® INTL JOURNAL OF ELECTRONICS AND TELECOMMUNICATIONS, 2019, VOL. 65, NO.3, PP. 375-380

J Manuscript received May 1, 2019; revised August, 2019.

DOI: 10.24425/ijet.2019.129788

Measuring Impedances of DC-biased Inductors
by Using Vector Network Analyzers

G. Asmanis, D. Stepins, A. Asmanis, and L. Ribickis

Abstract—This paper is devoted to a detailed experimentally
based analysis of applicability of vector network analyzers for
measuring impedance of surface mount inductors with and
without DC bias. The measurements are made using custom-
made bias tees and a test fixture with an ordinary vector network
analyzer. The main attention in the analysis is focused on
measurement accuracy of an impedance of surface mount
inductors. Measurement results obtained with a vector network
analyzer will also be compared to those obtained by using an
impedance analyzer based on auto-balancing bridge method.
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. INTRODUCTION

E cannot imagine our lives without electronics.

Nowadays various electronic devices have become
integral parts of our life. They are all equipped with both
active and passive electronic components including inductors.
Due to inductors’ ability to store electric energy in magnetic
field and to have high impedance at high frequencies, they are
often used in passive electric filters (including passive
electromagnetic interference filters), switch-mode power
converters, LC resonant tanks, DC bias tees and so on. There
are several important applications of inductors in which
current passing through them has both AC and DC
components. Since relative magnetic permeability of a
magnetic core material is magnetic-field-strength-dependant,
inductance of a cored inductor depends on a current DC
component (especially at high DC currents).
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Fig. 1. Typical inductance versus DC current curve for an inductor with
magnetic core.

Typical inductance versus DC current curve is depicted in
Fig. 1. At high DC currents passing through inductors,
magnetic core material can saturate. As consequence,
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inductor’s inductance can drop drastically. If inductors are
used in devices such as electromagnetic interference filters or
switch-mode power converters, then it is very important to
know impedance of the inductor and inductance for different
DC current values.

Inductor complex impedance with either zero DC bias or
non-zero DC bias is often measured over wide frequency
range. Typical inductor impedance magnitude (JZ.|) as function
of frequency is shown in Fig. 2. For frequencies below
inductor self-resonant frequency impedance of the inductor
increases as frequency increases (the inductor behaves as
normal inductor), but for frequencies above the self-resonant
frequency impedance of the inductor decreases (inductor
behaves like a capacitor).
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Fig. 2. Typical inductor impedance magnitude versus frequency over wide
frequency range.

From complex impedance measurements, many useful
parameters of an inductor can be calculated. They are mainly
inductance (L), parasitic self-capacitance (Cserr), Self-resonant
frequency (fres), quality factor (Q) and so on.

Measurements of inductor impedances in radio-frequency
(RF) range are often done by using impedance analyzers [1],
[2]. Impedance analyzers based on either auto balancing bridge
method or RF I-V method [2] can be used to measure
impedance of inductors, inductance and other complex-
impedance-related parameters over wide range of frequencies.
Impedance analyzers with auto balancing bridge method have
high measurement accuracy but are very expensive and have
quite limited frequency range (usually up to 120 MHz) [2].
RF-1-V-method-based impedance analyzers have broader
frequency range (up to few GHz) and are less expensive but
have lower impedance measurement accuracy than impedance
analyzers with auto balancing bridge method [2]. Despite good
impedance measurement accuracy that can be achieved when
using impedance analyzers (especially based on auto balancing
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bridge method), they are relatively expensive and are not
versatile (they e.g. cannot measure scattering (S) parameters of
n-port networks). In contrary to impedance analyzers, vector
network analyzers (VNASs) (that are primarily used to measure
S parameters of one or two port networks) are much more
versatile than impedance analyzers, usually are less expensive
and may be used over wider frequency range than impedance
analyzers.

As such, VNASs are intended for measuring S parameters of
RF and microwave devices (e.g. filters, mixers, antennas, etc.).
However, there are several research papers and application
notes demonstrating measurements of capacitor impedance,
parameters of inductors and complex magnetic permeability of
magnetic core materials by using VNAs [3] — [7]. Despite the
fact that a technique that can be used with VNAS to measure
parameters of DC biased inductors was proposed in [7],
effectiveness of the technique for DC biased inductors
impedance measurements was not sufficiently shown because
accuracy of the technique over wide frequency range was not
analyzed. Moreover the technique proposed in [7] relied on the
use of a VNA with special software — a test fixture simulator.
The main original contribution of this paper is analysis of
applicability of a typical VNA (without test fixture simulator
or other dedicated software) for measuring impedance and
inductance of DC-biased inductors. The main attention in the
analysis will be focused on measurement accuracy of an
impedance of surface mount inductors. Measurement results
obtained with VNA will also be compared to those obtained by
using an impedance analyzer.

Il. EXPERIMENTAL SETUP

In order to show applicability of a typical VNA for
measuring impedance of DC-biased inductors and analyze
accuracy of the measurements, an experimental setup was
created as shown in Fig. 3. A block diagram of the
experimental setup is depicted in Fig. 4. The experimental
setup is noticeably modified version of a setup presented in

[7].

The experimental setup consists of two DC blockers (BLK-
89-S+ from Mini- Circuits), two passive filters (Fig. 5), a DC
power supply with built-in ammeter, VNA Rohde & Schwarz
ZVRE and home-made test fixture with two SMA connectors.
The DC blockers and the passive filters form two bias tees.
The DC blockers are used to prevent DC currents from passing
to the VNA ports. The passive filters are designed and created
by us. A schematic diagram of the filter is presented in Fig. 6.
The filter consists of some capacitors, inductors and resistors.
The inductors block shunt paths to ground (via low internal
impedance of the power supply) for RF signals going from the
VNA port 1. To provide high impedance for the RF signals
over wide frequency range (100 kHz — 1 GHz) four inductors
with different inductance and self-capacitance values are used.
The resistors are used to dampen parasitic resonances in the
filters. The capacitors together with the inductors create low-
pass filter to block RF conducted emissions from the power
supply and thus to get more accurate measurement results.
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Fig. 3. Image of the experimental setup.
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Fig. 5. Image of the filter (when front cover is removed) used in the

experimental setup.
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Fig. 6. Schematic diagram of the filter shown in Fig. 5.
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Fig. 7. Top view image of the test fixture with an inductor under test. Note:
shields of the SMA connectors are connected to a ground plane at the bottom
of the test fixture.

Surface mount inductor under test can be connected to the
test fixture (Fig.7) by using soldering. Dielectric substrate of
the test fixture is made of FR4 glass epoxy. The test fixture has
two SMA connectors and it can be connected to the filters
using SMA cables. The test fixture is designed by us to
provide series-through measurements with VNA, because the
series-through VNA technique is more suitable for making
accurate measurements of high-impedance components [4],
[6].

To make measurement of impedances at zero DC bias the
test fixture with the inductors was directly connected to the
VNA ports via coaxial cables (shown in blue in Fig. 3). To
make measurement of impedances with DC bias the test fixture
with the inductors was connected to the VNA ports via the bias
tees (Fig. 3). In both cases through-open-short-matched
(TOSM) calibration was performed using dedicated Rohde and
Schwarz SMA calibration kit. In the former case calibration
plane was at the ends of SMA connectors of the VNA cables

(shown in blue in Fig. 3). In this case the calibration was used
to significantly reduce systematic errors due to non-idealities
of the VNA cables and the coaxial connectors. In the latter
case calibration plane was at the ends of SMA connectors of
coaxial cables connected to the bias tees. In this case the
calibration is used not only to eliminate systematic errors
caused by parasitics of the VNA cables and their connectors,
but also to significantly reduce the effect of the DC blockers,
bias tees and the power supply on the measurement results. It
should be noted that the calibration was not able to reduce
systematic errors induced by the test fixture because we had
SMA calibration kits, so de-embedding of the test fixture will
be performed for this purpose.

I11. EXPERIMENTAL RESULTS AND DISCUSSION

Measurements of impedances were performed for two
different commercially available surface mount inductors:
shielded power inductor WE 744066151 and ferrite bead WE
742792141. Both inductors are manufactured by the Wurth
Electronics. According to the manufacturer data sheets, the
former has inductance of 150 uH + 30 % (at 100 kHz with zero
DC bias), but the latter has impedance of 1 kQ = 25 % (at 100
MHz with zero DC bias).

After the VNA warm-up time of one hour and TOSM
calibration of the experimental setup as described previously,
impedances of both inductors were measured using the VNA at
different DC biases. Impedance of the inductor WE 744066151
was measured in frequency range from 300 kHz to 200 MHz,
but impedance of the ferrite bead WE 742792141 was
measured in frequency range 1 MHz ... 200 MHz. In order to
estimate accuracy of the measurements the measurement
results were compared to that obtained by using high-accuracy
auto-balancing-bridge-technique-based impedance analyzer
Keysight E4990A with a high-quality test fixture Keysight
16047E. The impedance analyzer can measure impedance in
frequency range up to 120 MHz. In order to make accurate
measurements with the impedance analyzer the test fixture was
compensated (using open-short compensation method). For
measuring impedance with the impedance analyzer the
inductors under test were unsoldered from the VNA test fixture
and mechanically connected to the impedance analyzer test
fixture after compensation. Please note that the test fixture
Keysight 16047E is for leaded components. However since we
did not have a test fixture for surface mount components, the
test fixture Keysight 16047E was used instead. In order to
connect the surface mount inductors under test to the
impedance analyzer test fixture, very short but thick leads
(having very low inductance and resistance) were soldered to
the components. Since impedances of the inductors under tests
in the frequency ranges are much higher than impedances of
the short leads, measurement uncertainty due to the short leads
is very low and can be neglected.

Impedances of the inductors were measured for different DC
bias currents in range 0 ... 100 mA using the VNA and the
impedance analyzer. Note that the experimental setup depicted
in Fig. 3 can be used to measure impedances of the inductors
for DC biases up to 1A, but the impedance analyzer with the
internal DC bias source can be used for DC biases up to 100
mA only.



378

Complex impedances of the inductors were indirectly
measured with the VNA in two cases:

e when the test fixture (Fig. 7) effects were ignored
(without de-embedding of the test fixture parasitics
from the measurements);

e when the test fixture was de-embedded from the
measurements in order to reduce significantly the
test fixture effects on the measured impedances of
the inductors under test.

In the former case complex impedance (Z,) of the inductors

can be obtained from measured complex transmission

coefficient (S,,) for series-through technique [4] as follows:
921
521

Z, =100 €)

Probably (1) may give good results for lower frequency range,
however for higher frequency range (1) can be relatively
inaccurate because the effect of the test fixture parasitics
(especially parasitic capacitances) on measured transmission
coefficients may be significant. Thus, for more accurate results
the test fixture de-embedding from the measurements is of
importance.

As such, de-embedding can be done using either 3D
electromagnetic modeling software (e.g. CST MWS) or by
creating accurate equivalent circuit model of the test fixture
[10]. The latter is usually more popular because it is the
cheapest solution. However not always it is easy to create
accurate equivalent circuit model of a test fixture. For
example, in our case it is quite difficult to create very accurate
test fixture equivalent circuit model, because it consists of
multiple elements: two SMA connectors, two SMA to
microstrip line transitions and two microstrip lines. In this
paper for the test fixture de-embedding approximate yet simple
equivalent circuit model will be used. The model parameters
(parasitic  resistances, conductances, inductances and
capacitances) will be experimentally determined from opened
and shorted test fixture measurements. Equivalent circuit
model of the experimental setup including the test fixture
parasitics is depicted in Fig. 8. Note that in the model it is
assumed that a calibration plane is at the ends of the coaxial
cables connected to the test fixture SMA connectors and that
the calibration eliminates systematic errors due to the bias tees
and the cables. The test fixture parasitics are represented as
passive elements in the model (Fig. 8). The test fixture
parasitic parameters values can be determined either
analytically, by using numerical modeling or via experimental
measurements. We will use the latter approach to determine
the test fixture parasitic parameters values as follows:

e in order to determine parasitic complex impedances
Z11s1 @nd Zy45,, complex impedance Z;,, of shorted
test fixture was measured using the VNA and
assuming that Z,,¢; = Z;152, they were determined by
dividing Z,,; by 2 [note that 1) Z,,, was measured
when instead of the inductor under test a copper wire
was soldered to the test fixture and one of the SMA
connectors was shorted; 2) in reality Z,,, is not equal
to Z,15,, they differ slightly one from another, so
assumption that 7,4, = Z;,5, may introduce small
error to the results after the de-embedding];
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e parasitic complex impedances Z;,; and Z;,, of the

test fixture (Fig. 7) were measured using the VNA
when the inductors under test were removed from the
test fixture.
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Inductor
under
test

1
p2 |
VNA v \a VNA
Zip Ziipo

Fig. 8. Equivalent circuit model of the experimental setup including the test
fixture parasitics. Note: the model is approximate.

Based on the equivalent circuit model of the experimental
setup an equation was derived as follows:

V bletotZ
S(a+Z)(b+50+Z1151)

(2)

Vout =

where V; and V,,,; are the source voltage and the output voltage
complex amplitudes respectively,

1
Zi1tot2 = ’ 3
1
7 + 0.02
11p2
a = Zi1totz + Z11s25 (4)
1
b=—r . (5)
a7z, T Vum
Your __ S21

Taking into account that =

[3], (2) can be rewritten as
Vs 2

follows:

s — 2 bletotZ
21 (a+Z)(b+50+Z1151)

(6)

The equation can be solved with respect to the inductor
complex impedance Z; either analytically or numerically.
Using Matlab, (6) was solved numerically and values of the
inductor impedance were calculated.

Since impedance of the inductor WE 744066151 weakly
depends on DC bias currents up to 100 mA, it is depicted in
Fig. 9 only for DC bias of 100 mA. Additionally, the ferrite
bead WE 742792141 impedance versus frequency measured
using the VNA and the impedance analyzer for DC bias of 0
and 100 mA is shown in Fig. 10. Note that impedances of the
inductors measured by using the VNA are shown in the figures
without de-embedding (with effects of the VNA test fixture
parasitics) and with de-embedding (with reduced effects of the
test fixture parasitics).
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Fig. 9. Measured impedance magnitude of the inductor WE 744066151 versus
frequency for DC bias of 100 mA. Note: impedance was measured with
E4990A in frequency range 300 kHz — 120 MHz and with the VNA in
frequency range 300 kHz — 200 MHz.
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Fig. 10. Measured impedance magnitude of the ferrite bead WE 742792141
versus frequency for DC bias of 0 and 100 mA. Note: impedance was
measured with E4990A in frequency range 1 MHz — 120 MHz and with the
VNA in frequency range 1 MHz — 200 MHz.

Table | shows comparison of inductance (L) and resonant
frequency (fre;) for the inductor WE 744066151 obtained from
the impedance measurements using both the impedance
analyzer and the VNA. Since for the inductors at frequencies
of some hundreds of kHz capacitive reactance and resistance
does not have noticeable effect on the impedance, the inductor
L was calculated at 300 kHz by dividing impedance magnitude
at that frequency by 2rf (where f = 300 kHz).

Table |
COMPARISON OF THE MEASUREMENT RESULTS FOR INDUCTOR WE
744066151
Method L (at 300 kHz), uH frezy MHZ
Auto balancing bridge (E4990A) 131.89 7.22
VNA (without de-embedding) 132.11 7.26
VNA (with de-embedding) 132.11 7.26

The measurement results obtained by the VNA after the de-
embedding of the test fixture (Fig. 9 and Fig. 10) have a good
match with the results obtained by using the impedance
analyzer over broad frequency range. The measurement results
obtained by the VNA without the de-embedding of the test
fixture are also in a good agreement with the results obtained
by using the impedance analyzer at lower frequencies,

however at higher frequencies >100 MHz there is noticeable
disagreement between the results when the test fixture is not
de-embedded. It should be noted that good agreements
between measured inductances and self-resonant frequencies
are also obtained using both methods even when the de-
embedding is not used.

In order to analyze measurement accuracy of the inductors
impedance in more details, relative difference between
measured impedance magnitudes was calculated as follows:

_ ZLVNA - ZLABB i

eair [%] = 100, 7

ZLABB

where Z;,n4 IS impedance magnitude obtained by using the
VNA and Z, 455 is impedance magnitude obtained by using the
impedance analyzer (with auto-balancing bridge method).
leair| with de-embedding and without de-embedding are
presented in Fig. 11 and Fig. 12 for the inductor WE
744066151 (DC bias of 100 mA) and for the ferrite bead WE
742792141 (DC bias of 0 A) respectively. In the figures
absolute value of relative measurement accuracy (|e455|) of the
inductors impedances with the impedance analyzer are also
shown. The measurement accuracy was calculated based on
the expressions presented by the Keysight Technologies in [8]
and [9] as follows:

€app = (&4 + &75), €)]

where &, is the impedance analyzer measurement accuracy (at
4-terminal pair port) and e is the test fixture 16047E
additional error as follows [8], [9]:

(%

& =Ep + iz |+Y01'|ZL| ) €C)]
L
Zs

ere = o + (1754 Yor ' 241, (10)
L

where E,q, Zg;and Y,,are the impedance analyzer proportional
error, short repeatability and open repeatability respectively;
Epa, Zgand Yyare the test fixture proportional error, short
repeatability and open repeatability respectively. Numerical
values of the parameters are functions of the impedance
analyzer internal oscillator level, frequency, device under test
impedance magnitude, measure time and DC bias current
range. They can be calculated based on the expressions
presented in [8] and [9].

Presented results in Fig. 11 and Fig. 12 lead to a conclusion
that impedances (exceeding 150 ... 200 Q) of inductors (with
or without DC bias) can be measured by using a standard VNA
with the series-through technique with accuracy not lower than
using today’s high-accuracy impedance analyzers with auto-
balancing bridge method if proper de-embedding of a VNA
test fixture is used. It is interesting to see that the de-
embedding of the VNA test fixture in overall can improve
noticeably the measurement accuracy (especially at higher
frequencies), however since the VNA test fixture model used
in the paper is not very accurate, the test fixture de-embedding
sometimes leads to worse measurement accuracy at some
frequency ranges (e.g. at frequency range 1 ... 1.5 MHz as
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may be seen in Fig. 12). So if it is necessary to get higher
impedance measurement accuracy with a VNA it is
recommended to use more accurate VNA test fixture model
than used in this paper. It should be noted that the results
shown in Fig. 11 and Fig. 12 do not allow us to determine the
measurement uncertainties of the inductors impedances
accurately when the VNA was used. The figures allow us to
estimate the uncertainties approximately. For example, since
for the inductor WE 744066151 after the de-embedding
l€airI<|eagg |, it can be concluded that the inductor impedance
measurement uncertainty when the VNA is used is not higher
than the measurement uncertainty (|espg|) when the
impedance analyzer is used (e.g. from Fig. 11 it follows that an
uncertainty of the inductor WE 744066151 impedance
measurement by using the VNA is <0.6% if f=400 kHz).

), | leai (with de-
Eqif| (with de-
N dlfb ddi
leait| (%) |eassl embedding)
o \ ]

|8dif| (without de-embedding)

0.3 3 30
Frequency (MHz)

Fig. 11. |e4pp], |€4ir | without and with de-embedding of the VNA test fixture
as functions of frequency for the inductor WE 744066151 (DC bias 100 mA).
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Fig. 12. |e4ppl, |€qir| without and with de-embedding of the VNA test fixture
as functions of frequency for the ferrite bead WE 742792141 (no DC bias).
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IV. CONCLUSIONS

The results presented in the paper lead to a conclusion that
impedances (exceeding 150 ... 200 Q) of inductors (with or
without DC bias) can be successfully measured by using
standard VNA (even without a test fixture simulator or other
dedicated software) with the series-through technique with
accuracy not lower than using modern impedance analyzers
with auto-balancing bridge method if proper de-embedding of
a VNA test fixture is used and the VNA is calibrated properly.
In broad frequency range the impedance measurement
accuracy with the VNA is below 10 %. Accuracy below 1 %
can even be achieved when VNA is used.
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