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Abstract  

This paper introduces the principle of contactless energy transfer to wearable bedside electronics. As a proof of concept, a 
platform containing a matrix of magnetic energy transmitters has been developed and integrated into a mattress. This system is 
able to feed one or more wearable sensor nodes, attached to the patient, with the purpose of wirelessly recording vital signals 
over an extended period of time. Each of these power transmitters is designed to transfer up to 10 mW of power over a maximal 
distance of 300 mm. Moreover, the platform embeds online optimization software to deal with vertical as well as horizontal 
sensor node movements. The position and orientation of each freely moving sensor node can be dynamically determined and a 
local magnetic field, with a matching radiated power level, can be selectively induced in the area where the sensor nodes are 
positioned. This approach therefore limits the radiation exposure to the patient to the minimum viable level. The prototype is 
successfully tested in a laboratory set-up.  

	
1. Introduction  

Emerging technologies such as cloud computing and the Internet of Things have made the world 
increasingly connected. Ubiquitous wearable devices are spanning an ever increasing range of 
applications. Such sensor networks are helping athletes to break records, patients to become more aware 
of their disorders, gamers to have a better virtual experience and employees to develop their careers [1].  

The promising global impact of these technologies and the constant research progress in the field of vital 
signal acquisition promote clinical application of these devices [2–4]. Wearable health systems outshine 
classic, bulky bedside monitors and bypass wires that hamper the patient’s freedom to move. This 
technology therefore greatly emphasizes an increase of comfort and facilitates long-term bio-signal 
acquisition. Moreover, these devices enable an effective rehabilitation period in a home environment. 
Home health is not only beneficial to the patient’s well-being, but also stimulates cost-effectiveness in 
global health [5]. This promise of a revolutionized health care has made wearable electronics one of the 
most appealing areas in biomedical research [6–9].  

Modern diagnostics, however, require long-term, high-quality data acquisition. Moreover, a multitude of 
algorithms for online bio-signal extraction and automatic pathology detection, are ready to be integrated 
in such a medical body sensor network but are in need for high performance, ergo they consume abundant 
energy [10–12]. On the other hand, the patient’s comfort level is affected by the device’s dimensions. 
Today the energy density level of commercially favorable lithium-ion batteries is typically limited to 0.75 
Wh/cm3 [13]. Innovative batteries that are expected to exceed these conventional lithium-ion batteries are 
attracting much attention in both the academic realm and industry. Recent research has indeed 
demonstrated energy density improvements up to 2.7 Wh/cm3 when using lithium-sulfur technology [14]. 
Although, because many practical issues with these technologies remain unsolved, it is expected that 
lithium-ion batteries will prevail over other batteries at least within a few decades [15]. Therefore, the use 
of battery-powered sensor networks in the field of medicine is hindered by a challenging trade-off 
between functionality, miniaturization and autonomy.  

Inductive power transfer is a viable alternative to batteries to overcome this shortage of on-board 
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available energy and is efficient enough to avert such a compromise. This technique was already 
introduced in the 1960s [16,17] and has been widely used in the field of medicine to bias medical 
implants [18–20]. In case of implantable devices, this technique is accordingly referred to as 
transcutaneous energy transfer (TET). But also wearable electronics, used for bedside monitoring, could 
benefit from such a wireless magnetic link. In that case, we propose a system that consists of a fixed, base 
coil in the bed, and one or more remote monitoring units attached to the patient.  

In contrast to transcutaneous energy transfer, which in most cases can be performed with a relatively high 
and fixed coupling factor, inductive powering at the bedside implies loosely coupled coils with significant 
variations due to patient and sensor movement [21].  

In previous work, a life-sized clinical setup based on a Helmholtz configuration was devised to deal with 
similar coupling fluctuations [22–24]. This topology produces a magnetic field that is more uniform and 
stronger than a solenoid topology for the same excitation current [25]. The resulted field strength was 
proven to be homogenous within a constrained working volume of 0.18 m3 and to be big enough to power 
the sensor at every position and orientation within this space. Nevertheless, two potential complications, 
concerning the safety norms of human body exposure to alternating electro-magnetic fields, have arisen. 
Firstly, to cope with high coupling variations, such a magnetic link is typically optimized for a worst-case 
scenario, leading to excessive power consumption during nominal operation. Secondly, in this manner, 
the full upper body part is exposed to the induced magnetic field, which may conflict with the specific 
absorption rate standards [26,27].  

In the consumer market, similar energy transfer systems are rapidly gaining momentum. These 
contactless energy transfer (CET) platforms enable a convenient new way to charge mobile consumer 
products [28–30]. A popular choice in literature to increase the freedom of CET device placement and to 
allow the charging of several devices simultaneously, is by using multiple primary windings [31]. To 
increase the platforms efficiency, in some systems the primary coils can be individually activated so that 
only a few primary windings closest to the load device are turned on [32].  

This resulted in the establishment of the Wireless Power Consortium and the introduction of the Qi 
standard for charging mobile electronic devices through magnetic induction [33]. Regulation of the output 
voltage is provided by a digital control loop where the power receiver communicates with the power 
transmitter and requests more or less power. The combination of the CET platform topology and the 
power regulation strategy, utilized by the Qi standard, could cope with the aforementioned obstacles; only 
a local magnetic field is induced in the area where the power receiver is positioned and excessive power 
consumption is reduced by regulating the voltage level dynamically.  

Nevertheless, this standard has several shortcomings when applied to bedside patient monitoring. Firstly, 
the Qi standard is devised for a close and stable inter-coil spacing, which makes it possible to use 
backscatter modulation as a communication technique [21]. The loosely coupled coils, prone to 
contactless energy transfer at the bedside, makes inductive downlink communication infeasible. Secondly, 
in case of mobile device charging, we can assume that the inductive coupling will remain constant after 
an initialization phase. To deal with the aforementioned continuous coupling variations, the transferred 
power needs to be continuously adjusted. And lastly, this standard uses a relatively low operating 
frequency between 110 kHz and 205 kHz. Increasing this frequency goes along with efficiency boosting 
and higher inter-coil distance endurance [34]. Moreover, the induced electromagnetic field diminishes and 
consequently patient safety increases. Faraday’s law indeed states that for a higher frequency a similar 
electromotive force can be derived for a smaller magnetic flux.  

This paper describes the required adjustments to the CET platform model in order to cope with wearable 
bedside electronics. As a proof of concept, a wireless energy transfer platform consisting of a matrix of 
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identical base coils, integrated at the bedside, has been constructed. The implementation of the system and 
the measurement results will be discussed. 

2. Materials and methods  

The proposed contactless energy transfer platform consists of three parts. The first element is the targeted 
wearable sensor network. This system consists of several custom-made sensor nodes that are in charge of 
vital signal acquisition. The second component is a grid of inductive power transmitters, which are 
optimized to transfer abundant energy over a considerable distance. The third item is a centralized 
management unit that processes the gathered bio-signals and supervises the matrix of power transmitters. 
Fig. 1 illustrates a block-level schematic of this architecture.  

2.1. The remote wearable sensor node  

On one hand, a signal acquisition system is only as good as the data it delivers, on the other hand, these 
devices need to be made as small and unobtrusive as possible to enhance patient comfort. Therefore a 
custom-made sensor network for wearable bio-signal acquisition has been developed in house. The 
system architecture of each node is modular and consists of two circuit boards. The sensor interface 
circuit board contains a dedicated analog front-end, such as an amplifier to record biopotentials, an 
inertial measurement unit to measure patient movement or a pulse oximeter for photoplethysmography 
applications. The data and power circuit board subsumes the general-purpose data acquisition and power 
management blocks. Consequently, the nodes are easily adaptable for miscellaneous vital signs 
acquisition by tailoring the sensor interface circuit board. Both circuit boards also serve as battery 
contacts for a rechargeable coin cell battery of 10 mAh. The two electronic circuits are interconnected 
through the case wall as is explained in [35]. The nodes are updated with a more performance-rich 
microcontroller core (MSP430) to enable online signal processing. Also the radio band is altered to the 
433 MHz ISM band such that medical applications that work with implantable and swallowable systems 
can be addressed as well. The power consumption of each sensor node is less than 10mW at a voltage of 
3V. The module is surrounded by a helical coil that acts as the magnetic power link receiver and 
incorporates circuitry to rectify and measure the voltage over the coil. An assembled sensor node 
measures 5 mm high and has a diameter of 17 mm. Fig. 2 shows the construction of such a remote 
wearable sensor node.  

2.2. The centralized data management unit  

The centralized data management unit carries out two distinct tasks. First of all, it is in charge of the 
physiological data. The data management unit communicates with a maximum of ten wearable sensor 
nodes through a 433 MHz link. It gathers and processes the bio-signal data and it creates the possibility to 
online adjust data acquisition parameters such as the data rate, RF power, and specific sensor settings. 
Additionally, this unit can be connected to a computer via a USB interface for further offline signal 
processing and visualization purposes. Secondly, this main unit administers the wireless power link of the 
multiple power transmitters. It can address each inductive power transmitter individually via an SPI- 
interface. The MCU of the management unit exhibits the power optimization algorithm that adjusts the 
driver’s output power, as well as the sensor tracking algorithm that determines the most fit power 
transmitters to establish magnetic energy transfer [36]. The power optimization strategy is detailed out in 
Section 2.5.  

2.3. The inductive power transmitter  

The paramount component of the proposed system is a matrix of eighteen identical pancake base coils 
integrated at the bedside. These spiral coils are arranged into a two-layer configuration as shown in Fig. 3. 
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The coils in the bottom layer are overlapping with respect to the coils in the top layer. Such a topology 
can produce a local magnetic field at each position above its surface, such that the wearable sensor nodes 
can be placed randomly on top of the patient [37,38,31]. The coil matrix is embedded in a 600 mm by 450 
mm medium-density fiberboard (MDF). To sustain a real pancake geometry, the coil is milled into the 
plate using a CNC milling machine. The coil has an outer diameter of 140 mm, an inner diameter of 100 
mm and contain ten Litz wire windings. Litz wire, a wire that consists of many thin wire strands, individ- 
ually insulated and twisted, is designed to reduce the skin effect and proximity effect losses in conductors 
used at frequencies up to about 1 MHz [39]. The average inductance of the coils measures 20.2 H. 
Reproducibility of our coil manufacturing process revealed an inductance deviation of 100 nH. This 
variability is due to the poor winding properties of the used wire. The geometric properties of the coils are 
carefully selected to obtain a trade-off between high coil quality, which improves the link efficiency, and 
a limited coil inductance, to reduce the voltages at the driver side [40]. To comply with the EMC 
regulations [41] and to increase the power link efficiency [23], the system is shielded by applying ferrite 
sheets (IRJ17) at the bottom [38,42].  

Each coil is driven by a dedicated, high-efficient class E power amplifier [43], which is built in house 
based on off the shelf components. This power amplifier can efficiently drive a sinusoidal current through 
the base coil as will be discussed in Section 2.4. The electronics needed to adequately drive the power 
transmitter are gathered on a circular printed circuit board, which is placed in the middle of each inductor. 
The amplifier contains a power MOSFET (CSD18534), a power MOSFET driver (UCC27524) and a load 
network to shape the proper class E voltage and current waveforms. A local microcontroller 
(MSP430F2132) is used to steer the class E amplifier by generating a pulse width modulated signal with a 
frequency of 1 MHz and a duty cycle of 25%. Circuitry to regulate the radiated field strength is added as 
well. Fig. 4 depicts the circuit- level architecture of one of the wireless power drivers and Fig. 5 shows the 
realized platform.  

Because this specific prototype is intended to be validated for longterm vital signal monitoring at the 
neonatal intensive care unit, it is designed to satisfy the anthropometry of newborns [44]. In most world 
nations, the total body length of newborns is between 35.6 and 50.8 cm.  

2.4. Link realization  

The inductive power transfer mechanism can be maximized for given geometry and power requirements. 
Our in house developed optimization strategy of a loosely coupled magnetic power link can be subdivided 
into two parts [40]:  

• The magnetic design: optimizing the link for given coil sizes, coil separation and frequency.  

• The electronic design:tuning the additional circuitry to efficiently drive a considerable AC-current into 
the base coil.  

The magnetic design implies the construction of a set of coils that optimally fits to the given load. The 
application-specific geometric aspects set an upper limit on the link efficiency that can be achieved. In 
our case, the base coils are limited to a mean radius of 60 mm and the radius of the remote solenoid 
inductor is 10 mm, which is determined by the size of the sensor module. Furthermore, for this specific 
prototype a nominal inter-coil distance of 100 mm is appointed. This distance corresponds to the average 
abdominal height of newborns plus a small-sized mattress, which can be put on top of the coil matrix. 
These dimensions yield a coupling factor of a mere 0.34%, which is experimentally verified using a two-
step procedure [40]. With the given base inductor and remote load, the optimal remote coil parameters 
can then be derived by an iterative optimization process [45,40,36]. An inductance of 1.18 H and a quality 
factor of 250 is found. The efficiency of the magnetic link, defined as the ratio of the useful power 
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dissipated in the a.c. load at the remote side to the power put into the inductive link at the base side is then 
27%. The link power losses are mainly determined by the parasitic resistance of the base and remote 
coils.  

For the electronic design, a class-E driver is selected to drive the base coil. In this topology, the power 
MOSFET operates as an on/off switch and the load network shapes the voltage and current waveforms to 
prevent simultaneous voltage over and current through the transistor. This driver exhibits high efficiencies 
even at high frequencies, due to zero turn-on voltage characteristics [43]. A duty cycle of 25% is chosen 
to minimize the required supply current. Spice simulations have shown a driver’s efficiency of 97.87% in 
case of nominal inter-coil distance. The small losses are mainly due to the finite on resistance of the 
transistor.  

A great advantage of loosely coupled coils is that coupling and load variations only cause voltage 
fluctuations at the secondary side; the class-E regime does not get detuned. To illustrate this, Fig. 6 
depicts the Spice simulation results for a coil separation of 220 mm. The simulations take the losses of the 
power transistor into account, the passive components, however, are represented by ideal elements. The 
top graph shows the driver’s input signal, VGS . The second graph shows the drain-to-source voltage, VDS 
, in black and the current through the transistor, IDS, in red. The graph clearly indicates that the drain-to-
source voltage is zero when the switch is open even when the coil separation is far from the nominal case. 
The last graph shows the voltage over the base coil in black and the voltage over the remote coil in red. In 
this case, the driver’s supply voltage is 6.5 V.  

2.5. Link optimization software  

Instead of creating a homogenous magnetic field within the working space of the remote system, the 
power transfer platform is able to dynamically determine the position and orientation of each freely 
moving sensor node and to selectively induce a local magnetic field with a corresponding radiated power 
level in the area where the sensor nodes are positioned. Doing so, our system epitomizes the power 
regulation strategy of the Qi standard. To realize this, the centralized data management unit features two 
link optimization algorithms. The complete optimization strategy is depicted in Fig. 7.  

The sensor tracking algorithm deals with horizontal node displacement. During an initialization phase, the 
software toggles every base coil on and off subsequently and calculates which of the different coils needs 
to be activated to provide each sensor with optimal power. During run time, this procedure regularly 
restarts determining the best candidate, beginning with the adjoining transmitters. This link optimization 
strategy limits the body exposure to the area where the sensor nodes are positioned.  

The power optimization algorithm adjusts the driver’s output power to cope with coupling variations due 
to vertical node displacement, node tilting or axial inter-coil variations. This is done by altering the supply 
voltage of the active inductive power driver based on the induced voltage level at the sensor side. This 
feedback loop is controlled by a PI controller, which is tuned using the Ziegler–Nichols method [46]. The 
procedure permits to heuristically determine the optimal proportional and integral terms of the PI 
controller, by reproducing a step response signal. This is done by inducing an abrupt supply voltage 
change of 1 V at the driver side. The proportional and integral terms can then be derived from the 
corresponding supply voltage curve at the sensor node side. For the discussed prototype this results in the 
following PI controller equation:  
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where the proportional constant, Kp, is 0.959, the integral constant, Ki is 0.038 and where e(t) is the 
control error, given by the difference between the desired voltage level and the actual voltage level at the 
sensor node side. The resulted desired supply voltage, u(t), is sent to the microcontroller of the active 
power transmitter via an SPI interface. The actual supply voltage of the power driver can be regulated 
between 1.25 V and 20 V through an adjustable voltage regulator (LM317). The regulator’s voltage level 
is approximated by:  

 

where R is a resistance with a fixed value of 1 k and RAD5292 is the resistance of a digital controllable 
potentiometer, AD5292, as shown in Fig. 4. This results in a minimal viable magnetic field intensity and a 
constant voltage level at the remote side.  

Both algorithms are programmed into the microcontroller, incorporated in the centralized data 
management unit and are triggered with the same input value, the induced, rectified voltage at the remote 
side. The 433 MHz-link, which is already conducting the medical data transfer, is used to administer the 
power feedback as well. This feedback loop is highlighted in red in Fig. 1.  

 

3. Results and discussions 

3.1. The inductive power transmitter  

Fig. 8 shows the measurement results of the class E driver captured by a digital oscilloscope (TPS1154). 
The supply voltage during this measurement is kept constant at 6.5 V. The top graph shows the driver’s 
input signal, VGS. A good agreement between this measurement and the ideal block wave, shown in Fig. 
6, is obtained by properly matching the drive voltage with the MOSFET being driven. The second graph 
shows the measured drain-to-source voltage, VDS together with the corresponding simulation result 
(dashed line). The deviation between simulation and measurement is caused by two deficiencies. Firstly, 
the class E regime is highly-sensitive to capacitance mismatch. While the simulations are calculated with 
a 0.1 pF accuracy, the real capacitance variability exceeds 5%. Secondly, the measured coil quality is a 
factor two lower than the calculated value. This is caused by contact resistance losses and eddy currents, 
which were not taken into account during simulation. The sub-optimal class E operation requires a higher 
peak voltage across the switch to produce a similar field strength [47]. The bottom graph shows the 
resulting base coil voltage. While in simulation a supply voltage of 6.5 V is enough to span 220 mm, the 
real inter-coil distance is 190 mm. Despite the substandard conditions, the driver’s efficiency still exceeds 
90%. During nominal operation the class E efficiency measures 92%, the total efficiency measures 21%. 
This power link efficiency does not consider the power losses due to the microcontroller and the 
MOSFET driver.  

3.2. The power optimization algorithm  

The power optimization algorithm is compared to the classical approach in which the magnetic link is 
designed to cope with a worst case scenario. As an example, a maximal inter-coil distance of 250mm and 
a received voltage level of 2V is selected. Fig. 9 shows the results of both measurements. The top graph 
shows the driver’s supply voltage. The second graph shows the received voltages at the secondary side. 
For the classical approach, the feed of the power amplifier is kept constant to 10 V such that a voltage 
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transfer of 2 V at maximal coil separation is guaranteed. Introducing inter-coil distance variations 
between 50 mm and 300 mm results in extremely high voltage fluctuations at the remote side. It is clear 
that in the nominal case, an abundant voltage level is received, which inevitably corresponds to a higher 
magnetic field intensity. Moreover, additional voltage protection circuitry needs to be incorporated at the 
sensor side. When the power optimization method is applied, the driver’s supply voltage is automatically 
adjusted between 1.25 V and 20 V. Consequently, the magnetic field intensity is optimized and the 
voltage level at the remote side is kept constant. The optimization strategy is limited in two directions. 
The upper limit is specified by the characteristics of the used components. The maximal VDS is set to 
60V. The minimal inter-coil distance is limited by the behavior of the class E power amplifier. This is 
illustrated in the bottom graph of Fig. 9. The total efficiency, presented by the dashed line is maximal 
around a coil separation of 100 mm. The link efficiency (red) diminishes when the distance increases, 
therefore a higher supply voltage is needed. When the distance decreases, the class E efficiency becomes 
the bottle neck. The higher coupling damages the class E regime.  

4. Conclusions  

The presented research has introduced inductive energy transfer to longterm vital signal acquisition at the 
bedside. A specific prototype that consists of a matrix of transmitting coils, covering an area of 0.27m2, 
has been developed with the aim of powering a neonatal body sensor network. A software algorithm, 
which can automatically assign the most efficient power transmitter to bias a freely moving remote sensor 
node, has been integrated into the system. Experiments have proven the system’s aptitude to deal with 
online horizontal as well as vertical sensor movement. Effort has been put in the design, simulation and 
implementation of a highly efficient, loosely coupled inductive link. The system makes it possible to 
provide 10 mW of power to a remote node at an intercoil distance between 50 mm and 300 mm. Future 
work will focus on further characterization of inductive power transfer at the bedside and on patient 
safety. First of all, the near-field electrical and magnetic radiation will be measured and compared to the 
specific absorption rate safety standards. Secondly, integration tests are scheduled in the near future to 
validate the system in a clinical environment and to rule out electromagnetic interference with other 
potential medical equipment.  
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