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The performance of wireless power transfer (WPT) systems is a function of many parameters such as resonance matching, coil
quality factor, system impedance match, and others. When designing and testing WPT systems, reliable measurement of
system performance is essential. In our application, we use WPT to power biomedical implants for telemetry acquisition
from small rodents, where rodent behavior data is used to study disease models. Such an application employs a large
primary coil and a much smaller moving secondary coil, which can be defined as a loosely coupled WPT (LCWPT)
system. This paper presents a novel wireless measurement system (WMS) that is used to collect real-time performance
data from the secondary circuit (implant), while testing LCWPT systems. Presently, measuring the performance of the sec-
ondary side of LCWPT systems while they are in operation can be problematic. The literature reports various measurement
errors when using voltage/current probes, or coaxial cables placed directly into the primary magnetic field. We have designed
the WMS to greatly reduce such measurement errors, where the WMS measures the induced voltage (and hence received
power) and relays this information by radio. Experiments were done to test the WMS, as well as comparison with cable-based
measurements.
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I . I N T R O D U C T I O N

Wireless power transfer (WPT) is used in various biomedical
applications to power telemetric devices and implants. It can
be used to supply power to implanted telemetric devices for
indefinite periods, without the need for batteries, battery
replacement surgery, or transcutaneous wiring. There are
many designs of WPT systems that have been proposed,
where power requirements for implantable devices vary with
the application and can range from a few milliwatts to
dozens of milliwatts [1–3].

Reliable measurement of system performance is needed for
designing and testing WPT systems. This requires the use of a
measurement system to collect real-time performance data
from the implant (secondary coil circuit) in a way that does
not interfere with the device performance.

Our work involves a telemetric device called the rodent
implant device (RID) for a freely moving small rodent. It is
suitable for subcutaneous implantation in a rat, and is suitable
as a head-mounted device for a mouse. Figure 1 illustrates the

concept for telemetry acquisition, where the RID is located on
the head of a freely moving rodent within a small housing
cage, around which the primary coil is wrapped.

A characteristic of WPT applications for rodent telemetry
acquisition is the loose coupling between the primary and sec-
ondary coils, providing low levels of power transfer [2]. Our
work involves such loosely coupled WPT (LCWPT) where
we employ a large primary coil to transmit power to a much
smaller secondary coil (implant) that is in motion. To com-
pensate for loose coupling, the use of resonant circuit
systems is employed to create boosted voltage/current levels
at the secondary coil, even in the presence of low coupling
coefficients [2, 4].

In order to characterize LCWPT systems, some key per-
formance parameters need to be accurately measured/
obtained at the secondary circuit. These include the induced
voltage, the received power, and the overall efficiency of the
LCWPT system. Presently, measuring the performance of
the secondary side of LCWPT systems while they are in oper-
ation can be problematic when using voltage/current probes,
or coaxial cables placed directly into the primary magnetic
field. A number of researchers have measured the induced
voltage, the received power, or the efficiency of WPT
systems with various schemes using coaxial cables, twisted-
pair cables, or oscilloscope voltage/current probes. Jow et al.
used a digital oscilloscope (MSO4034B, Tektronix) to
measure the peak-to-peak voltage across the LC-tank that
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was connected to a 500 V resistor load, in their secondary
circuit. To do this, they placed a voltage probe within the
primary coil’s electromagnetic field, to measure the induced
voltage in the secondary LC-tank circuit, and they calculated
the received power [5]. Pinuela et al. initially measured the
induced current of their secondary using an Agilent
N2783A current probe. However, they noted that the results
did not reflect the true of operation of their WPT, as
current probes are not capable of measuring the induced
current precisely in the presence of significant electromagnetic
noise. Also, they could not measure the induced voltage (Vind)
using a voltage probe across the load, because the capacitance
of the probe can detune the resonance of the receiver circuit.
Therefore, they measured the efficiency of their WPT system
using a thermal measurement scheme. This was done by
measuring the temperature of the heat sink of the receiver
coil, and the temperature of their metal film resistor load, by
calculating the applied DC input power to their WPT
system [6]. Russell et al. placed the resistor load of their sec-
ondary outside the primary field of their WPT system, and
connected that load to the secondary coil via twisted-pair
wires. They measured the DC voltage across the resistor
load using a NI card (PCI-6025E) interfaced with LabVIEW
[7]. Zhao et al built a LCWPT system for an epiretinal pros-
thesis application. They measured the induced voltage by con-
necting a voltage probe and a ground probe across the resistor
load of the secondary circuit, all of which were within the
primary coil’s electromagnetic field. These probes were part
of a single coaxial cable, which was connected to an oscillo-
scope [8]. Xu et al. built a WPT system for rodent (rat) appli-
cations, where their WPT system was based on four coils:
driver coil, transmitter coil, receiver coil (secondary coil),
and load coil (application load). Their load coil is intended
for implantation subcutaneously within the dorsal region of a
rat. They likely used a coaxial cable to connect their load coil
to an oscilloscope, to measure the peak-to-peak induced
voltage of the load coil [9, 10]. Dionigi et al. presented a second-
ary resonator based on a coaxial cable, which is suitable for
WPT applications [11, 12]. His work indicates that coaxial
cables can affect the magnetic resonance of WPT systems.

In this work, we designed, constructed, and tested the wire-
less measurement system (WMS) to avoid potential measure-
ment errors inherent with coaxial cables, twisted-pair cables,

or oscilloscope probes within the primary field. The WMS is
connected across the secondary load, RL of the RID to
measure the induced voltage received, as shown in Fig. 3 for
our LCWPT system.

This paper is organized as follows. Section I shows the
research motivation for the WMS system, and other measure-
ment systems. Section II illustrates the methodology of this
work. Section III describes WPT theory. Section IV shows
the WMS design for WPT system. The experimental setup
is described in Section V. The experimental results are
reported in Section VI. A discussion of the results is provided
in Section VII. Finally, the conclusion is in Section VIII.

I I . D E S I G N M E T H O D O L O G Y

There are a few possible ways to measure the power transfer of
LCWPT systems. These include: (i) using current probes to
measure the current passing through the secondary load, RL,
while it is within the primary electromagnetic field. (ii)
Using voltage probes to measure the voltage across the sec-
ondary load, RL, while it is within the primary field. (iii)
Placing the secondary load, RL, outside the primary field
and connecting it to the secondary coil via coaxial cable or
twisted-pair wires. Then, measuring the current/voltage of
the load RL with oscilloscope probes.

In regards to approach (i) or (ii), Pinuela et al. found that a
probe’s capacitance of 15 pF was enough to detune the sec-
ondary coil from resonance. They also concluded that
current probes were not capable of measuring the current
accurately in the presence of significant electromagnetic
fields [6] due to noise. Hence, oscilloscope probes should
not be used inside the primary field electromagnetic zone.

In regards to approach (iii), coaxial cables or twisted-pair
cables can be used to spatially move the load RL farther
away from the primary field, allowing measurement of the
voltage across the load, or the current through the load, as
Russell did in [7]. However, twisted/coaxial cables add an
impedance to the secondary circuit. For example, coaxial
cable has an impedance of 50 or 75 V depending on connector
type. This impedance increase may cause impedance mis-
match, leading to reflected power loss in the secondary coil.

The purpose of this work is to measure the power transfer
of LCWPT systems precisely using a cable-free (wireless)
approach. By avoiding the use of coaxial cables, twisted-pair
wires and current/voltage probes, we are able to avoid the pro-
blems described above. The design of the WMS is explained in
Section IV.

We used the WMS to measure the received power using
two different experimental telemetric devices: (1) a secondary
coil called the air core, which consists of a simple coil wrapped
around a small printed circuit board (PCB) [2]. (2) A variation
of the air core employing ferrite rods, where four ferrite rods
are placed at the corners of the PCB within the secondary coil.
This configuration is denoted as the four medium ferrites
(4MF). We designed and built it to improve the coupling, as
explained in [2].

I I I . W P T T H E O R Y

Electromagnetic inductive power transfer systems operate on
the principle of changing magnetic fields to create alternating

Fig. 1. Small rodent WPT concept, with primary coil wrapped around a small
mouse housing cage sized 300 × 190 × 120 mm3 (length × width × height).
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currents through a primary coil that induces a voltage onto a
secondary coil. By Faraday’s law, the resulting induced voltage
(Vind) at the secondary coil when it is parallel to the primary
coil, is given as [2, 13]:

Vind = −NPNSm0mrASa2
P

2(
���������
a2

P + r2
√

)3 · jwIP, (1)

where IP is the current applied to the primary coil, NP is the
number of primary turns, aP is the primary coil radius, NS is
the number of secondary turns, AS is the loop area of the sec-
ondary coil, m0 is the permeability of free space, w is the
angular frequency, mr is the relative permeability of a specific
medium, and r is the transmission distance, where r is calcu-
lated as l/2p, where l is the electromagnetic wavelength.

The coupling coefficient is defined as a dimensionless value
that characterizes the relation between two coils (primary and
secondary). For LCWPT biomedical telemetry devices, this
coefficient is between 0.1 and 10%, and may vary due to
coil-to-coil separation distance, coil-to-coil diameter ratio,
coil-to-coil angular orientation, and other factors [2, 14–16].
The low coupling coefficient of many LCWPT systems leads
to poor power transfer. Therefore, nearly all WPT systems
use magnetic resonant coupling between the primary and sec-
ondary coils, to increase the efficiency [9]. Tesla first proposed
the magnetic resonant technique [17]. In our work, we
measure overall efficiency as: (received power on the RID/
DC power supplied to the primary circuit) [2].

There are four topologies for achieving magnetic resonant
coupling between the primary and secondary coils. The top-
ologies are SS, SP, PP, and PS for WPT systems, where the
first S or P stands for series or parallel compensation of the
primary winding, and the second S or P stands for series or
parallel compensation of the secondary winding. In this
work, the PP topology is used, as shown in Fig. 2.

At magnetic resonance, the reactive components cancel
and the impedance is simply the real component, which is
the resistive loss of the secondary tank. To achieve
maximum power transfer to the load, it is recommended to
use the optimum load resistance (RL), as explained in detail
in [2]. The maximum transferred power via the inductive
link is defined as [18, 19]:

Po =
V2

ind

RL
. (2)

I V . W M S D E S I G N F O R W P T
S Y S T E M S

The main motivation for the WMS is to measure the power
transfer of our LCWPT system. Given this goal, a set of
design requirements for the WMS are established, and sum-
marized in Table 1.

Several design iterations were undertaken to create the
WMS, to meet the design requirements and to achieve a
robust measuring system. A high-level diagram of the WMS
connected to the RID is provided in Fig. 3. The requirement
to minimize volume keeps the WMS compact and lightweight.
It also minimizes physical interference when connected to the
RID, and allows for easy placement and orientation within the
primary coil. Ideally, the WMS should not disturb the primary

magnetic field, and should not have a significant effect on the
system coupling. As noted in the methodology, a wireless
(radio link) communication system has been designed into
the WMS to transmit the measured data to an external base-
station that records it. The WMS has an on-board microcon-
troller, a radio, and other electronics requiring power, which is
supplied by a battery. This is needed since the WMS must
operate independently of the WPT system, which it measures.

Several detailed design notes are provided here regarding
the physical construction of the WMS: (i) we used the
Nordic nRF24LE1-F16Q24 system on-a-chip (SOC) with
embedded microcontroller and radio, since it is a low-power
design suitable for RF applications [20]. (ii) The WMS was
designed as a four layers PCB that includes power (VCC)
and ground planes in the middle, and two routing planes
(top and bottom), for best performance in RF applications
[21]. (iii) We used surface-mount devices (SMD) of size
0201/0402, since these sizes improve the RF performance
and have good thermal properties [22, 23]. (iv) We built a cus-
tomized impedance matching circuit network for the RF

Table 1. Design requirements for the WMS.

Design requirement Description Value/range
(units)

Maximum volume Max volume of WMS 1600 (mm3)
Non-disruptive to

induced field
WMS design should not interfere

with resonance or coupling of
the WPT

–

Measure induced
voltage

Wide measurement range across
the secondary load

0–63 (V)

Wireless data
transmission

Transfer the measurement data by
radio signal

4800 bits/s

Self-powered Powered by lithium-polymer
battery

4.2 (V)

Disconnectable WMS should be easily removable two header
connector

Fig. 2. PP topology of primary and secondary coils.

Fig. 3. High-level diagram of the WMS configuration.
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antenna (FR05-S1-N-0-110) [24], by following the schematic
circuit diagram of the QFN24 as described in [20]. (v) We
avoided use of nonlinear components (such as voltage regula-
tors or zener diodes) in the measurement stream. These com-
ponents may affect the resonant frequency of the secondary
circuit, as mentioned in [25]. (vi) We used a lithium-polymer
(non-metallic) battery to power the WMS, since it is small
and its composition is minimally disruptive to the primary
field, which avoids the problems described in point (v). We
cannot use induced power from the RID to power the WMS,
since that power is variable during development experiments.

The design of the measurement circuit on the WMS is
described here. The WMS measures the voltage developed
across RL on the RID, which represents the application load.
The value of RL is pre-selected to ensure a good impedance
match with the LSCS tank and rectifier of the RID.

The WMS employs a voltage divider when making mea-
surements. This is needed since the voltage (VM) measured
by the microcontroller cannot exceed the internal reference
value of the analog-to-digital converter (ADC). The reference
value is set by an internal bandgap of the microcontroller
(nRF24LE1), which is nominally 1.2 V [20]. The system was
simulated with Multisim software (National Instruments) to
configure the resistor and capacitor values. Figure 4 shows
the Multisim model with voltage labels for the simulation
results. The voltage source represents the induced voltage
(Vind) from the LSCS tank of the RID. The maximum received
voltage within the LSCS tank of the air core configuration is
66 V (peak-to-peak), assuming a secondary load RL of 5 kV,
and the parameter values as listed in Table 2 (smoothing cap-
acitor, voltage divider and filter). The voltage points at Vrec,
VM, and Vout of the WMS simulation are plotted in Fig. 5,
where Vrec is 31.5 V, and Vout reaches value VM after 90 ms.
By using equation (3) with the parameter values of the

voltage divider and the filter, VM is found to be 0.608 V,
which corresponds to Fig. 5.

The measured voltage (VM) is digitized using a 12-bit setting
on the ADC relative to the internal reference value of 1.2 V.
With values of the voltage divider resistors R1 & R2 as shown
in Table 2, the WMS is able to measure DC (Vrec) voltages
up to 62.4 V. By changing voltage divider resistors R1 & R2, dif-
ferent measurement resolution and ranges are possible, as
explained in equation (3). We can ignore the voltage drop
over the filter (R3 & C2), as the resistance value of R3 is small
compared with R2, as shown in Table 2. We can back-calculate
the rectified voltage (Vrec) over the resistor load RL as follows:

VM = Vrec
R2

R1 + R2
,

Vrec = VM × R1 + R2

R2
,

Vrec =
VA/D

212 − 1
× VRef × G, (3)

where

VM = VA/D

4095
× VRef ;

G: Voltage divider factor (R1 + R2/R2), it is 52;
Vref: Internal reference (1.2 V).

The WMS is based upon a SOC from Nordic
Semiconductor (SOC model nRF24LE1). This SOC includes
a 2.4 GHz RF transceiver, an 8-bit microcontroller, embedded
Flash memory (16 kB), and a set of on-chip analog and digital
peripherals [20]. The WMS circuit schematic was designed
using Altium CAD software, where the values of the electronic
components (R, L, and C ) are provided in the diagram of
Fig. 6.

Fig. 4. Multisim model of the RID connected to the WMS.

Table 2. Final design parameters for the WMS.

Design parameter Description Design value
(units)

Overall size L × W × H 35 × 18 × 1
(mm3)

Weight The weight of the WMS only 3 (g)
C1 Smoothing capacitor 0.1 mF
R3 & C2 Filter 1 kV & 2 nF
R1 & R2 Voltage divider resistor 510 & 10 kV
Nonlinear

component
Power the voltage regulator

externally
–

Fig. 5. Voltage traces of the WMS simulation.
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The radio communication protocol is built into the Nordic
platform, and uses a proprietary handshaking network proto-
col to transfer voltage data (VM) in digital format. The com-
munication frequency between the WMS and the base
station is 2.4 GHz. For this application data were sampled
and transmitted at an effective rate of 29 Hz. The transmitted
data/packets are displayed and saved using a custom graphic
user interface. The transmission range of the Nordic RF
system is approximately 6 m, which is adequate for this
application.

The microcontroller chip on the WMS is programmed by
initially compiling the bootloader program on a computer,
and then downloading it to the chip using a USB-connected
interface board. The bootloader program is subsequently
used to wirelessly upload program code using the base
station. We use Keil mVision4 as a program debugging soft-
ware that compiles the code and generates its hex file. Then
the generated hex file is uploaded onto the microcontroller
chip wirelessly.

V . W M S E X P E R I M E N T A L S E T U P

Our LCWPT system can be divided into two parts, namely the
primary circuit and the secondary circuit, as illustrated in

Fig. 7. The WMS design was tested with two different RID
configurations (air core and 4MF). Magnetic resonant coup-
ling is achieved by tuning the parameters of the primary
and secondary circuits such that both resonate at the same
frequency.

Power is supplied to the primary circuit using a DC power
supply. A signal generator (Agilent 33250A) provides a driver
signal to a Class-E power amplifier, which is used to generate
sinusoidal current (IP) in the primary coil (LP). The alternat-
ing electromagnetic field in the primary coil induces a sinus-
oidal voltage (Vind) in the secondary coil (LS). The induced
voltage is rectified within the RID into a DC voltage (Vrec)
that provides power to the application load (RL). The Vrec is
measured across the load RL using the WMS as explained in
Section IV.

A switching inverter is used to supply the primary coil (LP)
with sinusoidal AC current. There are many designs for power
amplifier inverter circuits, categorized in Classes C, D, and E.
We used the Class-E amplifier design to drive our primary
coil, since it is a common approach that is used extensively.
Sokal et al. demonstrated the operational characteristics of
their zero-voltage-switching inverter (ZVS) [26] using this
approach. The Class-E is the preferred topology as it has
high power efficiency, and it minimizes the stress on the
switching element. The parallel capacitance normally
present in a Class-E amplifier has been replaced here by a
diode where the diode allows for suboptimum operation.
The antiparallel diode in the MOSFET turns on when the
voltage crosses zero voltage, before the oscillation waveform
reaches its minimum. This regime is referred to as subopti-
mum operation [27].

Our Class-E amplifier is configured as parallel resonance,
where C4 works in combination with Ctank, to create a parallel
primary resonant tank, as shown in Fig. 8. We vary C4 to
adjust the resonance of the primary circuit. The series

Fig. 6. Schematic diagram of the WMS.

Fig. 7. Block diagram of LCWPT system with the WMS.

Fig. 8. Class-E amplifier (parallel resonance with Ctank and Lp).
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capacitor (C3) shields the MOSFET from the high voltage
developed by the primary resonant tank [27]. A pulse train
(VG, duty cycle 0.5) is applied at the gate driver (MIC4421).
The switch used is a MOSFET (STP16NK65Z) with high
power handling and nanosecond switching capabilities [28,
29]. This MOSFET was also selected due to its relatively low
output capacitance (Coss) at high VDS [30]. It is important to
note that Coss is effectively absorbed by C4 [6].

For increasing the WPT efficiency, tuning peak-to-peak
voltage is just as important as switching at zero-voltage-zero-
current. Identification of the ideal voltage and current wave-
forms that minimize switching losses, led to the design of
Class-E ZVS power amplifiers by Sokal et al. [26, 30, 31].
Our power amplifier is designed to deliver a maximum sinus-
oidal current (peak-to-peak) of up to 7 A through the primary
coil. This can generate sinusoidal voltages (peak-to-peak) of
up to 2.3 kV across the primary resonant tank.

The RID has an LSCS tank and a full bridge rectifier, as
shown in Fig. 9, for both the air core and 4MF configurations.
The rectification is an important part of the secondary coil in a
WPT system, where it is vital to efficiently utilize the gener-
ated Vind [32]. High frequency rectifiers have two loss contri-
butions associated with the diodes; losses due to forward
conduction and a high frequency loss that can be attributed
to the finite switching time of the diode. The switching
losses occur as a consequence of the reverse recovery time
of the diode. The forward conduction losses exist due to the
forward voltage of the diode and the loss associated with its
non-zero series resistance. Several rectifier topologies can be
implemented for LCWPT (low power applications). The
small diameter of the secondary coil (LS) and the poor coup-
ling coefficient, make it difficult in most applications to induce
a high secondary voltage (Vind). For this reason, full-bridge rec-
tifiers with quad diodes designed for use in ultra-high-speed
switching applications [33] are preferred to rectify the
induced voltage (Vind) [25].

To achieve high quality factors, inductors with low effective
series resistance (ESR) are required for high frequency oper-
ation, due to the skin effect and proximity effect. To reduce
the ESR, multistrand Litz wires are commonly used [15, 34].
For implant applications, the preferred frequency range of
operation is from 100 kHz to 4 MHz, where minimal bio-
logical effects have been reported, in contrast to the
extreme-low-frequency band and the microwave band [35].
In this work, the two RID configurations employ 48 AWG

Litz wire. The number of turns used in the air core and
4MF configurations is 28 turns (7 turns per layer, 4 layers).
The resonant frequency of each RID configuration is a func-
tion of its own LSCS tank properties and is not adjustable.
The LSCS tank employs a fixed 235 pF capacitor (Cs) for all
configurations. The coil parameters (Q and Ls) of each config-
uration are listed in Table 3, as measured using a HP 4285A
LCR meter. A HP 4193A vector impedance meter is used to
measure the resonant frequency and impedance of the LSCS

tank of each RID, as listed in Table 4.
The impedance match within the RID must be appropriate

to minimize internally reflected power loss between the LSCS

tank and the secondary load RL. When considering this
impedance match, the reactive part (capacitive component)
of full-bridge impedance is considered part of the LSCS tank
impedance [2].

The primary coil is wrapped around an animal cage sized
30 × 19 × 12 cm3 (length × width × height). To mimic
various angular orientations of a rodent, four experimental
fixtures were constructed to hold the RID at various orienta-
tions, which are 08, 308, 608, and 908. These angles are with
respect to the x–y plane and the longitudinal axis of the
primary coil, as shown in Fig. 1. Each fixture holds the RID
at a 3 cm height above the base of the cage, and is located in
the center of the cage. Figure 10 shows the experimental
setup of the complete WPT system. The output voltage of

Fig. 9. RID configurations; (a) air core, (b) 4MF.

Table 3. Parameters of the secondary coil of the RID configurations.

Configuration Q L (mH)

Air core 36 22.4
4MF 44 29.5

Table 4. Measured resonant frequency and the impedance magnitude of
RID configurations.

Configuration Fres (MHz) RLC (kV)

Air core 2.302 10.1
4MF 2.057 12

Fig. 10. WPT experimental setup.

26 basem m. badr et al.

https://doi.org/10.1017/wpt.2016.12 Published online by Cambridge University Press

https://doi.org/10.1017/wpt.2016.12


the Class-E power amplifier is measured by a high voltage
probe, and the primary current (IP) is measured by a
current probe (Agilent N2893A). The high voltage and
current probes are connected to the oscilloscope. Prior to
each WPT experiment, a calibration procedure is performed
to ensure the magnetic resonant coupling is achieved
between the primary and secondary circuits. This is done by
verifying (re-measuring) the RID properties, and matching
the resonant frequency of the system by tuning the primary
circuits. The primary circuit is tuned by adjusting the signal
generator frequency and adjusting the variable capacitor
(C4) in the Class-E power amplifier.

Most of the system losses occur as heat at either the amp-
lifier transistor (MOSFET) or the primary coil (LP). A tem-
perature increase at the primary coil (LP) is not critical
because it is a passive component and more resilient to heat
[25]. A 12 V DC brushless fan is used to achieve an air flow
for forced air cooling. In addition, the heat sink on the
MOSFET further enhances the heat-dissipation capabilities.
Figure 11 shows the top view of the Class-E power amplifier.

The magnetic resonant properties of our LCWPT system
were evaluated with and without the WMS attached. This
was done by first measuring the resonant frequency of the
RID LSCS tank, as listed in Table 4. The resonant frequency
of 4MF was 2.057 MHz, when we measured the resonant fre-
quency of the RID alone (without connecting the WMS).
When we measured the resonant frequency of the RID with
the WMS attached, we observed a resonant frequency
2.067 MHz with the 4MF configuration. This difference of fre-
quency is only 10 kHz (0.5%), which shows that the WMS
does not cause a large shift in the resonant properties for
LCWPT systems.

V I . W M S E X P E R I M E N T A L
R E S U L T S

The WMS was constructed and a set of experiments was con-
ducted to test its performance. First, we examine the effect of
measuring the rectified voltage (Vrec) across the secondary

load (RL) using the WMS, and compared it with measure-
ments using a physically connected coaxial cable. The mea-
surements using the coaxial cable were performed with one
end of the cable connected to the output of the rectifier on
the RID, and then running the remaining length of the
coaxial cable outside the primary coil. The outside end of
the coaxial cable was connected to the load resistor (RL),
where the rectified voltage (Vrec) was measured using the
voltage probe (measured outside the primary coil since the
RL resistor cannot reside on the RID if using direct cable-based
probes). We varied the shape and orientation of the coaxial
cable within the primary magnetic field using four shapes/
orientations which were: straight cable (parallel to magnetic
field), 458 titled cable (458 to magnetic field), S-shaped bent
cable (in plane parallel to magnetic field), and circle-shaped
bent cable (in plane parallel to magnetic field). Table 5 sum-
marizes the measured voltage and the received power using
both the WMS and the four coaxial cable configurations. All
tests were done using the air core RID over 4 days, placed at
the center of the cage, using a 2.5 A current (sinusoidal,
peak-to-peak) applied to the primary coil. We observed that
the measured value of the rectified voltage (Vrec) using the
four shapes of the coaxial cable was not consistent from
shape to shape, and also not consistent from day to day.
The primary coil (cage), the power amplifier, the oscilloscope,
current probe, the signal generator, and the base station
remained in the same place each day. However, the secondary
circuit (RID), the voltage probe, and the four shapes of the
coaxial cable were set up at the beginning of the experiment
each day, and taken down at the end of the experiment each
day. The measured values from the WMS were very consistent
from day to day. The measured values of Vrec using the four
shapes of the coaxial cable were higher than the values
obtained using the WMS by 5–28%.

Another type of experiment was conducted to demonstrate
the performance of the WMS, and to compare the WMS to the
coaxial cable. To do this, we measured the rectified voltage
(Vrec) received by the RID, at 13 different locations within
the cage field. In one case we used the S-shaped coaxial
cable, and in the other case the WMS, to measure Vrec.
Figure 12 shows a map of these 13 points with their coordi-
nates (x, y). This experiment used the 4MF configuration, a
secondary load (RL) of 10 kV, and 2.5 A (peak-to-peak)
applied to the primary coil. Figure 13 shows contour plots
of Vrec measurements on two different days using both the
WMS and the S-shaped coaxial cable. As before, the system
was set up and taken down each day. Figures 13(a) and

Table 5. Measured voltage Vrec and received power P (mW) of air core
using WMS and the four shapes of the coaxial cable.

Measuring approach Day 1 Day 2 Day 3 Day 4

WMS Vrec 17.06 17.03 17.06 17.03
P (mW) 58.2 58.04 58.2 58.04

Straight coaxial cable Vrec 18.7 18.3 17.85 18.02
P (mW) 69.9 65.7 63.72 64.9

458 tilted coaxial cable Vrec 18.03 17.52 17.2 17.3
P (mW) 65.1 61.4 59.2 59.9

S-shaped coaxial cable Vrec 21.3 20.2 18.9 19.1
P (mW) 90.73 81.6 71.5 72.9

Circle-shaped coaxial cable Vrec 21.8 21.1 19.5 20.02
P (mW) 95 89 76.1 80.2

Fig. 11. Top view of the Class-E power amplifier.
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13(b) show the consistency in the measurements using the
WMS, based on the relative symmetry of the contour shape
(about the horizontal and vertical) and the measurement mag-
nitude (color and contour labels). Figures 13(c) and 13(d)
show less consistent measurements using the S-shaped
coaxial cable given less symmetrical shape, and less consist-
ency from day to day. Table 6 lists the Vrec measurements of
the WMS and the S-shaped coaxial cable on Day 1 and Day
2. Two important observations can be made: The variation
from day to day of the WMS measurements at similar
points, is within 0.11–0.86%. However, the measurements
from day to day of the S-shaped coaxial cable at similar
points vary from 1.81 to 6.69%. The second observation con-
cerns the expected values themselves. Notice that the 13 points
are symmetrically distributed (horizontal and vertical) within
the cage. According to theory and computer simulations in
reference [2], the field intensity at points 1, 3, 5, and 7
should be the same. As well, the field intensity at points 9,
10, 12, and 13 should be the same. Looking at Table 6, for
measured points 1, 3, 5, and 7, we can see the WMS values
are within 0.90%, and for measured points 9, 10, 12, and 13
within 0.83% of each other. However, for the S-shaped

cable, the measured values at points 1, 3, 5, and 7 are within
5.86%, and for points 9, 10, 12, and 13 are within 6.64%.

An additional experiment was done to show the mobility
advantage of using the WMS verses the coaxial cables. This
experiment was conducted using the 4MF configuration, a
secondary load (RL) of 10 kV, and 1.0 A (peak-to-peak)
applied to the primary coil. We attached the WMS to a long
plastic rod, connected to a stepper motor outside the cage,
where the WMS was at point 11 in the cage. The motor was
spaced 15 cm away from the cage. We then measured Vrec

continuously from 08 to 3608 (29 samples/s), to create the
plot of Vrec versus orientation, as shown in Fig. 14. In contrast,
using a coaxial cable to obtain such measurements while
moving through a range of angles, would be difficult, due to
mechanical stiffness, as well as continuous changes to the
field caused by the cable (similar to different cable shapes as
listed in Table 5). This demonstrates the mobility and orien-
tation advantages of the WMS when measuring Vrec at any
orientation with respect to the primary coil.

We also investigated our LCWPT behavior using different
types of batteries to power the WMS. Since the WMS must
provide reliable measurements over time, its power must be
supplied independently (by a battery) to make its operation
independent of the RID performance. We tested the use of

Fig. 12. Top view of the cage showing the locations of the 13 points.

Fig. 13. Contour plot of the Vrec for the 13 points over 2 days; (a) Day 1 using
the WMS, (b) Day 2 using the WMS, (c) Day 1 using the S-shaped coaxial cable
and (d) Day 2 using the S-shaped coaxial cable.

Table 6. Values of voltage Vrec of 4MF using the WMS and the S-shaped
coaxial cable over 2 days.

Point WMS S-shaped coaxial

Day 1 (V) Day 2 (V) Day 1 (V) Day 2 (V)

1 53.12 53.03 57.98 59.05
2 45.53 45.18 48.91 50.35
3 53.36 53.18 58.88 57.83
4 45.13 45.06 49.55 47.98
5 53.03 52.97 56.28 57.25
6 44.98 44.78 48.18 46.75
7 52.88 52.27 57.63 55.78
8 45.17 45.03 48.71 49.16
9 36.05 35.82 39.66 37.81
10 36.18 36.02 40.05 41.11
11 30.31 29.91 32.94 33.53
12 36.21 36.45 41.13 38.55
13 36.35 36.04 41.87 39.01

Fig. 14. Values of voltage Vrec of 4MF during continuous rotation at the center
of the cage, versus orientations. Note the RID receives slightly more power
while inverted, since it is not centered on the rod and thus changes both its
angle and vertical position within the field.
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AA, coin cell, and lithium-polymer batteries. The coin cell
battery, or the lithium-polymer battery was placed in the
field with the WMS. However, the AA battery was outside
the cage, and connected to the WMS using twisted-pair
wires. We found that the primary circuit draws more
voltage and current from the DC supply when using the AA
battery, or the coin cell battery, in comparison with the
lithium-polymer battery. This is likely due to the metallic
components of the AA or coin cell battery, which produce a
load in the electromagnetic field. In addition, metallic
objects near the field affect the inductance of the primary
coil that leads to shifting of the operating point (resonant fre-
quency) of the primary circuit [36]. The Class-E power amp-
lifier compensates for the shift in resonant frequency, by
drawing more DC current to maintain the sinusoidal
current in the primary coil. The extra draw on the DC
power supply was 0.1 A (1 V) using the coin cell batteries,
and 0.3 A (2 V) using the AA batteries.

An additional note: the maximum power flows when the
resistive load RL is conjugately matched to the LSCS tank
circuit, as explained in [2]. Hence, our experimental measure-
ments utilize a conjugately matched load (RL) to ensure the
maximum power transfer for the overall system. Each RID
configuration has a different impedance magnitude (RLC), as
shown in Table 4. In order to determine the ideal resistor
load (RL) value for each RID, we tested resistor values of 1,
2.7, 5, 10, and 20 kV, to find the peak power transfer. For
example, in the case of the air core, as shown in Fig. 15, we
found that the RL value of 5 kV provided best power transfer.
Similarly, in the case of the 4MF configuration, the RL value of
10 kV provided best power transfer. A Vector Impedance
Meter was also used to verify the selected values.

V I I . L C W P T E X P E R I M E N T
R E S U L T S

Experiments to measure power transfer performance of the
RID (air core and 4MF configurations) were conducted with
the WMS. In these LCWPT experiments, the RID was
located only at the center (point 11) of the cage. The experi-
ments varied three independent parameters: the RID orienta-
tion (08, 308, 608 and 908 with respect to the x–y plane of the
primary coil), the matched impedance of the secondary
circuit, and the current (Ip) applied to the primary coil
(1, 1.5, 2, and 2.5 A peak-to-peak sinusoidal). The resulting
induced voltage Vrec in the RID was measured by the WMS.

A) Air core configuration
Figure 15 shows a plot of the power received by the air core
configuration with different resistor loads, when the RID is
located at the center of the primary coil, 3 cm above the
cage floor, at a 08 orientation. The maximum power is
found when using a matched load of 5 kV, where the
maximum power is 58 mW with an applied primary coil
current (Ip) of 2.5 A. Figure 16 shows the power received by
the air core configuration with a matched load (5 kV) at 08,
308, 608, and 908 orientations.

B) 4MF configuration
Figure 17 shows a plot of the power received by the 4MF con-
figuration at the center of the primary coil. The 4MF config-
uration differs from the air core by the addition of four
ferrite rods placed perpendicular to the PCB, as shown in
Fig. 9 (b). The 4MF configuration required a RL value of
10 kV, to ensure impedance matching within the RID.
Addition of the ferrites improves the received power, where
the maximum received power is 86 mW at a 08 orientation
with an applied primary coil current (Ip) of 2.5 A. The ferrites
also help the RID to gather power when it is tilted. For
example, at an angle of 308 with respect to the horizontal
plane, the 4MF can receive approximately the same power
as the air core configuration at 08. The 4MF configuration
receives 1 mW at the 908 orientation.

Fig. 16. Power received by the air core-based RID located at the center of the
primary coil, with a 5 KV RL.

Fig. 15. Power received in the air core configuration versus resistor loads for
different currents applied to the primary coil. The RID was located at the center
of the primary coil, in a horizontal (08) orientation.

Fig. 17. Power received by the 4MF configuration at the center of the primary
coil, with a 10 KV load RL.
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V I I I . D I S C U S S I O N

The WMS collects performance data from the WPT system
under test, and communicates the data wirelessly via radio
link in real-time. The utility of the WMS is that it overcomes
the problems that result when using directly connected coaxial
cables or voltage/current probes to measure the secondary
circuit. In our earlier work, we had measured the rectified
voltage (Vrec) of the RID using various configurations of
coaxial cables across the load (RL, located outside the
primary field); however, those measurements were plagued
by offset and noise problems, and produced inconsistent
results. When the same length of coaxial cable was bent in dif-
ferent shapes (with all other parameters fixed) the Vrec mea-
surements varied by 5–27%, as shown in Table 5. This
inspired the development of the WMS system presented in
this paper. By using the WMS, the measurements of Vrec at
various orientations and positions of the RID are consistent
to within 0.5% from day-to-day as shown in Tables 5 and 6,
whereas those from the coaxial cables varied by up to 7%
from day-to-day. Hence, measurements using the WMS are
more consistent and precise in comparison with coaxial cables.

Note that the WMS is not able to measure the induced AC
voltage of the LSCS tank circuit, because of a floating ground
issue. This occurs since the measured voltage (VM) over the
voltage divider (Fig. 3) will be a floating signal with respect
to the ADC of the microcontroller. The WMS was only
designed to measure the rectified DC voltage (Vrec), as
shown in Fig. 3.

When developing the WMS, we performed a rough check
of the DC measurement accuracy. This was done by using a
coaxial cable to measure the AC voltage directly across the
LSCS tank, even though we acknowledge the problems of
Section VI and Table 5. We used a 5 kV (RL) resistor at the
opposite end of the coaxial cable (located outside the
primary cage) and measured the induced voltage across RL

using a voltage probe connected to an oscilloscope. We
found the induced AC voltage was 54.2 V (peak-to-peak)
when driving the primary coil with (IP) 2.5A (peak-to-peak).
An AC value of 54.2 V corresponds to a rectified voltage,
Vrec, of 17.3 V DC, which approximately matches the mea-
surements using the WMS, as shown in Table 5.

The power received by the RID is proportional to the
square of the induced voltage (Vind). Hence, the power trans-
fer from primary to secondary of the WPT system can be
increased by increasing the supply voltage (as long as the
DC power supply is able to provide sufficient power, and
VDS across the MOSFET stays below the breakdown
voltage). Therefore, the received power values in Figs 15–17
are relative to the primary current, and are intended to
simply show the trends in comparison with system variables.
The measure of a good WPT system is demonstrated by
overall system efficiency [2]. We observed that the matched
impedance of the air core configuration differs from that of
the 4MF configuration. This is due to the lower quality
factor and coupling coefficient of the air core compared
with the 4MF configuration.

The overall weight of the RID and the WMS is 4.8 g, while
the RID alone is less than 2 g. The WMS is not intended to be
mounted on the head of a freely moving mouse, rather, only
the RID (with an application circuit) is intended for a
mouse. No animals were used in this study, where we have
instead used fixtures and a rotating motor to approximate

some of the orientations that the RID would be in when
attached to a freely moving mouse.

In general, the WMS system could also be used for per-
formance measurement of various WPT systems. This could
be done by modifying the configuration of the voltage dividers
(R1 and R2) and by modifying R3 and C2 (filter), to allow the
WMS to measure the induced DC voltage and the received
power for any WPT application.

I X . C O N C L U S I O N

This paper describes the design and testing of the WMS,
which is designed to provide reliable measurements of
LCWPT system performance during development of
LCWPT systems. Our LCWPT system is used to transmit
power to a telemetric recording device attached to a freely
moving rodent. The WMS is battery powered, and transmits
performance data by radio link, to avoid the measurement
errors normally associated with cable-based measurement
due to field interference, noise and offset. The WMS can
measure rectified voltage (Vrec) values from 0 to 63 V, with
12-bit resolution, at 29 Hz, from the RID. Furthermore, the
WMS was made to minimize its own interference with the res-
onance of the LCWPT system, and adheres to the design
requirements summarized in Table 1 and parameters listed
in Table 2. The WMS serves as a useful and portable tool to
evaluate secondary circuit (RID) performance at various
orientations and positions, without the problematic use of
coaxial cables, or current/voltage probes within the primary
field.

Physical prototypes of the WMS and RID configurations
(air core and 4MF) were constructed. Experiments were
done over a few days to demonstrate the repeatability of the
WMS measurements (Tables 5 and 6), as well as experiments
at various locations within the primary field (Figs 12 and 13).
In addition, and the versatility was shown by continuous data
collection while the WMS was rotated by 3608, as shown in
Fig. 14. The WMS does not significantly affect the electromag-
netic field distribution of the primary coil, as shown by Figs
13(a) and 13(b), making it a valuable measurement tool. It
also has little effect on the resonance of the LCWPT system,
as noted by experiments with/without the WMS. These experi-
mental results show that the WMS provides better measure-
ment performance (consistency and precision) and versatility,
in comparison with coaxial cable-based-measurement systems.
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