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Abstract: The growing interest of miniaturized power converters has pushed the development of
high frequency inductors integrated in Power Supply on Chip or Power Supply in Package. The
proper characterization of inductor impedance is a challenge due to the dependence of the impedance
on the current, the high quality factor (Q) and the high frequency range where these devices operate.
In this paper, we present a comparison of different measuring methods to characterize high frequency
and high Q inductors. The comparison is based on a systematic analysis of the measurement process,
quantifying the influence of the parameters that affect the measurement result. Four common
measurement setups are analyzed and compared. To validate the calculations, the resistance of a high
frequency, high-Q inductor is characterized using every presented setup. The good match between
calculations, simulation and measurement validates the analysis and the conclusions extracted.

Keywords: high frequency inductors; high Q inductors; inductor characterization; resistance mea-
surement; measurement procedures

1. Introduction

In recent times, different measurement techniques have been applied for the large-
signal characterization of inductors working at high frequency. This kind of test is especially
critical in applications where manufacturing the component is very expensive, complicated
or is very affected by manufacturing tolerances. In these cases, a precise knowledge of
both the inductance and the losses of the magnetic component would play an important
role in the development of the circuit, as they have an impact on the current ripple and the
converter efficiency.

The characterization of the magnetic component impedance using network analyzers
is widely used to measure its inductance and resistance. However, this test provides
limited knowledge of the component, since it is done in small-signal, and the performance
of the magnetic component working in the actual converter could be very different. On
the one hand, this is because of the lack of DC current through the inductor. On the other
hand, the current ripple through the component clearly affects its performance in the B–H
curve, yielding modifications in the inductance and the resistance compared to the values
obtained through the small-signal test.

There has been a significant number of reports on large signal characterization of
discrete passive devices. In the particular case of characterization of inductors, there is an
increasing interest because of the thin film components working in Power Supply on Chip
or Power Supply in Package [1–8]. These kinds of applications present two main challenges
regarding the measurement: (1) the high frequency (above 10 MHz) and (2) the high Q
of the component (very small resistance compared to its reactance). Since the purpose is
to perform large-signal measurements, most presented techniques differ in the method
of measuring the voltage across and the current through the component [3,9–11]. There
are also some proposals focused on the measurement of the losses using calorimeters [12].
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The main problems associated with these methods are the long tests and the difficulty of
sensing temperature variation when the resistive part is very small and so is the loss.

This work is focused on the comparison of different large-signal measurement methods
using voltage and/or current probes and an oscilloscope. In a conventional approach [9],
the current is measured using a voltage probe to sense the voltage across an auxiliary
resistor. In [3,13], the measurement was performed using a voltage probe and a current
probe. In [10], different reactive components are placed in series with the device under test
(DUT) to measure the core loss in high frequency coupled inductors. In [11,14], the series
component is a capacitor, the value of which is calculated in such a way that the resonance
frequency of the capacitor and the inductor is as close as possible to the frequency of the
test. However, the most appropriate method is not clearly determined since it depends on
the device under test and its testing conditions (current amplitude and frequency).

To provide a fair comparison between characterization techniques, a figure of merit is
needed. One of the most common approaches to ascertain the validity of a measurement
method is by analyzing the error, the uncertainty, or other statistical measure of the devi-
ations of the obtained results [15–22]. Many of the mentioned published measurements
fail to provide a proper quantification of this deviation [1–3,9]. Others only deal with
the uncertainty due to the phase error [13,14,23], neglecting the magnitude error, which
may be important, for instance, when measuring near resonance. In some cases, most
effects are taken into account [9,10,24], but the analysis is performed on transformers or
coupled inductors. Consequently, no comprehensive analysis has been carried out about
the deviation in the characterization of single inductors, which is the main contribution of
this work.

On top of that, even when an estimation of the accuracy of a measurement is provided,
in most cases the statistical distribution of the uncertainties is needed. This knowledge
is often not given by the manufacturers and has to be assumed [18]. To avoid such
problems, sometimes a Monte-Carlo analysis is performed, using simulation models of the
magnetic component under test and the instrumentation. This approach relies on statistical
calculations that can result in a large number of iterations to achieve a good estimation [22],
which is very time and resource consuming.

The contribution of this work is to provide a worst case analysis of some of the
reported large-signal measurement techniques in the state-of-the-art, taking into account
not only the technique itself but also how the results are affected by the tolerances of the
probes, the oscilloscope and the additional components included in the measurement. The
main innovation is to present a quantitative tool to optimize or select the most appropriate
measurement technique, in terms of the available instrumentation and the characteristics
of the measurement (frequency, expected impedance, etc.).

2. Measurement Setups

The complex impedance of an inductor (ZL) at a frequency f can be modeled as an
inductance L in series with a resistance RL, which accounts for all the different losses
lumped together:

ZL = 2π f Li + RL = ZL∠ΦL, (1)

where ZL and ΦL are the module and phase of the impedance, respectively.
For the characterization of the complex impedance of the inductor using an oscillo-

scope, it is required to measure two signals: inductor current IL and inductor voltage VL.
The inductor impedance can then be calculated using (2).

ZL =
VL

IL
. (2)

Notice that, since the impedance is defined at a certain frequency, voltage and current
are expected to be sinusoidal signals at that frequency, which is why they are modeled
as phasors.
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For the current measurement, two different techniques can be employed: direct
sensing of the current IL, using a current probe; and indirect current sensing, measuring it
as the voltage drop VS across a known sensing resistor RS, following expression (3):

IL =
VS

RS
. (3)

When measuring the voltage VL, two techniques are widely used: direct voltage
sensing on the inductor, and indirect voltage sensing, where a capacitor is added in series
and the combined voltage is measured.

The four different setups for the measurement of voltage and current are displayed
in Figure 1. The configurations where the current is measured using a current probe are
setups 1 and 3 (Figure 1a,c), while a voltage and a sensing resistor are used in setups 2 and
4 (Figure 1b,d). Regarding the voltage sensing, the top row (a and b) corresponds to the
direct measurement on the impedance, whereas the bottom one shows the setups where a
capacitor (CE) is added in series and the combined voltage VLE is measured.

DUT

L

RL

I

Current probe
iL

Excitation
voltage V

Voltage
probe

vL

(a) SETUP 1: Direct IV
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(d) SETUP 4: Resonance VV

Figure 1. Current and voltage measurement setups.

Since two of the studied setups shown in Figure 1 employ an extra capacitor, the com-
plex impedance of the combined inductor and the external capacitor ZLE, can be calcu-
lated by:

ZLE = ZL + ZCE = ZLE∠ΦLE, (4)

where ZLE and ΦLE are the module and the phase of the impedance, respectively, and ZCE

is the impedance of the additional capacitor. In the setups where no capacitor is used, its
impact is not present and ZLE = ZL.
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3. Modeling the Measurement Accuracy

In this section, the method to analyze and compare the measuring setups is presented.
The basic idea is to assess the impact on the measurement results of different parameters:
probe tolerances, sensing resistor tolerances, discretization effects, etc.

The first step of this analysis is to identify the relationship between the measured
quantity F and the parameters that affect the measurement ωi, defined in expression (5):

F = f (ω1, ω2, ω3, ...) = f (ωi), (5)

Equation (5) allows evaluating the propagation of the variation of the parameters ωi to
the value of F. The function f can be nonlinear and in general is difficult to handle. In order
to calculate how small variations of parameters ωi affect the measurement F, the function f
is analyzed applying the first order Taylor series approximation (6) in the vicinity around
a given value F0, considering the variations of parameters ωi around the values ωi,0:

F = F0 + ∑
∂ f
∂ωi

(ωi − ωi,0) (6)

where partial derivatives are obtained for F = F0 and ωi = ωi,0. Expression (6) can be
rewritten considering the variations of F and ωi around F0 and ωi,0, respectively:

εF = F − F0 = f (ωi)− f (ωi,0); εωi = ωi − ωi,0. (7)

yielding expression (8):

εF = ∑
∂ f
∂ωi

εωi. (8)

Expression (8) can be used for different purposes. On the one hand, to assess the
maximum possible variation of the measurement results, i.e., the maximum value of εF,
expression becomes (9), which corresponds to the worst case, limiting error or worst case
uncertainty [25].

εFmax = ∑
∣∣∣∣ ∂ f
∂ωi

∣∣∣∣εωi,max. (9)

Expression (8) can also be used to assess the uncertainty in the measurement, according
to the definitions and procedures published in the Guide to the expression of uncertainty in
measurement [15]. If the parameters ωi are characterized by an appropriate probability
distribution, and εωi are the deviations from the mean or expected value εωi = ωi − E[ωi],
expression (8) can be used to derive the uncertainty of F as defined in (10):

σF =

√
∑
(

∂ f
∂ωi

)2
σ2

ωi
, (10)

where σF is the uncertainty of the measurement F and σ2
ωi

is the variance of the parameters
ωi. In this case, all ωi are assumed independent and therefore the covariance is 0.

In this work, the approach defined in expression (9) is adopted, because the goal is to
compare different measurement setups in terms of the worst case. This comparison only
requires the knowledge of each parameter limits, but not its probability distribution.

The value of εF depends on the value of F0 and ωi,0, since the partial derivatives in (6)
and (8) are calculated for these values. If F0 were the real value Freal , the estimation of the
worst case would include all the possible values of the measurement Fmeas. However, if F0
were the measured value Fmeas, the estimation of the worst case would include the real value
only if εFmeas,max ≥ εFreal,max (Figure 2). Freal is actually unknown but, in a practical case,
Freal and Fmeas are close, so the assumption εFmeas,max ≈ εFreal,max is reasonable. Following
this principle, when a measurement Fmeas is obtained, the real value Freal must be within
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the interval determined by the worst case approach. This way, the real value is ensured to
be between two symmetrical limits:

Fmeas − εFmeas,max ≤ Freal ≤ Fmeas + εFmeas,max. (11)

Figure 2. Worst case estimation for measured and real values with εFreal,max = εFmeas,max.

Terminology is essential when discussing metrology problems, and terms such as error
or uncertainty have been defined in international documents as [15,16]. The aforemen-
tioned maximum variation of the measurement εFmeas,max or variation of the parameters
affecting the measurement εωi,max, with respect to their nominal values Fmeas and ωi,meas,
will be referred in this work as deviation of measurement results εF or deviation of the
parameters εωi. The quantities F to be measured are L and RL, and the different measure-
ment setups are compared in terms of εL and εRL. The lower the value of εL and εRL, the
better the measurement setup.

4. Worst Case or Maximum Deviation of the Measurement

As mentioned before, when characterizing an inductor with an oscilloscope, there are
two signals that have to be measured: voltage and current. Both of them have some devia-
tions in amplitude and phase that contribute to the total deviation on the inductance εL and
the total deviation on the resistance εRL. Since the oscilloscope makes time measurements,
the time deviation has to be considered in the analysis as well.

When characterizing high Q inductors, the value of L usually has a very small de-
viation associated, but that is not the case for the value of RL, deviation of which can be
very high. From the measurements of magnitude and phase of the impedance ZLE, the
resistance value RL can be extracted using (12),

RL = ZLE cos (ΦLE). (12)

Note that in this analysis the parasitic resistance of CE capacitor has been neglected
for the sake of simplicity, but it can be easily added following the proposed procedure.

The deviation of RL, is defined as (13):

εRL =
∂RL
∂ZLE

εZLE +
∂RL

∂ΦLE
εΦLE. (13)

The normalized value of the resistance deviation is then calculated as (14).

εRL
RL

=
cos (ΦLE)

RL
εZLE︸ ︷︷ ︸

εRL
RL

(εZLE)

+ tan (ΦLE)εΦLE︸ ︷︷ ︸
εRL
RL

(εΦLE)

. (14)

As can be seen, the total deviation depends on the deviation of the phase and the
deviation of the module, which can be analyzed separately.

4.1. Deviation of RL Due to εΦLE

When using an oscilloscope, only the time and voltage or current values of a signal
can be acquired. From the time measurements, periods, frequencies and phases can be
calculated. The phase ΦLE is obtained from the time delay between current and voltage
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(∆T) and the period T of the measured signals, by means of (15). Notice that in setups 1
and 2 (Figure 1) ΦLE is equal to ΦL, since no additional capacitor is used.

ΦLE =
∆T
T

360. (15)

The deviation of ΦLE is defined as

εΦLE =
∂ΦLE
∂∆T

ε∆T +
∂ΦLE

∂T
εT, (16)

which translates into

εΦLE =
360
T

ε∆T +
∆T · 360

T2 εT. (17)

When making a time measurement with an oscilloscope, the maximum deviation is
imposed by its sample rate fS [10]. In (17), since both deviations (ε∆T and εT) come from
time measurements, their maximum values can be calculated as

ε∆T = εT =
1
fS

. (18)

The term of the maximum normalized deviation of RL (14) that depends on ΦLE can
now be rewritten as:

εRL
RL

(εΦLE) = tan (ΦLE) ·
1
fS

(
360
T

+
∆T · 360

T2

)
. (19)

The problem when making such measurements on a high Q inductor can be easily
identified from (19) [14]: for a phase close to 90º, the tangent tends to ∞, which would
cause εRL to tend to ∞ as well, even if the deviations of the measured phase were small.

4.2. Deviation of RL Due to εZLE

The module ZLE, obtained from the measurements of current and voltage amplitudes,
can be calculated by means of (20). This expression is used for every measurement setup
shown in Figure 1. The first equality is employed if the current is measured using a current
probe (Figure 1a,c), and the second one in the setups that include two voltage probes
(Figure 1b,d).

ZLE =
VLE
IL

=
VLE

VS/RS
. (20)

The deviations of the impedance module can then be modeled as:

εZLE =
∂ZLE
∂VLE

εVLE +
∂ZLE
∂VS

εVS +
∂ZLE
∂RS

εRS. (21)

By means of (21), the term of εRL/RL that depends on the deviation on the impedance
module (εRL/RL(εZLE)), presented in (14), can be rewritten as (22). If a current probe is
used, there is no sensing impedance, and that term is omitted. In contrast, if the current is
measured using a voltage probe, the deviation is composed of two terms: deviation due to
the probe and deviation due to the sensing resistor RS:

εRL
RL

(εZLE) = GV +
1

2Nb︸ ︷︷ ︸
Voltage

measurement

+ GI +
1

2Nb︸ ︷︷ ︸
Current/voltage
probe + scope

+
εRS
RS︸︷︷︸

Sensing
resistor︸ ︷︷ ︸

Current measurement

. (22)
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where GV is the per unit deviation of the voltage probe gain, GI is the per unit deviation
of the current probe gain, Nb is the number of bits of the oscilloscope ADC and (εRS/RS)
is the per unit deviation of the sensing resistor.

4.3. Discussion

By means of equations (19) (deviation of RL due to the deviation in the phase) and (22)
(deviation of RL due to the deviation in the module), Equation (14) can be rewritten as (23):

εRL
RL

= GV +
1

2Nb
+ GI +

1
2Nb

+
εRS
RS︸ ︷︷ ︸

εRL
RL

(εZLE)

+ tan (ΦLE) ·
1
fS

(
360
T

+
∆T · 360

T2

)
︸ ︷︷ ︸

εRL
RL

(εΦLE)

. (23)

Equation (23) provides crucial insight to the total deviation of the inductor measured
resistance εRL. It allows the designer not only to calculate the worst case, but also to
analyze which parameter of the measurement contributes the most to it. Thanks to this, the
deviation can be reduced in the most efficient way:

• If ΦLE ≈ 90º, for instance when measuring a high Q inductor without an additional
capacitor, the main driver of the deviation on RL is the term related to the phase (19).
The main contributor in that term is the sample rate of the oscilloscope ( fS) and the
normalized deviation produced by it depends on the period T at which the inductor
is being characterized. Therefore, to improve the results, the only options are either to
measure at a lower frequency or to employ an oscilloscope with a higher sample rate.

• If the measurement is done by adding a capacitor to compensate the reactance
ΦLE ≈ 0º. In this case, the main driver of the deviation on RL is related to the module,
and the three terms that have to be taken into account are the ones shown in (22):

– The vertical resolution of the oscilloscope, given by the number of bits of its ADC
(Nb) is always present, whether the current measurement is done using a current
probe or a voltage one. To minimize its impact, a high number of bits is required.

– The nominal deviation on the gain of the probes used to measure the voltage (GV)
and current (GI) has the same impact. However, active voltage probes usually
have a better performance than current ones (GV < GI), but the impact on the
deviation of a sensing resistor (εRS) can increase the deviation εRL, and even
make it a worse option.

Figure 3 shows an example of the distribution of the deviations in RL, in orange the
term related to the phase deviation (19) and, in blue, the four terms that comprise the
deviation due to the module (22). The numerical results are summarized in Table 1. The
calculations were performed for a measurement taken with two voltage probes and a
series capacitor to drive the phase close to 0º, corresponding to Setup 4 (Resonance VV) in
Figure 1. The inductor and equipment used for the example are the ones that are going to
be used later to perform the measurement, summarized in Tables 2 and 3.

For this particular example, the normalized total deviation on the value of the mea-
sured RL is 3.3%. As can be seen, since the phase ΦLE has been driven close to 0º by adding
a series capacitor, most of the deviation in εRL comes from the deviation in the impedance
module εZLE. Inside this term, the main driver is the deviation due to the sensing resistor,
which accounts for the same as the two voltage probes combined. Thanks to the use of a
high-resolution oscilloscope (with a 10 bit ADC) the impact of this term is reduced to only
a 0.2% deviation on the value of RL.

This distribution highlights the importance of taking into consideration not only the
terms related to the deviation on the phase, but also the ones related to the module. The
lower the value of the phase ΦLE, the higher the relative impact of these terms, which end
up being the main deviation drivers when measuring close to the resonance frequency
ΦLE ≈ 0.
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Figure 3. Distribution of deviation terms in εRL.

Table 1. Normalized deviation distribution (εRL/RL).

Deviation Component εRL
RL

(εΦLE)
εRL
RL

(εZLE) GV GI
2

2Nb
εRS
RS

Value 0.0112 0.022 0.005 0.005 0.002 0.01

As mentioned in the introduction, the quantitative analysis of the distribution of the
deviation allows the optimization of the measurement system. In this example, improving
the phase characterization (ΦLE) by increasing the sample rate and/or by using a better
calibrated RS will have the most significant impact on the quality of the measurement. On
the other hand, increasing the number of bits of the oscilloscope’s ADC will barely have an
impact on the results.

5. Results

To validate the proposed analysis, the measurement of an inductor was simulated
and then performed in a laboratory. To emulate a real scenario, a high Q inductor was
tested at high frequency (13.45 MHz). Its characteristics, provided by the manufacturer, are
summarized in Table 2.

Table 2. Main inductor characteristics.

Model Inductance Q Factor (@13.45 MHz) RL (@13.45 MHz)

2014VS-251ME 257 nH 116.56 186.3 mΩ

5.1. Validation by Simulation

To validate that the provided procedure allows the calculation of the worst case
scenarios, a sensitivity analysis was carried out and its results compared with the theoretical
limits. The sensitivity analysis consists of sweeping every possible combination of the
maximum and minimum values of the considered parameters. These limit values are
given by their tolerance, obtained from the manufacturers datasheets and summarized in
Table 3. The circuit used for the simulation of every setup, with the added limits for every
component, is shown in Figure 4:

• The tolerances in the value of RS and CE (εRS and εCE, respectively) are accounted
for by adding or subtracting its value to the nominal one.

• The tolerance in the gain of the probes and the deviation due to the bit resolution of
the oscilloscope (Gx and 1/2Nb in (22)) are lumped together in εVx and εIx, the values
of which are added or subtracted to the measurement of every probe.

• The time deviation due to the sample rate of the oscilloscope has two different
effects (18): the deviation of the real period of the measured waves, which is modeled
as a deviation of the generator period (εT), and the deviation of the phase of the two
probes, modeled by a delay block in each of them.
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Notice that the error due to possible delays among the probes is neglected. The reason
is that a calibration and deskew of the probes has to be performed at the beginning of
the test.

L

RL

CE ± εCE

I

IL ± εIL

V

VS ± εVS

RS ± εRS

T ± εT V VLE ± εVLE

Figure 4. Circuit used for simulation.

Table 3. Component and equipment characteristics and tolerances.

Component Model Parameter Value

Oscilloscope R&S©RTM3000 Nb 10
Oscilloscope R&S©RTM3000 fS 5 Gs/s

Passive voltage probe R&S©RT-ZP10 GV 0.005
Active voltage probe R&S©RT-ZD10 GV 0.05

Current probe R&S©RT-ZC20 GI 0.03
Current sensing resistor RS SR732ARTTD1R00F εRS/RS 0.01
Series added capacitor CE 08051A561F4T2A εCE/CE 0.01

The four presented measurement setups are analyzed using the oscilloscope, the
current probes and the active voltage probes indicated in Table 3. However, for setup 1
in Figure 1a (direct measurement of voltage and current on the inductor), a variation was
considered: voltage measurement using passive voltage probes.

To emulate the measurement taken in a laboratory with an oscilloscope, only the wave-
forms of voltage and current are obtained from the simulations. From those waveforms,
the values of magnitude and phase are calculated and the resistance is obtained using the
equations given in Section 4.

The results of the sensitivity analysis for the four presented setups (Figure 1), and
the additional study for setup 1 using a passive voltage probe, are shown in Figure 5.
In the figure, the red dashed line is the real value of RL, called RL,nom (known, since it
is a simulation); the vertical blue lines represent the theoretical limits for the measured
resistance in every setup [RL,nom − εRL, RL,nom + εRL] , predicted by the equations given
in Section 4; the yellow dots represent the calculated resistance values, obtained from the
simulations of every combination of parameters.

As can be seen, the worst cases (the yellow dots that drift the most from the nominal
value) match the predicted values (extremes of the blue lines). This validates the procedure
of finding the interval in which every measurement would be for a particular real value. The
small differences between analytical results and simulation for the last two measurement
setups are assumed to be due to the non-linearity when calculating the deviation (9), due
to the first order Taylor approximation.
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Figure 5. Sensitivity analysis for RL.

As expected, setups where no capacitor is added to compensate the reactance (Direct IV
(passive V), Direct IV and Direct VV in Figure 5) show the worst results for the measurement
of the resistance of a high Q inductor. For all of them, the deviation of the measurement
is more than five times the nominal value (186 mΩ) and, although it lowers when using
active probes, it still can result in negative resistance values. As analyzed in the previous
section, this comes from the deviation imposed by the tangent tending to ∞ in (19), which
cannot be avoided even if the components or the probes are improved.

In the last two setups, the results improve greatly when adding a capacitor in series
with the inductor. Since the phase of the impedance can be driven close to 0, the deviation
on RL can be estimated using (22), where every element depends solely on the components
and devices used for the measurement. As shown, both setups (current and voltage
probes or two voltage probes), have a similar performance, since the reduction of deviation
provided by the active voltage probe (Table 3) is mostly shadowed by the deviation added
by the sensing resistor.

Consequently, these simulation results validate the presented analysis.

5.2. Experimental Validation

The next step is to measure a real inductor, to check if the measurements match the
simulations. The measurements were done with the same components and equipment
used for the simulations, as shown in Tables 2 and 3. The experimental setup, with and
without probes, is depicted in Figure 6.

For every setup, a number of measurements are made and, for all of them, the
resistance value is calculated. Since the procedure to obtain the range for the real value
of the measured resistance was validated in the previous step, that range is calculated for
every resistance measurement taken with every setup.

In Figure 7, an example of the process is shown for the setup that employs a current
and a voltage probe, along with a capacitor to compensate for the inductor reactance
(Resonance IV, Figure 1c). In the figure, every measurement is shown as a purple dot,
with its associated deviation as a thin vertical orange line. To reduce the amount of data
displayed in the next figures, every deviation is condensed into a single thick vertical bar,
with its worst cases defined as the worst cases among every measurement.
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Figure 6. Experimental setup.

Figure 7. Measurement results for a single setup.

The same measurements are repeated for the four setups in Figure 1 plus setup 1 using
a passive voltage probe. The condensed results are depicted in Figure 8.

It is important to highlight that it is not possible to know the real value of the resistance
RL of the actual component. However, it must be within the tolerance range specified by
the manufacturer [RL,nom,min, RL,nom,max], represented by black dotted lines in Figure 8 as
"Manufacturer range".

The worst case analysis depicted in Figure 5 corresponds to the nominal value of the
inductor. The worst case analyses for the different setups, but including the tolerances
provided by the manufacturer, are shown in Figure 8 with blue lines. The interval “Man-
ufacturer ±εRL” is therefore [RL,nom,min − εRL, RL,nom,max + εRL]. That is why for setups
3 and 4, “Resonance IV” and “Resonance VV” respectively, the interval “Manufacturer
±εRL” is significantly longer than the “Worst case” interval in Figure 5.

The performed measurements in Figure 8, represented with purple dots, are within the
limits predicted by the worst case analysis considering the tolerance of the actual inductor.
However, in setup 3 (“Resonance IV”) some points are slightly over the upper blue limit.
Note that, as mentioned in the comments of Figure 5, the Taylor approximation slightly
underestimates the worst case. Moreover, for the sake of simplicity, different parasitic
effects such as PCB track resistance and soldering resistance have not been included in
the analysis.
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Figure 8. Measurement results of RL for every setup.

Notice that considering only the measurement, in all cases part of the worst case
interval, “Measurement ±εRL”, includes part of the “Manufacturer range”. In view of the
measurements, the actual resistance is very close to the upper tolerance provided by the
manufacturer.

Therefore, the overall analysis of these results confirms the theoretical procedure.
Considering the theoretical deviation calculated for each setup, they can now be compared.

Once again, the three setups that omit the additional capacitor provide very poor
results, not only in the measured resistance, which is very far from its expected value, but
also for the interval of possible values associated to it, that even enter the negative range.

The best strategy for the measurement of the resistance of a high Q inductor, as
predicted by theory and validated by simulations and measurements, is to add an external
capacitor in series with the inductance to cancel out its reactance, driving the phase as close
as possible to 0. The two measurement setups that add the capacitor provide very good
results, with less than a 5% deviation in its measurements, being the one that uses two
active voltage probes, the best one, with a 3.3% deviation.

The existing references lack comparable data about resistance value deviation when
characterizing single inductors. In [10,24], 2-winding transformers are characterized, and
the worst case deviation on power loss is estimated to be below 8%, using a configuration
similar to setup 4 (Resonance VV in Figure 1). In the mentioned papers the authors take
into account some effects that are due to systematic errors, and so can be corrected, and
other effects that are only present when measuring transformers or coupled inductors,
like the impact of the mutual resistance of the windings [24]. It is important to notice
that the deviations studied in this article are defined by effects that are either random or
unknown to the user, and so cannot be compensated or eliminated. For example, even if
the sensing resistor was properly measured and characterized, there would still be some
deviation in its value, associated with the equipment used for said characterization, that
would always remain.

6. Conclusions

In this paper, we present a quantitative analysis of the measurement process of
inductors for high frequency power conversion applications, based on the worst case
approximation. Four setups are compared that differ in the way of measuring the voltage
and current through the device under test with an oscilloscope.

The most critical parameter for measuring those high Q inductors is the inductor series
resistance, which has an impact on the converter loss. The provided equations allow a
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fast calculation of the deviation range of this inductor resistance. This deviation is the
variation range of the measured resistor compared to its nominal value due to variations of
the parameters involved in the measurement (sample rate, probe gains, sensing resistor, etc.).

The proposed analysis is based on applying the Taylor approximation to the expression
of the measured quantity as a function of the parameters of the setup. It allows to identify
the impact of each of these parameters and calculate the worst case; that is, how much the
measurement is deviated from the nominal value. This way, it becomes a powerful tool
to select and design the most appropriate measurement setup, in terms of the available
instrumentation and the characteristics of the test.

Simulations of the worst case and experimental results confirm the theoretical ap-
proach. The best option, yielding the lowest deviation for the same parameters, is based
on using an external capacitor to work close to the resonance frequency. This conclusion
was already expected, but the main contribution of this work is to provide a quantification
of this improvement. Furthermore, measuring the current through a well characterized
sensing resistor results in a better measurement. However, the tolerance of the sensing
resistor is critical and, in some cases, it could be more appropriate to use a current probe.

Since the analysis is not based on any statistical approach, no knowledge is needed
about the tolerance distribution of either devices or components. The given equations allow
the calculation of the measurement deviation, for systems with many variables involved,
without the need for a sensitivity analysis of the measurement circuit, which is time and
resource consuming. These factors make the procedure easily applicable to any setup and
any combination of components or devices.
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