and debugging interface (PDI) is provided for
uploading firmware to the NFC sensor tag. When powered
up, temperature (T) and relative humidity (RH) parameters
are measured, and the MCU writes the measured sensor data
to the integrated non-volatile memory (EEPROM) of the NFC
radio transceiver. Subsequently, the NFC radio forwards the
measured sensor data to an NFC type 5 smartphone in the
form of an NFC data exchange format (NDEF) message using
load modulation [19].

B. DC Power Consumption Estimation of the Tag

It is known that the strength of the magnetic field diminishes
in proportion to the cube of the distance separating two mutu-
ally coupled coils, such as the coil within a smartphone and the
NFC loop antenna of the sensor tag [20], [21]. Consequently,
for a given separation between the smartphone and the sensor
tag, there exists a limitation on the RF power available for
harvesting by the NFC sensor. Therefore, there is a need to
optimize the NFC sensor tag to operate with minimal DC
power consumption. Fig. 3 depicts a pie chart that illustrates
the distribution of maximum DC power consumption among
the main components of the tag, namely the MCU, NFC radio,
and sensor unit. The values represented in the pie chart are
derived from the respective datasheets of the ICs [15]-[17]. It
can be seen that the collective DC power consumption of the
sensor and the NFC radio is less than 24% of the total power
consumption of the tag (i.e., 12.69 mW). With a maximum DC
power consumption of 9.72 mW, the MCU is identified as the
most power-hungry component in the sensor tag, contributing
to over 76% of the total power consumption of the tag.
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1.09 mW
9.72 mW
NFC Radio
(ST25DV16K .
-IFRED3) (STM32L031
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Fig. 3. DC Power consumption of various IC components of the tag.
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Fig. 4. Hardware prototype: (a) Top and bottom view of the NFC sensor
with PCB extension for tag programming and debugging, (b) Top view of the
proposed smart contact lens sensor tag when PDI extension is removed.

Hence, in this work, the power consumption of the MCU
has been optimized to minimize the overall DC power con-
sumption of the NFC sensor tag, as detailed in Section III-A.

C. Prototype of Proposed NFC Sensor Tag

The fabricated prototype of the proposed NFC sensor tag
is illustrated in Fig. 4. The sensor tag was designed using
an electronics printed circuit board (PCB) design platform,
Altium Designer. The PCB is fabricated using a 4-layer PCB
using a low-cost FR-4 substrate with a total thickness of
0.96 mm. All Surface Mount Device (SMD) components are
populated on the top side of the PCB for ease of assembly,
convenience in hardware testing and debugging, and cost-
effectiveness. Fig. 4(a) depicts the top and bottom views of the
sensor tag, which also includes a rectangular PCB extension
to accommodate the programming and debugging interface
(PDI). The NFC loop antenna is fabricated on the back side of
the PCB using 35 pum thick copper. This loop antenna has a
total of 19 turns with a trace width of 0.15 mm and a spacing of
0.2 mm between consecutive traces. The firmware is uploaded
to the tag through the PDI interface, and once the firmware
is uploaded, the rectangular PDI extension of the PCB is
removed, resulting in the final proposed prototype, as shown
in Fig. 4(b). The final prototype has an outer diameter of 25
mm and an inner diameter d; = 8§ mm. Fig. 4(b) also labels the
essential SMD components, including the NFC radio, MCU,
sensor, voltage regulator, and debugging LED.

TABLE I
MEASURED DC POWER CONSUMPTION OF THE SENSOR TAG WITH
VARYING MCU VOLTAGE AND CLOCK FREQUENCY.

Measured
Design 1(\3/1153( feLk Vbp VCoORE DC Power
Iteration S (MHz) V) V) Consumption
ource
(mW)
1 HSI 16 33 1.8 12.69
2 HSI 16 1.8 1.8 5.76
3 HSI 8 1.8 1.5 3.38
4 MSI 4.192 1.8 1.5 1.89
5 MSI 2.096 1.8 1.2 1.35
6 MSI 0.524 1.8 1.2 0.86
7 MSI 0.262 1.8 1.2 0.74

III. RESULT AND DISCUSSION

In this section, the techniques employed to minimize the DC
power consumption of the developed NFC smart contact lens
sensor tag are described. Additionally, the measured wireless
communication range and the sensor parameters obtained from
the developed NFC sensor tag have been presented. Finally,
the performance enhancements achieved for the proposed tag
(Generation-II) compared to the previous work (Generation-I)
have been described.

A. Optimization of DC Power Consumption

The DC power consumption of CMOS ICs (e.g., MCUs)
varies quadratically with the supply voltage and linearly with
the MCU clock frequency, fcrk [22]. Therefore, in this work,
a combination of voltage and frequency scaling techniques has
been employed to minimize the power consumption of the
proposed sensor tag. The reduction in the measured DC power
consumption of the sensor tag was accomplished through a
total of 7 design iterations, as summarized in Table I. The
measured DC power consumption of the tag is a function
of the following key parameters of the MCU: clock source
mode, clock frequency fcrk, MCU voltage (Vpp), and core
voltage (Vcorg)- In the initial design iteration, a measured
DC power consumption of 12.69 mW was recorded with clock
source mode = high speed internal (HSI) RC oscillator, fork
=16 MHz, Vpp = 3.3 V, and Veorg = 1.8 V. In the second
iteration, while keeping all other parameters constant and
reducing the value of Vpp to 1.8 V, the DC power consumption
of the tag dropped to 5.76 mW. Subsequent design iterations
achieved further reductions in DC power consumption by
changing the MCU clock source mode from HIS to MSI
(multi-speed internal) and lowering both the clock frequency
and core voltage of the MCU. For the final, seventh design
iteration (clock source mode = MSI, fcrx = 0.262 MHz,
Vop = 1.8V, and Voorg = 1.2 V), the measured DC power
consumption of the NFC sensor tag was reduced to 0.738 mW,
which is 17 times lower than the power consumption measured
at the beginning i.e., in iteration 1 of the power consumption
optimization process.

Table II presents a performance comparison of the devel-
oped NFC sensor tag with the state-of-the-art literature. The



TABLE II
COMPARISON OF WIRELESS TECHNOLOGY TECHNICAL PARAMETERS.

Mcu Tag Coil DC Powgr Range
Ref. Clock Size (mm) Consumption (mm)
(MHz) (mW)

[23] 1 12 x 16 1.74 8
[24] 1 T x 132 1.72 10
[25] NA 35 x 25 1.8 10
[32] NA 10 x 5 0.9 10
[26] 1 50 x 50 5.29 18
[27] NA 43 x 58 4.45 19
[28] 1 50 x 50 3 20
[29] 1 50 x 50 5.29 20
[30] 1 50 x 50 8 19
[31] NA 34 x 46 1.3 30
[33] 1 35 x 35 2.1 30
[3] 0.524 49 x 59 0.59 50
This Work 0.262 ™ x 12.52 0.74 12

table reveals that the power consumption of the majority of
NFC sensor tags in existing literature exceeds 1 mW [23]-[31],
with only two tags achieving DC power consumption lower
than 1 mW [3], [32]. It is evident from Table II that the NFC
tag developed in this work has a peak DC power consumption
of 0.738mW, marking it as one of the lowest values reported
in existing literature. Additionally, Table II illustrates the
wireless communication range of the NFC tags reported in
the literature, showcasing that the sensor tag developed in
this work demonstrates optimal range performance despite its
considerably small coil size.

B. Measurement of Wireless Range and Sensor Parameters
using a Smartphone

As shown in Fig. 5, an NFC Type 5 Samsung Galaxy
AS52 smartphone was employed for the purpose of testing
and evaluating both the wireless communication range of the
sensor prototype and the retrieval of sensor data from the
developed NFC sensor tag. The prototype NFC sensor tag
is powered by the smartphone, enabling the measurement of
sensor data on the smartphone’s display screen without the
need for a battery. The measurements showed that the wireless
communication range of the developed NFC sensor tag is
approximately 12 mm.

., Sensor Tag

‘

:
| Temperature: 24.6 Degree Celsius, Relative Humidity: 34.0 %, Metadata:
3 VistaMilk: Animals Number - 0238
:

Measured Temperature and Relative
Humidity along with Metadata

Fig. 5. Measurement of wireless range and T & RH sensor parameters using
an NFC type 5 enabled smartphone (Samsung Galaxy A52).

TABLE III
PERFORMANCE COMPARISON: GENERATION-I VS GENERATION-II.

No. Parameter Generation I Generation 11
1 Programming No Yes
Interface
Sensing Temperature &
2 Capability Temperature Relative Humidity
Multi-sensor .
3 capability No Yes (using 12C)
4 NFC front-end 15014443 1SO15693
Interoperability NFC Type 1, 2, 4 NFC Type 5
6 Memory (kB) 2 16
7 ereless Range 5 mm 12 mm
using a Phone

For the wireless acquisition of sensor data (including tem-
perature and relative humidity) alongside supplementary meta-
data, the smartphone was positioned in close vicinity to the
NFC sensor tag, at a distance of less than 12 mm. Fig. 5
visually shows the measured sensor data along with metadata
(e.g., project name and animal number) on the smartphone’s
display.

C. Performance Enhancement Compared to Generation-1 Tag

The key parameters distinguishing Generation-II from
Generation-I NFC sensor tags are summarized in Table III.
Generation-I tag does not have an on-board programming and
debugging interface. On the other hand, Generation-II offers an
easy programming and debugging experience with the inclu-
sion of an on-board PDI interface. Furthermore, Generation-II
enhances sensing capability by supporting both temperature
(T) and relative humidity (RH) measurements. Additionally,
Generation-II enhances the tag’s adaptability by introducing
the option of sensor replacement through the I2C interface.
For example, the current SHTC3 sensor can easily be replaced
with a compatible glucose sensor. Furthermore, to achieve
performance improvements for Generation-II, the NFC front-
end was upgraded from 1SO14443 to ISO15693. Moreover,
Generation-1II is an NFC Type 5 tag and features eight times
more memory compared to Generation-I. Furthermore, with
an NFC Type 5-enabled smartphone, the Generation-II tag
achieves a larger wireless range of 12 mm compared to
approximately 5 mm for Generation-I.

IV. CONCLUSIONS AND FUTURE WORKS

This paper has presented a performance-enhanced battery-
less smart contact lens sensor for future cattle health monitor-
ing applications. The newly developed NFC sensor tag has ex-
hibited significant performance improvements when compared
to the previous generation tag. Key performance advancements
encompass added flexibility for sensor replacement, simplified
programming methods, and an extended read range. The exper-
imental wireless read range achieved with a Samsung Galaxy
AS52 smartphone for the developed prototype of the sensor
tag measures approximately 12 mm. In addition, voltage and
frequency scaling techniques were strategically employed to



minimize the DC power consumption of the microcontroller,
yielding a peak consumption of 0.738 mW which is one of
the lowest values reported in the literature. Future work will
involve integrating a glucose sensor into the tag, as well as
refining the current NFC sensing system to make it compatible
with flexible, transparent, and biocompatible materials suitable
for contact lens applications and in-vivo characterization.
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