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Abstract— Aircraft monitoring systems offer enhanced
safety, reliability, reduced maintenance cost and improved
overall flight efficiency. Advancements in wireless sensor
networks (WSN) are enabling unprecedented data
acquisition functionalities, but their applicability is
restricted by power limitations, as batteries require
replacement or recharging and wired power adds weight
and detracts from the benefits of wireless technology. In
this paper, an energy autonomous WSN is presented for
monitoring the structural current in aircraft structures. A
hybrid inductive/hall sensing concept is introduced
demonstrating 0.5 A resolution, < 2% accuracy and
frequency independence, fora 5 A — 100 A RMS, DC-800 Hz
current and frequency range, with 35 mW active power
consumption. An inductive energy harvesting power
supply with magnetic flux funnelling, reactance
compensation and supercapacitor storage is demonstrated
to provide 0.16 mW of continuous power from the 65 pT
RMS field of a 20 A RMS, 360 Hz structural current. A low-
power sensor node platform with a custom multi-mode duty
cycling network protocol is developed, offering cold
starting network association and data
acquisition/transmission functionality at 50 pW and 70 pW
average power respectively. WSN level operation for 1
minute for every 8 minutes of energy harvesting is
demonstrated. The proposed system offers a unique
energy autonomous WSN platform for aircraft monitoring.

Index Terms—Aircraft, Electrical, Energy Harvesting,
Monitoring, Wireless Sensor Network.

. INTRODUCTION

HE advancement of aircraft in terms of safety, efficiency,

reliability, cost-effective maintenance and passenger
comfort is expected to rely largely on sensing technology. This
includes unmanned aerial vehicle (UAV) as well as aircraft
electrification technologies [1]. New commercial aircraft
models include thousands of sensors [2], while the total
electrical wire length and number of connectors is as high as
500 km and 40,000 respectively [3]. Quantities including
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acceleration, vibration, orientation, strain, temperature,
humidity, force, pressure, displacement, speed, liquid flow and
level, current, light, radiation, gravity and field, air quality,
sound, as well as digital data (e.g. image, video, computer
logging and communications) are monitored and recorded.
They are used for services such as navigation and piloting
support, control, engine and fuel monitoring, aircraft health
status reporting, predictive maintenance, event diagnostics and
recording, crew and passenger safety and comfort, flight profile
assessment and pilot performance analysis. Beyond individual
aircraft services, they can provide environmental, climate,
mapping, identification of terrestrial and aerial events and
conditions, and fleet coordination.

The critical importance of aviation technology in safety,
security and economic terms has driven a rapid advancement of
these sensing technologies and in parallel, it has led to the
establishment of specific, robust solutions of high reliability
and well-defined, strict standards. The emergence of internet of
things (loT) technologies, including new low power
microcontroller platforms, local area network (LAN) and wide
area network (WAN) wireless communication technologies,
software architectures, and big, live and remote data analysis,
is offering a new range of opportunities to aviation. At sensor
system level recent research focuses on the development of
structural health monitoring (SHM) systems. Indicatively, in
[4, 5] a wireless SHM system for monitoring and impact
detection on composite aircraft was implemented and tested.
Wired piezoelectric arrays for smart aircraft skin were proposed
in [6]. An energy autonomous strain wireless sensor network
(WSN) system was developed in [7] for a specific flight testing
program. Other methods for strain monitoring such as by fibre
Bragg grating systems have also been proposed [8].
Furthermore, a diverse range of other sensors such as landing
gear wheel force sensors [9], fiber Bragg grating temperature
sensors [10], low power air pressure wireless sensors [11],
active flow control WSNs [12], multi-hop aircraft vibration
WSNss [13], and ultrasonic flow sensors for hydraulic systems

M. Blagojevic and S. Spasic are with Senis AG, 6340, Baar,
Switzerland.

A. Dieudonne and K. Krastev are with Safran Electrical & Power,
31700, Blagnac, France.

M. E. Kiziroglou, S. W. Wright and E. M. Yeatman are with Imperial
College London, SW7 2AZ, U.K. (e-mail: m.kiziroglou@ic.ac.uk).

L. Kamecki and D. Marty are with Serma Ingenierie, 31700,
Cornebarrieu, France.

D. Piguet is with CSEM, Neuchatel, 2002, Switzerland.


https://doi.org/10.1109/TAES.2022.3225253

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS

[14] have been developed and tested.

At sensor data analysis level, sensor fusion including Kalman
filter based prediction [15] and noise tolerance [16] algorithms
have been proposed for aircraft attitude control techniques.
Other indicative techniques developed for aircraft include
neural network and long short-term memory (LSTM) models
for hard landing prediction [17] and machine learning for
damage identification [18].

At network level, a variety of networking architectures and
techniques have been studied for aircraft applications, including
cooperative  schemes [19], structural acoustic wave
communication [20], sensor deployment optimization [21],
dynamic reconfigurability [22] and game theory based medium
access control (MAC) protocol design [23]. An overview of ad-
hoc aeronautical networking technology can be found in [24]
and an assessment of wireless networking benefits for avionics
has been presented in [25].

As it is the case with most established heavy industries, the
adoption of these fast emerging technologies has been slow, due
to regulation and compatibility challenges, the requirement for
new investment, and prioritization to capitalizing on
technologies adopted just a couple of decades ago, which is a
short timeframe compared to aircraft lifetime. Beyond this
expected latency, the key missing element in applying loT
sensing is the requirement for powering individual sensors,
which reduces the benefit of wireless operation. Wire-powering
or adding battery replacement maintenance requirements are
impractical. Wiring and maintenance simplification is highly
desirable and a prime objective of adopting new sensing
technologies in the first place. Therefore, energy harvesting and
wireless power transfer technologies are especially valuable in
aircraft applications.

Aircraft sensor systems powered by heat [26-29], vibration
[30], flow [31], static charge [32] and by inductive coupling to
the electrical power network [33-36] have been considered.
Inductive power transfer methods [37, 38] have also been
implemented. Typically, such systems include low power
sensing, microcontroller and RF communication electronics. In
[7], a low power WSN protocol combined with multiple Sensor
Node (SN) functionality modes and programmable duty cycling
for all subsystems was introduced. Overviews of energy
harvesting technologies for aircraft and specifically for aircraft
SHM applications can be found in [39] and [40] respectively. A
general key limitation of energy harvesting technologies is the
environmental uncertainty and variety, which leads to the
requirement for bespoke solutions, customized to the specific
application environment. The aircraft offers a certain and
relatively predictable environment for technology development
and has thereby enabled some of the first functional energy
autonomous WSN demonstrations.

In this paper, an energy autonomous aircraft current
monitoring system is introduced, designed for measuring the
current flow through the aircraft structural beams, which are
used as the return current path of its main electrical power
installation. It comprises a differential hall sensor system, an
inductive power supply developed for coupling to structural
currents, a low power microcontroller and RF communication

unit, and a low power protocol developed for enabling sub —
mW average power operation while addressing certain aircraft
and sensing scenario specifications. The overall system design
is confined to industrial aircraft specifications and a certain
sensing use case. Its performance is evaluated on a full-size
industrial aircraft beam setup, including qualification
evaluation for flight testing.

The rest of this paper is organised as follows: The aircraft
sensing use case is described in Section Il. In Section I, the
sensor node architecture including control and communication,
sensor and front-end electronics, power supply and packaging
are presented, followed by a description of the network
architecture in Section IV. An evaluation summary of the
system as a whole is given in Section V. A conclusion and an
outlook for further use and development are presented in
Section VI.

II. SENSING REQUIREMENTS

The structural current monitoring system design is based on an
aircraft sensing use case. The return current of typical aircraft
electrical networks passes through the aluminum alloy
structural beams of the airframe. As the role of electricity in
aviation is extended to new functionalities, the effect of
increased current flow to the electrical infrastructure needs to
be evaluated. More specifically, the distribution of the return
current path to the structural beam network is of key interest, as
beam-to-beam junctions may be affected, resulting in heating,
contact degradation (potentially including electromigration
effects) and high contact resistance which can increase the risk
of hazard. In addition, the prospect of composite aircraft
requires an evaluation of the electrical return path in order to
consider alternative solutions. The objective of the sensing use
case is to provide a dynamic mapping of current distribution
through the aircraft airframe during flight.

A priority for aircraft sensor networks is wireless
functionality and energy autonomy, due to the increased
significance of weight reduction and infrastructure simplicity in
aircraft installations. Therefore, a wireless, energy autonomous
and non-invasive monitoring system for aircraft structural
currents is targeted.

The current measurement range and resolution issetto 5 A —
100 A and 0.5 A respectively, for direct current (DC) as well as
for alternating current (AC), in root-mean-square (RMS)
values, with a frequency range between 360 Hz and 800 Hz.
This frequency range correspond to specifications of variable
frequency electrical generators used in aircraft since the Boeing
B787 Dreamliner and Airbus A380 programs [36, 41]. These
generators are directly connected on the motor’s shaft and
hence their frequency depends on the engine speed & the
number of poles employed. The expected minimum average AC
current availability is set to 20 A RMS. This value was defined
by an internal study in which the aircraft structural current
distribution of over 700 electrical loads, supplied using 28V,
115 V or 230 V was analyzed.

A population of up to 300 SNs and a 30 m wireless
communication range is defined. Power autonomy adequate for
system cold starting and data acquisition once every 8 minutes
is required. A total mass for each sensor node in the 50 g range
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is desirable for practical installation. Synchronization among
SN in the 1 ms range is also desirable. These use case
specifications were defined by Safran Electrical and Power
S.A., based on internal studies and towards an experimental
onboard health monitoring system of the current return
network. In such a system, the statistical distribution of current
and its local variations can be used to monitor the status of
contact resistances on the aircraft structure.

Ill.  SENSOR NODE ARCHITECTURE

A. Overview

In order to provide the sensing service described in Section I,
a custom sensor node architecture has been developed. It is
based on the Nordic Semiconductor NRF52840 System on
Chip, which combines an ARM Cortex M4 microcontroller
with a 2.4 GHz low power communication transceiver. The
structural current is measured by a differential pair of combined
hall-effect and inductive sensors, driven and read by an
advanced low-power front end circuit. Both systems are
powered by an inductive energy harvesting power supply that
collects energy from the AC magnetic flux around the current
carrying structure. The power supply includes a power
management system based on the Texas Instruments BQ25570
microchip, dual voltage regulation and super-capacitor energy
buffering. All systems are integrated into a package suitable for
installation on the aircraft structural beams described in Section
I1. Digital and analogue electrical interfacing is implemented
through standard connectors and an auxiliary printed circuit
board (PCB). A block diagram of the sensor node architecture
is illustrated in Fig. 1.
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| AIRCRAFT STRUCTURAL BEAM |
Fig. 1: Block diagram of the Sensor Node.

The overall design, the prototyping of submodules and
components, and the software development are focused on
achieving energy autonomy, within the functional
specifications required for the use case of Section Il. The power
consumption of each submodule, measured by monitoring the
total current feed to the corresponding PCB for different
operation modes is summarized in Table I. Each module can be
controlled to operate in one of several duty cycle regimes
among shut down, sleep and one or more active modes. The
sensor node may operate in three different functionality modes:

network association, data acquisition/transmission and sleep.
Each operating mode uses different duty cycling scenarios,
resulting in different average power requirements. The overall
average power consumption must be covered by the average
harvested incoming power, and higher power modes can be
accommodated by the supercapacitor energy buffer for short
operating durations. Therefore, power autonomy performance
depends not only on energy harvesting provision and electronic
component consumption but also on sensor node operation
scheduling and on the network protocol. An evaluation of the
energy and power budget of the overall system is presented in
Section V, after a description of the sensor node modules in the
rest of this section and a description of the low power protocol
introduced in Section IV.

TABLE |
MEASURED POWER CONSUMPTION OF THE SENSOR NODE
Current Power
Module Mode mA mw
Active, Acquisition 3.6 6.48
Active, TDMA TX 25.2 454
NRF52840 SoC Active, TDMA RX 145 26.1
Sleep 0.002 0.0036
Senis AG Structural Acquisition 7 35(5V)
Current Sensor Sleep < 0.001 < 0.005
Max 32.2 80.4
Total Sensor Node Sleep <0.003 <0.0086

B. Communication Module

The communication module is implemented in the 25 mm by
25 mm PCB shown in Fig. 2. This PCB was designed and
fabricated specifically for the system presented in this paper and
can be used both in sensor node (SN) and wireless data
concentrator (WDC) modules. The central element is a Nordic
Semiconductor nRF52840 communications and micro-
controller unit (MCU) system-on-chip (SoC), chosen for its
higher flash and random access memory (RAM) compared to
other Nordic MCU models. The nF52840 provides 2.4 GHz low
power communication, supporting the Bluetooth Low Energy
(BLE) standard, IEEE802.15.4, as well as proprietary
communication modes. The MCU is a powerful, yet low power
consumption, 64 MHz Arm Cortex M4 with 8 Analogue to
Digital Converter (ADC) channels and a rich set of the digital
interfaces including serial peripheral interface (SPI), inter-
integrated circuit (12C) and universal asynchronous receiver
transmitter (UART). Its 1 MB program memory and 256 KB
RAM are large enough to support complex communications
protocols as well as most sensing and actuation applications.

The UART interface is used for wire data transfer from the
WDC modules. Nine General Purpose Input/Output (GPIO)
ports are used for digital communication with the sensor
module described in Section 111.C. Three of the ADC channels
are employed for analogue voltage readings from the sensor
module and one is dedicated to monitoring the supercapacitor
voltage status. An SPI interface is intended for long-range
(LoRa) network communication. The 12C interface is included
for future system extensions and can accommodate temperature
and humidity sensors as well as authentication hardware. The
LoRa, 12C and BLE interfaces are not utilized in the work
presented in this paper.
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An external real time clock provides the system alarm clock
and metronome. The ability to program a wake-up interrupt
enables the nRF52840 to be completely shut down and awaken
the next time it is needed. The low deviation of the real time
clock, compared to a quartz clock, allows ultra-optimized
implementation of the time division multiple access protocols
(TDMA, see section 1V), with minimal guard times to
compensate deviations, even with large intervals between
communication events.

The board also includes a secure element that supports a wide
range of security functionalities including confidentiality, data
integrity, and authentication  with  hardware-based
cryptographic key storage and cryptographic countermeasures,
which eliminate potential backdoors linked to software
weaknesses. The communication PCB architecture is depicted
in Fig 3. The overall PCB mass is 2.4 g.

Battery ((
(I)))
charge / 868 MHz
discharge LoRa Radio

Power
Management
irregular i SPI
supply fi2¢
i analogue Secure
Element

__

Fig. 3: Block diagram of the communication PCB.

C. Structural Current Sensor

The current flow through the structural beam is measured
indirectly, through the magnetic field around the beam.
Although the current frequency is relatively low (1 < kHz), the
skin effect is significant, due to the large size of the beam cross-
section [36]. Indicatively, at 300 Hz the skin effect depth is
below 5 mm for an aluminum conductor, which is smaller than
the beam cross section dimensions. The AC current is thereby
pushed to the beam edges. The current distribution is non-
uniform and frequency-dependent. Indicative simulations
demonstrating this effect are shown in Fig. 4. Therefore, careful
simulation and experiments are required in order to define an

optimal position of the current sensor on the structure. The
implemented current sensor combines a Hall sensor and a pick-
up coil oriented as shown in Fig. 5. The Hall based sensor was
selected due to its DC and AC magnetic field measurement
accuracy and its small dimensions and weight.

In order to achieve the required magnetic resolution, i.e., the
required signal-to-noise ratio, for the sensor biasing and for the
detection of the Hall voltage a “spinning current” technique was
applied [42]. A low-pass filter LPF1 as shown in the block
diagram of Fig. 6 is applied to reduce the noise, but it limits the
frequency bandwidth. As shown in Fig. 4, the magnetic field
measured with the Hall sensor depends on the frequency of the
AC current trough the beam. Due to a complex geometry of
aircraft structural beams, it is very difficult to determine a Hall
sensor mounting position that would ensure a frequency-
independent measurement of the magnetic field. Therefore, the
output signal of a pick-up coil is added to the Hall sensor output
signal. The Hall sensor is positioned in the middle of the
structural beam, while the pick-up coil is laterally displaced as
shown in Fig. 5. An increase in current frequency will cause a
decrease of the Hall voltage due to the lateral skin effect, while
the pick-up coil output voltage will increase. The pick-up coil
detects the AC only and its induced voltage is proportional to
dB/dt. Therefore, an integration step is required. This is
implemented by the low-pass filter LPF2 shown in Fig. 6. By
an appropriate selection of LPF1 and LPF2, a flat frequency
response of the whole current sensor system was obtained in the
full frequency range. A very high immunity on stray fields was
obtained by using a system of a couple of Hall sensor and pick-
up coil positioned asymmetrically in an antiparallel
configuration, which cancels the influence of the external
magnetic field. The current consumption of the whole system is
additionally reduced by applying a duty-cycle operation mode.
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Fig. 4: Simulated redistribution of the magnetic field due to the lateral skin
effect in an H-shaped beam for a) 400 A DC current; b) 400 A AC current.
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The communication between the MCU and the Sensor PCB,
illustrated in the block diagram of Fig. 6, includes nine GPIO
ports for digital control of activation, gain configuration and
sequencing the spinning current sensing technique. It also
includes three analogue channels for reading the AC and DC
current measurements and the sensor voltage reference,
connected to three of the MCU ADC channels. A photograph
of the sensor system on a full scale aircraft structural beam is
shown in Fig. 7.
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Fig. 5: Current sensor design comprising a couple of Hall sensor and pick-
up coil positioned asymmetrically in an antiparallel configuration.
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Fig. 6: Functional block diagram of the structural current sensor.

Indicative performance results of this sensor system are
presented in Fig. 8. A linear relationship between the structural
current amplitude and voltage output is observed both for DC
and AC measurements, with a distortion for currents over 15 A
RMS at 500 Hz and 800 Hz. While the hall/inductive sensor
combination demonstrate remarkable frequency invariance
between 500 Hz and 800 Hz, the 360 Hz shows a significant
deviation. This deviation could be compensated by hardware or
data analysis calibration. For example, the difference between
the hall and inductive voltage outputs which is largely
frequency dependent could be exploited as a measure of
frequency and taken into account in the analog and digital signal
processing towards a calibrated structural current measurement.
The output voltage to structural current correlation shown in
Fig. 8 demonstrate a worst-case resolution and analysis of 1%
and 2% respectively, limited by the signal-to-noise ratio of the
voltage output of the hall and inductive transducers. The Hall
and inductive voltage outputs are fed to the ADC channels of
the MCU, allowing translation from voltage to current in the
digital domain. The demonstrated performance of the
developed structural current sensor is summarized in TasLE II.

Fig. 7: Photograph of the structural current sensor.

TABLE II
SUMMARY OF THE STRUCTURAL CURRENT SENSOR FEATURES
Feature Value
Current / magnetic sensitivity 5 mV/A, 2.5 VImT
Measurement range 5A — 100A
Frequency range DC - 800 Hz

<1% (0.5A)

<2% (1A) @50 A
7mAat5V DC

75 mm x 37 mm, 17g

Resolution

Accuracy

Current consumption:

Total dimensions and weight
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Fig. 8: Up: Voltage output vs DC current. Down: Voltage output vs AC
current.

D. Power Supply

The power supply module comprises an inductive energy
harvester suitable for collecting power from structural currents
and a power management system. The energy harvesting
concept is illustrated in Fig. 9. A coil with a soft magnetic core
is coupled to the magnetic field around the structure, by
installation at an edge location where a higher magnetic field is
available due to the skin effect, as illustrated in the inset. A
funnel core shape is employed to guide flux from a given area
through a smaller cross-section, thereby amplifying flux density
and increasing the voltage and power output. A transducer
design with optimal coil/core mass ratio is used for maximum
transducer power density. These two methods have been
introduced in [34, 35] and can provide combined power density
increase of as high as two orders of magnitude. An earlier
version of this type of energy harvesting was presented in [36],
using a different power management system.

Fig. 9: The concept of inductive energy harvesting from structural current
running through an aircraft beam. Inset: indicative simulated magnetic flux
density distribution of a 25 A RMS, 360 Hz current illustrating the skin effect.

A photograph of the energy harvester used for the sensor
node presented in this paper is shown in Fig. 10. It is based on
a 10,000 turn, 60 um Cu wire coil of 6.7 g mass which forms a
20 mm long hollow cylinder with 5 mm and 11 mm inside and
outside diameter respectively. The coil was custom-wound by

North Devon Electronics Ltd. An H-shaped core is employed
comprising a 20 mm long, 5 mm diameter ferrite central rod
with nominal magnetic permeability p, = 250 and two 70 mm
x 12 mm x 0.5 mm lateral plates (flanges). The flange material
is a NiFe alloy with 80% Ni and nominal u, = 30,000 from
Holland Shielding Systems B.V. [43]. The parts were
assembled in a custom 3D-printed acrylonitrile butadiene
styrene (ABS) box, such that the coil is placed around the
central rod of the H core. The mass of the coil, rod, each flange
and box are 6.7 g, 1.8 g, 3.6 g and 7.2 g respectively, yielding a
total of 22.9 g, including a sliding lid, not shown in Fig. 10.

The open circuit performance of this transducer has been
characterised in a spatially distributed 0.12 mT RMS magnetic
field in [44]. This corresponds to structural currents of around
36 A RMS in the use case of Section Il [36]. Results
demonstrate an output range of 1 - 5 V for the 300 Hz — 800 Hz
aircraft current frequency range. Taking into account the (as
measured) 1.6 kQ ohmic coil resistance and assuming perfect
reactance cancellation, this voltage range corresponds to a
power range between 0.7 mW and 5 mW. Further details on the
standalone performance of this energy harvester can be found
in [44].

The power management architecture of the power supply is
illustrated in Fig. 11. It is based on a voltage doubler rectifier in
combination with boost and buck converters for supercapacitor
energy storage and regulated voltage provision.
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Fig. 10: The inductive energy harvesting transducer (sliding lid not shown).
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The voltage doubler circuit is implemented with Schottky
diodes Dg exhibiting 0.2 V forward voltage drop at 2 mA and
reverse leakage below 2 pA at 5 V [45]. The doubler input and
output capacitors are C; =26nF and C, =100 uF
respectively, with the first also serving as reactance cancellation
for the inductive transducer. This C; value corresponds to
reactance cancellation at 360 Hz for the given transducer coil.
Tuning the reactance cancellation to a low frequency value is
selected because, as power scales with the square of frequency,
this provides a stable power level over the frequency range, as
has been shown in [36]. Finally, the voltage doubler circuit
includes a 5.1 V, 50 mA Zener diode D, for overvoltage
protection.

Subsequently, the rectified output is boosted to a higher
voltage level (up to 5.5 V) to allow efficient storage on a
supercapacitor, Cs. For this purpose the Texas Instruments
BQ25570 is employed [46], which also includes a cold starting
booster, maximum power point tracking (MPPT), secondary
storage capability (Cz) and a buck converter for selectable
regulated output. The MPPT system ensures that the voltage at
the chip input is maintained at half the open circuit voltage of
the voltage doubler (i.e. the voltage on C,), as charge is pumped
from C, to Cs. Thereby, the power transfer efficiency from the
inductor to C, is nearly maximized. Further increase could be
possible by taking into account the effect of rectification to the
configuration of the maximum power point [47]. To obtain a
fast transition to the more efficient active mode boosting, the
value of Cg should be selected to be small enough for a fast
charge. On the other hand, this limits the energy buffer size
provided by Cs, which is critical for the high-power driving
capability of the power supply and the energy autonomy of the
sensor node. To address this conflict, a larger secondary
supercapacitor Cg is used, which can be connected to the circuit
only while the voltage on Cs is high enough to ensure active
boosting. This is implemented by an enhancement mode p-
channel MOSFET switch (S;) in Fig. 11. A disadvantage of this
implementation is that Cg is still being charged through the
MOSFET body diode when the MOSFET is off, leading to
inefficient charge transfer. Therefore, in certain conditions and
depending on cold-starting speed it may be beneficial to
connect the positive terminals of Cs and Cp together. This
option is provided by a hardware switch (S, in Fig. 11).

Finally, two regulated output voltages are provided through
an output buck converter (included in the BQ25570 chip) and
an additional Maxim MAX17222 booster [48]. The first voltage
is set to Vy,cy = 1.8 V in order to supply the nRF52840 SoC at
its lowest power consumption voltage level. The second voltage
is set to Vspnsor = 5V, supplying the sensor front end circuit
as required. The two voltage supply rails are also shown in Fig.
11. To reduce the overall power consumption, the MAX17222
is activated by the MCU only during acquisition, allowing
startup time for the front-end electronics as needed.

As mentioned, the required energy buffer depends on the
sensor operation mode schedule which is software determined
and based on the data acquisition and communication protocol
scenarios. For this reason, C; and Cp are implemented as
external, selectable components. The BQ25570 circuit is
implemented on the communication PCB (Fig. 2), while the rest
of the circuit is implemented as a separate PCB.

The power supply has been tested both under emulated
magnetic fields and on a full-scale industrial aircraft beam rig,
in integration with all sensor node electronics. The harvester
output power measured on an ohmic load as a function of
structural current amplitude is shown in Fig. 12, with a
photograph in the inset. Indicative results of the full power
supply start-up from a completely discharged condition (i.e.
zero voltages on all capacitors and no other power sources) are
shown in Fig. 13. The aircraft structural beam was supplied
with a 20 A RMS, 360 Hz for this test. A low leakage 100 uF
electrolytic capacitor and a 50 mF supercapacitor were used as
Cs and Cy respectively. The Cg charging curve is plotted, for S,
in closed state, i.e. with Cz connected in parallel with Cj.
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Fig. 12: Harvester output power measured on an ohmic load at half-open-
circuit voltage conditions. Inset: The device installed on the industrial test rig.
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Fig. 13: Power supply cold-starting, under the field of a 20 A RMS, 360 Hz
structural current. The supercapacitor voltage increase from zero to activation
of sensor node operation is presented, for Cz connected to Cs directly with S,

closed (green curve). Inset: The active charge / sensor operation loop.
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The system undergoes a cold-starting energy harvesting
process of 3 hours and 23 minutes with an average power
income of 6.3 uW. When the voltage on Cs reaches 1.8 V, the
more efficient active voltage boost converter of the BQ25570
chip is activated and a faster charging phase occurs (130 pW
average power income), leading to a sensor node system startup
when the output activation threshold is reached, which has been
set at 2.5 V (during rising), after another 7 minutes. The sensor
node carries out its startup and network association protocol and
operates for around 1 minute at 1 mW average power (as
detailed in the inset of Fig. 13, until it is cut-off by the power
management falling threshold control, set at 2 V to maintain the
power management system in active mode. Subsequently,
another round of voltage rising occurs towards 2.5 V.

The results of Fig. 13 demonstrate a sensor node cold-start
within 3 hours and 30 minutes from a 20 A RMS, 360 Hz
aircraft structural current. A power input of 0.13 mW is
achieved, as measured on the storage supercapacitor in active
power management mode. This demonstration includes all
quiescent and off-state power leakage of the complete system,
as well as self-leakage of all capacitors. For practical testing,
the output enable thresholds was set to 2.5 V, leading to a sensor
node functionality time of around 1 minute every 8 minutes of
energy harvesting. An increase of the output threshold to 5 V
can provide a 10-fold increase of the energy buffer, which could
offer longer sensor operation times at the expense of a moderate
increase of cold-starting time. On the other hand, using a lower
supercapacitor value could allow faster cold-starting in the
same conditions (indicatively around 20 minutes with 5 mF),
but with a reduced energy buffer. Finally, for these tests, the
sensor node was programmed to startup, associate to the
network and start a low duty cycle measurement cycle in
accordance with the sensing scenario of Section Il. In
deployment, the sensor node can be programmed to measure its
energy buffer state and adjust its operation cycle accordingly in
order to prevent, or intentionally choose a complete power off,
depending on network level sensing data demand.

E. Integration and Packaging

This integration task of the autonomous current sensor
consists of providing a compact module, easy to install on board
without any modification of the aircraft beam and offering a
good antenna orientation for the wireless communication. An
optimal position for the AC and DC current sensors is important
for sensitivity. In addition, the harvesting transducer should be
located at the beam edge, in order to take advantage of the
increased field density in this location, due to the skin effect.
Interference between the sensor and the power transducers must
be minimal. The enclosure needs to be robust and to electrically
isolate the sensor node from the aircraft beam.

The overall integration package is illustrated in Fig. 14. The
harvester is placed by a beam flange edge, as shown at the
bottom of the cross section drawing in Fig. 14, left. The sensor
electronics PCB and the communications PCB lie in the center
of the beam and are illustrated in green and red respectively.
According to the sensor element specifications described in
Section I11.C, the DC sensor needs to be placed in the middle of
the structural beam whereas for the AC sensor an edge location

is preferable, again due to the more intense AC magnetic field,
at adequate distance from the harvester to minimize
interference. To ensure efficient wireless links, the enclosure
shall not disturb the antenna with conductive parts. In this
implementation a PCB antenna has been selected for
installation simplicity, although the option of an external
antenna is also provided.

110mm

44mm

B

Fig. 14: Cross section (left) and three dimensional (right) view of the aircraft
beam showing the sensor packaging geometry and arrangement.

A photograph of the implemented enclosure is presented in

Fig. 15. The enclosure is 3D printed by an Ultimaker 3D-printer
in two main parts. The box on the left is to be installed on one
side of the aircraft structural beam. It holds the energy
harvesting power supply and all the PCBs. The part on the right
of Fig. 15 is to be installed on the other side of the beam, in
attacment with the left part around one of the beam flanges. This
part holds one of the differential AC current sensors. The
assembly of the two parts around one side of the beam provides:
a) A locking mechanism for a fixed installation of the whole
package to the avionic structural beam. b) A sub-mm accurate
installation alignment using the beam flange as guide, which in
turn allows alignment of the harvester and sensor locations.

Fig. 15: Photograph of the sensor node enclosure package comprising two parts.
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c) Differential field sensing on either side of the beam for an
accurate structural current calibration and measurement. An
open-lid photograph of the complete sensor node installed on a
full-scale aircraft structural beam for testing is presented in Fig.
16. In the photograph, the energy harvesting power supply
(white box in the slot on the right), control and communications
PCB (red PCB), connections and power management board (top
green PCB) and sensing front end electronics board (bottom
green PCB) are illustrated.

Fig. 16: Photograph of the sensor node package under test, installed on a full-
scale industrial aircraft beam.

The red communications PCB includes all digital and RF
electronics. It also includes the BQ25570 circuitry of the power
management system as described in Section [1I.D. The
interfacing / power management board was designed to provide
connectivity among all subsystems. It includes a voltage level
shifter, employed to adapt the bus communication voltage
levels between the wireless communication unit and the current
sensors section. It also includes the voltage doubler and
MAX17222 circuitry of the power management system
described in Section II1.D. Finally, in includes inter-PCB
connectors, connectors for up to two supercapacitor storage
elements and additional access points for circuit configuration
and testability during system performance evaluation. A
photograph of the three interconnected PCB boards is shown in
Fig. 17.

IV. NETWORK ARCHITECTURE

A. Overview

The network architecture is a multi-star topology: the aircraft
is equipped with Wireless Data Concentrators (WDC) which
each have a wired connection to the avionics. Each WDC is
associated to a group of Sensor Nodes (SN). The WDC is the
TDMA master: it sends regular beacons which assign
transmission slots to the sensor nodes. The WDC also
propagates the global system time to timestamp the sensor data,
which are forwarded to the avionics over the wired network.
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Fig. 17: Photograph of the sensor node electronics including (1) the Senis AG
front end electronics PCB, (2) the communication PCB and (3) the
SERMA/Imperial power management and interfacing board.

B. Protocol

Given the star topology, the communication protocol
challenge is with the MAC (Medium Access Control) layer.
According to Langendoen and Meier [49], MACs for WSNs
may be categorized into random access, slotted, frame-based
and hybrid protocols. Slotted MAC (S-MAC) operation is
distributed along a sequence of activity and sleep cycles.
During the active part of each cycle, nodes exchange
information using some form of contention access. S-MAC
[50] has a fixed duration thus limiting the maximum traffic to
the duty cycle between the active part and the cycle time,
whereas timeout-MAC (T-MAC) [51] adapts the size to the
traffic. The IEEE 802.15.4 standard in its beacon-oriented
version is another example. They all have the drawback of
grouping all the exchanges at the beginning of the cycle thus
increasing the probability of collision and limiting the traffic. A
survey of MAC protocols for 10T and WSN applications can be
found in [52].

Frame-based protocols are elsewhere called TDMA
protocols. In general, schedules are difficult to establish,
especially in presence of moving nodes or fluctuating link
quality. In particular, handling retries due to transmission errors
leads either to complex schemes or large inefficiency. TDMA-
based solutions are very efficient in high and constant loads.
Low but still constant loads may also be handled efficiently by
compensating clock drift as in [53]. Solutions have been
designed to manage efficiently variable loads, at the expense of
higher complexity [54]. Minimizing energy consumption has
been investigated in a number of papers (see for instance [55])
using scheduling techniques. The basic idea is to save energy
by scheduling nodes to work in their own time slot and change
to sleep state when nodes are out of their own time slot.

Hybrid protocols such as Crankshaft [56] combine TDMA
with the carrier sense multiple access (CSMA) protocol to
reduce collision probability and improve efficiency in presence
of low or variable traffic. In random access, nodes contend for
the medium with the risk of collisions. WiseMAC [57] is an
ultra-low power contention MAC created at CSEM that uses
preamble sampling and pairwise exchange of schedules to reach
close to ideal performances in medium to low traffic conditions.
Despite some limitations, pure TDMA protocols are preferred
in avionics for ease of certification.



IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS

Therefore, to comply with the deterministic requirement of
aviation, the protocol adopted in this work is a pure TDMA
protocol, the base of which was laid in a previous work [7]. The
protocol is multimode, in the sense that although the WDC
sends beacons regularly with a 100 ms interval, sensor nodes
adapt their duty cycle to the current mode of operation. The first
mode is association, in which SN scan all system channels
every 10 minutes until they find a WDC that advertises their
address. Once the association is done, the SN enter the sleep
mode during which they wake-up to receive the WDC beacon
every 2 seconds. This keeps them synchronized and reachable
within a reasonably short time, while maintaining a low duty
cycle to minimize power consumption (1.6 ms of beacon
reception, almost 2 s of sleep time). The third mode is the data
transfer mode: sensor nodes receive all WDC beacons (thus
every 100 ms) and transmit sensor data in the slots assigned by
the WDC. They can sleep outside these activities. An addition
compared to [7] is the automatic retransmission slot allocation
by the WDC, implemented to compensate for transmission
failures without increasing latency too much.

The use case of the system presented here, as outlined in
Section 1l stipulates the acquisition of an AC-DC current
sample every 5 minutes. Although in previous versions of the
protocol the communication mode (sleep to data transfer) was
set by the avionics, for this work, intelligence was added to the
WDCs so that they operate autonomously: upon trigger from
the avionics, the WDC manages the sensor acquisition
autonomously: 5 minutes in sleep mode (SNs receive a beacon
every 2s), then the WDC triggers the data transfer mode and
requests sensor data. Sensor nodes activate the current sensor
and transmit the data in the next available TDMA slot allocated
by the WDC. The WDC switches back to sleep mode as soon
as it has received the data from all its associated SN, including
retransmissions of lost packets. This minimizes the time spent
in data transfer mode, resulting in a drastic reduction of power
consumption.

The communication system power consumption was
measured using a Keysight CX3324A current waveform
analyzer. Average current and duration of each possible activity
mode were measured, then the duty cycles were accounted for,
to compute the overall average power consumption.

Table 111 shows the current and duration measured for each
activity. The SN has two sleep modes: deep sleep and sleep with
RAM data retention. In deep sleep, the processor is turned off
and its next wake-up is triggered by the real time clock (RTC).
RAM data is lost. Recovery from this state requires a significant
wake-up process energy. Therefore, deeps sleep is beneficial
for operation modes involving long sleep duration, such as the
association mode. When the SN wakes-up to associate, it may
scan up to 20 channels for 100 ms each (interval between two
beacons). When associated and the 5 minutes period current
sensing application is active, the sensor node either sleeps with
RAM retention, receives a beacon or receives a beacon,
acquires measurements on its ADC and sends one measurement
packet. In sleep mode, there is a 2 second period between
beacons receptions. In data transfer mode, this period is 100 ms.
Hence, in association mode, the average current consumption
of the SN communication system is 39 pA (70 mW). This value
can be reduced to a minimum of 3 pA if a single channel is
reserved for association.

TABLE Il

CURRENT CONSUMPTION OF THE SN COMMUNICATION SYSTEM AT 1.8 V
Activity Duration Current
Deep sleep (unassociated, wake from RTC) 10 minutes 2 A
Scanning 20 channels 2 seconds 10.9 mA
Sleep (RAM retention) 2s5/100ms  20.6 pA
1 beacon reception 1.6 ms 5.06 mA
Beacon, measurement, transmission 5ms 6.84 mA

In acquisition mode, taking into account the beacon reception
and data acquisition/transmission rates, and given the average
of four beacon receptions during measurements (i.e. until the
WDC goes back to sleep mode), the average current
consumption of the sensor node communication system is
25 pA (45 mW). If the acquisition period is reduced to one
minute, the average current consumption would be 25.6 pA,
hence not much higher. This demonstrates a sleep-mode
dominated power consumption which provides room for more
frequent data acquisition. In challenging RF communication
conditions, it is possible that a SN misses beacons resulting in
transmission error and repetition. However, the impact of
repetition to power consumption is low, due to the small duty
cycle. Indicatively, an additional 0.1 pA of average current can
be accounted for each repetition, including the reception of the
additional required beacons. This performance is achieved due
to the state-of-the-art communication circuit used, an optimized
implementation with the use of an accurate RTC, and to the
smart automatic management of the application by the WDC.

In addition to power consumption, time synchronization is
also important, as it allows the current analysis system to
correlate the measurements from different sensor nodes. The
measurement timestamp is defined as the instant at which the
current sensor is turned on. To measure it, the SN captures its
local time at the beginning of the reception of every beacon
(reception start interrupt). When the sensor is turned on, the SN
computes the time difference between that instant and the
reception time of the latest beacon. This time difference is
transmitted to the WDC with the measurement data and the
beacon sequence number related to the time capture. Upon
receiving a measurement packet, the WDC computes the
timestamp starting from the beacon transmission time, looked
up in a table using the beacon sequence number received in the
data packet. Finally, the timestamp is computed by adding the
time difference, as read from the data packet, to the beacon
transmission time.

Synchronization accuracy was measured with a logic
analyzer connected to debug pins of the communication board
of both the WDC and the SN as the difference between the
beacon-measurement delay reported by the SN to the WDC and
the same delay as observed on the logic analyzer. Tests
performed on 10 different SN devices show an error of 9 ps -
12 ps between SN and WDC time.

V. THE WSN SYSTEM AS A WHOLE

Flight qualification tests of the complete WSN were performed
at an industrial avionics qualifications facility. The evaluation
setup with two sensor nodes under test on the full-scale aircraft
beam testbed are shown in Fig. 18 and Fig. 19. Wireless
communications including multi sensor node pairing and
scheduled measurement packet delivery were demonstrated,
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using two inductive energy harvesting powered sensor nodes.
A measured power consumption profile of the communication
PCB during a cycle of beacon reception, data acquisition and
data transmission is shown in Fig. 20. The cycle duration and
average current consumption are 5 ms and 6.84 mA
respectively, demonstrating successful network operation of the
SN. As a network level functionality example, indicative
current monitoring data, as received by the WDC during
application of different uncalibrated current values on the
aircraft structural beam at 360 Hz are shown in Fig. 21.

The total power requirements of each sensor node during
network association and data acquisition were measured to be
1.1 mW and 0.96 mW respectively. These measurements agree
well with the 1.1 mW power consumption observed in the
harvesting power supply tests of Fig. 13.

Fig. 18: Two sensor nodes installed on the aircraft structural beam testbed,
under test while paired to the Wireless Data Concentrator (WDC).
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Fig. 19: Overview of the test bed showing the testbed instrumentation
including two sensor node locations (A and B), the structural current signal
generator (C), a monitoring oscilloscope (D), a DC power supply (E), an
inductive current probe (F, partially shown) and a current transformer (G). At
the time the photo was taken, the senor node at location A was being tested

elsewhere.
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Fig. 20: Communication PCB power consumption during a beacon reception,
acquisition and data transmission cycle. The sensor PCB current consumption
is not included in this measurement.
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Fig. 21: Indicative, uncalibrated AC current monitoring data from a SN as
collected by a WDC, while a series of different AC current values were being
applied on the aircraft structural beam for testing.

VI. CONCLUSION

An energy autonomous WSN for monitoring the structural
return current path on aircraft during flight was demonstrated.
This was enabled by the introduction of a hybrid inductive and
hall effect differential sensor for structural currents in
combination with hardware filtering for a flat frequency
response, and a sensing power consumption of 35 mW. In
addition, a low-power sensor node platform based on the
Nordic Semiconductor nRF52840 system on chip was
developed and programmed with a custom network operation
protocol that enables duty cycling during both network
association and acquisition/transmission. The implementation
of this approach led to an average power requirement as low as
70 pW for network association and 50 uW for
acquisition/transmission, comparable to the 37 uW of sleep
mode consumption. At this power level, power autonomy is
limited by sleep mode consumption and capacitor leakage.

An inductive energy harvesting approach based on magnetic
flux funnelling was adopted and a cold-starting bipolar power
management circuit with reactance cancellation, maximum
power point tracking and supercapacitor storage was
introduced. The harvesting system was demonstrated to provide
0.13 mW of net power to the sensor node system, from a 20 A
RMS, 360 Hz structural distributed current (65 pT RMS field).
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The overall power requirement of the sensor node system
including leakage was measured to be around 1 mW. This
allowed the demonstration of sensor node functionality for
around 1 minute every 8 minutes of energy harvesting. Given
that the measurement acquisition and transmission duration is
in the 10 ms range and that the power consumption is sleep-
mode dominated, this functionality rate allows a measurement
rate of at least one sample every 8 minutes as required by the
use case specifications. Higher or lower rates may be expected
from higher or lower structural current values. Power autonomy
duration can be adjusted by supercapacitor storage selection.
A summary of the WSN monitoring system features is
presented in Table IV, in comparison with the use case target
specifications. The RF communication platform, in
combination with the central time-stamping functionality
supported by the TDMA protocol allows independent
synchronized functionality of multiple wireless sensor
concentrators (WDC) and sensor nodes per WDC, for over 300
sensor nodes. It is noted that in multiple sensor node
deployment, each sensor node includes its own inductive
energy harvesting power supply module. Additional power
consumption may occur only due to communication beacon
conflicts or delays, which are expected to be minor due to the
integrated multi-channel support and to the time-slot
association protocol architecture. The successful demonstration
of power autonomous operation of the introduced structural
current monitoring system offers a WSN platform for the
development of other, multi-sensor autonomous systems for

aircraft.
TABLE IV
DEMONSTRATED WSN PERFORMANCE V'S USe CASE SPECIFICATIONS

Use Case Specification Demonstrated Performance

Measurement range 5 A -100 A, DC-800 Hz 5 A -100 A, DC-800 Hz

Measurement resolution 0.5 A <05A

Measurement accuracy 1% <2%

Up to 300 nodes, 30 m range Supported by RF platform

One measurement / 8 minutes One measurement / 8 min

Power Autonomy 1 min every 8 mins at 20 A

Measurement synchronization 1 ms 12 ps
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