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Abstract: This article surveys the literature on miniature radio transmitters designed
to track free-ranging wild animals using emitter-localization techniques. The articles
covers the topics of power sources used in such transmitters, including miniature batteries
and energy harvesting, techniques for generating the transmitted radio-frequency carrier,
techniques for creating short radio pulses and more general on–off schedules, modulation in
modern wildlife-tracking transmitters, construction, manufacturing, and tuning techniques,
and recent trends in this area. The article also describes the recreation of the first successful
wildlife-tracking transmitter, a nontrivial invention that had a profound impact on wildlife
ecology, and explores its behavior.
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1. Introduction
Movement is a fundamental aspect in the lives of many types of organisms. Animals

move to find food, water, and shelter, to evade predation, to find a mate, and to avoid harsh
weather [1]. Therefore, tracking free-ranging wild animals is a key technical challenge in
ecology. While global navigation satellite systems (GNSs) like the global positioning system
(GPS) allow ecologists to effectively track many types of wild animals, many animals
require other, more specialized, tracking technologies [2]. This article focuses on one critical
component of some of these specialized technologies: miniature radio transmitters (tags)
that are attached to wild animals to track their movement. We focus on tags that are
localized using the transmitted signal, not tags that use radio transmissions to upload
locations estimated using a GNSS receiver (e.g., [3]).

Radio transmitter localization emerged at the early 1960s as an effective way to track
wild animals. For decades, attachment of a radio transmitting tag was essentially the
only way to track many species of wild animals. GPS receivers (and more recently multi-
constellation GNSS receivers) replaced radio tags as the preferred tracking method for
many species, but radio transmitter-localization remains essential for many other species.
This family of techniques still delivers valuable scientific data that cannot be obtained
otherwise (see, e.g., [4–10]). For a review of other significant wildlife tracking systems, see
the survey by Nathan et al. [2].

This paper surveys the scientific literature on miniature transmitters for wildlife
tracking. We do not cover wildlife-tracking transmitters offered by commercial vendors,
mostly because they are either based on published designs (e.g., J. S. Lotimer founded in
1984 a company called Lotek, which commercialized transmitters he developed while in
the public sector [11]) or there is not enough information about them. In some cases articles
in the literature describe commercial transmitters (e.g., [12]).
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How small should a tag be to be considered miniature? The viewpoint in this article is
that a tag is considered miniature if designing and manufacturing it requires specialized
engineering efforts, efforts that are not required in the absence of mass and size constraints.
These specialized efforts often lead to specialized designs. We adopt this viewpoint because
over the 65 years that the article covers, from 1959 to 2024, the size of the smallest useful tag
has shrunk dramatically. In 1963, a 10 g tag [13] was considered miniature, for good reason:
it improved upon a 1959 design that weighed 122 g [14]. Today, 10 g tags are fairly easy to
design, but smaller tags are not; tags that weigh 1 g or below certainly require specialized
engineering efforts, and sub-0.2 g tags even more so [15,16].

1.1. Radio Transmitter-Localization Wildlife Tracking Systems

Radio transmitter-localization tracking systems typically aim to estimate the trajectory
of an animal over time, represented by a series of timed point estimates. Ideally, the system
also estimates the uncertainty of both the time stamps and the location estimates (but the
absolute accuracy of time stamps is often not of much importance). Typically, the transmitter
emits periodic transmissions, often coded. Receivers that are part of the localization system
detect the transmissions, identify the transmitter (and hence the animal), and measure
aspects of the signal that allows the transmitter to be localized. The location of receivers
is usually known. The location of the animal is estimated by minimizing the residual of
a system of constraints. The residual measures the discrepancy between the measured
property of the signal and the prediction of that property given a hypothetical transmitter
location ℓ.

If a receiver can estimate the direction to the transmitter, the animal can also be
localized using a labor intensive technique known as homing in. The receiver is placed at
some location ρ1 (its coordinates need not be known exactly) from which the azimuth to the
transmitter is estimated. The receiver, typically carried by a person on foot or in a vehicle,
is moved in that direction to a new location ρ2, presumably closer to the transmitter. This is
repeated until the animal carrying the transmitter can be visually observed and its location
recorded. This often works if the animal is moving during the process, as long as it moves
slowly compared to the person performing the procedure.

In some cases, all or a subset of the receivers are carried by wild animals, often of
the same species. These receivers detect transmissions by nearby transmitters carried by
other individuals, identify the transmitter, and record the time of detection. This serves
as a record of the two animals, the one carrying the transmitter and the one carrying the
receiver, being in close proximity at that point in time. Such records allow ecologists to
build graphs of social networks of groups of animals, which are informative even when the
physical locations (the coordinates) where the two animals met are not known. We refer to
such systems as encounternets, the name of the first system of this type [17–19].

The first transmitter-localization wildlife tracking systems localized animals using
direction-of-arrival (DoA) estimates. The DoA estimates were derived from relative-signal-
strength measurements (RSSIs). The direction to the transmitter in these early systems
was estimated by rotating a directional antenna and searching either for a signal-strength
maximum or for a signal-strength minimum. It is easier to build antennas that produce
sharp minimums, also called nulls, but both forms are used. For homing in, the signal
strength is usually estimated manually, by listing to audio output of a receiver [13,20]. In
systems with fixed receivers, the antenna was rotated mechanically and the signal strength
was recorded on film [21]. Locations were estimated by triangulation.

Modern DoA wildlife tracking systems tend to rely on comparing the signal strength
arriving at several co-located antennas with different radiation patterns, often Yagi antennas
oriented in several directions [10,22]. In principle, the direction of arrival can also be
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estimated from the phase of the signal at different antennas (typically omnidirectional),
but I am not aware of wildlife tracking systems using this principle. The direction to an
unmodulated transmitter can also be estimated using a single-channel receiver whose input
is fed through a switch by four or more omnidirectional antennas. The cyclic switching
between antenna frequency modulates the received signal. The application of this technique,
called pseudo-Doppler direction finding, for wildlife tracking is being investigated [23–25],
but it does not appear to have been used in the field yet.

The direction of arrival of a signal can be estimated from signal strength or phase
measurements even if the signal has low bandwidth, and indeed many wildlife tags that are
used with such systems transmit low-bandwidth on–off-keyed signals (typically around
1 kHz, depending on the shaping of the pulses).

The location of a transmitter can also be estimated from measurements of the
Doppler shift of the signal. The ARGOS system consists of receivers carried by weather
satellites [26]. The receivers can detect transmissions, identify the tag (and recover other
information transmitted, beyond the tag’s identifier), and estimate the Doppler that the
signal underwent due to the speed of the moving satellite. This has been used successfully
to track birds and marine species (when they surface) [27–29].

Time-of-arrival (ToA) localization, which was pioneered by GPS, is now also used in
so-called reverse-GPS systems to localize transmitters attached to wild animals [5,15,30,31].
In general, these systems consist of a group of receivers with omnidirectional antennas.
The receivers identify transmissions from tags, estimate their arrival times, and report to a
server that estimates the location of the transmitter from reported arrival times.

1.2. Requirements and Desirables for Miniature Transmitters

The utility and applicability of a wildlife tracker that contains a radio transmitter
depends on a few characteristics, which we list in the following paragraphs. Our focus
is primarily on technical characteristics and on the viewpoint of tag designers. The same
characteristics are also significant to users, but their viewpoint and understanding of these
properties is naturally a little different. Table 1 lists properties of tags that are relevant to
users and explains their relevance. The key technical characteristics of tags are as follows:

Low Mass and Small Size
The distribution of animal species as a function of body mass is skewed; there are many
more species with small body mass than species with large body mass. Therefore, a
miniature tag is applicable to more species than a physically large tag. The challenge of
making tags smaller and lighter is a constant feature of this field.
Efficient Omnidirectional Antenna
Ideally, the antenna should convert all the power delivered to it into electromagnetic
energy. In addition, the radiation pattern should be omnidirectional or hemispherical to
ensure that the antenna radiates in the direction of receivers. Antennas with hemispherical
radiation patterns, directed away from the animal’s body, minimize radiation absorbed by
the animal’s body. The desire that the antenna radiates most of the delivered power often
conflicts with the requirement that the tag be physically small.
Wildlife-Friendly Antenna
Some antenna topologies, like loops, can be dangerous to animals because they can entangle
with vegetation or other structures. Whip antennas are often acceptable and preferred.
Energy-Harvesting or Primary Batteries
The energy required to power the tag must either be carried in batteries or generated
by energy-harvesting devices, such as solar panels. While energy-harvesting devices are
desirable, especially for long-lasting tags, they sometimes limit miniaturization, and they
are not effective on some species (e.g., solar panels are useful for most bat species). When
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energy harvesting is not possible, which is a common case, tags are usually powered by
primary batteries.
Tag Identification
In most cases, multiple animals are tagged simultaneously, so the identity of the transmitter
must be identifiable from the tag’s transmission. In some cases, tags transmit data packets
that contain the tag’s identifier and that can be decoded by the receiver. However, simple
tags that transmit continuous-wave (CW) pings are identified by the transmission frequency
or an on–off-keying (OOK) pattern or by the pinging rate.
Frequency Accuracy and Stability
Frequency accuracy and stability are crucial for ARGOS tags that are localized by Doppler
shifts caused by the receiving satellite’s movement [28]. These properties are also important
for tags identified by the transmission frequency. In general, even when the exact carrier
frequency is not significant, frequency drift requires more effort in the receiver side,
to search for the transmission. This is more significant for narrowband transmissions
or wideband transmissions designed for coherent detection [32,33] than for incoherent
wideband tags [34,35].
High Bandwidth
The accuracy of time-of-arrival localization depends on the bandwidth of the transmitted
signal. Therefore, tags for ToA localization systems must transmit wideband, high bit
rate signals.
Activation Mechanisms
Tags with no energy harvesting mechanisms are usually encapsulated together with their
batteries to protect the electronics from the environment, well before they are deployed.
In miniature tags with small batteries, the ability to switch the tags between active
(transmitting) mode and off or standby mode (no transmissions) is highly desirable.
Sensors
Tags with additional sensors can provide a wealth of information about the physiology,
behavior, and environment of an animal. For example, accelerometers, perhaps the most
useful and ubiquitous sensors, provide insight into the animal’s behavior [36]. Barometric
altimeters can provide more accurate altitude estimates than most terrestrial transmitter
localization systems [35,37]. On-board sensors require either a large memory, usually
nonvolatile, to store measurements, and/or a capability to upload sensor data to base
stations via radio links. Sensors can also modify the transmission schedule of radio tags.
For example, sensors can be used to transmit only when an aquatic animal surfaces [38] or
they can modify the transmission schedule upon mortality [11,39]. Sensors and on-board
storage of sensor data are mostly orthogonal to issues pertaining to radio transmissions
and are therefore not covered further in this article.

The rest of this article surveys the literature on miniature radio transmitters for wildlife
tracking, focusing on their key building blocks, shown in the diagram in Figure 1. Section 2
describes power management and power sources for such tags. Section 3 describes the
circuits that generate the radio frequency (RF) signal that the tag emits. Section 4 describes
circuits that turn transmissions on and off, primarily to conserve power and spectrum
utilization, but sometimes also to identify the tag or code information. Section 5 describes
more sophisticated modulation schemes, mostly for use in time-of-arrival localization
systems. Section 6 covers antennas. Section 7 describes construction, manufacturing,
and tuning methods. Section 8 describes recent trends in tag design. Section 9 describes
particularly significant examples of deployments of transmitting tags described earlier in
the article. Section 10 concludes the article with a high-level discussion of both the history,
the state of the art, and the foreseeable future in this area.
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Table 1. Properties of wildlife tracking transmitters from the viewpoint of users.

Property Significance to Users

Mass and size
Smaller tags can track smaller animals; tags heavier than some fraction of body mass
cannot be used due to the risk that they might perturb the behavior of the animal and
might threaten its survival or ability to raise offspring.

Antenna

The antenna should not pose a risk of entanglement. Short whips do not; loops do.
The antenna should also not cause too much drag on flying animals. It should not be
possible for the animals or conspecifics to damage or remove it (e.g., by pulling with a
beak, chewing, etc.).

Effective life span The longer the tag transmits, the longer the animal can be tracked. Tracking duration
affects which scientific questions can be investigated by the tracking and which cannot.

Temporal resolution
Frequent transmissions tend to generate more localizations, allowing movement tracks to
be estimated more accurately. Frequent transmissions shorten life spans when primary
batteries are used, a common case.

Compatibility with receiving systems
Transmitting tags should be compatible with the receivers and the localization system that
are supposed to track them. Some tags are compatible with multiple localization systems
and receivers, some are specialized to a particular system.

Activation mechanism
Tags whose transmission can be turned in the field just prior or just after the tag is
attached to an animal do not waste some of their life span before they are actually
attached to an animal.

Sensors and data storage/upload

Sensors that measure the environment of the animal or its behavior and physiology
provide valuable data for some investigations. Sensor data are sometimes stored on the
tag (which must be retrieved to download the data) and sometimes transmitted wirelessly.
Transmitting data tend to use a lot of energy; storing it less so.

Cost Inexpensive tags enable tagging of more individual animals with a given research budget,
providing stronger statistical evidence.

power management

G

modulatorcontroller

RFLF

sensor(s)

memory

matching

antenna

energy
harvesterreservoir

capacitor

battery

amplifier

weatherproof enclosure

Figure 1. The components of a radio-transmitting tracking tag. All of the components except for the
RF generator, the matching circuit, and the antenna are optional, but almost all tags also include a
low-frequency (LF) oscillator, a controller, and a modulator. The function of the different components
and typical designs for them are described throughout the article.
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2. Power Management and Power Sources
Wildlife tracking tags (of all types) are powered by batteries and/or energy-harvesting

devices (mostly solar cells). Efficient use of energy is critical for maximizing the life spans
and the utility of tags, especially extremely light-weight ones. More specifically, most
transmitting tags are powered by primary batteries. In such tags, minimizing energy losses
extends the life spans of the tags. Energy efficiency is also important in tags with tiny
energy harvesters; the small size reduces weight but also the average power available.

We begin this section with a description of the types of batteries and energy
harvesters that are used in miniature transmitting tags and then describe power and
energy management principles and techniques.

2.1. Batteries and Energy Harvesters

Most miniature transmitters designed for wildlife tracking are powered by primary
batteries. The most common primary miniature batteries today are lithium manganese
(lithium coin cells, such as CR1025, CR2032, etc.), lithium thionyl chloride (larger, usually
cylindrical), silver oxide (e.g., type 337 at 0.17 g and larger types), and zinc air, which are
mostly designed for hearing aids but have been used in tracking tags [17,40]. In the past,
mercury batteries were widely used in tracking tags [13], but they are now obsolete due to
their toxicity.

Zinc–air batteries tend to have the best energy density, since one of the chemicals that
they use, air, is taken from the environment, not stored in the battery; but they are often
more difficult to use successfully.

Most of the batteries that are used in wildlife tracking tags are designed and produced
for other markets, like hearing aids, remote control, and watches (the same is true for
most of the other components in wildlife tags). However, there have also been efforts
to design and manufacture batteries that are optimized for wildlife tags [41]. Chen et al.
designed such a battery for ultrasonic wildlife tracking tags tags for fish. It was later also
used in radio tracking tags [16]. This 6 mAh 0.065 g lithium carbon flouride battery has
relatively high voltage (above 3v), high energy density, long shelf life, and wide operating
temperature range. This battery is currently used in two commercially available tags,
an underwater ultrasonic tag [42] and a radio tag [43].

Batteries convert chemical energy to electrical energy. The amount of power that they
can deliver depends on the rate at which the chemical reactions that perform the conversion
can happen. That rate is limited by the physical size and physical structure of the battery
(e.g., the size of its electrodes). Most miniature batteries cannot deliver high power. This is
often modeled as internal resistance.

Transient changes in the distribution of chemicals in a battery can further reduce its
ability to deliver power. Abstractly, its internal resistance rises. Diffusion of chemicals inside
the battery resolves this eventually, but slowly. This phenomenon is called polarization
concentration [44]. Its likelihood increases if significant power is drawn from the battery,
even if the consumer is pulsed.

The main type of energy harvester used in wildlife tracking tags are small solar
panels [12,45]. On fairly large tags (designed for boars and similar animals), kinetic energy
harvesters have also been used [45]. The energy conversion rate of energy harvesters is
also limited, obviously. In some harvesters, in particular solar panels, the conversion rate
depends on the impedance presented to the harvester.

Today, the power delivery characteristics of energy harvesting chips are matched to
the characteristics of energy storage devices (rechargeable batteries and capacitor) using
specialized energy-harvesting chips. In particular, transmitting tags have dedicated nano-
power energy-harvesting chips such as bq25570 or bq25504 [12], or ADP5091 [45].
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2.2. Energy and Power Management

Energy management techniques used in wildlife tracking tags (and other battery-
operated and energy-harvesting devices) can be partitioned into three categories: duty
cycling, impedance matching, and avoiding losses.

Virtually all wildlife tracking tags use duty cycling, switching between short high-
power activity periods and long deep sleep periods in which they use very little energy.
Ever since wildlife radio tracking was invented, transmitting tags have been transmitting
only during activity periods [13,14]. These transmissions are often called pings in the
literature. Other types of tags sense and process sensor data during activity periods,
or communicate with infrastructure base stations or with other tags [10,17,18,35]. Pinging
mechanisms are covered in more detail below, in Section 4. Duty cycling is usually a trade-
off. In a transmitting tag, pinging more often can potentially generate more localization,
improving the temporal resolution of the track (and through smoothing, also its spatial
resolution). Longer pings improve the signal-to-noise ratio at the receiver, which often
results in more accurate localizations. But longer and more frequent pings increase the
average power consumed. With primary batteries, the increase in average power shorten
the tag’s life span. With energy harvesting, the average available power is limited by
the harvester.

Duty cycling sometimes involves additional, more subtle trade-offs. For example,
in tags with sensors, such as accelerometers or air-pressure sensors, the sensor can often be
configured to deliver averages of raw samples (oversampling). This improves the accuracy
and resolution of sensor measurements, but it also extends the duration of activity periods
or draws more power, thereby consuming more energy per measurement.

Tags have one or two power sources, a battery and/or harvester, and one dominant
power consumer, the transmitter. In many cases, the power sources cannot produce enough
instantaneous power for the transmitter. In addition, the power delivery characteristics
of energy harvesters is often ill-matched to that of rechargeable batteries or reservoir
capacitors (e.g., they do not produce the appropriate voltage). Therefore, tags often contain
devices designed to match impedances or power deliver/consumption rates.

The most common matching device in tags with miniature batteries is a so-called
reservoir capacitor [10,44,46]. In some cases, the primary or rechargeable battery of the tag
cannot provide enough power to power the transmitter, or it can do so but at the risk of
transient failure of the battery. To address that, the battery is used to charge the reservoir
capacitor. Capacitors have very low impedance, so they can easily deliver high power to
the transmitter. The delivery of power depletes the charge on the capacitor (faster than the
battery can replenish it) and the voltage across it drops; the transmitter must be able to
cope with this characteristic.

The low impedance of reservoir capacitor exacerbates polarization concentration [44].
To mitigate that to some extent, the reservoir capacitor can be charged through a current-
limiting resistor.

Even with a current-limiting resistor, polarization concentration can still occur [44].
Some tags mitigate such failures by detecting the them (by measuring the voltage on the
capacitor) and delaying the next transmission until the battery recovers [35]. Obviously,
this mitigation mechanism should consume very little power, otherwise the mechanism
itself fails.

Nano-power energy harvesting chips perform several functions. Most importantly,
they raise or lower the voltage delivered by the harvester to a level that is appropriate for
charging an energy-storage device, a battery or capacitor. Many of them also include a
mechanism called maximum power point tracking (MPPT), which senses periodically the
power delivered at different impedances and presents to the harvester a nearly optimal
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impedance. These devices can also regulate voltage to the load (the transmitter), let the
load know if there is enough power stored or not, etc.

Finally, effective tag designs avoid energy losses, which can occur due to a variety
of reasons. A current-limiting resistor wastes power; by sizing it carefully, the design
can balance between this energy loss and the risk of polarization concentration. Voltage
regulators waste power; linear regulators waste more than switching ones. Early tags
avoided regulators entirely, eliminating both the energy waste and the bulk (in some types
of batteries, this causes transmissions to weaken as the battery is depleted). Sophisticated
tags require voltage regulation; many tags today are driven by chips that contain both
linear and switching regulators; choosing to use a switching regulator minimizes energy
loss, often at the cost of additional components (inductors) and therefore more bulk [35].
High-capacitance physically small reservoir capacitors are leaky [44,46]; this leakage also
wastes energy. This presents tag designers with yet another trade-off: they can use a tiny
battery and a tiny leaky capacitor or a tiny battery with a larger capacitor that leaks less or
a large battery without a reservoir capacitor.

Leaky reservoir capacitors are just one example of potential energy loss that occurs
even between activity periods (pings). Many electronic circuits draw some power even
when they are not doing anything useful. Because tags spend almost all their time between
activity periods, minimizing this energy loss is critical. Early tags address this concern using
appropriate analog circuit technique, such as the use of class-C amplifiers [20]. Modern
tags are driven by low-power microcontrollers which disconnect most subsystems from
power when the microcontroller enters a deep sleep mode. When the tag includes devices
other than the microcontroller, they are usually turned off or disconnected from power
programmatically [16].

One kind of energy loss that is somewhat unique to wildlife tracking tags is operation
before the tag is actually deployed on an animal. Due to physical size to waterproofing,
mechanical on–off switches are not a viable option. Avoiding transmission until the tag is
actually deployed extends the useful life span of the tag and eliminates useless spectrum
usage. In the past, magnetically operated switches called reed switches were popular [20],
or even soldering together power delivery wires in the field (and waterproofing the
connection). Today, transmission is often turned on and off using magnetic [35] or
light [16] sensors.

3. Radio-Frequency Signal Generation
The first challenge in a miniature radio transmitting tracking tag is to generate the

radio-frequency signal. This section covers this aspect.

3.1. Single-Stage Power Crystal Oscillator

In the early 1960s, William Cochran and his colleagues at the Minnesota Museum
of Natural History developed highly effective and highly influential single-stage wildlife
tracking transmitters [13,47,48]. In a seminal article, Cochran and Lord described the basic
RF generating circuit, shown in Figure 2 (left). The circuit is a minimalist crystal oscillator.
It consists of a transistor, Q1, a current-limiting base resistor R1, a quartz crystal X1, and a
resonant tank circuit consisting of C2 and L1. The original circuit used a (germanium)
PNP transistor; we draw the circuit with an NPN transistor, which became the norm later.
In Cochran and Lord’s tag, L1 was a single-turn inductor that also served as the antenna. It
encircled the neck of the animal and was part of the collar that also carried the tag.
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R1

C1

C2

B

+

L1X1

Q1

R2

C3

Figure 2. Single-stage power-oscillator tags. The circuit on the left is of the Cochran–Lord CW
tag [13,47] and the one on the right is of the Tester–Warner–Cochran pinging tag [48]. The original
circuits used PNP transistors, not NPN ones.

In the wildlife-tracking literature, this type of circuit is usually referred to as a single-
stage tag, to emphasize the lack of a buffer or power amplifier stage. In the electronic
circuits literature, this circuit is sometimes referred to as a power oscillator, to emphasize
the fact that the same stage both generates the RF signal and delivers significant power to
the load.

The power supply for the transmitter consists of one or more batteries, denoted B,
and a decoupling capacitor C1. Originally, 1.4 V mercury batteries were used, but the circuit
works fine with a wide range of batteries, including 1.5 V silver oxide batteries (the smallest
widely available cells today), 3 V lithium-manganese coin cells, and many more.

The Cochran–Lord circuit transmits continuously, which is not necessary for wildlife
tracking. It was quickly augmented to periodically transmit short pulses by adding resistor
R2 and capacitor C3, as shown in Figure 2 (right). We explore this modification in Section 4
below. This basic circuit has been used for decades, with variations in both the pulse-
generation mechanism (here R2 and C3) and in the tank circuit.

The variations in the tank circuit are designed mainly to improve the spectral purity
and hence the efficiency of the tag. The early 1960s tags [13,47,48] operated at the
frequency of the crystal, around 26.5 MHz. These early articles did not report on harmonic
suppression, but there really was not any, and it is likely that much of the power was
radiated at harmonics of this frequency. The harmonics both reduce the power that is
delivered to the receiver, which is tuned to the fundamental frequency, and possibly cause
interference to other users of the electromagnetic spectrum. Single-stage tags designed from
the late 1960s mostly operated at harmonics of the crystal’s fundamental frequency, usually
around 140–160 MHz, and used more elaborate tank circuits designed to concentrate as
much as possible of the power at a single frequency. For example, the circuit described by
Kenward [20] (who attributes it to a 1967 Cochran design) uses a tank with two inductors
and two capacitors, Naef-Daenzer uses two and one [40] (as in Figure 3), and Naef-
Daenzer et al. use three and three [49].

The transition to very high frequencies (VHFs) also enabled the use of whip antennas,
which are much more appropriate for many types of animals than loop antennas. The tank
circuits also help in antenna matching, although these whips are often short relative to the
wavelength and fairly inefficient.

Tag masses for such tags started at 10 g excluding the battery in the early 1960s [13],
dropped down to 1.2 g in the 1980s [20], to 0.4 g in the 1990s [40], to 0.2 g in the 2000s [49],
and to 0.11 g in the 2010s [30].
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R3

Q2
C4

L2

L3

C5

whip
antenna

Figure 3. A two-stage tag, from [20].

3.2. Two-Stage Oscillator–Amplifier Transmitters

One of the disadvantages of the single-stage tag design is that changes in the
impedance of the load (the antenna) change the oscillation frequency. Such changes
can easily be caused by movement of the antenna relative to the animal’s body or by the
antenna becoming close to other animals or the the ground [13,47]. This was already noted
by LeMunyan et al., whose efforts to locate woodchucks using two-stage low/medium-
frequency tags predate the Cochran–Lord design [14].

Adding a second stage, as in the tag circuit shown in Figure 3 [20], isolates the oscillator
from the load to improve frequency stability, and can also increase power output. In this
circuit, Q2 serves as a class-C power amplifier, with a tank circuit consisting of C5, L2, and L3

driving a whip antenna. Similar tank configurations are also widely used in single-stage
tags [40].

The design of the second stage in Figure 3 is also minimalist, helping to keep the
component count and hence the mass down. Still, the second stage adds bulk and in
low-power tags also reduces the energy efficiency of the tag. Two-stage tags designed
under laxer weight constraints can use a variety of circuit topologies to optimize frequency
stability, power consumption, and spectral purity. For example, the two-stage tag described
by Broekhuizen et al. [38] uses a carefully biased oscillator (using four resistors whereas
the minimal design uses one) and a grounded-base amplifier.

In some two-stage tags, the second stage acts as a frequency doubler. For example,
Kolz et al. [39] describe a tag in which the first stage oscillates at the third harmonic of
a 27 MHz crystal, and the second stage acts as a doubler, emitting a 162 MHz signal.
The tag described by Broekhuizen et al. [38] also uses frequency doubling. Frequency
multiplication by amplifying harmonics was also used on more complex tags. For example,
Koltz et al. [50] describe a 401.2 MHz transmitter for satellite Doppler tracking, in which
the ultra-high-frequency (UHF) signal was generated by multiplying the signal from a
temperature-compensated crystal oscillator (TCXO).

3.3. Phase-Locked Loops

Modern tags generate the radio frequency using a voltage-controlled oscillator (VCO)
that is frequency and phase locked to a crystal oscillator operating at a much lower
frequency. This architecture, commonly known as a phase-locked loop (PLL) synthesizer,
offers frequency agility and does not require any frequency-specific component (the
quartz crystal).

This architecture, while ubiquitous, is complex, so it became widely used in wildlife
tags only when electronics became integrated enough to implement the entire synthesizer,
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sometimes with additional functions like a power amplifier and/or a microcontroller,
on a single silicon chip. However, some wildlife tracking tags used PLLs that were not
completely integrated. For example, Strikwerda et al. [28] describe a 401.65 MHz transmitter
designed to be tracked by the ARGOS satellite system. It uses a VCO whose output
is divided by 80 and locked to a TCXO. The 170 g tag consists of four printed circuit
boards carrying around 20 integrated circuits (some of the complexity was due to other
functionality, but the synthesizer was not fully integrated).

Later tags used integrated synthesizers (e.g., to produce a 140 MHz signal [15]),
transmitter chips that integrate a synthesizer, a modulator, and a power amplifier [32],
transceiver chips [17,19,34], and radio-frequency microcontrollers (RF MCUs) that integrate
a microcontroller with a transceiver [10,35].

In some cases, avoiding extreme integration, such as found in RF MCUs, can lead
to smaller tags. For example, Lu et al. [16] describe a recent and particularly lightweight
tag (0.15–0.16 g) that uses a PLL-based factory-programmable clock module along with a
voltage regulator and an MCU. The tag transmits at 164–166 MHz. The clock module is
tiny (2 by 2.5 mm) and contains the crystal. Interestingly, Lu et al. propose to program the
tag to 1/5 or 1/3 the operating frequency, even though the clock can reach 166 MHz, to
reduce the clock’s power consumption (but also the power emitted at 164–166 MHz). This
tag is currently available commercially [43].

4. Pinging or On-Off Keying
4.1. Using a Minimalist RC Network

The simplest way to cause the Cochran–Lord-type oscillators to ping periodically is
by driving the base resistor using a resistor–capacitor network, as shown in Figure 2 (right).
The earliest reference I could find for this circuit idea in the wildlife tracking literature is
from 1962 [51]; Tester et al. [48] describe its use in the simple single-stage tag shown in
Figure 2. A relatively large-valued capacitor C3 is charged through a large-valued resistor,
R2. Typical values are 1 µF or more and several hundred kilo Ohms or more. When the
voltage on C3 becomes high enough for the base emitter diode to conduct, the transistor
turns on and oscillation starts. This continues until C3 discharges. The first article that
showed this subcircuit also included a second resistor, in parallel with C3, probably to
speed up discharging; later designs omitted this resistor.

The values of R2 and C3 determine the charging rate and hence the pulse interval.
The values of and C3 and R1 determine the discharge rate and hence the pulse length.
However, it is impossible to control the two durations separately with this simple circuit.
This is one of the disadvantages of the circuit.

To experience and to more fully understand this circuit, I built a prototype shown
in Figure 4. I started with the circuit of Figure 2 (left). The crystal was marked 32 MHz
and seems to be a third-overtone crystal. The transistor is a 2N2222 and the base resistor
is 3.9 kΩ. I used a variable capacitor for C2 to be able to tune the circuit and a single
loop inductor for L1. Turning C2 produced stable oscillation at about 53.3 MHz, the fifth
overtone of the crystal, at voltages ranging from below 1.5 V to 3 V and higher. Adding a
1 µF capacitor C2 and a 560 kΩ resistor for R2 caused the circuit to ping at around 10 Hz
and with pulses of about 10 ms, as shown in Figure 5.
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Figure 4. Left: A prototype single-stage transmitter. Right: Emitter voltage when the tank is tuned
and the supply voltage is 3 V.

Figure 5. Left: Collector voltage in the prototype tag, showing a ping rate of a little less than 10 Hz.
Right: Collector voltage during one ping.

A small improvement on this pulsing mechanism is proposed by Naef-Daenzer
et al. [49]. They show that by adding a PNP transistor in parallel with R1, the pulse width
can be shortened without affecting the pinging frequency.

Note that the same RC pulsing mechanism also works well in the two-stage design
shown in Figure 3 due to the use of a class-C amplifier. When the oscillator is shut down,
so is the amplifier stage.

4.2. Using a Separate Pulse Controller

When the extreme minimalizm of the RC pulsing mechanism is not required, tags use
a more modular design with a separate subcircuit that generates pulses that turn on the
RF section. This allows controlling the pinging frequency and the pulse width separately
and easily.

The introduction of the 4000 series of complementary metal-oxide-semiconductor
(CMOS) logic chips by RCA in 1968 enabled a range of designs based on them. Typical
designs are described by Skutt et al. [52] and by Kolz et al. [39]. In these designs, two NOR
gates form an astable multivibrator, an oscillator with a square-wave output. A monostable
multivibrator, consisting of two additional NOR gates, converts each rising edge of the
oscillator’s output into a short positive pulse, which in turns feeds the base resistor of
the RF oscillator. Anderka [53] achieved the same goals using a CD4047, an integrated
multivibrator chip from the same series.

Similar techniques have been used to achieve more complex pulse schedules. For
example, Broekhuizen et al. [38] used 4000-series CMOS chips in a tag designed for seals.
The tag senses when it is submerged (the salt water creates a conducting path between
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two metal components), in which case it does not transmit. When the seal surfaces, the tag
sends five pings at a rate of 5 Hz and then switches to pining at 1 Hz. Lotimer [11] showed
how to use CMOS NAND gates to transmit bursts of pings while controlling the inter-burst
interval, the duration of each burst, the interval between pings in a burst, and the duration
of each ping. These forms of pulse or on-off-keying modulation allow identification of
individual tags (animals) that transmit on the same frequency.

The duration of pings and the length of inter-ping intervals are controlled in these
designs by resistors and capacitors. By using temperature- or light-sensitive resistors and
motion-sensitive switches, designers could encode information about the animal or its
environment in the ping schedule. This was used to sense the animal temperature, level of
activity, mortality, and to modify the ping rate between day and night [11,39].

The 4000-series CMOS integrated circuits are specified for operation at 3 V and up.
Until recently, there were no alternatives that could operate with a single mercury, silver
oxide, or zinc air cell. To control the ping rate and pulse duration in tags that used such
cells, discrete three-transistor multivibrators circuits were used [54,55]. Today, there are
low-voltage logic families that could be used to implement the logic-gates-based designs,
like the SN74AUP that operates down to 0.8 V.

In modern tags, a microcontroller controls the pinging schedule. In many tags,
a 32 kHz crystal allows very precise control of the transmission schedule [10,34,35]. When
weight must be reduced to a minimum, this crystal is omitted [16], and the schedule is
controlled by a low-power low-frequency RC oscillator that is part of the microcontroller.
These oscillators are inaccurate. In some cases an inaccurate inter-ping interval is acceptable.
In others, a high-frequency crystal oscillator is used to occasionally calibrate the RC
oscillator, thus achieving accurate inter-ping intervals.

5. Code Modulation for Time-of-Arrival Tags
Time-of-arrival emitter localization benefits from transmitting high-bandwidth long

codes, so the codes (the bit sequence that is transmitted) are invariably generated by a
microcontroller [15,33–35]. The codes are detected and their arrival time estimated by
cross-correlation with codes stored in the receiver, so different codes should have low
cross-correlation, even at shifts (when they are not aligned), and codes should have low
auto-correlation (cross-correlation with the same code, shifted). Some tags use Gold
codes, which are specifically designed for this correlation properties [15] but other tags
use pseudorandom codes [34,35]. When the codes are long enough, the difference is
not significant.

Binary phase-shift modulation (BPSK) is excellent for time-of-arrival estimates, since
it allows receivers to perform complex correlation of phase trajectories [32]. This is the
modulation used by GPS (newer GNSS use binary offset carrier modulation, which is
specifically optimized for time-of-arrival estimation). One tag design relies on an integrated
transmitter capable of high-data-rate BPSK modulation, up to 2 Mb/s [32,35]. An older
design uses a discrete modulator [15,30].

Another approach is to transmit the code using OOK but to detect it using a BPSK
replica at the receiver [33]. In this design, too, the modulator is discrete [33]. This approach
simplifies the tag, but it degrades the signal-to-noise ratio (SNR) and hence both the
sensitivity of the receiver and the accuracy of the time-of-arrival estimate, since only half
the power is emitted.

In general, the use of a discrete BPSK or OOK modulator does not allow controlling
the bandwidth of the transmitted signal, so it is unlikely that it would be possible to use
this approach to design tags that comply with modern RF emission regulations.
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Unfortunately, most integrated RF transmitters/transceivers and most RF microcontrollers
cannot emit high data-rate BPSK signals, so most current time-of-arrival tags use frequency
modulation (FSK) [34,35]. Unfortunately, the use of FSK degrades both the resilience to
interference from other tags and the time-of-arrival estimation accuracy [32].

6. Antennas
The vast majority of wildlife-tracking transmitters use monopole antennas: a single

conductor that extends away from the tag. The monopole topology minimizes both the
interference to the animal and the risk of entanglement. These antennas are often fairly
inefficient, radiating only a fraction of the power delivered to them, because their length
is around a quarter wavelength or shorter and the tag does not constitute a large enough
ground plane Miron [56], Zavrel [57]. For example, Riecken and Raths used 5 cm antennas
in 150 MHz tags (200 cm wavelength); see Riecken and Raths [58]. Wikelski et al used
4.2 cm antennas in 378 MHz tags (79 cm wavelength). The need to keep monopole antennas
short is well supported by multiple studies: Dougill et al. [59], Jones et al. [60].

Early tags used a wider range of antenna topologies. Perhaps the most significant were
loop antennas, which were often part of a collar to which the tag was attached; see Cochran
and Lord [13].

Antenna tuning and characterization and the design of antenna matching networks
remains a major challenge, especially since most tags use electrically short antennas (short
relative to the wavelength), and in particular end-fed monopoles without ground planes
or radials. Although vector network analyzers (VNAs), the equipment that is used to
characterize antennas, are now affordable [61,62], it is difficult to eliminate the effects
of the cable connecting the VNAs to the tag’s antenna (or or a mock-up tag) on the
measurements. Although there has been some progress in this area [63], it is still challenging.
One technique that has proved useful is to test tag antennas using bottles of a solution
prepared specifically to emulate the electromagnetic properties of biological tissue (e.g., a
living animal) [64]. Kildal et al. described a laboratory measurement technique that can
characterize the properties of UHF antennas in close proximity to biological tissue [65].
Hartsgrove et al. showed how to prepare a solution that emulates the electromagnetic
properties of biological tissue (e.g., a living animal) [64], as required in the technique by
Kildal et al., as well as in far-field antenna characterization experiments.

7. Methods for Construction, Tuning, and Manufacturing
Early miniature tags were constructed by hand using electronic construction techniques

that were very different from the established state of the art at the time, which would
have resulted in bulky heavy tags. Instead, components were soldered to each other
directly without a circuit board or terminal strip [13]. Authors often provided very detailed
instructions on how to replicate tags (in some sense, this style of writing mirrors current
open-source and open-hardware practices). This continued at least until the 1980s [20] and
in some cases into the 2000s [49]. Kenward’s 1987 book offers very detailed instructions on
how to construct VHF pinging tags.

The prevalence of surface-mount devices and their increasing miniaturization caused
construction methods to shift towards more standard industrial manufacturing techniques
using printed circuit boards (PCBs) and automated reflow soldering [10,12,16,34,35] and at
least in one case also using injection molding [16].

Even today, industrial manufacturing is used to produce only the tag’s PCB.
The process of evolving from a PCB to a complete tag still often requires manual labor,
specialized or unusual materials and techniques, and specialized know-how. In particular,
batteries are often soldered by hand using specialized technques [66], antennas are often
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made from unusual materials (steel fishing lines [66], beading wires, and bicycle shifter
cables), and many tags are potted in various epoxy materials [67–70], sometimes mixed
with glass bubbles [71] to reduce weight (see, e.g., [16,35]).

8. Recent Trends
Several authors recently suggested using Bluetooth low-energy (BLE) tags for wildlife

tracking. Farine et al. [72] used commercially available tags (not designed specifically for
wildlife tracking) capable of transmitting BLE advertising beacon packets to track wild
birds in an urban setting. They programmed the tags to emit messages compatible with
Apple’s “Find Me” network. Apple smartphones that receive such packets report them to
an Apple server along with the phone’s location, encrypted using an encryption key that
the tag sends. The owner of the tag can retrieve these reports and decrypt the locations of
the receiving phone, thereby localizing the tag to the vicinity of the reported location. It
is not clear whether this network will be open to third-party tags (ones not produced by
Apple itself, like its own AirTags), but for now this does work.

Other researchers tagged animals with genuine Apple AirTags, which emit not only
BLE packets but also high-bandwidth packets that are better optimized for localization
and that can be processed by some Apple phones [73]. These tags are not specifically
optimized for wildlife tracking. Custom BLE wildlife tracking tags are starting to appear
commercially [74,75], as well as BLE receivers designed to detect them.

Efforts to develop and test tags designed to emit transmissions that are received by
commercial radio networks designed for low-volume Internet-of-Things traffic are also
under way. For example, Wild et al. [45] tagged animals with transmitters designed for
the so-called SigFox network, operating at 800–900 MHz bands. These tags transmit very
long messages (6.3 s) very infrequently (a few times a day), yielding limited temporal
resolution. The network can localize the transmissions, but the spatial resolution is also
coarse (median accuracy of more than 12 km). Some of the tags are very lightweight; some
use energy harvesting. It appears that commercial tags that use low-bandwidth cellular
standards, specifically LTE-M, may be offered soon [76]. Most tags in this family rely on a
GNSS receiver for localization and only use the cellular network to upload localizations,
but it appears that one particularly small model is localized by the cellular network. Wild’s
dissertation surveys other current wireless standards that might be suitable for wildlife
tracking tags Wild [77].

The use of low-Earth-orbit (LEO) satellites to localize a radio transmitter attached
to a wild animal is also being explored [78,79]. However, these studies currently focus
on assessing the feasibility of this approach rather than on the design of tags. Due to
the distance of the satellites from the tag, it is likely that these tags will also require long
infrequent transmissions.

In general, in tags that transmit long infrequent transmissions, the additional energy
required for GNSS localization is not likely to dominate the energy budget, so in practice
the localization in most of these tags (LEO satellite tags, SigFox tags, perhaps cellular
tags) might rely on GNSS, with radio transmissions that are used only to upload GNSS
localizations, not to localize the tags.

9. Examples of Deployments and Impact
To provide a more concrete idea of how miniature transmitting tags are used and of

the scientific questions that they help resolve, we describe in this section a selection of
wildlife-tracking research projects that used such tags. We focus on representative high-
impact examples using a variety of different tags. The list is far from exhaustive; miniature
transmitting tags have been used in countless research and conservation projects.
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Kenward used single-stage and two-stage transmitters, most likely built by himself [20],
to track four goshawks (Astur gentilis, although his article uses the former Latin name,
Accipiter gentilis). The birds were tracked for up to 29 days and the results were used to
relate their hunting behavior to the availability of food [80].

Naef-Daenzer et al. tracked fledglings of small songbirds, great and coal tits (Parus
major and Parus ater) using single-stage 0.48 g tags designed by Naef-Daenzer [40] and most
likely built by him. The tags used zinc–air batteries and lasted 20–30 days. This project
tracked a remarkable number of birds, 221, over a coarse of three years [81].

The same type of transmitters, as well as some commercial transmitters, were used by
Bontadina et al. to track 12 esser horseshoe bats (Rhinolophus hipposideros) [82]. Bats of this
species are tiny, weighing only 4–8 g. The tags weighed 0.33–0.44 g. The study revealed
where these bats forage; this was not previously known due to their small size, which
precluded tracking them until that point.

Cochran et al. tracked songbirds (Catharus thrushes) to demonstrate that they
recalibrate their magnetic compass every day [83]. They used commercial 0.7–1 g tags,
which were not considered extremely small at the time. However, the discovery was
particularly interesting and deep and was published in Science.

Knight et al. used tiny tags, close to the engineering limit at the time, to track butterflies
and dragonflies over large distances (hundreds of kilometers) [7]. The researchers tagged
the insects with 0.23 or 0.27 g commercial tags (Lotek NTQB-1) that emit OOK-modulated
pings that can be individually identified. The insects were tracked using the Motus
system [6]. Tracking individual insects remains a difficult challenge, especially over
large distances.

The use ARGOS tags started with 180 g tags. The first prototype was deployed
on a mute swan (Cygnus olor) in 1983, and the second tracked a bald eagle (Haliaeetus
leucocephalus) for 9 months in 1984–1984. Similar tags were subsequently used to track
golden eagles (Aquila chrysaetos) to aid in their conservation. By 1993, much lighter ARGOS
tags weighing 27 g were available commercially and were used to track 50 peregrine falcons
(Falco peregrinus) [27].

Wideband ToA tags were used to demonstrate that Egyptian fruit bats (Rousettus
aegyptiacus) navigate using a cognitive map [5]. In this study, 172 bats carrying 4 g tags
were tracked by the ATLAS system, yielding more than 18 million localizations. The same
system was also used to track 99 much smaller Kuhl’s pipistrelle bats (Pipistrellus kuhlii)
and to demonstrate that they too navigate using a cognitive map [4]. These tiny bats (mean
body mass of 6 g) were tracked with 0.76 g tags. The discovery that bats that navigate both
visually (the Egyptian fruit bats) and using echolocation (Kuhl’s pipistrelle) perform this
complex task using a cognitive map is significant; both studies were published in Science.

10. Discussion
Wildlife tracking tags provide highly valuable data for both science and conservation.

Many species require miniature highly specialized tracking tags, in many cases radio-
transmitting tags. Designing and manufacturing these tags remains a difficult challenge,
primarily because this is a niche market and because different species require different
tags. The requirement differences encompass aspects like mass, attachment methods, radio
range, sampling rate, and accuracy.

To address this challenge, miniature radio-transmitting tags used off-the-shelf
components in innovative ways, often relying on unconventional engineering practices.
The seminal Cochran and Lord tag [13] and its pinging variant [48] provide an excellent
example (both variants are depicted in Figure 2). Benson explains that these designs,
as well as other contemporary efforts, borrowed ideas from the design of the first American
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satellite radio beacons [84–86]. However, Cochran and his collaborators understood that
producing long-range miniature tags requires unconventional circuit-design and circuit-
construction techniques; contemporary efforts that relied on conventional design techniques
failed [84]. A comparison of the Cochran–Lord design to the slightly earlier and much
more conventional design by LeMunyan et al. [14] also helps clarify just how innovative
the Cochran–Lord design was.

In particular, Cochran and his team broke a key engineering principle in order
to achieve their goals: modularity. Their tags used a single transistor to serve as a
multivibrator, an RF oscillator, and a power amplifier. Similarly, the same single-turn coil
was used as a tank inductor and as an antenna. As components became smaller, modular
designs became feasible.

Today, the design and manufacture of miniature ratio transmitters for wildlife tracking
faces three other challenges:

1. Modern miniature radio transmitters utilize highly integrated system-on-a-chip (SOC)
integrated circuits, especially RF microcontrollers. Commercial RF SOCs combine sets
of features that are designed to support mass market applications, such as Bluetooth
gadgets, smart home appliances, utility meters, etc. These sets of features are not
optimal for wildlife tracking tags. For example, many RF SOCs now combine power
management subsystems like buck or boost converters, but not nano-power energy-
harvesting converters. Another example is the resonator: while it is technically
feasible to include a crystal or acoustic resonator in the same package as the RF
SOC (as evidenced by the integrated clock chip used in [16] or the bulk acoustic
wave resonator used in the CC2652RW 2.4 GHz RF microcontroller), most RF SOCs
require an external clock that limits miniaturization. No current RF microcontroller
supports high-data-rate BPSK, although this is clearly possible [32]. Finally, most
RF microcontrollers come in 4-by-4 mm quad-flat no-leads (QFN) packages or larger,
which are small enough for commercial applications, not in the much smaller wafer-
level chip-scale packaging (WLCSP) packages (e.g., 1.4 by 1.5 mm).

2. Some specialized components are not mass produced and are hence not available,
probably due to a too-small market. For example, thin gold-coated steel wire would
be ideal for antennas and can be manufactured, but it is essentially impossible to
source commercially.

3. Spectrum sharing with other users. In much of the world, there is no specific frequency
allocation for wildlife tracking [87], so most tags transmit in license-free industrial,
scientific, medical (ISM) bands or in license-free bands where non-specific short-range
devices (SRD) are allowed (the term non-specific means that the devices do not fall
under some application-specific regulation, such as regulation of remote metering
or wireless alarm devices). European regulation states that non-specific SRD devices
transmitting up to 10 mW with a duty cycle of at most 10% may transmit in the
433.05–434.79 MHz band with no bandwidth limit [88] (Annex B, Line H). Almost
all countries allow license-free transmission in this band. Some other SRD and ISM
bands are restricted to specific regions or countries. For example, the same European
regulation allows non-specific SRD devices in the 865–868 MHz band, but license-free
transmission on this band is prohibited in the US. License-free bands are often heavily
congested, leading to interference and inconsistent tracking performance.

These challenges, especially the first two, mainly limit the ability to track very small
species, including many small birds, bats, rodents, and insects. On large animals, ones
that can carry tags of around 2.5 g ore more, current tags perform well. Sub-1 g tags
do exist [12,16,35], but their life spans and capabilities are much more limited, especially
at or below 0.5 g. One exception that seems to be emerging is BLE tags, which can be
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miniaturized well because highly integrated chips with precisely the correct mix of features
for them do exist.
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8. Růžičková, J.; Elek, Z. Beetles on the move: Not-just-a-technical review of beetles’ radio-tracking. Entomol. Exp. Et Appl. 2023,
171, 82–93. .: 10.1111/eea.13260 [CrossRef]

9. Hagen, M.; Wikelski, M.; Kissling, W.D. Space Use of Bumblebees (Bombus spp.) Revealed by Radio-Tracking. PLoS ONE 2011,
6, e19997. [CrossRef]

10. Duda, N.; Nowak, T.; Hartmann, M.; Schadhauser, M.; Cassens, B.; Wägemann, P.; Nabeel, M.; Ripperger, S.; Herbst, S.;
Meyer-Wegener, K.; et al. BATS: Adaptive Ultra Low Power Sensor Network for Animal Tracking. Sensors 2018, 18, 3343.
[CrossRef]

11. Lotimer, J.S. A versatile coded wildlife transmitter. In A Handbook on Biotelemetry and Radio Tracking; Amlaner, C.J.J.,
Macdonald, D.W., Eds.; Pergamon Press: Oxford, UK, 1980.

12. Pegan, T.M.; Craig, D.P.; Gulson-Castillo, E.R.; Gabrielson, R.M.; Kerr, W.B.; MacCurdy, R.; Powell, S.P.; Winkler, D.W. Solar-
powered radio tags reveal patterns of post-fledging site visitation in adult and juvenile Tree Swallows Tachycineta bicolor. PLoS
ONE 2018, 13, e0206258. [CrossRef] [PubMed]

13. Cochran, W.W.; Lord, R.D.J. A radio-tracking system for wild animals. J. Wildl. Manag. 1963, 27, 9–24. [CrossRef]
14. LeMunyan, C.D.; White, W.; Nyberg, E.; Christian, J.J. Design of a Miniature Radio Transmitter for Use in Animal Studies. J. Wildl.

Manag. 1959, 23, 107–110. [CrossRef]
15. MacCurdy, R.; Gabrielson, R.; Spaulding, E.; Purgue, A.; Cortopassi, K.; Fristrup, K. Automatic animal tracking using matched

filters and time difference of arrival. J. Commun. 2009, 4, 487–495. [CrossRef]
16. Lu, J.; Li, H.; Tian, C.; Myjak, M.J.; Xiao, J.; Bellgraph, B.J.; Cartmell, S.S.; Deng, Z.D. A Frequency-Programmable Miniaturized

Radio Frequency Transmitter for Animal Tracking. Sensors 2021, 21, 6683. [CrossRef]
17. Mennill, D.J.; Doucet, S.M.; Ward, K.A.A.; Maynard, D.F.; Otis, B.; Burt, J.M. A novel digital telemetry system for tracking wild

animals: A field test for studying mate choice in a lekking tropical bird. Methods Ecol. Evol. 2012, 3, 663–672. [CrossRef]
18. Rutz, C.; Morrissey, M.B.; Burns, Z.T.; Burt, J.; Otis, B.; St Clair, J.J.H.; James, R. Calibrating animal-borne proximity loggers.

Methods Ecol. Evol. 2015, 6, 656–667. [CrossRef]
19. Cassens, B.; Ripperger, S.; Hierold, M.; Mayer, F.; Kapitza, R. Automated Encounter Detection for Animal-Borne Sensor Nodes. In

Proceedings of the 2017 International Conference on Embedded Wireless Systems and Networks (EWSN), Uppsala, Sweden,
20–22 February 2017; pp. 120–131.

20. Kenward, R. Wildlife Radio Tagging: Equipment, Field Techniques, and Data Analysis; Academic Press: Cambridge, MA, USA, 1987.
21. Cochran, W.W.; Warner, D.W.; Tester, J.R.; Kuechle, V.B. Automatic Radio-Tracking System for Monitoring Animal Movements.

BioScience 1965, 15, 98–100. [CrossRef]
22. Kays, R.; Tilak, S.; Crofoot, M.; Fountain, T.; Obando, D.; Ortega, A.; Kuemmeth, F.; Mandel, J.; Swenson, G.; Lambert, T.; et al.

Tracking Animal Location and Activity with an Automated Radio Telemetry System in a Tropical Rainforest. Comput. J. 2011,
54, 1931–1948. [CrossRef]

http://doi.org/10.1073/pnas.0800375105
http://www.ncbi.nlm.nih.gov/pubmed/19060196
http://dx.doi.org/10.3390/s22176329
http://www.ncbi.nlm.nih.gov/pubmed/36080787
http://dx.doi.org/10.1126/science.adn6269
http://www.ncbi.nlm.nih.gov/pubmed/39480949
http://dx.doi.org/10.1126/science.aax6904
http://dx.doi.org/10.5751/ACE-00953-120108
http://dx.doi.org/10.1098/rsbl.2019.0327
http://dx.doi.org/10.1111/eea.13260
http://dx.doi.org/10.1371/journal.pone.0019997
http://dx.doi.org/10.3390/s18103343
http://dx.doi.org/10.1371/journal.pone.0206258
http://www.ncbi.nlm.nih.gov/pubmed/30408052
http://dx.doi.org/10.2307/3797775
http://dx.doi.org/10.2307/3797755
http://dx.doi.org/10.4304/jcm.4.7.487-495
http://dx.doi.org/10.3390/s21196683
http://dx.doi.org/10.1111/j.2041-210X.2012.00206.x
http://dx.doi.org/10.1111/2041-210X.12370
http://dx.doi.org/10.2307/1293346
http://dx.doi.org/10.1093/comjnl/bxr072


Sensors 2025, 25, 517 19 of 21

23. Karki, A.; Dunne, B.E.; Ward, J.; Keenlance, P. SDR-based Psuedo-Doppler AoA Estimation for Low Duty Cycle Transmitters. In
Proceedings of the IEEE International Symposium on Antennas and Propagation and the North American Radio Science Meeting,
Toronto, ON, Canada, 5–10 July 2020; pp. 2085–2086. [CrossRef]

24. Karki, A. Radio Direction Finding Using Pseudo-Doppler for UAV-Based Animal Tracking. Master’s Thesis, Grand Valley State
University, Allendale, MI, USA, 2019.

25. Gerhard, W.E., III; Tokekar, P. Experimental Evaluation of a Pseudo-Doppler Direction-Finding System for Localizing Radio Tags.
arXiv 2020, arXiv:2003.00386.

26. Bessis, J.L. Operational data collection and platform location by satellite. Remote Sens. Environ. 1981, 11, 93–111. [CrossRef]
27. Seegar, W.S.; Cutchis, P.N.; Fuller, M.R.; Surer, J.J.; Bhatnagar, V.; Wall, J.G. Fifteen years of satellite tracking development and

application to wildlife research and conservation. Johns Hopkins APL Tech. Dig. 1996, 17, 401–411.
28. Strikwerda, T.E.; Black, H.D.; Levanon, N.; Howey, P.W. The Bird-Borne Transmitter. Johns Hopkins APL Tech. Dig. 1985, 6, 60–67.
29. Deutsch, C.J.; Bonde, R.K.; Reid, J.P. Radio-tracking manatees from land and space: Tag design, implementation, and lessons

learned from long-term study. Mar. Technol. Soc. J. 1998, 32, 18–29.
30. MacCurdy, R.B.; Gabrielson, R.M.; Cortopassi, K.A. Automated Wildlife Radio Tracking. In Handbook of Position Location; John

Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2012; Chapter 33, pp. 1129–1167. [CrossRef]
31. Weller, A.; Orchan, Y.; Nathan, R.; Weiss, M.C.A.J.; Toledo, S. Characterizing the Accuracy of a Self-Synchronized Reverse-GPS

Wildlife Localization System. In Proceedings of the 15th ACM/IEEE International Conference on Information Processing in
Sensor Networks (IPSN), Vienna, Austria, 11–14 April 2016; pp. 1–12. [CrossRef]

32. Leshchenko, A.; Toledo, S. Modulation and Signal-Processing Tradeoffs for Reverse-GPS Wildlife Localization Systems. In
Proceedings of the European Navigation Conference (ENC), Gothenburg, Sweden, 14–17 May 2018; pp. 154–165. [CrossRef]

33. Krüger, S.W. An Inexpensive Hyperbolic Positioning System for Tracking Wildlife Using Off-the-Shelf Hardware. Master’s Thesis,
North-West University, Potchefstroom, South Africa, 2017.

34. Toledo, S.; Kishon, O.; Orchan, Y.; Bartan, Y.; Sapir, N.; Vortman, Y.; Nathan, R. Lightweight Low-Cost Wildlife Tracking Tags using
Integrated Tranceivers. In Proceedings of the 6th Annual European Embedded Design in Education and Research Conference
(EDERC), Milan, Italy, 11–12 September 2014; pp. 287–291. [CrossRef]

35. Toledo, S.; Mendel, S.; Levi, A.; Vortman, Y.; Ullmann, W.; Scherer, L.R.; Pufelski, J.; van Maarseveen, F.; Denissen, B.; Bijleveld, A.;
et al. Vildehaye: A Family of Versatile, Widely-Applicable, and Field-Proven Lightweight Wildlife Tracking and Sensing Tags. In
Proceedings of the ACM/IEEE International Conference on Information Processing in Sensor Networks (IPSN), Milan, Italy, 4–6
May 2022. [CrossRef]

36. Brown, D.D.; Kays, R.; Wikelski, M.; Wilson, R.; Klimley, A.P. Observing the unwatchable through acceleration logging of animal
behavior. Anim. Biotelemetry 2013, 1, 20. [CrossRef]

37. Arnon, E.; Cain, S.; Uzan, A.; Nathan, R.; Spiegel, O.; Toledo, S. Robust Time-of-Arrival Location Estimation Algorithms for
Wildlife Tracking. Sensors 2023, 23, 9460. [CrossRef]

38. Broekhuizen, S.; Van’t Hoff, C.A.; Jansen, M.B.; Niewold, F.J.J. Application of radio tracking in wildlife research in the Netherlands.
In A Handbook on Biotelemetry and Radio Tracking; Amlaner, C.J.J., Macdonald, D.W., Eds.; Pergamon Press: Oxford, UK, 1980;
pp. 65–84.

39. Kolz, A.L.; Corner, G.W.; Johnson, R.E. A Multiple-Use Wildlife Transmitter; Technical Report 163, Special Scientific Report; US
Department of the Interior, Fish and Wildlife Service, Bureau of Sport Fisheries adn Wildlife: Washington, DC, USA, 1973.

40. Naef-Daenzer, B. A New Transmitter for Small Animals and Enhanced Methods of Home-Range Analysis. J. Wildl. Manag. 1993,
57, 680–689. [CrossRef]

41. Chen, H.; Cartmell, S.; Wang, Q.; Lozano, T.; Deng, Z.D.; Li, H.; Chen, X.; Yuan, Y.; Gross, M.E.; Carlson, T.J.; et al. Micro-battery
development for Juvenile Salmon Acoustic Telemetry System Applications. Sci. Rep. 2014, 4, 3790. [CrossRef]

42. Lotek Wireless Inc. 3V PIN Battery Juvenile Salmon Acoustic Telemetry System Micro Transmitter. 2021. Available online:
https://www.lotek.com/products/jsats-pintag/ (accessed on 10 January 2025).

43. Advanced Telemetry Systems. T15 Tiny Transmitter; Advanced Telemetry Systems: Isanti, MN, USA, 2023. Available online:
https://atstrack.com/tracking-products/transmitters/product-transmitters.aspx?serie=T15 (accessed on 10 January 2025).

44. Toledo, S.; Mendel, S. The Secret Lives of Miniature Batteries. Sensors 2024, 24, 748. [CrossRef]
45. Wild, T.A.; van Schalkwyk, L.; Viljoen, P.; Heine, G.; Richter, N.; Vorneweg, B.; Koblitz, J.C.; Dechmann, D.K.; Rogers, W.;

Partecke, J.; et al. A multi-species evaluation of digital wildlife monitoring using the Sigfox IoT network. Anim. Biotelemetry 2023,
11, 13. [CrossRef]

46. Toledo, S. Evaluating batteries for advanced wildlife telemetry tags. IET Trans. Wirel. Sens. Syst. 2015, 5, 235–242. [CrossRef]
47. Lord Jr, R.D.; Bellrose, F.C.; Cochran, W.W. Radiotelemetry of the respiration of a flying duck. Science 1962, 137, 39–40. [CrossRef]

[PubMed]
48. Tester, J.R.; Warner, D.W.; Cochran, W.W. A radio-tracking system for studying movements of deer. J. Wildl. Manag. 1964,

28, 42–45. [CrossRef]

http://dx.doi.org/10.1109/IEEECONF35879.2020.9330070
http://dx.doi.org/10.1016/0034-4257(81)90012-2
http://dx.doi.org/10.1002/9781118104750.ch33
http://dx.doi.org/10.1109/IPSN.2016.7460662
http://dx.doi.org/10.1109/EURONAV.2018.8433240
http://dx.doi.org/10.1109/EDERC.2014.6924406
http://dx.doi.org/10.1109/IPSN54338.2022.00008
http://dx.doi.org/10.1186/2050-3385-1-20
http://dx.doi.org/10.3390/s23239460
http://dx.doi.org/10.2307/3809066
http://dx.doi.org/10.1038/srep03790
https://www.lotek.com/products/jsats-pintag/
https://atstrack.com/tracking-products/transmitters/product-transmitters.aspx?serie=T15
http://dx.doi.org/10.3390/s24030748
http://dx.doi.org/10.1186/s40317-023-00326-1
http://dx.doi.org/10.1049/iet-wss.2014.0042
http://dx.doi.org/10.1126/science.137.3523.39
http://www.ncbi.nlm.nih.gov/pubmed/17774128
http://dx.doi.org/10.2307/3797933


Sensors 2025, 25, 517 20 of 21

49. Naef-Daenzer, B.; Früh, D.; Stalder, M.; Wetli, P.; Weise, E. Miniaturization (0.2 g) and evaluation of attachment techniques of
telemetry transmitters. J. Exp. Biol. 2005, 208, 4063–4068. [CrossRef] [PubMed]

50. Kolz, A.L.; Lentfer, J.W.; Fallek, H.G. Satellite radio tracking of polar bears instrumented in Alaska. In A Handbook on Biotelemetry
and Radio Tracking; Amlaner, C.J.J., Macdonald, D.W., Eds.; Pergamon Press: Oxford, UK, 1980; pp. 743–752.

51. Craighead, F.C.; Craighead, J.J.; Davies, R.E. Radio Tracking of Grizzly Bears. In Bio-Telemetry: The Use of Telemetry in Animal
Behavior and Physiology in Relation to Ecological Problems, Proceedings of the Interdisciplinary Conference, New York, NY, USA, 28–31
March 1962; Slater, L.E., Ed.; Pergamon Press: Oxford, UK, 1963; pp. 133–148.

52. Skutt, H.R.; Bock, F.M.; Haugstad, P.; Holter, J.B.; Hayes, H.H.; Silver, H. Low-Power Implantable Transmitters for Telemetry of
Heart Rate and Temperature from White-Tailed Deer. J. Wildl. Manag. 1973, 37, 413–417. [CrossRef]

53. Anderka, F.W. Modulators for miniature tracking transmitters. In A Handbook on Biotelemetry and Radio Tracking; Amlaner, C.J.J.,
Macdonald, D.W., Eds.; Pergamon Press: Oxford, UK, 1980; pp. 181–184.

54. Taylor, K.D.; Lloyd, H.G. The design, construction and use of a radio-tracking system for some British mammals. Mammal Rev.
1978, 8, 117–141. [CrossRef]

55. Thomas, D.W. Plans for a lightweight inexpensive radio transmitter. In A Handbook on Biotelemetry and Radio Tracking; Amlaner,
C.J.J., Macdonald, D.W., Eds.; Pergamon Press: Oxford, UK, 1980; pp. 175–179.

56. Miron, D.B. Small Antenna Design; Elsevier: Newnes, Australia, 2006.
57. Zavrel, R.J.J. Antenna Physics: An Introduction, 2nd ed.; The American Radio Relay League: Newington, CT, USA, 2020.
58. Riecken, U.; Raths, U. Use of Radio Telemetry for Studying Dispersal and Habitat Use of Carabus coriaceus L. Ann. Zool. Fenn.

1996, 33, 109–116.
59. Dougill, S.J.; Johnson, L.; Banko, P.C.; Goltz, D.M.; Wiley, M.R.; Semones, J.D. Consequences of antenna design in telemetry

studies of small passerines. J. Field Ornithol. 2000, 71, 385–388. [CrossRef]
60. Jones, T.M.; Cooper, N.W.; Haradon, H.A.; Brunner, A.R.; Dossman, B.C.; Ward, M.P.; Sillett, T.S.; Kaiser, S.A. Considerations for

radio-transmitter specifications on songbirds: Color and antenna length matter too. J. Field Ornithol. 2024, 95, 7. [CrossRef]
61. Caverly, R.H. Use of low-cost vector network analyzers in undergraduate RF and wireless circuit laboratories. In Proceedings of

the Middle Atlantic ASEE Section Spring Conference. Americal Society for Engineering Education, Villanova, PA, USA, 9–10
April 2021. [CrossRef]

62. Hunt, N.; Scott, J.; Streeter, L. Nano Versus Commercial (Educator’s Corner). IEEE Microw. Mag. 2023, 24, 88–95. [CrossRef]
63. Martin, J.M.; Swenson, G.W.; Bernhard, J.T. Methodology for Efficiency Measurements of Electrically Small Monopoles for Animal

Tracking. IEEE Antennas Propag. Mag. 2009, 51, 39–47. [CrossRef]
64. Hartsgrove, G.; Kraszewski, A.; Surowiec, A. Simulated biological materials for electromagnetic radiation absorption studies.

Bioelectromagnetics 1987, 8, 29–36. [CrossRef] [PubMed]
65. Kildal, P.S.; Carlsson, C.; Yang, J. Measurement of free-space impedances of small antennas in reverberation chambers. Microw.

Opt. Technol. Lett. 2002, 32, 112–115. [CrossRef]
66. Kenward, R.E. A Manual for Wildlife Radio Tagging; Academic Press: Cambridge, MA, USA, 2001.
67. 3M. Scotch-Weld Epoxy Potting Compound/Adhesive, DP270; Datasheet for a clear or black epoxy; 3M: St. Paul, MN, USA, 2019.
68. Kukdo Chemical. Curing Agent for use with Epoxy Resins, KH-816; Datasheet; Kukdo Chemical: Seoul, Republic of Korea, 2004.
69. Kukdo Chemical. Low Viscosity Epoxy Resin, YD-114EF; Datasheet; Kukdo Chemical: Seoul, Republic of Korea, 2004.
70. Epoxy Technology, Inc. EPO-TEK 301; Datasheet for spectrally-transparent epoxy; Epoxy Technology, Inc.: Billerica, MA,

USA, 2024.
71. 3M Company. 3M Glass Bubbles: Start Something Big by Thinking Small; 3M: St. Paul, MN, USA, 2018.
72. Farine, D.R.; Penndorf, J.; Bolcato, S.; Nyaguthii, B.; Aplin, L.M. Low-cost animal tracking using Bluetooth low energy beacons on

a crowd-sourced network. Methods Ecol. Evol. 2024, 15, 2247–2261. [CrossRef]
73. Mesquita, G.P.; Mulero-Pázmány, M.; Wich, S.A.; Rodríguez-Teijeiro, J.D. A practical approach with drones, smartphones, and

tracking tags for potential real-time animal tracking. Curr. Zool. 2022, 69, 208–214. [CrossRef]
74. Cellular Tracking Technologies. BluBat 2.4 GHz Digitally-Coded Radio Tag; Cellular Tracking Technologies: Seattle, WA, USA, 2024.
75. Cellular Tracking Technologies. BluMorpho 2.4 GHz Digitally-Coded Radio Tag; Cellular Tracking Technologies: Seattle, WA, USA,

2023.
76. Cellular Tracking Technologies. Flicker Series (CL and GPS) User Guide; Cellular Tracking Technologies: Seattle, WA, USA, 2023.
77. Wild, T.A. Smart Bio-Logging Technology for the Tracking of Animal Collectives. Ph.D. Thesis, ETH, Zurich, Switzerland, 2023.

[CrossRef]
78. Vega, F.; Phillips, J.; Lampo, K.; MacCurdy, R.; Manchester, Z. An Architecture Study for Low-Power Satellite-Based Wildlife

Tracking. In Proceedings of the IEEE Aerospace Conference, Big Sky, MT, USA, 2–9 March 2024; pp. 1–15. [CrossRef]
79. Wang, Y.; Young, S.; Komma, D.; Lim, J.; Feng, Z.; Fan, Z.; Tseng, C.w.; Kim, H.S.; Blaauw, D. Global Localization of Energy-

Constrained Miniature RF Emitters using Low Earth Orbit Satellites. In Proceedings of the ACM Conference on Embedded
Networked Sensor Systems (SenSys), Hangzhou, China, 4–7 November 2024; pp. 403–416. [CrossRef]

http://dx.doi.org/10.1242/jeb.01870
http://www.ncbi.nlm.nih.gov/pubmed/16244165
http://dx.doi.org/10.2307/3800135
http://dx.doi.org/10.1111/j.1365-2907.1978.tb00223.x
http://dx.doi.org/10.1648/0273-8570-71.3.385
http://dx.doi.org/10.5751/JFO-00426-950107
http://dx.doi.org/10.18260/1-2--36328
http://dx.doi.org/10.1109/MMM.2022.3233500
http://dx.doi.org/10.1109/MAP.2009.5162015
http://dx.doi.org/10.1002/bem.2250080105
http://www.ncbi.nlm.nih.gov/pubmed/3579997
http://dx.doi.org/10.1002/mop.10105
http://dx.doi.org/10.1111/2041-210X.14433
http://dx.doi.org/10.1093/cz/zoac029
http://dx.doi.org/10.3929/ethz-b-000647599
http://dx.doi.org/10.1109/AERO58975.2024.10521172
http://dx.doi.org/10.1145/3625687.3625794


Sensors 2025, 25, 517 21 of 21

80. Kenward, R.E. Goshawk Hunting Behaviour, and Range Size as a Function of Food and Habitat Availability. J. Anim. Ecol. 1982,
51, 69–80. [CrossRef]

81. Naef-Daenzer, B.; Widmer, F.; Nuber, M. Differential post-fledging survival of great and coal tits in relation to their condition and
fledging date. J. Anim. Ecol. 2001, 70, 730–738. [CrossRef]

82. Bontadina, F.; Schofield, H.; Naef-Daenzer, B. Radio-tracking reveals that lesser horseshoe bats (Rhinolophus hipposideros) forage
in woodland. J. Zool. 2002, 258, 281–290. [CrossRef]

83. Cochran, W.W.; Mouritsen, H.; Wikelski, M. Migrating Songbirds Recalibrate Their Magnetic Compass Daily from Twilight Cues.
Science 2004, 304, 405–408. [CrossRef]

84. Benson, E. Wired Wilderness: Technologies of Tracking and the Making of Modern Wildlife; The Johns Hopkins University Press:
Baltimore, MD, USA, 2010.

85. Richter, H.L.J.; Sampson, W.F.; Stevens, R. Microlock: A Minimum Weight Radio Instrumentation System for a Satellite. J. Jet
Propuls. 1958, 28, 532–540. [CrossRef]

86. Mengel, J.T. Minitrack System Design Criteria. Electr. Eng. 1957, 76, 666–672. [CrossRef]
87. Electronic Communications Committee. The European Table of Frequency Allocations and Applications in the Frequency Range 8.3 kHz

to 3000 GHz; Electronic Communications Committee: Copenhagen, Denmark, 2023.
88. European Telecommunications Standards Institute. Short Range Devices (SRD) Operating in the Frequency Range 25 MHz to

1000 MHz; Part 2: Harmonised Standard for Access to Radio Spectrum for Non Specific Radio Equipment (ETSI EN 302 220-2 v3.2.1);
European Telecommunications Standards Institute: Sophia-Antipolis, France, 2018.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.2307/4311
http://dx.doi.org/10.1046/j.0021-8790.2001.00533.x
http://dx.doi.org/10.1017/S0952836902001401
http://dx.doi.org/10.1126/science.1095844
http://dx.doi.org/10.2514/8.7377
http://dx.doi.org/10.1109/EE.1957.6442661

	Introduction
	Radio Transmitter-Localization Wildlife Tracking Systems
	Requirements and Desirables for Miniature Transmitters

	Power Management and Power Sources 
	Batteries and Energy Harvesters
	Energy and Power Management

	Radio-Frequency Signal Generation
	Single-Stage Power Crystal Oscillator
	Two-Stage Oscillator–Amplifier Transmitters
	Phase-Locked Loops

	Pinging or On-Off Keying
	Using a Minimalist RC Network
	Using a Separate Pulse Controller

	Code Modulation for Time-of-Arrival Tags
	Antennas
	Methods for Construction, Tuning, and Manufacturing
	Recent Trends
	Examples of Deployments and Impact
	Discussion
	References

