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Exploring bandwidth requirements for high-speed
measurements in power electronics

Badanie wymagan pasma przenoszenia dla szybkich pomiarow w elektronice mocy

Abstract. The article proposes a different bandwidth and rise time product factor for fast transient voltage measurement. The article does not focus
on the method of current measurement, but on the general requirements for high-frequency measurements in power electronics. The theoretical
square-wave voltage signal was generated using Fourier series to determine the relationship be-tween rising time and bandwidth. The article pre-
sents analytical considerations regarding the proposed method. In addition to the slope measurement requirement, the ringing effect was also de-
scribed for extracting frequency in a simplified half-bridge circuit during a double-pulse test. The bandwidth of the oscilloscope and voltage probe
was calculated for various setup types and compared. The article highlights the problem of mismatch between the oscilloscope and probe band-
width and experimentally confirms the bandwidth requirements for a commercial GaN transistor. Overall, the article covers a comprehensive analy-
sis of the bandwidth and rising time relation for fast transient voltage measurement, including theoretical considerations, experimental validations,
and discussions on potential issues such as bandwidth mismatch. Ogdlnie rzecz biorac, artykut zawiera kompleksowg analize zwigzku miedzy pas-
mem a czasem narastania dla pomiaru szybkich transjentowych napie¢, w tym rozwazania teoretyczne, walidacje eksperymentalne oraz dyskusje
na temat potencjalnych problemdéw, takich jak niedopasowanie pasma.

Streszczenie. Artykut ten proponuje inny wspoéfczynnik produktu pasma i czasu narastania dla szybkiego pomiaru napiecia transientnego. Artykut
nie koncentruje sie na metodzie pomiaru pradu, ale na ogélnych wymaganiach dotyczgcych pomiaréw wysokoczestotliwosciowych w elektronice
mocy. Teoretyczny sygnat napieciowy prostokgtny zostat wygenerowany przy uzyciu szeregéw Fouriera w celu okre$lenia zwigzku miedzy czasem
narastania a pasmem. Artykut przedstawia analityczne rozwazania dotyczgce proponowanej metody. Oprécz wymogu pomiaru nachylenia, opis-
ano réwniez efekt dzwonienia w celu wydobycia czestotliwo$ci w uproszczonym obwodzie pétmostkowym podczas testu podwdjnego impulsu.
Pasmo oscyloskopu i sondy napieciowej zostato obliczone dla réznych typéw uktadéw i poréwnane. Artykut podkre$la problem niedopasowania
miedzy pasmem oscyloskopu a sondy oraz eksperymentalnie potwierdza wymagania dotyczgce pasma dla komercyjnego tranzystora GaN. Ogol-
nie rzecz biorgc, artykut zawiera kompleksowg analize zwigzku miedzy pasmem a czasem narastania dla pomiaru szybkich transjentowych napiec,
w tym rozwazania teoretyczne, walidacje eksperymentalne oraz dyskusje na temat potencjalnych problemow, takich jak niedopasowanie pasma.
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Introduction

New material based power transistors designed for power
electronics applications, such as Gallium Nitride (GaN) and
Silicon Carbide (SiC) transistors, present advantages includ-
ing enhanced efficiency, quicker switching times, and a re-
duced package size in comparison to their equivalent silicon
(Si) counterparts [1—4]. The switching speed of Wide-bandgap
semiconductors (WBG) switches can be up to ten times faster
than a typical silicon field effect transistor (FET) [1], [4], [5]. Un-
fortunately, as of now, commercial GaN transistors for higher
voltage classes than modern SiC transistors do not exist [6].
Regarding conduction loss, the on-state resistance (Ron) plays
a crucial role, while switching loss occurs during the turn-on
and turn-off phases of the devices [7-9]. GaN switches dem-
onstrate a lower specific on-resistance lower limit, faster turn-
-on/off time, and lower parasitic capacitance compared to Si
FETs. These characteristics enable GaN switches to support
higher switching frequencies [5], [10—12]. Consequently, GaN
switches serve as an excellent alternative for designing more
efficient power electronics converters [1-5], [7], [9-12]. The
fast transient response of Wide-Bandgap (WBG) semicon-
ductors requires a high-bandwidth measurement setup in the
laboratory. Bandwidth and rise time are fundamental concepts
in signal measurement, for example, during the calculation of
switching losses [13]. On the other hand, rise time quantifies
the duration required for a signal to transition from a specified
low value to a specified high value, serving as a metric for sys-
tem speed or response time [13]. The interplay between rise
time and bandwidth is governed by the formula: = 0.35, where
0.35 is a constant representing the time taken for a signal to
rise from 10% to 90% of its final value — a widely accepted defi-
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nition of rise time. This constant factor of 0.35 is typically ap-
proximated for a first-order inertia system and commonly ap-
plied in measurement techniques and many articles [14—17].
However, practical measurements extend beyond the scope of
first-order inertia systems, necessitating the determination of
this value for various signal types [13]. In hard-switching power
electronics, for instance, measured voltage and current often
exhibit quasi-square shapes, deviating from sinusoidal forms
[7-9]. Only resonant converters in power electronics can pro-
duce quasi-sinusoidal current or voltage. Understanding the
nuanced relationship between bandwidth and rise time is par-
amount in the design and analysis of measurement equipment
for calculating transistor switching losses [18—21].

In the second chapter of the article, a theoretical square
signal with a rapid rise time and intentional overshoot was
determined. A Fourier series was used as a design tool, pro-
viding a mathematical foundation for achieving the desired
signal characteristics and extracting important information
about the relationship between bandwidth and rising time.
The product for a quasi-square wave was the main focus of
the second chapter. Chapter four simplified and presented
all theoretical aspects of Wide-Bandgap (WBG) semiconduc-
tors during switching. All important aspects were simplified to
demonstrate frequency requirements for measurement pur-
poses. Chapter five discussed issues related to bandwidth
mismatch with a digital oscilloscope and probe in a general
context, which is significant because both elements are al-
ways connected during measurements. Lastly, chapter six
presented practical results of voltage measurements in the
double-pulse test (DPT) circuit [20—22], providing detailed
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descriptions and confirming previously determined band-
width requirements.

Theoretical bandwidth requirement for wide-bandgap
semiconductors measurements

In hard switching powered electronic converter both of the
transistor current and voltage are quasi square type. When
we consider a square wave function f (t) in time t of period T:

M f = 2[H(%) - H(Z - 1)]- 1

Where is the Heaviside step function. The f (t) is an odd func-
tion and the Fourier coefficients are given by:

T+t
2 . . 2nmt
@ A=A =0AB =% tf £(t) sin sin (%) dt
The Fourier series is therefore:
4 inf 1 2nmt
(3) IO =—— ¥ -sin(70)
SQUARE n n=1,3,5,... n T

The squared signal can be reasonably approximated with-
in the range of 1 to 50 harmonics, and the rise time (10% to
90%) for each signal can be accurately measured. The pre-
sented Figure 1 illustrates the results, showcasing the calcu-
lated bandwidth of generated waveform based on only equa-
tion (3). The fitted curve in figure 1 was made by equation (4).
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Fig. 1. Product of bandwidth and rise time of the signal vs Harmonic
number in generated waveform and fitting residuals.

Bandwidth of the highest harmonics and their correspond-

ing rise times has been approximated with following fit function:
_ b

“4) xfit—BWxRT =ax +c

A approximation was achieved, with an R? value of 0.998,
using a power function curve (4) — R? defined by following
form: R?=1-% (yi—¥i) ?/Z (yi—y) > Specifically, for the signal
with 50 harmonics, the fitted curve matched the calculated
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rise time with a approximation constant ¢ = 0,47. And finally
the product of BW and rise time is defined by:

(5) BW:t  ~0.47

A relation product for various odd harmonic number in
square waveform were listed in Table I.

Table 1. Bandwidth and rise time product

Harm. | 3 5 9 | 30 | 50 | 1000
No.
BW+t | 022 | 0.35 | 0.39 | 0.42 | 0.46 | 0.46 | 0.47

The value for 3 harmonics in signal is close to first order in-
ertia system. In summary, the constants for signals with more
than 1000 harmonics consistently surpass, representing 134%
of the commonly used value (0.35). Relying solely on the value
of a first-order inertia system highlights a significant deviation
from conventional assumptions, underscoring the importance
of taking into account higher harmonics in the signal.

Simplify analysis of switching behavior of power
electronics transistor

When measuring current and voltage for power transis-
tors, a frequent challenge arises in calculating switching loss-
es. The Double Pulse Test (DPT) is widely employed test
circuit in power electronics to assess the switching character-
istics and observe switching performance of Wide-Bandgap
(WBG) semiconductors. The GaN transistor, for instance, can
achieve on/off transitions within a few nanoseconds [1], [2],
[8], [17], [22]. That means the measurement system band-
width requirement of the signal based rise/fall edge on in the
slope Is calculated by equation (5).

The measured rise time or fall time from 10% to 90% of
voltage steady state value. The DPT equivalent circuit of the
switching transient is shown in the Figure 2. The circuit is
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Fig. 2. A double pulse test circuit with GaN transistors and current
shunt resistor CSR.
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connected to DC power supply with parasitic power loop in-
ductance Lp. The inductance represent the whole sum of all
power loop inductance connected in series. In practical cir-
cuit it will be all traces/wires, transistor package inductance,
internal inductance of elements and additional inductance of
current sensor in circuit [23]. Practically, the parasitic induct-
ance cannot be completely decoupled by main C capacitor
due to the package of power device and interconnections of
the PCB layout.

The next Figure 3 present a lower transistor during switch-
ing process. When the transistor is turn on than the channel
model can be represent by open circuit, but when the tran-
sistor will be turned on, than the resistor will represent a tran-
sistor channel. The FET channel of the power transistor can
be also represented by controlled current source in transient
mode between ON and OFF. Parasitic capacitances of the
transistor (C, C, C,) Where also presents in the figure 3.
In this circuit, the influence of the gate stage loop was ignored
since it plays a less significant role in the ringing stage. The
upper device is represented as a diode with its junction ca-
pacitance CJ. Note the diode representation is technically not
true for GaN HEMT since they do not have the same parasitic
diode as MOSFETSs, but is still used because their reverse
conduction behavior is similar to a diode.

The figure 4a shows simplified circuit during turn-on with
output capacitance C, and parasitic power loop inductance.
When upper and lower transistors are similar it can be re-
placed by output capacitance C,.,. The R, represent the
on state resistance of the DUT and Rp the parasitic resist-
ance of all elements in power loop. The resistance can be
summarized to stray resistance RS of the power circuit. Both
circuit in the Figure 4a and Figure 4b will be similar when
both transistors (high side and low side) will be the same
[24]. In must be also stated that the simplified model can be
used only to extract oscillation effect and it can not be used
to model all switching effect in the power FET. The schematic
diagrams are intentionally simplified to illustrate the switch-
ing behavior of the FET. Specifically, the output capacitance
Coss is depicted separately for conceptual clarity, although in
practice it is intrinsically connected in parallel with the FET’s
drain-source path.

Turn-on Oscillation based on Figure 4c, the following re-
lationship between VDC and ID can be presented by trans-
fer function:

D D(£

channel ?_ Cos

S
Cs s S S?

Fig. 3. A double pulse test circuit with lower GaN transistor during
switching — equivalent circuit.
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I D(s) 4 N

(6) V& (ch/)sz+(RSc/)s+1

Turn-off (Figure 4d) Oscillation similarly as (6), the rela-
tionship between V. and |, in the ringing stage during turn-
-off can be expressed as:

Vus(s) _ 1

vV (s) 2
oc(®) (choss)s +(Rscoss)s+1

(7)

When the stray resistance R, =0 is smalland C = C_  than
the oscillation frequency is similar for turn-on and turn-off and
given by (defined voltage ringing oscillation):

a1
(8) floup 21-[\/%

In practical GaN power switch the output capacitance in
most cases is from few to few hundred pF and the power loop
inductance in properly designed topology does not exceed
several or several tens of nH. Based on equation (5) and (8)
the general requirements of bandwidth for the modern power
transistor can be stated:

1 0.47
(9) f>(2nm‘ r'tf )

Bandwidth of digital storage oscilloscope and voltage
probe

Authors should discuss the results and how they can be
interpreted from the perspective of previous studies and of
the working hypotheses. The findings and their implications
should be discussed in the broadest context possible. Future
research directions may also be highlighted.

In reference to Figure 5, itis evident that the circuit features
a notable input resistance, denoted as R, , measuring 9 MQ.

This resistance is with a 3.9 pF bypass capacitance in par-
allel and is terminated by an impedance of 1 MQ at the oscil-
loscope, denoted as R __ . The inductance of the ground loop,
designated as Lground, is contingent upon the type of ground
lead employed. Specifically, utilizing a 6-inch ground lead with
the high-bandwidth (1 GHz) passive probe TPP1000 results in

a) Li'oup b)

L loop

Fig. 4. Simplifiéd circuit for a) turn ON and b) turn OFF. Theoretical

visualization of quasi sinusoidal ringing effect during c) ON and d)

OFF transistor transient state.
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Fig. 5. An expanded voltage passive probe with coaxial cable and
oscilloscope.

a grounding inductance of 150 nH, whereas employing a short
a half inch spring lead reduces the inductance to 10 nH. It is
noteworthy that variations in ground inductance lead to chang-
es in the self-resonant frequency of the probe, ranging from
208 MHz to 806 MHz. Consequently, it is discerned that em-
ploying lengthy grounding cables is ill-suited for high-speed
measurements. Further-more, the final bandwidth is influenced
by factors such as the shape, relative permittivity, and rela-
tive permeability of the probe coaxial cable. It is imperative
to highlight that the probe cable differs significantly from con-
ventional coaxial cables, characterized by its status as a lossy
coaxial cable. A comparative analysis between a 3 ft length
of the probe cable and a 3 ft length of standard BNC/SMA co-
axial cable reveals that the latter exhibits relatively low losses
compared to the highly attenuating probe cable. Although the
resistance of the probe cable can vary from 70 Q/ft to 300 Q/
ft, pertinent parameters are not provided by manufacturers.
Consequently, the substantial resistance in the probe cable
effectively attenuates all high-frequency components.

The probe, specifically the Tektronix TPP1000 with a band-
width of 1 GHz, in con-junction with the Digital Storage Oscillo-
scope (DSO), notably the MDO3104 also boasting a bandwidth
of 1 GHz, has undergone simulation using SPICE software.
This simulation aimed to assess the frequency response of
the measurement system, as illustrated in Figure 6, against
the parameters outlined in Fig 6. Gain and phase response of
passive probe with DSO-based on parameters from Table 2.

Based on the simulation results, the Bode plots depict var-
ying values of the system bandwidth for the -3dB point. The
bandwidth appears to be approximately 690 MHz, indicating
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Fig. 6. Gain and phase response of passive probe with DSO — ba-
sed on parameters from table II.
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Table 2. Measurement system parameters.

Parameter Symbol | Value Unit
Probe tip resistance Rﬁp 1.0 Q
Probe input resistance R, 9.0 MQ
Probe input capacitance C. 3.9 pF
Probe ground loop inductance groud 10.0 nH
Coaxial cable resistance able 90.0 Q
Coaxial cable capacitance able 25.0 pF
Prob(:1 c;}Ez:pmeennstatlon C.. 70 oF
Oscilloscope resistance R 1.0 MQ
Oscilloscope capacitance C.. 3.1 pF

that the determination of the system bandwidth must be con-
ducted independently. While the simulation results can offer
an accurate bandwidth value, acquiring all parameters from
Figure 5 and additional information regarding the coaxial ca-
ble is essential. The —3dB value is susceptible to change with
coaxial cable resistance, which is often challenging to obtain
from datasheets. Furthermore, it is necessary to compensate
the simulated probe with adjustable capacitance C,, .

To avoid complex simulation of measurement system,
the system bandwidth for passive probe and DSO can be
calculated by:

(1) Ws=

The table 3 lists example system bandwidth for different pas-
sive probe. Based on Table 3 for similar bandwidth which is
1 GHz in this example, the system bandwidth is much lower
and equal 707.11 MHz. In general when the DSO bandwidth
is five time bigger than probe bandwidth than the probe band-
width will dominate.

This example (Table 3) and following conclusions can be
also useful for different frequency range. More over, to accu-
rately measure power with an oscilloscope, it is important to
use hi-resolution mode to achieve maximal available resolu-
tion (for example in MDO3104 it is 11 bits) and compensate
probe before measurements.

Table 3. Calculated measurement system bandwidth for various pro-
bes and one scope (1 GHz).

Probe name Probe BW System BW

(MHz) (MHz)
Tektronix TPP1000 1000 70711
Tektronix TEK P6139A 500 447.21
Tektronix TPP0201 200 196.12
Testec TT-LF312 150 148.34
Agilent P6100 100 99.50
Hantek PP80B 80 79.75
GWinstec GTP-070B-4 70 69.83
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Bandwidth of digital storage oscilloscope and voltage
probe

This section is not mandatory but can be added to the
manuscript if the discussion is unusually long or complex.

A DPT topology has been assembled on a GS66508T
GaN EHEMT Daughter Board and GS665MB Evaluation Plat-
form. The board contains two GaN E-HEMT GS66508B pow-
er MOSFETSs with a 650 V breakdown voltage and 50 mQ on
state channel resistance [24]. The main inductance L was
constructed FINEMET inductor (L = 90 yH). The utilized ex-
perimental set-up is shown in Figure 7.

Base on datasheet the rising time and falling time of
GS66508B are 3.7 ns and 5.2 ns, respectively [25]. Both
value ere measured for drain-source voltage equal to 400 V
but for lower voltage the time can be even shorter. The lowest
measured value was 2.9 ns. The rising/falling time require-
ment for the Bandwidth is:

0.47 0.47

(12) bW = 0 =M = 162.08 MHz

And the ringing requirement for GS66508B (COSS = 65 pF)
and extracted inductance of power loop Lp = 11 nH of the
parasitic elements is:

= 188.22 MHz

(13) fo =5 =
amfLCoc 2mf1165-10 2%
The final requirement for the measurement system band-
width, based on equation (10), is a higher frequency value of
188.22 MHz. Figure 8 presents the measured drain-source
voltage in the DPT circuit using a passive voltage probe. Probe
ground springs were utilized to minimize ground lead induct-
ance. Before the test, the passive probe was compensated.
The MDO3104 oscilloscope, equipped with a 1 GHz band and
a 10 million points record length with a 5 GS/s sampling rate,
was employed during the tests [26]. The responses from all
voltage probes were compared with the results obtained us-
ing the Tek-tronix 1 GHz TPP1000 probe [27]. Additional tests
involving voltage measurements on the same board, oscillo-

Passive probe

PWM Generator

Fig. 7. Laboratory setup for voltage measurement in DPT.
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Fig. 8. Measured drain-source voltage within the double pulse test
setup, with the DC link voltage set at 100 V.

scope, and setup were conducted using lower bandwidth pas-
sive probes. The results were compared to confirm the band-
width requirements for high-speed measurements.

The Integral of the Square of the Error (ISE) have been
calculated for various type of probes (Figure 9) and the refer-
ence value was chosen a voltage measured by highest band-
width probe (1 GHz). ISE was calculated by:

(14) ISE = [é(t)dt

The figure 10 shows rising time error for various probe
with different bandwidth. The chosen ISE criteria tends to
prioritize minimizing large errors over small errors due to the
squaring of error values. Based on result the ISE rise signifi-
cantly when bandwidth of the probe is small. The theoretical
required bandwidth was 188.22 MHz and based on Figure 9
the ISE remain below 2500 V2s and after 175 MHz the error
rise faster. When we consider rising time the error is lower

14000 -
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gooo
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4000 - @ >

2000 | L T ——

50 100 150 200 250 300 350 400 450 500
Bandwidth (MHz)

Fig. 9. Integral of the Square of the Error factor vs various probe
bandwidth.
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Fig. 10. Rising time mismatch (error value) for various passive vol-
tage probe bandwidth.

than 0.1 ns for bandwidth above 200 MHz, which is different
to (12) but the difference is even higher with commonly used
0.35 constant value.

Conclusion

The bandwidth and rise time product has been derived
for the generated square signal. The proposed analysis dem-
onstrates differences between the commonly used band-
-width and rise time relation for a single inertia system. The
article presents theoretical aspects of switching transistors
and the frequency demands for measurement probes. Band-
width requirements for switching power transistors are divid-
ed into two categories. The first focuses on the rising/falling
slope, and the second addresses parasitic elements ringing
in the power loop. The presented theory may provide a use-
ful guideline for select-ing measurement equipment for con-
verters. The presented results for system bandwidth highlight
issues when the probe and oscilloscope have similar band-
widths. All theoretical aspects of required bandwidth were
confirmed with practical measurements on a GaN-based
commercial power board.

APPENDIX

Measuring high-speed analog signals, such as the drain-
-source voltage of SiC or GaN transistors, presents unique
challenges due to the high switching speeds, high voltages,
and potentially noisy environments. Below are the rule of
thumb for requirements to perform high speed analog meas-
urements:
1. High-Bandwidth Probes and Oscilloscopes

The measurement system must have a bandwidth much
higher than the signal’s switching frequency. For SiC or
GaN transistors, which often switch in the MHz range with
nanosecond-scale rise/fall times, a system bandwidth above

PRZEGLAD ELEKTROTECHNICZNY, R. 101 NR 5/2025

equation (9) is typically required (best option is a system
bandwidth as high as possible). Use a digital storage os-
cilloscope (DSO) with sufficient sampling rates (at least
5-10xthe bandwidth) for accurate waveform capture with
low-capacitance.
2. Isolation and Safety

High-voltage differential or isolated current probes are
necessary for safety and to prevent ground loops, especial-
ly in high-side measurements. The best bandwidth range
can be found on current shunt resistor and passible voltage
probe. There are optical isolated volage probe which can be
use with good bandwidth or pulse current transformer.
3. Noise Immunity

Minimize Ground Loops — use differential measurement
techniques and proper grounding. Coaxial cables or shield-
ed measurement setups should be use to reduce electro-
magnetic interference (EMI). Use low-pass filters to reduce
high-frequency noise if it does not interfere with the desired
measurement frequency range.
4. High dV/dt Measurement Capability

SiC and GaN transistors exhibit extremely fast switch-
ing with high dV/dt. Ensure the measurement system have
a low input capacitance to handle fast transients an dhigh
common-mode rejection ratio (CMRR) to differentiate sig-
nal from noise.
5. Precision and Accuracy

Regularly calibrate probes and the oscilloscope to main-
tain accuracy. The oscilloscope should have a wide dynamic
range to capture both small and large voltage variations with-
out distortion. Use oscilloscopes with high vertical resolution
or mode. Ensure probes are properly compensated to match
the oscilloscope’s input.
6. Thermal and Power Considerations

High-speed measurements may induce heating in the
circuit or probes; ensure thermal stability. Properly decou-
ple power supply voltages near the transistor to avoid spu-
rious oscillations. If analyzing switching waveforms in a cir-
cuit, synchronize measurements with the switching signals.
Use appropriate trigger settings to capture fast transitions
accurately.

Abbreviations

BW — Bandwidth,

DUT — Device under tests,

DSO - Digital storage oscilloscope,
FET — Field effect transistor,

GaN — Gallium Nitride,

ISE — Integral of the Square of the Error,
Si — Silicon,

SiC — Silicon Carbide,

WBG — Wide-bandgap.
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