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Abstract—In an effort to reduce switching loss, increase
switching frequencies and shrink passive component sizes, power
device switching times are being pushed into nanosecond and
sub-nanosecond intervals. However these fast switching times
require high rates of change of current making the power devices
susceptible to over-voltage damage from parasitic inductance
in the power loop. This presents challenges in measuring the
device switching current accurately and in turn makes accurate
measurements of device switching energy and stored charge
difficult. Traditional current measurement methods either do
not have the required frequency response to view the switching
edge accurately or have a high parasitic inductance that can
significantly alter switching performance and cause damage to the
power device. In this paper an active current measurement sys-
tem is developed. This circuit achieves up to 1.6 GHz bandwidth
with zero overshoot. By utilizing mutual inductance cancellation
an insertion inductance down to 20 pH has been achieved. The
research performed in this paper thereby allows for accurate
measurement of device switching loss with minimal power circuit
disturbance. The performance of this current measurement is
experimentally verified in the frequency domain using a vector
network analyzer (VNA) and time domain switching measure-
ments are compared with state of the art current measurement.

I. INTRODUCTION

Many factors of a power converter are heavily dependent
on semiconductor device switching performance. Switching
speed is being pushed faster in order to reduce switching loss,
increase switching frequencies and improve power density.

Wide bandgap devices, most notably those made of GaN and
SiC, are facilitating this increased speed. The low capacitance
of these devices allows for high switching speeds with sub
10 ns current edges being achieved in power applications [1],
[3]. In order to accurately measure switching loss and view
the switching behavior of the device, complimentary high-
bandwidth current measurement systems are required.

Assuming a measurement system with one dominant real
pole, the 10%-90% rise time t,;5. of a measurement probe is
related to its bandwidth through the following equation:
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Additionally, the total rise time (t,.;5,¢) of a cascaded system
is given in [6] as:

tris&t = \/t%ise,l + t72‘ise,2 +ot t?‘ise,n (2)

Through the use of (2) current measurement systems con-
sisting of multiple poles can be analyzed by considering them
as cascaded single-pole systems.

Using these equations we find that a typical commercial
current measurement probe rise time of 12.5 ns (PEM CWT-
Mini5S0HF) can only measure an edge of 27.3 ns with a 10%
rise time error. An even higher bandwidth would be required
to see the details of this edge and measure the switching
loss accurately. This problem has been further investigated
in [13] with modeling of the switching edge. It is also
required that the system is well damped, inadequate damping
of the measurement probe will cause measured overshoot
and ringing that is not present in the real current. This
can lead to inaccurate estimations of circuit board parasitic
inductance/capacitance and introduces error and uncertainty
into calculations involving charge transfer.

To achieve high switching speeds, power devices undergo
high rates of change of current with 17.9 A/ns being reported
in [1]. In accordance with these high rates of change, small
inductances in the circuit have the potential to cause large
voltage overshoots, in turn damaging the power device. In
an effort to combat this issue and further increase switching
speeds many low inductance power module designs have been
proposed [1], [3], [7], [14], [12]. Whilst these address the
issues of inductance in the power module, the inductance of
available current measurement systems is not insignificant. For
example, a typical coaxial shunt has an inductance of 6.5 nH,
if this were to experience 17.9 A/ns there would be 116 V
of overshoot. This has the potential to cause irreversible over-
voltage damage to the power device. In addition to voltage
spikes, high inductances within the circuit promote resonance
and ringing of real currents within the power loop.

As wide-bandgap technology continues to mature the max-
imum device switching speed continues to increase with
package inductances continuing to decrease. In consequence,
measurement bandwidth requirements carry on increasing with
maximum permissible inductances decreasing. Currently no
single current measurement solution exists that will meet all
present Wide-bandgap power semiconductor requirements, let
alone those of future device technologies.

In this paper two resistive current probes are proposed. A
power loop embedded current probe that achieves as low as 20
pH insertion inductance and an insertable current probe that
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Figure 1: T&M SDN-414-10 Coaxial Current Shunt

achieves 260 pH insertion inductance. Compensation filters are
developed in Section III-B. to extend the probe bandwidth to
be in excess of 1.4 GHz whilst removing unwanted deriva-
tive components from the output signal. Frequency domain
investigations are performed to determine the effects of the
compensation filter and the probe bandwidth on the time do-
main response. A novel new Probe-to-PCB connection method
is proposed in III-D. to allow the probe to be connected to
existing power modules. This interconnect is designed with
a low insertion inductance and small PCB footprint that is
compatible with existing coaxial current shunts. Frequency and
time domain tests are performed in Section IV. to verify the
performance of both probes. These tests indicate a measured
switching energy difference of up to 35% when compared with
a state of the art commercially available coaxial current shunt.
This is due to the uncompensated nature and high insertion
inductance of such coaxial shunts.

II. REVIEW OF EXISTING TECHNOLOGY

Many current measurement systems are commercially avail-
able with differing advantages and drawbacks. Furthermore
several measurement systems have been proposed in research
that overcome some of these drawbacks to improve perfor-
mance. This section reviews the most common commercially
available high bandwidth measurement systems as well as
some novel new systems proposed in research.

A. Commercially Available Probes

1) Coaxial Shunts: Coaxial current shunts work by mea-
suring the voltage drop across a resistor of known value.
They have a band-pass bandwidth well into the GHz range
and offer good measurement shielding due to an enclosed
construction resulting in a low mutual inductance between
the power and measurement loops. These types of shunt
typically have a large insertion inductance which has the
potential to generate semiconductor device damaging voltages
and promotes power loop ringing. Furthermore a proportion
of this inductance appears between the measurement terminals
of the device introducing a zero into the frequency response
transfer function. This zero causes a scaled derivative of the
real current to be present in the output signal. To extend the
"flat’ portion of the bandwidth, high bandwidth Coaxial current
shunts have a large resistance in the tens or hundreds of milli-
ohms.

Fig. 2 shows the frequency response of a typical coaxial cur-
rent shunt recorded on a Tektronix TTR500 network analyzer.
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Figure 2: T&M SDN-414-10 Coaxial Current Shunt Frequency
Response

To measure this frequency response the shunt was installed
into a low 400 pH inductance power loop of approximately
67 pF parasitic capacitance, emulating a typical power module
package. This shunt has a rated band-pass bandwidth of 2
GHz. By measuring this shunt we can determine an insertion
inductance of approximately 6.5 nH. The differentiator type
response limits the +3 dB probe bandwidth to only 79.3 MHz
with resonant peaks at 235 MHz and 2 GHz. The 235 MHz
resonant peak is caused by the interaction of the current shunt
inductance with the capacitance and inductance of the power
loop. This is an indication of real resonant currents in the
power-loop that will change in frequency and magnitude once
the current shunt is removed. The research performed in [15]
tests multiple coaxial current shunts indicating similar results,
this paper also finds significant bandwidth differences between
coaxial current shunts of the same model.

Figure 3: A PEM CWT Series Rogowski Coil

2) Rogowski Coils: Rogowski coils are magnetic measure-
ment methods utilizing the principle of magnetic induction.
As such they offer Galvanic isolation between the power and
measurement circuits allowing for simultaneous measurements
on both the high and low sides of the power loop. Due to this
reliance on induction, Rogowski coils are unable to measure
DC currents and thus a separate low bandwidth measurement
system (for example a hall effect probe) is required to monitor
DC parameters such as transistor on-state loss. Commercial
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Rogowski coils require a primary measurement loop to be
present in the power circuit. If no suitable loop is inherently
present (e.g. a component leg) then a loop has to be added,
increasing power circuit inductance by an amount dependent
on the loop size. Furthermore, Rogowski coils require an
output integrator to convert the induced voltage in the coil
into a current measurement. The high frequency performance
of the Rogowski coil is limited by the performance of the
integrator and the turn-to-turn capacitance of the coil itself. For
example, the state of the art PEM CWTMiniSOHF Rogowski
coil achieves a bandwidth of 50 MHz. Rogowski coils can also
experience measurement error due to voltage coupling through
the capacitance between the coil and the circuit under test [2].

B. Current Measurement In Research

1) The Infinity Sensor: The infinity sensor [10] is a type
of planar Rogowski coil that is placed over a trace within
the PCB power loop. The fact that it can be placed over a
power loop trace results in a very low insertion inductance of
only 200 pH. The simulated bandwidth of the infinity sensor is
quoted at 225 MHz, suggesting a significant improvement over
conventional Rogowski coils. The frequency response and time
domain switching data of the infinity sensor is not provided
in the paper.

2) Integrated Current Measurement Coil: In [11] a current
measurement coil is developed that is integrated into the power
PCB layer stack-up. This scheme uses inductive coupling
between the power loop and the integrated coil to achieve
current measurement. Mathematical corrections are placed on
the output circuit of the coil to remove any offset voltages. As
the coil is integrated within the PCB it can have a very small
effect on power loop inductance with GaN power loops of 0.33
nH inductance being reported. However, as the coil forms a
trace on the PCB it could potentially limit the PCB layout
possibilities and could not be implemented into “pre-made”
power circuits. The bandwidth of the measurement circuit has
not been directly measured but the time domain performance
matches well with coaxial current shunt measurements.

3) Compensated SMD Current Shunts: SMD current shunts
utilize multiple parallel SMD resistors to achieve a low in-
ductance, low resistance current shunt. Unfortunately, not all
of the inductance can be removed from the shunt resistors
and thus a zero will remain in the frequency response and
derivative components will be present in the output signal. A
number of methods have been proposed to overcome this. In
[5] a passive low pass filter is used to compensate for the zero.
This gives the potential for a very large bandwidth but with
very little gain and susceptibility to output loading effects. In
[8] an undisclosed filter is used, with additional amplification
using differential amplifiers in order to increase the output
signal level. The bandwidth of this circuit is, however, re-
stricted to 150 MHz due to limitations of the amplifiers. The
current shunt resistors also have to be integrated into the power
module at the design stage.

4) SMD Coaxial Current Shunts: In [16], [4] SMD resistor
based Coaxial current shunts are proposed. The coaxial struc-
ture reduces the mutual inductance between the measurement
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and power loops to almost zero. The PCB structure utilizes
multiple SMD resistors to keep the inductance between the
measurement terminals extremely low. This grants the current
shunt a large bandwidth without the need for a compensation
filter. The coaxial shunt structure allows for a large canceling
mutual inductance between the input and output currents,
thereby reducing the total insertion inductance of the coaxial
current shunt. To achieve a strong coaxial structure with
good mutual inductance cancellation the resistors are placed
vertically to form part of the shunt wall. This is in contrast to
the traditional horizontal PCB solder placement of resistors.
Fig. 4 shows the coaxial shunt design as reported in [16].
This design achieves an extremely high maximum bandwidth
of 2.23 GHz and low minimum insertion inductance of 0.12-
0.6 nH.

The circular coaxial structure does not integrate well with
traditional power module layout designs where the current is
only coming from a single direction due to the center terminal
of the shunt being completely obscured by the rest its body.
This can make the design difficult to solder into the power
loop whilst also causing the shunt to require significant PCB
surface area.

The lack of zero compensation filter results in the bandwidth
of the shunt being heavily dependent on shunt resistance, with
lower shunt resistances having a lower bandwidth. In [16] the
bandwidth of the shunt is reduced to 125 MHz for a 10 m{}
design. The large required resistance for high bandwidth can
cause power dissipation issues when performing continuous
measurements on high current signals. Furthermore, high
bandwidth oscilloscopes have a significant range limitation,
with a typical limitation of 10 V peak-peak at 50  input
impedance. This corresponds to 90 A peak-peak current limit
when used with the high bandwidth 110 m$2 shunt proposed
in [16]. High accuracy high bandwidth attenuators would be
required to perform measurements of larger currents. The lack
of compensation also results in a zero being present in the
frequency response, although the bandwidth is high this zero
still causes derivative distortion of the output signal.

C. Summary

Many current measurement systems have been proposed
for wide-bandgap device testing. However, these have signifi-
cantly limiting factors for wide-bandgap device measurement.
These factors include, bandwidth, signal distortion, insertion
inductance and device footprint. This is particularly pressing
as switching edges tend towards sub 10 ns times, with no
commercially available current probes being suitable for such
a purpose. The probes mentioned in this section have been
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summarized in Table I along with the UFCS systems proposed
in this paper.

III. BASIC OPERATING PRINCIPLES OF THE PROPOSED
CURRENT MEASUREMENT SYSTEM

The current measurement system proposed in this paper is
based on the SMD shunt structure, building upon the research
performed in [9] to improve versatility and system characteri-
zation. Compensation techniques have been developed in order
to completely remove the parasitic zero from the frequency
response and extend the probe bandwidth. The system can
be embedded into the PCB power loop (UFCS-E) in order
to eliminate interconnect parasitics, resulting in a frequency
response with no peaking. Alternatively an insertable shunt
(UFCS-I) has been proposed that can be soldered or clamped
into a power loop or bus-bar for maximum versatility. Mutual
inductance cancellation has been utilized in order to minimize
the insertion inductance of both probes. Split measurement and
power grounds are provided in order to reduce ground noise.
The shunt construction can be characterized by 4 separate
stages as shown in Fig. 5:

1) The shunt resistance is formed using SMD type con-
struction. Mutual inductance cancellation is used to
reduce the inductance of the shunt.

2) To remove the inevitable inductive zero of the shunt and
to extend its bandwidth, a low pass filter (LPF) stage is
realized.

3) The signal is then amplified and transported across the
power PCB as a differential signal so as to reject noise.

4) The signal is further amplified and converted to a 50
Ohm impedance matched connection for measurement
equipment such as an oscilloscope.
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Figure 5: Outline of the Proposed Current Measurement Sys-
tem

A. The Shunt Resistor

The current measurement system designed in this paper is
to use an SMD type current shunt structure. The layout of
this structure can be seen in Fig. 6a. It is designed to use
the mutual inductance between the current paths into and
out of the current shunt to reduce the total loop inductance.
The return path after the current shunt is placed on the layer
directly under the resistor, furthermore a thin 100 um FR4
top layer thickness is used on the PCB to provide a large
mutual inductance. The shunt resistors are placed face down
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Figure 6: Design of the SMD Current Shunt (a) Layup of the
Shunt Resistors (b) Top Side of Probe (c) Bottom Side of
Probe

Vmeas

Cparasitic

Figure 7: SMD Current Shunt Equivalent Circuit

as the conductive layer is on the top side of the resistor. By
placing the resistor face down a larger mutual inductance can
be had between the resistor and the current return path, thereby
reducing the total loop inductance.

The shunt resistors are placed onto the PCB in a semi-
circular arrangement as shown in Fig. 6b with the voltage
measurement point placed at the center of the semicircle. This
reduces the required PCB trace width for a given number
of resistors and consequently the spacial requirements of the
shunt. The use of separate resistors reduces the skin effect,
with the spaced and angled resistors avoiding the proximity
effect. The shunt is formed using 10 of 0508 current shunt
resistors. The 0508 package is a short wide package, available
in small sizes of fine tolerance (<100 mf2, 0.1%) and has
a high maximum power dissipation of 0.667 W. A coaxial
connector is placed at the center of the shunt to allow for the
frequency response of the circuit to be tested and the shunt
inductance measured.

The proposed shunt design can be modeled by the equivalent
circuit shown in Fig. 7.

This leads to the following transfer function Ggo(s) =
Vmeas/Imeas :
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Quoted I .

N nsertion Measurement DC
Probe Type Ba(lﬁgglz‘;th Inductance (nH) Rise Time (ns) Capable
T&M SDN-414-10 Coaxial Shunt 2000 5-T*% 0.18 Yes
PEM CWTMiniSOHF Rogowski Coil 50 fxppication 125 No

ependent

University of Bristol Infinity Sensor [10] Rogowski Coil 225 0.2 1.56* No
Eﬁﬁ;‘fe&UmV“S“y of Technology SMD SMD Shunt Not Given <0.5 N/A Yes
Integrated Current Measurement [11] Pick-Up Coil Not Given <0.33 N/A No
g}?ﬁ]?rig%e University Compensated SMD Shunt 150 <0.6 2.33% Yes
[Slugace Mount Coaxial Shunt Resistor SMD Shunt 2%% ;?ky 0.12 Not Given Yes
Cambridge Ultra Fast Current Shunt ~0.02, Power Loop

Embedded (UFCS-E) (this work) SMD Shunt 1550 Layer Stack Dependent 0355 Yes
Cambridge Ultra Fast Current Shunt

Insertable (UFCS-T) (this work) SMD Shunt 1480 0.26 0.355 Yes

*Calculated assuming a flat bandwidth with single pole roll off.
**Dependent on length of PCB mounting leads.
*##*Dependent on resistance.

Table I: Comparison of Current Measurement Probes

Rshunt + S(Lshunt + Lm)

Go(s) =
S2Lshuntharasitic + SRshuntharasitic +1

3)

where s = jw

Lspunt 1s the inductance of the shunt circuit between the
current measurement points. L,, is the mutual inductance
between the power and measurement loops, this is minimized
in the shunt design by keeping the power and measurement
loops perpendicular as shown in Fig. 6¢c. Rgpunt 1s the re-
sistance of the measurement circuit between the measurement
points, this is dominated by the shunt resistance. Chorgsitic
is the equivalent parasitic capacitance that appears across the
shunt resistor, bypassing it. This is composed of components
from both the shunt circuit and the system under test. In
low inductance applications the capacitance is predominantly
through the PCB due to the close layer spacing required
for effective mutual inductance cancellation. L., is the
extra inductance introduced into the power-loop, external to
the shunt, due to its interconnect. If the shunt is integrated
directly into the power-loop, then L,,, is zero. From (3)
we can determine that the natural frequency of the shunt is

1 / v/ LshuntCparasitic and the damping ratio of the shunt is

5 Ci“;# this clearly indicates that by keeping the shunt
inductance Lgpqn: as small as possible we do not only protect
the device from voltage spikes, but also increase the damping
ratio of the current shunt and increase its natural frequency

away from the frequencies of interest.

B. The Filter

From (3) we can see that, as for any resistive type shunt,
there is an inductive zero introduced by the shunt at the
position w = Rspunt/(Lshunt + Lm ). Rearranging (3):

(1 _|_ S(Lsh,unt“l‘Lm,)

Rehunt )Rshuntlmeas

Vmeas(s) -
S2Lshuntcparasitic + SRshuntharasitic +1

S(Lshunt + Lm) )F(S) (4)

( Rshunt
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Taking an inverse Laplace transform of this system we
achieve (where f(t) = L7 (F(s)) ):

Vineast) = 7(0) + Lot ) gy )
shunt

Thus the presence of the inductive zero adds derivative
components into the output measured signal. Due to the high
speed nature of a semiconductor switching edge the derivative
component can be very large, ruining the accuracy of the
measured signal.

To remove this zero, the voltage across the shunt is passed
through a differential low-pass filter. The filter used is formed
from an inductive filter utilizing high bandwidth SMD chip-
type inductors and the input impedance of a differential
amplifier stage. The construction of this filter can be seen in
Fig. 9. Given this design we have two degrees of freedom for
altering the pole positions of the filter - both the resistance R3
and the inductance L, can be changed in order to finely
tune the filter frequency response. It is vital that this filter is
tuned as accurately as possible. The effects of compensation
error can be seen in the LT Spice simulations of Fig. 8. Fig.
8a shows the frequency responses of typical under and over
compensated UFCS probes, Fig. 8b shows the corresponding
switching current measurements of those probes when used
in a 52 A double pulse test of a Wolfspeed CPM2-1200-
0025B SiC power device. From these waveforms we can
clearly see the effects of compensation error, with 1.5 dB over
compensation causing a false tail current of 4.5 A magnitude.

It is imperative that the parasitic inductive reactance of
R3 does not approach its resistance so as not to distort the
frequency response of the filter. As such R3 is formed from
three separate 0603 SMD resistors. It should be noted that high
bandwidth differential amplifiers require very specific feed-
back resistances in order to achieve the maximum bandwidth
specified in the data-sheet. Due to this a capacitive feedback
low pass filter is not feasible as only the capacitor size would
be variable with a very limited range of available values.
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Figure 8: The Effects of Compensation Error on a 33 MHz
Zero (a) In the Frequency Domain (b) In the Time Domain

By having a differential amplifier at the output of the filter,
the unbalanced differential signal at the output of the inductor
is converted into a balanced differential signal allowing the
later removal of common mode noise. After the differential
filter, the circuit transfer function can be represented by (6)
where A is the response of the differential amplifier - typically
a low pass filter with constant gain within its bandwidth.
Consequently, as long as Lgpunt and Charasitic are kept
sufficiently small that resonant effects to not occur within the
frequencies of interest, the shunt frequency response will be
dominated by the response of the differential amplifiers.

Al Rshunt

*W2Lshuntcparasitic + ijshuntharaSitic + ](-6)

Gl(S) =
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Figure 9: Current Measurement Compensation Filter

C. Amplification and Output Conversion

The balanced differential signal is then passed over a split
between analog and digital grounds separated by a 10 2 re-
sistance. This split in the ground plane discourages any power
ground currents from flowing into the sensitive measurement
circuitry and equipment. The power ground currents have
the potential to be quite large and contain significant high
frequency content. These currents thereby have the ability to
significantly corrupt measurement signals. The grounding of
the power supplies is also critical. To remove the need for
isolated power supplies a star grounding technique is adopted
with common mode chokes being placed between different
ground references.

The differential signal is further amplified before being
converted into a single ended signal for connection to an oscil-
loscope. This is again achieved using a differential amplifier
by utilizing just one output leg. The other leg is loaded by
an equivalent 50 € impedance so that the two differential
lines remain symmetrical, this will maximize the common
mode rejection ratio (CMRR) of the amplifier. A conventional
differential input single ended output amplifier was not used
for this purpose as the bandwidth on one input is often
significantly less than the other.

The addition of the amplification stages has a further advan-
tage of buffering the current shunt from the oscilloscope input,
with the resistors in the amplifier feedback loops blocking any
direct connection. If there were to be a failure that caused
high voltage to be present across the current shunt resistor,
for example if the shunt resistor were to fail open circuit, then
the amplifier circuits will be the first components to experience
this high voltage thereby providing some protection to the
oscilloscope input.

As the amplifier frequency response is part of the full
system bandwidth it is clearly important that amplifiers with
a wide bandwidth are selected for use throughout the signal
path. The bandwidth of these amplifiers should be much
greater than the required bandwidth of the probe due to the
compounding of amplifier roll-off and equivalently through (1)
the compounding of rise time as given by (2). Furthermore
any distortion that these amplifiers introduce will distort the
output signal, amplifiers are available that can be configured to
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Figure 10: UFCS-E Implementation Example

introduce no overshoot, these should be used for all amplifiers
in the signal path. Due to the high measurement bandwidth
input noise of the measuring oscilloscope is high. Therefore,
in order to maximize the signal to noise ratio an amplifier with
a large output voltage should be selected.

D. Embedded and Insertable Construction

To minimize the interconnect parasitics of this circuit it is
best to embed the shunt resistors into the power loop (UFCS-
E) as shown in Fig. 10. This has the disadvantage that the
current measurement has to be included at the power module
design stage and may not be compatible with the power
module PCB layer stack-up or may be unsuitable for layouts
with a high component density.

To combat this an insertable current shunt is proposed
(UFCS-I). To make the shunt as versatile as possible whilst
maintaining a low insertion inductance, a multi-loop PCB
interconnect has been developed as depicted in Fig. 1la.
This connection method is designed so as to utilize mutual
inductance cancellation between multiple PCB layers, whilst
still allowing for the mechanical strength advantages of a thick
PCB. Using Ansys Q3D extractor it was found that this four
layer construction gives a 47% inductance reduction over a
traditional two layer loop of the same 0.8 mm PCB thickness.
Furthermore, the connection has been developed so as to be
compatible with traditional through hole current shunts and
consequently is compatible with existing designs such as the
the GaN systems GS66508T-EVBDB2 development board as
demonstrated in Fig. 12a. The thin profile of this connection
method also allows it to be connected into bus-bars with
minimal circuit disturbance, this can be seen in Fig. 12b.

Due to the high frequency content of the measured signals
it is vital that good RF design techniques are adhered to. The
PCB material used in the construction of both current probes
is an FR4 material with a relative permittivity ¢, = 4.05, con-
sequently the minimum wavelength (\;,;,) of the measured
signal on this PCB is 149 mm at 1.4 GHz. As long as the
spacings between the shunt resistor and consecutive amplifier
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Figure 11: Current Paths Within the UFCS-I (a) Multi-Loop
Interconnect Design (b) Physical Shunt Implementation
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Figure 12: UFCS-I Use Configurations (a) Solder Connection
(b) Bus-bar Connection

stages on the measurement circuit are much lower than this
wavelength then standard PCB design procedures may be used
and impedance matching is not necessary. For the construction
of the UFCS current measurement shunts a design requirement
of <I5mm between amplifier stages was used. Consequently
impedance matching is only necessary for the oscilloscope
output connection. UFCS-E embedded shunt designs on power
modules of alternative PCB dielectrics are possible as long as
this design criterion is adhered to.

IV. EXPERIMENTAL RESULTS AND CALIBRATION.
A. Inductance measurement and Filter Calibration

In order to correctly design the zero compensation filter, the
position of the parasitic zero must be determined. This can be
achieved by using a Vector Network Analyzer (VNA). Fig. 13
shows the VNA connection schemes for both the embedded
and insertable current probes. A 50 2 resistor is placed in
series with the shunt resistance in order to create an impedance
matched connection to the VNA. As the power loop is not
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Figure 13: VNA Connections of the UFCS Current Probes (a)
UFCS-E Measurement (b) UFCS-I Measurement

impedance matched, the resistor is placed as close as possible
the current shunt resistor to minimize RF reflections within
the frequencies of interest. The resistor is also placed central
to the power loop feeding the current shunt so as to give
an equal impedance to each shunt resistor and replicate the
real power loop current. When performing frequency response
measurements it is best to remove power devices, decoupling
capacitors and wire connections from the power loop as these
will lead to increased RF reflections that will appear in the
measured result.

Fig. 14 shows the uncompensated frequency response of a
typical UFCS-E embedded current measurement circuit with
a total shunt resistance of 10 m{2. This plot has a clear
20 dB/decade rise at high frequencies, continuing up to the
bandwidth of the differential amplifiers used. This corresponds
well with the theory of a single zero caused by the effective
inductance Lgpynt + Ly,. The +3dB frequency rise can be
seen to be at 135 MHz indicating a total effective inductance
of 12 pH. The inductances Ly, and L, are both heavily
dependent on the PCB layer stack used. As the embedded
shunt forms part of the power module layer stack the induc-
tances will scale accordingly with the power module design.
For the 0.1 mm PCB layer separation used in this paper the
total loop inductance of the test circuit, excluding switching
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Figure 14: UFCS-E Uncompensated Frequency Response

devices, is simulated using Ansys Q3D to be 410 pH. The
mutual inductance L,, between the power and measurement
loops is simulated to be -8 pH at 135 MHz, indicating a total
shunt resistor insertion inductance of 20 pH. This is much
lower than the total power loop inductance and thus will have
a negligible effect on power module performance.

Now that the shunt zero position is known the compensation
filter can be calibrated using the following equation:

L o Rlen
P2 faap (R1 4 Rin)

Where R;, is the input impedance of the amplifier stage:

)

_2Ri(Ry + Ry)

R, ~ R R 8
in 2R1+R2 3 << fig ()

To calculate the values of Lcomp and Rz for this filter
we first assume a value of Rs3 such that R, ni<<R3<<Rj.
This ensures that the filter does not conduct significant power
loop current, whilst also making sure that it does not disrupt
the operation of the differential amplifier. For the differential
amplifier used Ry = Ry = 150 €, consequently an Rj
value of 10 {2 is selected. From (7) and referring to Fig. 9 a
compensation inductance Ly, of 11 nH is then calculated.
If the calculated inductor value is not an available size then
Rs3 can be further adjusted to fine tune the filter -3dB point.
The addition of this filter will not add any undesired poles and
zeros into the frequency response of the measurement system
as the inductance to resistance ratios of the shunt and the filter
are equal.

To fully characterize the performance of the insertable
current measurement system the inductance of the interconnect
must also be measured. To measure this, the shunt is installed
onto a test circuit as shown in Fig. 13b. This test circuit has
a series resistance Rpcp of 100 m() and series Inductance
Lpcp of 515 pH. These parameters appear in series with the
current shunt and come together with the impedance matching
resistances to form a potential divider as shown in Fig. 15. The
frequency response of this potential divider can be analyzed
to determine the probe insertion inductance.

Due to resonance between the UFCS-I probe and the test
circuit capacitance, there is a resonant peak in the frequency
response as shown in Fig. 16a. Looking at the +3dB point of
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Figure 15: UFCS-I Insertion Inductance Measurement Equiv-
alent Circuit

Fig. 16a, an estimate of the probe insertion inductance can be
made:

RPCB + Rshunt
27 f+3dB

This equation ignores the resonant effects of the probe, the
+3dB point is in the linear region before the resonant peak and
therefore the error from this simplification is small. Using (9)
the measurement probe inductance (Lyyobe = Leonn +Lshunt)
was calculated to be 260 pH. This is a significant improvement
over commercially available high bandwidth current probes but
nevertheless a higher inductance than the embedded UFCS-E
design.

Calibrating the shunt in the same way as the UFCS-
E embedded design yields the frequency response in Fig.
16b. With the +3dB frequency corresponding to a total zero
inductance of 48 pH. This is slightly higher than the UFCS-E
design due to the multiple return current paths in the multi-
loop interconnect (as seen in Fig. 11a) having a weakened
magnetic coupling to the current sense resistor.

Lprobe = - LPCB (9)

B. Frequency response

Once the UFCS measurement system has been compensated
a VNA can be used to test the full frequency response of the
UFCS current probe designs, giving the results shown in Fig.
17a. From the derived second order frequency response of the
circuit (6) we can see that the probe is expected to exhibit
a form of damped resonance, the resonant frequency of this
being:

4L5 unt — R2 C arasitic
wq :\/ hunt shunt~'P t (10)

2
4Lshunt Cparasitic

Taking the UFCS-E inductance of 20 pH, a shunt resistance
of 10 m{) and combining this with the 80 pF parasitic
capacitance of a 50 A ultra low inductance power module gives
a resonant frequency of around 3.98 GHz; this is well beyond
the sharp roll-off of the operational amplifiers. Consequently
the resonance of the probe will have negligible effect on the
measured signal. Since the compensated shunt resistor has a
flat frequency response within the bandwidth of the amplifier,
the probe overshoot can be further analyzed by following the
amplifier data-sheet. High bandwidth operational amplifiers
are used that are configured to give zero overshoot and thus
the current measurement probe can be considered to have zero
overshoot.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Tl 521 Logarithmic 5/ -10 D
.
B . L L
U e /10 MHZ nesonance B
B\
o
N
- \
B-40 \\‘ i
a5 + My
2.0 VIHZ [#/odB v
A1
-55 /
_—/
60—
oo 00005 Dooor ooz 0003 oos 001 oohSosooe ooe 01 02 03 oaos @ 1 > s
e )
q FeT i 01 sopacHs s
(a)
T 521 Logarithmic 5/ -5 D.
s
. .
[T alsw "
— e
o
2
g
835
-40 -+ [ \\‘
VIH 3 \
MHz| + \
\ 1 -
L
=
1l |
© .l
oy i -
-
"
o003 00005 b o002 oo o005 o001 o002 ookoos oo o1 02 03 0105 oA 1 5 5.
ey @)
] s s iR

(b)

Figure 16: Uncompensated Insertable Shunt VNA Inductance
Measurements (a) Insertion Inductance Measurement (b) Un-
compensated Probe Frequency Response

For the insertable shunt design of higher 260 pH insertion
inductance, 207 pF capacitance and 10 m{2 resistance when
connected to a current shunt test circuit of 67 pF capacitance
(found using Ansys Q3D extractor), 515 pH inductance and
100 m{? resistance the operational bandwidth can be seen in
Fig. 17b. Due to the parasitic capacitance of the test PCB
a resonant peak is expected at approximately 698 MHz, this
corresponds well with the 723 MHz peak seen in the VNA
measurements. Whilst this peaking has the ability to cause
resonance and overshoot in the output signal, it represents a
resonance that will be present in the module under test. The
peak of this resonance is also at a much higher frequency
than other state of the art current shunts owing to the much
lower parasitic inductance of the UFCS-E. The self resonant
frequency of the UFCS-E current shunt between the measure-
ment points is expected to be at 1.6 GHz, this is indicated
in the measured frequency response of Fig. 17b by the small
peak between the -3 dB and -12 dB points of the probe, whilst
this peak causes a slight gain in the frequency response it is
heavily attenuated by the roll-off of the operational amplifiers.
Furthermore, the frequency of this peak is beyond the typical
frequencies of interest in a switching edge and thus can be
further attenuated through oscilloscope bandwidth limiting or
data post-processing.
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Figure 17: Current Shunt Frequency Responses (a) UFCS-E
Embedded Shunt (b) UFCS-I Insertable Shunt

Assuming a probe damping ratio of 1 (4 repeating poles
indicated by the 80 dB/decade roll-off) and taking the probe
-12 dB point of 1.97 GHz (UFCS-E) the rise time of this
measurement probe can be calculated using (1) and (2) to be
355 ps allowing a 1.11 ns edge to be measured with 5% rise
time error.

It is difficult to make direct calculations of rise-time for the
insertable shunt due to the resonance with the test PCB, all be
it much reduced when compared with the higher inductance
of available commercial current measurement alternatives.
However, the compensation, layout and amplification design of
the UFCS-I insertable shunt is exactly the same as the UFCS-
E embedded shunt with the bandwidth being dominated by the
operational amplifiers, consequently, the same rise time can be
expected.

C. Time domain response,

To perform time domain tests both the UFCS-I insertable
current shunt and a T&M SDN-414-10 coaxial current shunt
were independently installed onto a GaN systems GS66508T-
EVBDB2 half bridge module and double pulse tests per-
formed.

The Turn-Off switching results can be seen in Fig. 18 and
the Turn-On results in Fig. 19. In both figures the UFCS-
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I has the highest resonant frequency and much more heavily
damped resonance, indicative of the much lower inductance of
the probe. Typically resonance can make it difficult to correctly
measure the switching energy of the device, with much of
the transistor output capacitor (Coss) charge being contained
within the resonance. Thus the UFCS-I makes switching
energy measurement more accurate, simplifying the separation
of conduction and switching energies. In Fig. 18b the voltage
overshoot is reduced by 60.5 V and in Fig. 19b the voltage dip
is reduced by 52 V due to the much reduced probe inductance.
Comparing these inductive voltage spikes with rates of change
of current (AV = L%) the inductance difference can be
calculated to be approximately 6 nH, coordinating well with
the inductances measured using the VNA.

In Fig. 18a the UFCS-I indicates a longer current fall time
and in Fig. 19a the UFCS-I indicates a longer current rise
time (10%-90% DC Value) when compared to the coaxial
current shunt. This is due to the combination of an increased
damping ratio and lack of a parasitic zero in the frequency
response of the UFCS probe. The derivative action of the zero
in the Coaxial current shunt will cause a vertical shift in the
measured current that is proportional to the rising/falling rate,
thereby altering the rise time and causing current overshoot.
The current overshoot is also contributed to by the resonance
of the probe inductance with the power loop. From Table.
IT we can see that this has a very small effect on the turn-
on switching energy, this is as the effects of the current
overshoot are canceled by the effects of the inductive voltage
drop. At turn-off, the voltage overshoot happens at very low
current levels and as such does not have a significant canceling
effect on the reduced switching energy due to the negative
current overshoot. This results in the much reduced measured
switching loss.

It can also be seen that in Fig. 18a and Fig. 19a there are no-
table glitches in the UFCS switching waveforms, this is input
noise from the oscilloscope. The full-scale-range maximum
output voltage of the amplifier used in the UFCS probe is 1.2
V. Due to the high bandwidth used for these measurements
there is a high channel noise at the oscilloscope, this leads to
the small glitches visible in the waveform. These glitches are
reduced on the T&M SDN-414-10 due to its larger output
voltage. If a lower speed measurement is being made, the
bandwidth at the oscilloscope can be reduced to give a cleaner
waveform. Furthermore for the UFCS-I it can be noticed that
there is a significant secondary resonance imposed on the
waveforms after the switching instance. Whilst this secondary
resonance makes the waveforms appear unsmooth and noisy,
it is a real resonance present within the circuit between the
parasitic parameters of the circuit under test and the UFCS-I
probe. This resonance is expected from Fig. 17b but is at a
slightly different frequency (750 MHz rather than 723 MHz)
due to the differing parasitics of the test circuits. The T&M
SDN-414-10 does not undergo the same resonances due to its
much high inductance reducing the resonant frequency and its
much higher resistance increasing the damping effects.

Tests were also performed using the UFCS-E. To achieve
this a new power module was constructed utilizing St-
Microelectronics SiC die giving a low power loop inductance
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[ [ Turn-Off [ Turn-On
Probe UFCS-1 SDN- UFCS-1 SDN-
414-10 414-10
Voltage rise/fall time 34 33 13.7 13.1
(ns)*
Current rise/fall time 3.7 34 4.0 3.5
(ns)*
Switching Energy (uJ) 26 17 90 91
*Calculated as 10-90% of DC value

Table II: Rise Time and Switching Energy Calculations
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of 1 nH. Switching tests were performed using this module on
both the UFCS-I and UFCS-E current measurement circuits
independently. The T&M SDN-414-10 could not be used for
this test as its through hole footprint is not compatible with
the low inductance PCB design and its high insertion induc-
tance could cause over-voltage damage to the Semiconductor
Devices. The switching waveforms for these circuits can be
seen in Fig. 20 and Fig. 21

From these waveforms it can be observed that there is an
excellent agreement between the two measurement probes.
The turn on voltage drop and turn off voltage overshoot for
the UFCS-I is very slightly larger than that of the UFCS-E
due to the 260 pH insertion inductance. A slight decrease in
the resonant frequency after the switching instance can also
be observed, again due to this inductance.
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V. CONCLUSION

This paper has proposed two current measurement probes
that achieve a very high -3dB bandwidth in excess of 1.4 GHz.
An integrated current measurement probe has been proposed
that achieves zero overshoot and 20 pH insertion inductance
and an insertable current measurement probe has been pro-
posed that achieves an insertion inductance of only 260 pH.
A novel Multi Layer Interconnect has been realized for the
insertable probe that can be constructed using traditional PCB
design methods to allow for simple, non-intrusive connections
into power loops and bus-bars. These probes have been tested
in both the frequency and time domains indicating lower
overshoot and resonance than a popular and readily available
coaxial current shunt. This allows them to give easier and
more accurate measurements of important parameters such as
switching energy and transistor stored charge.
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