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High Q Coil Measurement for
Inductive Power Transfer

James Lawson , David C. Yates, Member, IEEE, and Paul D. Mitcheson, Senior Member, IEEE

Abstract— A system for the measurement of quality factors,
self-inductances, and interturn capacitances of inductive power
transfer coils, in the frequency range of 1–20 MHz, is demon-
strated. Coil quality factor in excess of 1000 is measured at
megahertz frequencies, beyond the capabilities of commercial
impedance analyzers. The method used is to measure the trans-
mission bandwidth of the coil under test while under weak mag-
netic coupling, incorporating measures to reduce common-mode
coupling. The measurement system is verified by comparison with
electromagnetic simulation and by modeling. The system model
shows robustness to system configuration and the potential to
measure coils with Q in excess of 10 000.

Index Terms— Capacitance, coil measurement, inductance,
inductive power transmission, Q-factor, wireless power.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) is a method of delivering
power to a remote load using magnetic fields. Energy

is wirelessly coupled from a transmitter coil to a resonant
receiver coil. The space between the coils can be filled with
dielectric (e.g., air) or partially conductive media (e.g., tis-
sue). IPT can efficiently provide power to remote loads over
distances comparable to the constituent coils’ diameters [1].
A complete IPT system (Fig. 1) is usually used to transfer
power from a dc power source to a dc load and thus includes
power electronic converters; however, this paper addresses
only the inductive link between the coils. Commonly,
in the frequency range focused on this paper (1–20 MHz),
the coils are simple, air cored, loosely wound inductors of
helical [2] or planar spiral form [3].

In recent years, many IPT systems have been demonstrated
operating at the industrial, scientific, and medical (ISM) fre-
quencies of 6.78 MHz [2], 13.56 MHz [4], and 27 MHz [5],
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Fig. 1. Block diagram of a complete IPT system, with the inductive link
highlighted.

with end-to-end efficiencies over 70%. These megahertz fre-
quencies are attractive for the operation of air-core coils
as they, for many common applications, yield the greatest
possible link efficiency, η. Furthermore, ISM frequencies do
not require licensing to use worldwide.

High link efficiency is only possible for systems when the
transmitter and receiver coils have high quality factor, Q, [1].
Systems operating without coupling factor enhancing materials
quality factors’ approach and, in some cases, exceed 1000 [6].
Direct measurement of coil Q greater than 30 is challeng-
ing [7], due to the requirement to accurately measure a small
loss in the presence of a large reactance. The difficulty in
obtaining reliable Q data for ISM band IPT has, despite the
importance of coil loss in efficiency calculations, resulted in
many publications only stating end-to-end efficiency measure-
ments and not measured coil losses [8], [9]. Where coils are
measured, the quality factors are frequently found to be less
than expected even for modest Q [10]. As a result, there is
ambiguity about where losses are arising in systems. The aim
of this paper is to report on a system that can reliably measure
coil Q in excess of 1000 in ISM bands. Furthermore, coil Q
can be determined by the system at frequencies where radia-
tion is the dominant loss mechanism. Conventional impedance
analyzers are compared with the system. They are found not
to be able to accurately measure the coil properties when Q
is high or return meaningful results when the radiation loss is
significant. The measurement system has been verified by both
the measurement of simulated coils and by equivalent circuit
modeling. The system model is used to show the operating
principles and the limitations of the measurement system.

A. Link Efficiency

The link efficiency, η, is the efficiency of the magnetic link
including losses in coils and media. As it does not include
power electronic losses and assumes an optimal receiver coil
load, it is an upper bound on overall end-to-end efficiency of
an IPT system. A wireless power transfer system, inclusive
of media losses, can be regarded as a two-port network, for
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Fig. 2. Transformer model of IPT system, with parasitic capacitances and
frequency-dependent loss resistance.

which the generalized efficiency has been solved by Zargham
and Gulak [11]

x = |Z21|2
Re(Z11) Re(Z22) − Re(Z12)

2 (1)

η = x

(1 + √
1 + x)2

. (2)

In a purely inductively coupled system (Fig. 2), without media
losses, x , reduces to the familiar equation

x = k2 QTx QRx (3)

and

k = MTxRx√
LTxLRx

(4)

where MTxRx is the mutual inductance between the transmitter
and receiver coils and LTx and LRx are their self-inductances.
It is critical to accurately determine coil Q in order to use
the link efficiency equation to predict the performance of an
IPT system.

B. Q Requirements for Coreless IPT Systems

To illustrate the importance of Q-factors approaching
1000 in practical applications, an example is now presented.
In this example, simplified geometry is used to show the
typical efficiency against distance curves for coil Q from
100 to 1000.

The self, LTx,Rx, and mutual inductance, MTxRx,of two
identical loops of 150-mm outer radius, rMax, composed of
5 mm radius, a, wire has been calculated for coaxial center-
to-center distances, D, from 0.05 to 0.6 m. The inductances are
used to calculate the coupling factor between the two loops.
The formula [12]

LTx,Rx ∼= μ0rMax

(
ln

(
8rMax

a

)
− 2

)
, rMax � a (5)

is used to calculate the self-inductance of the loops. The
formula [13]

MTxRx = f (τ 2)rMax(1 × 10−6) (6)

τ 2 = (D(1 × 102))2

4(rMax(1 × 102))2 + (D(1 × 102))2
(7)

where f (τ 2) is calculated using linear interpolation of the
table in [13, pp. 79 and 80]. The link efficiency with respect

Fig. 3. Case study of effect on coil Q on inductive link efficiency.

to distance is then compared for coils of varying Q using (2)
resulting in (Fig. 3).

If an overall system efficiency of 85% is targeted, it is
reasonable to expect η > 0.9 to allow a minimal budget
for power electronic losses. It is observed that the point of
η = 0.9 increases from 0.1 to 0.38 m when Q is increased
from 100 to 1000, a significant increase in distance that
enables applications such as wireless car charging. With simi-
lar dimensions, coils have been demonstrated with Q in excess
of 1000 at megahertz ISM frequencies [6], [14].

C. Q Definitions

For proper discussion of coil Q, the approximations of the
coil model (Fig. 2) and the multiple applicable definitions of
Q are now discussed.

1) Loss Relocation: For ease of discussion of the unloaded
coil Q, the circuit can be transformed from a series L and R
to a parallel circuit. New parallel equivalent values for the coil
loss, R′(ω) and for the coil inductance, L ′ are defined such
that the parallel network has the same input impedance as the
individual unloaded coils

R′(ω) = R(ω)2 + L2ω2

R(ω)
(8)

L ′ = R(ω)2 + L2ω2

Lω2 . (9)

2) Energy Definition: Q is only formally defined at reso-
nance, ω0, as

Q = 2π
Es

Ed
(10)

where Es is the peak stored energy in the resonator and Ed is
the energy lost per resonant cycle [15]. When Q of a lossy
capacitor or inductor is stated, it is implicitly resonating with a
lossless inductor or capacitor, respectively. The voltage across
the parallel resonator (Fig. 4) is common to all components

v(t) = |V | cos(ωt ). (11)
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Fig. 4. Parallel LCR resonator.

The electrical energy stored in the capacitor, Ee, follows from
definition:

Ee(t) = C

2
|V |2 cos2(ωt). (12)

To calculate the magnetic energy, Em , stored in the inductor,
first, the inductor current is calculated

iL(t) = 1

L

∫
v(t)dt = |V |

ωL
sin(ωt) (13)

Em(t) = 1

2
LiL(t)2 = |V |2

2ω2 L
sin2(ωt). (14)

By equating the peak magnetic and electric energies, the famil-
iar expression for the resonant frequency can be derived as

|V |2
2ω2 L

= 1

2
C|V |2 ∴ ω0 = 1√

LC
. (15)

To calculate the energy lost per resonant cycle, Ed , first,
the instantaneous power loss is defined

Pd (t) = v(t)2

R
(16)

Ed =
∫ 2π

ω0

0
Pd (t)dt = |V |2

R

∫ 2π
ω0

0
cos2(ω0t)dt = π |V |2

Rω0
.

(17)

Finally, the Q-factor of the parallel resonator can be calcu-
lated as

Q = 2π

(
|V |2

2ω2
0 L

)(
Rω0

π |V |2
)

= R

ω0 L
. (18)

This Q-factor is defined at a single resonant frequency
and, therefore, is not affected by the change in resistance
with respect to frequency caused by the skin and radiation
(dispersion).

3) Bandwidth Definition: If the parallel resonator (Fig. 4) is
considered to be excited by a current source, the two angular
frequencies at which the power dissipated in the resonator is
−3 dB referenced to the maximum power dissipated in the
resonator are

|Z(ω−3d B)| = R

2
(19)

ω−3d B =
√

2
√

L2 + 2C R2 L ± √
L4 + 4L3C R2

2C RL
. (20)

An alternative definition of Q is

Q−3d B = ω

�ω
(21)

where �ω is the −3-dB bandwidth of the resonator, this
definition is not identical to the energy definition. The usage
of this definition in the measurement of IPT coils has the

difficulty that R is a function of ω and, therefore, will have
varied within the resonator bandwidth (dispersion).

However, for Q greater than 10 (all IPT coils), the band-
width and energy definitions can be considered equivalent.
In the Appendix, this has been verified under dispersive
conditions by computer modeling.

D. Factors Affecting Q

The mechanisms of the ac losses in a coil (Fig. 2), repre-
sented by R are resistive losses due to the current distribution
in the turns and radiation loss caused by far-field radiated
energy. The total loss resistance can be split into separate
losses [16]

R = Rrad + RskinG p (22)

where Rrad is the coil’s radiation resistance, Rskin, is an
isolated conductors skin effect resistance, and G p is the
proximity factor.

An approximation to the skin effect resistance of an electri-
cally thick tube of outer radius, a, in terms of length, l, is [17]

Rskin = l

2πa

√
ωμ

2σ
. (23)

Therefore, Rskin ∝ ω0.5 by comparison with (18), it is
observed that at low frequencies where the skin effect resis-
tance is dominant Q ∝ ω0.5.

The radiation resistance of simple structures such as wire
loops (magnetic dipole) can be calculated analytically; how-
ever, expressions do no generally exist for more complex
structures. Therefore, the solution for the magnetic dipole is
used to approximate the radiation resistance of more complex
coils by assuming each turn is a layered magnetic dipole [18]

Rrad =
(

377

6π

) (
2π

λ

)4

(Nπr2)2 (24)

where r is the mean turn radius. As Rrad ∝ ω4 and Rskin ∝
ω0.5, the point of maximum Q will lie at a frequency where
Rrad < Rskin where the radiated energy from the magnetic link
is small. It can be assumed that the phase velocity in the coil
is the speed of light as they are electrically small.

The proximity factor takes into account the increase in
resistance due to current redistribution caused by other turns in
the coils cross section. In an IPT coil, due to the skin effect,
it is a reasonable assumption that the turns are electrically
thick, and as such, the coil current flows entirely on the outside
of the conductor. With this assumption, the proximity factor
will be constant with respect to frequency.

E. Full Wave EM Simulation Considerations

When IPT coils are modeled in electromagnetic (EM)
simulation package results that are directly comparable with
measurements are not obtained by the use of default settings.
Correct fitting to the coil model (Fig. 2) and unusually accurate
simulation settings are required to obtain correct results.
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1) Electrical Effects: When conducting full-wave EM sim-
ulations of IPT coils to determine their Q electrical and
magnetic effects are simulated. A real IPT coil unlike the
model (Fig. 2) has electrical length, the electrical length effects
cause multiple resonant frequencies. To fit the coil model,
the simulation results should be truncated before the first
resonant frequency as to avoid subsequent resonances.

When measuring the coil with a resonant method, the coils’
inductive reactive impedance is the additive inverse of the
resonating capacitors, for nonresonant methods such as single-
port S-parameters from an EM simulator’s complex coil
impedance, Z11, which is obtained directly. The problem of
fitting the coil model (Fig. 2) to the impedance data then
arises. In the model of the coil, it is assumed that the effective
inductance of the coil and the effective capacitance of the
coil do not vary with frequency, however, the loss resistance
R(ω) is a function of frequency. If C is removed from the coil
model, the imaginary impedance has a linear relationship with
angular frequency. Thus, a simple overdetermined algorithm
can be devised to find the capacity that fits. The following
curve can be plotted from the impedance data:

y = 1

ω
(

1
Im(Z11)

+ ωC
) (25)

x = ω. (26)

The least means squares linear fit to this data is then per-
formed. By the selection of the correct value of C , the gradient
of this fit will be 0. Overestimate of C will result in a neg-
ative gradient, underestimate in a positive gradient; therefore,
by the use of bisection, the estimate of C is refined through
successive approximation. Once C is estimated to the required
precision, the inductance of the coil is given by the y-axis
intercept of the line of best fit.

2) Required S-Parameter Accuracy: The default
S-parameter accuracy of CST MWS (a popular EM
simulator) is 1 × 10−3, this is insufficient to report high
Q-factors. The paper of Kuhn and Boutz [7] gives a simple
approximate equation to find the reflection magnitude, |	 |,
in relation to Q in the region Z = + j Z0

|	 | ≈ 1 − 1

Q
. (27)

This expression is accurate for Q > 30. The S-parameter
accuracy of 1 × 10−6 allows reporting of Q of 1000 within
the range of 999.5–1000.5, while 1 × 10−3 only allows the
same Q to be reported in the range of 666.67–2000. Therefore,
when reporting high Q, it is vital to use settings that result in
convergence with high S-parameter accuracy.

II. LIMITATIONS OF CONVENTIONAL

MEASUREMENT SYSTEMS

A. Vector Network Analyzer

The vector network analyzer (VNA) has its best impedance
measurement performance for impedances close to 50 
 and
below, therefore, is not the most suitable instrument for the
measurement of IPT coils. However, it is considered here as
it is a commonly available instrument unlike the more exotic
and expensive impedance analyzer.

Fig. 5. Single-port measurement without resonance.

Fig. 6. Single-port real impedance maximum error R&S ZNB4 VNA, range
100 kHz–4.5 GHz.

1) Without Resonance:

Load = Z11 = Z0
1 + 	

1 − 	
. (28)

This simplest application of the VNA (Fig. 5), unfortunately,
is not able to produce accurate results for high Q coils. The
reactance of the coil causes the coil to track the outer perimeter
of the Smith chart due to its high |	 |. A change in R of the
coil results in only very small changes in 	. As the inductive
reactance increases, the accuracy of the measured resistance
falls (Fig. 5) This method has been analyzed in depth in a
paper by Kuhn and Boutz who find, in practice, a VNA can
report Q of below 30 with reasonable accuracy using this
direct measurement method [7].

2) With Resonance: By resonating the coil to cancel its
reactance, improved results are possible at resonance as the
impedance no longer tracks the outer edge of the Smith chart.
However, the range of impedances that can be measured using
a VNA is still quite limited. To illustrate this, the maximum
error in impedance measurement is plotted for the R&S
ZNB4 VNA, using the manufacturer typical uncertainty spec-
ifications [19] for the frequency range of 100 kHz–4.5 GHz
(Fig. 6). The measurements in this paper are toward the lower
end of the frequency range; however, the performance cannot
be assumed to be better than the figure. This is because the
source match of the directional coupler does not extend to dc,
and therefore, this is an extreme of its operation where its
match is not at its best (see [20, P. 46]).

In practice, IPT coils for ISM frequencies are often in the
range of 1–10 μH and 0.1–1 
. This results in series resonant
impedances of 0.1–1 
 and parallel resonant impedances in
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Fig. 7. E4990A impedance analyzer performance measuring real loads in
the presence of reactance for the frequency range 5–10 MHz.

excess of 10 k
. These impedance ranges cannot be accurately
resolved by the VNA using a simple method.

B. Impedance Analyzer

Impedance analyzers are four terminal measurement devices
using balanced bridges or RF IV methods to determine the
impedance connected between their test terminals. They can
measure a much broader range of impedances far away
from 50 
, as they measure current and voltage magnitude and
phases rather than 	 with 50-
 reference impedance as per
a VNA. However, for determination of Q, the requirements
placed upon the accuracy of determination of the angle of
impedance are extreme, if we consider a RL series circuit
with impedance, Z11

Z11 = R + jωL (29)

Q = ωL

R
(30)

θ = tan−1
(

ωL

R

)
(31)

Q = tan θ. (32)

For an ideal inductor θ = 90°, thus for inductors that have a
high Q, a small change in the measured θ results in a great
change in the measured Q. The Keysight E4990A has the
greatest specified base accuracy of any impedance analyzer
in its frequency range (20 Hz–120 MHz) as of 2017, with a
5% accuracy for measurement of impedance magnitude from
200 m
–4 M
, in the frequency range of 100 Hz–1 MHz.

The accuracy of this instrument (Figs. 7 and 8) from the
manufacturer supplied accuracy specifications [21] has been
plot in the frequency range of interest. The results show
that although more capable of measuring impedance in the
presence of reactance than a VNA that even in the most
accurate 1-kHz–1-MHz band that the maximum Q-factors that
can be reported in the most accurate region of operation are
still restricted to less than 150, with reportable Q limited to
around 10 in ISM bands.

In practice, these specifications have been found to be
very conservative. The work of Prabhakaran and Sullivan [22]

Fig. 8. E4990A impedance analyzer performance measuring real loads in
the presence of reactance for the frequency range 10–120 MHz.

shows that Q measurements using this instrument have less
than half the specified error. However, this is still insufficient
to directly report high Q in ISM bands.

If the coil under test is resonated with a high Q parallel
capacitor, the coil’s impedance at resonance can be used to
determine Q without the presence of reactance. However,
as the impedance analyzer does not apply a differential
excitation to the coil under test Q is overestimated at high
frequencies using this method (Fig. 23).

C. Baluns

When connecting an IPT coil directly to a coaxial mea-
surement system an unintentional conductor, caused by the
electrically thick cable shield, is connected to the coil. This
causes additional radiation losses as the coil approaches its
self-resonant frequency [23] and also causes the resonant
frequency of the coil to shift.

In an effort to show the effects of unintentional loading a
single-port direct VNA measurement of a 3 turn, 310 mm outer
diameter, the coil was made with and without a Mini Circuits
T1-1-KK81+ balun between this and the coaxial 50-
 test
lead. The single-port direct measurement circuit (Fig. 5) is
modified to include a far end balun between the coaxial cable
and the coil. To better illustrate the effects of cable loading,
3-m-long test leads were used. The first self-resonance of the
coil was reduced from 23.9 to 15.5 MHz by the loading of
the unintentional coupling in the direct measurement without
balun. Subsequent measurements using the method proposed
in this paper found the coil’s self-resonant frequency to be
23.8 MHz, corresponding to the direct balun measurement.
Thus, it is verified that the addition of the balun removes the
unintentional loading.

Baluns are generally required in systems using electrically
short loop antenna to prevent currents in the outer surface of
the coaxial shield. During the development of the measurement
system proposed in this paper, a baluns had to be used
between the loop antenna and coaxial cables. If the baluns
were omitted, the measured result varied with the positioning
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Fig. 9. Measurement system measuring a coils Q. A: Test loop connected to
VNA via a Mini Circuits T1-1-KK81+ balun. B: VNA. C: Coil under test with
tuning capacitors connected in parallel. D: Coil is centered between 75-mm
square coupling loops. E: Distance between coupling loops.

Fig. 10. Reference coil showing how PCB laminate is directly soldered to the
copper tube. The tuning capacitance is soldered across the strip of laminate
with copper removed.

of test cables, while with baluns, the result was stable with
cable position.

III. MEASUREMENT SYSTEM

The proposed measurement method is based upon those
long used for determining Q of microwave cavity res-
onators [15]; whereby the transmission bandwidth between
the two antennas coupled through a resonator is measured. The
two antennas used to measure a cavity are typical an electrical
monopole and a magnetic loop to minimize the coupling
between the antennas. The operating frequency divided by
the transmission bandwidth gives the loaded quality factor,
QL of the cavity; where QL includes the energy lost to
the measurement device and within the coupling mechanism.
By varying their position, the coupling of the antenna to
the cavity can be varied giving rise to two measurement
approaches; the first is to minimize the coupling resulting
in little loading but possible noise issues and the second
pioneered by Kajfez [15] is to compensate for the resonator
loading with relatively high coupling.

The measurement system shown in Fig. 9 is an adaptation
of the cavity measurement method. To resonate, the coil
capacitors (American Technical Ceramics 100A and 100B
series) are soldered in parallel to the coil windings (Fig. 10);

to select a new resonant frequency, the capacitor bank must
be resized. As the only viable coupling mechanism in close
proximity to the coil is magnetic using antenna with an electric
near field is not possible and so magnetic loop antenna is
used. The authors have previously used electric coupling via
capacitors to the coil instead of magnetic loop coupling [24].
However, this was found to be unsuitable for the measurement
of Q in the thousands as the parasitic capacitances inherent to
such a measurement system result in unintentional energy loss.
The antenna is connected to the VNA via baluns. As discussed
in Section II-C, if these baluns are omitted, the coaxial cables
will couple to each other increasing the nonresonant coupling
between the loop antenna. The simpler minimal coupling
resonant bandwidth method is used in preference to overdeter-
mined methods that allow the determination of coil coupling
loss. This is for a number of reasons, first, the resonant peak is
not Gaussian due to a close by antiresonance that is not present
in cavity measurement, second, the losses in the coupling are
negligible.

A. Measurement Method

The following procedure is used to measure a coil Q
at a single-frequency point. The procedure is repeated from
steps 2–7 for further frequency points, determining the coil’s
self-capacitance requires more than one frequency point.

1) The VNA is calibrated with the reference plane located
at the end of the test leads connecting to the loop antenna
over the frequency range of 1–20 MHz.

2) The loop antenna is connected and the coil centrally
positioned between the loop antenna. |S21| is mea-
sured and the transmission peak frequency located. This
transmission peak should be below −30 dB, yet well
discernible above the noise floor, without averaging.
Adjust the loop antenna distance from the coil to satisfy
this condition.

3) The VNA sweep is then adjusted to be centered upon
peak and the span adjusted to just encompass the −3-dB
points with respect to the peak transmission.

4) The loaded QL is then read from a single sweep to
prevent mechanical oscillations causing distortion to the
Q peak.

5) The reduction in measured Q due to the coupling to the
resonator is accounted for through the relation

Q0 = QL

1 − 10
|S21|

20

. (33)

6) The coil’s self-capacity and inductance are found by
plotting (1/ω2

0) against the measured value of the tuning
capacitors for all tested frequencies. The linear line of
best fit has a y-axis intercept value of the inductance
and a gradient of C L. As all the measured points are
used to define the line of best fit, the coil’s inductance
and capacitance are overdetermined.

7) After performing sufficient measurements, the coil’s
inductance and self-capacity are known, and therefore,
the apparent loss resistance of the coil can be calculated
at each frequency point.
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Fig. 11. Reference coil physical dimensions. N is the number of turns, s is
the space between the turns, and RMax is the maximum outer radius of the
coils. The measured and modeled inductance and capacitance of these coils
can be found in Fig. 24

8) The actual loss resistance of the coil can then be
obtained by subtraction of the capacitor ESR and fixture
resistance at ω0 from the apparent coil resistance. This
can be used to calculate the inductor Q.

IV. REFERENCE COILS

A set of helical reference coils has been created to compare
full-wave simulation with the measurements for a wide variety
of possible coil geometry. The reference coils are 3-mm exter-
nal diameter tube with 0.9-mm wall thickness, the material
is 99.9%+ purity copper. This copper has no guarantee of
electrical conductivity, therefore the conductivity of the coils
has been measured (Fig. 11). Taking a mean average of the
measured conductivities yields σ = 4.85 × 107 S m−1, this is
less than the international annealed copper standard (IACS)
of 5.8 × 107 S m−1. Despite this as long as the conductivity
is taken into account during simulation, it does not affect
functionality as a reference coil. When coils are used for IPT,
greater efficiencies can be obtained by using IACS copper
(typical at least 99.95%+ purity).

V. MEASUREMENT SYSTEM MODELING

To verify the measurement system, a frequency-domain
simulation model has been developed from measurement
and modeling of the components of the measurement sys-
tem (Fig. 12). This model is used to show system robust-
ness and explain the observed measurement phenomenon.
As the properties of virtual coils introduced to the model
are exactly known, the model provides strong verification
of the measurement method. This additional verification
is required as it is only possible to compare the simu-
lated and measured Q of a small number of reference
coils.

A. Model

The model (Fig. 12) is composed of electrical networks
that represent the coupling loops and coil linked by mutual
inductances. The coupling loop is represented by a four-port
network (Mini Circuits T1-1-KK81+ balun) connected to a
frequency variable resistor, RLoop(ω), and fixed inductance,
LLoop (200 nH). The frequency variable resistance of the
coupling loop was estimated by simulation and its inductance
by deembedding an S11 measurement (this corresponded
to simulation).

The coupling loops have mutual inductance to the other
coupling loop, MLoopLoop (Fig. 13) and mutual inductance to

Fig. 12. Frequency-domain model of measurement system (Fig. 9)

Fig. 13. Mutual inductances of measurement system, distances correspond
to stop positions of apparatus (Fig. 9).

the coil, MLoopCoil. These inductances can be found by full-
wave EM simulation or other numerical modeling. In this case,
the authors used a numerical modeling method based upon
finite filaments to find the mutual inductances between the
coils and loops, this method will be discussed in a future paper.

The coil’s self-capacitance, CCoil, resistance, RCoil(ω), and
inductance, LCoil are extracted from full-wave EM simulations
of the coils.
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Fig. 14. Transmission magnitude comparison for distances 0.09, 0.17,
0.25, 0.33, 0.41, 0.49, and 0.57 m (greater distances have lower transmission
magnitude).

Fig. 15. Transmission phase comparison for distances 0.09, 0.17, 0.25, 0.33,
0.41, and 0.49 m.

B. Model Verification

For an accurate model, the transmission amplitude and
phase between ports 1 and 2 will be the same as the measure-
ment of the test apparatus with no coil present. Figs. 14 and 15
show the S21 amplitude and the phase of the measured system
compared to the model of the system. The model transmission
magnitude corresponds to measurement for distances between
the coupling loop below 0.49 m for frequencies below 15 MHz
and for distances below 0.33 m for frequencies up to 20 MHz.
As the coupling is modeled as entirely magnetic, the phase
does not vary with distance and corresponds until 0.49 m.
It is likely the loss of relevance of the model beyond these
frequencies and distances is due to a coupling mechanism that
is not part of the model.

C. Distance Between Coupling Loops

The model has been utilized to show how the distance
between the coupling loops influences the accuracy of the
reported Q for the reference coils 1–4 (Figs. 16 and 17). Fixed
tuning capacitors of 470 and 120 pF were used to resonate the
coils at approximately 6.78 and 13.56 MHz, respectively. The
virtual distance between the coupling loops was then varied
with the coils placed centered between the two coupling loops.

Fig. 16. Variation in Q for modeled measurement system with test loop
spacing, for 470-pF tuning capacitor. Actual Q is 574, 585, 607, and 623 for
coils 1–4, respectively.

Fig. 17. Variation in Q for modeled measurement system with test loop
spacing, for 120-pF tuning capacitor. Actual Q is 698, 739, 808, and 821 for
coils 1–4, respectively.

The coupling even at 0.09-m distance between the coupling
loops was insufficient to cause a significant shift in the coil’s
resonant frequency. The resonant frequency with the coupling
loops was within 0.001% of the frequency without the cou-
pling loops in all cases. Coil 1 resonates at 6.62 and 12.9 MHz,
coil 2 at 6.18 and 12.1 MHz, coil 3 at 6.86 and 13.5 MHz, and
coil 4 at 6.89 and 13.7 MHz.

The results (Figs. 16 and 17) show that for distance below
0.17 m, Q is underreported before converging to a value
less than 1% over the actual Q for greater distances. The
underreported Q can easily be rationalized by the method that
is used to consider treating the coupling as lossless; as the cou-
pling becomes more significant at closer distances, the error
caused by the approximation becomes greater. Overreporting
at greater distances was found to be caused by the test loop to
test loop coupling, which provides an alternate transmission
path that results in an antiresonance after the resonant peak.
The antiresonance causes an asymmetrical reduction in the
resonant peaks bandwidth, increasing the measured Q.

To illustrate the antiresonance phenomenon, the measure-
ment of |S21| for coil 3 has been simulated, when the cou-
pling loops are 0.61 m apart, with and without the coupling
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Fig. 18. Comparison of modeled measurement system with and without test
loop to test loop coupling.

Fig. 19. Reported Q error for measurement system model with respect to
resonator unloaded Q for coil 1 (with modified loss resistances) at 0.41-m
test loop separation at 13.56 MHz.

factor, k, between the test loops present (1.54 × 10−4). It can
be observed that the antiresonance, which is increasing the
apparent Q, is not present when this coupling is removed
(Fig. 18). Although interesting and showing the utility of
simulating the measurement system, this phenomenon is not
liable to be the dominant source of error in the real world.

D. Modeled Measurement System Limitations

In the future, IPT coils may have Q far in excess of 1000 by
the use of methods to counter the skin effect. As such,
the ultimate limitations of this measurement system may be
stressed by such coils. In order to find these limitations,
Q of coil 1 has been varied at 13.56 MHz by adjusting the
coil’s effective resistance. The model of the measurement
system has been configured with coupling loops 0.41 m apart,
the frequency resolution of the simulation has been set to 1 Hz
and the s-parameter accuracy to 1 × 10−3.

The results (Fig. 19) show that Q of 50 000 can be measured
with greater than 5% accuracy assuming the tuning capacitor is
lossless or has exactly known loss. A sufficient performance
for the measurement of any currently known IPT coil. The
loss of accuracy at increasing Q is likely due to increasing
coupling, by Q = 50 000 the peak of |S21| is −5.22 dB.

At such coupling, the approximation of lossless coupling is
less valid. The approximation of lossless coupling could be
avoided by removal of the antiresonance from results (allowing
estimation of coupling losses) or by moving the coupling
loops further apart reducing the peak |S21|. In the real-world
capacitor, Q is limited to <30 000, and therefore, the greater
limitation on overall measurement system performance is the
accurate knowledge of tuning capacitor Q. There are methods
to measure capacitor Q [25] and if such Q were known for
the resonant capacitor, rather than using estimated values of
the measurement accuracy would improve. However, the mea-
surement is quite challenging and the estimated capacitor
Q is at least an order of magnitude greater than the coil
Q experimentally measured in this paper. For coil Q that
approaches or exceeds that of the resonant capacitor such as in
this discussion of the limitations of the measurement system,
it would become essential to know the actual capacitor Q.

VI. RESULTS

A. Reference Coil Comparisons

In this section, the EM simulations conducted in CST
MWS are compared to the frequency-domain simulation of the
measurement system and the measurements undertaken using
the transmission method. The coils are also measured using
an E4990A impedance analyzer showing the spurious results
that are generated using this common approach.

Correspondence for inductance between the EM simula-
tions and measured results is excellent with less than 5%
error (Fig. 24). The correspondence between the measured
capacitance and the EM model is poor with error exceeding
50% for coil 3. The EM model seems to underestimate the
coil’s capacity, in the context of the simulator differences to
reality this makes sense. The coil’s capacity is a phenomenon
of electrical length; if there were no phase retardation along
the coil, there could be no potential difference between turns
and, therefore, no capacity [26]. The simulation, having to
be contained inside a computer’s memory, must have a finite
calculation domain. As the antenna is very electrically small,
simulating the near field would require a larger practicable
calculation domain, and therefore, the calculation domain
has been truncated at 100 mm from the coil, and electric
portions of the outer near field are not simulated correctly.
Furthermore, the coils have additional capacitor mounting
boards added for measurement that bring the ends of the
coil (area of peak electric field) in close proximity, adding
additional nonmodeled capacitance. This effect could be taken
into account by measuring the capacitance of the capacitor
mounting boards, or measuring the tuning capacitors when
they are mounted on the mounting boards. We have decided
not to focus on the coil’s self-capacitance as it is not important
for the performance of IPT coils in ISM bands as coils are
operated far below their self-resonant frequencies to obtain
high Q-factor.

For Q-factor (Figs. 20–23), the correspondence of mea-
surement to simulation is to within 11.25% for all measured
points and typically within 5% with higher frequencies where
the coil is electrically longer having greater discrepancy from
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Fig. 20. Transmission modeling and measurement comparison for reference
coil 1.

Fig. 21. Transmission modeling and measurement comparison for reference
coil 2.

Fig. 22. Transmission modeling and measurement comparison for reference
coil 3.

the simulation. The most likely cause of error at lower
frequency is the use of typical values for the tuning capacitor
resistance. The modeled measurement system that does not
have this limitation displays practically no deviation from the
EM simulator results.

The reference coils have also been measured with a
Keysight E4990A impedance analyzer and 16047E test fixture

Fig. 23. Transmission modeling and measurement comparison for reference
coil 4.

Fig. 24. Self inductances and capacitances of reference coils (measured using
measurement system), * indicates the EM simulation value.

(Figs. 20–23). These results are spurious at high frequency and
show depressed Q at low frequency. The excitation supplied
by this instrument is single ended as such common-mode
effects will interfere with correct operation of the instrument
which is evident in the results greater than 10 MHz and causes
energy loss at low frequencies. When a capacitor is placed
in parallel with the coil and measured with this instrument
(Fig. 23 “E4990A Resonant”), the measured Q is reported
with errors of up to 22%. The reduction in error compared to
the direct measurement is because the measurement of a real
quantity is insensitive to phase error caused by the single-
ended driving of the coil. However, the result is still in error
due to the impedance magnitude error.

B. Electrically Long Coil

The reference coils have <1 m of conductor length, longer
coils exhibit greater radiation losses in 1–20 MHz range.
An example of such a longer coil designed for maximal
Q at 6.78 MHz has been measured in the same manner as the
reference coils, this coil will be referred to as the long coil.
The coil is designed to exhibit radiation dominated loss above
6.78 MHz and skin effect dominated loss below. The coil is
loosely wound; therefore, the phase velocity is a significant
fraction of the speed of light. The frequency of maximal Q is
primarily adjusted by altering the length of copper pipe used
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Fig. 25. Transmission modeling and measurement comparison for long coil.

to construct the coil. As well as being electrically longer in the
frequency range of 1–20 MHz than the reference coils, this coil
is constructed using larger diameter copper tube, resulting in
a greater Q; however, the tube is conventional plumbing pipe
and so does not have controlled wall thickness. Therefore,
there is likely to be dimensional discrepancy between the EM
simulation and reality and as such this coil cannot be treated
as a reference but instead is utilized as an illustration of the
limitations of this measurement system.

The long coil has an outer radius of 155 mm and a turn to
turn gap of 10 mm. It is composed of 5-mm outer radius copper
tubes with 0.7-mm-thick walls (manufacturer specification),
with a total of 3 turns. The total length of the coil is 2.83 m,
the measured conductivity of the tube is 3.89 × 107 S m−1;
assuming the nominal wall thickness.

The results have been plot on a logarithmic frequency axis
to show the low-frequency skin effect loss dominated region
(ESR ∝ ω2) and the high-frequency radiation loss dominated
region (ESR ∝ ω4) (Fig. 25). Very good correspondence to
simulation is observed in the low-frequency region. However,
the slope of high-frequency region is only ω−1.3 showing far
less than the expected radiation loss. This could be caused
by conducting the experiment in a nonanechoic environment
with many metallic objects within the near field. However,
this region of operation is not very interesting for IPT as it is
below the point of peak efficiency, and there is a significant
electric field close to the coils, which interacts more strongly
with the typical matter than the magnetic field.

VII. CONCLUSION

A measurement system and methods for finding the equiv-
alent electrical parameters of megahertz frequency air-core
IPT coils have been presented. The system is capable of
measuring coil Q in excess of 1000 in the range of 1–20 MHz.
To produce measurement results that match simulation, the fit-
ting of electrical models to results and the definitions of
Q have been examined. Furthermore, practical measurement
challenges such as the conversion between unbalanced and
balanced modes are addressed. As a result of examining and
resolving these issues, the system measures coil Q to typically
within 5% of simulation. The greatest source of error appears

Fig. 26. Deviation of bandwidth definition of Q from energy definition for
different proportionalities of R.

to be the lack of suitable apparatus to measure the loss
resistance of the resonant capacitor.

Coil inductance is also resolved accurately by this mea-
surement system; however, the authors were unable to verify
that coil capacitance is accurately resolved beyond correct
extraction from the modeled measurement system.

The frequency-domain model of the measurement system
shows insensitivity to exact setup as long as simple guidelines
on test loop positioning are observed. Furthermore, this model
shows that the ultimate accuracy of this system if the resonant
capacitor loss was known could be as good as 1% for
Q = 1000.

As the developed measurement system requires soldering
capacitors manually to select each frequency point, the authors
in the future aim to develop measurement systems that can
switch tuning capacitors without loss of accuracy. This would
allow the coil to be measured automatically.

APPENDIX

Q DEFINITION EQUIVALENCE WITH DISPERSION

As previously discussed, there are two definitions of Q
(energy and bandwidth definitions) that are nonidentical, fur-
thermore, the coils are dispersive. In the lower frequency
regime R ∝ ω0.5 (skin effect dominated), while in the higher
frequency regime R ∝ ω4 (radiation loss dominated). As a
result over the coils resonant bandwidth, �ω, the coils Q
under the energy definition will have changed.

To test the equivalence of these definitions under dispersive
conditions, the following equation is used to represent the coils
resistance in the coil model (Fig. 2):

R(ω) = kωp (34)

where k is a constant defining the Q-factor at ω0 and p is the
power of proportionality for the dominant effect. By numerical
modeling, the error between the energy definition of Q meth-
ods that use the resonator bandwidth has been plot (Fig. 26)
for constant R with respect to frequency and the two common
proportionality’s.



LAWSON et al.: HIGH Q COIL MEASUREMENT FOR IPT 1973

Significant differences between the two definitions only
occur at low Q, where the bandwidth definition underre-
ports Q. Even for the most dispersive modeled case, the error
is small for the high Q coils used in IPT systems, and mostly
attributable to the difference between the two definitions.
As IPT coils are expected have Q � 10, the effects of the
coil’s dispersion and difference in definitions of Q can be
safely ignored.
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