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Abstract. This article describes an Internet of things (IoT) sensing device with a wireless interface which is
powered by the energy-harvesting method of the Wiegand effect. The Wiegand effect, in contrast to continuous
sources like photovoltaic or thermal harvesters, provides small amounts of energy discontinuously in pulsed
mode. To enable an energy-self-sufficient operation of the sensing device with this pulsed energy source, the
output energy of the Wiegand generator is maximized. This energy is used to power up the system and to acquire
and process data like position, temperature or other resistively measurable quantities as well as transmit these
data via an ultra-low-power ultra-wideband (UWB) data transmitter. A proof-of-concept system was built to
prove the feasibility of the approach. The energy consumption of the system during start-up was analysed, traced
back in detail to the individual components, compared to the generated energy and processed to identify further
optimization options. Based on the proof of concept, an application prototype was developed.

1 Introduction

The continuing growth of the Internet-of-things (IoT) market
not only increases productivity and opens up new business
models but also places new requirements on the involved de-
vices. These requirements address reliability, precision, au-
tonomy and maintenance. Prominent participants in the IoT
are ubiquitous sensing devices that do not rely on cable con-
nections and can therefore be placed at any spot. Hence, the
usage of energy available in the environment (“energy har-
vesting”) to power sensor technology and wireless informa-
tion transmission is of paramount importance.

In the following, a proof-of-concept system powered from
a Wiegand generator and using off-the-shelf components like
a microcontroller (MCU) is designed. It is operated in pulsed
or “one-shot” mode and used to not only acquire but also
transmit the data wirelessly. As the time between two pulses
may be very long, no power can be harvested in the mean-
time, and the system has to start up for every single event,
including charging of the capacitors and initialization pro-
cesses. Accordingly, the energy needed for the start-up plays

a crucial role in this kind of single-event operation. While
low-power operation modes of MCUs are precisely specified
in data sheets, the start-up energy is, in general, not specified
by the suppliers. It depends on the power supply circuit, the
MCU itself including the capacitors and the clock speed, and
other parameters. For use in single-event applications, like
the Wiegand generator, the start-up must be analysed care-
fully to enable the required operations.

As one of many possible applications, the system is then
integrated into a physical prototype comprising a window-
opening sensor.

2 Energy harvesting

Some prominent approaches for energy harvesting include
photovoltaic, thermoelectric and radiofrequency (RF) har-
vesting (Maurya et al., 2012), but each of them relies on
the availability of the respective energy forms. In general,
these sources provide the output energy continuously. When
moving parts are involved, induction-based energy harvesters
are another well-established approach to harvest a part of
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the motion energy. The drawback of induction-based energy
harvesters is the minimum speed of the moving parts that is
needed to generate sufficiently high voltage pulses in a given
pickup coil and hence provide sufficient energy output to a
given resistive load.

To overcome the low-speed problem for inductive har-
vesters, spring-based solutions can be used to guarantee a
sufficiently high speed of the moving part generating the de-
sired energy output. This solution comes at the price of me-
chanical wear and hence decreased maintainability. By con-
trast, the Wiegand effect provides a contactless solution to
the problem without mechanical support by springs (Wie-
gand and Velinsky, 2004).

Wiegand effect

Wiegand sensors, which are well established in low-power
applications such as revolution counters in rotary encoders
(Mehnert and Theil, 2004) or flow meters, make use of the
anisotropic magnetic properties of a specially treated thin
wire of specific ferromagnetic alloys (such as vicalloy). Due
to the magnetic anisotropy, the wire is preferably magne-
tized in one of the two directions along the wire axis (Abe
et al., 1997). No matter how slow the external magnetic field
changes, the transition between these two bi-stable states, of-
ten referred to as the macroscopic Barkhausen effect, takes
place almost instantaneously (Abe et al., 1998; Huening and
Backes, 2020). It is associated with a release of magnetic
energy that can be picked up as induction voltage in a sur-
rounding coil.

Continuous harvesting systems (e.g. photovoltaic or ther-
moelectric) are designed and optimized to continuously pro-
vide output energy. Albeit low, the energy is sufficient to
charge an energy storage element and to maintain a minimum
system voltage to operate the components like sensors and
microcontrollers (MCU) continuously. For this kind of low-
energy operation, MCUs provide dedicated operation modes
like deep-sleep or standby modes to reduce the power con-
sumption as far as possible. More energy-intensive opera-
tions like reading out sensors or data storage are executed
from time to time when sufficient energy is harvested.

In contrast, event-based harvesters like the Wiegand gen-
erator can provide a specific amount of energy at one stroke;
for commercial Wiegand sensors, the energy is lower than
200nJ. They can also be operated in a mode of periodic ex-
citation (Takahashi et al., 2018). Nevertheless, if the system
is designed accordingly, this single amount of energy will be
sufficient to perform a simple operation (such as reading a
Hall sensor: Takemura et al., 2017).

To operate more complex systems, the energy of available
Wiegand sensors is by far not sufficient. Hence, the Wiegand
harvester has to be optimized to increase the output energy
drastically. Another challenge in pulsed operation mode is
that no power is provided between events. Hence, at the be-
ginning of the operation all capacitors are discharged, and
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all information is only available from non-volatile memory
components. For this discontinuous operation mode with sys-
tem start-up from the off state with discharged capacitors, the
low-power operation modes of MCUs are not a reliable indi-
cator for the start-up energy. Therefore, the energy needed to
start the system has to be analysed in detail and compared to
the generated energy to enable the pulsed operation.

3 uwB

The impulse-radio ultra-wideband (IR-UWB) wireless tech-
nology transmits ultra-short electromagnetic pulses within a
frequency range of 3—11 GHz. The shortness in time domain
translates to a wide spectrum in the frequency domain. This
results in a minimized spectral energy density, as the energy
is spread over a wide spectrum. Therefore, the UWB sig-
nals just increase the general RF noise floor by a negligi-
ble amount, so the technology can coexist with narrowband
(NWB) technologies in the same frequency range (Blazquez
et al., 2005).

Besides the newly gained resource for data transmission,
the UWB technology features additional benefits. A well-
known example is the suitability for high-precision ranging
via time-of-flight (ToF) measurements, making use of the
precisely determinable timing of the pulses (Spark, 2020).
The principle-related low power consumption is another ad-
vantage, as the transmitting power is only consumed by short
pulses instead of a constantly powered frequency generators
for NWB technology (Khajenasiri et al., 2015).

This results in the UWB technology being a promising
candidate for the wireless transmission technology employed
in a wireless sensor node supplied by energy harvesting from
a Wiegand generator.

4 Experimental setup

A proof-of-concept system like the one depicted in Fig. 3
(powered from a Wiegand generator and using off-the-shelf
components) is designed to operate in pulsed mode and to
acquire and transmit data wirelessly. As one of many possi-
ble applications, the system is then integrated into a physical
prototype comprising a window-opening sensor.

4.1 Wiegand generator

Current commercial Wiegand sensors for position detection
applications provide an energy output which does not exceed
200nJ. By upscaling the sensor and adopting further opti-
mizations to the Wiegand wire, the pickup coil and ferrite
beads at its ends, this output can be increased drastically to
about 6-8 pJ for a coil of 21 mm length and 7.5 mm diame-
ter under otherwise optimal conditions even in the low-speed
limit. This Wiegand generator shown alongside a conven-
tional Wiegand sensor in Fig. 1 can be excited by the move-
ment of two or more bar-shaped permanent magnets that are
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Figure 1. Wiegand sensor for energy-self-sufficient motion sensing
(top) and Wiegand generator (right).
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Figure 2. Harvesting circuit supplying the digital circuit with en-
ergy from the Wiegand generator.

magnetized in alternating orientation along their cylindrical
axis.

4.2 Harvesting circuit

As the energy provided by the Wiegand generator is very low
and just available in single-shot mode, the efficiency of the
harvesting circuit is very important. Figure 2 shows the sim-
ple structure of the harvesting circuit. The output current of
the Wiegand generator is rectified and charges a capacitor,
from which the components of the digital circuit draw their
power after sufficient energy has been harvested.

4.3 Digital circuit

The proof-of-concept system consists of the wireless sen-
sor node (transmitter), powered by energy harvesting, and
a UWB base station or IoT gateway (receiver), powered by
an external source. The node shall be operated in a pulsed
mode, where the Wiegand generator provides a specific en-
ergy pulse upon an external event, which shall be sufficient
to start up the system, sample a sensor value and trans-
mit this value via the UWB transceiver. The node’s archi-
tecture (Fig. 3) contains a microcontroller unit (MCU), a
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Figure 3. Digital circuit containing the UWB transceiver, MCU,
oscillator and an external sensor.

32kHz oscillator needed for the UWB transceiver and the
energy-harvesting circuit. Additionally, there is the possibil-
ity to connect an external sensor: either analogue and sam-
pled by the MCU’s analogue-to-digital converter (ADC) or a
smart sensor connected via a digital interface to the MCU. As
UWRB transceiver, the SR1000 integrated circuit (IC) family,
manufactured by SPARK Microsystems, is used. One key as-
pect of the SR1000 IC family is the focus on power-efficient
data transmission, resulting in an outstanding low-power per-
formance compared to other manufacturers and technologies
(Spark, 2020).

The SR1000 features a Serial Peripheral Interface (SPI) for
communication and three mandatory I/O pins connected to
the MCU. Shortly after voltage ramp-up, it can be configured
via several registers and supplied with the data payload, in a
way that it afterwards starts up and transmits autonomously
without the need of further external communication. In the
used configuration, the SR1000 needs around 5 ms between
configuration via SPI and the successfully completed UWB
transmission. One key adjustment to achieve this fast start-up
is the use of an external 32 kHz oscillator with a fast-starting
internal driver instead of the SR1000’s internal crystal driver.
Another important adjustment was to perform and store some
necessary calibrations once and load them from the MCU’s
static memory at every start-up. The SR1000 UWB IC al-
lows precise configurations of the radio signal, all of which
affect the signal range or the energy consumption of the
transmission (TX) back end differently. The signal transmis-
sion is susceptible to interference with surrounding objects,
such that an implementation in a building may, on the one
hand, result in reduced range. On the other hand, the antenna
used was an omnidirectional wideband printed circuit board
(PCB) antenna, and directed transmission is expected to en-
hance the range.

An MCU from STMicroelectronics’ (ST’s) ultra-low-
power MCU series (STM32L0) is used. It is optimized for
low-power applications and comes with some beneficial fea-
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Figure 4. Frequency dependency of energy output of the Wiegand
effect compared to regular induction. A coil (8000 windings) is
placed in an oscillating external magnetic field of 16 mT amplitude
while the Joule heating power in a 3 k2 resistor is measured. The
coil is filled with a standard ferromagnetic material (orange) or Wie-
gand generator (green).

tures for the design, e.g. different sleep modes; low-power
clock generators; and, in particular, a fast and efficient start-
up. This start-up behaviour will be analysed in the measure-
ment section.

5 Measurement results

5.1 Wiegand output power

Figure 4 shows the generated energy output of a coil filled
with ferromagnetic material (orange) in comparison to the
energy of the Wiegand generator (green). In the zero-speed
limit, the energy output of the inductive harvester approaches
zero, even when referred to a single rotation instead of con-
stant time span. Using the optimized Wiegand generator in-
stead, the energy can be increased significantly to about 6—
8 uJ under optimal conditions, even in the zero-speed limit or
single-shot mode. At high frequencies, both systems behave
rather similarly.

As opposed to the often very strict mounting tolerances
(~ 0.1 mm) of standard Wiegand sensors in motion-sensing
applications (Posital, 2018), it turns out that the chosen con-
figuration easily tolerates misalignments of the order of 1 mm
(Fig. 5). Of course, other magnetic systems, e.g. rotating
magnets, can be used for excitation of the Wiegand wire as
well.

5.2 Power consumption

As the energy supplied by one Wiegand generator is not suffi-
cient, two identical generators are used. While there are other
possible configurations, the use of one rectifier per harvester
turned out to reach the highest overall efficiency. Moreover,
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Figure 5. Mounting tolerances of the magnets with respect to the
Wiegand generator. Error of sensor position is within the symbols.

Table 1. Comparison of rectifier performance for various configu-
rations and diode types.

Rectifier Type Emax (W) Eloss,1s
NSR1030 Schottky bridge 4.15 43.3%
PMEG2020 Schottky bridge 0.30 100.0 %
SMS3922 Schottky bridge 4.25 1.8%
RB751S Schottky bridge 4.18 0.9 %
ES1D Std. diode bridge 3.50 22.2%
FET-PMEG2020  Schottky FET 245 94.4 %
FET-SMS3922 Schottky FET 4.94 1.0%
FET-RB751S Schottky FET 4.90 0.6 %

different rectifiers were tested for suitability with regard to
forward conduction loss and blocking current. The rectifiers
are supplied by a Wiegand harvester, charging a 1.02 uF ca-
pacitor, where the maximum energy, Enax, is calculated from
the maximum voltage at the capacitor. Ejegs, 1 s designates the
energy loss by the reverse current within 1 s after the maxi-
mum voltage occurred.

The use of a field-effect transistor (FET) configuration
(Table 1) instead of a diode bridge rectifier leads to re-
duced forward losses due to the reduced voltage drop of only
one diode and a better blocking current. The SMS3922 and
RB751S Schottky diodes, which were chosen due to their
state-of-the-art performance concerning the forward voltage
drop and reverse current, outperformed the other diodes. For
the prototype, the FET-RB751S rectifier is used.

The size of the harvesting capacitor has a major influence
on the initial voltage and thus the efficiency of the generating
system (Wiegand harvester, rectifier) and consuming system
(MCU, UWB IC, etc.). To further evaluate and optimize the
energy efficiency, the consumption of the circuit is precisely
simulated as a model. As the output power of the Wiegand
generator is also electrically modelled, this allows for a pre-
cise model-in-the-loop (MIL) simulation of the whole pro-
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totype circuit. This benefits with a better understanding of
where avoidable losses occur and how to dimension relevant
components like the harvesting capacitor. In conclusion, the
best fit for the harvesting capacitor was found with a capac-
itance of 3.3 uF, which is therefore used to build the proto-
type.

Power management is required to ensure that sufficient en-
ergy has been harvested in the capacitor to perform the start-
up and transmission cycle. It is realized with a voltage super-
visor IC and an optimized discrete high-side switch circuit.

The measurement setup shown in Fig. 6 is used to measure
and evaluate the power consumption of the three main com-
ponents: MCU, OSC32k and SR1000 (UWB transceiver IC).
The harvesting capacitor is manually charged up to a volt-
age of 2.7 V by an external power source by temporary clos-
ing the leftwards switch. The start-up and transmit cycle is
started by closing the rightward switch, supplying the com-
ponents with voltage from the capacitor. Three current am-
plifiers are connected to the components in a low-side con-
figuration, measuring the current flow from the components.
For the measurements, the system is running at 4 MHz and is
configured to transfer 4 B (bytes) of random data.

Figure 7 depicts the measurement of current, /, and volt-
age, U, during system start-up, where [ is calculated by
adding the three currents of the current amplifiers. The volt-
age of the harvesting capacitor drops from 2.7V at the be-
ginning to approximately 2.0 V at the end of the cycle as the
energy is drawn from it. The corresponding consumed en-
ergy is calculated by integrating the consumed power. The
energies given in Fig. 7 are calculated until the system fin-
ishes transmission and until all components are in standby or
sleep mode.

The complete system energy consumption is distributed
over the three main components as shown in Fig. 7 (top left).
The different phases of start-up are marked in the current
and energy diagram of the MCU and the SR1000. The right-
wards switch of the capacitor is closed at label a, supplying
the components with voltage. At label b, the MCU is starting
up with a reduced clock frequency of 2 MHz. The applica-
tion code execution phase with the MCU running at 4 MHz
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is marked with label c, approximately doubling the current
consumption. In this phase, the OSC32k is enabled (label d),
and the configuration and transmission data are transmitted
to the SR1000 IC via SPI. Subsequently, the MCU switches
to standby mode (label e), and the SR1000 is starting up.
The current peak at label f is caused by the start of the inter-
nal DC-DC converter of the SR1000, superimposed by the
radio-transmitting current 500 ns later. This event designates
the end of the start-up transmit cycle of the sensor node.

5.3 Correlation of power generation and power
consumption

The summarized analysis of the energy distribution intro-
duced by different components and phenomena as described
in the previous section is shown in Fig. 8. The Wiegand gen-
erator in the used configuration with two coils and two mag-
netic inversions per triggering event is theoretically capable
of generating 29.6 uJ, which corresponds to 100 % of energy
yield. As this energy was measured in a homogeneous mag-
netic field and with an optimal resistive load of 3 k€2, the en-
ergy yield in a more realistic scenario differs. The optimized
rectifier is accountable for 26.7 % less energy yield on the re-
sistive load, while the use of the 3.3 uF capacitance reduces
the energy by a further 7.0 % compared to the resistor.

The use of moving permanent bar magnets to excite the
generator accounts for an almost negligible reduction of the
useable energy of 1.6 % compared to the homogeneous mag-
netic field. For the measurement cycle, the harvesting pro-
cess is stretched over a period of 2 s, simulating a worst-case
scenario of very slow movement, during which a constant
discharge of the capacitor occurs. This happens due to the
reverse current of the rectifier and the supply current to the
voltage supervisor, and it is responsible for an additional loss
of 5.1 %.

The digital circuit consumes in total only 15.9 % of the
energy, which can be further divided to 6.1 % for the MCU,
8.4 % for the UWB IC and 1.4 % for the oscillator. Only
a minor portion of energy is consumed for the transmis-
sion compared to the initial start-up energy and other losses.
Therefore, a further energy reduction of the radio transmitter,
which would bring disadvantages in terms of range or data
payload, seems to be a low-priority step. In contrast, a new
implementation of the UWB functionalities, meeting the re-
quirements of the pulsed-operation transmit-only IC, would
result in elimination of redundant IC-internal components,
and this is expected to achieve a much higher efficiency in-
crease.

As the digital circuit needs at least a voltage of 1.8 V to op-
erate, the harvesting capacitor needs to hold the correspond-
ing charge or energy until the cycle is finished. Therefore,
another 18.4 % of the possible energy cannot be used for the
application.

On average, a residual energy of 21 % (7.5 pJ) remains un-
used but usable. This is partly necessary as a safety margin,
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but it may be also used for additional sensor readouts, fur- prototype PCB with a UWB PCB antenna (label a); two Wie-
ther MCU calculation for stability and security, or increased gand generators (labels b), mounted to the moving window;

UWB payload data transfer.

6 Prototype

and the magnet assembly containing three magnets, mounted
to the frame (label c) (Fig. 9). Via a connector, various sensor
devices can be connected, and a few examples are stated in
Table 2.

A physical prototype comprising a window sensor was built
for presentation purposes. The sensor node consists of the
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Table 2. Sensor devices evaluated with the prototype and their additional energy consumption.

Acquisition

Sensor/IC

Additional energy
M)

Voltage or resistance sampled by the MCU’s internal ADC

Magnetic field/ movement, position (Hall effect) 1.0

Temperature

Photoelectric

Proximity

Voltage or current

Smart IC with I2C (inter-integrated circuit) or SPI

SHT?2S: temperature, humidity, pressure

1.0 (Sensirion, 2014)

BMAA400: Accelerometer

0.022 (Bosch, 2021a)

BMG250: Gyroscope

2.54 (Bosch, 2021b)

Figure 9. Prototype PCB.

The design is able to sample and transmit the sensor data
each time the window is opened or closed, which are then
displayed in the receiving UWB base station.

7 Conclusion

This paper presents the design and evaluation of a novel sen-
sor node powered by energy harvesting using the Wiegand
effect.

Both the output energy of the Wiegand generator and the
power consumption of the system, in particular the start-up,
were analysed in detail. The prototype proves the concept
of using energy harvesting based on the Wiegand effect to
power a circuit that performs data acquisition, processing,
and wireless transmission in a pulsed operating mode.

Obvious applications of such a system include door- or
window-opening sensors for smart-home applications or in-
dustrial logistic automatization. The ability to sense other
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physical properties also makes this idea suitable for monitor-
ing applications in the vicinity of moving parts (e.g. pumps,
windmills, turbines, wheels, assembly belts, etc.). This can
result in a novel plug-and-play solution for situations where
a power supply via cable, battery or other energy-harvesting
technology is impossible or uneconomical.

It should be emphasized that the prototype has been
built up from off-the-shelf low-power electronic components,
some of which are more optimized for applications with con-
tinuous energy harvesting rather than pulsed operation.

The findings elucidate the potential for further optimiza-
tion of energy efficiency if dedicated parts were to be devel-
oped and employed. For large-volume applications, it might
be worthwhile to develop dedicated ICs that integrate recti-
fier, power management, sensor, data processing and wireless
transmission functions. Enhancing the energy efficiency and
thus reducing the energy requirements would allow for size
reduction with respect to the Wiegand generator, leading to
an additional decrease in size beyond that of the circuit inte-
gration.

To produce its full energy output, the current design using
two Wiegand generators still requires a finite change, A H, of
the external magnetic field and hence a finite range of move-
ment, which therefore needs to take place in a limited time
span to avoid exceedingly large losses due to self-discharge.
Several approaches are currently being investigated which
may help to overcome this limitation.

Code availability. The implementation of the microcontroller can
be provided for reproducing the experiments for a similar sensor
node. The scripts for analysing and visualizing the data can be pro-
vided on request (huening @th-aachen.de).

Data availability. All experimental data are available from the
corresponding author and can be provided on request (huening @th-
aachen.de).
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