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ABSTRACT

Heat stress, caused by a warming climate and the increas-
ingly high milk-producing dairy cattle, is one of the major
threats to the well-being of dairy cattle as well as the eco-
nomic, environmental, and social sustainability of dairy farm-
ing around the world. Timely identification of cows under
heat stress is crucial to improving animal welfare, preventing
milk production losses, and preserving water and energy for
cooling.

This paper presents a smart ear tag, named eTag, and an
associated system that can read a passive microchip temper-
ature sensor subcutaneously injected into the animal with
minimal discomfort. It features a lightweight design using a
single coil shared for microchip scanning and wireless charg-
ing. eTag is autonomously recharged by a wireless charger
over the head during daily milking sessions, enabling perpet-
ual operation without battery replacement after deployment.
The real-world performance of the proposed system was
examined intensively in a three-week deployment on seven
lactating Holstein cows. We demonstrate that eTag can re-
liably collect accurate body temperature in real time while
maintaining a positive energy flow. The deployment of eTag
will enable the timely detection of heat stress and facilitate
precision control of barn cooling systems.

CCS CONCEPTS

• Applied computing → Agriculture; • Hardware →
Wireless devices.
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1 INTRODUCTION

The dairy industry worldwide is facing the pressures of con-
tinued economic viability and acceptability to society at large,
and heat stress is one of the most daunting challenges to-
ward both goals. Excessive heat can increase the incidence
of illnesses and fatalities [45, 48] that threaten animal well-
being [44], while it can also cause reductions in reproductive
efficiency [14] and milk yield [50]. A recent study estimated
that heat stress could cost the global dairy industry up to
9.14 billion USD annually by the end of this century [47],
and it will only become worse with the accelerating global
climate change [6].

As dairy herds become larger and more cows are housed
in confined facilities, the risk of heat stress is only increas-
ing. In the U.S., for instance, larger barns (with more than
500 cows) are increasingly responsible for more of the total
milk production. However, ventilation systems in these dairy
barns often rely only on environmental-based heat stress
indicators such as ambient air temperature and humidity as
operational thresholds [3, 37]. Because each dairy cow expe-
riences heat stress differently due to different metabolic heat
generation [20, 27, 49], and these ambient parameters alone
are not sufficient to reflect the internal state of the cows as
they are just a few among many factors that contribute to
heat stress [37], such systems could either underperform or
overperform, failing to address heat stress problemwhile also
consuming unnecessarily large amounts of electricity and
water [19]. Thus, early and accurate detection of heat stress
of individual cows is essential for improving animal welfare,
minimizing production losses, and preserving resources.

Dairy cows experiencing heat stress exhibit several physi-
ological changes, including increased core body temperature
(CBT), respiration rate, and heart rate, as well as reduced
physical activities, milk yield, and feed intake [21]. Among
these parameters, CBT is considered the most valuable for as-
sessing heat stress and has been extensively studied [21, 32].

706

https://doi.org/10.1145/3570361.3613262
https://doi.org/10.1145/3570361.3613262
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3570361.3613262&domain=pdf&date_stamp=2023-10-02


ACM MobiCom ’23, October 2–6, 2023, Madrid, Spain Hien Vu, Hanwook Chung, Christopher Y. Choi, and Younghyun Kim

Table 1: Comparison of continuous body temperature monitoring techniques

Measurement location Administration Device and size Real-time Accuracy(a) Power source

Vagina or rectum [46] Insertion 9.2×2.0-cm data logger(b) No Reference Battery
Reticulum [34] Ingestion 11.0×2.5-cm bolus(b) Yes Medium Battery
Inside the body [2, 12, 30,
39]

Implantation Wireless telemetries (various
sizes)

Yes High (𝑅2 = 0.87) Battery

Ear base [9] Neck-mounted(d) 21.0×7.0-cm halter device(b) Yes High (𝑅2 = 0.73) Battery
Rectal and abdominal skin
regions [40]

N/A 3.0×3.0-cm sensor probe(e) Yes High (𝑅2 = 0.73) N/A

Eye/ear/horn [7, 24, 28, 38] None Infrared camera & other sensors(c) Yes High (𝑅2 = 0.83) N/A
(Human) forehead [26] Head-mounted 1.5×3.5-cm sensor probe(c, e) N/A Medium(f) N/A
(Human) ear drum [42] In-the-ear Slightly bigger than the ear Yes N/A(f) Battery
Ear base (this work) On-the-ear(d) 1.5×11.0-cm ear tag(b) Yes High Wireless charging

(a) Representing how well the measurement reflects CBT without being affected by environmental and behavioral disturbances.
(b) Length or thickness, and diameter of the cylindrical or disc-shaped device. (c) Installed at a fixed distance from the cow.
(d) Location of the wearable scanner that scans a 12×2-mm injected microchip temperature sensor.
(e) Size of the sensor probe only. Additional device is required to read the sensor. (f) Not applicable to cows.

However, measuring the CBT of dairy cows is not trivial. Var-
ious methods have been proposed, such as rectal temperature
loggers [5], ingestible biosensors [34], implantable wireless
temperature sensors [30], wearable temperature loggers [9],
and infrared cameras [38]. While these methods have shown
feasibility in specific cases, they are often labor-intensive,
inaccurate, non-real-time, overly invasive, and/or unsuitable
for long-term monitoring. As a result, farmers still predom-
inantly rely on indirect environmental-based indicators of
heat stress that lag behind and do not necessarily represent
a cow’s level of thermal discomfort.
In this paper, we introduce a continuous body tempera-

ture measurement system for dairy cattle that is perpetual,
accurate, real-time, and minimally invasive. These objectives
are achieved through the use of an energy-harvesting ear-
mounted wearable device named eTag that can continuously
read a microchip temperature sensor. The microchip sensor
is subcutaneously injected using a syringe without surgi-
cal operation (thus minimally invasive) and can accurately
measure body temperature without being affected by exter-
nal factors. eTag is autonomously recharged with sufficient
energy for perpetual operation through a wireless charger
during daily milking sessions. It features a novel coil-sharing
design that reads the sensor and receives wireless power
using the same coil, reducing the size and weight that en-
ables the device to be integrated into the form of an ear tag.
This design offers significant advantages for adoption in the
field, as all dairy cows in commercial dairy farms are already
accustomed to ear tags for cow identification.
In summary, the main contributions of this work are as

follows:
(1) We design and implement a minimally invasive real-

time body temperature monitoring system for dairy
cattle using an energy-neutral ear tag named eTag
that can measure and report the body temperature of

cows. The device can operate perpetually by receiving
wireless power during regular milking sessions.

(2) We present a fully automated wireless charging system
that efficiently and safely charges eTag mounted on
the moving head. The design of the wireless charger
is fully compatible and scalable with the existing in-
frastructure of modern dairy barns.

(3) We provide deployment and evaluation results of eTag
on seven lactating Holstein cows and the proposed
wireless charger in a three-week experiment, totaling
1966 hours of run-time and 17 charging sessions at an
operational dairy barn.

2 RELATEDWORK

Manyworks have been proposed on continuous body temper-
aturemonitoring of dairy cattle, as it is one of themost impor-
tant factors for understanding their health status, including
heat stress level. Table 1 compares various techniques.

The most common practice is recording temperature using
a temperature logger inserted in the vagina or rectum [46],
and is usually used to provide the reference CBT [21, 32].
However, the insertion of the device is invasive to the cow,
and the device needs to be retrieved for data extraction, and
hence it cannot be used for real-time monitoring.

To enable real-time temperature monitoring, an ingestible
biosensor can be used to measure the reticulum tempera-
ture [34]. While this is less invasive as the sensor is orally
administered, the measurement is susceptible to disturbances
from feeding and drinking activities. Moreover, these devices
can only run for several months, whereas the average produc-
tive lifespan of dairy cows is around four years [15], making
this method less suitable for long-term monitoring.
There exist surgically implantable wireless temperature

sensors such as [30] with a strong correlation with the CBT
(𝑅2 = 0.83), as well as some commercial wireless telemetries
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such as Stellar Telemetry [39] (TSE Systems, Chesterfield,
MO, USA), PhysioTel M-series [2] (Harvard Bioscience Inc.,
St. Paul, MN, USA), and CubiSens TS110 [12] (CubeWorks,
MI, USA). However, surgical implantation, as opposed to
simple injection, is prohibitively costly and invasive.
Wearable devices can be a low-cost solution to real-time

body temperature monitoring. A neck-mounted device was
proposed in [9] that scans a microchip temperature sensor,
which is subcutaneously injected at the cow’s ear base. The
device is attached to a neck strap to continuously scan the
microchip sensor in real time. While this method provides
a minimally invasive way to accurately measure body tem-
perature (𝑅2 = 0.73), the device has a prohibitively short
lifespan and impractical size. It can run for only a few weeks
even with a large battery, which increases deployment costs
and causes discomfort to the animal.

In [40], the body temperature of cows was measured from
the surface temperatures across the rectal and abdominal
regions using infrared photodiode thermometers. Although
the correlation between the measured temperature and the
rectal temperature was high (𝑅2 = 0.73), the measurement de-
vices are required to be mounted at unusual parts of the cow,
which significantly degrades the well-being of the animal.

The use of stationary infrared cameras to estimate body
temperature was also investigated [7, 24, 28]. Various mea-
surement points were chosen, such as the eyeball or the
posterior ear region, and moderate correlations between the
measured and rectal temperatures were achieved (the high-
est 𝑅2 = 0.50). However, the measurement is prone to effects
from animal parameters such as hair coat and metabolism,
while it can also be significantly influenced by the distance
of measurement [28] and the oscillations of environmental
conditions [24]. The correlation was further improved by
combining thermal images with environmental parameters
(ambient temperature, humidity, and illuminance) and mov-
ing distance to achieve 𝑅2 = 0.83 [38]. Nonetheless, it is
highly dependent on the visibility of the measurement point,
which is influenced by animal posture and movement.

Some techniques developed for human subjects can also
be considered for comparison. A combination of a temper-
ature sensor and a heat flux sensor was used to measure
the rate of heat loss on the skin surface to estimate the rec-
tal temperature (𝑅2 = 0.64) [26]. However, this approach
is not applicable to dairy cows as their hair, sprayed wa-
ter, and heavy dirt will prevent the sensor from staying on
the skin. Another study proposed to use a wearable ther-
mopile infrared (IR) sensor to measure the temperature of
the tympanic membrane in real time for estimating body tem-
perature [42]. Nonetheless, this is also not a suitable form of
sensor for long-term application to dairy cows in the field
as their inner ears are sensitive to foreign objects.

In summary, despite its importance, there has not been a
solution for reliable, long-lasting, real-time, and minimally
invasive body temperature measurement.

3 SYSTEM DESIGN

As discussed in Section 2, previous continuous body temper-
ature monitoring techniques fall short in one or more ways.
In this section, based on the previously examined works, we
first discuss the requirements of a continuous body tempera-
ture monitoring system for dairy cattle. We discuss various
sensing approaches for measuring CBT and design choices.
Next, we present an overview of the proposed system that is
judiciously designed and optimized to meet the requirements.
We also provide detailed analyses on the specifications of
the system for practical deployment.

3.1 System Requirements

A continuous body temperature monitoring system for dairy
cows must meet the following requirements.

Minimal invasiveness.To ensure thewelfare of the cows,
the application of a device should be minimally invasive, and
it should not cause any significant discomfort to the animal
during deployment and usage. Therefore, it must be small
and lightweight, so it can be easily ingested, injected, or
worn. If any wearable device is involved, it must be in a
form familiar to cows, such as an ear tag or a neck collar.
Minimal invasiveness is also crucial for reducing labor costs
for applying and maintaining a large number of devices.
High measurement accuracy. Ideally, a device should

be capable of directly measuring the CBT, such as the vaginal
or rectal temperature. Alternatively, a temperature that accu-
rately reflects CBT, such as subcutaneous temperature, can
be measured. Skin temperature and rumen temperature can
be interfered by external factors (e.g., waterer) or behavioral
factors (e.g., water intake).
Real time. For timely detection and mitigation of heat

stress, real-time measurement is necessary, rather than log-
ging for later retrieval. This requires wireless communication
capability, with a transmission range of at least tens of meters
to effectively cover the modern free-stall barn where cows
can move freely within their pens. As a substantial change in
CBT can occur in a short period, a shorter sampling interval
(order of minutes) will be required.

Long lifespan. To minimize maintenance costs, the sys-
tem should outlast the cows’ lifespan, which is typically from
three to four years [15]. It should withstand the harsh envi-
ronment of the barn with a lot of water, dust, and movement
of the heavy animals. Once applied, the system should be op-
erational without maintenance, such as battery replacement
or recharge, throughout its lifetime, i.e., energy-neutral.

3.2 Design Space Exploration

We explore design space to derive a practical real-time tem-
perature monitoring system for dairy cattle that meets the
requirements outlined in Section 3.1.

Scanning themicrochip temperature sensor remotely.

Using an injectable microchip temperature sensor is the basis
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Figure 1: Overview of the proposed real-time body temperature monitoring system for dairy cattle using eTag

of the high-accuracy CBT measurement we aim at. Ideally,
long-range one-hop scanning of microchip temperature sen-
sors would be preferable for a simple and energy-efficient
design. Some passive Ultra-High Frequency (UHF) RFID tem-
perature sensors can be scanned at a long distance of up to
4 m [51]. However, due to the strong attenuation of UHF
signals through body tissues [17], UHF temperature sensors
are not suitable for injectable microchips. As a result, the
Low-Frequency (LF) band is used for injectable microchips as
in the ISO 11784/5 standards [33] despite its relatively short
scanning range of about 10 cm [8]. Therefore, a two-hop
topology is needed, where an intermediate wearable device
reads the temperature sensor using the short-range LF band,
which is then forwarded to a stationary receiver using a long-
range wireless link. For high energy efficiency, long range,
low data rate, and high scalability, LoRa is an ideal choice
for data forwarding. The use of LoRa for barn monitoring
has been widely studied and shown to be practical [4].
Powering the intermediate wearable device perpet-

ually. Scanning a microchip sensor consumes more than
700 mW of power and 250 mJ of energy on average. With a 5-
minute scanning interval, daily energy consumption would
be more than 70 J (about 20 mWh). Rechargeable batteries
with energy harvesting would be the only viable option to
supply this energy, as non-rechargeable batteries cannot
last multiple years of the cow’s lifespan. Energy harvesting
sources such as solar, RF, acoustic, and body heat have power
densities of less than 10 µW/cm2 in indoor environments,
rendering them insufficient to power the device throughout
the day [1]. A feasible approach is wireless power transfer
(WPT) which can provide a significant amount of electrical
energy. There are several common WPT techniques such as
inductive coupling [11], resonant inductive coupling [52],
and magnetic resonant coupling [35]. Among these, resonant
inductive coupling offers reasonable power transfer perfor-
mance and transfer range while imposing minimal hardware
overhead, making it an optimal choice.

3.3 Overview of the Proposed Design

The main goal of this work is to develop a minimally invasive
method for continuously measuring the body temperature
of dairy cattle in real time. This is accomplished by using
(i) a lightweight wearable ear tag that can scan a microchip
temperature sensor injected in the ear base and wirelessly
send the data to a server, and (ii) a wireless charging system
that can autonomously recharge the ear tag. Called eTag,
the proposed system meets all the requirements discussed in
Section 3.1: (i) The injectable microchip temperature sensor
and eTag are minimally invasive to the cows, (ii) the sen-
sor measures the subcutaneous temperature that is highly
correlated with the CBT, (iii) data is collected wirelessly in
real time, and (iv) the autonomous wireless charging enables
perpetual operation.

A high-level overview of the proposed system is depicted
in Figure 1. A bio-compatible microchip temperature sensor
( 1 ) is injected subcutaneously through a quick and painless
injection procedure. The microchip sensor is a passive RFID
device powered by an external scanner, and so once injected,
it remains operational permanently without replacement.
We use a commercial off-the-shelf microchip temperature
sensor, LifeChip Bio-Thermo (±0.1 °C accuracy, 2×12 mm,
Destron Fearing Fort Worth, Texas, USA), but any passive
RFID microchip temperature sensor that is compliant with
ISO 11784/5 [33] can be used. The eTag ( 2 ) periodically
interrogates the microchip sensor to obtain the current tem-
perature and sends the reading to a LoRa gateway ( 3 ). The
gateway forwards the data to an IoT server ( 4 ) where they
are collected, analyzed, and visualized in real time.
The subcutaneous microchip sensor is able to accurately

measure body temperature [9], but the high accuracy comes
with the cost of high power consumption for scanning the
sensor through RFID backscattering. To power the scanner
using a small battery that can hold only a few days’ worth
of energy, we add wireless charging capability to eTag. A
wireless charger ( 5 ) is installed over the head at the milking
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parlor. Cows are milked at least once per day, typically every
12 hours. They are milked automatically in batches that take
only about 10–15 minutes per batch. As the cows routinely
visit the milking parlor, charging eTag during milking allows
one charger to charge many tags each day.
The lightweight design of eTag is realized by a novel RF

circuit design and wireless charging. To enable perpetual
operation with a minimal battery and short charging dura-
tion, we implement various schemes to maximize the power
transfer efficiency and minimize the power consumption
of eTag. Additionally, we incorporate safeguards to ensure
the safety of the cows during wireless charging. The details
of eTag and the wireless charger design are elaborated in
Sections 4 and 5, respectively.

3.4 Energy Neutrality Analysis

We further discuss energy neutrality, which is the key prop-
erty to meet for practical deployment. We present an energy
model to determine various important design parameters of
the system to ensure the energy neutrality of eTag.
In modern milking parlors, the duration of milking one

cow, that is equivalent to the duration of charging, 𝑇𝑐ℎ𝑎𝑟𝑔𝑒 ,
which is relatively short as farmers try to milk as many
cows as possible with as few milking machines as possible.
This limits the amount of energy eTag can receive in one
charging session, 𝐸𝑐ℎ𝑎𝑟𝑔𝑒 . To minimize the required charging
frequency, eTag should be able to store all received wire-
less energy without overflow. Therefore, the ideal battery
capacity would be:

𝐸𝑏𝑎𝑡 = 𝐸𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑃𝑐ℎ𝑎𝑟𝑔𝑒 ·𝑇𝑐ℎ𝑎𝑟𝑔𝑒 . (1)
The energy consumption of eTag during one wake-up

interval, 𝑇𝑤𝑎𝑘𝑒_𝑖𝑛𝑡𝑣 , consists of the energy consumption in
sleep mode, 𝐸𝑠𝑙𝑒𝑒𝑝 , and during wake-up, 𝐸𝑤𝑎𝑘𝑒 . Here, 𝐸𝑠𝑙𝑒𝑒𝑝
is a function of𝑇𝑤𝑎𝑘𝑒_𝑖𝑛𝑡𝑣 such that 𝐸𝑠𝑙𝑒𝑒𝑝 = 𝑃𝑠𝑙𝑒𝑒𝑝 ·𝑇𝑤𝑎𝑘𝑒_𝑖𝑛𝑡𝑣 ,
while 𝐸𝑤𝑎𝑘𝑒 is dependent on the success rate of scanning the
microchip sensor, 𝜂𝑠𝑐𝑎𝑛 (0% ≤ 𝜂𝑠𝑐𝑎𝑛 ≤ 100%). The number of
wake-ups between two consecutive charging sessions can
be defined as:

𝑛𝑤𝑎𝑘𝑒 =
𝐸𝑏𝑎𝑡

𝐸𝑤𝑎𝑘𝑒 + 𝑃𝑠𝑙𝑒𝑒𝑝 ·𝑇𝑤𝑎𝑘𝑒_𝑖𝑛𝑡𝑣
. (2)

From (1) and (2), the total runtime of the device from a single
charge is:

𝑇𝑟𝑢𝑛 = 𝑛𝑤𝑎𝑘𝑒 ·𝑇𝑤𝑎𝑘𝑒_𝑖𝑛𝑡𝑣 =
𝑃𝑐ℎ𝑎𝑟𝑔𝑒 ·𝑇𝑐ℎ𝑎𝑟𝑔𝑒 ·𝑇𝑤𝑎𝑘𝑒_𝑖𝑛𝑡𝑣

𝐸𝑤𝑎𝑘𝑒 + 𝑃𝑠𝑙𝑒𝑒𝑝 ·𝑇𝑤𝑎𝑘𝑒_𝑖𝑛𝑡𝑣
.

(3)
For example, assuming eTag scans the microchip sensor
every 5 minutes, 𝐸𝑤𝑎𝑘𝑒 = 300 mJ, and 𝐸𝑠𝑙𝑒𝑒𝑝 is negligible, if
the charger provides 1 W to eTag in 10 minutes, the runtime
in one charge will be about 7 days. In this case, a 3.7-V 45-
mAh battery would be needed to store the charging energy.

In a dairy facility with 𝑁𝑐𝑜𝑤𝑠 cows and 𝑁𝑐ℎ𝑎𝑟𝑔𝑒𝑟𝑠 chargers,
the number of milking batches 𝑁𝑏𝑎𝑡𝑐ℎ𝑒𝑠 is the number of
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Figure 2: Block diagram of eTag showing control sig-

nals and power supplies

devices each charger can charge per day. The duration to
charge all eTags at least once, or the interval that the charger
can recharge the tags is:

𝑇𝑐ℎ𝑎𝑟𝑔𝑒_𝑖𝑛𝑡𝑣 =
𝑁𝑐𝑜𝑤𝑠

𝑁𝑐ℎ𝑎𝑟𝑔𝑒𝑟𝑠 · 𝑁𝑏𝑎𝑡𝑐ℎ𝑒𝑠

. (4)

To ensure the energy neutrality of eTag, the tag should be
recharged before it runs out of battery such that𝑇𝑐ℎ𝑎𝑟𝑔𝑒_𝑖𝑛𝑡𝑣 ≤
𝑇𝑟𝑢𝑛 . The ideal condition is when 𝑇𝑐ℎ𝑎𝑟𝑔𝑒_𝑖𝑛𝑡𝑣 is maximized:

𝑇𝑐ℎ𝑎𝑟𝑔𝑒_𝑖𝑛𝑡𝑣 = 𝑇𝑟𝑢𝑛 . (5)

Combining (4) and (3) into (5), we obtain:

𝑁𝑐ℎ𝑎𝑟𝑔𝑒𝑟𝑠 =
𝑁𝑐𝑜𝑤𝑠 (𝐸𝑤𝑎𝑘𝑒 + 𝑃𝑠𝑙𝑒𝑒𝑝 ·𝑇𝑤𝑎𝑘𝑒_𝑖𝑛𝑡𝑣)

𝑁𝑏𝑎𝑡𝑐ℎ𝑒𝑠 · 𝑃𝑐ℎ𝑎𝑟𝑔𝑒 ·𝑇𝑐ℎ𝑎𝑟𝑔𝑒 ·𝑇𝑤𝑎𝑘𝑒_𝑖𝑛𝑡𝑣
, (6)

As an example, for a dairy facility with 100 cows, each cow
with one eTag, if there are six milking batches per day at
the milking parlor, according to (6), only three chargers are
needed to ensure the perpetual operation of all tags.

4 ETAG: ENERGY-HARVESTING

TEMPERATURE SCANNING EAR TAG

This section introduces the design of eTag focusing on small,
lightweight implementation in the form of an ear tag. We
first present a novel circuit design for scanning the microchip
sensor and charging wirelessly using a shared coil. Next, we
describe hardware and software implementation for low-
power operation.

4.1 Functional Blocks of eTag

The main blocks of eTag with interface connections and
power supplies are depicted in Figure 2. eTag has three
modes of operation: scanning mode (reading temperature
from the microchip sensor), charging mode (receiving power
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to recharge the battery), and sleep mode (waiting for the
next scan and not receiving power).
The LoRa system-on-chip (SoC) is the main processor

of eTag for sensing, computation, and communication. In
scanning mode, the RFID front-end circuit energizes the
microchip sensor and receives the temperature data through
backscattering. The LoRa SoC decodes the RFID front-end
signal which contains the current temperature, and transmits
the data to the LoRa gateway, while also controlling other
functional blocks. When wireless power is available at the
coil, the wireless power receiver rectifies and converts the
received power to charge the Li-ion battery. It also triggers
a wake-up interrupt to switch the LoRa SoC to the charging
mode where it measures various device status parameters to
send to the wireless charger, such as the coil temperature,
battery charging current, and battery voltage. A single coil is
shared by the RFID front-end and thewireless power receiver,
as described in detail in Section 4.2. A switching circuit is
used to connect the shared coil to the RFID front-end in
scanning mode or to the wireless power receiver in charging
mode. Three voltage regulators are used to power various
components.
Various techniques are employed to minimize the power

consumption of eTag. First, we implement low-power RFID
decoding directly on the LoRa SoC. Commercial RFID scan-
ners are usually designed for various tasks and to work
with different RFID standards. While they offer compati-
bility with diverse types of RFID tags and microchips, this
leads to longer scanning and decoding times. Because the
microchip sensor used in this system is a specific type of
RFID microchip that is compliant with ISO 11784/5, using a
universal RFID scanning circuit would unnecessarily waste
power. Therefore, the demodulated biphase signal from the
RFID front-end is fed into the LoRa SoC and is decoded using
the FDX-B protocol specified in ISO 11784/5. As a result, we
achieve a significant reduction in the scanning time from 1.5 s
(using a typical commercial device) to only 0.1 s when the
coil and the microchip sensor are in good alignment. Since
the microchip sensor scanning is the most power-consuming
task, reducing the scan time by 15× significantly extends the
runtime of eTag. We put the LoRa SoC into power-saving
sleep mode between scannings to minimize its idle power
consumption. Power consumption is further minimized by
independent power gating for various peripherals, such as
the RFID front-end and the sensing unit.
eTag reports temperature values to the IoT server after

each scanning using LoRa. During charging, eTag also uti-
lizes LoRa to pass the device status to the wireless charger to
enable closed-loop control that adjusts the level of wireless
power at the primary coil based on the amount of power
it receives. The control of wireless charging is discussed in
Section 5.
Although cyclic redundancy check (CRC) is embedded

in the RFID packets, the CRC in the FDX-B protocol only

protects the ID field, but not the temperature readings in
the extra data field. As a result, an incorrect temperature
value can occasionally be received. Temperature values that
fall outside the biologically relevant range of 35–42 °C are
ignored.

4.2 Shared Coil for Microchip Sensor

Scanning and Wireless Charging

As described in Section 3.3, eTag is essentially a microchip
sensor scanner that is wirelessly rechargeable. However, de-
signing such a device as an ear tag poses many challenges.
Due to the stringent weight and size constraints, having two
dedicated coils for microchip sensor scanning and wireless
charging would not be a desirable design as each copper
coil will add to the mass of the device. In addition, with two
coils in the same ear tag, their close proximity will create a
mutual coupling effect such that the electrical properties of
each single coil will be altered significantly from their origi-
nal parameters. For instance, when scanning the microchip
sensor, the scanner coil would create a resonant electromag-
netic field that induces a current in the charging coil, thereby
reducing the amount of useful energy the microchip sensor
can receive. The mutual coupling effect would also change
the resonant frequency of the resonant circuit for scanning
that greatly reduces the reading distance of the scanner. Sim-
ilarly, when the charging coil is used to receive power during
charging, the resonant frequency of the charging circuit will
be shifted, resulting in poor power transfer efficiency.

We address this problem by sharing a single coil for both
microchip sensor scanning and wireless charging with ju-
diciously designed switching and matching circuits. The
scanning circuit and the charging circuit employ the same
mechanism of series-series inductive resonant coupling, but
they require opposite properties because it acts as a pri-
mary coil for scanning but as a secondary coil for charging.
For scanning, the coil needs to be tuned to maximize the
scanning range with low power consumption. For this, a
high-inductance high-resistance coil is preferred to generate
a sufficient peak-to-peak resonant voltage at a low current.
On the other hand, for wireless charging, a high-inductance
low-resistance coil is preferred to minimize power loss due to
ohmic resistance in the coil. Otherwise, the received power
will be lost as heat that increases the coil temperature during
charging, which could damage the device or cause discomfort
to the cow. Given the opposite design goals, the wire gauge
and the number of turns of the coil should be carefully de-
termined so that both microchip scanning performance and
wireless charging performance are balanced, i.e., the energy
consumed for scanning does not exceed the energy received
during short milking sessions. We used Keysight PathWave
ADS and Ansys Electromagnetics to determine the optimal
coil design. The specific coil properties that achieve these
goals are described in Section 4.3.
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Figure 3: (a) eTag implementation and assembly before waterproof sealing and (b) detailed view of the PCB

(identifying information hidden for anonymity)

Once the optimal coil design is determined, a switching
circuit using a double-pole double-throw (DPDT) switch is
employed to direct the coil to either resonant circuit to en-
sure that the scanning and charging circuits operate without
interference. By default, the coil is connected to the charging
circuit when eTag is in sleep mode. This ensures that eTag
detects the power transferred from the wireless charger and
activates the LoRa SoC when the cow puts her head under
the wireless charger. In scanning mode, the switch is con-
trolled to connect the coil to the RFID front-end for scanning
the microchip sensor. The duty cycles of microchip sensor
scanning and wireless charging are very low; microchip
sensor scanning takes less than 1 s and is performed every
few minutes, while wireless charging is carried out only for
about 10 minutes during milking sessions, once or twice a
day. Therefore, eTag can perform both functionalities using
a shared coil with almost no interruption to each other.

4.3 eTag Implementation

The construction of eTag is shown in Figure 3(a). eTag con-
sists of four components: a shared coil, a printed circuit board
(PCB), a Li-ion battery, and a LoRa antenna, integrated into
an 11-cm circular polypropylene disc.

The shared coil is made of a 32-AWG single-strand magnet
wire with 46 turns that provides a good balance between
the scanning range, wireless charging performance, and coil
temperature increment during charging. As eTag is to be
mounted on top of the ear and may rotate, a round shape is
preferred over polygons. This choice ensures uniform scan-
ning performance in all directions and an even distribution
of weight on the ear. The inductance of the coil is 650 µH
and the resistance is 11 Ω at 100 kHz; The values of𝐶𝑠𝑐𝑎𝑛 and
𝐶𝑐ℎ𝑎𝑟𝑔𝑒 are 2164 pF and 974 pF, respectively. The resulting
resonant frequency of the RFID front-end is 134.2 kHz, which
is compliant with ISO 11784/5 [33].
All electronic components including the RFID front-end,

wireless power receiver, and power subsystem are integrated

into a small 4.0×2.5 cm PCB as shown in Figure 3(b). The PCB
and the battery are protected in 3D-printed plastic cases. To
prevent water and dust from entering eTag and altering the
properties of the coil, it is thoroughly sealed with waterproof
tape. No noticeable degradation in the scanning range or
wireless charging performance was observed after placing
other components inside the coil and sealing the device.
To achieve a lightweight design, a small battery is pre-

ferred, but a too-small battery would limit the charging cur-
rent, and will suffer from a more significant voltage drop
when the discharge current is high in the scanning mode. A
150-mAh 3.7-V single-cell Li-ion battery is selected to allow
a proper charging rate during the short charging session. In
comparison to the 45-mAh cell in Section 3.4, a few hundred
cycles of the 150-mAh cell are expected for about four years
(the typical productive lifespan of a dairy cow). Considering
the typical lifespan of Li-ion batteries and the relatively low
maximum state-of-discharge (about 30%), the expected bat-
tery degradation is minor. We estimate the state-of-charge
(SOC) of the battery from its terminal voltage. As the termi-
nal voltage-based battery SOC estimation may be inaccurate
if the voltage is measured with a varying current, the im-
pact of varying currents is effectively removed by measuring
the terminal voltage only when eTag wakes up where the
discharge current is consistent.

After completely sealed, eTag is only 60 g, which is light
enough to be mounted on the cow’s ear. An even more light-
weight implementation could be realized using a commercial-
level waterproof casing instead of thick waterproof tape, but
we leave this out of the scope of this work.

5 AUTONOMOUS WIRELESS CHARGING

OF ETAG

Wediscuss thewireless power transfer (WTP) technique used
for the wireless charger and various design considerations to
improve its performance. We also address various problems
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related to charging eTag and present a control scheme to
ensure high efficiency and safety during charging.

5.1 Optimizing Wireless Power Transfer

Themost challenging problem in designing awireless charger
for eTag is that it is mounted on a moving head. During
charging, the position and alignment of eTag relative to the
wireless charger’s coil change as the cow moves her head
freely, and the distance can significantly vary between 20–
70 cm. This results in a variation in the mutual inductance
and drastically changes the coupling coefficient. As a result,
the amount of power received by eTag becomes unstable.
In this work, we design the wireless charger to provide

a sufficient amount of power to eTag at an average charg-
ing distance of 50 cm (maximum 70 cm). To compensate
for the variation in charging power, we design the wireless
charger to maximize the charging performance and imple-
ment a closed-loop controller to maximize the amount of
power that the primary coil emits within a safety limit. First,
we adopt various techniques to improve the performance of
WPT, such as selecting a suitable circuit topology and refin-
ing coil design [54]. The series-series topology is adopted to
take advantage of its ability to eliminate power reflection
from the load to the power source which helps in increas-
ing WPT efficiency [36]. A high-quality factor coil is imple-
mented using Litz wire. Litz wire contains multiple strands
of thin individually insulated wires that help reducing the
skin effect at the surface of the wire from AC current, thus
reducing energy loss as heat. Also, proper spacing between
adjacent turns can increase the maximum quality factor of
the coil, as the AC resistance and parasitic capacitance of the
coil decrease [16].
An optimal frequency should be selected to safely maxi-

mize WPT performance. As the RFID front-end also utilizes
resonant inductive coupling to energize the microchip sen-
sor at 134.2 kHz, the wireless charger needs to be designed
not to induce current at the microchip sensor while charg-
ing. Therefore, 200 kHz is selected for WPT, which is not

a harmonic frequency of 134.2 kHz. Other advantages of
the low-frequency WPT are the high adjustment precision
for fine-tuning the resonant circuit, and using higher ca-
pacitance that allows for the use of capacitor banks where
the equivalent resistance can be reduced significantly which
reduces losses [53]. In a low-frequency range, the quality
factor can be maximized by choosing a proper type of Litz
wire [16]. The coil is made of 15 turns of Litz wire (700 strands
of 40-AWG wire) with a 0.7 cm gap between adjacent turns,
resulting in an effective coil dimension of 83×49×11 cm. Mea-
sured at 100 kHz, the inductance of the coil is 290 µH and
the resistance is only 1.8 Ω.

We use a synchronous inverter and a synchronous rectifier
to minimize power losses in power conversion at the primary
and secondary sides, respectively. Since the received power
is used to charge the battery directly, a switch-mode charger
is used instead of a linear battery charger to maximize the
charging efficiency. In eTag, as shown in Figure 2, we use an
integrated IC as the wireless power receiver that integrates
a synchronous rectifier, voltage regulator, and switch-mode
battery charger. When the battery is depleted for a long
period, this IC can handle charging from cold start with zero
energy while the SoC boots up immediately from a very-low
voltage to control the charging process.

Figure 4 shows the construction of the wireless charger.
Both the electronics box and the coil are sealed for water-
proofing, as they are exposed to sprayed water in the milking
parlor.

5.2 Charging Performance and Safety

We implement a closed-loop charging controller between
eTag and thewireless charger in order tomaximize the charg-
ing performance while ensuring the safety of the cows. Con-
sidering the short duration of milking sessions, the higher
the charging power, the better for energy-neutral operation,
but it should not cause any safety risks. As discussed in Sec-
tion 5.1, the charging power fluctuates depending on the
varying position and alignment of the wireless charger and
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eTag due to the movement of the cow’s head. When they are
perfectly aligned at a short distance and the level of wireless
power is high, eTag may receive excessive power, which
not only heats up the coil but also exceeds the safe charging
current threshold of the Li-ion battery. Simply reducing the
charging power is not desirable since it will increase the
charging time required to achieve energy neutrality. There-
fore, our control aims at maximizing the charging power to
recharge eTag as much as possible in a short milking ses-
sion when it is far from and is misaligned with the charger,
while limiting the charging power when the tag is close and
well-aligned so that the battery charging current and the coil
temperature remain within the safety limits.

The wireless charger communicates with eTag over LoRa
to receive its device status parameters which are required for
the closed-loop control. The block diagram of the charger
is presented in Figure 5. The primary coil is connected to
a resonant circuit consisting of a synchronous inverter and
a capacitor bank. When the cow moves into the milking
machine with the wireless charger, the charger is automati-
cally activated by an ultrasonic sensor that detects the cow’s
presence. The wireless power receiver in eTag detects the
charging power and wakes up its LoRa SoC to enter the
charging mode. In charging mode, eTag periodically mea-
sures device status parameters, including the battery voltage,
charging current, and coil temperature, and sends them to
the charger over LoRa. The LoRa SoC module in the charger,
which also controls the charging process, receives the pa-
rameters and adjusts the power level at the primary coil. The
adaptive controller decreases the charging power if the bat-
tery charging current or the coil temperature exceeds their
respective thresholds; otherwise, it gradually increases the
charging power. The maximum battery charging current is
set to 225 mA, which corresponds to 1.5𝐶 . The maximum
coil temperature is set at 55 °C.
The wireless charger is large enough to cover the range

of cow’s head movements. In a tight milking parlor, multiple
eTags worn by adjacent cows can be under the same charger.
When multiple eTags are detected, the wireless charger ad-
justs the charging power in a conservative manner so that

none of the eTags violates the safety limits. When there are
multiple chargers and multiple tags, each eTag needs to be
paired with only one charger at a time. This can be achieved
by chargers advertising their ID through the power chan-
nel, where an eTag that is within the charging range of a
charger receives wireless power and extracts the charger ID
for charge pairing. Other techniques for exchanging data
through the power channel such as NFC does support both
slow-rate charging and communication, but it is very short-
range, which is not suitable for fast-charging eTag at up to
70 cm.

Because live animals are involved, the system needs to be
safe for the animals and human workers. The maximum al-
lowed level of electromagnetic exposure in humans is defined
by the specific absorption rate (SAR) in W/kg. According
to two regulatory documents by IEEE [10] and ICNIRP [41],
SAR is 2 W/kg for local exposure in unrestricted environ-
ments, and a power of 45W has been shown to be well within
this limit [29]. Our design complies with the regulation even
when multiple eTags are present in the charging area, as the
charging algorithm ensures that the charging power never
exceeds the safety limit.

6 EXPERIMENTAL RESULTS

We first discuss the experimental setup including microchip
sensor injection, eTag mounting, and wireless charger in-
stallation at an operational dairy barn. Measurement results
were collected in a three-week experiment from August 15th
to September 3rd, 2022, totaling 1966 hours of runtime. Three
eTags were deployed on three cows in the first week, and
four more were deployed on the remaining four cows in the
second week. Data was collected at the same time from each
individual cow. All sensor deployment procedures (injecting
microchip sensors and mounting eTags) were done under
the approval of the Institutional Animal Care and Use Com-
mittee (IACUC) of the University of Wisconsin–Madison
(Protocol #A006606). All dairy cattle were handled in compi-
lation to the European Directive 2010/63/EU [43] regarding
the protection of animals used for scientific purposes.

6.1 System Deployment

The first task of the deployment of the system is injecting
microchip temperature sensors and mounting eTags. Each
eTag is mounted in the middle of the ear where there is
no blood vessel, while the microchip sensor should be in-
jected into the base closer to a major blood vessel [9]. All the
microchip sensor injection procedures are conducted by a
licensed veterinarian. Both the microchip and the 12-gauge
injection needle are sterilized using an ethylene oxide (ETO)
gas autoclave, and the injection site is prepared with 3 mL
of lidocaine to minimize any needle injection pain. The dis-
tance from the ear base to the middle of the ear is about 7 cm.
To achieve the best microchip scanning performance, the
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microchip sensor is injected in an upward position, at about
2 cm depth into the skin, and is perpendicular to eTag’s coil
surface. In a previous study that investigated the effects of
microchip sensor insertion in horses [23], it was shown that
the sensor did not migrate during six months of the experi-
ment, which indicates the reliability of the injection. Sensor
injection did not cause any excessive inflammation or contin-
ued tissue irritation in our study. For the verification of the
subcutaneous temperature measurement, we use a HOBO
Pro V2 temperature logger to record the vaginal temperature
of each cow as the reference CBT.
We deployed the system at a dairy facility where 72 Hol-

stein cows are housed. The cows spend most of their time
in a tie-stall barn and are milked twice per day at a milking
parlor, as shown in Figure 6. To receive and forward LoRa
packets from eTags effectively, two LoRa gateways were
deployed, one at the barn and the other near the wireless
charger. The two LoRa gateways cover most of the barn. All
packets were sent to an Amazon Web Services (AWS) IoT
server in real time.

Figure 7 shows a cow with an eTag under the primary coil
of the wireless charger during milking. The primary coil of
the charger is attached to a metal structure, which is a part
of the BouMatic Xcalibur 4440 milking system. Mounting
the coil to the top frame does not require any modification
to the infrastructure nor any special components for the
installation. The size and weight of the coil were examined
by the barn operator to ensure that it does not affect the
cows and the operation of the milking system. We can also
see that eTag mounted on the top of the cow’s ear is well
aligned with the surface of the wireless charger coil when
the cow’ head is resting in the milking machine.

6.2 Validation of Temperature Reading

The validity of using subcutaneous temperature at the ear
base as a proxy CBT has already been presented in a previous

Charging coil

ETAG

Figure 7: A cow with an eTag under the wireless

charger coil during milking

study [9]. However, we briefly reaffirm this within our sys-
tem before validating the design of eTag for energy-neutral
sensing of subcutaneous temperature, which is the focus of
this study. A sample pattern of subcutaneous temperature
measured by eTag and CBT measured by an intravaginal
temperature logger from Cow #7 in a three-day period is
shown in Figure 8. Mild weather conditions were recorded
during the first half of the period, in which both temperatures
were stable within the normal range of rectal temperature
for adult Holstein cows from 37.8 to 39.2 °C [13]. However,
warm weather conditions (>26 °C and >80% RH) from the
second day led to a rise in body temperature by about 1 °C.
The ear base temperature showed a comparable data trend
as the vaginal temperature, stayed within a 0.5 °C discrep-
ancy with a minimal lag. The vaginal temperature was stable
with a smooth trend, while a more fluctuating temperature
trend was observed from the ear base. This is likely because
cattle’s ear is more susceptible to varying external condi-
tions such as ambient temperature, humidity, water spray,
and airflow. Nonetheless, these temperature trends indicate
a close correlation between the two temperature measure-
ments. The comparison results align with the analysis in [9],
further suggesting that ear base temperature can be reliably
used as a proxy CBT. This data will help the farmers make
timely and informed decisions on cattle management, e.g.,
relocating cows those are more susceptible to heat stress to
better-ventilated areas. It would also enable focused, preci-
sion cooling of individual cows using jet cooling fans [31].

6.3 Power Consumption Analysis

Upon everywake-up from sleepmode, eTag performs several
tasks: sensing, scanning, transmission, and reception. During
sensing, eTag measures various device status parameters,
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such as battery voltage, current consumption, and coil tem-
perature. Then, the microchip temperature sensor is scanned
by the tag, followed by the transmission task to send the tem-
perature data to the gateway. Subsequently, eTag switches
to the reception task for a short duration to listen for any
configuration packet from the gateway before going back to
sleep mode for a duration of 𝑇𝑤𝑎𝑘𝑒_𝑖𝑛𝑡𝑣 = 5 minutes, during
which the total energy consumption is only 𝐸𝑠𝑙𝑒𝑒𝑝 = 45.6 mJ.
This energy consumption mainly comes from the always-on
battery management chip for detecting and initiating the
charging process.
The duration of the scanning task varies depending on

the distance and the orientation of the sensor. The scanning
time can be as short as 94 ms when the microchip sensor
is close and perfectly aligned with eTag. If the microchip
sensor is not well aligned due to the ear movement, it may
take more time to retry to energize the microchip sensor and
read data from it. If eTag does not receive any data from
the sensor, the scanning task will timeout after 300 ms to
prevent battery depletion. Depending on the success rate of
scanning, energy consumption in this task varies from 69 to
219 mJ, resulting in 𝐸𝑤𝑎𝑘𝑒 varies from 217 mJ to 367 mJ. As
a longer scanning duration results in more energy consump-
tion, better sensor alignment and shorter scanning distance
can reduce the scanning time significantly, allowing eTag to
run for a longer duration.
Note that the reception task is only required for recon-

figuring eTag during this test deployment. In commercial
usage where reconfiguration is not required, the reception
task can be disabled to further reduce power consumption.

6.4 Measurement and Data Collection

The microchip sensor scanning performance and LoRa com-
munication performance of eTags are reported in Table 2.
Scanning may not always be successful due to the tempo-
rary misalignment between eTag and the microchip sensor,
and the success rate varies depending on how the microchip
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Figure 9: Charging power and coil temperature of

Cow #1 during a charging session on August 30, 2022

sensor is injected and how eTag is mounted. Out of seven
eTags deployed, six of them exhibited a high successful scan-
ning rate of over 77%; while the other one (Cow #5) was able
to successfully scan its microchip sensor 37.7% of the time.
This can be attributed to the relatively far location of the
mounting hole of Cow #5 from its ear base (as we utilized the
existing hole) and the non-ideal orientation of the microchip
sensor during injection However, we believe this can be min-
imized with more precise injection as experience is gained.
Some of the tags were removed due to damage, resulting in
shorter durations.
Invalid temperature scanning that falls outside the 35–

42 °C range was very rare, with only three cases observed
among nearly 20,000 temperature readings. As described in
Section 4.1, these results are discarded.

eTag uses LoRa to report temperature to the AWS server
and to transmit the device status parameters to the wire-
less charger. The reliable communication of LoRa is partic-
ularly important for wireless charging control rather than
for temperature reporting because the closed-loop control
of the charging power relies on the real-time device status
parameters. LoRa communication is overall highly reliable,
demonstrating success rates of over 99%.

6.5 Charging Performance and Runtime

Analysis

Figure 9 shows the charging power and coil temperature
variations during a typical charging session. The charging
power fluctuated considerably at first when the cow moves
into the milking machine. As the cow settles in the position
after a few minutes, eTag starts to align with the wireless
charger, leading to stabilized charging power. During charg-
ing, the coil temperature of eTag increases over time, and
the wireless charger continuously regulates the amount of
charging power to ensure the coil temperature stays safely
under 55 °C. The coil temperate regulation was validated in
our lab test, but we did not observe any over-temperature
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Table 2: Microchip temperature scanning and LoRa communication statistics

Cow
ID

Duration
(days)

Number of
total

scanning

Rate of success
scanning
(𝜂𝑠𝑐𝑎𝑛)

Number of
valid

scanning

Number of
invalid
scanning

Number of
received
packets

Number of
lost packets

Rate of LoRa
transmission

#1 19 5905 77.1% 4551 2 7352 44 99.4%
#2 11 3217 94.4% 3038 0 4495 15 99.7%
#3 12 3324 80.0% 2660 1 4076 25 99.4%
#4 5 1345 98.8% 1329 0 1751 5 99.7%
#5 10 2272 37.7% 856 0 2870 6 99.8%
#6 17 4700 89.3% 4197 0 5672 46 99.2%
#7 9 2613 98.0% 2561 0 3012 16 99.5%

Figure 10: Distribution of varying charging power of

17 charging sessions

cases during the field experiment where the wireless charger
had to reduce charging power.

We conducted a total of 17 charging sessions in the exper-
iment. As shown in Figure 10, the average charging power
was around 781 mW. Cow #5 has a relatively poor charg-
ing performance because the ear hole was not at the top of
her ear, resulting in her eTag not being well aligned with
the wireless charger. The statistical results of the charging
duration and the gain of battery SOC after each session are
shown in Figure 11. As depicted in Figure 11(a), the charging
sessions lasted for about 13 minutes. There were two sessions
that lasted for 20 and 40 minutes due to some unexpected
technical problems with the milking machine unrelated to
our system, causing the cows to stay under the wireless
charger longer than usual. Based on these results, a battery
with a minimum capacity of 45 mAh at 3.7 V is sufficient for
eTag. Assuming 𝜂𝑠𝑐𝑎𝑛 = 79%, using (3), eTag can run for 6.8
days from one charging session. Figure 11(b) shows that the
battery SOC increased by almost 20% on average after each
charging session when using the 150-mAh cell.

Figure 12 shows the variation of the battery SOC of Cow #3
over eight days. Her eTag was charged twice during the
period, where the two charging sessions are five days apart.
The cow was milked twice per day, but she was milked by

(b)

Average 19.2% ba!ery SOC
gain per charging session  

(a)

Average 13 minutes
per charging session  

Two outliers
due to milking

machine problem 

Figure 11: (a) Charging duration and (b) gain of battery

SOCs of seven eTag from 17 charging sessions

other milking machines rather than the one with the wireless
charger when charging was not needed. We can see the
that final battery SOC of this five-day period (before the
second charging) is higher than the initial battery SOC of the
period (before the first charging). This indicates that eTag
can perpetually operate with only one charging every five
days. Note that the estimated runtime is longer than five
days due to the two prolonged charging sessions.

To evaluate howmuch battery SOC is lost if not recharged,
wemeasure the daily reduction in battery SOC, excluding the
days when charging occurred. As shown in Figure 13, about
4% of the battery SOC is consumed every day. As discussed
earlier, each charging session recovers battery SOC by about
20%, and thus, eTag can run for an average of five days on a
single charge. Considering the herd size of 72 cows at our
testing site, where there are six milking batches per day,
based on (6) and the realistic performance of eTag, only
three chargers are required to achieve the energy neutrality
of the system.

7 DISCUSSION

Before we conclude our work, we discuss some observations
from the deployment and the practical scalability of eTag.
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1st charging 
at 4pm on 8/26 

2nd charging 
at 4pm on 8/31
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+30% SOC gain

–22% SOC loss

Positive SOC
flow for five days
aer a single charge

Date

Figure 12: Variation of battery SOC of Cow #3 over

eight days with two charging sessions five-days apart

7.1 Cows’ Response to the System

It is important to understand the cows’ behaviors in response
to eTag and the wireless charger before fully deploying the
system. As a careful step prior to the experiments described
in Section 6.1, we installed the primary coil and mounted an
eTag on one cow for one week before the full deployment.
Ear flicking of dairy cattle has been reported to describe the
animal’s response to various stressful conditions [18, 25]. We
observed the cows before and during the deployment, and
noted that the frequency of ear flicks returned to normal
after a few days of mounting eTags. We also consulted with
our animal experts to confirm that there is no significant
sign of discomfort. When the cows moved into the milking
parlor, some cows showed interest in the wireless charger
above their head. They tried to sniff the coil when they first
saw it but soon ignored it afterward. The shape and the over-
head installation of the coil did not attract their attention nor
disturb their routine. Throughout the experiment, we did not
observe any significant change in the activity or behaviors
of the cows before and after mounting eTags.
For a large-scale deployment of the proposed system, a

more animal-friendly design of eTag and wireless charger
would be desirable. While we did not observe any notice-
able sign of long-term discomfort with eTag, the biggest
challenge is reducing its size and weight, which are largely
constrained by the shared coil and the battery. Further opti-
mization of the analog circuitry (RFID front-end and wireless
power receiver) and power management can be done.

7.2 Scalability

In practice, the adoptability of the system is largely depen-
dent on the cost of installation. The lab-prototype eTag, the
microchip sensor, and the wireless charger are built from
commercially available off-the-shelf components with total
costs of USD $43, $12, and $298, respectively. When mass-
produced in a commercial setting, the costs would be reduced
drastically which would enable a widespread adoption of
the system. As modern big dairy barns will increasingly

Figure 13: Average daily battery SOC changes of eTags

during three weeks of deployment

rely more on robotic milking parlors, which can serve mul-
tiple cows and identify them through their ID tag, etc., our
wireless charger would be easily integrated into these mod-
ern milking parlors. eTag can also include both visual and
electronic (RFID) cattle identification that could replace tra-
ditional tags entirely. We have consulted with barn operation
experts and confirmed that this system is compatible with
most modern milking parlors, including access to power.
When scaling up to hundreds of eTags, considering the

low duty-cycle communication and the density of cows, up to
about 100 eTags would be manageable per a single-channel
gateway [22]. Collision avoidance and ALOHA-like MAC
protocols could be used to minimize packet loss when de-
ploying eTags on a large scale.

8 CONCLUSIONS

In this work, we introduced a novel system that can collect
the body temperature of dairy cows in real time using an
autonomously recharged smart ear tag named eTag to scan
an injectable microchip temperature sensor. eTag is designed
to satisfy all critical requirements for a continuous and per-
petual body temperature monitoring system for dairy cows.
The results from an extensive deployment on seven lactat-
ing Holstein cows in a three-week period demonstrate that
eTag can collect and report accurate body temperature of
the cows in real time in a minimally invasive way. Our work
is the first practical step toward detecting heat stress in a
timely manner, which is critical to improving the well-being
of dairy cattle as well as the economic, environmental, and
social sustainability of the dairy industry worldwide.
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