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Summary:

This work demonstrates a self-sufficient health and usage monitoring system (HUMS) without any wired
or RF-based communication and power transfer. Instead, the wireless, radio-free (WRF) system uses
optical wireless communications (OWC) and optical wireless power transfer (OWPT) optimized for a
user-friendly operation. The system is capable of live data streaming and long-term data-logging.
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Introduction

Recent advancements in microelectronics have
facilitated the development of energy-efficient
sensor nodes [1]. These nodes can be used in a
wide range of applications such as consumer
and industrial electronics, defense, and aero-
space. A well-suited illustration in the defense
sector is condition monitoring for In-Service Sur-
veillance of Munitions [2], where systems can be
subjected to significant loads. The storage and
operation of military systems require the use of
HUMS to ensure high system availability [3].
Wireless connectivity is highly desired, but com-
monly used radio frequency (RF) signals have
limitations in military and munitions applications.
A promising alternative method for wireless
power and data transmission is a combination of
OWC and OWPT, as presented in [4].

Fundamental progress in the field of condition
monitoring of solid rocket motors was achieved
by Bayern-Chemie [5]. A subsequent collabora-
tion between Fraunhofer IPMS, MBDA and Bay-
ern-Chemie focused on optical communication
via Light-Fidelity (Li-Fi) [6]. However, the previ-
ous demonstrator did not feature OWPT and re-
lied on an internal battery. In the new demonstra-
tor presented herewith, we investigate the poten-
tial of OWC and OWPT for a low-power, self-suf-
ficient WRF HUMS. The WRF approach offers
several advantages for military systems in
safety-critical environments.

Compared to RF communication, OWC is bene-
ficial regarding safety and security. It is spatially
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confined, has no RF emissions and has lower
sensitivity to electromagnetic interference.
OWC, also known as Li-Fi, achieves data rates
in the Mbps or even Gbps range [7, 8]. OWPT
does not require precise alignment or any phys-
ical contact between the transmitter and re-
ceiver, making it easy to use. The receiver can
also harvest energy from ambient light. By using
OWPT and ambient light charging, regular bat-
tery changes can be avoided. In some applica-
tions, the use of batteries, which are inherently
problematic in munitions environments, can be
eliminated. Compared to other energy harvest-
ing techniques, such as from kinetic energy [9],
OWPT transmits sufficient power up to several
watts.

System Concept

The system architecture is shown in Fig. 1. It
consists of two separate handheld devices. One
is the sensor module and the other one is the
reader module. The reader module enables the
user to read out sensor data via OWC while pow-
ering the sensor module via OWPT at the same
time. There are two use cases for the sensor
module in terms of data collection. When the
reader module is present, a live sensor data
stream is established (live stream mode). The
second use case covers the absence of the
reader module. In this logging mode, all sensor
data should be stored in an on-board memory
and be transmitted next time the reader module
connects. The WRF demonstrator measures
temperature, pressure and humidity.
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Fig. 1.  WRF system architecture

For the logging mode, energy storage is required
to power the system when there is insufficient
ambient light or between OWPT events. Super-
capacitors constitute no viable option due to their
high self-discharge rate compared to typical lith-
ium-ion battery cells [10]. To maintain a compact
WRF demonstrator, a small battery with very low
self-discharge rates, like those found in mobile
in-ear headphones, is preferred.

Solar cells (SCs) can be used as OWPT recep-
tors to charge the battery and supply the system
with energy. However, due to their low efficiency
nsc (typically not much more than 0.15), amor-
phous and polycrystalline Si-based SCs are not
suitable for this system [11, 12]. Monocrystalline
Si-SCs, on the other hand, have higher efficien-
cies of 0.25 or even higher [12] over the solar
spectrum. Monocrystalline Si-SCs are the fa-
vored option due to their lower cost and higher
availability, despite GaAs-SCs outperforming
other types with ngc up to 0.5.

To match the monocrystalline SC in terms of light
spectrum, we select an OWPT light source in the
near-infrared (NIR) spectrum. The data readout
should be possible without exact aiming. There-
fore, light-emitting diodes (LEDs) appear to be a
good choice. In contrast to laser diodes, LEDs
are cost-effective and typically eye-safe.

A computer or mobile device can be connected
to the reader module to display stored and real-
time data.

Measurements and Results

To demonstrate the overall WRF concept and
identify a suitable OWPT setup, the work is di-
vided into three parts:

1. Characterization of high-power LEDs
and SCs to evaluate the OWPT in an in-
itial setup.
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2. Optical simulation of the final setup to
gain an understanding of range and field
of view (FOV).

3. Experimental validation of the demon-
strator in terms of range, FOV and life-
time.

Characterization

The setup for the initial OWPT test is shown in
Fig. 2. It features two high-power NIR LEDs and
two Si-SCs. The distance is zgwpr = 5 cm. No
lenses are used. The SCs have an area of
100 cm? and an efficiency of 0.41 at the LED’s
wavelength of 940 nm. Both SCs are connected
to the charger circuit, which is equipped with a
battery.

2x solar charger battery

cells circuit 39V
Poptt ) OWTP
WRF reader module

1t power

iz
2% &
. 2x LEDs source

Fig. 2. Initial OWPT characterization setup

The OWPT transmitter achieves a maximum op-
tical power of Py, = 2.4 W, while consuming an
electrical power of P, = 5 W. This enables the
reader module to be a portable device in the fu-
ture. The charging circuit of the sensor module
feeds P, . = 140.4 mW to the battery. According
to equation (1) we can calculate an overall trans-
fer efficiency of nowpr = 2.81 %.

Pelr _ 1404mw
Pert 5w

NowpTt = =281% (1)

Optical Simulation

The SCs are a series connection of unit cells. It
is mandatory to illuminate the SCs as homoge-
neously as possible to achieve a high efficiency.
Ideally, this homogeneity is also maintained in
the optical nearfield, i.e., when the SCs are near
the OWPT LEDs. Due to the large SC size, it is
very challenging to achieve this homogeneity
with one or two LEDs. However, we can solve
the issue by using an LED array. With only 3 x 3
LEDs we achieve a good trade-off between array
size and complexity. Increasing the LED number
enables reducing the power and thermal load per
LED and improves lifetime and efficiency.

Although the transfer efficiencies of the initial
characterization were promising, the experi-
mental distance was impractical low with only
Zowpr = 5 cm. This was necessary due to the
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very broad emission profile of the LEDs. To in-
crease the range, we use a reflector for each
LED to direct the light into the FOV.

Fig. 3 (a) shows a raytracing simulation of the
incident optical flux @g: on the SCs over the dis-
tance zgowpr and a lateral displacement xgwpr.
Fig. 3 (b) shows the transferred OWPT power
Powpr at the sensor, available to power the sen-
sor module. For the simulation we use an array
of 3 x 3 LEDs and a realistic 3D model of the
reflector. Each LED has an optical output of @, g
=0.26 W (24.1 dBm) that results in a total optical
output of 2.34 W (33.7 dBm). For the raytracing
simulation, we use realistic ray files and trace
90000 rays for each position. For the simulation
of Powpr We additionally apply a SC fill factor of
FF = 0.7, a conversion efficiency of ns. = 0.41
and a charger efficiency of n.; = 0.98.
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Fig. 3. (a) Incident optical flux ®s. onto the SCs via

OWRPT versus alignment. (b) OWPT power Py, pr that
is available for powering the sensor module.

There is a large dynamic of the available power
depending on the alignment. If we assume that
at least Pywpr min= 10 dBm is required for the
live stream mode, the OWPT is sufficient for dis-
tances of up to 175 cm on the optical axis. At
Zowpt = 40 cm a lateral displacement of xgwpr =
*+ 20 cm is tolerable. This corresponds to an FOV
full angle 8owpr = 40°. For distances larger than
0.5 m, Owpr is decreasing.

The simulation shows a strong peak of the inci-
dent flux with ®sc=32.9dBm (1950 mW).
There is still a sufficient safety margin since the
SCs can manage a peak power of up to
37.4 dBm (5496 mW). Similarly, our charging
circuit can convert up to 35.3 dBm (3400 mW),
which is well above the maximum observed
OWPT power of Pyypr = 27.3 dBm (537 mW).
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Experimental Test

Fig. 4 shows a photograph of the WRF demon-
strator. The sensor module has a size of 138 mm
x 98 mm x 17 mm and the reader module a size
of 139 mm x 101 mm x 39 mm.

P

Fig. 4. Left: sensor module. Right: reader module.

For the experimental validation, we place the
sensor and reader module in front of each other
and vary distance zgwpr and lateral alignment
xowpt- Within each point we check if the OWPT
delivers sufficient power and if the OWC data
transfer is error-free. Fig. 5 shows the results.
The OWPT ranges up t0 zowprmax = 150 cm,
which is slightly lower than in our simulation. At
a distance of zgypr = 40 cm the full angle FOV
Bowpt = 45°, which is slightly larger compared to
our simulation, indicating, that the OWPT sender
has a slightly broader emission profile compared
to the simulation. The OWC range is with
Zowc max = 110 cm smaller than the OWPT. At a
distance of zgyc = 40 cm the full angle FOV is
GOWC = 32°.

WRF reader module
g g

[F] (5]
(=]

Zowe = 110 cm

Zowpr = 150 cm

Fig. 5.  OWPT and OWC range and alignment of the
WRF reader module

The remaining operating time t,, of the sensor
module after an OWPT event is determined by
the energy stored in the battery Ey,; and the
power consumption of the sensor module. With-
out ambient light, the sensor module is only pow-
ered by OWPT events. E},, is calculated accord-
ing to equation (2).

Epat = (Power — Powc) * towpr (2)

Since the OWC is active whenever the OWPT is
active, the power consumed by the OWC, Pywec,
is subtracted by the transferred OWPT power
Powpt- The result is multiplicated by the OWPT
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duration. We assume tqwpr = 30 s. t,, is calcu-
lated by dividing E},: by the power consumption
P..nsor @ccording to equation (3).

t Epat  _ (Powpr—Powc) toWPT (3)
on ™ p - P
sensor sensor

Tab. 1 shows t,, depending on the distance
ZowpT- Thereby, t,,, denotes the lifetime of the
demonstrator, that features a high power con-
sumption of Pipsor: =2.96 mW. As a result,
ton1 is short for all distances. Even for a small
distance of 10 cm, t,,, is only 0.95 h. However,
implementing power saving features provides
significant potential to reduce the sensor power
consumption to Pyepsor2 = 20 pW. This would in-
crease the lifetime t,, , to days or even weeks.

Tab. 1. OWPT single event (30 s) power budget

Zowpt | Powpr | Powc | Ebat ton1 | tonz

cm mW mW J h h
4 490 25 14.0 1.31 | 194.4
10 363 25 10.1 0.95 | 140.3
20 224 25 6.0 0.56 | 83.0
40 115 25 2.7 0.25 | 375
100 30 25 0.15 | 0.01 2.1

Discussion

The WRF demonstrator shows the feasibility of
the all-optical WRF sensor concept. The geo-
metric dimensions of the sensor module would
allow the WRF demonstrator to be used for real-
istic applications during In-Service Surveillance
of munitions. A full-angle 32° FOV for the OWC
allows for practical usability. The slightly larger
OWPT FOV compared to the OWC FOV ensures
that the OWC will always have sufficient power,
once the OWC channel is adequately aligned.

The power budget is sufficient for live sensor
data steaming. However, the remaining operat-
ing time from a single OWPT event is rather
short for the present WRF demonstrator. The
current solution requires multiple OWPT events
at short intervals, which could be achieved pri-
marily in automated environments. The demon-
strator can be powered by ambient light if the
harvested power is = 3 mW. This would require
an irradiance of E,,, = 1.2W/m2 The most
promising approach, therefore, is the reduction
of the power consumption of the sensor device,
as the values of t,,, in Tab. 1 indicate. The de-
monstrator has potential for improvement by us-
ing power saving and power down modes as well
as smart data processing.
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Summary and Outlook

In this work, we demonstrate an all-optical, wire-
less, radio-free sensor system. The WRF ap-
proach combines OWC and OWPT for condition
monitoring. The developed HUMS consists of a
sensor module and a reader module. It provides
live data streaming with a range of more than
1 m and a user-friendly FOV with 32° full angle.
In addition, the sensor module can record data
autonomously over time if there is sufficient am-
bient light or OWPT available. Future work
should focus on reduced power consumption of
the sensor module to increase the active lifetime.
Another future objective could be the miniaturi-
zation of both modules.
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