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Abstract

Motivation, Goal and Task of this Dissertation A key trend in the field of power elec-
tronics is the continuous increase in efficiency and power densities. This is particularly
relevant in mobile applications such as traction drives, electric aviation and consumer
electronics. The use of the wide-bandgap semiconductor materials Silicon carbide (SiC)
and Gallium nitride (GaN), which are characterized by their high switching speeds, plays
a key role in this context. To improve the performance of a power electronic system and to
optimize it with regard to safety and reliability, it is essential to precisely characterize the
semiconductor devices used. Among the dynamic characteristics, the switching energies
are particularly relevant as they are strongly dependent on the selected operating point
and the topology. The switching energies can be determined in the double-pulse test and
require the simultaneous measurement of the drain-source current and the drain-source
voltage of the device under test. Suitable measuring equipment such as the recently devel-
oped optically-isolated differential probes are available for voltage measurement. However,
it has been observed that the techniques used for current measurement are unsuitable for
fast-switching wide-bandgap (WBG) devices. Common state-of-the-art solutions, such as
coaxial shunts and Rogowski coils, have either too high parasitic inductance or too low
bandwidth, which leads to incorrect measurement results. The aim of this work is to max-
imize the measurement accuracy for turn-off and turn-on switching energies. To achieve
this, a better understanding of the sources of error and their influence on measurement
accuracy is required. Subsequently, novel concepts will be developed and implemented.
The research focuses on both resistive and inductive current sensors, with the aim of
demonstrating their suitability through experimental validation.

Major Scientific Contributions The first step involved investigating which sources of
error influence the measurement of switching energies, and how significant these effects
are. By simulating multiple configurations for the double-pulse test, the sensitivity of
individual measurement parameters for different classes of wide-bandgap semiconductors
was estimated. The results indicated that measurement errors exceeding 10% are to be
expected when incorrect probes are selected. These are primarily caused by the para-
sitic inductance of the current sensor and the input capacitance of the voltage probe,
which both influence the switching behavior and must therefore be minimized. Further-
more, a reduction in measurement accuracy results from the limited bandwidths of the
probes, for which device-specific recommendations with a lower limit of 500 MHz have
been derived. Another highly relevant factor is the incorrect deskewing, which describes
the time offset between current and voltage measurement. Even a waveform offset of a
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few hundred picoseconds can significantly distort the results. Therefore, it is essential to
have precise knowledge of the transmission characteristics of the measuring equipment
used to compensate for this error in post-processing. It has been shown that among the
various classes of WBG semiconductors, low-voltage GaN devices are particularly suscep-
tible to measurement errors. Subsequently, existing approaches to current measurement
were discussed, and two novel concepts for measuring the drain-source current 𝑖ds were
developed. With regard to resistive current measurement, a compact shunt resistor based
on radially arranged thin-film resistors is presented. The arrangement is characterized
by a usable frequency range from dc to 2.17 GHz and a parasitic inductance of less than
100 pH. The inductive measurement technology presented is a current sensor based on a
planar pick-up coil embedded in a multilayer circuit board. This technology enables cur-
rent measurement up to 2.66 GHz by processing the induced voltage. Both measurement
methods were validated experimentally. For this purpose, a low-inductance switching cell
with fast-switching GaN devices was designed and its switching behavior was character-
ized in double-pulse tests. The comparison between both measurement methods with
each other and with simulation results has proven that the radial shunt resistor is the
most effective approach for characterizing fast-switching WBG semiconductor devices. In
addition to the excellent performance, the straightforward assembly technology is also a
decisive advantage over alternative solutions.
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1 Introduction

Before presenting the research results of this thesis, a brief categorization of the topic
is provided. First, Section 1.1 presents the general motivation of this research project,
which is the widespread adoption of new semiconductor technologies and the necessity to
characterize their switching behavior. Subsequently, the objective of this thesis is outlined
in detail in Section 1.2, which sets a focus on highly-dynamic current-probing techniques.
Finally, the structure of this thesis is presented in Section 1.3.

1.1 Motivation and Background

The electrification of the transport sector and the decentralization of the energy sector
have driven the widespread use of power electronic systems. This trend is encouraged by
the global goal of reducing carbon dioxide emissions. Components made from semiconduc-
tor materials are an essential part of all these systems. In the past decade, the materials
Silicon carbide (SiC) and Gallium nitride (GaN) have become established as alterna-
tives to the previously used Silicon (Si). SiC and GaN are referred to as wide-bandgap
(WBG) semiconductors due to their higher bandgap, which is a characteristic of the re-
spective atoms. Compared to Si devices, WBG devices offer several advantages, which
have been crucial in increasing efficiency and power density. Mass production and op-
timized manufacturing processes have reduced the cost of WBG devices, making them
popular in many fields of application. Fig. 1.1 classifies exemplary applications for dif-
ferent semiconductor technologies according to switching frequency and nominal power
[1]. The switching frequency is an essential characteristic of a power electronic system,
enabling more compact designs and dynamic control. SiC is particularly suitable for high-
power applications, traditionally dominated by insulated-gate bipolar transistors (IGBTs)
and metal-oxide semiconductor field-effect transistors (MOSFETs) made from Si. These
include grid applications, wind turbines, railway applications, and central photovoltaic
plants. In fast-switching applications, SiC is found in industrial systems, electric traction
drives, and household applications such as heat pumps, washing machines, and household
photovoltaic systems. GaN devices are most common in applications that use very high
switching frequencies at lower power, with the high-electron-mobility transistor (HEMT)
being established as the preferred device [2]. Common applications include data centers
and consumer electronics such as chargers and personal computers. In the field of elec-
tromobility, both SiC and GaN technologies compete and can be used for traction drives,
stationary or mobile battery chargers and on-board dc-dc converters [3].

1
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Figure 1.1: Fields of application for WBG semiconductor devices [4]
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The WBG materials GaN and SiC will likely stay in focus in the future. In addition, new
semiconductor materials may become significant for producing power electronic compo-
nents. Promising candidates are the ultrawide-bandgap (UWBG) semiconductor materi-
als diamond, cubic Boron nitride (c-BN) and Alimunum nitride (AlN) [7]. To evaluate
the potential of these materials, their key characteristics are compared. Figure 1.2a shows
a radar chart with the key material properties of different semiconductors [5]. The dia-
gram shows the bandgap 𝐸g, the breakdown field strength 𝐸bd, the electron saturation
velocity 𝑣sat, the thermal conductivity 𝜆 and the melting point 𝑇max. The WBG semicon-
ductors SiC and GaN show very similar performance and perform better than Si in all
categories. GaN has a slightly higher breakdown field strength and electron velocity, but
lower thermal conductivity than SiC. The UWBG semiconductors diamond, c-BN and
AlN show even better material properties in almost all categories [8]. In Fig. 1.2b the
electrical characteristics on-resistance and breakdown voltage resulting from the material
properties are compared . When dimensioning a semiconductor device, a trade-off must
be made between these values, which are both proportional to the channel length. This
results in the contour lines of constant BFOM values, which make the physical limit of
the technology visible and is plotted for unipolar vertical devices [6]. It can be seen that
the UWBG semiconductors enable a considerable potential for improvement compared
to WBG semiconductors. It is therefore likely that UWBG devices will become a trend
in the future and play an important role alongside other device-specific trends such as
intelligent gate drivers and monolithic integration of components [9], [10].
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Figure 1.2: Comparison of present and future technologies for power semiconductor
devices

1.2 Research Objectives and Statement of Novelty

Due to the widespread use of WBG semiconductor devices, there is a high demand for
their dynamic characterization, as a recent survey has shown [11]. This work aims to
improve the measurement accuracy in this task, which is a significant challenge due to
the very fast-switching transients of SiC and GaN devices. Further development towards
UWBG devices would increase this challenge even more. In particular, the measurement
of switching energies 𝐸off and 𝐸on in the double-pulse test (DPT) is very challenging and
significant measurement errors are expected, which are mainly caused by non-ideal probes
[12]. To enhance the measurement accuracy, it is essential to identify the parameters that
have the most significant influence on the results. Previous publications have mainly
focused on the measurement errors of individual current and voltage transients or do not
offer a holistic approach for deriving the requirements for measuring switching energies.
Consequently, the initial step is to identify which parameters have the most significant
impact on the measurement accuracy for 𝐸off and 𝐸on and how these parameters interact
with each other. This is achieved in this work by simulating DPTs with WBG devices
and statistically evaluating the results.

One of the most significant challenges in dynamic characterization is the measurement
of the drain-source current, which offers a significant opportunity for improvement [13],
[14]. Coaxial shunts are still used in several publications, as they have been the best
available option for a considerable period of time. However, with fast-switching devices
such as HEMTs, their parasitic inductance is too high and affects the switching behavior.
For this reason, there is a continuous search for new technologies that can be classified
into resistive and inductive measurement techniques [15]. This work evaluates existing
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concepts and presents two novel designs for current sensors that enable precise measure-
ment while minimizing the influence on the switching behavior. The results are a radial
shunt resistor consisting of discrete thin-film resistors and a planar pick-up coil embedded
into a printed circuit board (PCB). For both techniques, very high bandwidths of over
2 GHz and parasitic inductances in the range of 100 pH could be validated. In this way,
two straightforward tools are provided that significantly reduce the issue of drain-source
current measurement of WBG devices.

1.3 Outline of this Thesis

After providing an introduction to the research topic in this chapter, the structure of this
thesis is presented by explaining the contents of the five main chapters.

Chapter 2: Fundamentals on the Characterization of WBG Semiconductor Devices
The first part of Chapter 2 summarizes the various electrical properties of power transis-
tors. Besides the static and dynamic characteristics, there are also characteristics that are
specific to WBG devices such as the dynamic on-resistance of GaN HEMTs. Afterwards,
the DPT is introduced, which enables measuring the switching energies 𝐸off and 𝐸on in
hard-switching operation. In addition to the topology, state-of-the-art probes as well as
alternatives to the DPT are reviewed. Particularly with fast-switching WBG devices,
this test is susceptible to measurement errors that are caused by bandwidth limitations of
probes, parasitic elements or incorrect deskewing. These sources of error and their effects
are discussed in the last part of Chapter 2.

Chapter 3: Evaluation of the Measurement Accuracy in Double Pulse Tests
In the third chapter, the measurement accuracy in DPT is systematically investigated.
First, the methodology is presented, which is based on the simulation of DPTs including
the sources of error described previously. Using a design of experiments (DoE) with a large
number of different measurement setups, the switching behavior of four different WBG
devices is analyzed. It is shown that bandwidths, parasitics and incorrect deskewing can
significantly reduce the measurement accuracy and errors above 10 % are possible. In
particular, the measurement of the drain-source current needs to be optimized.

Chapter 4: Design of an Advanced Resistive Current Sensor
Chapter 4 focuses on the design of an advanced resistive current sensor. The motivation
is the fact that conventional coaxial shunts have a relatively high parasitic inductance,
which is unsuitable for fast-switching WBG devices. After providing an overview on
existing concepts, a novel design is presented. It is based on the circular arrangement of
discrete thin-film resistors. The transfer function of the design is analyzed in detail, using
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both simulations and the measurement of prototypes. In addition, the thermal limits
and options for extending the bandwidth are discussed. The novel design achieves an
inductance below 100 pF and a bandwidth of 2.17 GHz.

Chapter 5: Design of an Advanced Inductive Current Sensor
Chapter 5 focuses on the design of an advanced inductive current sensor. This is motivated
by the fact that conventional Rogowski coils have a relatively low bandwidth, which is
unsuitable for fast-switching WBG devices. After a review of existing concepts, a novel
design based on a planar pick-up coil embedded in an inner layer of a circuit board is
presented. The geometry of the design is optimized by comparing different variants via
simulation. Material properties and the dimensioning of a damping resistor are also taken
into account. A bandwidth of 2.66 GHz is validated in the measurement of prototypes.

Chapter 6: Proof of Concept
In Chapter 6, the radial shunt resistor from Chapter 4 and the inductive sensor from
Chapter 5 are applied in DPTs as a proof of concept. For this purpose, an evaluation
board is designed with GaN HEMTs of which the drain-source current can be measured
via both concepts. As a further reference, the board, including all parasitic elements, is
simulated to evaluate the measurement of 𝐸off and 𝐸on. It is determined that the radial
shunt resistor, in particular, provides highly accurate results and is, therefore, the optimal
choice for measuring the drain-source current of WBG devices.

Chapter 7: Conclusions and Outlook
In the last chapter, the contributions of this thesis are highlighted and the previous
chapters are summarized. Finally, an outlook is given on further research to improve the
dynamic characterization of fast-switching WBG semiconductor devices.
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2 Fundamentals on the Characterization of
WBG Semiconductor Devices

This chapter summarizes the fundamentals of the characterization of WBG semidonductor
devices. First, Section 2.1 defines the various electrical characteristics that are relevant
for the design and operation of a power electronic system. This is followed by Section 2.2,
which discusses the DPT in more detail. This test is a standardized measurement method
for dynamic characterization and enables measuring switching energies in hard-switching
operation. Section 2.3 deals with the error sources that arise in DPTs and presents the
impact on the switching transients. Finally, Section 2.4 provides a brief conclusion about
the contents of this chapter.

2.1 Electrical Characteristics of Semiconductor Devices

When characterizing semiconductor devices, a distinction can be made between static and
dynamic characteristics. One of the most important static characteristics is the output
characteristic of a semiconductor, which is presented in Section 2.1.1. The dynamic
characteristics presented in Section 2.1.2 include the switching energies, the switching
times and various charge quantities. These variables have in common that they influence
the switching behavior and that their determination requires a measurement in the time
domain. In addition, there are special characteristics of WBG semiconductors such as
the dynamic on-resistance, which are described in Section 2.1.3. Besides the electrical
characteristics, there are other characteristics such as the thermal impedance 𝑍th, which
are not covered by this thesis.

2.1.1 Static Characteristics

One of the main specifications of a transistor is its output characteristic. It describes the
relationship between the drain current 𝑖ds and the drain-source voltage 𝑣ds as a function of
the gate-source voltage 𝑣gs for static operating points [16]. Figure 2.1a gives an overview
of the output characteristics of a power MOSFET in the forward direction. The operation
takes place in one of four regions, of which the ohmic region and the blocking region are
the most relevant for operation as a power electronic switch. A similar characteristic is

7



2 Fundamentals on the Characterization of WBG Semiconductor Devices

M

M

R1
U1 UR

IRI1

L1 C1 S1

5
2 3

6
987

4
1

D1

u u

W

W

W W

Z

Z

U1
I1 Z1

G

G

Widerstand

Kondensator Induktivität

Schalter

Tunneldiode Z-Diode

Varistor PTC Widerstand NTC Widerstand

Stromsensor

Relais

Wechsler mit UnterbrechungSchalter (NC)

Schalter mit RasterungSicherungsautomatenSicherung

ErdungDiode

Thyristor

GTOTransistorMOSFETIGBT

Photodiode/LED

LWLGCT

Bezeichnungen MTO IGCT

RC-Glied Warburg tanh Warburg cotanh Constant phase element

Zarc element Operationsverstärker Phototransistor

Verbindungspunkte

Linienbreite: 0.4mm!

Spannungsquelle StromquelleTransformator Motor & Generator

npn pnp

N-Kanal

P-Kanal

𝑣ds

𝑖ds

𝑣gs

ohmic region

off

on

saturation region

blocking region

br
ea

kd
ow

n

𝑉(BR)DSS𝐼DSS

𝑅 DS(
on
)

(a) Output characteristic with switching trajec-
tory

M

M

R1
U1 UR

IRI1

L1 C1 S1

5
2 3

6
987

4
1

D1

u u

W

W

W W

Z

Z

U1
I1 Z1

G

G

Widerstand

Kondensator Induktivität

Schalter

Tunneldiode Z-Diode

Varistor PTC Widerstand NTC Widerstand

Stromsensor

Relais

Wechsler mit UnterbrechungSchalter (NC)

Schalter mit RasterungSicherungsautomatenSicherung

ErdungDiode

Thyristor

GTOTransistorMOSFETIGBT

Photodiode/LED

LWLGCT

Bezeichnungen MTO IGCT

RC-Glied Warburg tanh Warburg cotanh Constant phase element

Zarc element Operationsverstärker Phototransistor

Verbindungspunkte

Linienbreite: 0.4mm!

Spannungsquelle StromquelleTransformator Motor & Generator

npn pnp

N-Kanal

P-Kanal

𝑣gs𝑣GS(th)

𝑖ds

𝑔m =
Δ𝑖ds
Δ𝑣gs

(b) Transfer characteristic

Figure 2.1: Static characteristics of a power MOSFET

defined for bipolar devices such as IGBTs, but the saturation region is referred to as the
linear region or active region, as the term saturation is used for the area that corresponds
to the ohmic region of a MOSFET. If the gate source voltage 𝑣gs is lower than the threshold
voltage 𝑣GS(th), the transistor is in the blocking region and will conduct just a minimal
current 𝐼DSS. If the voltage 𝑣gs is sufficiently high, the transistor is operated in the ohmic
region, which means that it is completely turned on and behaves like a resistor with the
constant value 𝑅DS(on). The transition between these two operating points takes place
by passing through the saturation region, as shown in Figure 2.1a. In the MOSFET
saturation region, the current 𝑖ds is strongly dependent on 𝑣gs and the operation involves
high losses, which is expressed as the switching loss defined in Section 2.1.2. The upper
voltage limit of the transistor, which is marked as the breakdown voltage 𝑉(BR)DSS in the
output characteristic, should not be exceeded to avoid destruction of the device.

In Fig. 2.1b, the transfer characteristic is shown, which relates directly to the output
characteristic curve. It describes the relationship between the gate-source voltage 𝑣gs and
the maximum possible drain current 𝑖ds. Once the threshold voltage 𝑣GS(th) is exceeded,
𝑖ds starts to increase, with the gradient 𝑔m corresponding to the transconductance of
the transistor. The static characteristics described are measured using semiconductor
curve tracers, which have precise measuring instruments and allow all relevant data to be
recorded automatically. Since static operating points are measured during the test, any
dynamic measurement parameters such as the bandwidth of the measuring equipment do
not play a critical role.

2.1.2 Dynamic Characteristics

In addition to the static characteristics, there are dynamic characteristics of power semi-
conductors, which provide information about the switching behavior. Since both GaN
HEMTs and SiC MOSFETs can be categorized as field-effect transistors (FETs), the dy-
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Figure 2.2: Definition of dynamic characteristics according to IEC 60747-8 [17]

namic characteristics are defined according to the standard IEC 60747-8 [17]. In contrast
to the static characteristics, the measurement of the dynamic characteristics can be very
challenging, as the associated transients must be recorded with high temporal resolu-
tion and can be influenced by parasitics. In this section, the most important dynamic
characteristics from the data sheet of a power semiconductor are reviewed.

The switching energies 𝐸on and 𝐸off are two key characteristics for operating a transistor.
The switching energies result from the overlap of current and voltage when switching
between the turn-off and turn-on state and are dissipated as heat. As these switching losses
are proportional to the switching frequency 𝑓sw, they can contribute significantly to the
overall losses with fast-switching topologies. The calculation is based on the integration
of the instantaneous power loss 𝑝loss according to Eq. (2.1) and Eq. (2.2), using the
integration boundaries specified in Fig. 2.2a. The integration boundaries are defined via
the 10 % limit of the drain-source voltage 𝑣ds present during switching and the drain-
source current 𝑖ds. The switching energies are measured using the DPT with an inductive
load, which is discussed in detail in Section 2.2 and is considered the main application of
this thesis.

𝐸on =

∫ 𝑡1

𝑡0

𝑝loss(t) dt =
∫ 𝑡1

𝑡0

𝑣ds(t) · 𝑖ds(t) dt (2.1)

𝐸off =

∫ 𝑡3

𝑡2

𝑝loss(t) dt =
∫ 𝑡3

𝑡2

𝑣ds(t) · 𝑖ds(t) dt (2.2)

In addition to the switching energies, there are other dynamic characteristics, such as the
switching times defined in Fig. 2.2b [16]. These are based on the relation of the drain-
source voltage 𝑣ds to the gate-source voltage 𝑣gs during the switching events. The turn-on
time 𝑡on and the turn-off time 𝑡off describe the duration of the respective switching event
and use the respective 10 % limits of 𝑣ds and 𝑣gs. The two criteria turn-on delay 𝑡d(on)
and turn-off delay 𝑡d(off) describe the delay with which the voltage 𝑣ds reacts to a change
in the gate-source voltage 𝑣gs. The switching times also include the two rise times 𝑡rise
and 𝑡fall, which correspond to the time required by 𝑣ds to switch between 10 % and 90 %.

9



2 Fundamentals on the Characterization of WBG Semiconductor Devices

M

M

R1
U1 UR

IRI1

L1 C1 S1

5
2 3

6
987

4
1

D1

u u

W

W

W W

Z

Z

U1
I1 Z1

G

G

Widerstand

Kondensator Induktivität

Schalter

Tunneldiode Z-Diode

Varistor PTC Widerstand NTC Widerstand

Stromsensor

Relais

Wechsler mit UnterbrechungSchalter (NC)

Schalter mit RasterungSicherungsautomatenSicherung

ErdungDiode

Thyristor

GTOTransistorMOSFETIGBT

Photodiode/LED

LWLGCT

Bezeichnungen MTO IGCT

RC-Glied Warburg tanh Warburg cotanh Constant phase element

Zarc element Operationsverstärker Phototransistor

Verbindungspunkte

Linienbreite: 0.4mm!

Spannungsquelle StromquelleTransformator Motor & Generator

npn pnp

N-Kanal

P-Kanal

𝑣gs

𝑣ds

𝑖g
𝑖ds

𝑡

𝑄G

𝑄GS(th)

𝑡1 𝑡2 𝑡3 𝑡4

𝑄GS(pl) 𝑄GD

𝑣GS(th)

(a) Gate charges

M

M

R1
U1 UR

IRI1

L1 C1 S1

5
2 3

6
987

4
1

D1

u u

W

W

W W

Z

Z

U1
I1 Z1

G

G

Widerstand

Kondensator Induktivität

Schalter

Tunneldiode Z-Diode

Varistor PTC Widerstand NTC Widerstand

Stromsensor

Relais

Wechsler mit UnterbrechungSchalter (NC)

Schalter mit RasterungSicherungsautomatenSicherung

ErdungDiode

Thyristor

GTOTransistorMOSFETIGBT

Photodiode/LED

LWLGCT

Bezeichnungen MTO IGCT

RC-Glied Warburg tanh Warburg cotanh Constant phase element

Zarc element Operationsverstärker Phototransistor

Verbindungspunkte

Linienbreite: 0.4mm!

Spannungsquelle StromquelleTransformator Motor & Generator

npn pnp

N-Kanal

P-Kanal

𝑣diode

𝑖diode

𝑡

𝑄rr 10 %𝑉F

𝐼rr

𝑡rr

𝑉rr

(b) Body diode reverse characteristics

Figure 2.3: Definition of dynamic characteristics (continued)

It is important to note that 𝑡rise is assigned to the falling edge of 𝑣ds, as the current 𝑖ds
rises during the turn-on [17]. The switching times are measured in a defined measurement
setup with a resistive load [17].

The dynamic characteristics also include several charge quantities that determine the
behavior of the semiconductor. Their values are required, for example, to optimally
dimension gate driver circuits. Figure 2.3a shows the time response of the gate-source
voltage 𝑣gs during the charging process of the gate capacitance with the constant current
𝑖g. The total gate charge 𝑄G can be determined via the integration of 𝑖g. This is divided
into the threshold gate charge 𝑄GS(th), which is required to charge the gate capacitance
to the threshold voltage 𝑣GS(th), and the plateau gate charge 𝑄GS(pl), which is required
to increase the voltage 𝑣gs to the Miller plateau. After the Miller plateau is reached,
𝑣gs only increases further once the gate-drain charge 𝑄GD has been applied. Another
dynamic charge quantity that occurs in MOSFETs is the reverse recovery charge 𝑄rr of
the body diode. Figure 2.3b shows the behavior of the current 𝑖diode when the body diode
changes from the conducting to the blocking state. In this case, the recombination of
the charge carriers leads to an opposite current peak 𝐼rr, which extends over the period
of the reverse recovery time 𝑡rr. Like the switching times, the charge characteristics are
measured in a defined measurement setup with a resistive load and require both a high
temporal resolution and a sufficiently high vertical accuracy.

The capacitances of a transistor are also classified as dynamic characteristics, as they
influence the dynamic behavior. Figure 2.4a shows the definition of the gate-source ca-
pacitance 𝐶GS, the drain-source capacitance 𝐶DS and the Miller capacitance 𝐶GD [18]. A
characteristic of these capacitances is that they are dependent on the drain-source voltage
𝑣ds, as shown in Fig. 2.4b as an example. This illustration can be found in data sheets of
power transistors and shows the behavior of the input capacitance 𝐶ISS, the output ca-
pacitance 𝐶OSS and the reverse transfer capacitance 𝐶RSS and their respective definitions.
In contrast to the other dynamic characteristics, the capacitances are not measured in the
time domain. Instead, they are recorded by means of curve tracers that use a small-signal
ac analysis with a dc bias.
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Figure 2.4: Dynamic capacitances

2.1.3 Characteristics Specific to WBG Semiconductor Devices

The previous sections refer only to the conventional characteristics, which are mostly
independent of the respective transistor technology and are mentioned in common data
sheets. For WBG semiconductor devices, further characteristics have been observed, like
the dynamic on-resistance 𝑅DS(on) and the hysteresis of the output capacitance 𝐶OSS.
These effects can influence the conduction and switching losses of a converter and thus
its overall efficiency.

Figure 2.5a shows the effect of the dynamic on-resistance [19]. The effect is caused by
electron trapping effects and depends on the preconditioning of the device under test
(DUT). Initially, the DUT is turned on and the value of 𝑅DS(on) is at a static level.
Subsequently, the device is switched off for the period 𝑡1 to 𝑡2, which is referred to as
trapping time. After the device is turned on again, an increased value of 𝑅DS(on) can be
measured, whereby the increase in resistance depends on the trapping time and the dc
bias voltage, which is given as 𝑉1 and 𝑉2. During the detrapping time, the dynamic value
of 𝑅DS(on) gradually approaches its static value again. The dynamic on-resistance of GaN
devices can strongly influence the efficiency of a converter, as the conduction losses are
increased by up to 35 % [20]. The measurement of the dynamic 𝑅DS(on) can be performed
in the DPT or similar topologies, using a clamping circuit to measure the forward voltage
drop in the on-state of the DUT with sufficiently high accuracy [21], [22].

The 𝐶OSS hysteresis is another specific effect that is observed in Si superjunction MOS-
FETs and also occurs in WBG devices [23], [24]. This effect describes the dependency of
the output capacitance 𝐶OSS on the voltage history and the current value of the drain-
source voltage 𝑣ds. Figure 2.5b shows the charging and discharging process of the output
capacitance affected by the hysteresis effect, whereby the hysteresis causes the energy
loss 𝐸OSS,H. Since 𝐸OSS,H is frequency-dependent, the switching behavior and switching
losses may deviate from the expected values, especially at high switching frequencies. The
measurement method using the Sawyer-Tower test is described in the recently published
standard [25]. In addition to the 𝐶OSS hysteresis, there are other effects, such as the
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Figure 2.5: Dynamic effects of WBG semiconductor devices

threshold voltage hysteresis, which is described in [26] and [27] for SiC MOSFETs. In
this case, the gate-source threshold voltage 𝑣GS(th) depends on the gate turn-off voltage
and the duration in the turn-off state. In summary, the characteristics given in the data
sheet never describe the dynamic behavior completely, especially for WBG semiconductor
devices. An individual and exact characterization is therefore essential to optimize the
performance of SiC and GaN devices.

2.2 Double-Pulse Testing

The double-pulse test (DPT) is one of the most important test methods for determin-
ing the dynamic characteristics of power semiconductor devices. First, the topology and
operation of the DPT is presented in Section 2.2.1. The test requires that current and
voltage are measured with high precision during the switching event. Section 2.2.2 there-
fore shows various state-of-the-art voltage probes and compares their properties with each
other. An analogous overview is given in Section 2.2.3 for state-of-the-art current probes,
which are based on different measurement principles. Finally, Section 2.2.4 compares the
DPT with alternative methods for determining switching losses. These are calorimetric
measurements and efficiency measurements in continuous converter operation.

2.2.1 Topology and Operation

The DPT is based on the topology shown in Fig. 2.6b and makes it possible to measure
the hard-switching operation of a power semiconductor device [13]. The central element is
the DUT, which forms a half-bridge circuit consisting of two transistors whose switching
behavior is to be investigated. In parallel to this is the dc-link capacitor 𝐶DC, which
is charged to the voltage 𝑉sw. The switching node of the half-bridge is connected to
the potential 𝑉sw via the load inductance 𝐿load. During the test, the upper transistor is
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Figure 2.6: Double-Pulse Testing

permanently turned off and is operated in the reverse direction. Figure 2.6a shows the
time sequence of the test, which is characterized by two successive pulses of the drive
signal 𝑠on and can be divided into three phases.

Phase 1 In the first pulse, the low-side switch is turned on for a predefined time, which
causes the current 𝑖L to increase according to Eq. (2.3). When the current 𝑖L has reached
the desired value 𝐼sw, the low-side switch is turned off and the turn-off event can be
recorded by simultaneously measuring the two transients 𝑣ds and 𝑖ds.

𝑖L(𝑡) =
𝑉sw
𝐿load

· t (2.3)

Phase 2 The low-side switch is completely turned off and the current 𝑖L has commutated
into the freewheeling path via the reverse-conducting high-side switch. Due to energy
preservation, 𝑖L remains at an almost constant level and only drops slowly according to
Eq. (2.4). The voltage at the switching node increases to 𝑣ds = 𝑉sw + 𝑉F, where 𝑉F
corresponds to the forward voltage drop of the body diode of the high-side transistor.

𝑖L(𝑡) = 𝐼sw ·
(
1 − 𝑉F

𝐿load
· t
)

(2.4)

Phase 3 As soon as the turn-off switching event is completed, the low-side switch is
turned on again. This causes the current 𝑖L to commutate back into the lower path and
the turn-on switching event can be recorded. The voltage drops to 𝑣ds = 𝑅DS(on) ·𝑖L, where
𝑅DS(on) corresponds to the drain-source on resistance of the low-side transistor. Once the
turn-on event is completed, the low-side switch is turned off again, which represents the
end of the experiment.

In the case of fast-switching WBG devices, the entire DPT is completed within a time
window in the order of typically a few microseconds. As a result, the junction tempera-
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ture 𝑇j, which is another important operating parameter, can be assumed to be constant
during the test. For the DPT to be carried out successfully, careful selection and dimen-
sioning of the components 𝐿load and 𝐶DC is required, which is discussed in more detail
in Section 3.1.2. In addition, with regard to WBG devices, it is essential that the para-
sitic elements of the switching cell are minimized and that the measuring devices for the
drain-source current 𝑖ds and the drain-source voltage 𝑣ds meet the requirements.

Figure 2.6c shows an alternative topology for the DPT, in which the load inductance 𝐿load
is connected to the ground potential. Instead of the low-side switch, the switching behavior
of the high-side switch can be investigated using the same sequence as Fig. 2.6a. In this
variant, the low-side switch stays permanently turned off an acts as the free-wheeling path
during phase 2. This variant is required if the two transistors have different switching
behavior, which is particularly the case with asymmetrically designed power modules [28].
Another topology for the DPT was presented in [29]. By adding additional switches and
a separate voltage source for the magnetization of 𝐿load, it is possible to control the test
voltage and current independently of each other. This increases flexibility and safety,
as the dc link capacitor is decoupled, making this variant attractive for stationary test
bench setups. A similar topology was also used in [30] to measure IGBTs under zero-
voltage switching (ZVS) conditions. Both examples show that the DPT can be adapted
to different requirements and is therefore an essential tool for dynamic characterization.

2.2.2 State-of-the-Art Voltage Probes

This section provides a brief overview of state-of-the-art voltage probes. The selection of
the probe to measure the drain-source voltage 𝑣ds is crucial for a successful DPT. The
most important properties of the different probing techniques are introduced and a brief
evaluation for the application with fast-switching WBG semiconductor devices is given.

Passive probes These probes represent the simplest type of voltage measurement and
are included with most oscilloscopes. The measuring principle is based on a resistive and
capacitive voltage divider, which is formed with the 1 MW input of the oscilloscope. The
voltage is measured against the ground potential with a division ratio of typically 10:1
or 100:1. With regard to the characterization of fast-switching WBG devices, it must be
considered that the bandwidth of a passive probe is typically limited to 500 MHz and that
the relatively high input impedance of the probe can affect the switching behavior [31].
In Fig. 6.8b the design and measurement principle of a high-impedance passive probe is
discussed in more detail. A special type are low-impedance passive probes, which are
terminated on the output side with 50 W. hey achieve significantly higher bandwidths at
the cost of lower nominal voltages.
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2.2 Double-Pulse Testing

Active probes (single-ended) Probes of this group contain active electronic components
such as amplifiers and require an external power supply. [32] The advantage is a high
input impedance, which results in a low impact on the circuit to be measured. In addition,
very high bandwidths of over 10 GHz can be achieved, whereby a low nominal voltage
must be taken into account as a trade-off. The area of application therefore lies in the
measurement of high-frequency signals with low amplitude, which makes this type of probe
rather unsuitable for the characterization of power electronic devices in the DPT.

Active probes (differential) These probes form a sub-category of active probes and
are characterized by differential measurement of the input voltage with high common
mode rejection ratio (CMRR). This makes them suitable for measuring floating signals
and therefore very versatile. Differential probes are very common in power electronics and
achieve bandwidths of several 100 MHz at nominal voltages up to the kilovolt range. With
regard to the characterization of fast-switching WBG devices, a drawback of conventional
differential probes is that the CMRR decreases at high frequencies, as there is typically
no galvanic isolation, making the measurement susceptible to noise [33].

Optically-isolated probes A special class of differential probes are optically isolated
probes. These are characterized by an optical transmission technology with laser diodes,
resulting in a high CMRR, which is also maintained at high frequencies. The design
enables measuring voltages up to the kilovolt range with a simultaneously high bandwidth
of up to 1 GHz and low susceptibility to noise. With regard to the characterization of
WBG semiconductors, optically-isolated probes are considered to be the most suitable
solution, but also the most cost-intensive type of probes.

In addition to the aforementioned characteristics, there are several other parameters for
characterizing a voltage probe [34]. With regard to DPT with WBG devices, the criteria
of bandwidth and input capacitance are particularly significant [35]. The detailed re-
quirements are device-specific and are discussed in Chapter 3. Figure 2.7 classifies several
commercially-available voltage probes according to these criteria. In addition, the type
of probe and the nominal voltage are indicated. It is noticeable that passive probes with
high impedance do not exceed a bandwidth of 1 GHz and also have a relatively high in-
put capacitance. The same applies to the group of high-voltage (HV) differential probes,
which have the highest voltage rating but are limited in their bandwidth. Higher band-
widths are achieved by low-voltage (LV) differential probes, which, however, are usually
not suitable for DPT due to their low voltage rating. This limitation also applies to the
two groups of single-ended active probes and low-impedance passive probes, which achieve
the best performance in terms of bandwidth and input capacitance, but only offer low
voltage ratings. The group of optically-isolated probes is positioned in the middle of the
diagram. Most models have a bandwidth of 1 GHz with an input capacitance of a few
picofarads. As high voltages can be measured, these probes are ideally suited for DPTs
with fast-switching WBG semiconductor devices, if they are used properly [36].
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Figure 2.7: Classification of commercially-available voltage probes

2.2.3 State-of-the-Art Current Probes

This section provides a brief overview of state-of-the-art current probes. It presents only
measurement methods that are commercially available and offer relatively high band-
width, making them suitable for measuring fast transients. In addition to the measure-
ment principles presented, there are other solutions such as Hall-effect sensors or magneto-
resistive current sensors, but these have significantly lower bandwidths and are therefore
irrelevant for the dynamic characterization of WBG semiconductor devices [15], [37].

Clamp-on current probes Current clamps are the most convenient type of current mea-
surement. Their advantage is that no interruption of the current-carrying conductor is
necessary, and they can measure both dc and ac currents. The measuring principle of
a current clamp usually combines a Hall-effect sensor for the lower frequency range and
an inductive current measurement for the high-frequency range [38]. Current clamps
are available for a wide range of applications, but since they are designed for measuring
cable-guided currents, they are only suitable for characterizing semiconductor devices to
a limited extent [39]. An exemplary model is the current clamp N7026A from Keysight
Technologies, which has a bandwidth of 150 MHz and a rated current of 30 A.
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Closed-core current transformers Current transformers with a closed magnetic core
offer better performance than clamp-on current probes in terms of bandwidth. As this
is a purely inductive type of current measurement, the current sensing is limited to ac
currents. The main disadvantage is the relatively large geometric expansion, which makes
this type of current measurement unsuitable for characterizing semiconductor devices. An
exemplary model is the current transformer 6585 from Pearson Electronics Inc., which
enables a bandwidth of 250 MHz at a rated current of 500 A.

Rogowski coils Rogowski coils are another solution for inductive current measurement.
In contrast to current transformers, Rogowski coils do not have a magnetic core, which
leads to better flexibility and enables higher currents since no saturation can occur [40].
An exemplary model is the Rogowski coil Mini50HF from PEM Ltd., which offers a
bandwidth of 50 MHz at a rated current of up to 3 kA. The suitability of Rogowski coils
for characterizing semiconductor devices depends on the availability of sufficient space
and the adequacy of the bandwidth for the intended application [41].

Shunt resistors Shunt resistors are an alternative to the previously mentioned current
probes. A shunt resistor is inserted directly into the circuit and enables resistive current
measurement by acquiring the voltage drop that is proportional to the current. This allows
both dc and ac currents to be measured with high precision. The general disadvantages
are the lack of galvanic isolation and the ohmic losses in the resistor. A special type
of shunt resistor is the coaxial shunt, which is described in detail in Section 4.1.1. An
exemplary model is the coaxial shunt SDN-414-10 from T&M Research Products, Inc.,
which enables a bandwidth of 2 GHz. Shunts are suitable for the characterization of
semiconductor devices, but the parasitic inductance can affect the switching behavior,
which is particularly relevant for very fast switching WBG devices [42], [43].

Optical current measurement Another type of current measurement are fibre-optic cur-
rent sensors (FOCSs). These are sensors that use the Faraday effect, which describes the
rotation of the polarization plane of an electromagnetic wave as a function of a magnetic
field. This measurement technology was originally developed for low-frequency applica-
tions in the high-voltage grid [44]. In [45] it is investigated to what extent the method is
also suitable for DPT. By now, commercial solutions achieve bandwidths of up to 150 MHz
[46]. As the measuring principle is completely non-invasive, it offers considerable potential
for future measuring equipment.

This overview has shown that there are various concepts for current measurement. With
regard to the characterization of fast-switching WBG semiconductor devices, however,
there are only a few viable options. Only coaxial shunts achieve bandwidths in the giga-
hertz region, but they can lead to a distortion of the switching behavior due to their par-
asitic inductance. Rogowski coils enable a non-invasive measurement but do not achieve
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a sufficiently high bandwidth. The same applies to FOCSs. Therefore, various new con-
cepts are being researched, and extensive efforts are being made to maximize bandwidth
while minimizing measurement impact. In Section 5.1, advanced inductive measurement
techniques are discussed, which can be seen as an improvement over conventional Ro-
gowski coils. In Section 4.1.2, advanced concepts for resistive current measurement are
presented, representing an alternative to conventional coaxial shunts.

2.2.4 Alternatives to the Double Pulse Test

In addition to the DPT, there are other methods for determining the switching losses of
power semiconductor devices. The most straightforward approach is the efficiency mea-
surement, in which a power converter is operated at a resistive or active power sink. This
method has been employed in several studies, including [47] and [48]. A measurement of
the input power 𝑝in and output power 𝑝out allows the overall system efficiency to be de-
termined for different operating points. Despite the high precision achievable with power
meters, the measurement of the overall efficiency always includes all loss mechanisms
within the converter. In addition to switching losses, conduction losses, driver losses, ca-
pacitor losses, and magnetic losses in inductors must be considered. Extracting switching
losses is a challenging task that is often only partially achievable [49]. By varying the
switching frequency 𝑓sw of the pulse-width modulation (PWM), it is possible to extract
frequency-dependent losses. It is possible to determine the influence of temperature by
waiting until a thermal steady-state is reached. This increases the time required for the
procedure. The advantage of this method is that it is simple to implement and provides
results that correspond to the real application.

Another alternative are calorimetric measurements. The total power loss of a semicon-
ductor is determined indirectly by measuring temperature changes in a thermally defined
environment. In conventional calorimeters, the DUT is located in a thermally insulated
chamber [50]. By measuring the temperature increase Δ𝑇 in steady state, the dissipated
power loss 𝑝loss can be derived after prior calibration via a reference heater. In another
method, the power loss 𝑝loss is determined by measuring temperature and flow rate of a
cooling medium [51]. A disadvantage of conventional methods is that temperature changes
have to be measured over periods of 30 min to several hours [52]. To overcome this draw-
back, transient calorimetric methods were developed. In [53], the change in temperature
over time is evaluated, which makes it possible to measure the power loss without the
system being in a steady state. A similar approach is pursued in [54]. Using a previous
calibration measurement, the thermal impedance 𝑍th of the system can be used to deter-
mine the power loss of the DUT for different operating points. The calibration method
presented in [55] also takes into account the conduction losses and driver losses, so that a
high level of agreement with the electrical measurement in the DPT is achieved. Overall,
a calorimetric measurement has the advantage that it is not limited to the hard-switching
operation of the DUT, as is the case with the standard DPT topologies that are shown
in Fig. 2.6.
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Table 2.1: Comparison of test methods for measuring switching losses
DPT Calorimetric

measurement
Efficiency
measurement

Measurement
principle

direct measurement
of transients

indirect measurement
via dissipated heat

measurement of input
and output power

Measured
quantities

𝑣ds, 𝑖ds Δ𝑇 𝑝in, 𝑝out

Derived
quantities

𝐸on, 𝐸off
and 𝑡off , 𝑡on, 𝑡rise, ...

𝑝loss 𝑝loss

Duration transient transient or
steady-state

steady-state

Excitation two single pulses continuous PWM continuous PWM

Heat sink not required thermally isolated
DUT or heatsink
with defined 𝑍th

regular cooling

Electrical
load

inductive load power sink
(active or resistive)

power sink
(active or resistive)

Operation
mode

hard switching hard switching
and soft switching

hard switching
and soft switching

Challenges measuring transients,
parasititcs elements

complex calibration breakdown of loss
mechanisms

Table 2.1 compares both methods presented to the DPT. The DPT is characterized by
the fact that the switching behavior can be evaluated directly and switching energies and
other dynamic characteristics such as 𝑡on, 𝑡off and 𝑡rise are directly accessible. For this
reason, the DPT is an irreplaceable method. The other methods are limited to measuring
the total switching losses, which need to be separated from other loss mechanisms. An-
other advantage of the DPT over the other methods is the short time required and the
relatively simple measurement setup, which does not require a heatsink, power sink and
calibration. However, the DPT places high demands on the electrical measuring equip-
ment, is susceptible to parasitic influences and is limited to hard-switching operation if
the standard topology is used. For a complete evaluation of the performance of WBG
semiconductor devices, a combination of the different methods can be useful to precisely
determine the overall efficiency.
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2.3 Sources of Error

This section identifies four main sources of error that influence the measurement accuracy
in DPTs. First of all, the limited bandwidth of the probes is addressed in Section 2.3.1.
In Section 2.3.2 the parasitic properties of probes and their influence on the switching
transients are discussed. Another effect is the misalignment of the investigated wave-
forms, which causes the deskewing error that is explained in Section 2.3.1. Subsequently,
Section 2.3.4 shows the relevant metrics when selecting a suitable oscilloscope for charac-
terizing WBG semiconductor devices. Finally, Section 2.3.5 examines the definition and
composition of switching energies in more detail, which are not a conventional measure-
ment error but can also lead to deviations.

2.3.1 Bandwidth Limitation of Probes

A fundamental characteristic of every voltage and current probe is the bandwidth. For
low-pass filters the bandwidth is another term for the 3 dB cutoff frequency 𝑓c. It describes
the frequency at which the frequency components of the input signal are attenuated by
more than 3 dB [56]. The bandwidth also determines how quickly a system reacts to a
change in the input signal and what minimum rise time 𝑡rise can be measured with a probe.
Equation (2.5) shows a common rule of thumb, which provides a correlation between the
minimum-measurable rise time and the 3 dB cutoff frequency of a system with low-pass
characteristics [57]. The origin of Eq. (2.5) is based on the step response of an first-order
RC low-pass filter and can be found in Appendix A.1. It becomes clear that this is only
a general approximation and thus not valid for systems of a different order.

𝑡rise =
0.35
𝑓c

(2.5)

Figure 2.8a shows the bode diagram for a first-order low-pass filter for different bandwidths
𝑓c. The magnitude response shows a typical drop of −20 dB per decade starting at 𝑓c.
The influence of this filter on a signal is shown in Fig. 2.8b using a switching transient
as an example. The waveform 𝑣ds was taken from the simulation of a 100 V GaN device
presented later in Section 3.1.2. The response becomes considerably less steep as the cutoff
frequency decreases and the measured rise time increases. This is caused by the fact that
the filter not only changes the amplitude of the signal components, but also distorts their
phase shift. This is referred to as amplitude and phase error. The phase of the filter is
also shown in Fig. 2.8a and begins to fall before 𝑓c is reached and approaches a value
of -90◦. The non-linear phase response has the effect that certain frequency components
appear delayed [58]. This can be expressed via the group delay 𝜏g, which is defined as the
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negative derivative of the phase 𝜙 by the angular frequency 𝜔 as shown in Eq. (2.6).

𝜏g = −d𝜙
d𝜔 (2.6)

The group delay is shown in the lower subplot of Fig. 2.8a. It has a constant value
for low frequencies and converges to zero at high frequencies. If the group delay of a
system is known, it can be compensated by shifting the signal by the low-frequency value
of 𝜏g. This correction is shown in the second subplot of Fig. 2.8b and it is possible to
partially correct the distortion caused by filtering. This correction is important in DPT
with WBG semiconductor devices and is discussed in more detail in Section 2.3.3. If the
phase response of a system is known exactly, it is possible to compensate the distortion
completely, which is shown in the lower subplot of Fig. 2.8b. In this case, only the
amplitude error is visible. However, this is difficult to realize in the real application as it
requires an high-accurate modeling [59].

In addition to the rise time 𝑡rise, the settling time 𝑇s is another parameter for the transient
response of a system. It was defined for operational amplifiers as the time required for
the output to reach and steady within a given tolerance band [60]. In the context of high-
frequency probes, 𝑇s is typically not specified in datasheets, suggesting that it is either
negligible or not considered a limiting factor in practical applications.
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2.3.2 Parasitics of Probes

In addition to the low-pass characteristics, probes have further characteristics that re-
duce the measurement accuracy. In most cases, a non-invasive measurement of electrical
quantities is not possible. The reason for this are parasitic properties of the respective
probes [12]. With regard to the drain-source voltage measurement 𝑣ds, this is the input
capacitance of the voltage probe, which is connected in parallel to the output capacitance
of the DUT [35]. A typical passive probe has an input capacitance of 10 pF [61]. In
terms of current measurement, the parasitic inductance of the current sensor is connected
in series with the DUT [42]. A prominent example is the coaxial shunt, which adds a
parasitic inductance of at least 2 nH. When designing switching cells with WBG semi-
conductor devices, the power loop inductance 𝐿loop is a decisive criterion, which has an
impact on the overall performance and must therefore be minimized [62]. Fast-switching
GaN applications in particular react sensitively to an increase in 𝐿loop [63].

To demonstrate the influence of probe parasitics on the switching behavior, Fig. 2.9 shows
simulated switching transients of 𝑣ds and 𝑖ds for different probe setups using the example of
a 100 V GaN device. The waveforms were generated with the simulation setup presented
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in Section 3.1.2 and the y-axes were normalized to the corresponding values 𝐼sw and 𝑉sw.
Figure 2.9a shows the change in the switching transients by introducing an additional
inductance 𝐿probe. In particular, the amplitude and frequency of oscillations caused by
switching are affected. In Fig. 2.9b the influence of an additional capacitance 𝐶probe
on the switching behavior is shown. This is less significant and only leads to a slight
change in the oscillation at turn-off. The reason for this is that the simulated DUT has a
comparatively high output capacitance of 𝐶OSS = 110 pF [64]. Devices with a higher rated
voltage typically have a lower output capacitance, so a greater effect can be expected in
this case.

2.3.3 Misalignment of Waveforms (Deskewing Error)

The measurement of the switching energies in DPT requires the drain-source current
𝑖ds and the drain-source voltage 𝑣ds to be measured simultaneously. To ensure a correct
instantaneous power loss 𝑝loss(𝑡) = 𝑖ds(𝑡) ·𝑣ds(𝑡), both waveforms must be precisely aligned
in time. The correction of the time offset, which is caused by the different propagation
times, is called deskewing [13]. The total group delay of a measurement line consists of two
parts. The first part is caused by the low-pass characteristic of the probe and the second
part by the propagation delay of the cable. Figure 2.10 shows the effect of insufficient
deskewing on the switching-energy measurement of a 100 V GaN device. As an example,
switching transients were used that were generated with the simulation setup presented
in Section 3.1.2. The y-axes were normalized to the corresponding values 𝐼sw and 𝑉sw.
Figure 2.10a shows the effect of a positive offset of Δ𝑡 between 𝑣ds and 𝑖ds. In this case,
the overlapping area of current and voltage at turn-off is reduced, which decreases the
measured turn-off switching energy 𝐸off . For the turn-on event, the opposite effect takes
place and the misalignment causes an increase in the overlapping area, which increases
𝑝loss and therefore also 𝐸on. Figure 2.10b shows the opposite case. With a negative time
offset, the overlap at turn-off is increased, which means that 𝐸off also increases. At the
same time, the overlap is reduced during the turn-on, so that 𝑝loss decreases and thus also
the integral 𝐸on.

As the later simulations show, improper deskewing can have a very strong effect on the
measurement accuracy of 𝐸off and 𝐸on. There are various methods to successfully perform
the deskewing, with deskewing fixtures such as [65] being the most straighforward option.
However, most commercial deskewing fixtures are limited to use with current clamps or
Rogowski coils and do not have the precision required for WBG applications [66]. In other
publications, deskewing is performed in post-processing by aligning known characteristics
of the waveforms [67], [68]. Another method based on step-response measurements is
shown in Section 6.2.1. Under real conditions, complete compensation of the error caused
by different signal propagation times is almost impossible, since the group delay of a
non-ideal measurement line is frequency-dependent, as shown in Section 2.3.1.
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Figure 2.11: Block diagram of a digital storage oscilloscope (DSO)

2.3.4 Limitations of Oscilloscopes

The key component in a measurement setup is the oscilloscope, which is another potential
source of error. In this section, the main limitations of an digital storage oscilloscope
(DSO) are presented, which mainly relate to the vertical and horizontal resolution. Both
characteristics are not specific to the DPT, but apply generally to all use cases of an
oscilloscope.

Figure 2.11 shows the structure of a DSO [69]. The block diagram shown in Fig. 2.11 is
implemented multiple times in parallel, which gives oscilloscopes typically four or eight
independent channels. The left part of the figure shows the analog frontend, which consists
of an attenuator, amplifier and filter stage. The input attenuator and amplifier condition
the input signal to match the operating range of the analog-to-digial converter (ADC)
in terms of amplitude. The input filter removes high-frequency components in the input
signal that can lead to aliasing effects and defines the bandwidth of the oscilloscope. In
parallel, there exists an analog trigger circuit which triggers the acquisition process for
selected events. Depending on the architecture, the trigger ciruit can also be implemented
behind the ADC as a digital trigger. The signal is quantized into digital values via the
ADC by sampling it at a constant sampling frequency 𝑓s, which is typically expressed
in the unit GS/s. Finally, the sampled values are transferred to a processor and stored
in memory for further post-processing and visualization. The memory depth limits the
maximum time window that can be recorded. Since the switching events in the DPT take
place in a very small time window of significantly less than 1 µs, the memory depth is not a
problem with modern DSOs. For sampling, the Nyquist theorem Eq. (2.7) applies, which
describes that the maximum observable frequency 𝑓max is less than half the sampling
frequency. Using methods such as interleaved sampling [70], the sampling frequency 𝑓s
can be increased for periodic input signals or by connecting several ADCs in parallel.

𝑓max <
𝑓s
2 (2.7)
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2 Fundamentals on the Characterization of WBG Semiconductor Devices

Modern DSOs achieve bandwidths beyond 10 GHz, so that the horizontal resolution is
not a bottleneck in the characterization of WBG power semiconductors. When using
oscilloscopes and probes with a rather low bandwidth, the relationship from Eq. (2.8)
must be taken into account. It describes how the measured rise time 𝑡rise,meas is reduced by
concatenating several low-pass systems so that the rise time recorded by the oscilloscope
is reduced, even if it corresponds exactly to the rise time of the signal 𝑡rise,signal [12], [57].

𝑡rise,meas =
√︃
𝑡rise,scope2 + 𝑡rise,probe2 + 𝑡rise,signal2 (2.8)

It is therefore important to ensure that the rise time of the oscilloscope used is always
shorter than the rise time of the probes used, and that these in turn have a shorter rise
time than the signal that is to be measured.

In addition to the horizontal resolution, the accuracy of a DSO is also limited by its vertical
resolution, which is mainly defined by the number of bits [71]. In an ideal observation, the
smallest voltage difference Δ𝑉 that can be digitally recorded is given by Equation (2.9)
where 𝑛 is the number of bits and 𝑉max the upper voltage limit of the ADC.

Δ𝑉 =
𝑉max

2𝑛 (2.9)

With modern oscilloscopes, a resolution of 12 bit has been established, from which 4096
different voltage levels can be distinguished. In practice, however, this resolution is re-
duced, as the individual levels can overlap due to the signal-to-noise ratio (SNR). For
this reason, there is a specification for the effective number of bits (ENOB) that takes
these effects into account and specifies the actual resolution. For example, the oscillo-
scope Waverunner 8208HD has a nominal resolution of 12 bit and a ENOB of 8.4 bit [72].
With conventional DPTs, the vertical resolution is not critical, but it becomes a problem
if it is necessary to measure the precise voltage drop of a device when it is turned on,
as is the case when measuring the dynamic 𝑅DS(on) of GaN devices [21]. In this case,
an additional clamping circuit is required to block the voltage 𝑉sw in the turn-off state.
Another application where a very high vertical resolution is required is the detection of
zero-voltage crossing for soft-switching devices. This requires special solutions, such as
the circuit patented in [73].

Besides the effects described, there are other sources of error. However, these sources
of error are very application-specific and cannot be modeled in general. For example,
oscilloscopes may suffer from a dc offset over time, which must be compensated for by
regular calibration [74]. Another challenge can be electromagnetic interference (EMI),
which leads to common-mode or differential-mode currents that are caused by inductive
or capacitive couplings. To avoid these, a uniform grounding concept must be ensured
and, if necessary, the use of countermeasures such as ferrite cores, optically-isolated probes
and galvanically-isolated voltage sources [68], [75].
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Figure 2.12: Examplary influence of the integral boundaries on 𝐸off and 𝐸on of a GaN
device at 100 V and 30 A

2.3.5 Definition of Switching Energies

As shown in Section 2.1.2, the switching energies for MOSFETs and HEMTs are defined
via the standard IEC 60747-8. Accordingly, the integral is calculated via the power
loss 𝑝loss between 10 % of the switching voltage and 10 % of the switching current (see
Fig. 2.2a). For fast-switching WBG devices in particular, the switching event is often
associated with oscillations, which occur after the 10 % threshold is reached and contribute
to the switching losses that actually occur. Figure 2.12 shows an exemplary turn-off and
turn-on event. The switching transients are simulated for a 100 V GaN devices from
Section 3.1.2. It can be observed that the integration via the IEC standard leads to a
higher turn-off energy 𝐸off compared to the energies resulting from the calculation of the
full integral. In the case of the turn-on, a larger value results for 𝐸on when the full integral
is calculated, as the transition to the conduction losses is gradual. This deviation does
not represent a measurement error in the conventional definition, but must be taken into
account depending on the application.

A further deviation between the measured and actual energies results from the electrical
properties of the semiconductor device. For this purpose, a more detailed view on the
switching process of a Si or SiC MOSFET and a GaN HEMT is required [76], [77], [78].
Figure 2.13 shows the turn-on switching process of the low-side transistor SLS. As can
be seen in Fig. 2.13a, there is a relatively high current overshoot during the turn-on of
the MOSFET. This is caused by the high-side transistor SHS. If a parasitic turn-on can
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(c) Switching transients of HEMT
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Figure 2.13: Breakdown of the loss mechanisms at turn-on of SLS

be excluded, the overshoot is composed of the reverse recovery current 𝐼rr from the body
diode and the displacement current 𝐼qoss, which is caused by the charging of the output
capacitance 𝐶OSS of SHS, as illustrated in Fig. 2.13b. The total energy measured during
turn-on therefore corresponds to 𝐸on = 𝐸V/I,on+𝐸qrr+𝐸qoss, where 𝐸qrr is the energy caused
by 𝐼rr and 𝐸qoss is the energy caused by 𝐼qoss. The 𝐸V/I,on component corresponds to the
actual intrinsic switching losses of SLS that are caused by the overlap of 𝑖ds and 𝑣ds during
the transition. In addition, there is another loss component 𝐸oss, which corresponds to
the energy stored in the output capacitance 𝐶OSS of SLS, that is dissipated as heat during
the turn-on. However, the resulting current 𝐼oss cannot be measured externally and is
not part of 𝑖ds, so the 𝐸oss component cannot be measured during turn-on. This effect
is reversed when SLS is turned off. When the current 𝑖ds of SLS commutates to SHS, the
output capacitance 𝐶OSS of SLS is charged to the voltage 𝑉sw. In this case, the energy
𝐸off = 𝐸V/I,off + 𝐸oss is measured externally, but the 𝐸oss component is not converted into
heat but stored in the capacitance.

Figure 2.13c and Fig. 2.13d show the turn-on switching transients and the representation
of the commutation for a GaN HEMT. An important distinction between MOSFETs and
HEMTs is that the latter do not have an intrinsic body diode. Consequently, there is no
reverse-recovery effect in HEMTs, which would influence commutation in a hard-switching
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half-bridge topology. This results in the energy 𝐸oss having a greater contribution to
the total turn-on energy 𝐸on. With very fast-switching devices, there can therefore be
a considerable deviation between the measured energies 𝐸on and 𝐸off and the actual
heat dissipation during turn-on and turn-off. The total energy 𝐸sw = 𝐸off + 𝐸on is not
influenced by the effect described, so a separation is only necessary if the individual
energy components are relevant. Table 2.2 summarizes this information for a HEMT.
The two quantities 𝐸oss and 𝐸qoss are highly dependent on the voltage 𝑉sw, so that 𝐸oss is
typically greater than 𝐸V/I,off for high voltages [79]. The energy 𝐸oss stored in the output
capacitance is typically specified in the data sheet.

Overall, switching energies are very dependent on the definition and the exact measure-
ment methodology and the calculation method should always be specified, as required
by the standard JEP187 [80], for example. There are also special cases such as cascode
devices, which combine a GaN HEMT with a Si MOSFET. Depending on the internal
structure, these may have a different loss distribution and therefore require individual
consideration [81].

Table 2.2: Loss distribution of a GaN HEMT
turn-off (𝐸off) turn-on (𝐸on)

external
measured energy

𝐸V/I,off +𝐸oss 𝐸V/I,on + 𝐸qoss

intrinsic
dissipated energy

𝐸V/I,off 𝐸V/I,on + 𝐸qoss +𝐸oss

2.4 Conclusion

In this chapter, the fundamental knowledge about the characterization of WBG semi-
conductors was reviewed. Firstly, the electrical characteristics of semiconductor devices
were explained in Section 2.1. These can be divided into static characteristics, dynamic
characteristics and specific characteristics of WBG devices. The most important static
characteristic is the output characteristic, which is defined for each transistor and repre-
sents its individual operating points. The dynamic characteristics include the switching
energies 𝐸on and 𝐸off , which can be measured in the DPT, which is the focus of this
work. The characteristics specific to WBG devices are the dynamic on-resistance and the
hysteresis of the output capacitance. These are typically not specified in the data sheets
but can influence the performance of a converter. Section 2.2 described how the DPT
works and which measurement techniques are available for measuring voltage and current.
In terms of voltage measurement, optically-isolated probes provide the best performance
for the dynamic characterization of fast-switching WBG devices. With regard to current
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measurement techniques, there is a limited selection of commercially-available solutions
that can be used for dynamic characterization. Depending on the application, a choice
must be made between Rogowski coils and shunt resistors. Finally, the potential sources
of measurement errors in the DPT were discussed in Section 2.3. These are the bandwidth
limitation of probes, the parasitic properties of probes, deskewing and limitations of the
oscilloscope used. In addition, the definition of switching energies is crucial to obtain
consistent results. Although the calculation of 𝐸on and 𝐸off is consistently defined in
the standard IEC 60747-8, the actual losses caused by switching may deviate from these
values in practice.
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3 Evaluation of the Measurement Accuracy in
Double Pulse Tests

This chapter investigates the measurement accuracy to be expected in DPTs and evaluates
the factors that determine the measurement error. Section 3.1 presents the methodology
used to systematically investigate the measurement error, which is caused by the mecha-
nisms that were described in Section 2.3. The chosen method involves simulating a large
number of DPTs with different WBG semiconductor devices and the evaluation of the
accuracy in relation to the measurement parameters. In Section 3.2 the results are pre-
sented and the significance of the different parameters is evaluated. Section 3.3 concludes
this chapter and summarizes the most important findings.

3.1 Methodology

This section presents the methodology that is used to analyze the sensitivity of differ-
ent measurement parameters on the characterization results in the DPT. First of all,
Section 3.1.1 presents a selection of semiconductor devices that serve as examples for
characterization. The simulation model, which is implemented in the software Simulink
Simscape, is presented in Section 3.1.2. This is a replication of the DPT, which takes into
account all sources of error presented previously. A parameter sweep has been carried
out according to a DoE presented in Section 3.1.3. In this way, a large dataset is created
which can be used to perform a sensitivity analysis. The results will be evaluated in
Section 3.2.

3.1.1 Selection of Devices Under Test

For the analysis of the measurement accuracy, four different WBG semiconductor switches
were selected as DUTs. These cover the two technologies SiC and GaN, as well as typical
voltage levels for the respective technology. For GaN the voltage classes 100 V and 650 V
were selected and for SiC the voltage classes 750 V and 1.2 kV. This work therefore
represents a continuation of the study presented in [82], which only examined a 650 V
GaN. In terms of current, the devices range between 𝐼D = 24 A . . . 38 A, which allows the
comparison at similar current levels. Table 3.1 shows an overview of the selected devices
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Table 3.1: Characteristics of selected DUTs
A B C D

Type GaN HEMT GaN HEMT SiC MOSFET SiC MOSFET SiC SBD
Device GS61004B GS66508T SCT4045DW7 SCT4062KW7 SCS210KE2
𝑉DS 100 V 650 V 750 V 1200 V 1200 V
𝑅DS(on) 16 mW 50 mW 45 mW 62 mW -
𝐼D 38 A 30 A 31 A 24 A 10 A
𝐼max 60 A 48 A 61 A 52 A 170 A
𝑄rr 0 nC 0 nC 89 nC 105 nC 34 nC
𝑉GS,on 6 V 6 V 18 V 18 V -
𝑅G,on 10 W 10 W 4.7 W 4.7 W -
𝑅G,off 2 W 2 W 4.7 W 4.7 W -
Ref. [64] [84] [85] [86] [87]

(a) GS61004B
(GaNPX)

(b) GS66508T
(GaNPX)

(c) SCT4045DW7
(TO-263-7L)

(d) SCT4062KW7
(TO-263-7L)

(e) SCS210KE2
(TO-247N)

Figure 3.1: Packages of selected devices under test (sizes are not true to scale)
external image sources: https://gansystems.com/gan-transistors, https://www.
rohm.com/products/sic-power-devices

labeled as A, B, C and D and lists their most important characteristics. In addition to
the nominal drain-source voltage 𝑉DS and the nominal drain current 𝐼D, these are the
drain-source resistance 𝑅DS(on) and the maximum permissible drain current 𝐼max.

Another parameter that is relevant for hard-switching operation is the reverse recovery
charge 𝑄rr. In contrast to the two SiC devices, the GaN devices do not have a reverse
recovery charge. Since this parameter has a negative effect on the switching performance
of the half-bridge topology under investigation, an additional component is added for the
SiC devices [83]. This is the Schottky barrier diode (SBD), also listed in Table 3.1, which
is used in the following simulation models instead of the high side switch SHS and has a
significantly lower charge than the intrinsic body diode of the SiC MOSFETs.

Table 3.1 also lists the relevant operation parameters that are recommended in the data
sheets. These are the gate turn-on voltage 𝑉GS,on and the two external gate resistors
𝑅G,on and 𝑅G,off . All devices are turned off with a gate-source voltage of 𝑣gs = 0 V. In
the following simulations, the components are operated according to the manufacturer’s
recommendations [88], [89]. Figure 3.1 shows the packaging of all devices. It can be seen
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Figure 3.2: Behavioral model of a GaN HEMT

that the GaN components are already designed with a very low inductance introduced
by the package, while the SiC components have wired packages with increased leakage
inductance.

For the selected DUT, LTSpice simulation models are available, which are provided by
the manufacturers Rohm Semiconductor and GaN Systems, Inc. unencrypted and can
therefore be converted into the Simulink Simscape syntax. The toolbox Simscape is more
suitable than the stand-alone solution LTSpice, as it is integrated into MATLAB and
can efficiently implement an automated and parameter-driven analysis. The simulation
models are in the form of behavioral models, which model the devices as subcircuits that
behave externally as the devices would in reality. It has been shown that this type of
modeling is very accurate and enables a simulation of the switching transients over the
entire operating range [90], [91], [92].

The structure of such a model is described in [93] for the GaN devices and is illustrated
in Fig. 3.2. The SiC models follow a similar structure [94]. In both cases, the individual
elements of the model are defined using analytical equations, as described in [95], for
example. The drain-source current 𝐼D is modeled as a controlled current source that is
dependent on the temperature 𝑇j, the drain-source voltage 𝑣ds and the gate-source voltage
𝑣gs. Additional current sources describe the gate-drain leakage current 𝑖gd and the gate-
source leakage current 𝑖gs. The model also includes the voltage-dependent capacitances
𝐶GD, 𝐶GS and 𝐶DS within the semiconductor. Further modeled parasitic elements are
the inductances and resistances of the package, which relate to the gate (g), drain (d),
source (s) and kelvin source (ks) contacts. The models also contain a thermal equiva-
lent circuit diagram, which consists of a multi-stage Cauer model [96]. This allows the
junction temperature 𝑇j, the case temperature 𝑇c and the ambient temperature 𝑇amb to
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be individually utilized. Here, 𝐶th describes the thermal capacity of the component and
𝑅th the corresponding thermal resistance, which is specified in K/W. The losses are mod-
eled via a current source, which is controlled via the instantaneous power loss 𝑝loss. In
Fig. 3.2, the thermal equivalent circuit diagram is only shown in a simplified form, as the
junction temperature 𝑇j is assumed to be constant in the simulations carried out in this
chapter. This assumption is made because it is assumed that a DPT with a very short
pulse duration is isothermal.

3.1.2 Double Pulse Simulation Setup

Figure 3.3 shows the circuit implemented in Simulink Simscape to simulate the switching
behavior including the influence of the measurement parameters using a solver with vari-
able step size. The central element of the DPTs are the DUTs connected in half-bridge
configuration, which were introduced in Table 3.1. While the high-side switch SHS is per-
manently turned off, the low-side switch SLS is controlled via a gate driver implemented as
an ideal voltage source. The two gate resistors 𝑅G,off and 𝑅G,on are dimensioned according
to Table 3.1. Due to the rather small external gate resistors selected, oscillations caused
by steep switching transients are expected. For the GaN devices, a snubber circuit is
added to the drain contact of the upper device with 𝐶sn = 10 nF and 𝑅sn = 10 Ω according
to the recommendation given in [97]. Further elements are the power loop inductance
defined as 𝐿loop = 2 nH and the equivalent series resistance (ESR) of the switching cell
𝑅s = 1 mΩ. In addition, the parasitics of the probes are modeled, which are marked red
in Fig. 3.3. The capacitor 𝐶probe models the input capacitance of the voltage probe for
measuring the drain-source voltage 𝑣ds and 𝐿probe the parasitic inductance of the current
sensor for measuring the drain-source current 𝑖ds. The value of both elements is variable
and part of the parameter setup. The simulated values of 𝑣ds and 𝑖ds are filtered via low-
pass filters to model the bandwidth limitation of the measuring equipment. In addition,
a time shift is applied to simulate the deskewing error. In this way, the simulation allows
the actual values 𝑣ds and 𝑖ds and the values 𝑣meas and 𝑖meas influenced by the measurement
to be compared with each other. Other elements are the dc-link capacitor 𝐶DC, which is
charged to 𝑉sw, and the load inductance 𝐿load. Both variables are individually adapted to
the operating point, which will be discussed in more detail below. In a real DPT setup,
the pulse duration 𝑡ramp would be varied for a known inductance value 𝐿load to achieve
the desired current 𝐼sw. In a simulation, it is possible to keep the pulse duration 𝑡ramp
constant and set the desired current exactly by varying the value 𝐿load via Eq. (3.1) [98].

𝐿load = 𝑡ramp · 𝑉sw
𝐼sw

(3.1)

This has the advantage that the number of data points is reduced and a efficient evalu-
ation is possible, as the times of the turn-off and turn-on events are uniform across all
simulations. The model implemented assumes a constant pulse duration of 𝑡ramp = 1.7 µs,
as this value leads to realistic setups over the entire operating range, as the following cal-
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Figure 3.3: Schematic representation of the DPT simulation model
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Figure 3.4: Example for simulated DPT waveforms with 𝑡ramp = 1.7 µs and
𝑡break = 150 ns

culations will show. A constant time of 𝑡break = 150 ns is assumed for the turn-off period
between the first and second pulse. Figure 3.4 shows the pattern of the DPT, which is
completed after 2 µs.

In a real test environment, the DUT is not connected directly to a voltage source for safety
reasons, and instead the entire energy is taken from the capacitor 𝐶DC. The capacitor
must be dimensioned to be still sufficiently charged after magnetizing the inductance 𝐿load
during the first pulse. The dimensioning of 𝐶DC is carried out as described in [28] using the
energy balance Δ𝐸L = Δ𝐸C. Here, Δ𝐸L describes the energy required for magnetization,
which can be expressed via Eq. (3.2). The condition is set that the capacitor is charged to
𝑉sw at the start of the experiment and that the voltage is 99 % of its initial value after the
desired current 𝐼sw has been reached. This corresponds to an energy change Δ𝐸C which
can be expressed via Eq. (3.3).

Δ𝐸L =
1
2𝐿load𝐼sw

2 =
1
2 𝑡ramp𝑉sw𝐼sw (3.2)

Δ𝐸C =
1
2𝐶DC(𝑉sw

2 − (0.99𝑉sw)2) = 0.0199
2 𝐶DC𝑉sw

2 (3.3)
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⇔ 𝐶DC =
𝑡ramp𝐼sw

0.0199𝑉sw
≈ 50 ·

𝑡ramp𝐼sw

𝑉sw
(3.4)

Both equations can be combined to calculate the required capacitance of the dc-link
capacitor 𝐶DC, which is shown in Eq. (3.4). Figure 3.5 shows the resulting values for
𝐿load and 𝐶DC at a ramp time of 𝑡ramp = 1.7 µs and different settings of 𝑉sw and 𝐼sw.
The caluclated inductance values are in the range 𝐿load = 1.06 µH . . . 254 µH and the
calculated capacitances in the range 𝐶DC = 0.57 µF . . . 70.4 µF.

For the dimensioning of 𝐿load and 𝐶DC, it was previously assumed that the time constant
𝜏 =

𝐿load
𝑅s

is long enough for the ramp to be linear and that the desired current 𝐼sw is set
precisely via Eq. (3.1). With small inductance values or a large value for 𝑅s, it can happen
that 𝜏 comes close to 𝑡ramp. As a result, the current 𝑖ds no longer increases linearly and
𝐼sw is not reached after the expected time. In this case, the ESR of the circuit must be
estimated, which is made up of various components. In addition to the 𝑅DS(on) of the
DUT, the resistance values of the capacitors and the inductor contribute to the total ESR.
As these are frequency-dependent, a suitable value for 𝑅s can only be estimated and the
value for 𝐿load can then be calculated via the equations given in Appendix A.2.

3.1.3 Design of Experiments

Using the circuit shown in Fig. 3.3, various DPTs can be simulated to evaluate the effects
of different measurement setups. The analysis is based on the Design of Experiments
(DoE) method, which is a systematic approach to planning, performing and evaluating
experiments and allows investigating the influences of multiple factors on one or more
target variables [99]. As the individual experiments are not time-critical, a full-factorial
design is implemented.Table 3.2 shows all parameters relevant for the simulation and their
settings.
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Table 3.2: DoE parameter configuration
parameter symbol lower limit upper limit steps

1 switching voltage 𝑉sw 0.55𝑉DS 1 𝑉DS 4
2 switching current 𝐼sw 10 A 40 A 4
3 junction temperature 𝑇j −40 °C 125 °C 4
4 current probe inductance 𝐿probe 0 nH 2.1 nH 4
5 voltage probe capacitance 𝐶probe 0 pF 12 pF 4
6 cutoff frequency, voltage 𝑓c,v 0.5 GHz 2.9 GHz 7
7 cutoff frequency, current 𝑓c,i 0.5 GHz 2.9 GHz 7
8 deskewing error 𝑡skew −200 ps 200 ps 5

Parameters (1)-(3) The first three parameters describe the operating point of the DUT,
which are set to four equidistant levels between the lower limit and the upper limit. For
the switching voltage 𝑉sw, these limits are based on the rated voltage 𝑉DS of the DUTs
listed in Table 3.1. As semiconductor devices are usually operated close to the nominal
voltage, a lower limit of 55 % of the nominal voltage was chosen. The switching current
𝐼sw is set to allow permissible operating points for all DUTs. The junction temperature
𝑇j is within the range specified for automotive applications [100].

Parameters (4)-(5) The following two parameters describe the parasitics of the measur-
ing devices for current and voltage, which are also set to four different settings each. The
maximum value of 𝐿probe corresponds to a typical coaxial shunt [14] and the maximum
value for 𝐶probe corresponds to a typical passive probe [101]. Both parameters are thus
orientated towards probes that exhibit rather disadvantageous parasitic properties. The
lower limits correspond to ideal measuring devices.

Parameters (6)-(8) The last parameters are the dynamic properties of the measure-
ment. For the two bandwidths 𝑓c,i and 𝑓c,v, exemplary values are assumed that are in
the range of current and future measuring devices (see Section 2.2.2, Section 4.1 and
Section 5.1). The deskewing error between the two waveforms 𝑣ds and 𝑖ds is described by
𝑡skew. It is assumed that the misalignment is within a range of −200 ps . . . 200 ps. In
practice, this would correspond to an offset of up to ±2 samples with a 10 GS oscilloscope.
The simulation of the bandwidth limitation and the deskewing error takes place in the
post-processing of the simulation data, which reduces the computational effort compared
to modeling in the circuit simulator. Therefore, the number of steps is increased to seven
and five respectively, which allows a more precise evaluation of these parameters.

Figure 3.6 shows how the total number of all simulations is composed. There are a total of
64 different operating points for each DUT. In addition, there are 16 different combinations
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4 devices

Total combinations per DUT
N = 𝑛op · 𝑛dist · 𝑛probe = 250 880
64
operating
points

1024
disturbed
setups

250 880
simulated
DPTs

Operating points
𝑛op = 43 = 64

Parasitic disturbances
𝑛dist = 42 = 16

Probe setups
𝑛probe = 7 · 7 · 5 = 245

Figure 3.6: Visualization of the full-factorial DoE plan to analyze multiple combinations
of measurement setups

for probe parasitics and 245 different combinations of probe setups. Combining these
yields a full-factorial DoE plan with a total of 250 880 different settings for the simulation
of the DPT per device.

To ensure that the simulation provides comprehensible results, the superimposed view of
the switching transients shown in Fig. 3.7 is used. In this view, the number of steps for
each parameter has been reduced to two so only the waveforms at which the lower and
upper limits of the parameters are set are visible. The following can be observed:

• All switching events are fully completed in the time window of 100 ns used and all
switching events take place between the normalized values 0 and 1. From this, it can
be concluded that the simulation model was correctly dimensioned for all operating
points and DUTs and the values 𝐼sw and 𝑉sw are reached. As was to be expected,
the GaN devices switch significantly faster than the two SiC devices.

• All turn-on events show strong current overshoots of up to four times the rated
current. This is mainly due to the fact that the turn-on resistors are relatively
low. This operation is permissible because the focus of the investigation is on
fast switching edges and negative consequences such as EMI or reliability are not
relevant. Because the y-axis is normalized, overshoots are also more significant if
the reference variable 𝐼sw or 𝑉sw is small. As an example, the overshoot of 𝑖ds is
partly caused by a capacitive discharge, independent of 𝐼sw [78].

• The voltage overshoots during the turn-off events are in a moderate range of less
than 1.2 𝑉sw on average. One exception is DUT A, which is the 100 V GaN device.
This device is particularly susceptible to parasitic elements, such as the inductance
of the current sensor 𝐿probe.
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Figure 3.7: Overlaid view of simulated switching transients (32 simulations per DUT)

3.2 Evaluation of the Simulation Results

Using the dataset created by 250 880 simulated DPT per device, it is possible to analyze
the sensitivity of the measurement accuracy to the individual measurement parameters.
First, the evaluation method is presented in Section 3.2.1, where the influence of the
parameters 𝐼sw, 𝑉sw and 𝑇j on the switching energies is shown as an example. The mea-
surement of the turn-off switching energy 𝐸off is analyzed in more detail in Section 3.2.2
and main-effect plots are used to show how the various measurement parameters influence
the measurement accuracy. In Section 3.2.3, this procedure is applied correspondingly to
the measurement of the turn-on switching energy 𝐸on. Finally, Section 3.2.4 examines the
measurement error of the total switching energy 𝐸sw and what influence the selection of
the integration boundaries has on the accuracy of the result.

3.2.1 Main Effects of the Switching Energies

For all following analyses, the complete integral of 𝑝loss over the entire switching pro-
cess is considered rather than the boundaries from the IEC 60747-8 standard [17] (see
Fig. 2.12). By reducing the switching event to the range between 10 % of 𝑉sw and 10 %
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Figure 3.8: Simulated distribution of all switching energies per DUT (N=250 880 per
device)

of 𝐼sw, information is lost and discontinuities occur in the error analysis. In Section 3.2.4
both methods for calculating the integral will be compared with each other. Figure 3.8
shows the distributions for the simulated switching energies of all DUTs using box plots.
A box plot is a graphical representation of data that shows the distribution, median,
quartiles and possible outliers of a data set [102]. The switching energies extend over a
wide range and are therefore highly dependent on the operating point and the selected
DUT. For each DUT, the turn-off energies represent a significantly lower proportion of
the total energies compared to the turn-on energies. As expected, DUT A has the lowest
energies overall, since it has the highest switching speed [64].

To investigate the influence of the input parameters on the results, the visualization with
main-effect plots is chosen, which is a standardized diagram from the methodology DoE
[99]. Figure 3.9a shows how the main effect of a single parameter is obtained. As an
example, the influence of the switching current 𝐼sw on the actual turn-off energies 𝐸off of
DUT A is investigated. The top subplot shows the histogram of the simulated 𝐸off values
over all 𝑁 = 250 880 simulations. The x-axis shows the simulated switching energy and the
y-axis is normalized to the discrete probability density function (PDF) [103]. In addition,
the mean value 𝜇 = 2.3 µJ is given. The histograms below show the distribution of 𝐸off
for subsets of the overall simulation dataset. All 𝑁 simulations are grouped according to
the value 𝐼sw. This results in a total of four groups for the settings 10 A, 20 A, 30 A and
40 A, each containing 𝑁/4 = 62 720 simulations. The different distributions reveal how
increasing the parameter 𝐼sw affects the resulting values for 𝐸off . For the lowest setting
the mean value of 𝐸off is 𝜇10A = 0.6 µJ and at the highest setting of 𝐼sw it has increased to
𝜇40A = 4.6 µJ. The difference between the first and the last mean value is the main effect
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of the factor 𝐼sw on 𝐸off [104]. Figure 3.9b will be discussed in Section 3.2.2 and shows
that the method presented can also be applied to study the main effect of a measurement
parameter to a measurement error.

In Fig. 3.10 a simplified representation of the main effects is shown for DUT A and C.
The equivalent main effects of DUT B and D can be found in Fig. A.2 in Appendix A.3.
Each subplot shows the influence of one operating point-defining parameter 𝑉sw, 𝐼sw and
𝑇j on the simulated switching energies 𝐸off and 𝐸on. The dashed line shows the overall
mean value 𝜇, which is constant across all subplots. The value given in the center of
each plot shows the main effect of the respective parameter. As this is formed from
the difference between the first and last mean value, it is also expressed in the unit µJ.
To improve readability, the value is shown without the unit. Several observations can
be made based on these diagrams. For example, it is apparent that an increase in the
voltage 𝑉sw causes a almost linear increase in 𝐸off and 𝐸on for all DUTs. The influence
of 𝐼sw does not appear to be linear and has the strongest effect compared to the other
parameters. The influence of 𝑇j on the switching energies is device-specific. For DUT A,
which is a 100 V GaN HEMT, 𝑇j shows a strong effect on 𝐸on, but almost no effect on 𝐸off .
This is a typical behavior that was confirmed by measurements in [105] and [106]. With
DUT C, which is the 750 V SiC MOSFET, there is a positive influence of 𝑇j on 𝐸off and a
negative influence on 𝐸on. As explained in [107], this effect is caused by the fact that the
turn-on threshold voltage 𝑣GS(th) decreases with increasing temperature. In addition to
the evaluation of main effects, the DoE method also offers the possibility of investigating
interactions between two or more parameters. However, no relevant interactions were
identified in the context of this study, so that aspect is not discussed further.

3.2.2 Main Effects of the Measurement Error at Turn-Off

The actual objective of the simulation is to analyze the influence of the measurement
parameters on the measurement accuracy of the switching energies. The actual values for
the turn-off energy 𝐸off and the turn-on energy 𝐸on result from the two waveforms 𝑣ds
and 𝑖ds, which, as shown in Fig. 3.3, were not manipulated by the measurement setup.
The values 𝐸off,meas and 𝐸on,meas, on the other hand, result from the waveforms 𝑣meas and
𝑖meas and are subject to the influence of the parameters 𝐿probe, 𝐶probe, 𝑓c,v, 𝑓c,i and 𝑡skew.
The relative deviation corresponds to the two measurement errors 𝜀off and 𝜀on. These
are calculated for each of the 𝑁 = 250 880 simulations performed per device according to
Eq. (3.5) and Eq. (3.6).

𝜀off =
𝐸off,meas − 𝐸off

𝐸off
(3.5)

𝜀on =
𝐸on,meas − 𝐸on

𝐸on
(3.6)

Figure 3.9b shows how the measurement parameter 𝐿probe affects the measurement error
𝜀off of DUT A using the same visualization that was used to show the influence of 𝐼sw
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DUT A (100 V GaN HEMT)
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Figure 3.10: Simulated main effects of operating point parameters (𝑉sw, 𝐼sw, 𝑇j) on
measured switching energies, showing 𝐸off and 𝐸on and their mean value
𝜇

on 𝐸off . The top subplot shows the overall distribution of the measurement error over all
simulations performed. In this case, the relative error is plotted on the x-axis and the
PDF on the y-axis. This reveals that 𝜀off extends over a wide range of values between
approximately −50 % and 100 %. The mean value of each subplot will be used as a
benchmark for a set of 𝑁 simulations. It calculated using the equation Eq. (3.7) and
introduced as the mean percentage error (MPE). In the example, the mean value of all
simulations is 𝑀𝑃𝐸 = 9.9 %.

𝑀𝑃𝐸 =
1
𝑁

·
𝑁∑︁
𝑖=1

𝜀𝑖 (3.7)

When all setups are grouped according to the variable 𝐿probe, it can be seen that the
MPE shifts upwards with increasing 𝐿probe. The resulting main effect is defined as the
percentage point (pp) difference between the first and last MPE. In the selected example
this difference equals 15.4 pp. The limitation of this approach is that only mean values
are evaluated. However, the objective is not the exact specification of a measurement
error, but the evaluation of the significance of the individual parameters on the overall
measurement accuracy. The distribution of all turn-off measurement errors is shown
in Fig. 3.11. The evaluation shows that the value 𝜀off assumes the largest values for
DUT A and has a significantly wider distribution compared to the other devices. The
measurement errors of DUT B, C and D are less significant and have mean values close
to 0 %. In addition, the measurement error for the SiC devices C and D is lower and is
in the range of ±10 %.
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Figure 3.11: Simulated distribution of the measurement error 𝜀off for all DUTs

Similar to Fig. 3.10, the main effects analysis is now extended to all measurement parame-
ters and all DUTs. Figure 3.12 shows the main-effect diagram of each DUT for measuring
the turn-off switching energy 𝐸off . Using the MPE shown on the y-axis, various findings
can be obtained from the dataset:

DUT A The parameter 𝑡skew has the most significant effect on the measurement error
𝜀off . There is a difference of −82.9 pp between the minimum and maximum setting. The
reason why the effect shows a zero crossing at about +50 ps is that the different sources
of error overlap and coincidentally compensate for each other. In the case of an ideal
measurement setup, the zero crossing would logically be at 𝑡skew = 0 ps. The parameter
𝐿probe has the second strongest effect. It increases the measurement error by up to 15.4 pp
in the positive direction, which means that 𝐿probe increases the measured energy 𝐸off,meas.
The effect of 𝐶probe is less significant and has an effect in the opposite direction, which
means that the value for 𝐸off,meas decreases with an increase in 𝐶probe. This can be
explained by the fact that the additional capacitance 𝐶probe acts like a snubber capacitor
that dampens the voltage overshoot [108]. With regard to the two bandwidths 𝑓c,v and
𝑓c,i, it can be seen that the bandwidth of the current measurement 𝑓c,i has almost no
effect on the error and it can therefore be concluded that the lower value of 500 MHz is
sufficient for the measurement of 𝑖ds. For the bandwidth 𝑓c,v, there is a slight effect in the
negative direction, which is particularly pronounced in the range between 500 MHz and
1.3 GHz. An increase in 𝑓c,v above this value shows almost no effect on the measurement
error 𝜀off , from which it can be concluded that a bandwidth of approximately 1 GHz is
sufficient for measuring 𝑣ds.

DUT B With this device, the parameter 𝑡skew again has the strongest influence on the
𝜀off , even if this effect is less pronounced than with DUT A, which is due to the longer
switching event. It is noticeable that the two parasitics of the measuring devices 𝐿probe
and 𝐶probe hardly influence the measurement error. The bandwidth 𝑓c,v of the voltage
probe has almost zero influence on the measurement accuracy, from which it can be
concluded that the lower value of 500 MHz is sufficient for the measurement of 𝑣ds. The
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Figure 3.12: Simulated main-effect diagrams of the relative error 𝜀off for 𝐸off measure-
ments

bandwidth 𝑓c,i of the current sensor shows a strong effect of −7.3 pp, which is particularly
evident when 500 MHz is increased to 900 MHz. It can therefore be concluded that the
characterization of DUT B requires a bandwidth of at least 900 MHz for the measurement
of 𝑖ds.

DUT C & DUT D Both SiC devices show a very similar behavior with regard to the
sensitivity of the measurement error 𝜀off . As with the two GaN devices, the influence
of 𝑡skew on the measurement accuracy is the most significant. However, it is less severe
compared to the GaN devices, which is due to the longer duration of the SiC switching
events. The parasitics 𝐿probe and 𝐶probe show effects in the same directions as with DUT
A and DUT B, with the difference being that 𝐶probe has the stronger effect. This is caused
by the higher operating voltage 𝑉sw and the lower output capacitance 𝐶OSS of the SiC
MOSFETs. The two bandwidths for the measurement of 𝑣ds and 𝑖ds show almost no effect
on the measurement error 𝜀off , which means that the lower limit of 500 MHz is sufficiently
high in both cases.

45



3 Evaluation of the Measurement Accuracy in Double Pulse Tests

-50 -40 -30 -20 -10 0 10 20 30 40 50

rel. error (%)

0

0.05

0.1

0.15

P
D

F

A (7 = !7:27%)
B (7 = !0:03%)

(a) GaN devices

-10 0 10 20

rel. error (%)

0

0.1

0.2

0.3

P
D

F

C (7 = 0:12%)
D (7 = 1:28%)

(b) SiC devices

Figure 3.13: Simulated distribution of the measurement error 𝜀on for all DUTs

3.2.3 Main Effects of the Measurement Error at Turn-On

The evaluation of the error for the measurement of the turn-on switching energy 𝐸on is car-
ried out using the same methodology as used in the previous section for 𝐸off . Figure 3.13
shows the distribution of the measurement error 𝜀on calculated for each simulation per-
formed according to Eq. (3.6). As in Fig. 3.11, DUT A has a widespread measurement
error in the range of ±50 %. The measurement errors of DUT B and C are very similar
to each other and are in the range of ±10 % with a mean value of almost zero. DUT D
shows a slight positive shift in the measurement error. Figure 3.14 shows the main-effect
diagrams of the relative error 𝜀on for all DUTs. As in the previous section, all simulation
results are grouped according to a measurement parameter and the MPE for each group
is mapped on the y-axis. The following statements can be made for the measurement of
the turn-on switching energy:

DUT A The parameter 𝑓c,i has the strongest influence on the measurement accuracy
and shows an main effect of −31.9 pp. It is noticeable that the strongest influence occurs
with the increase from 500 MHz to 900 MHz. From 1.3 GHz, 𝑓c,i no longer influences the
measurement error, which leads to the conclusion that this is the required bandwidth.
The bandwidth of the voltage measurement 𝑓c,v, on the other hand, hardly influences the
measurement error, so the lower value of 500 MHz is sufficient in this case. The parameter
𝐿probe has the second strongest effect. An increase reduces the measured energy 𝐸on,meas
by −28.5 pp. The parameter 𝐶probe only shows a weak effect in the positive direction.
The deskewing error 𝑡skew also has a strong effect, but it is only about a quarter as strong
as when measuring 𝐸off . As expected, the effect acts in the opposite direction in relation
to the turn-off.

DUT B & DUT C The main effects of DUT B and C are very similar to each other,
even if they involve the different technologies SiC and GaN, which are, however, in similar
voltage classes. The parameter 𝑡skew shows the strongest effect of approximately 9 pp with
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Figure 3.14: Simulated main-effect diagrams of the relative error 𝜀on for 𝐸on measure-
ments

both DUTs in the positive direction. With regard to the bandwidths, 𝑓c,v has almost no
influence on the measurement error. When 𝑓c,i is increased from 500 MHz to 900 MHz, an
effect is visible, from which it can be concluded that 900 MHz is the required bandwidth
for the correct measurement of 𝐸on. Both parasitics 𝐿probe and 𝐶probe show effects that
are very similar in strength but act in different directions. This means that 𝐿probe reduces
the measured value for 𝐸on,meas, while 𝐶probe increases the measured energy 𝐸on,meas. By
coincidence, it is possible that both effects overlap, resulting in a MPE of zero.

DUT D When characterizing DUT D, the parameter 𝐶probe has the strongest influence
on the measurement result. It increases the measurement error by 3.5 pp and is therefore
even stronger than the influence of 𝑡skew. The reason for this is the relatively small output
capacitance of the component, which is 𝐶OSS = 69 pF [85]. With regard to the bandwidths
for the current and voltage measurement, there is no influence on the measurement accu-
racy, which means that 500 MHz is sufficiently high in both cases. The parameter 𝐿probe
shows a minor effect of −1 pp and is therefore the least significant compared to all other
DUTs.
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Figure 3.15: Simulated distribution of the relative error 𝜀total for the total switching
energy 𝐸sw of each DUT

3.2.4 Influence of Superposition and Integral Definition

A separate determination of the switching energies at turn-off and turn-on is not always
necessary and for some applications it is sufficient to know the total switching energy for
a given operating point. To investigate the measurement accuracy in this situation, the
two measurement errors 𝜀off and 𝜀on are superimposed to form the total measurement
error 𝜀total, which can be calculated with Eq. (3.8).

𝜀total =
(𝐸off,meas + 𝐸on,meas) − (𝐸off + 𝐸on)

𝐸off + 𝐸on
(3.8)

The previous analysis revealed counteracting effects of individual parameters which can
compensate for each other to a certain extent. In addition to the obvious influence of
𝑡skew, this behavior can also be seen in the parasitics of the current and voltage probes.
𝐿probe increases the measured turn-off energy 𝐸off,meas for all DUTs while simultaneously
reducing the measured turn-on energy 𝐸on,meas. With 𝐶probe this is reversed and an
increased value reduces 𝐸off,meas and simultaneously increases 𝐸on,meas. Figure 3.15 shows
the distribution of the individual measurement errors. In addition to 𝜀off and 𝜀on already
shown in Fig. 3.11 and Fig. 3.13, the distribution of 𝜀total is depicted. The corresponding
mean values 𝜇 are shown below each plot. For all devices, the superposition leads to
the overall measurement error becoming smaller and results in mean values of close to
zero, with 𝜀total having an approximately normal distribution. A comparison between the
individual devices can therefore be made using the standard deviation 𝜎. For DUT A, B,
C and D these are 𝜎A = 16.4 %, 𝜎B = 2.5 %, 𝜎C = 1.7 % and 𝜎D = 0.8 %. Accordingly, the
100 V GaN device is by far the most susceptible to measurement errors and the 1200 V
SiC device is the least susceptible to measurement errors.
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Figure 3.16: Simulated distribution of the difference between the integral definition for
all DUTs

Finally, the impact of the definition of switching energies is evaluated. So far, all eval-
uations have been carried out using the full integral over the instantaneous power loss
𝑝loss. In the definition from the standard IEC 60747-8, only the range between 10 % of
𝑉sw and 10 % of 𝐼sw is taken into account (see Fig. 2.12). This means that oscillations
caused by switching are not included in the calculation of 𝐸off and 𝐸on. In Fig. 3.16 the
relative deviation is shown, which results when 𝐸on,meas and 𝐸off,meas are calculated once
according to the definition using the full integral and once using the boundaries from
the IEC standard. Apart from DUT A, this deviation is in the range of approximately
0 % . . . −10 %. Therefore, the switching energies according to the standard are lower than
the losses that are actually caused by switching. However, it should be noted that the
distinction between switching and conduction losses is not clearly defined when forming
the complete integral.

Figure A.3 shows the distributions of the errors if the IEC standard is applied. Due
to extremely fast turn-on switching events, a switching energy of 𝐸on = 0 µJ can result
from the IEC standard and a corresponding error of 𝜀on = −100 %. This is the case if
the 10 % limit of the falling voltage is reached before the 10 % limit of the rising current
due to incorrect deskewing. Consequently, there is no continuous distribution for the
total measurement error 𝜀on and evaluating the mean values 𝜇 is no longer appropriate.
Therefore, an analysis via main-effect plots is distorted, which is the reason why the full
integral was used in this study. A complete analysis would require evaluating the settling
time 𝑇s of the waveforms 𝑣ds and 𝑖ds to dynamically set the integration limits.
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3.3 Conclusion

In this chapter, the answer was given to the question of how strongly the measurement
accuracy of the switching energies 𝐸off and 𝐸on is influenced by individual measurement
parameters. The relevant parameters are the parasitic inductance of the current sensor
(𝐿probe), the parasitic capacitance of the voltage probe (𝐶probe), the two bandwidths 𝑓c,v
and 𝑓c,i, as well as the misalignment between the two waveforms 𝑣ds and 𝑖ds, which is
expressed by the deskewing error 𝑡skew. A simulation setup was introduced that uses the
DoE method to model a large number of DPT with different settings for the operating
point and the measurement setup. Using a total of 250 880 combinations for each of the
four different WBG semiconductor devices, a data set was created to evaluate the sensi-
tivity of the individual measurement parameters. The following findings were obtained
on the basis of main-effect plots.

Probe Parasitics The parasitic elements 𝐿probe and 𝐶probe have a considerable impact on
the measurement accuracy. The influence of 𝐿probe is greatest for the 100 V GaN HEMT
and changes the measurement error by up to 28.5 pp. The influence of 𝐶probe in the case
of the 1200 V SiC MOSFET most significant and affects the measurement error by up to
4.2 pp. The effects of these parameters act in different directions for both 𝐸off and 𝐸on, so
that the resulting measurement errors compensate for each other by coincidence in some
cases. Overall, care should be taken to minimize both parameters, with 𝐿probe being the
most prominent.

Measurement Bandwidth It has been shown that an extremely high bandwidth is not
necessary for measuring the waveforms 𝑣ds and 𝑖ds with regard to the switching energies.
In almost all scenarios, a voltage bandwidth of 𝑓c,v = 500 MHz has proven to be sufficient.
An exception is the measurement of 𝐸off with the 100 V GaN HEMT, where 1.3 GHz
is recommended. With regard to the bandwidth of the current measurement, a value of
𝑓c,i = 900 MHz is recommended for the measurement of 𝐸off and 𝐸on and shows an increase
in measurement accuracy for all DUTs. Therefore, this characteristic in particular should
be taken into account when selecting suitable measuring equipment.

Deskewing The deskewing, which was expressed via the parameter 𝑡skew, is by far the
most critical measurement parameter. A mismatch of ±200 ps leads to a significant mea-
surement error for all DUTs, which exceeds the error caused by the other measurement
parameters. When the two variables 𝐸off and 𝐸on are combined to form the total switch-
ing energy 𝐸sw, the influence of the deskewing is partially compensated, which is why the
total error 𝜀total is always smaller than the errors of the individual variables 𝜀off and 𝜀on.
Another positive aspect is that the deskewing error is the only source of error that can
be fully compensated for in post processing.
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4 Design of an Advanced Resistive Current
Sensor

This chapter focuses on the design of an advanced resistive current sensor. First, Sec-
tion 4.1 gives an overview of existing concepts. This is followed by the presentation of
a novel design in Section 4.2, which is a radial shunt resistor made up of discrete resis-
tors. In Section 4.3, the transfer function of this shunt is analyzed in more detail and a
method for improving the frequency response is presented. The thermal behavior of the
shunt is analyzed in Section 4.4. After an outlook on possible improvements was given
in Section 4.5, the most important findings about the new concept are summarized in
Section 4.6.

4.1 Evaluation of Existing Concepts

Section 2.2.3 has already provided an brief overview of different solutions for current
measurement in DPTs. In this section, the individual concepts for resistive current sensors
are discussed in more detail. First of all, Section 4.1.1 deals with shunts made from
Manganin foil. These are conventional coaxial shunts, which have been the state-of-the-art
devices for a long time, and the so-called M-shunts. However, these devices are not suitable
for the dynamic characterization of very fast-switching WBG semiconductor devices. For
this reason, various new concepts have been developed in recent years. These concepts
have in common, that discrete surface-mounted device (SMD) resistors are used to create
structures with very high bandwidths and minimal parasitic inductances. Section 4.1.2
gives an overview about the most relevant designs for SMD shunts.

4.1.1 Shunts made from Manganin Foil

An early version of the coaxial shunt was introduced in 1991 for measuring transient
currents with rise times of 25 ns in thyristor applications [109]. Meanwhile coaxial shunts
are commercially distributed by T&M Research Products Inc. [110] and are recommended
for a variety of applications [15], [37]. The coaxial shunt consists of an inner and an
outer tube, which provides very good performance in terms of bandwidth and parasitic
inductance [14]. Figure 4.1a shows the internal structure of a typical coaxial shunt. The
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Table 4.1: Comparison of shunt resistors based on Manganin foil

Coaxial Shunts [110] M-Shunts [115]
Variant 𝑅shunt 𝑓c 𝐸max

SDN-414-01 10 mW 0.4 GHz 6 J
SDN-414-025 25 mW 1.2 GHz 3 J
SDN-414-05 50 mW 2 GHz 2 J
SDN-414-10 100 mW 2 GHz 1 J

Variant 𝑅shunt 𝑓c 𝐸max

SCD25 25 mW 141 MHz 97 J
SCD50 25 mW 146 MHz 162 J
SCD75 25 mW 209 MHz 213 J
SCD100 25 mW 214 MHz 293 J

resistive element is a foil of the alloy Manganin. This material is used because of its low
resistance temperature coefficient, good fabrication properties and long-term stability.
Table 4.1 shows some exemplary devices, for which bandwidths up to 𝑓c = 2 GHz are
available.

Coaxial shunts are subject to closer examination in several publications. One of the main
issues regarding the application with WBG devices is the parasitic inductance, which is in
the range 2.2 nH . . . 6.6 nH depending on the type of electrical connection [14], [111]. The
parasitic inductance varies depending on the type of electrical contact, which, as shown in
Fig. 4.1b, can be made either via a direct screw connection or via soldered pins. The main
reason for the remaining parasitic inductance is the size of the component. As can be
seen in Table 4.1, coaxial shunts achieve a very high thermal capacity 𝐸max. However, for
most WBG applications this is oversized and therefore there is potential for downsizing the
component [112]. In addition, it was measured in [14] that the actual available bandwidth
is limited to approximately 150 MHz and that there is a strong variance between individual
samples.

A similar approach inspired by the conventional coaxial shunt is presented in [115]. The
geometry is based on the hair-pin shunt presented in [116] and can be considered as a
planar variant of the coaxial shunt. Figure 4.1c shows the cross-section of an M-Shunt and
Table 4.1 lists some variants of M-Shunts on the right-hand side. The M-Shunt consists of
a Manganin foil with a thickness of 50 µm. This means that, as with conventional coaxial

(a) Internal structure of coaxial
shunt[113]

(b) Coaxial shunts with dif-
ferent connections

(c) Structure of M-Shunt[114]

Figure 4.1: Shunt resistors based on Manganin foil
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shunts, the bandwidth is limited not only by the parasitic inductance but also by skin
and proximity effects. Compared to the coaxial shunt, the bandwidth 𝑓c is lower, but
the thermal capacity 𝐸max is significantly higher. Another advantage of this design is the
lower parasitic inductance of approximately 1.1 nH [114].

Both the coaxial shunt and M-Shunt are recommended for applications with high currents,
where a high thermal capacitance is required. However, their parasitic inductance of a few
nanohenries is too high for the dynamic characterization of discrete WBG semiconductor
devices. One possible application is the measurement of WBG power modules. Due to the
intrinsic parasitic inductance of power modules, these are less susceptible to the additional
inductance of a current sensor and typically exhibit a high nominal current [117].

4.1.2 SMD Shunt Resistors

Because of the disadvantages of conventional coaxial shunts mentioned in the previous
section, multiple new concepts for resistive current measurement have been developed in
recent years. All concepts have in common that discrete resistors are used instead of a
foil made of Manganin. Through miniaturization and clever design of the geometry, shunt
resistors can be constructed that achieve very high bandwidths with very low parasitic
inductances. Both are essential requirements for the dynamic characterization of fast
switching WBG semiconductor devices. The most relevant concepts are described below.

The simplest approach is a shunt resistor consisting of several SMD resistors connected
in parallel. This concept is used in [120] in combination with a compensation network
and a matching analog circuit to extend the bandwidth. In this way, a total bandwidth
of 150 MHz was achieved and a parasitic inductance of 300 pF. The concept has also
been successfully applied in [121], where an RC low-pass filter is used as a compensation
network. However, no bandwidth was determined. In [118] the concept is taken up again

(a) Resistor array with com-
pensation network [118]

(b) ”SMD-
CSR”[112]

(c) ”Ultrafast Current Shunt”[119]

Figure 4.2: Presentation of SMD shunt concepts
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and six resistors are arranged in an array, as shown in Fig. 4.2a. The bandwidth was
increased to 734 MHz with a similar compensation network and the parasitic inductance
was determined to be 452 pH. The two approaches are listed in Table 4.2.

The approach presented in [112] is a significant step forward as it is a miniaturized version
of the coaxial shunt, called SMDCSR. The coaxial current flow is achieved by the vertical
arrangement of discrete resistors as shown in Fig. 4.2b. Through this miniaturization, a
bandwidth of up to 2.23 GHz was achieved with a very low inductance of 120 pH. Since
the bandwidth also depends on the resistance value used, several variants have been
implemented and are listed in Table 4.2. The design is patented by Keysight Technologies,
Inc. [122]. In [123], the concept was replicated and the assembly technique was identified
as a challenge because of the vertically placed SMD resistors.

Another high-bandwidth approach has been presented in [119]. The approach called
Ultra-Fast Current Shunt (UFCS), is based on a semicircular arrangement of multiple
SMD resistors and is illustrated in Fig. 4.2c. As in [120], the bandwidth is maximized by
a compensation network including analog electronics and a bandwidth of 1.55 GHz was
achieved. The parasitic inductance depends on whether an insertable (UFCS-I ) or an
embedded solution (UFCS-E) is used. An additional parasitic inductance of only 20 pF
is specified for the UFCS-E variant. Both variants are listed in Table 4.2. The challenge
with this concept is to set up the compensation network and tune the analog circuit. The
embedded version also requires a lot of space on the PCB that contain the DUT.

In [124] another new approach for a shunt was presented. In the Impedance Matching
Shunt (IM Shunt) concept, the discrete shunt resistor is connected via a matched trans-
mission line as shown in Fig. 4.3a. By matching the characteristic impedance, the effect of
the parasitic inductance is compensated by the capacitance of the transmission line. The
different variants of the IM shunt are listed in Table 4.2, where the ratio of line impedance
to shunt impedance has been varied. A high bandwidth of 3 GHz was measured and a
very low inductance of 100 pF is specified for the case of a perfectly matched line. The
challenge with this concept is the assembly, which has to be very precise, needs sufficient
space and is complicated by frequency-dependent material parameters.

(a) ”Impedance-Matching
Shunt”[124]

(b) Radial shunt (stacked
discs) [45]

(c) Radial shunt (4-
layer)[125]

Figure 4.3: Presentation of SMD shunt concepts (continued)
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Table 4.2: Comparison of concepts for high-bandwidth and low-inductive current shunts
Concept 𝑅shunt 𝑓c 𝐿shunt Reference

1 Resistor array with compensation 10 mW 0.150 GHz 300 pH [120]
2 Resistor array with compensation 167 mW 0.734 GHz 452 pH [118]
1 SMDCSR A 100 mW 0.528 GHz 220 pH [112]
2 SMDCSR B 10 mW 0.125 GHz 120 pH
3 SMDCSR C 110 mW 2.23 GHz 120 pH
4 SMDCSR D 50 mW 1.63 GHz 120 pH
5 UFCS-E (embedded) 100 mW 1.55 GHz 20 pH [119]
6 UFCS-I (insertable) 100 mW 1.48 GHz 260 pH
7 IM Shunt 1:1 100 mW 3 GHz 100 pH [124]
8 IM Shunt 2:1 100 mW 0.457 GHz 100 pH
9 IM Shunt 20:1 100 mW 0.135 GHz 350 pH
12 Radial shunt (stacked discs) 100 mW 0.100 GHz 3.1 nH [45]
13 Radial shunt (4-layer) 83.3 mW 1.26 GHz 86.7 pH [125]
14 Radial shunt (2-layer) 83.3 mW 2.17 GHz 84.1 pH this work

The other entries in Table 4.2 are classified as radial shunts, which are based on arrange-
ments with radial current flow. A prototype for WBG devices was presented in [45]. As
illustrated in Fig. 4.3b, several discs of PCBs with discrete resistors are stacked inside a
single housing. The whole structure achieves an inductance of 3.1 nH with a bandwidth in
the range of 100 MHz (see Table 4.2). A design from the author of this work is shown in
Fig. 4.3c [125]. It follows a similar radial shunt layout but focuses on miniaturization. By
placing the resistors directly underneath a coaxial connector on a 4-layer PCB, a band-
width of 1.26 GHz was measured. In the following sections, the radial shunt is further
optimized. A detailed description of the 2-layer design, which achieves a bandwidth of
2.17 GHz and a very low parasitic inductance of 84.1 pH, is given in the Section 4.2.

In Fig. 4.4 the concepts listed in Table 4.2 are plotted according to their measurement
bandwidth and parasitic inductance. This shows that there are currently several favorites,
with the concepts UFCS-E, IM Shunt 1:1 and Radial Shunt (2-layer) currently being the
best solutions. When selecting a suitable method, other criteria must also be considered.
The complexity of the structure, the available space and the energy dissipated by the
shunt can represent further limitations. A general disadvantage of comparing the different
concepts is that the characterization and determination of the relevant properties 𝑓c and
𝐿shunt are not subject to a uniform methodology. Depending on the definition and type of
measurement or simulation, different results may be obtained. The frequency dependence
of the parasitic inductance is usually not specified and there are different ways to define
the cutoff frequency, as shown in Section 4.3.
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4.2 Introduction to a Radial Shunt Resistor

After a brief overview of existing solutions in the field of resistive current measurement,
a novel design for a shunt resistor is presented in this section. The idea of a radial shunt
with low inductance is already used in [126]. In this publication, however, the focus is not
on maximizing the measurement bandwidth and the concept is only designed for currents
up to 2 A. The concept is taken up again in [127], [128], where the voltage is accessed
directly via a coaxial connector. This allowed measuring a rise time of 880 ps, which
indicates that the concept is suitable for the characterization of WBG semiconductors.
The radial shunt resistor presented in this thesis combines the features of coaxial current
flow, short current loop, and a small footprint. The resistors of the shunt are placed
directly underneath the coaxial connector, achieving an optimized variant of the concept
described in [125]. In the Section 4.2.1, the structure is presented in more detail and in
Section 4.2.2 its impedance and bandwidth are determined by simulation.

4.2.1 Low-Inductive Layout

The inductance 𝐿 of a geometrical structure is defined by the ratio of the surface integral
of the magnetic flux density ®𝐵 to the applied current 𝑖 (4.1) [129]. To keep the parasitic
inductance of a shunt low, it is therefore essential to minimize the area enclosed by the
current, the so-called current loop area.

𝐿 =
𝜙

𝑖
=

∮
𝐴

®𝐵
𝑖

d ®𝐴 (4.1)
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Figure 4.5: Design view of the radial shunt resistor with discrete thin-film resistors
underneath a RF connector

Coaxial shunts make use of this principle by keeping the distance between the inner
and outer conductor very small (see Fig. 4.1a). The coaxial arrangement also has the
advantage that there is no leakage flux to the outside, as the geometry completely encloses
the tangential magnetic field lines [14]. Nevertheless, coaxial shunts have an inductance of
several nanohenries due to their overall size and connection to the DUT. Miniaturization
is limited by the use of Manganin foil. There have been attempts to replicate the geometry
using vertically placed SMD resistors, but this technique is relatively complex, as it cannot
be realized using a regular assembly and soldering process. [112].

Therefore, a different approach is chosen in this work. A symmetrical and radial current
flow 𝑖sense is implemented via the circular arrangement of regular SMD resistors as shown
in Fig. 4.5a. In contrast to the coaxial shunt, an analytical solution for the inductance is
not obvious and requires complex calculations based on the Biot-Savart law [130], [131].
By placing the resistors on a 4-layer PCB, the distance between the forward and return
current is minimized, since the distance between the top and first inner layer lies in the
range of 100 µm. This principle is common with WBG semiconductors and is used in
many low-inductance designs [132], [133] Another effect that limits the performance of a
shunt in the high-frequency range is the skin effect. The skin effect causes an increase in
resistance with increasing frequency, as the current is displaced to the conductor surface.
It is therefore important to use thin-film resistors whose resistive films typically have a
thickness in the range of 100 nm [134].

To implement the shunt, a total of 12 discrete thin-film resistors are arranged in a circle
and connected in parallel. As a resistance value, 1 W was selected, resulting in a total
shunt resistance of 𝑅shunt = 83.3 mΩ. The dimensioning of the shunt resistance is always a
trade-off between bandwidth and current carrying capacity. A higher resistance causes an
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𝑡12
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𝑖sense

(b) flipped placement

Figure 4.6: Current path dependend on resistor orientation [125]

increase in the 3 dB cutoff frequency, but at the same time increases the ohmic losses. The
explanation of this relationship via a simplified equivalent circuit diagram can be found in
[125]. Another requirement is the voltage tap across the shunt, which must be designed in
such a way that no voltage can be induced in the measuring line. In the proposed design,
this is achieved by placing a coaxial connector directly above the resistors, as shown in
Fig. 4.5a. The use of discrete resistors in the 0402 package makes it possible to use a
coaxial connector of the type SubMiniature version A (SMA) or SubMiniature version
B (SMB) in terms of space. The proposed design can also be implemented with other
types of resistors or connectors. Figure 4.5b shows the PCB footprint, which has external
dimensions of 8 mm. Thus the structure is very compact and can be used on high-density
PCBs. The copper plane consists of an inner and an outer section, with the inner section
being a circle with a diameter of 3.25 mm. There are vias with a hole diameter of 200 µm
located directly in the pads, allowing the current to pass through to the inner layer. Both
blind and regular through-hole vias can be used.

Another characteristic is the reverse placement of the resistors. Figure 4.6 shows an image
from [125] which illustrates this principle. In regular thin-film resistors, the resistive layer
is located on a substrate, which makes up a large part of the component thickness and
is required for mechanical stability [134]. The thickness of the selected 0402 resistor is
𝑡R = 350 µm and is therefore greater than the prepreg between layers 1 and 2, which is
𝑡12 = 140 µm. The current loop area of 𝑖sense can therefore be reduced by placing the
resistors in an upside-down position. With a similar design, the bandwidth was improved
by almost 50 MHz [125].

4.2.2 Simulation of Bandwidth and Impedance

In a first step the presented design is simulated with the finite element method (FEM)
software ANSYS Q3D Extractor. The structure is modeled as a conventional two-port
system. As shown in Fig. 4.7a, the terminals of the shunt are defined as two differential
pairs. The first pair consists of the current carrying traces of the PCB and the second
pair consists of the pins of the coaxial connector. In addition to the modeling of the PCB,
it is also necessary to model the thin-film resistors. Figure 4.7b shows the structure of a
typical thin-film resistor in a 0402 package with a length of 1 mm and a width of 0.5 mm
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(b) Thin-film resistor model

Figure 4.7: Simulation model in ANSYS Q3D Extractor

[135]. The resistor is based on a Aluminum oxide (𝐴𝑙2𝑂3) ceramic substrate, which is
contacted by electrodes on the sides, which consist of a copper alloy [136]. The actual
resistor is realized by a resistive layer of Nichrome (NiCr) with a typical thickness of
100 nm and is covered by an epoxy coating. The contact with the pads of the printed
circuit board is realized by a solder connection for which a thickness of 50 µm was chosen
[137].

The 2-port S-parameter matrix for each frequency is extracted from the simulation.
The matrix is defined according to the conventional definition for S-parameters given
in Eq. (4.2). Its entries describe the relationship between the vector of the incident waves
®𝑎 and the reflected wave ®𝑏, which are defined by the complex values for current and
voltage at the respective port with the reference impedance 𝑍0 = 50 Ω (see Eq. (4.3) and
Eq. (4.4)) [56]. (

𝑏1
𝑏2

)
=

(
𝑆11 𝑆12
𝑆21 𝑆22

)
·
(
𝑎1
𝑎2

)
(4.2)

𝑎x =
1
2

(
𝑉x√
𝑍0

+ 𝐼x
√︁
𝑍0

)
(4.3)

𝑏x =
1
2

(
𝑉x√
𝑍0

− 𝐼x
√︁
𝑍0

)
(4.4)

The S-parameters plotted in Fig. 4.8 describe the electrical behavior, but do not provide
the actual transfer function of the shunt. To obtain the transfer function and to be
able to make a statement about the bandwidth, the S-parameters are converted into Z-
parameters. These are also called impedance parameters and are defined according to
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Figure 4.8: Simulated entries of S-parameter matrix by magnitude and phase

Eq. (4.5). The conversion is carried out using the formulas from Appendix A.4. The
parameter 𝑍21, which is defined according to 4.6, describes the ratio of input current
to output voltage of the shunt and thus corresponds to the desired transfer function.
The condition 𝐼2 = 0 A is initially accepted as a valid approximation and discussed in
Section 4.3.2. (

𝑉1
𝑉2

)
=

(
𝑍11 𝑍12
𝑍21 𝑍22

)
·
(
𝐼1
𝐼2

)
(4.5)

𝑍21 =
𝑉2
𝐼1

����
𝐼2=0

(4.6)

Figure 4.9 shows the simulated parameter 𝑍21 as a Bode diagram. It can be seen that
the transfer function has a very flat curve, with the expected dc value of 83.3 mW. For
frequencies greater than 3.31 GHz, the magnitude of the transfer function deviates from
this value by more than 3 dB and reaches an impedance of more than 118 mW. The phase
initially shows a slightly increasing curve and moves in a range between −24◦ and 17◦.
In some publications, the bandwidth is determined using the S-parameter 𝑆21 [14], [119],
[124]. However, this does not correspond to the desired transfer function of the shunt in
practice. For the simulated geometry, the definition via 𝑆21 would result in a bandwidth
of 3.63 GHz, which deviates from the actual value by 9.7 %.

In addition to the parameter 𝑍21, the input impedance of the shunt is also of relevance, as
this is critical in terms of how the insertion of the shunt influences the switching behavior
of the DUT to be measured. In a first step, the values 𝑅shunt and 𝐿shunt determined
via ANSYS Q3D Extractor are plotted in Fig. 4.10a. These are frequency dependent,
as the current distribution within the component changes due to the skin and proximity
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Figure 4.9: Bode diagram of the simulated transfer function 𝑍21

effect. It is observed that 𝐿shunt decreases from initially 365 pH to 84.1 pH. The resistance
increases continuously due to the skin effect starting at 83.3 mW for low frequencies. The
input impedance 𝑍in can also be calculated using Z-parameters (Eq. (4.7)) [138]. In this
equation, 𝑍L is the load at the output of the two-port network and is defined according
to Eq. (4.8). In case of the shunt resistor, 𝑍L = 50 Ω is selected, as this corresponds to
the intended application with an oscilloscope.

𝑍in = 𝑍11 −
𝑍12 · 𝑍21
𝑍22 + 𝑍L

(4.7)

𝑍L = −𝑉2
𝐼2

(4.8)

𝑍in,fitted = 𝑅shunt + j𝜔𝐿shunt (4.9)

Figure 4.10b shows the calculated curve of 𝑍in by magnitude and phase. It is noticeable
that the input impedance has a curve that is characteristic for a series circuit combining
a resistor and an inductor. It is therefore possible to approximate the impedance 𝑍in with
a simplified model as derived in Eq. (4.9). The value of the resistive component is known
and is 𝑅shunt = 83.3 mΩ. The value 𝐿shunt = 84.1 pF is selected for the inductance, which
was determined at high frequencies. The curve of 𝑍in,fitted is also displayed in Fig. 4.10b
and shows high agreement with the simulated 𝑍in over the entire frequency range. The
simplified model makes it possible to consider the impedance of the shunt resistor in circuit
simulations, without having to model the frequency dependence of 𝐿shunt and 𝑅shunt.
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Figure 4.10: Simulation results for the input impedance

4.3 Analysis and Improvement of the Transfer
Characteristics

This section discusses the characterization of the transfer function of the radial shunt.
First, the assembly of a prototype and its measurement in the frequency domain are
presented in Section 4.3.1. Next, the influence of the entire measurement path consisting
of cable and termination is analyzed in Section 4.3.2. Finally, in Section 4.3.3, a method
is presented to increase the maximum bandwidth by using a digital filter.

4.3.1 Implementation of a Prototype

After the design has been designed and simulated, prototypes are built to test the design
in the frequency domain. The previously presented shunt design is assembled twice on a
PCB and is shown in Fig. 4.11a. The image on the left shows the shunt during assembly
with the 12 reverse-placed thin-film resistors. An advantage of the design is that it allows
a regular assembly with reflow soldering, which can also be automated. It is important
that the coaxial connector is soldered in the same process as the resistors, since reheating
could displace the tightly packed resistors. The measurement is performed using a two-
port vector network analyzer (VNA), where port one is the current-conducting port of the
shunt and port two is the signal output via the coaxial connector. This corresponds to the
definition shown in Fig. 4.7a. To eliminate the influence of cables, connectors and PCB
traces, de-embedding is required. For de-embedding the radial shunt, the PCB shown in
Fig. 4.11b is used. It has been validated in [125] and allows a complete short-open-load-
thru (SOLT) calibration.
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(a) View on shunt resistors during as-
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(b) View on the SOLT calibration board

Figure 4.11: Images of the PCBs used for measurement in the frequency domain
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Figure 4.12: Measured Bode diagram 𝑍21 of radial shunt with 𝑅shunt = 83.3 mΩ

Figure 4.12 shows the frequency response of the parameter 𝑍21 of the impedance matrix
that was calculated from the S-parameter measurement. The initial value at 10 MHz is
𝑍21 = 85.2 mΩ and deviates by 2.3 % from the theoretical dc value, which is 83.3 mW. The
cutoff frequency 𝑓c is calculated via a deviation of 3 dB from the theoretical dc value and
is located at 1.35 GHz. At this frequency there is a phase shift of 40◦. As the frequency
increases, the magnitude of the impedance increases and at 2.13 GHz a first resonance
frequency is observed at which the impedance reaches 𝑍21 = 3.72 Ω. This is caused by the
parasitic capacity of the structure.
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Figure 4.13: Complete measurement system

4.3.2 Influence of Cables and Termination

In the previous section, the impedance parameter 𝑍21 was introduced as a transfer function
to measure the current 𝐼1 in relation to the voltage 𝑉2. The definition of 𝑍21 from Eq. (4.6)
assumes that the current at the second terminal is zero. This assumption does not hold
in practice, since the shunt is connected to an oscilloscope via a cable which leads to
𝐼2 ≠ 0 A. As with the calculation of the input impedance 𝑍in, the load at the output must
be taken into account. The oscilloscope has an input impedance of 𝑍L = 50 Ω, forming
a current divider in parallel to 𝑅shunt. In the following a method is presented to analyze
the complete measuring system, which is illustrated in Fig. 4.13.

To obtain the complete transfer function of the measurement system, the T-parameters
of the individual elements are used, which are defined according to 4.10 and can be
calculated from the respective S-parameters. The T-parameters are defined in such a
way that a matrix multiplication corresponds to cascading the individual systems and
are therefore also called chain parameters. This makes it possible to calculate the total
matrix of the system via Eq. (4.11), which can then be transformed back into S- or T-
parameters. The formulas required for conversion are provided in Appendix A.4. The
additional elements are modeled using the RF Toolbox from MATLAB, which allows to
calculate the S-parameters of common circuits. The cable is modeled using the data sheet
values of a LMR-100A coaxial cable with an characteristic impedance of 50 W and a length
of 0.5 m [139]. An ideal termination resistance of 𝑍L = 50 Ω is assumed.(

𝑏1
𝑎1

)
=

(
𝑇11 𝑇12
𝑇21 𝑇22

)
·
(
𝑎2
𝑏2

)
(4.10)

𝑇total = 𝑇resistor · 𝑇cable · 𝑇termination (4.11)

𝑍21
′ =

𝑉2
′

𝐼2′

����
𝐼2′=0

(4.12)

The parameter 𝑍21’ obtained from the cascaded matrix 𝑇total is equal to the transfer func-
tion of the complete system (Eq. (4.12)). The assumption 𝐼2′ = 0 A is valid now since the
ADC after the 50 W termination is considered to be high-impedance. Figure 4.14 shows
a comparison of the transfer functions in terms of magnitude and phase. It includes the
case of the de-embedded shunt without termination as well as the terminated shunt with
and without the influence of the coaxial cable. It is observed that the cutoff frequency
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Figure 4.14: Influence of the measuring system consisting of cable and 50 W termination
on the measured transfer function 𝑍21

𝑓c, which was defined by a deviation of 3 dB, is slightly increased by the termination
resistance and now lies at 1.43 GHz. The presence of a cable between the shunt and
termination resistor does not affect this result, since the attenuation of a short cable is
negligible. Additionally, the termination resistance improves the phase response signifi-
cantly, reducing its value from 40.3° to 4.98° at 𝑓c. The first resonance at 2.13 GHz is not
affected.

The insertion of the coaxial cable seems to have a large effect on the phase shift, which
is caused by the length of the cable and the associated delay. According to [58], the
differential time delay Δ𝜏 of a system is the difference between the phase delay 𝜏𝜙 and
the group delay 𝜏g (4.13), which was already introduced in Section 2.3.1.

Δ𝜏 = 𝜏𝜙 − 𝜏g (4.13)

The chosen coaxial cable has a defined time delay of Δ𝜏 = 1.54 ns/m. As this is a high-
frequency cable suitable for lossless signal transmission up to 6 GHz, it is assumed that
the phase delay for all frequencies is 𝜏𝜙 ≈ 0 ns and that the signal is therefore transmitted
without any distortion. In this case, the time delay corresponds to the group delay
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(4.14).
Δ𝜏 = 𝜏g (𝜔) ⇒ −d𝜙(𝜔)

d𝜔 = 1.54 ns/m · 0.5 m = 770 ps (4.14)

In the lower plot of Fig. 4.14, the group delay of the complete system is plotted with and
without the cable. It can be seen that the phase response caused by the cable corresponds
to a constant increase in the group delay by Δ𝜏 and does not have any other effect on
the transmission behavior. However, with regard to the deskewing issue described in
Section 2.3.3, the time delay is relevant and must be compensated for accordingly. In
summary, terminating the shunt with a 50 W resistor slightly improves the frequency
response. Apart from adding a delay, the cable has no effect on the transfer function 𝑍21
as long as it is a high-frequency cable characterized by a constant delay and negligible
attenuation. In real applications, it is also recommended to use cables that do not show
degradation due to aging [140].

4.3.3 Increasing the Bandwidth with Digital Filtering

The transfer function 𝑍21 of the designed shunt has a certain characteristic, which has to be
taken into account for applications with very short rise times. As can be seen in Fig. 4.14,
the magnitude of 𝑍21 increases, which leads to an upward break out from the 3 dB corridor.
According to the conventional definition, frequencies above the cutoff frequency 𝑓c are
filtered out, which would correspond to a downward break out of the 3 dB corridor. In
the case of the shunt, this means that frequency components above 𝑓c are amplified by
more than 3 dB compared to the dc gain, which is defined by 𝑅shunt = 83.3 mΩ. This
leads to the fact that input currents with high-frequency components appear distorted in
the output signal. To counteract this characteristic, it is necessary to filter the output
signal of the shunt accordingly. In the following, a method is presented to implement this
in post-processing.

Figure 4.15 shows the transfer function 𝑍21 obtained from the measurement data, which
has a cutoff frequency of 1.43 GHz and a resonance frequency at 2.13 GHz. At the point
of this resonance, the impedance of the shunt is 3.72 W, which means that a corresponding
frequency component in the input current causes a corresponding high output voltage.
For this reason, a low-pass filter is designed to filter out the high-frequency components
from the output signal. The filter is implemented as a digital finite impulse response
(FIR) filter using the Signal Processing Toolbox from MATLAB [141]. The parameters
have been designed according to the characteristics of the transfer function 𝑍21 and are
listed in Table 4.3.

The passband frequency is set equal to the cutoff frequency of 𝑍21, so that the 3 dB
increase in 𝑍21 is compensated by the decrease in the filter transfer function. The stopband
frequency is set to the first resonance frequency of 𝑍21, since this is the frequency at which
maximum attenuation is desired. To maintain the dc gain of the shunt, the passband
ripple is set to a very small value, where 0.1 dB corresponds to a factor of 1.2 %. The last
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function 𝑍21 (terminated with 50 W)

Table 4.3: Design parameters for FIR low-pass filter
filter parameter value design rule
passband frequency 1.3 GHz close to 3 dB cutoff frequency of 𝑍21
stopband frequency 2.2 GHz close to first resonance peak of 𝑍21
passband ripple 0.1 dB set low as possible to maintain dc gain
stopband attenuation 40 dB sufficiently high to damp all resonances of 𝑍21
sampling rate 10 GS/s fit to sampling rate of oscilloscope

defining parameter of the filter is the stopband attenuation, which must be chosen so that
all resonances in 𝑍21 are attenuated by at least 3 dB below the dc gain. The calculated
transfer function of the FIR filter is shown in Fig. 4.15 and the resulting overall transfer
function for 𝑍21, which is obtained by multiplication of the two responses. It can be seen
that the filter successfully attenuates all high-frequency components, so that the transfer
function shows a true −3 dB cutoff frequency. Compared to the original cutoff frequency at
1.35 GHz, the cutoff frequency was increased to 2.17 GHz. By means of forward-backward
filtering, it is possible to compensate for the nonlinear phase of the filter, so that the
respective frequency components are only manipulated in their amplitude and no phase
distortion is introduced [142]. Within MATLAB such zero-phase filtering is possible via
the filtfilt function from the Signal Processing Toolbox.

After designing a digital filter to improve the frequency response, the next step is to
determine its behavior in the time domain. Using the RF Toolbox of MATLAB, the
complex transfer function 𝑍21 is fitted to a rational function. This makes it possible to
calculate the system response to any input signal in the time domain. In Appendix A.5,
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the code for performing these calculations is given. Figure 4.16b shows the output voltage
of the shunt for a total of four hypothetical input signals. The input signals have different
rise times, which are in the range between 𝑡rise = 207 ps and 𝑡rise = 413 ps and thus have
frequency components outside the linear range of 𝑍21 and are hence causing disturbances.
In Fig. 4.16a the spectrum of the input signal and the unfiltered output signal is shown
for the example with 𝑡rise = 207 ps. It can be seen that the system response includes
the expected amplification of the frequencies at 2.14 GHz and 3.68 GHz caused by the
resonances in 𝑍21. In the time domain it is clearly visible that the distortion of the
output voltage increases the shorter the rise time of the input signal is. If these output
voltages are scaled with 𝑅shunt = 83.3 mΩ, a significant measurement error would occur.
Therefore, the calculated output voltages are filtered with the previously designed FIR
low-pass filter. This results in a reconstruction of the input signal with a very accurate
match for all examples. The only remaining artifact is a minor dip in the signal before
the actual slope. The rise times of the reconstructed signals match those of the input
signals except for a few picoseconds.

The presented procedure, at which the transfer function 𝑍21 is compensated by a digital
filter, can be extended as desired. The MATLAB function yulewalk, which applies the
Yule-Walker algorithm, can be used to approximate a filter with a arbitrary transfer
function [143]. If the transfer function of the entire measuring path is known exactly, a
filter can be designed of which the transfer function is the inverse 𝑍21

−1. In this way, the
bandwidth can be maximized and is theoretically only limited by the analog front end
of the oscilloscope. A further prerequisite is that the high-frequency components of the
input signal have not already been filtered out by the input impedance of the shunt. Due
to this fact and the remaining measurement uncertainty in the high-frequency range of
𝑍21, the approach of the 𝑍21

−1 filter is not investigated further. By using a regular FIR
low-pass filter a very high bandwidth of 2.17 GHz was achieved, which is sufficient for the
intended application and outperforms previous measurement techniques.
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4.4 Evaluation of the Thermal Capability

The main drawback of resistive current sensing is the thermal stress on the component, as
the ohmic losses cause the resistors to heat up. This can lead to an increase in resistance
and, in the worst case, damage the shunt resistor or other components. The thin-film
resistors in the 0402 package used in the introduced design have a rated power of 𝑃N =

62.5 mW each, which results in a very low nominal current of only 250 mA [134]. Due to
the parallel connection of 12 resistors and very short pulse widths in DPTs, this nominal
current can be exceeded significantly. To be able to estimate the maximum possible pulsed
current, some fundamental considerations are presented in this section. Table 4.4 lists the
required parameters for calculating the maximum thermal capability.

In addition to the rated power 𝑃N, the manufacturer specifies a maximum overload voltage
𝑉max in the data sheet [144]. This value describes the voltage withstand capability of the
component which is exceeded at a current of 𝐼max (see Eq. (4.15)).

𝐼max =
𝑉max
𝑅shunt

= 600 A (4.15)

However, this value does not take into account the thermal limit of the component, which
depends on the heating of the resistive element. The data sheet of a similar thin-film
resistor gives a maximum allowable film temperature of 𝑇max = 125 ◦C [145]. At ambient
temperature of 𝑇amb = 25 ◦C, this corresponds to a maximum allowable temperature rise
of Δ𝑇max = 100 K. To relate this heating to the energy dissipated, the thermal capacity is
evaluated. The resistive element is made of NiCr, which is an alloy of nickel and chromium.
The specific heat capacities of these alloys vary between 𝑐NiCr = 380 J/kg K . . . 500 J/kg K

[146]. The lower value is used in this study. The mass of the resistive film is 𝑚NiCr =

4.38 µg according material declaration sheet provided by the manufacturer [147]. Since 12
resistors are in connected in parallel, the total mass of NiCr needs to be multiplied by 12
and therefore is 52.6 µg. With these values the energy 𝐸max can be calculated that should

Table 4.4: Relevant parameters for calculating the maximum thermal capability
description symbol value
nominal power of 0402 package 𝑃N 62.5 mW
maximum overload voltage 𝑉max 50 V
total shunt resistance 𝑅shunt 83.3 mW
maximum film temperature 𝑇max 125 °C
ambient temperature 𝑇amb 25 °C
mass of NiCr (per resistor) 𝑚NiCr 4.38 µg
specific heat capacity of NiCr 𝑐NiCr 380 J/kg K . . . 500 J/kg K

temperature coefficient of resistance (TCR) 𝛼R 2 ppm . . . 50 ppm

70



4.4 Evaluation of the Thermal Capability

not exceed the temperature rise Δ𝑇max (see Eq. (4.16)). This calculation assumes that the
thermal time constants within the package are so long that no thermal conduction occurs
during the pulse and that all the energy is stored in the NiCr layer. This calculation also
assumes that the total current is evenly distributed among all 12 resistors.

Δ𝑇 =
𝐸shunt

12 · 𝑚NiCr · 𝑐NiCr
⇔ 𝐸max = Δ𝑇max · 12 · 𝑚NiCr · 𝑐NiCr = 2.0 mJ (4.16)

The theoretical value of 𝐸max = 2 mJ is relatively low at first glance and equals only
0.1 % of the energy rating of the commercial coaxial shunt SDN-414-10 which has a
similar resistance of 100 mW (see Table 4.1). For the application in the DPT the value
𝐸max is less informative than the information which current profiles are allowed without
damaging the component. The current 𝑖ds in the DPT can be approximated by a ramp
profile, which reaches the current 𝐼sw after a duration 𝑡ramp (4.17). The interval between
the first and second pulse does not need to be modeled, since no current flows through the
shunt resistor during this time, and the current level at turn-off of the DUT corresponds
to the current level at turn-on in an ideal case. The energy dissipated in the shunt resistor
can be calculated by the integral shown in Eq. (4.18). Rearranging this equation leads to
Eq. (4.19), which gives the maximum allowed pulse duration 𝑡ramp for a given amplitude
𝐼sw.

𝑖ds(t) =
𝐼sw
𝑡ramp

· t (4.17)

𝐸shunt(t) =
∫ 𝑡

0
𝑅shunt · 𝑖ds(𝑡)2 d𝑡 = 𝑅shunt · 𝐼sw2

3 · 𝑡ramp2 · 𝑡3 (4.18)

⇔ 𝑡ramp =
3 · 𝐸max

𝑅shunt · 𝐼sw2 (4.19)

With Eq. (4.19) and Eq. (4.17) different current profiles can be calculated with an energy
dissipation of 𝐸max. Figure 4.17 shows several possible scenarios for a shunt with 𝑅shunt =
83.3 mΩ. The higher the amplitude 𝐼sw, the faster 𝑇max is reached. The green dashed line
marks the boundary of the safe operating area (SOA). DPTs with high currents require a
steep d𝑖/d𝑡, which in turn requires a small load inductance 𝐿load (see Section 3.1.2). For
example, the current 𝐼sw = 100 A requires a gradient of at least d𝑖/d𝑡 = 13.9 A/µs, which
is a realistic value for a DPT with WBG semiconductor devices. Alternatively, it is also
possible to increase the current capability by using resistors with a lower resistance value
or using resistors in a larger package. However, both measures would result in a reduction
of the measurement bandwidth and must be decided individually [125]. Another aspect
that must be taken into account in practice is the maximum permissible voltage at the
coaxial connector. The 50 W input of an oscilloscope usually has a voltage rating of 5 V,
which for the case 𝑅shunt = 83.3 mΩ is reached at 60 A. A simple method to extend this
range would be using an additional series resistor forming a voltage divider.

The calculations performed did not take into account the increasing resistance due to the
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Figure 4.17: Exemplary current profiles and corresponding energy dissipation that do
not exceed the maximum temperature limit (𝑅shunt =83.3 mW)

increase in temperature. To estimate this effect, the specific temperature coefficient of
resistance (TCR) from the data sheet is used, which in the worst case corresponds to
𝛼R = 50 ppm [144]. According to Eq. (4.20), the resistance will rise by 0.5 %, which is
within the manufacturing tolerance of the selected thin-film resistors and therefore does
not have a significant influence on the results.

Δ𝑅𝑚𝑎𝑥 = 𝛼R · Δ𝑇𝑚𝑎𝑥 · 𝑅shunt = 0.5 % · 𝑅shunt = 0.417 mΩ (4.20)

The last consideration for the thermal capability refers to the minimum repetition period
for a series of DPTs or multi-pulse applications. The minimum pulse period 𝑡period,min is
estimated from the nominal power 𝑃N and the maximum acceptable energy 𝐸max. From
Eq. (4.21) it follows that a pulse may occur every 2.67 ms. It should be noted that the
power dissipation of the resistors may be reduced because they are located underneath
the coaxial connector and the cooling through convection and radiation may be reduced.
However, in a typical characterization setup, sufficient time can be provided between
pulses so that this limit is not restrictive.

𝑡period,min >
𝐸max
𝑃N

= 2.67 ms (4.21)
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4.5 Further Development

The presented design for a radial shunt resistor already shows very good performance in
terms of bandwidth, parasitic inductance and thermal capability. The design still offers
further potential for improvement, which is discussed in this section. Section 4.5.1 de-
scribes how the frequency response can be improved via a compensation network. Finally,
Section 4.5.2 presents an assembly technique that can be used for further development.

4.5.1 Implementation of a Compensation Network

The measurements carried out in Section 4.3.1 have shown that the magnitude of the
transfer function 𝑍21 begins to increase strongly after the cutoff frequency is reached.
The reason for this is the parasitic inductance of the shunt. Since high-frequency compo-
nents in the input signal are excessively amplified, this leads to distortion in the output
signal. To compensate for this characteristic, a method was introduced in Section 4.3.3,
which attenuates these frequency components with a digital filter in post-processing. An
alternative is to address this problem in hardware by implementing a compensation net-
work [120]. In this section, two approaches for compensation networks are presented and
evaluated.

The concepts from [118], [121] compensate the inductive component of the transfer func-
tion by a discrete RC low-pass filter. It has been shown that the construction of such a
filter is impeded by the parasitics of the discrete components. Nevertheless, promising re-
sults were achieved in the frequency range up to 1 GHz. Figure 4.18a shows the structure
of the resulting measurement system. An alternative to RC low-pass filters is presented in
[148]. The transfer function of a shunt resistor is enhanced by a differential LR low-pass
filter. An amplifier stage is added to the circuit to increase the CMRR and provide a
defined 50 W output. In [119] this concept was tested successfully in DPTs with band-
width of almost 1.6 GHz. Figure 4.18b shows the structure of the resulting measurement
system.

First, the compensation network is designed as an RC low-pass filter which is connected
in parallel to 𝑅shunt (see Fig. 4.18a). As component values 𝑅1 = 10 Ω and 𝐶1 = 12 pF
are chosen so that the cutoff frequency of the low-pass filter according to Eq. (4.22)
corresponds to the cutoff frequency of the shunt transfer function 𝑍21.

𝑓c =
1

2𝜋 · 𝑅1𝐶1
= 1.33 GHz (4.22)

Adding the series resistance 𝑅1 changes the dc gain of the transfer function, since 𝑅1 forms
a voltage divider with the termination resistance 𝑅T = 50 Ω of the oscilloscope. The new
factor can be determined with Eq. (4.23) and is 69.3 mW. The modified value for the dc
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𝑉1 𝑉2

𝐼1 𝐼2=0 A

shunt resistor RC-lowpass cable 50 W termination

𝑅1

𝐶1𝑅shunt 𝑅T

(a) RC low-pass filter

𝑉1 𝑉2

𝐼1 𝐼2=0 A

shunt resistor LR-lowpass cableamplifier 50 W termination

𝐿1

𝑅1𝑅shunt 𝑅T

(b) LR low-pass filter and operational amplifier

Figure 4.18: Measurement system with added compensation network

gain means that the limit for the cutoff frequency of the whole system changes as well,
where the new 3 dB impedance in this case is 69.3 mΩ · 10 3

20 = 98 mΩ.

𝑉2 = 𝑉1 ·
𝑅T

𝑅T + 𝑅1
≈ 𝐼1 · 𝑅shunt ·

𝑅T
𝑅T + 𝑅1

= 𝐼1 · 69.4 mΩ (4.23)

Before evaluating the effect of the RC low-pass filter, another option is considered, which
is a LR low-pass filter. This filter is constructed according to Fig. 4.18b and is terminated
with a high-impedance operational amplifier. The component values chosen are 𝑅1 =

75 Ω and 𝐿1 = 10 nH, resulting in a cutoff frequency of 𝑓c = 1.19 GHz as calculated by
Eq. (4.24).

𝑓c =
𝑅1

2𝜋 · 𝐿1
= 1.19 GHz (4.24)

As shown in Section 4.3.2, the total transfer function of any system can be calculated
by concatenating individual T-parameter matrices. This method is applied to the two
compensation networks so that the resulting total transfer functions 𝑍21 can be analyzed.
The measured S-parameters from Section 4.3.1 are used as a reference. Figure 4.19 shows
the transfer function for the case of the RC low-pass filter and RL low-pass filter. The
yellow colored corridor takes into account the ±3 dB deviation for the special case of
the RC low-pass filter. It is observed that in both cases the compensation networks in-
crease the 3 dB cutoff frequency. The RC compensation network achieves a bandwidth
of 1.94 GHz, while the LR compensation network achieves a bandwidth of 1.72 GHz. At
the resonance point, damping is not strong enough in either case, resulting in distortion
with input signals that have very short rise times. It should be noted that the amplifier
characteristics were not included in the calculation and likely have additional filtering
characteristics. Additionally, the calculations do not include the influence of parasitic
elements. The phase response of the RC low-pass filter shows a deviation of more than
−90◦ for frequency components > 1 GHz, which is caused by the capacitance. The use of
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Figure 4.19: Bode diagram of 𝑍21 including RC and LR compensation networks

a first-order RC low-pass filter as a compensation network is therefore not recommended
without taking further correction for the phase. The LR low-pass filter seems more suit-
able, as the phase shows a very flat curve up to approximately 2 GHz. The disadvantage
of the LR compensation network is the significantly more complex structure with analog
electronics, since a direct 50 W termination of the LR filter is not feasible. Overall, no
better performance was achieved with both tested approaches than with the digital FIR
filter designed in Section 4.3.3. This achieved a bandwidth of 2.16 GHz without requiring
any additional hardware.

4.5.2 Improvement of Assembly Technology

Another possible improvement is to replace the discrete resistors with a continuous surface.
One way to achieve this goal is the use of technologies for implementing PCB-embedded
resistors. Substrates such as Ohmega or TCR, which are distributed by Quantic Elec-
tronics, consist of a copper foil with an attached resistive layer (see Fig. 4.20a) [149],
[150]. The resistive layer is made of NiCr or nickel-phosphorus (Ni-P) with a thickness
in the range 100 nm . . . 400 nm. Customized structures can be shaped by etching and
laser trimming. These structures are in direct contact with the copper and are therefore
perfectly connected in terms of both thermal and inductive behavior.

In [151] the design for a circular resistor with this technology is presented. Figure 4.20b
shows the geometry which is defined by the inner radius 𝑟1 and the outer radius 𝑟2. The
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PCB core

resistive layercopper foil

(a) Cross section of PCB stack with embed-
ded resistive layer

𝑟2

𝑟1

(b) Geometry of a circular
resistor

Figure 4.20: Design of a PCB-embedded resistor

resistance value 𝑅circ can be calculated using Eq. (4.25). An infinitesimal element with the
length d𝑟 and the width 2𝜋𝑟 is integrated from the inner to the outer radius. the parameter
𝑅sheet describes the sheet resistance of the resistive layer, whereas the lowest available
sheet resistance of 𝑅sheet = 10 Ω/sq is selected. To place the resistor under the previously
used coaxial connector, the outer radius is set to its largest possible value 𝑟2 = 2.0 mm.
From equation Eq. (4.25) follows that a circular resistor with 𝑅shunt = 83.3 mΩ could be
realized with 𝑟2 = 2 mm and 𝑟1 = 1.89 mm.

𝑅circ =

∫ 𝑟2

𝑟1

𝑅sheet ·
d𝑟
2𝜋𝑟 =

𝑅sheet
2𝜋 · ln

(
𝑟2
𝑟1

)
(4.25)

The circular resistor is particularly suitable as a stand-alone component that needs to be
connected to the DUT via external contacts, since it is expensive to integrate a resistive
layer into each PCB to be measured. Due to the high complexity in terms of manufacturing
and material supply, the embedded shunt approach was not pursued further in this work.

4.6 Conclusion

In this chapter an advanced design for a resistive current sensor was presented and ana-
lyzed. First, existing concepts were evaluated, and it was found that shunts with discrete
SMD resistors are better suited for characterizing WBG semiconductor devices than con-
ventional coaxial shunts. The design presented is based on a circular arrangement of
thin-film resistors in a 0402 package, which are placed directly underneath a SMA-type
coaxial connector. Using FEM, a very low parasitic inductance of 84.1 pF was estab-
lished. The transfer function of the current sensor was characterized by measurements
with a VNA. In combination with a matched FIR filter, a very high bandwidth of 2.17 GHz
was achieved. The drawback of resistive current measurement is the thermal stress on the
components. By means of analytical calculations, a SOA was defined, which enables DPTs
of up to 100 A. Finally, possibilities for improvements were presented, which include the
implementation of a compensation network and an embedded assembly technique. The
concept of the radial SMD shunt is validated in DPTs with WBG devices in Chapter 6.
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This chapter presents the design of an advanced inductive current sensor. First, an
overview of existing concepts for inductive current sensors is given in Section 5.1. This is
followed by the presentation of a novel design in Section 5.2, which is a planar pick-up coil
that is embedded into a PCB. After optimizing the geometry, the design is experimentally
evaluated in Section 5.3 and a bandwidth of 2.33 GHz is measured. A conclusion about
the most important findings is given in Section 5.4.

5.1 Evaluation of Existing Concepts

Section 2.2.3 has given a brief overview of various state-of-the-art solutions for current
measurement in DPTs with WBG semiconductor devices. It was shown that the avail-
able commercial solutions do not meet the requirements for measuring fast switching
transients. Conventional Rogowski coils achieve bandwidths of up to 50 MHz [152] and
are therefore not suitable for measuring fast transients in the nanosecond range, as shown
in Chapter 3. Current clamps achieve bandwidths of up to 120 MHz and also enable the
measurement of dc currents [153]. However, current clamps are designed for the measure-
ment of cable-carried currents. Therefore, the measurement of device currents such as the
drain-source current 𝑖ds is only possible with additional effort [39]. The same applies to
closed-core current transformers, which achieve bandwidths of up to 250 MHz, but are also
not suitable for measuring 𝑖ds due to their size [154]. As with the resistive current mea-
surement introduced in Chapter 4, multiple innovative concepts for WBG semiconductor
devices have been developed in recent years.

An early innovative solution for the characterization of WBG devices was presented in
[158]. The sensor developed at Fraunhofer IZM is based on a cylindrical coil that is
inserted into an omega-shaped tube that carries the current to be measured (see Fig. 5.1a).
The parasitic inductance of this technique is specified as 300 pH and, depending on the
configuration, bandwidths of up to 300 MHz are possible, with a limitation being the
analog integrator ciruit [155]. The concept has been adapted in various works and is
therefore a suitable solution if sufficient space is available on the PCB and the lower
cut-off frequency is acceptable [41], [123], [159].
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(a) Fraunhofer IZM current
sensor [155]

(b) Infinity Sensor [156] (c) Embedded pick-up coil [157]

Figure 5.1: Advanced inductive current sensors

In [156], the concept for a very compact inductive sensor known as Infinity Sensor was
presented for the first time, which is illustrated in Fig. 5.1b. The concept from University
of Bristol is based on two single windings, which are connected in series and pick up
the magnetic field to the right and left of the conductor path to be measured. The
frequency ranges from 1 MHz to 1 GHz and is therefore suitable for fast-switching WBG
devices [160]. Depending on the placement of the sensor, a parasitic inductance of only
200 pH is achieved. The two series-connected windings have the advantage that external
magnetic fields are canceled out to a certain extent. A challenge in the application is the
post-processing of the output voltage, which consists of integration, gain correction and
offset correction. Furthermore, the dc component is required to be measured externally.
There are different variants of the Infinity Sensor, which for example are adapted to the
requirements of gate-current measurement [161].

An miniaturized version for an inductive current sensor was presented in [157]. The
concept specialized on LV GaN devices is shown in Fig. 5.1c and is based on a single-turn
pick-up coil embedded in a multi-layer PCB. The total power loop inductance is specified
as 𝐿loop = 330 pH and the bandwidth is around 1 GHz. As with the Infinity Sensor, post-
processing of the output voltage is necessary to reconstruct the current to be measured.
The detailed procedure is explained in the publication and the influence of the voltage
probe connected to the sensor is also taken into account. Overall, this is a promising
method, but it requires a very careful and application-specific setup and has also been
adapted in other works [162]. The concept may be susceptible to the coupling of external
magnetic fields, as no flux-cancelling structure is used as in the Infinity Sensor.

In [163] another measurement technology for GaN devices is presented under the name
Piggyback Rogowski Sensor. This is a differential coil which is embedded in a PCB and is
placed as an independent component on the current-carrying conductor path, as shown
in Fig. 5.2a. The parasitic inductance is given as 200 pH and a bandwidth of more than
500 MHz is specified. As with the inductive sensors presented above, post-processing of
the measurement data is required. A special feature of the concept is that a shielding
layer has been included to shield against external magnetic and electric fields. Although
this has a negative effect on the dynamic performance of the sensor, it makes the design
more robust and leads to better noise suppression.
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(a) Piggyback Rogowski sensor [163] (b) Combinational Ro-
gowski coil [164]

(c) Transmission Line
Rogowski Coil [165]

Figure 5.2: Advanced inductive current sensors (continued)

The concepts presented so far were designed more for the characterization of very small
GaN semiconductor devices. The method presented in [164] is intended for use with
SiC modules and represents an alternative to conventional Rogowski coils. The structure
shown in Fig. 5.2b corresponds to that of a traditional Rogowski coil, which is implemented
in the form of a PCB. The use of shielding layers leads to improved robustness against
external interference. The special feature of the concept is the associated analog signal
processing circuit. This combines the differentiating and self-integrating frequency range
of the coil’s transfer function and gives the concept the name Combinational Rogowski coil.
The design achieves an overall bandwidth of 300 MHz, making this solution a promising
alternative to conventional Rogowski coils. In [166], a similar concept can be found, which
extends a PCB-embedded Rogowski coil with an additional sensor for measuring the dc
component.

Another concept was presented in [165] under the name Transmission Line Rogowski Coil
(TL-RC). In this work, the coil is considered as a transmission line, where impedance
mismatch is identified as the main limiting factor with conventional Rogowski coils. Using
a matched termination resistor at both ends of the coil, a flat curve of the coil impedance
is measured up to 3 GHz. The design was provided with an appropriate integrator circuit,
resulting in a flat frequency response in the range 1 MHz to 1 GHz for the entire system.
Due to the very small geometry for such a Rogowski coil, the application scenario of
this concept is versatile. For example, the TL-RC can be used in combination with an
Ω-shaped tube to detect the current of a conductor track, as in the concept from the IZM
Sensor presented at the beginning in Fig. 5.1a.

It can be concluded that, as with the evaluation of the techniques for resistive current
measurement in Section 4.1, there is no clear favorite for inductive current measure-
ment. The choice of a solution depends strongly on the intended application. Besides
the bandwidth and insertion impedance, the lower cut-off frequency also plays a role with
inductive sensors, so that in most cases an additional measurement of the dc component
is required. Compared to resistive current measurement, inductive current measurement
is more susceptible to interference, as there is a risk of external coupling. In addition,
the output signal must be integrated either via an analog circuit or in post-processing.
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One advantage of inductive current measurement is the galvanic isolation from the DUT
and the absence of ohmic losses that occur in shunt resistors. This makes this type of
measurement particularly relevant for high currents.

5.2 Optimization of a Planar Pick-Up Coil

After the previous section presented different existing approaches, this section introduces
a new design for an inductive current sensors. First, the basics of inductive current mea-
surement are explained in Section 5.2.1 and a general definition of the transfer function is
given. Subsequently, the design is optimized in Section 5.2.2 by varying multiple geometry
and material parameters and the damping resistance. Finally, the results are evaluated
in Section 5.2.3 with regard to the target variables rise time and mutual inductance and
a favored design is selected.

5.2.1 Modelling of the Transfer Function

Figure 5.3a shows the principle of inductive coupling, which is the basis for all inductive
current measurement techniques. The arrangement consists of a conductor that carries
the current to be measured 𝑖sense. Next to it is a coil which encloses part of the magnetic
flux density ®𝐵 caused by the current 𝑖sense. According to the law of induction, a change in
the magnetic flux causes an induced voltage 𝑣ind [167]. The electrical equivalent circuit
diagram of the coil is shown in Fig. 5.3b [40], [168]. The inductive coupling of 𝑖sense to the
coil is expressed via the mutual inductance 𝑀. The other components are the resistance
𝑅s of the windings, the series inductance 𝐿s and the parasitic capacitance 𝐶p between
the windings. Equation (5.1) and Eq. (5.2) describe the inductive coupling between two
conductors. The equations are given once in the time domain and once in the frequency
domain using the Fourier transform [169]. Under no-load conditions and neglecting the
parasitic capacitance 𝐶p, no current flows on the secondary side and the transfer function
𝐺 (j𝜔) can be calculated according to Eq. (5.3) with the assumption 𝑣coil = 𝑣ind.

𝑖sense

®𝐵

𝑣ind

(a) Principle of inductive coupling

𝐶p

𝑅s 𝐿s

𝑣ind𝑖sense

𝑀

𝑣coil

(b) Equivalent circuit with lumped elements

Figure 5.3: Inductive coupling between coil and current carrying conductor
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𝑣ind(𝑡) = 𝑀 · d𝑖sense(𝑡)
d𝑡

d 𝑣ind(j𝜔) = j𝜔𝑀 · 𝑖sense(j𝜔) (5.1)

𝑖sense =
1
𝑀

·
∫ 𝑡

0
𝑣ind(𝑡) d𝑡 d 𝑖sense(j𝜔) =

1
j𝜔𝑀 · 𝑣ind(j𝜔) (5.2)

𝐺 (j𝜔) = 𝑣coil
𝑖sense

= j𝜔𝑀 (5.3)

In practice, this assumption is not valid and the parasitic elements must be taken into
account. As a result, a second-order system is formed with a resonant frequency caused
by 𝐿s and 𝐶p. In the application, it is therefore common to terminate the coil on the
output side with a damping resistor 𝑅d, which avoids the resulting overshoot in the output
voltage [170]. This resistor is dimensioned in such a way that critical damping is achieved
with a damping factor 𝐷 = 1. Equation (5.4) shows the formula for calculating 𝑅d under
the assumption that 𝑅s ≪ 𝑅d is valid.

𝑅d =
1
2 ·

√︄
𝐿s
𝐶p

(5.4)

When simulating and measuring a coil, an assignment of the lumped elements shown in
Fig. 5.3b is not always appropriate. In particular, frequency dependencies of the individual
elements cannot be modeled with the simple equivalent circuit diagram. Therefore, the
system, as well as the shunt resistor in Section 4.2.2, is modeled as a two-port network
via the impedance matrix Z. The impedance matrix can be obtained directly from the
measured or simulated S-parameters using the equations shown in Appendix A.4 without
the need to know the individual component parameters. The parameter 𝑍21 relevant for
the transfer function is defined via Eq. (5.5).

𝑍21(j𝜔) =
𝑣coil(j𝜔)
𝑖sense(j𝜔)

����
𝐼2=0A

(5.5)

To illustrate the impact of 𝑅d on the transfer function, Fig. 5.5a shows the frequency-
dependent sensor impedance 𝑍21 for different cases. The data orginates from one of the
simulations described in the following section. In the ideal case with no parasitics, a
straight line with a gradient of 20 dB

decade results, which is plotted for the example 𝑀 =

1.4 nH and has a constant phase of 90°. The other two curves show a response of 𝑍21 with
a resonance frequency of approximately 5.5 GHz. Once this is undamped and once it is
damped with the damping resistor 𝑅d = 200 Ω.

To derive the transfer function of an inductive sensor, a further element for inductive
current measurement needs to be modeled in addition to the coil and the damping resistor.
Due to the differentiating behavior presented in Eq. (5.3), it is necessary to integrate
the output signal 𝑣coil to reconstruct the current 𝑖sense. The integration can be realized
in various ways [169]. The most common methods are passive integration via an RC
integrator circuit, active-analog integration via an active integrator circuit using an op-
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𝑣in 𝑣out

𝑍21( 𝑗𝜔) sensor front-end

𝐶p 𝑅d

𝑅s 𝐿s

𝑣ind

𝐼1 =𝑖sense
𝑀 ∫

𝐼2 =0 A

𝑣coil

Figure 5.4: Model of the inductive measurement system consisting of coil, damping
resistor and sensor front-end

amp, and digital integration via an ADC. Hybrid concepts are also possible, in which an
RC circuit is combined with an op-amp integrator circuit, for example. The inductive
measurement system can be represented via Fig. 5.4 [170]. The sensor described via
𝑍21, including the damping resistor, is connected to a sensor front-end that amplifies and
integrates the voltage 𝑣coil so that the output voltage 𝑣out corresponds to the current to
be measured. An ideal sensor front-end is an amplifying integrator with an infinitely high
bandwidth, whose transfer function 𝐺 int( 𝑗𝜔) is described via Eq. (5.6). In addition to a
constant gain K, an ideal front-end has an infinitely high input impedance, so that 𝐼2 = 0 A
is ensured. To obtain the total transfer function 𝐺total( 𝑗𝜔), 𝐺 int( 𝑗𝜔) is multiplied with
𝑍21 as shown in Eq. (5.7). If the condition 𝐾 = 1/𝑀 is fulfilled, the magnitude stays at
0 dB in the range below the cutoff frequency.

𝐺 int( 𝑗𝜔) =
𝑣out
𝑣coil

=
𝐾

j𝜔 (5.6)

𝐺total( 𝑗𝜔) = 𝑍21(j𝜔) · 𝐺 int(j𝜔) =
𝑣out
𝑖sense

· 𝐾j𝜔 (5.7)

Figure 5.5b shows the resulting total transfer functions for the case without any parasitic
elements and 𝑀 = 1.4 nH, the undamped case (𝑅d = ∞ Ω) and a setup with a damping
resistance of 𝑅d = 200 Ω. To provide the relation to the physical system, the frequency
in Hz is plotted on the x-axis instead of 𝜔 in rad/s. In addition, the ±3 dB corridor
is plotted, which defines the cutoff frequency 𝑓c of the measurement system. Since an
ideal integration was assumed, no lower cutoff frequency is visible in the diagram. In
practice, when using digital integration, this frequency depends on the vertical resolution
of the ADC [171]. Low-frequency components lead to low output amplitudes, since 𝑍21 is
increasing with 20 dB

decade . Below a certain frequency, these signal components are hidden
in the noise floor of the ADC and consequently cannot be integrated. A general estimate
is not possible without precise specification of the hardware and the input signal. With
regard to the phase response, it can be seen that the damping resistance shows a strong
influence. This influence can be evaluated using the definition of group delay 𝜏g introduced
in Section 2.3.1, which provides information about the distortion of high-frequency signal
components and is relevant for deskewing.
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Figure 5.5: Bode diagrams for sensor impedance and transfer function of an examplary
design
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(b) Equivalent circuit diagram

Figure 5.6: Concept of the planar pick-up coil

5.2.2 Setup of a Geometric Parameter Study

The inductive current sensor investigated in this work is based on the design of the Infinity
Sensor that was presented in [156] and is shown in Fig. 5.1b. The focus of the study lies
in optimizing the geometry. Additionally, the number of windings is adjusted to increase
the sensor gain, as was done in the variant of the Infinity Sensor presented in [172] and
[173]. Figure 5.6a shows the structure of the inductive current sensor to be analyzed,
which will be embedded within a PCB. In the center of the arrangement is the current-
carrying conductor track with the current 𝑖sense to be measured. The sensor coil is located
on the PCB layer above, with windings placed to the right and left of this conductor
track. The magnetic flux ®𝐵 caused by 𝑖sense passes through both windings in opposite
directions. Since both windings have a different winding direction and are connected in
series, the two induced voltages add up to the total voltage 𝑣coil, which can be tapped
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across the sensor. As discussed in [156], this approach also results in a certain suppression
of the influence of external magnetic fields. If a ®𝐵 vector passes through both parts of
the coil in the same direction, this leads to opposing induced voltages that ideally cancel
out to zero. In Fig. 5.6b the equivalent circuit diagram of the configuration is shown.
The sensor is modeled as a combination of two single inductively-coupled coils. Assuming
that the entire sensor is symmetrical and that both sides have the same parasitic elements
𝑅s, 𝐿s and 𝐶p, the equivalent circuit diagram can be simplified to the circuit shown in
Fig. 5.3b.

𝜎

𝑙coil

𝑑coil 𝑤coil𝑤coil

𝑤trace

𝑁w

(a) Assignment of geometrical parameters

𝜀r

(b) View on PCB-embedded sensor

Figure 5.7: Parameteric model of the inductive sensor

Table 5.1: DoE parameter configuration for the inductive current sensor
parameter symbol lower setting upper setting

1 conductivity of winding 𝜎 0.058 MS/m 58 MS/m

2 length of both coils 𝑙coil 1.5 mm 3.0 mm
3 width of PCB trace 𝑤trace 100 µm 150 µm
4 width of single coil 𝑤coil 1.5 mm 3.0 mm
5 distance between coils 𝑑coil 1.5 mm 5.0 mm
6 relative permittivity of PCB 𝜀r 1.0 4.0
7 number of windings per side 𝑁w 1 2

To adjust the geometry, the most relevant parameters are defined. Figure 5.7a shows
the top view of the layout. The parameter 𝑑coil describes the distance between the two
coils, the parameter 𝑤coil the width of a winding and 𝑙coil the corresponding length of the
winding. Other parameters are 𝑁w, which defines the number of windings per side, and
the parameter 𝑤trace, which describes the width of the conductor track. As in Chapter 3,
the DoE method is used to analyze the influence of the various design parameters. For
this purpose, a lower and upper setting is defined for each parameter, which are listed
in Table 5.1. In addition to the geometrical parameters, two material parameters are
included in the study. These are the specific conductivity 𝜎 of the sensor winding and the
relative permittivity 𝜀r of the dielectric material surrounding the sensor, which is shown in
Fig. 5.7b. For the parameter 𝜎, the conductivity of copper is selected for the upper value,
which is 𝜎 = 58 MS/m. The lower value corresponds to a hypothetical material that has
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only 0.1 % of the conductivity of copper. With regard to 𝜀r, the lower value corresponds
to a structure in air and the upper value to a setup in which the sensor is surrounded
by a PCB material with a typical permittivity of 𝜀r = 4.0. Altogether, the design of the
inductive current sensor is defined by seven parameters with two settings each, resulting
in a full-factorial DoE plan with 𝑁 = 27 = 128 combinations. Each of these 128 designs
is simulated with the software ANSYS Q3D Extractor in the frequency domain. This
software allows the extraction of the S-parameters and was also used in Chapter 4 to
analyze the resistive current sensor.

5.2.3 Evaluation of the Simulation Results

All 128 simulated sensor variants are evaluated according to the process visualized in
Fig. 5.8. The characteristics minimum rise time 𝑡rise and mutual inductance 𝑀 are defined
as target variables. The rise time 𝑡rise correlates directly with the sensor bandwidth and
needs to be as low as possible so that the output signal of the sensor can also follow very
short changes in the input current. The mutual inductance 𝑀, on the other hand, should
be as high as possible so that the sensor delivers an output signal with a high amplitude
and high SNR. As described in Section 5.2.1, inductive sensors are second-order systems
that require a damping resistor 𝑅d. This does not affect the mutual inductance 𝑀, but has
a strong influence on the dynamic behavior and the resulting rise time 𝑡rise. It is therefore
essential for the evaluation of a sensor variant that 𝑅d is optimally dimensioned. Since
the modeling is not based on discrete components, but as a two-port network defined by
the simulated S-parameters, the optimum value for 𝑅d cannot be calculated analytically
and is determined iteratively in this study.

Therefore, the basis of the evaluation is cascading the simulated S-parameters with the
S-parameters of an initial damping resistor 𝑅d = 10 MΩ that is assumed to be ideal. As in
Chapter 4, cascading is performed by multiplying the chain parameters, which is achieved
using the equations shown in Appendix A.4. The concatenated S-parameter matrix is
then converted into Z-parameters to obtain the impedance 𝑍21, which is decisive for the
transmission behavior of the sensor variant. Using the RF Toolbox of MATLAB, the
complex transfer function 𝑍21 is fitted to a rational function. This makes it possible to
calculate the step response for different values of 𝑅d, as shown in Fig. 5.9a for an exemplary
sensor variant. Using the relationship shown in Eq. (5.7), the output signal of the sensor
can be determined by integrating this step response. The gain K is adjusted so that the
output signal reaches an amplitude of 1 A. Figure 5.9b shows the simulated output signals
for different configurations of 𝑅d. High values of 𝑅d lead to shorter rise times of the signal,
but at the same time to overshoots that are unwanted in practical use. If 𝑅d is chosen too
small, the system is overdamped and less dynamic. The relative overshoot is therefore
selected as the criterion for the optimum design of 𝑅d and the procedure described is
repeated until critical damping is achieved. In the selected example, this condition is
fulfilled at 𝑅d = 90 Ω with a rise time of 𝑡rise = 90.9 ps.
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Figure 5.8: Flowchart for evaluating each sensor variant and finding optimal 𝑅d
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Figure 5.9: Evaluation of the step response of a single design with different 𝑅d values

To enable a comparison of all 128 sensor variants, scatter diagrams are used in which
the two output variables 𝑡rise and 𝑀 are mapped against each other (see Fig. 5.10). To
evaluate the influence of the individual parameters, the data is grouped according to
the setting of the respective parameter. Figure 5.10a shows the properties of all sensor
variants depending on the specific conductivity 𝜎 of the winding. It was found that the
variants with a regular copper coil (𝜎 = 58 MS/m) have on average both a shorter rise time
and a higher mutual inductance than the variants with a reduced coil conductivity. A
regular copper coil can therefore be used to construct the inductive sensor. With regard
to the permittivity of the dielectric, Fig. 5.10b shows a clear tendency. The variants
simulated in air (𝜀r = 1) show a significantly better performance in terms of the minimum
rise time 𝑡rise than the variants with 𝜀r = 4.0, which is due to the increase in parasitic
capacitance. However, since a regular PCB is to be used as the assembly technique of the
inductive current sensor, the parameter 𝜀r cannot be significantly influenced in practice.
The coil length 𝑙coil is evaluated in Fig. 5.10c. There is a clear correlation with the mutual
inductance 𝑀, which is significantly increased with a longer coil. However, a longer coil
requires more space on the PCB and therefore also increases the insertion inductance of
the sensor, which is why a trade-off must be made. Finally, the influence of the number of
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Figure 5.10: Mapping of all 128 sensor variants according to the minimum rise time 𝑡rise
vs. mutual inductance 𝑀

turns 𝑁w is examined in Fig. 5.10d. It is noticeable that the variants with a particularly
high mutual inductance 𝑀 always have a double winding. Otherwise, no clear pattern is
recognizable. The presentation of the remaining parameters 𝑑coil, 𝑤coil and 𝑤trace can be
found in Fig. A.4 in the appendix. The parameter 𝑑coil shows both a shorter rise time
𝑡rise and a higher mutual inductance 𝑀 at the lower setting 𝑑coil = 1.5 mm. No significant
effect was determined for the parameters 𝑤coil and 𝑤trace using the selected method. The
analysis of cross-correlations is not considered at this point, as it requires a larger number
of simulations to be meaningful.

Based on the evaluation of all 128 values for 𝑡rise and 𝑀, a optimal variant was selected,
which is encircled in the diagrams in Fig. 5.10. This is the variant with the lowest value
for 𝑡rise and the highest value 𝑀, which can be implemented with regular PCB technology.
The chosen variant is defined by the parameters 𝑤coil = 𝑙coil = 𝑑coil = 1.5 mm, 𝑤trace =
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100 µm and 𝑁w = 2. In the simulation with copper winding and regular dielectric, this
configuration achieved a mutual inductance of 𝑀 = 3.84 nH and a rise time of 𝑡rise = 125 ps
with a damping resistor of 𝑅d = 133 Ω. Finally, the parasitic inductance of the conductor
track was extracted, which is 𝐿probe = 295 pH. In practice, this value depends on the
design and is expected to be lower, as the return path of the current causes partial flux
cancellation.

5.3 Implementation and Characterization of Prototypes

After the geometry of the inductive current sensor has been optimized by simulation,
the sensor is implemented on two different PCBs. The first allows measurements in
the frequency domain with a VNA and the other one allows measurements in the time
domain with a current pulse generator (CPG). The boards shown in Fig. 5.11 both contain
different variants, with only the optimum configuration identified in Section 5.2.3 being
evaluated in the following. To enable a comparison between the single and double winding
in practice, the optimum configuration is implemented with both 𝑁w = 1 and 𝑁w = 2.
As with the measurement of the shunt in Section 4.3.1, the board for frequency-domain
measurements shown in Fig. 5.11a contains SOLT calibration references. Port 1 of the
PCB is contacted with the current-carrying conductor path and port 2 connects to the
voltage output of the coil. Using the method described in Eq. (5.7) for integration in
the frequency domain, the transfer function 𝐺 (j𝜔) is obtained from the S-parameters
converted into Z-parameters.

SOLT calibration
Port 2

DUT

Port 1

(a) Board for measurements with network
analyzer

sensor board

Pearson probe
measuring cable

CPG output

(b) Hardware setup with board for current pulse
test

Figure 5.11: Experimental setups for the characterization of prototypes

Figure 5.12 shows the Bode diagrams of the measured transfer functions for the selected
variant with single and double winding configuration. The measurement was repeated
with different damping resistors, which shows that the bandwidth is strongly influenced
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Figure 5.12: Measured transfer functions of implemented prototypes for different con-
figurations of 𝑅d

by 𝑅d. The values 𝑅d = 50 Ω and 𝑅d = 150 Ω lead to overdamping in both variants, so
that the maximum bandwidth cannot be utilized. For 𝑅d = 250 Ω the bandwidth was
maximized while still suppressing the resonance. This shows that the optimum design of
𝑅d can only be achieved in practice and that the simulated value is only suitable as a
guideline. An upper cutoff frequency of 𝑓c = 2.66 GHz was measured for the variant with
𝑁w = 1 and a slightly reduced upper cutoff frequency of 𝑓c = 2.33 GHz for the variant
with 𝑁w = 2. A physical interpretation could be that the variant with two windings has
a higher parasitic capacitance. Both variants show a flat phase response in the frequency
range below 𝑓c.

In the second experiment, the inductive current sensor is tested in the time domain.
Another board was designed for this purpose, which can be connected to a CPG, as shown
in Fig. 5.11b. The CPG generates current pulses with a defined amplitude of 𝐼set = 20 A
and a slew rate of approximately d𝑖/d𝑡 = 1 A/ns. This allows the usability of the sensor
to be tested in practice and the routine for post-processing to be validated. A reference
measurement of the current to be measured 𝑖sense is performed with a current transformer
from Pearson Electronics Inc., which has a bandwidth of 250 MHz and therefore provides
reliable results in this specific test setup. Figure 5.13a shows the voltage 𝑣ind measured at
the sensor output for both tested variants. As expected, the variant with 𝑁w = 2 provides
a higher amplitude, which is due to the larger mutual inductance 𝑀. The input current
is reconstructed according to the post-processing routine described in [156] and [160].
First, the offset voltage 𝑣offset needs to be determined, with the mean value of 𝑣ind being
calculated in a time window of 100 ns before the switching event according to Eq. (5.8). It
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Figure 5.13: Evaluation of the time domain response of the inductive sensor with a CPG
for two variants with different number of windings

is noticeable that the variant with 𝑁w = 2 has a significantly larger offset voltage, which
can possibly be explained by a relatively greater parasitic capacitance.

𝑣offset =
1

100 ns

∫ 𝑡=0

𝑡=−100 ns
𝑣ind(𝑡) d𝑡 =

{
0.937 mV if 𝑁w = 1
3.20 mV if 𝑁w = 2

(5.8)

Subsequently, the mutual inductance 𝑀 can be calculated via Eq. (5.9). For this purpose,
the integral is formed via the induced voltage 𝑣ind minus the offset 𝑣offset and divided by
the reference amplitude 𝐼set. It is noticeable that doubling 𝑁w leads to an increase of
the mutual inductance by 39.4 %. If offset voltage 𝑣offset and mutual inductance 𝑀 are
identified, the current signal 𝑖sense(𝑡) can be reconstructed using Eq. (5.10).

𝑀 =
1
𝐼set

·
∫ 𝑡=100 ns

𝑡=0

(
𝑣ind(𝑡) − 𝑣offset d𝑡

)
=

{
0.676 nH if 𝑁w = 1
0.942 nH if 𝑁w = 2

(5.9)

𝑖sense(𝑡) =
1
𝑀

·
∫ 𝑡

−∞

(
𝑣ind(𝑡) − 𝑣offset d𝑡

)
(5.10)

Figure 5.13b shows 𝑖sense for both variants of the inductive sensor and the reference mea-
surement via the current transformer. There is very good agreement between the signals
with a measured rise time of 𝑡rise = 25 ns. In the intended application with WBG semi-
conductor devices, significantly shorter rise times are to be expected, but these cannot be
achieved with the hardware setup used. The inductive current sensor is validated under
realistic conditions in the following chapter.
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5.4 Conclusion

In this chapter, an advanced design for an inductive current sensor was presented and
analyzed. First, several existing concepts were evaluated and it was found that pick-up
coils are preferable for the dynamic characterization of fast-switching WBG semiconductor
devices, as they are very compact and achieve high bandwidths. The presented design
is based on a planar pick-up coil, which is inspired by the Infinity Sensor and has been
extended by an additional winding. A parameter study based on simulations was used
to optimize the geometry of this coil. The variant with the shortest rise time and the
highest mutual inductance was chosen for the assembly with a regular PCB. Subsequently,
the inductive current sensor was implemented and tested both in the time and frequency
domains. A high bandwidth of 2.66 GHz was experimentally validated with an parasitic
inductance of approximately 295 pH. In addition, the steps required for post-processing
were described, which is necessary for all inductive measurement techniques that do not
include an integrator circuit. The concept of the planar pick-up coil is validated in the
last chapter of this thesis in the DPT and its performance will be compared to the radial
shunt resistor presented in Chapter 4.
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6 Proof of Concept

In this chapter, the radial shunt resistor introduced in Chapter 4 and the inductive sensor
from Chapter 5 are applied in the DPT as a proof of concept. For this purpose, a sensor
evaluation board with WBG semiconductors is designed, which is presented in Section 6.1.
The key element of this circuit is a half bridge with GaN HEMTs whose drain-source
current 𝑖ds can be measured both via the radial shunt resistor and the inductive sensor.
After the switching behavior is simulated to obtain reference values for the turn-off and
turn-on energies, the circuit is commissioned in Section 6.2. Section 6.3 finishes the
chapter by comparing the simulation results with the results obtained from the different
measurement techniques.

6.1 Design and Simulation of a Low-Inductive GaN
Switching Cell

To validate the performance of the newly developed current sensors, a sensor evaluation
board with a GaN half bridge was designed. To achieve fast switching transients and
to be able to use both measurement techniques simultaneously, a well-planned layout is
required, which is presented in Section 6.1.1. One special feature of the GaN devices used
is an integrated feature to measure the current 𝑖ds. This is discussed in more detail in
Section 6.1.2. Finally, the simulation model and the results obtained with it are presented
in Section 6.1.3.

6.1.1 Board Layout

Figure 6.1 shows the layout of the designed sensor evaluation board. The labeled elements
are explained below.

Semiconductor switches The central element of the switching cell are the GaN HEMTs
of type NV6158 from the manufacturer Navitas Semiconductor [174]. These are connected
in half bridge configuration as depicted in Fig. 6.2b (SHS and SLS). Their rated voltage
is 𝑉DS = 700 V and the nominal current 𝐼D = 12 A, with a value of 𝐼D,pulse = 24 A being
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radial shunt resistor

semiconductor switches

dc-link capacitors

load inductor

inductive current sensor

𝑣ds voltage tap

Figure 6.1: Layout of sensor evaluation board (3d view of the top layer)

specified for pulsed applications. One special feature of the selected component is an
integrated driver stage. Thus, no external gate driver is required which minimizes the
parasitic gate inductance. The component also has an integrated current sense feature,
which is described in Section 6.1.2. The high-side switch (SHS) is permanently in the turn-
off state and only conducts the current in the reverse direction during the freewheeling
state. The slope of the turn-on voltage transient can be controlled via an external gate
resistor 𝑅G,on. According to the recommendation in the datasheet, 𝑅G,on = 50 Ω is used.
The turn-off transient is not adjustable and is set internally via a low-impedance gate
resistor.

Dc-link capacitors To stabilize the dc-link voltage, two capacitors with 𝐶DC = 0.5 µF
each are used, which are multi-layer ceramic capacitors (MLCCs) from the TDK Cer-
aLink® series[175]. These MLCCs are optimized for use with fast-switching power semi-
conductors and offer a low equivalent series inductance (ESL) and a low ESR. To save
space on the board, a voltage rating of 500 V was selected, which limits the maximum
operating voltage of the switching cell.

Load inductor Since the board was designed exclusively for application in the DPT, the
load inductor is located directly on the backside of the PCB. The toroidal coil HHBC24W-
2R1B0065V from KEMET with 𝐿load = 65 µH was selected [176]. The used construction
type has the advantage that, in contrast to a solenoid coil, the external magnetic field is
reduced [18].

Radial shunt resistor To measure the drain-source current 𝑖ds, the shunt resistor pre-
sented in Chapter 4 is implemented on the board. The voltage drop across the shunt
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𝑣shunt is tapped via the coaxial connector of type SMA, which is connected directly to the
50 W input of the oscilloscope. This defines the ground potential, which is connected to
the source contact of the low-side switch (SLS), as shown in Fig. 6.2b.

Inductive current sensor As a further method for measuring the current 𝑖ds, the in-
ductive current sensor presented in Chapter 5 is integrated into the switching cell. It is
placed in series with the shunt resistor. The voltage 𝑣ind is tapped via an coaxial con-
nector in the MHF4 format, which is located on the backside of the PCB and has an
damping resistor 𝑅d = 250 Ω connected in parallel (see Fig. 6.2a). To integrate the sensor
more effectively into the low-inductive layout, the distance between the two windings was
adjusted to 𝑑coil = 5 mm. Any other parameters have been retained and the number of
windings of the implemented sensor variant is 𝑁w = 2.

Further elements The board also contains the auxiliary power supply for the gate driver
via an isolated dc-dc converter, a common mode choke (CMC) and an optical receiver
that receives the logical signal 𝑠on transmitted via fiber to control the low-side switch SLS.
To access the switching voltage 𝑣ds, a coaxial connector of type SMA is located directly
next to SLS. To minimize the parasitic inductance 𝐿loop, a 6-layer PCB is used, for which
the cross-section is shown in Fig. 6.2a. The top layer (L1) contains the components of
the switching cell and the radial shunt resistor. The current is returned via the first inner
layer (L2), resulting in a very small current loop area, as the distance between the two
layers is only 230 µm. This structure is particularly common in GaN applications [177].
The second inner layer (L3) is required to place the inductive sensor in such a way that
it is as close as possible to the current-carrying conductor path. It should be noted that
the magnetic field induced in the sensor is reduced by the opposing current on layer L1.
This reduces the sensor gain, which must be recalibrated in the application. The inner
layers L4 and L5 are unused and are connected to the ground potential of the oscilloscope.
The bottom layer (L6) is used for the voltage tap of the inductive sensor and placing the
damping resistor. The copper thickness on all layers is 35 µm [178].

6.1.2 Integrated Current Sensing

With GaN, there is a trend towards monolithically-integrated circuits [10]. In addition
to the already described integration of a gate driver, a current sensor can also be inte-
grated on the substrate. Possible applications are safety functions such as overcurrent
protection (OCP) or closed-loop control circuits. This has the advantage that no exter-
nal components are required for current measurement and potential drawbacks such as
additional ohmic losses in a shunt resistor are avoided. There are various approaches
for implementing a current-sensing structure, for example by integrating sense electrodes

95



6 Proof of Concept
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Figure 6.2: Structure of the sensor evaluation board

into the channel [179], using existing voltage drops within the HEMT structure [180] or
integrating a magnetic pick-up coil into the footprint of the component [157].

Another approach was presented in [181] and describes an integrated current mirror. This
technique uses a parallel sense FET, which has the same drain and gate contact as the main
transistor, but only carries a defined fraction of the total drain current due to its reduced
channel width. The advantage of this concept is that the channels of the power and the
sense FET are both subject to the same temperature conditions and no additional losses
are generated [182]. The current mirror technology is available in commercial devices, for
example in ICeGaN™ devices from Cambridge GaN Devices [183] or GaNSense™ devices
from Navitas Semiconductors [174]. The used device NV6158 also offers this feature, but
an external resistor 𝑅CS must be connected to the source contact of the sense FET. The
current 𝑖ds,cs through this current sense pin has a ratio of 1:4800 compared to the drain
source current 𝑖ds. Using this factor, 𝑅CS can be dimensioned in such a way that the
same voltage drop results as across the external radial shunt with 𝑅shunt = 83.3 mΩ and
it follows 𝑅CS = 4800 · 𝑅shunt = 400 Ω. To be able to evaluate the performance of the
technology, the voltage across 𝑅CS can be measured on the evaluation board using a
coaxial connector.

Figure 6.3 shows the waveforms of the turn-off and turn-on switching events. The mea-
surement results were generated with the setup that will be presented later in Section 6.2.
When comparing the current measured via GaNSense™ (𝑖ds,cs) with the current measured
via the external shunt resistor (𝑖ds,shunt), it is noticeable that the signal 𝑖ds,cs reacts signifi-
cantly slower and only follows the actual current 𝑖ds with a certain delay. A measurement
of the transients is therefore impossible and the specified bandwidth of 8 MHz is con-
firmed. However, the steady-state value 𝐼sw immediately before the turn-off is recorded
exactly. This makes the integrated current-sensing feature particularly suitable for appli-
cations in which highly dynamic detection is not necessary, such as for the control and
monitoring of power electronic converters. However, in the area of highly dynamic current
measurement, GaNSense™ or similar techniques could be used as a part of an inductive
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Figure 6.3: Comparison of current measurement with external shunt resistor and mea-
surement via GaNSense™ (𝑉sw = 500 V,𝐼sw = 10 A)

current-sensing concept with a lower cutoff frequency. If no external shunt resistor is
available, the dc component of the current required for calibration and reconstructing the
low-frequency components can be measured in this way.

6.1.3 Simulation of the Switching Transients

To have a reference for the measurement with the shunt resistor and the measurement with
the inductive sensor, the switching behavior is also investigated by means of simulation.
It can be assumed that the geometry and material properties of the PCB have a non-
negligible influence on the switching behavior. Therefore, the parasitic elements first need
to be extracted to use them in the following circuit simulation with LTspice.

The parasitic elements are determined with the software ANSYS Q3D Extractor, which
uses a combination of FEM and method of moments (MoM) solvers. The geometry
shown in Fig. 6.4a is imported directly from the PCB design tool Altium Designer, taking
into account not only the copper structure but also the dielectric materials between the
layers. This allows capacitive coupling effects between the conductors to be taken into
account. According to the manufacturer, the PCB core used has a relative permittivity
of 𝜀r,core = 4.5 and the prepregs between the individual copper layers have a relative
permittivity of 𝜀r,prepreg = 4.25 [178]. In addition, the solver takes into account the skin
effect and the proximity effect, which leads to frequency-dependent current densities.

Each pad of the PCB relevant for the simulation was given a corresponding designator
and represents a terminal as shown in Fig. 6.4a. For a pair of two terminals located on the
same conductor, the software calculates the matrix RL, which represents the resistance
and inductance between these two terminals [184]. in the model shown, there are a total of
10 unique conducting pairs, so that RL has the dimension 10 × 10. In addition, a matrix
k of the same dimension is calculated, which describes the magnetic coupling between
the different inductances with coupling factors. For each conductor, the entries in the
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matrix CG are calculated, which contains the capacitance and conductance between the
individual conductors. Since the model has a total of 4 individual conductors, CG has
the dimension 4 × 4. The entries on the diagonal describe the capacitance in relation to
the ground potential, which is defined as being at an infinite distance from the overall
geometry [185]. These matrices are then used to derive the equivalent circuit of the
geometry, which is based on a T-shaped equivalent circuit diagram of a transmission line
and is shown in Fig. 6.4b. The complete model contains one of those equivalent circuits
for each pair of terminals, which are represented by the labels T1 and T2.

Figure 6.4c shows the exported equivalent circuit diagram of the geometry, which contains
the same terminal designations as Fig. 6.4a. A disadvantage of the method is that each
equivalent circuit is only valid at a discrete frequency. Although the simulation can be
extended to any frequency, it is not possible to model a frequency dependency in LTspice
and other circuit simulators with discrete time steps. Hence, all entries of RL and CG are
calculated for a constant frequency of 100 MHz. This means that the model is designed
for a period duration of 10 ns and is therefore in a relevant order of magnitude for the
simulation of switching transients. For the extraction of the power loop inductance of the
entire switching cell, the model was slightly modified. Placeholder geometries were placed
representing the connected components like resistors and dc-link capacitors. In this way,
a closed path from 𝐿𝑆drain to 𝐿𝑆source is formed as shown in Fig. A.6 in the appendix.
The inductance of this path at a frequency of 100 MHz is 𝐿loop = 2.96 nH.

In addition to the parasitic properties of the PCB, the non-ideal components must also
be taken into account [74]. The used inductor has a ESR of 𝑅s = 62 mΩ and a specified
resonant frequency of 𝑓0 = 8 MHz [176]. Using the relationship 𝑓0 = 1/(2𝜋

√
𝐿𝐶), the

value of the parasitic capacitance of the coil can be calculated as 𝐶p = 601 pF. The
specifications for ESR and ESL for the capacitors used can also be taken from the data
sheet and equal 𝑅s = 12 mΩ and 𝐿s = 3 nH [175]. It should be noted that these values are
not linear and depend on both the voltage and the frequency. Furthermore, the capacitors
are placed in such a way that partially flux cancellation is achieved. Since the current is
returned directly underneath the component, it is assumed in the simulation that the ESL
is reduced by 50 %. The manufacturer provides a behavioral model for the component
NV6158, which is similar to the one shown in Fig. 3.2. The complete circuit model to
obtain values for 𝐸off and 𝐸on is shown in Fig. A.5 and is based on the model of the DPT
presented in chapter Chapter 3.

Figure 6.5 shows the simulated switching transients of five simulated operating points.
The voltage 𝑉sw is set to 𝑉sw = 500 V and the switching current 𝐼sw is varied in 4 A steps
from 4 A to 20 A. It is noticeable that the turn-off transition is very fast and is completed
in less than 10 ns. An exception is the turn-off transition at small current, which takes
around 20 ns. The turn-on transition is subject to a uniform pattern and takes longer
the greater the current 𝐼sw is. It is noticeable that the slew rates d𝑣/d𝑡 and d𝑖/d𝑡 are
almost constant across all operating points at turn-on. In contrast to the turn-off event,
there are no significant oscillations after the turn-on and the duration varies between
ranges from approximately 20 ns to 30 ns. The different speeds of turn-off and turn-on are
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Figure 6.4: Simulation and modeling of board parasitics

caused by the external gate turn-on resistance 𝑅G,on = 50 Ω and the internal gate turn-off
resistance 𝑅G,off ≈ 0 Ω. In Appendix A.8 the same diagrams are shown for the voltage
levels 𝑉sw = 300 V and 𝑉sw = 400 V (Fig. A.7).

Figure 6.6 shows the evaluation of the switching energy at turn-off and turn-on. Two
different definitions are used to form the integral over the instantaneous power 𝑝loss =

𝑖ds · 𝑣ds. Firstly, the integral is formed according to the specification from IEC 60747-
8 (see Section 2.1.2) and secondly, the complete integral is calculated over the entire
recorded time window. In both cases, the energies are strictly dependent on the voltage
𝑉sw. With the definition according to the standard IEC 60747-8, the oscillation of 𝑖ds and
𝑣ds after turn-off is no longer taken into account as the integration stops once 𝑖ds drops
below 10 %. Therefore, the standardized integral for calculating 𝐸off is smaller compared
to the full integral. Furthermore, it is recognizable in Fig. 6.5 that the current 𝑖ds falls
particularly steeply at 𝐼sw = 20 A, resulting in the 10 % limit being reached in a very short
time. Therefore, the energies according to the standard decrease for the setting 𝐼sw = 20 A
compared to lower settings for 𝐼sw, as shown in Fig. 6.6. Using the full integral avoids
these types of discontinuities.

The turn-on energy 𝐸on increases continuously with increasing current 𝐼sw. Since the
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Figure 6.5: Simulated switching transients for NV6158 at different operating points
(𝑉sw = 500 V, 𝐼sw = 4 A . . . 20 A, 𝑇j = 25 ◦C)

voltage 𝑣ds does not drop to 0 V after switching on but remains at 𝑅DS(on) · 𝑖ds, the
definition using the full integral also contains conduction losses. A significant share of 𝐸on
is caused by the current overshoot, which, according to the definition from the standard, is
only integrated until the voltage 𝑣ds has dropped to 10 %. Consequently, the full integral
describes the losses caused by switching more precisely and is used in the following.
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Figure 6.6: Simulated switching energies for NV6158 at 15 different operating points
according to both definitions (𝑇j = 25 ◦C)

6.2 Double-Pulse Testing

This section describes the commissioning of the previously presented sensor evaluation
board. Firstly, the measurement setup is presented in Section 6.2.1 and the precautions
that need to be taken for an accurate measurement are shown. The measurement results
for the turn-off and turn-on switching energies are presented in Section 6.2.2. The mea-
sured values are evaluated in Section 6.3 and are compared to the previously determined
simulation data.

6.2.1 Test Setup, Deskewing and Probe Compensation

Figure 6.7 shows the hardware setup for the DPT. The sensor evaluation board is con-
nected to an existing test bench, which provides the voltage 𝑉sw via large capacitors. The
power supply for the driver and logic is provided by an electrically isolated laboratory
power supply unit and the signal 𝑠on for controlling the low-side HEMT is provided via
an optical fiber cable. The voltage 𝑣shunt at the shunt resistor is connected directly to
the 50 W input of the oscilloscope WaveRunner 8208HD via a coaxial cable, as already
described in Section 6.1. It should be noted that the maximum permissible input voltage
of the oscilloscope is 𝑉max = 5 Vrms, which with a shunt resistance of 𝑅shunt = 83.3 mΩ
limits the maximum permissible current to 𝐼max =

𝑉max
𝑅shunt

= 60 A. The voltage tap for the
GaNSense™ feature is not connected, as this has proven to be unsuitable for measuring
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Figure 6.7: Measurement setup with sensor evaluation board

the switching transients and would form another common-mode path. The voltage 𝑣ds
and the voltage 𝑣ind of the inductive sensor are accessed via passive probes of the type
PP018, which are connected via coaxial connectors. These have a bandwidth of 500 MHz
each, an input impedance of 10 MW and an attenuation ratio of 10:1 [61]. According to
the analysis carried out in Chapter 3, this bandwidth is sufficient for the semiconduc-
tor class used. Directly tapping the voltage 𝑣ind via the 50 W input of the oscilloscope
has not proven to be practicable, as the terminating resistance is connected in parallel
with the damping resistor 𝑅d of the inductive sensor and would significantly reduce the
bandwidth. The temperature is kept at around 25 °C throughout the measurement by
manually controlling the air circulation in the test bench cabin.

As demonstrated in Chapter 3, the deskewing, which is the compensation of the time offset
between the voltage measurement and the current measurement, plays a critical role in
DPTs and is one of the major sources of error. Therefore, it is necessary to examine the
transmission characteristics of the measuring equipment. The setup shown in Fig. 6.8a
is used for this purpose. The oscilloscope used has an auxiliary (AUX) output, which
provides a square-wave signal with a very short rise time. The square-wave signal is fed
back via a cable into one oscilloscope channel (CH2), which is terminated with 50 W. The
Y-adapter located at the input of CH2 enables a further tap of the square-wave signal.
The probe or cable to be measured is connected to this adapter and to another channel
(CH1). This configuration allows the time offset Δ𝑡 to be determined. The accuracy of the
deskewing is in the range of the sampling rate, which is 𝑡s = 100 ps. To perform deskewing
at a difference that is smaller than the sampling rate, interpolation is required between
the individual samples. Figure 6.9 shows the recorded waveforms and the resulting values
for Δ𝑡 for the passive probe PP018 and the coaxial cable connected to the shunt resistor.
The steps in the signals seen in Fig. 6.9b are caused by wave reflections on the line. The
group delay, which results from the transmission behavior 𝑍21 of the shunt, cannot be
recorded with this procedure, but is negligible compared to the influence of the cable.
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Figure 6.8: Deskewing setup and passive voltage probe structure
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Figure 6.9: Deskewing of passive voltage probe and shunt

Besides deskewing, there is another characteristic of passive probes that must be taken into
account. A passive probe is a resistive voltage divider that is formed from the impedance
of the probe tip and the input impedance of the oscilloscope [186], [187]. Figure 6.8b
shows the typical structure of a passive probe. The impedance of the probe tip for a
10:1 probe is 𝑅tip = 9 MΩ and is connected in series with the input impedance of the
oscilloscope, which is formed by the resistor 𝑅in = 1 MΩ. To avoid reflections on the
cable, a specialized lossy cable made of NiCr wire is used, which represents a distributed
termination system [188]. In addition, there is the parasitic capacitance of the probe tip
𝐶tip = 10 pF and the input capacitance 𝐶in = 19 pF of the oscilloscope [61], [72]. To
achieve a constant dividing ratio of 10:1 over the entire frequency range, it is necessary
that the two time constants 𝜏 of the probe tip and of the oscilloscope input are identical.
To fulfill this condition, the additional capacitance 𝐶comp is required, which is located in
the connector at the oscilloscope input and can be variably adjusted with a screw. The
voltage divider can then be described via Eq. (6.1) and is valid if the condition Eq. (6.2)
is fulfilled.

𝑣out
𝑣in

=
1
10 =

𝑅in | | (𝐶comp + 𝐶in)(
𝑅tip | |𝐶tip

)
+
(
𝑅in | | (𝐶comp + 𝐶in)

) (6.1)
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𝜏 = 𝑅tip · 𝐶tip
!
= 𝑅in · (𝐶in + 𝐶comp) (6.2)

In the give setup, Eq. (6.2) is fulfilled at 𝐶comp = 71 pF. To set the capacitance precisely,
the same setup can be used as for deskewing (see Fig. 6.8a). The different cases are shown
in Fig. 6.9a. In the overcompensated case, 𝐶comp was set too large and in the undercom-
pensated case, 𝐶comp was set too small. In addition to the compensation presented, there
is a further high-frequency compensation for correcting overshoots. This is calibrated by
default and can be adjusted as required using additional screws as described in [61]. If
the properties deskewing and compensation are properly taken into account, it is possible
to achieve reliable measurement results with a passive probe, as the following section will
show.

6.2.2 Characterization Results

The following results were measured with the presented setup. The desired current 𝐼sw
was set by calculating the required turn-on period 𝑡ramp. Figure 6.10 shows the measured
switching transients at 𝑉sw = 500 V. In addition to the drain-source voltage 𝑣ds, the plot
shows the current 𝑖shunt measured with the radial shunt and the current 𝑖ind measured with
the inductive sensor. The voltage 𝑣shunt measured at the shunt was scaled with 𝑅shunt and
filtered with the filter presented in Chapter 4 to obtain the current 𝑖shunt. To obtain 𝑖ind,
the output signal 𝑣ind was integrated according to the post-processing routine explained
in Section 5.3. The dc offset was determined using a time window immediately before the
turn-off event and subtracted from 𝑣ind. The gain factor for the integral was determined
using the known amplitude of 𝑖shunt. The measured switching transients for the voltage
levels 𝑉sw = 300 V and 𝑉sw = 400 V can be found in Fig. A.8 in the appendix.

The resulting transients are very similar to those obtained in the simulation, which were
shown in Fig. 6.5. As expected, the turn-off process is very fast and is completed in
approximately 10 ns. Similar as in the simulation, turning off the small current 𝐼sw = 4 A
takes significantly longer. In addition, it is noticeable that the switching current 𝐼sw = 20 A
was not reached exactly. The reason for this is that the current rise during the first pulse
of the DPT is non-linear and, due to frequency-dependent circuit parameters 𝐿load and
𝑅s, the duration 𝑡ramp can only be estimated (see Appendix A.2). An exact adjustment
of 𝐼sw requires several iterations of the DPT and is not necessary in most cases. A further
observation is the oscillation caused by the turn-off transient, which is particularly ap-
parent in the inductive current measurement with a frequency of approximately 130 MHz.
In the case of the turn-on event, very smooth waveforms were recorded with the shunt,
which, as in the simulation, are characterized by a constant d𝑖/d𝑡. The current 𝑖ind again
shows an oscillation at a frequency of approximately 130 MHz. All voltage transient 𝑣ds
occur without significant overshoots or oscillations. This indicates a proper design of the
switching cell. A precise comparison of the measured and simulated rise times is provided
in Section 6.3.
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Figure 6.10: Measured transients with shunt and inductive sensor at different operating
points (𝑉sw = 500 V, 𝐼sw = 4 A . . . 20 A, 𝑇amb = 25 ◦C)

The aim of the measurement was to determine the switching energies 𝐸off and 𝐸on by
calculating the complete integral of 𝑝loss. The time windows match the diagrams in
Fig. 6.10 and have a length of 35 ns at turn-off and 60 ns at turn-on. Figure 6.11 shows
the resulting switching energies 𝐸off and 𝐸on that were calculated from the measured
waveforms of each operating point. In the case of the turn-on switching energy, there is
a very close match between the measurement with shunt resistor and inductive sensor.
The shape of the individual curves corresponds to the simulated values from Fig. 6.6. A
detailed comparison with the simulated values is made in Section 6.3. In the case of the
turn-off switching energy, it is noticeable that the measurement with the inductive current
sensor leads to rather irregular results. This is due to the oscillation that can be seen
when comparing 𝑖shunt and 𝑖ind. In Fig. A.9 in the appendix the same plot is shown for
the definition of the integral via IEC 60747-8. In this case, there is again a high level of
agreement between the two measurement methods for 𝐸on and a considerable irregularity
for 𝐸off .
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Figure 6.11: Measured switching energies with shunt and inductive sensor at different
operating points (𝑉sw = 300 V . . . 500 V, 𝐼sw = 4 A . . . 20 A, 𝑇amb = 25 ◦C)

6.3 Evaluation of the Measurement Accuracy

Since the switching behavior has been analyzed both by simulation and by measurement,
the measurement accuracy is evaluated by comparing the different results with each other.
Fig. 6.12 shows a comparison of the simulated and measured switching transients for a
single operating point. It is apparent that there is a relatively high level of agreement
between the simulated transients with regard to the gradient rates d𝑖/d𝑡 and d𝑣/d𝑡 as well
as the rise times. Since there are multiple operating points and the visual comparison of
the waveforms is not precise, the derived dynamic characteristics are compared to each
other in this section. The focus of the evaluation is on the switching energies 𝐸off and
𝐸on, with the rise times and fall times being considered initially.

Table 6.1 and Table 6.2 compares the rise times and fall times of the simulated and
measured quantities 𝑣ds and 𝑖ds. In the case of 𝑣ds, 𝑡rise refers to the turn-off event and
𝑡fall to the turn-on event. With 𝑖ds this is reversed and 𝑡rise is measured at the turn-on
and 𝑡fall at the turn-off instance. To avoid having to consider all 15 operating points,
only the minimum and maximum recorded values are compared. In the case of the drain-
source voltage 𝑣ds, it is noticeable that the simulated transients are consistently faster
than the measured ones. The highest relative deviation is for the minimum measured
rise time 𝑡rise,min and measures 41 %. This can also be transferred to the measurement of
𝑖ds and indicates that either the simulation is inaccurate or the bandwidth is insufficient.
According to the datasheet, the voltage probe used has a minimum rise time of 𝑡rise =

700 ps [61]. It can therefore be assumed that the measurement accuracy is sufficient
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Figure 6.12: Comparison of simulated and measured switching transients (𝑉sw = 500 V,
𝐼sw = 20 A, 𝑇amb = 25 ◦C)

Table 6.1: Characteristics of 𝑣ds

simulation measurement
𝑡rise,min 1.56 ns 2.16 ns
𝑡rise,max 11.7 ns 16.5 ns
𝑡fall,min 6.62 ns 8.83 ns
𝑡fall,max 10.8 ns 11.1 ns

Table 6.2: Characteristics of 𝑖ds

simulation shunt inductive
𝑡rise,min 1.11 ns 2.30 ns 1.80 ns
𝑡rise,max 5.33 ns 8.03 ns 7.94 ns
𝑡fall,min 1.46 ns 2.64 ns 1.90 ns
𝑡fall,max 9.05 ns 23.0 ns 23.3 ns

and the deviation is caused by inaccuracies in the simulation. This is confirmed by
the observation that the rise times of 𝑖ds measured with shunt and inductive sensor are
relatively consistent. The highest relative deviation between the measurement methods
can be found at 𝑡fall,min and is 39 %.

The next comparison relates to the measurement of the switching energies 𝐸off and 𝐸on.
To visualize deviations between the differently determined switching energies across all
operating points, heatmaps are selected as a display method as shown in Fig. 6.13. Each
row shows the operating points that were recorded at one specific switching voltage 𝑉sw,
whereas each column shows the values for on specific switching current 𝐼sw. In the sim-
ulation carried out in Section 6.1.3, the switching energies were determined at the exact
points 𝐼sw = 4 A, 8 A, 12 A, 16 A and 20 A. The measurements carried out in Section 6.2
did not exactly match these values. To allow a more precise comparison the switching
energies are interpolated to these current levels using the curves shown in Fig. 6.11a and
Fig. 6.11b. This enables the switching energies to be compared at uniform settings for
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four different settings of 𝐼sw. With 𝑉sw, no interpolation is necessary as the voltages
are consistent in simulation and measurement and are set to the values 300 V, 400 V and
500 V. Above each plot, the overall mean value 𝜇 of the respective comparison is shown.

The relative percentage error between simulation and shunt measurement is shown in
Fig. 6.13a and Figure 6.13b. With the exception of individual points, the relative devia-
tion is less than 10 %, which corresponds to a high level of agreement. On average, there
is a deviation of 𝜇 = 3.46 % for 𝐸off and a deviation of 𝜇 = 2.97 % for 𝐸on The points
with the highest deviation for both 𝐸off and 𝐸on are at 𝑉sw = 500 V. Figure 6.13c and
Fig. 6.13d show the comparison between simulation and measurement with the inductive
current sensor. It is noticeable that the measurement of 𝐸off with the inductive sensor is
highly inaccurate and the relative deviation is on average 90 %. In the case of 𝐸on, the
deviation is significantly better and is similar to the values that resulted from the mea-
surement via the shunt with an average relative deviation of only 1.57 %. In Fig. A.11 the
same representation for the deviation between measured and simulated switching energies
based on the standard IEC 60747-8 can be found. With this definition, there is again
close correlation between simulation and measurement for 𝐸on across both measurement
methods. 𝐸off , on the other hand, deviates strongly from the simulated value for both
measurement methods. The main reason for this is the oscillation after turning off.

Finally, the measurements performed with shunt and inductive sensor are compared to
each other in Fig. 6.14. Figure 6.14a shows the comparison for the measurement of
𝐸off . This shows a very high deviation, which is on average 84 %, from which it can be
concluded that the inductive sensor is not suitable for measuring the turn-off transient.
When measuring 𝐸on, Fig. 6.14b shows a very high level of agreement, with an average
deviation of only 1.38 %. Both comparisons are shown in Fig. A.10 using the standard
IEC 60747-8. In this case, the relative deviation of 𝐸off is slightly lower and the deviation
of 𝐸on remains at a very low level.

Based on the comparisons made between simulation and the two measurement methods,
the following conclusions can be made:

• The inductive current sensor is not suitable for measuring the turn-off event. One
possible reason is the voltage tap via the passive probe. This is not ideal because
even if the passive probe has a high input impedance, it also has an input capacitance
of 10 pF, which was not taken into account in the previous modeling. The oscillation
of 𝑖ind is less strong with 𝑖shunt and is therefore assumed to be an artifact of the
inductive current sensor. A possible improvement could be achieved with a high-
impedance probe that has a lower input capacitance [157].

• There is a remaining deviation between simulation and measurement, which is in the
single-digit percentage range and can be up to 15 % in individual cases. There are
various possible explanations for the remaining uncertainty. Firstly, the simulation
did not simulate any temperature influences that may exist in the measurement
setup. Other effects include possible common-mode currents through the various
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Figure 6.13: Relative percentage error between measurement and simulation at different
operating points for both evaluated sensors

measurement cables, which are difficult to model, as well as the probe parasitics. In
addition, there may be manufacturing tolerances in the components and the PCB
as well as errors in the simulation due to frequency-dependent parameters that are
not modeled in LTspice.

• The turn-on switching energies, which make up a major part of the total energy,
were measured correctly as the two measurement methods agree very well with an
average deviation of only 1.38 %. Compared to the simulation, the measurement
with the shunt shows similar deviations for the turn-on and turn-off transition and
it can be assumed that these were caused by inaccuracies in the simulation model
and not by measurement errors. With regard to 𝐸on, it makes no difference in terms
of the measurement deviation whether the definition according to IEC 60747-8 or
the full integral over the switching power is used.
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Figure 6.14: Relative percentage error between shunt measurement and inductive mea-
surement at different operating points

6.4 Conclusion

In this chapter, the two measurement methods for the drain-source current 𝑖ds presented
in Chapter 4 and Chapter 5 were validated. For this purpose, a corresponding sensor
evaluation board was constructed, which implements the radial shunt and the inductive
sensor in series and has a low power loop inductance of 𝐿loop = 2.96 nH. The switch-
ing behavior of this switching cell, which is based on GaN devices with a rated voltage
of 700 V, was initially investigated by simulation, with special attention being given to
modeling the parasitics of the PCB. After explaining the steps required in advance, such
as probe compensation and deskewing, the previously simulated double-pulse tests were
carried out at different voltage and current levels. The measurement error was evaluated
using different comparisons. With regard to 𝐸off , it was shown that measurements with
the inductive sensor lead to significant deviations and the voltage tap of the inductive
sensor was identified as a possible cause. When measuring 𝐸on, the two measurement
methods shunt and inductive sensor only deviate from each other by an average of 1.38 %
and a maximum of 4.23 %. Furthermore, the shunt shows a high agreement with an av-
erage deviation of −2.97 % to the simulation. Overall, the current measurement with the
radial shunt resistor has proven to be very precise and is therefore the preferred current
measurement technique for the dynamic characterization of WBG semiconductor devices.
Further advantages were found during implementation, such as direct voltage acquisition
via a coaxial cable with the oscilloscope and no complex post-processing being required.
Another advantage of the shunt is that only two layers are required on one side of the
PCB core in contrast to the inductive sensor, which requires at least three layers on one
side of the PCB core and is therefore more complex to implement.
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7 Conclusions and Outlook

This thesis investigated the dynamic characterization of semiconductor devices, focusing
high-bandwidth current-probing techniques. In the final chapter, Section 7.1 summarizes
the most important findings of this work. This is followed by Section 7.2, which gives an
outlook on further research.

7.1 Outcomes of This Work

The results of this work can be broken down into three main topics. The first outcome
is the improved comprehension of measurement errors that occur in DPTs. The second
outcome is the design and implementation of a novel shunt resistor and the third outcome
the design and implementation of a novel inductive current sensor. Both techniques are
suitable for measuring drain-source currents with very short rise times and have been
successfully validated for switching energy measurements.

Improved Comprehension of Measurement Errors in DPTs This work has investi-
gated which parameters influence the measurement of the switching energies in DPTs
and how significant the respective effect on the measurement accuracy is. With regard to
the parasitics of the probes, it was shown that the inductance of the current sensor is most
significant, especially for LV GaN devices. The application of conventional coaxial shunts
that have an inductance of approximately 2 nH can lead to measurement errors beyond
20 %. With regard to the input capacitance of the voltage probe, the maximum effect
was found for HV SiC devices, although this effect is less pronounced. In addition, the
influence of the limited bandwidths of probes was investigated. Concerning the voltage
measurement, it was shown that a bandwidth of 500 MHz is sufficient for measuring the
switching energies in most cases, with LV GaN devices requring a higher bandwidth as an
exception. About the current measurement, it has been shown that the bandwidth should
be in the range of 1 GHz to obtain accurate results. Finally, the influence of deskewing
was evaluated, which is significant and an accuracy of less than 100 ps should be reached.
All effects were quantified for a total of four different WBG devices. This contributed to
a better assessment of the requirements and the optimization potential of DPTs.
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Design and Implementation of a Novel Shunt Resistor Another key outcome is the
design of a resistive current sensor. The design presented is based on a circular arrange-
ment of thin-film resistors in a 0402 package, which are placed directly underneath a
coaxial connector. Using FEM, a very low parasitic inductance of only 84.1 pF was deter-
mined. The transfer function of the radial shunt was characterized by measurements with
a VNA. In combination with a matched FIR filter, a very high bandwidth of 2.17 GHz
was achieved. The drawback of resistive current measurement is the thermal stress on
the shunt resistors. By means of analytical calculations, a SOA was defined, which allows
DPTs with an amplitude of 100 A. The concept of the radial shunt was validated in
DPTs with GaN HEMTs and a high level of agreement was achieved with the simulation.
In this way, a straightforward solution was introduced that fulfills the requirements for
drain-source current measurement of WBG semiconductor devices. Since the design is
easy to adopt, it can in many cases replace the conventional coaxial shunt, which is less
dynamic and also much more cost-intensive than the proposed radial shunt.

Design and Implementation of a Novel Inductive Current Sensor A further outcome
is the design of an inductive current sensor. The planar pick-up coil, which is embedded in
a multi-layer PCB, allows the evaluation of the magnetic field caused by the drain-source
current. A parameter study based on simulations was used to optimize the geometry of
this coil, which requires a trade-off between the criteria of minimum rise time and mutual
inductance. Using prototypes, a very high bandwidth of 2.66 GHz was experimentally
validated with a parasitic inductance of approximately 295 pH. In addition, the steps
required for post-processing were described, which is a drawback of all inductive measure-
ment methods without integrator circuitry. In return, the advantage is that the sensor
is not thermally stressed. The concept of the planar pick-up coil was validated in DPTs
with GaN HEMTs and a high level of agreement was achieved with the simulation for the
turn-on switching energy.

7.2 Potential for Further Research

In future work, the highly-dynamic current measurement can be further improved. With
regard to resistive current measurements, there is great potential in the assembly technol-
ogy. This involves overcoming the design with conventional discrete thin-film resistors and
building a radial or coaxial structure with a continuous resistive thin film. This allows the
component to be miniaturized even further, which reduces the parasitic inductance. As
a result, the same measurement bandwidth can be achieved with lower ohmic resistance,
improving the thermal performance. It is conceivable to integrate such a structure directly
into a PCB or even into the package of a component. In addition to the assembly technol-
ogy, the bandwidth can also be extended via compensation networks. Analog filters and
operational amplifiers offer the potential to flatten the frequency response beyond 2 GHz
so that even shorter rise times can be recorded precisely.
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7.2 Potential for Further Research

Further improvements are also possible with regard to inductive current measurement.
It has been shown that very high bandwidths are possible through the miniaturization
of pick-up coils. With this concept, it is also conceivable to integrate it directly into
the package of a component to eliminate the need for additional space. This is a possi-
ble development of integrated current measurement, which is already available in some
devices via less dynamic sense FETs. Compared to resistive current measurement, the
inductive current measurement has the decisive advantage of being lossless. Nevertheless,
the challenges of inductive measurement have to be solved, which primarily include noise
coupling and the analog integration of the induced voltage.

Another challenge with DPTs is the issue of deskewing. The evaluation of the mea-
surement accuracy has shown that this factor can have a very significant effect on the
measurement accuracy of the switching energies. The time offset between current and
voltage measurement can be determined within a few hundred picoseconds using refer-
ence measurements. However, a certain degree of uncertainty remains, as the group delay
of a probe is both frequency-dependent and potentially also amplitude-dependent. For
even faster-switching devices, it is therefore essential to develop new methods that al-
low reliable deskewing. This could be achieved using algorithms in post-processing or
customized calibration techniques.

113



114



A Appendix

A.1 Relationship between Rise Time and Bandwidth of a
Low-Pass System

The following equations show the relationship between rise time 𝑡rise and cutoff frequency
𝑓c of a first-order low-pass filter with the time constant 𝜏 = 𝑅𝐶 [189]. The circuit shown
in Fig. A.1a is excited with a step signal with the amplitude 𝑣in, which leads to the step
response shown in Fig. A.1b.

𝑣in

R

C 𝑣out

(a) 1st order RC lowpass filter

𝑣in
𝑣out (t)

t𝜏

𝑡1 𝑡2

(b) step response

Figure A.1: Relationship between rise time and bandwidth for a low-pass system

The output signal 𝑣out follows the exponential function Eq. (A.1)

𝑣out(𝑡) = 𝑣in ·
(
1 − 𝑒( −𝑡

𝜏 )
)

(A.1)

The relevant points 𝑡1 and 𝑡2 for calculating the rise time at 10 % and 90 % can be calcu-
lated using the following equations:

𝑣out(𝑡1) = 0.1𝑣in = 𝑣in

(
1 − 𝑒

(
−𝑡1
𝜏

) )
(A.2)

⇒ 0.1 = 1 − 𝑒
(
−𝑡1
𝜏

)
(A.3)

⇔ 𝑡2 = − ln(0.1) · 𝜏 (A.4)

𝑣out(𝑡2) = 0.9𝑣in = 𝑣in

(
1 − 𝑒

(
−𝑡2
𝜏

) )
(A.5)

⇒ 0.9 = 1 − 𝑒
(
−𝑡2
𝜏

)
(A.6)

⇔ 𝑡2 = − ln(0.9) · 𝜏 (A.7)
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The difference equals the rise time 𝑡rise:

𝑡rise = 𝑡2 − 𝑡1 (A.8)

⇒ 𝑡rise = ln
(
0.9
0.1

)
· 𝜏 = 2.2 · 𝜏 (A.9)

This expression for 𝑡rise is finally inserted into the definition for 𝜏 from Eq. (A.10), from
which the desired relationship follows:

𝜏 =
1

2𝜋 𝑓c
(A.10)

⇒ 𝑡rise =
0.35
𝑓c

(A.11)

A.2 Calculations for the DPT with Non-linear
Magnetization Phase

The following equations allow the required inductance 𝐿load to be calculated for the case
of a short time constant 𝜏 = 𝐿load

𝑅s
of the magnetization phase and provide an approach for

calculating 𝐶DC via the energy balance. In this case, the current 𝑖L follows a flattening
curve described by Eq. (A.12), which leads to Eq. (A.13)

𝑖L(t) =
𝑉sw
𝑅s

(1 − 𝑒−𝜏t) (A.12)

⇔ 𝐿load =
−𝑅s
𝑡ramp

ln
(
1 − 𝑅s𝐼sw

𝑉sw

)
(A.13)

The energy stored in the inductance in this case is equivalent to Eq. (A.14):

Δ𝐸L =
1
2𝐿load𝐼sw

2 =
−𝑅s𝐼sw

2

2𝑡ramp
ln

(
1 − 𝑅s𝐼sw

𝑉sw

)
(A.14)

The energy that is lost in the resistance 𝑅s can also be calculated from Eq. (A.12):

Δ𝐸R =

∫ 𝑡ramp

0
𝑅s𝑖L

2(t)d𝑡 = 𝑉sw
2

𝑅s

(
𝑒−2𝜏𝑡ramp (4𝑒𝜏𝑡ramp − 1)

2𝜏 + 𝑡ramp

)
(A.15)

Both formulas for Δ𝐸L and Δ𝐸R can be used to calculate Δ𝐸C via the energy balance:

Δ𝐸C = Δ𝐸L + Δ𝐸R (A.16)

An analytical solution for 𝐶DC is not provided at this point.
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A.3 Extended Analysis of Simulated Switching Energies
and Error Distributions

0.6 0.8 1

(p.u.)

15

20

25

E
o
,

(7
J
)

Vsw

11:8

10 20 30 40

(A)

Isw

15:1

0 50 100

(/C)

Tj

0:8

7 = 20 7J

(a) turn-off DUT B

0.6 0.8 1

(p.u.)

50

100

150

E
o
n

(7
J
)

Vsw

81:7

10 20 30 40

(A)

Isw

148:4

0 50 100

(/C)

Tj

70:1

7 = 110 7J

(b) turn-on DUT B

0.6 0.8 1

(p.u.)

50

100

150

200

250

E
o
,

(7
J
)

Vsw

121:9

10 20 30 40

(A)

Isw

231:6

0 50 100

(/C)

Tj

45:2

7 = 160 7J

(c) turn-off DUT D

0.6 0.8 1

(p.u.)

200

400

600

E
o
n

(7
J
)

Vsw

304:7

10 20 30 40

(A)

Isw

555:4

0 50 100

(/C)

Tj

!119:7

7 = 380 7J

(d) turn-on DUT D

Figure A.2: Simulated main effects of switching energies (DUT B and DUT D)
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Figure A.3: Distribution of rel. errors for each DUT according to IEC standard
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A.4 Conversion of Network Parameters

The following equations allow the elements of a 2-port S-parameter matrix to be converted
into Z-parameters:

𝑍11 =
((1 + 𝑆11) (1 − 𝑆22) + 𝑆12𝑆21)

ΔS
· 𝑍0 (A.17)

𝑍12 =
2𝑆12
ΔS

· 𝑍0 (A.18)

𝑍21 =
2𝑆21
ΔS

· 𝑍0 (A.19)

𝑍22 =
((1 − 𝑆11) (1 + 𝑆22) + 𝑆12𝑆21)

ΔS
· 𝑍0 (A.20)

ΔS = (1 − 𝑆11) (1 − 𝑆22) − 𝑆12𝑆21 (A.21)

The following equations allow the elements of a 2-port S-parameter matrix to be converted
into T-parameters:

𝑇11 =
−det(𝑆)
𝑆21

= 𝑆12 −
𝑆11𝑆22
𝑆21

(A.22)

𝑇12 =
𝑆11
𝑆21

(A.23)

𝑇21 =
−𝑆22
𝑆21

(A.24)

𝑇22 =
1
𝑆21

(A.25)

The following equations allow the elements of a 2-port T-parameter matrix to be converted
back into S-parameters:

𝑆11 =
𝑇12
𝑇22

(A.26)

𝑆12 =
det(𝑇)
𝑇22

= 𝑇11 −
𝑇12𝑇21
𝑇22

(A.27)

𝑆21 =
1
𝑇22

(A.28)

𝑆22 =
−𝑇21
𝑇22

(A.29)
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A.5 Code Snippets for Filter Design in MATLAB

%% Load exemplary waveform as input current
load stepDataOffset .mat % example from MATLAB
y_in = stepOffset .Data - stepOffset .Data (1);
t = stepOffset .Time *30e -9; % scaled time vector
ts = t(2) -t(1); % get sample time

%% Load touchstone file with simulated or measured S-
parameters and obtain transfer function of shunt including

50Ohm termination
S = sparameters ('shunt_measurement .s2p ');
f = S. Frequencies ;
S_T = cascadesparams (S, sparameters ( shuntRLC ('R' ,50),f));
Z_T = s2z(S_T. Parameters ); % converstion to Z-param.
Z21_T = squeeze (Z_T (2 ,1 ,:)); % extract Z_21
R_shunt = abs(Z21_T (1)); % get dc resistance

%% Simulate shunt response in time domain
Z21_fit = rational (f,Z21_T ,'TendsToZero ',false ,'ErrorMetric ',

'Relative ','Causal ',true);
[y_out ,˜ ,˜] = timeresp (Z21_fit ,y_in/R_shunt ,ts);

%% Design FIR lowpass filter and apply zero -phase filtering
Fs = 1/ts; % sampling frequency of input signal

d = designfilt (" lowpassfir ", ...
SampleRate = Fs , ...
PassbandFrequency = 1.3e9 , ...
StopbandFrequency = 2.2e9 , ...
PassbandRipple = 0.1, ...
StopbandAttenuation = 40, ...
DesignMethod = 'equiripple ');

y_comp = filtfilt (d,y_out);

%% plot input current , shunt response , filtered response
plot(t,[y_in , y_out , y_comp ])
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A.6 Additional Diagrams for the Parameter Study of the
Inductive Sensor
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Figure A.4: Mapping of all 128 sensor variants according to the minimum rise time 𝑡rise
vs. mutual inductance 𝑀 (continued)
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A.7 Simulation Models of the Sensor Evaluation Board
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.tran 0 {T_ON+4*DT} {T_ON+DT-30n} 100p

.param L_DPT = 65u

.param DT = 100n; dead time

.param T_ON = ISW*L_DPT / VBUS; Turn-on period

.param T_P = T_ON+2*DT; total period

.option temp=25; Set Tj

.param VBUS = 400; DC bus voltage

.param ISW = 12; Switching Current

.step param ISW list 4 8 12 16 20

.step param VBUS list 300 400 500

 ---  C:\Users\skl\sciebo\ISEA_Homeoffice\CIRCUIT SIM\LTspice\25_DPT_NV6158\GN008_DPT_variable_ramp_Q3D.asc  --- 
Figure A.5: LTspice simulation circuit with NV6158 and PCB subcircuit

𝐿loop

Figure A.6: Definition of the power loop inductance 𝐿loop =2.96 nH in ANSYS
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A.8 Simulated and Measured Switching Transients at
300 V and 400 V
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Figure A.7: Simulated switching transients for NV6158 at different operating points
(𝑉sw = 300 V . . . 400 V, 𝐼sw = 4 A . . . 20 A, 𝑇j = 25 ◦C)
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Figure A.8: Measured switching transients with shunt and inductive sensor at different
operating points (𝑉sw = 300 V . . . 400 V, 𝐼sw = 4 A . . . 20 A, 𝑇amb = 25 ◦C)
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A.9 Measured Switching Loss According to the IEC
Standard
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Figure A.9: Measured switching loss with shunt and inductive sensor according to IEC
60747-8 (𝑉sw = 300 V...500 V, 𝐼sw = 5 A...20 A, 𝑇amb = 25 ◦C)
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Figure A.10: Relative percentage error between shunt and inductive sensor at different
operating points according to the integral definition from IEC 60747-8
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Figure A.11: Relative percentage error between measurement and simulation at differ-
ent operating points according to the integral definition from IEC 60747-8
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B Acronyms

𝐴𝑙2𝑂3 Aluminum oxide

ADC analog-to-digial converter
AlN Alimunum nitride
AUX auxiliary

BFOM Baliga Figure of Merit

c-BN cubic Boron nitride
CMC common mode choke
CMRR common mode rejection ratio
CPG current pulse generator

DoE design of experiments
DPT double-pulse test
DSO digital storage oscilloscope
DUT device under test

EMI electromagnetic interference
ENOB effective number of bits
ESL equivalent series inductance
ESR equivalent series resistance

FEM finite element method
FET field-effect transistor
FIR finite impulse response
FOCS fibre-optic current sensor

GaN Gallium nitride

HEMT high-electron-mobility transistor
HV high-voltage

IGBT insulated-gate bipolar transistor

LV low-voltage
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Acronyms

MLCC multi-layer ceramic capacitor
MoM method of moments
MOSFET metal-oxide semiconductor field-effect transistor
MPE mean percentage error

Ni-P nickel-phosphorus
NiCr Nichrome

OCP overcurrent protection

PCB printed circuit board
PDF probability density function
pp percentage point
PWM pulse-width modulation

SBD Schottky barrier diode
Si Silicon
SiC Silicon carbide
SMA SubMiniature version A
SMB SubMiniature version B
SMD surface-mounted device
SNR signal-to-noise ratio
SOA safe operating area
SOLT short-open-load-thru

TCR temperature coefficient of resistance

UWBG ultrawide-bandgap

VNA vector network analyzer

WBG wide-bandgap

ZVS zero-voltage switching
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C Symbols

𝛼R temperature coefficient of resistance (TCR)
𝜔 angular frequency

𝐶comp probe compensation capacitance
𝐶DC capacitance of DC-link capacitor
𝐶DS drain-gate capacitance
𝐶GD gate-drain capacitance
𝐶GS gate-source capacitance
𝐶in input capacitance of oscilloscope
𝐶ISS input capacitance
𝜎 electrical conductivity
𝐶1 circuit-specific capacitance value
𝐶OSS output capacitance
𝐶p parasitic parallel capacitance
𝐶probe input capacitance of voltage probe
𝐶RSS reverse transfer capacitance
𝐶sn capacitance of snubber circuit
𝐶th thermal capacitance
𝐶tip capacitance of probe tip

D damping factor
Δ𝐸C change of the energy stored in the capacitor
Δ𝐸L change of the energy stored in the inductor
Δ𝐸R ohmic energy loss
Δ𝑡 time offset between two waveforms
Δ𝑇 temperature difference
Δ𝑉 voltage difference
d𝑖/d𝑡 slew rate of current
d𝑣/d𝑡 slew rate of voltage

𝐸bd breakdown field strength
𝐸g Bandgap of a semiconductor
𝐸max rated maximum energy
𝐸off turn-off switching energy
𝐸off,meas measured turn off switching energy
𝐸on turn-on switching energy
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Symbols

𝐸on,meas measured turn on switching energy
𝐸oss energy stored in output capacitance
𝐸OSS,H energy loss due to 𝐶OSS hysteresis
𝜀r relative permittivity
𝐸qoss energy stored in output capacitance of high-side tran-

sistor
𝐸qrr energy loss caused by reverse-recovery effect of high-

side transistor
𝜀off rel. error for turn off switching energy
𝜀on rel. error for turn on switching energy
𝜀total rel. error for total switching energy
𝐸shunt energy dissipated by shunt resistor
𝐸sw total switching energy
𝐸V/I energy loss caused by overlap of voltage and current

𝑓c 3 dB cutoff frequency
𝑓c,i cutoff frequency of current probe
𝑓c,v cutoff frequency of voltage probe
®𝐵 magnetic flux density
𝑓max maximum frequency
𝑓s sampling rate
𝑓sw switching frequency
𝑓0 resonance frequency

K integrator gain
𝑔m transconductance

c specific heat capacity

𝐼D nominal drain current
𝑖diode diode current
𝑖ds drain source current
𝐼DSS zero gate voltage drain current
𝑖gd gate drain leakage current
𝑖g gate current
𝑖gs drain source leakage current
𝑖ind current measured with inductive sensor
𝑖L inductor current
j imaginary unit
𝐼max maximum current
𝑖meas measured current
𝐼oss current from output capacitance
𝐼qoss current from output capacitance of HS transistor
𝐼rr reverse recovery current
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Symbols

𝐼set amplitude of reference current
𝑖sense current to be measured
𝑖shunt current measured with shunt resistor
𝐼sw switching current
𝐼x current flowing into port x

𝑙coil legth of coil
𝐿load inductance of load inductor
𝐿loop parasitic inductance of power loop
𝐿1 circuit-specific inductance value
𝐿probe parasitic inductance of current probe
𝐿s equivalent series inductance
𝐿shunt parasitic inductance of shunt resistor

𝑀 mutual inductance
m mass
𝜇 mean value

𝑁w winding count

𝜙 phase in radian
𝑝in input power
𝑝loss instantaneous power loss
𝑃N nominal power
𝑝out output power

𝑄G total gate charge
𝑄GD gate-drain charge
𝑄GS(pl) plateau gate charge
𝑄GS(th) threshold gate charge
𝑄OSS charge in output capacitance
𝑄rr reverse recovery charge

𝑅circ resistance of circular resistor
𝑅CS resistance of current sense resistor
𝑅d resistance of damping resistor
𝑅DS(on) drain-source on-resistance
𝑅G,off gate turn off resistor
𝑅G,on gate turn on resistor
𝑅in input resistance of oscilloscope
𝑅1 circuit-specific resistance value
𝑟1 inner radius
𝑅s equivalent series resistance
𝑅sheet specific sheet resistance
𝑅shunt resistance of shunt resistor
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Symbols

𝑅sn resistance of snubber circuit
𝑅T termination resistance
𝑅th thermal resistance
𝑅tip resitance of probe tip
𝑟2 outer radius

𝜎 standard deviation
SHS high-side switch
SLS low-side switch
𝑠on logical turn on signal
𝑆mn element of S-parameter matrix

𝑇amb ambient temperature
𝜏g group delay
𝜏 time constant of an exponential function
𝑡break turn off period between frist and second pulse
𝑇c case temperature
𝜆 thermal conductivity
𝑡d(off) turn-off delay
𝑡d(on) turn-on delay
𝐺 (j𝜔) transfer function
𝑡fall fall time of a transient
𝑇j junction temperature
T chain-parameter matrix
𝑇max maximum temperature
𝑇mn element of T-parameter matrix
𝑡off turn-off time
𝑡on turn-on time
𝑡12 thickness of prepreg between layer 1 and 2
𝑡period,min minimum pulse period
𝑡R thickness of discrete resistor
𝑡ramp ramp time (duration of first pulse)
𝑡rise rise time of a transient
𝑡rr reverse recovery time
𝑡s sampling time
𝑇s settling time of system response
𝑡skew misalignment between voltage and current waveform

t variable point in time
𝑉(BR)DSS drain-source breakdown voltage
𝑣coil output voltage of coil
𝑉dc DC voltage
𝑣diode diode voltage
𝑉DS nominal drain source voltage
𝑣ds drain source voltage
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Symbols

𝑉F forward voltage drop
𝑣gd gate drain voltage
𝑣gs gate source voltage
𝑉GS,on gate turn on voltage
𝑣in input voltage
𝑣ind induced voltage
𝑉max maximum voltage
𝑣meas measured voltage
𝑣offset offset voltage
𝑣out output voltage
𝑉rr reverse recovery voltage
𝑣sat electron saturation velocity
𝑣shunt voltage drop across shunt resistor
𝑉sw switching voltage
𝑣GS(th) gate source threshold voltage
𝑉x voltage at port x

®𝑎 vector of incident wave
𝑎x element of vector ®𝑎
®𝑏 vector of reflected wave
𝑏x element of vector ®𝑏
𝑤coil width of coil
𝑑coil distance between coils
𝑤trace width of trace

𝑍in input impedance
𝑍in,fitted input impedance (fitted)
𝑍L load impedance
Z impendance-parameter matrix
𝑍mn element of Z-parameter matrix
𝑍0 reference impedance for S-parameters
𝑍th thermal impedance
𝑍21 transfer impedance
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ISSN 1437-675X

The continuous demand for higher efficiency and power density
drives the development of modern power electronics, particular-
ly in mobile applications. Wide-bandgap (WBG) semiconductors
are key enablers, offering high switching speeds and low losses.
Accurate dynamic characterization via the double-pulse test is
essential to optimize these devices.

It has been verified that the parasitic inductance and the limited
bandwidth of the current probe are among the most critical va-
riables for achieving reliable measurement results. Common 
solutions, such as coaxial shunts with an inductance of approx.
2 nH, are unsuitable for measuring very fast switching transi-
ents, as they introduce significant disturbances. This disserta-
tion introduces a novel shunt resistor based on radially arran-
ged thin-film resistors. The design minimizes the inductance to 
below 100 pH and offers a usable bandwidth beyond 2 GHz. 
Additionally, an inductive sensor is designed as a reference. It is 
based on a planar pick-up coil embedded in a multilayer circuit 
board and achieves a similar bandwidth. Both methods were 
validated with a low-inductive Gallium Nitride switching cell.

The results demonstrate that the radial shunt resistor outper-
forms existing solutions for the dynamic characterization of 
WBG semiconductors. Its high accuracy, combined with an in-
novative design and an easy-to-reproduce assembly technique, 
makes it a valuable tool for advancing power electronics. This 
work establishes a new standard for high-frequency current 
measurements, pushing the boundaries of precision in WBG 
semiconductor characterization.
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