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Abstract—High bandwidth sensors are required to measure the
wide-bandgap devices’ transient behavior because of their fast
switching speed. In addition to high bandwidth, the current sensor
must introduce little extra parasitic inductance to the switching
power loop. The analysis of conventional shunt resistors shows the
key to high bandwidth is the coaxial structure and its parasitic in-
ductance is proportional to its transient heat energy rating. By com-
bining the structure of coaxial shunt resistor and alumina substrate
surface mount thin film resistors, a novel surface mount coaxial
shunt resistor is introduced. Experimental measurement verifies its
capability of achieving very high bandwidth while introducing very
low parasitic inductance. The design can achieve up to 2.23-GHz
measurement bandwidth while keeping its parasitic inductance as
low as 0.12 nH. Application in gallium nitride heterojunction-field-
effect-transistors double pulse test shows it can faithfully capture
the transient current waveform while introducing little interference
to the switching behavior.

Index Terms—Current sensor, double pulse test (DPT),
measurement bandwidth, network analyzer, parasitic inductance,
wide-bandgap devices.

I. INTRODUCTION

S EMICONDUCTOR switches are the foundation of power
electronics converters. Wide-bandgap materials, especially

silicon carbide (SiC) and gallium nitride (GaN), exhibit su-
perior physical properties compared to silicon, making them
very appealing for power electronics applications [1]. Promising
as they are, their wider adoption requires crucial semiconduc-
tor device information, including both the static and dynamic
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Fig. 1. Double pulse test setup simplified circuit schematic.

characteristics. While the static characteristics can be relatively
easily obtained on a curve tracer, the dynamic characteristics
including the switching transient energy loss and switching time
require dedicated experimental setup like the double pulse test
(DPT) [2]. The captured switching transient waveforms are also
crucial for modeling and understanding their transient behavior.

The general DPT setup circuit schematic is shown in Fig. 1.
Three measurements are usually required, including the gate-
source voltage vgs, drain-source voltage vds, and drain cur-
rent ids. The impact of voltage measurements to the switching
transient is usually negligible because of their very large input
impedances, typically in the range of MΩ. However, the current
measurement is much more challenging because of its intrusive
nature. The current signal must be converted to voltage before
being measured and recorded with oscilloscopes. Furthermore,
the current sensor must have sufficient measurement band-
width to capture the switching transient with high fidelity. Take
the 650 V-GaN heterojunction-field-effect-transistors (HFETs)
DPT as an example, the power loop inductance is typically very
small and can be less than 3.0 nH due to their more compact
package [3], [4]. An ideal current sensor would introduce a
parasitic inductance much lower than this. The device parasitic
capacitances are also much smaller because of the smaller die
size. As a result, the oscillation frequency determined by the
parasitic inductance and capacitance is quite high and can be up
to 300 MHz. Since the measurement bandwidth is often defined
by the 3-dB point in its transfer function, the current sensor
should have higher bandwidth than the power loop oscillation
frequency to avoid any signal distortion.

Several types of current sensors have been applied in DPT,
including resistive current sensor, Rogowski coil and current
transformer. Resistive current sensors or shunts use the Ohm’s
law for a direct current-to-voltage conversion, typically with
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high precision and low temperature drift resistors. State-of-
the-art coaxial shunt resistors use the coaxial structure to
effectively cancel the flux coupling between the power loop and
the measurement loop and claim up to 2.0-GHz measurement
bandwidth [5]. However, the parasitic inductance is around 2.2
nH and the inconsistent measurement bandwidth may adversely
affect the accuracy and validity of the measurement [6]. To tackle
the large parasitic inductance problem, attempts have been made
to use the small package surface mount resistors, specifically
thin film resistors, where thin film resistive material is deposited
on a ceramic substrate [7]. The ceramic substrate can effectively
absorb and dissipate the heat generated by the resistive material.
However, surface mount components are usually soldered on a
flat printed circuit board (PCB) and therefore it is usually diffi-
cult to achieve flux cancellation like the coaxial shunt resistor.
An effective approach to achieve higher bandwidth is having
several resistors in parallel and connecting the sensing wire in
the center region where the flux density is the weakest [3], [8],
[9]. However, the reported simulated measurement bandwidth
is lower than 200 MHz in [3] when the resistance is 0.1 Ω and
38% error in the transient current measurement is reported.
This approach is further improved by separating the paralleled
resistors into two groups and leaving a gap in the middle, creating
an even weaker magnetic field region [10]. This approach
achieves more than 500 MHz bandwidth in simulation but at the
sake of increasing the resistance to 1.0 Ω. The authors in [11]
experimented with placing the surface mount resistors either in
a radial or coaxial configuration but did not report measurement
bandwidth. The components used are relatively bulky which
results in a large distortion in the measured current waveform.
More importantly, these works did not discuss the transient
thermal impact or provide the measurement bandwidth directly.

Rogowski coils are another type of current sensors where
the current signal is reconstructed by integrating the current
derivative signal from a helix coil wound around an amagnetic
skeleton. A major benefit of Rogowski coil is the electrical
isolation between the primary side circuit and the measurement.
However, the state-of-the-art commercial Rogowski coil with
a sensitivity of 100 mV/A only has a higher bandwidth of
50 MHz, which is far from sufficient [12]. By performing the
integration digitally and sacrificing the lower bandwidth, it has
been reported that the bandwidth can be increased to about
225 MHz [13]. Current transformers, another type of current
sensors based on Faraday’s law of induction, may offer up to
250-MHz bandwidth according to some commercial products,
although the cross-sectional area is around 60.0 mm2 [14].
Unlike Rogowski coils, current transformers use magnetic cores
and suffer from saturation. As a result, the cross-sectional area
or the extra power loop area introduced to the DPT power stage
can be very large.

In summary, there is a technical gap between the state-of-
the-art current sensor and the measurement requirements from
DPT, especially for high speed GaN HFETs. The resistive sen-
sor approach is further analyzed to understand its theoretical
limitation. It is found the shunt’s energy rating is proportional
to its parasitic inductance, and DPT’s typical energy dissipa-
tion means the size of the current shunt can be drastically

Fig. 2. Resistive current sensor equivalent circuit.

shrunk. A novel implementation of current shunt mimicking
the coaxial structure with surface mount thin film resistors is
then introduced. Detailed electrical and thermal modeling of
several design variants are carried out. In simulation, up to GHz
measurement bandwidth can be achieved with the proposed
implementation while keeping the parasitic inductance below
0.27 nH. In the worst case, the transient temperature rise results
in less than 1.0% measurement uncertainty due to resistance
drift. The electrical models are verified in experiments and in the
best case, the parasitic inductance is found to be 0.12 nH while
the measurement bandwidth is 2.23 GHz. The measurement
validity is further verified in GaN HFETs DPT experiments.
The switching transient current waveform is captured faithfully
and very little interference to the switching behavior is observed.

II. RESISTIVE CURRENT SENSORS

Current sensing invariably involves converting the current
signal to voltage signal for the oscilloscope or other test equip-
ment. The easiest and most direct way to do so is making the
current flow through a resistor. Ideally the voltage across the
resistor will be proportional to the current based on Ohm’s law
V = R · I . The equivalent circuit for a general resistive sensing
approach is shown in Fig. 2. However, in practice, resistors
must take finite physical space and the current flow through it
will generate magnetic field around it, introducing an equivalent
parasitic inductor. This inductor, inserted inside the switching
power loop, is denoted as Li. The voltage across the resistor
is passed to either the oscilloscope or other signal processing
circuitry through a pair of conductors or a transmission line, and
therefore making the sensing resistor a two-terminal device. The
impedance of sensing wires connected with the test equipment is
denoted as Zl. Since the equipment impedance Zl is essentially
in parallel with resistor, it must exhibit much higher impedance
than the resistor to avoid any interference and drawing too much
power from the measured circuit. Typically, the measurement
instrument is an oscilloscope with a termination impedance of
Zl = 50 Ω. A transmission line with a matching characteristic
impedance of 50 Ω is used for the connection to avoid any wave
reflection.

Considering the magnetic field distribution around the resis-
tor, if sensing wires enclose part of it, the voltage picked up
and sent to the test equipment includes part of inductive voltage
drop as well. The equivalent inductance is the mutual inductance
between the switching power loop and the measurement loop.
It is therefore denoted as Lm. Note that the capacitive parasitic
elements are not included in the model here because the sensors
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Fig. 3. Physical structure of a coaxial shunt resistor. (a) Side cross-section.
(b) Top cross-section.

are typically designed so that they negligible, such as the coaxial
shunt resistor [9].

Assuming |R+ jωLm| � |Zl|, it is obvious that the trans-
fer function of the measured current to the voltage across the
oscilloscope is

Gvi(jω) =
V

I
= R+ jωLm. (1)

The parasitic inductance that is only in the power loop
Li − Lm is in series with the measured current I and therefore
does not show up in the transfer function. But it might alter the
semiconductor device switching transient behavior and therefore
must be kept low. Note that, in the frequency domain, the
magnitude of Gvi is increasing at +20 dB/decade beyond its
corner frequency because of the mutual inductance Lm. The
corner frequency (3-dB point) or the bandwidth for a general
resistive current sensor whose Lm �= 0 is given by

fr =
R

2πLm
. (2)

A. Coaxial Shunt Resistor

The coaxial shunt resistor is a relatively old concept [9], where
the flux coupling between the power loop and the measurement
loop are negated in a coaxial structure. The typical coaxial shunt
resistor uses material with good conductivity such as copper
for the outer shell. The inner shell is made of another material
with higher resistivity and low thermal drift, which can be
Manganin [15]. The physical structure of a coaxial shunt resistor
is shown in Fig. 3.

The dc resistance of the coaxial shunt resistor is given by

Rdc =
ρl

π(b2 − a2)
≈ ρl

2πa(b− a)
(3)

where l is the length of the coaxial shunt resistor, a and b are
the inner and outer diameter of the resistor, respectively, and ρ
is the resistivity of the inner shell material.

Ideally, the magnetic field of the coaxial shunt resistor only
exists between the inner and outer shell. By placing the pickup
wires inside the inner shell, there is no flux coupling and
Lm → 0. Therefore the measurement bandwidth can be very
high. Ultimately, the bandwidth is limited by the skin effect as
the current crowds at the conductor’s surface which increases
the effective resistance at higher frequency. The ac resistance of
a coaxial shunt resistor is given by

Rac =
l

πb

√
ωμ0μrρ

2
. (4)

The bandwidth of a coaxial shunt resistor can be found by
equating Figs. 3 and 4

fbw =
ρ

πμ0μr(b− a)2
. (5)

B. Energy Rating and Physical Footprint

In addition to the bandwidth, the parasitic inductance Li is
another important parameter for DPT as it may severely alter
the switching behavior. The parasitic inductance of a coax-
ial shunt resistor when the inner shell is thin enough can be
written as

Li =
μ0 l

2π
ln

(
a′

b

)
. (6)

It appears the inductance can be made infinitely small if the
gap between the inner and outer shell if infinitely small. As the
gap between the outer copper shell and inner Manganin shell
shrinks, the parasitic capacitance increases. Assuming the gap
is filled with air, the parasitic capacitance is given by

Cp =
2πε0 l

ln
(
a′
b

) . (7)

If the gap (a′ − b) is too small, the parasitic capacitance
Cp in parallel with the resistance and the gain Gvi becomes
capacitance at higher frequencies, which should be avoided for
coaxial shunt resistors [9]. The corner frequency determined
by (2πRCp)

−1 must be much higher than the bandwidth deter-
mined by skin effect fbw

1

2πRCp
= k · fbw (8)

where k � 10. Looking at Fig. 6, another opportunity of shrink-
ing the parasitic inductanceLi is having a shorter length l. Given
a fixed bandwidth which means fixed inner shell thickness,
Fig. 3 tells us the radius of the inner shell a should decrease
proportionally with l to keep the resistance the same. Both
thickness (b− a) and length l decreasing together means the
mass of the resistive shell is decreasing as well

m ≈ 2πρmla(b− a) (9)

where ρm is the resistive material density. In a pulse current
measurement application as DPT, the current passing through the
resistor invariably generates Joule heat. Assuming all the energy
is dissipated evenly inside the resistive material, the transient
temperature rise is another physical limitation of coaxial shunt
resistor.

ΔT =
E

cm
(10)

where E is the thermal energy dissipated and c is the thermal
mass capacity. The transient temperature riseΔT must be kept in
a reasonable range to avoid measurement inaccuracy or material
destruction. For example, although Manganin has a very low
resistivity thermal drift of 1.8× 10−6/K, it has a maximum
application temperature in air of 140◦C [15] and therefore it
is typically required that ΔT ≤ 100◦C at room temperature [9].
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Fig. 4. Double pulse test example current waveform.

From the analysis above, it is evident that the resistance R,
bandwidth fbw, and transient energy rating E completely define
a coaxial shunt resistor design. Solving the design and plugging
it back into Fig. 6, we have

Li =
2πkμ0ε0R

2fbwE

cρmρΔT
. (11)

Therefore, given a resistive material such as Manganin and
desired resistance R and bandwidth fbw, the parasitic induc-
tance Li is solely dependent on and linearly proportional to the
energy rating E. Note that all previous analysis on coaxial shunt
resistor is based on an ideal implementation. However, nonide-
ality has been observed with commercial products where the
measurement bandwidth varies significantly between different
samples [6].

C. Practical Energy Requirement

In DPT, the current in the current sensor should always rise
linearly as the voltage is immediately applied across the load
inductor when the lower switch is ON. The typical current
waveform is shown in Fig. 4. Considering the normal condition,
suppose the total current conduction time in the first and second
pulse is td = t0 + (t2 − t1), the energy dissipated in the coaxial
shunt resistor is given by

E =

∫ td

0

i2dsRdt =

∫ td

0

(
Vdct

L

)2

Rdt ≈ RLI3L
3Vdc

. (12)

The energy rating greatly depends with setup and testing con-
ditions. However, Fig. 12 can be further simplified by applying
a general rule of thumb for load inductance in double pulse
test [16]

L ≥ Vdc

kiIL
tsw (13)

where ki is the percentage of the load current ripple during the
switching transient and tsw is the total switching event duration.

The resistance R is often selected so that it maximizes the
voltage sent to the oscilloscope without exceeding its tolerance,
and introduces little damping to the switching transient. Given
oscilloscopes’ typical maximum dynamic range is 10 V when
terminated at 50Ω, and considering there should be some margin

Fig. 5. Relationship between coaxial shunt resistor energy rating and its
parasitic inductance.

left for the switching transient oscillation, we can estimate that

RIL ≈ 5.0 V. (14)

Plugging these assumptions back to Fig. 12, we have

E ≥ (5.0 V)ILtsw
3ki

. (15)

Therefore, the energy rating E for resistive sensors increases
proportionally with the load current IL and the switching tran-
sient duration tsw. As an example, the commercial coaxial shunt
resistor whose resistance is 0.1 Ω, bandwidth is 2.0 GHz, and
energy rating is 1.0 J has an inductance of around 2.2 nH [6], [17].
Assuming conservatively for GaN HFETs that tsw ≈ 300 ns and
ki ≈ 0.01, the energy rating required for a 30-A device is only
1.5 mJ. This is in great contrast to the 1.0-J energy rating of
commercial products. The relationship between coaxial shunt
resistor energy rating and parasitic inductance is shown in Fig. 5.
Considering some margin for the energy rating and assuming
the energy rating is reduced to 20 mJ, we can estimate from
Fig. 6 that the parasitic inductance can be reduced to 44 pH. It
may appear that it is promising to achieve high bandwidth and
low inductance current measurement by simply scaling down
the design. However, the coaxial shunt resistor in this case will
have a length l = 3.7 mm and an inner radius a = 0.338 mm.
Achieving coaxial structure in such a minuscule scale may be
challenging and fabrication is likely difficult.

III. SURFACE MOUNT COAXIAL SHUNT RESISTOR

A. Motivation and Concept

In the previous analysis of conventional coaxial shunt resistor,
it is clearly shown that the energy rating, or equivalently the
transient temperature rise, is one of the determining factors of
its physical and electrical footprint. The actual required energy
rating for DPT can be much lower which means it is possible
to greatly lower the parasitic inductance. However, the major
challenge is how to implement the coaxial structure in a minus-
cule scale. Thin film surface mount resistors could achieve small
size and lower parasitic inductance. But it is difficult to recreate
the coaxial structure when the footprint is small given thin film
resistors are usually soldered on a flat surface.

The surface mount coaxial shunt resistor (SMDCSR) is a
way to achieve both small scale and coaxial structure with an
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Fig. 6. Surface mount coaxial shunt resistor PCB design #1. (a) Orthogonal
view. (b) Top view. (c) Bottom view.

Fig. 7. Surface mount coaxial shunt resistor PCB design #2. (a) Orthogonal
view. (b) Top view. (c) Bottom view.

unconventional use of PCB. The PCB design in 3-D is shown
in Fig. 6. Small surface mount resistors are inserted into the
nonplated rectangular slots. The power loop current flows from
the inner copper ring from the bottom side, through the resistors,
to the top side copper and then back to bottom outer copper ring
through vias or edge plating. A miniature MMCX connector is
placed at the center to feed the voltage to an oscilloscope. In the
design shown in Fig. 6, there are 10 0402 thin film resistors and
the overall diameter of the PCB is 12.7 mm.

The design variables for the SMDCSR include the number of
resistors N , resistance value of each resistor Ri, inner radius
a, outer radius b, and the length of each resistor l. Because
each terminal of resistors must be connected to either the top
or bottom side of the PCB, the thickness of the PCB must be the
same as or very close to the resistor length l.

From the previous analysis of the traditional coaxial shunt
resistors, it is desirable to minimize the gap between the inner
and outer shell (b− a) as well as the length l for lower parasitic
inductance. The thin film resistors should be placed together
as tightly as possible to achieve flux cancellation. As a result,
the nature of PCB and thin film resistors results in relatively
restricted design freedom. The more complex electrical and
thermal physical model of SMDCSR also means difficulty in ex-
pressing the bandwidth, parasitic inductance, and energy rating
in closed-form equations. Therefore, a few different SMDCSR
configurations are modeled and characterized to understand the
design’s capability.

Note that, in the PCB design #1 shown in Fig. 6, the vias are not
necessary as edge plated copper can be enough for conducting
the return current from the top side to the bottom side. Removing
the vias and further increasing the number of resistors in parallel
result in the PCB design #2, which is shown in Fig. 7. The
diameter is reduced to 8.9 mm.

A total of four SMDCSR example configurations will be dis-
cussed here and are listed in Table I. The first two configurations
use the PCB design #1. The difference between them is that A
has a total resistance of 100 mΩ and B has a total resistance of
10 mΩ. Configurations C and D use the PCB design #2 but C

TABLE I
SMDCSR EXAMPLE CONFIGURATIONS

Fig. 8. SMDCSR Q3D models. (a) PCB design #1. (b) PCB design #2.

also D have a resistance of 110 and 50 mΩ, respectively. The
reason for #3’s seemingly odd resistance is there is 2.2 Ω but
no 2.0 Ω in the standard resistance values. From the comparison
between the same PCB design, we can evaluate the PCB design’s
parasitic inductance and understand the energy rating’s thermal
impact. And by comparing A and C, which have similar total
resistance but different PCB design, we can study the impact of
tighter resistor placement and better flux decoupling.

B. Electrical Model

Because of the small physical size of SMDCSR, wave propa-
gation can be disregarded, and lumped element circuit is used to
describe its electrical behavior. Q3D Extractor is used to obtain
the lumped circuit parameters from the physical structure. The
models are shown in Fig. 8. Thin film resistors are typically made
by depositing a resistive material film on a ceramic substrate
which is usually alumina and the resistance is controlled by laser
etching [7]. Here, each resistor is modeled as a thin Nichrome
layer on top of an alumina substrate because the resistors used in
the experiments are made with Nichrome and alumina. Note that
due to the lack of resistors’ exact geometry information, includ-
ing the base contact length and laser etching pattern, the model
does not necessarily mirror the actual physical implementation.

To directly obtain and visualize the transfer function of SMD-
CSR, the equivalent circuit for each configuration is exported
from the simulation at 1.0 GHz. The resulting SPICE file is
simulated in SPICE with frequency sweep. Take C as an example
whose simulation result in shown in Fig. 9, when the input cur-
rent is 1.0 A, the +3-dB point in the output voltage is at around
1.8 GHz. This means C has a bandwidth of around 1.8 GHz. The
transfer function gain increases at rate of 20 dB/dec beyond its
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Fig. 9. Bandwidth simulation result of configuration C.

TABLE II
Q3D EXTRACTOR SIMULATED SMDCSR BANDWIDTH AND INDUCTANCE

corner frequency, verifying the general resistive current sensor
measurement model in Fig. 1. The simulated bandwidths of
other configurations are listed in Table II. Comparing A and
C, the resistance is similar but the bandwidth is more than
doubled. It is clearly shown that having resistors closer together
or achieving better flux cancellation increases the bandwidth.
Comparing A and B, the same PCB design should have similar
mutual inductance Lm and therefore B with 1/10 the resistance
value has a bandwidth of about 1/10 of A.

Similarly, the parasitic inductance Li is also obtained in Q3D
as shown in Table II. Note here that the parasitic inductance
is only the inductance from the SMDCSR itself and does not
include any potential extra power loop area. The inductance
is independent of the resistance value and only dependent on
the PCB design. Comparing A and C, having more resistors
in parallel reduces the parasitic inductance by about 50%. The
parasitic inductance values are all very small, less than 0.3 nH.

C. Thermal Model

Compared to Manganin, Nichrome has a much higher work-
ing temperature of up to 1400◦C, but also a higher thermal
drift of 200× 10−6/K. From previous discussion, the transient
temperature rise translates into resistance change and there-
fore measurement uncertainty. The transient temperature rise
is simulated in COMSOL and the models are shown in Fig. 10.
Similar to the electrical model, each resistor is modeled as a
thin Nichrome layer on an alumina substrate. However, only
the PCB FR4 substrate is modeled and no copper layers or
vias are included. Theoretically, the copper layers and solder
joints should help dissipate the heat. Therefore, the model here
is conservative and should result in a higher temperature rise
than reality.

The transient temperature rise greatly depends on the heat
source profile. Consider the same amount of thermal energy,
having it all dissipated in a very short period of time means

Fig. 10. COMSOL SMDCSR transient thermal simulation model. (a) PCB
design #1. (b) PCB design #2.

Fig. 11. COMSOL simulation heat source profile compared to reality in DPT.

TABLE III
COMSOL SIMULATED SMDCSR TRANSIENT TEMPERATURE RISE

the transient temperature rise is likely concentrated within the
resistive material. On the other hand, if the energy is slowly
dissipated over a long duration, it is likely that the temperature
distributes more evenly across the entire SMDCSR. Therefore,
it is critical to have a reasonable but conservative heat source
profile to simulate the transient temperature rise.

From previous discussion on energy rating, the transient en-
ergy for 50 A is only 2.5 mJ and the total current conduction
time is around 30 μs. The current in the load inductor ramps
up linearly with time, which means the heat source power I2R
ramps up quadratically with time. The peak heat power is 250 W.
Conservatively, the heat source in the simulation is a constant
250-W source and it is applied for 80 μs. The comparison
between the heat source profile in reality and in simulation is
shown in Fig. 11. The total dissipated energy is 20 mJ, which
is much higher than the energy rating required. At t = 1 μs,
the dissipated energy is already 2.5 mJ. Therefore, the transient
temperature rise simulated from COMSOL should be much
larger than reality and the results are conservative.

The maximum temperature rise for different SMDCSR con-
figurations are shown in Table III. Note that the temperature
rise is also independent of the resistance. This is because the
resistive films are very thin and the heat is mostly dissipated to
the alumina substrate. Comparing A and C, more than twice as
much decrease in maximum temperature rise is observed. This is
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the result of having a larger overall contact area with the alumina
substrate and therefore more heat is dissipated to the substrate.

Given the commercial thin film resistor with Nichrome ma-
terial has a thermal drift coeffect of 200× 10−6/K [18], the
measurement uncertainty due to transient temperature rise can be
calculated and is also listed in Table III. In all four configurations,
the measurement uncertainty is less than 1.0%, with #3 and #4
achieving less than 0.4%. Considering this is achieved with a
drastically more demanding heat source profile, it is shown that
SMDCSR has low measurement uncertainty.

IV. EXPERIMENTAL VERIFICATION

A. Measurement Bandwidth

A common way to characterize the measurement bandwidth
of coaxial shunt resistors or other resistive current measurement
sensor is to apply a well-defined current source, usually of a step
function nature, through it and compare the measured voltage
against the known current source waveform. An example is
to connect it in series with a resistive load in a half-bridge
converter [11]. The switch node voltage can be easily measured,
from which the current flowing through the coaxial shunt resistor
and the load resistor can be derived. However, the bandwidth of
coaxial shunt resistors can be up to 2.0 GHz which requires a
very sharp rise/fall edge. The frequency content of a rising edge
is given by [19]

fc =
0.35

tr
. (16)

To generate 2-GHz frequency content in a voltage pulse, the
rising edge must be no more than 0.18 ns. Although wide-
bandgap devices are faster than silicon devices, the power de-
vices today are not nearly fast enough to create a 0.18-ns edge
in a resistive-load half bridge.

On the other hand, commercial network analyzers can easily
characterize components beyond 100 GHz and retain accuracy
for attenuation levels down to −100 dB [20]. The network
analyzer directly measures the s-parameters of an electrical
network by differentiating the incident wave and reflected wave
with directional coupler.

Given the resistive sensor equivalent circuit in Fig. 2, its
ABCD matrix can be readily expressed as

A = 1 +
jω (Li − Lm)

R+ jωLm

B = jωLi

C = −1

D =
1

R+ jωLm
. (17)

The s-parameterS21 can be readily obtained from theABCD
matrix

S21 =
2

A+B/Z0 + CZ0 +D
(18)

where Z0 is the system characteristic impedance and typically
Z0 = 50 Ω.

Fig. 12. SMDCSR bandwidth measurement fixtures. (a) SMDCSR PCB de-
sign #1 with ten resistors. (b) SMDCSR PCB design #2 with 20 resistors.

Fig. 13. SMDCSR bandwidth measurement with network analyzer.

Therefore, the transfer response S21 of a resistive measure-
ment is given by

S21 =
2Zm

jω (Li − Lm)
(
1 + Zm

Z0

)
+ 2Zm + Z0

(19)

where Zm = R+ jωLm.
Assuming |jω(Li − Lm)| � Z0 and |Zm| � Z0, it can be

further simplified as

S21 =
2 (R+ jωLm)

Z0
=

2Gvi

Z0
. (20)

This means that the transfer response S21 from the network
analyzer has a linear relationship with the transfer function
Gvi. For example, ideally a 0.1-Ω coaxial shunt resistor will
have a flat −47.96-dB transfer response. For a general resistive
current sensor whose mutual inductance Lm is significant, the
transfer response will increase at +20-dB/dec beyond its corner
frequency.

Because the measurement requires a continuous 50-Ω trans-
mission line to avoid any wave reflection, dedicated microstrip
line fixtures are required. The measurement fixtures are shown in
Fig. 12. The bandwidth measurement results for the four SMD-
CSR examples are shown in Fig. 13. The measurement results
confirm the resistive current sensor model in Fig. 1. The transfer
response increases at a rate of +20 dB/dec at higher frequency.
The bandwidth of each SMDCSR configuration can be obtained
by reading the +3-dB point from their low frequency gain.
The bandwidth measurement results are listed in Table IV.
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TABLE IV
SMDCSR CONFIGURATIONS BANDWIDTH MEASUREMENT RESULTS

Fig. 14. Impedance analyzer short compensation with SMDCSR fixture.

Generally, the measured results match the model in Q3D Extrac-
tor. The difference is probably because of the variations in the
manual assembly process. Because of design tolerances, each
rectangular slot in the PCB is in fact slightly larger than the
thin film resistors. During the assembly process, the thin film
resistors could rotate a bit. This results in possibilities that the
gaps between resistors are not even. Furthermore, the model
assumes a relatively ideal structure for the thin film resistors. In
reality, the base contact and laser trimming pattern bring further
complication.

In general, A, C, and D can be used for measuring GaN HFETs
whose oscillation frequency is up to 300 MHz. As for B, the
bandwidth is lower mainly due to its lower resistance. With a
resistance of 10 mΩ, B is better suited for measuring higher
current rating devices which likely require lower measurement
bandwidth.

Interestingly, although the resistance of B is 1/10 of A, the
bandwidth of B is 1/5 and not 1/10 of A. Upon closer examina-
tion, it is found that the specific 0.1-Ω thin film resistors in B have
Nichrome deposited on both sides of resistors. In other cases,
there is Nichrome on only one side. Therefore, B effectively
has two inner resistive shells, which suggests even better flux
cancellation.

B. Parasitic Inductance

The parasitic inductance of SMDCSR is measured directly
with an impedance analyzer. An impedance probe is directly
connected to the previous network analyzer fixtures and the
impedance of the SMDCSRs can be readily obtained. Accu-
rate measurement with the impedance analyzer requires careful
calibration. The open calibration is performed by only attaching
the microstrip line with nothing on it. The short calibration is
performed by shorting the SMDCSR footprint with a copper
foil, as shown in Fig. 14.

Only configuration A and C are shown here because of their
different PCB designs. B and D should have similar parasitic
inductance as A or C, respectively. The impedance measurement
result is shown in Fig. 15. The inductance of a commercial
coaxial shunt resistor from T&M Research is also measured here
as a comparison. The inductance from the commercial coaxial
shunt resistor is about 2.2 nH. The parasitic inductance of A

Fig. 15. SMDCSR parasitic inductance measurements.

Fig. 16. Insertion inductance measurement setup. (a) Bare power stage without
current measurement. (b) Integrated power stage with SMDCSR embedded
(highlighted in red). (c) Power stage with standalone SMDCSR (highlighted
in red).

is only about 0.22 nH, which is 1/10 that of the commercial
coaxial shunt resistor. Compared to A, C has twice as many
resistors in parallel and therefore has about half the parasitic
inductance. The measured value is about 0.12 nH. Note that
the SMDCSR inductance measurement is not as smooth as that
from the commercial coaxial shunt resistor. This is because
of the very low parasitic inductance and the interference from
the measurement noise. Nevertheless, in addition to the high
bandwidth, the SMDCSRs also demonstrate very low parasitic
inductance, making them even more appealing for wide-bandgap
devices dynamic characterization.

C. Total Insertion Inductance

The total insertion inductance includes not only the parasitic
inductance of the SMDCSR itself but also the extra inductance
due to the extra power loop area to accommodate its footprint.
For a more thorough measurement of the total insertion induc-
tance, three different double pulse test power stages are designed
with GaN Systems GS66516 T GaN HFETs rated at 650 V and
60 A. The power stages are shown in Fig. 16. The bare power
stage offers the baseline for the power loop inductance. Because
the SMDCSR uses PCB as part of its structure, it can be easily
embedded into the power stage. The integrated SMDCSR power
stage is also shown in Fig. 16. Finally, another power stage
with standalone SMDCSR power stage is also compared here.
Because there is no current sensor in the bare power stage, its
voltage measurement vds is used here as the reference waveform.
Both the integrated and standalone SMDCSR uses 10 of 1.0-Ω
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TABLE V
DPT MEASUREMENT SETUP

Fig. 17. Insertion inductance double pulse test waveforms comparison at with
GS66516 T. (a) Turn-ON transient waveforms. (b) Turn-OFF transient waveforms.

0402 thin film resistors, or the configuration A design. The larger
footprint SMDCSR configuration A is used here as a worst-case
scenario for the insertion inductance. Other measurement setup
details are listed in Table V. The oscilloscope sampling rate is
set to 2.5 Gpts/s.

The oscilloscope captured experimental waveforms vds and
ids of the device switched ON and OFF at 400 V and 30 A is shown
in Fig. 17. The gate resistance here is 2.2 Ω for both turn-ON and
turn-OFF. Very little difference between the three power stage
can be observed. The initial voltage drop during the current
rising period in the turn-ON transient is a direct indication of
overall power loop inductance [4]. The small difference between
the waveforms shows the insertion inductance by SMDCSR is
minimal. The voltage difference during the initial voltage drop
is around 7.0 V. The integrated and standalone power stage
have near identical waveforms, indicating their total insertion
inductance is similar. The total insertion inductance can be

TABLE VI
POWER STAGE POWER LOOP PARASITIC INDUCTANCE EXTRACTION

estimated by

Li =
ΔV

di/dt
= 0.53 nH. (21)

To further verify the parasitic inductance difference because
of the very small difference between the waveforms, the three
power stages are analyzed in Q3D Extractor and their parasitic
inductances are extracted and listed in Table VI. The difference
between the bare power stage and integrated or standalone power
stage is about 0.59 nH, which is very close to the 0.53 nH
calculated from the measurement results. Therefore, the total
insertion inductance including the extra power loop area in the
worst case is less than 0.60 nH.

V. CONCLUSION

Wide-bandgap semiconductors require high bandwidth and
low inductance current sensor for their dynamic characteriza-
tion. The analysis on coaxial shunt resistor shows the parasitic
inductance is linearly proportional to its transient thermal energy
rating. The major challenge is achieving the coaxial structure in a
small scale while maintaining the transient temperature rise low.
The implementation of SMDCSR uses thin film resistors verti-
cally mounted inside PCB. Placing the resistors around a circular
ring mimics the coaxial structure and mitigates the flux coupling.
By minimizing the gap between resistors, the SMDCSR design
can achieve up to 2.23-GHz measurement bandwidth. Because
small 0402 resistors are used, the parasitic inductance is quite
low, and the best case shows an inductance of 0.12 nH. In the
worst case, the total insertion inductance including the extra
power loop area is still less than 0.60 nH. In addition to the high
bandwidth and low inductance, the measurement uncertainly is
kept below 0.90%, even with much more demanding heat profile
than DPT. In short, SMDCSR uses the conventional commer-
cially available cost-efficient components to meet the technical
gap for wide-bandgap semiconductor dynamic characterization
requirements.

The implementation of SMDCSR offers a general approach
for achieving high bandwidth and low inductance resistive cur-
rent sensor. Further improvements can be made on an eas-
ier assembly process to enable mass production. Even higher
bandwidth or lower parasitic inductance can be achieved by
paralleling a higher number of resistors or forming multiple
inner resistive shells.
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