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Design of PCB Coil Based High Bandwidth
Current Sensor With Power-Loop Stray

Inductance Characterization
Aamir Rafiq, Sumit Pramanick, Member,IEEE

and Ramkrishan Maheshwari, Senior Member,IEEE

Abstract—Wide bandgap devices enable design of power
converters with high power density. However, these power
converters require compact printed circuit board (PCB) lay-
outs with low power-loop stray inductance. Consequently,
sensing device current in such layouts with minimal in-
trusion in power-loop remains a challenge. This paper
presents a PCB coil based current sensor design featuring
power-loop stray inductance characterization. The PCB coil
is designed on a double pulse test (DPT) board for current
sensing of a discrete TO-247 packaged silicon carbide
MOSFET. The design utilizes finite element method (FEM)
simulations to determine a suitable position for the PCB
coil on the DPT board. The coil placement also results in an
increased power-loop stray inductance, which is estimated
through FEM simulations. Further, these simulations are
used for computation of mutual inductance between the
PCB coil and the power-loop traces. Depending on this
mutual inductance, a voltage is induced across the termi-
nals of the PCB coil, which is then integrated using an
op-amp based integrator circuit. Considering practical op-
amp limitations, demonstrated with LTspice simulations,
various guidelines for sensor design are established in this
paper. A sensor prototype is developed based on these
guidelines, and experimental results from its evaluation are
finally presented.

Index Terms—Silicon carbide (SiC), current sensor, high
frequency, finite element method (FEM), double pulse test,
power converter.

I. INTRODUCTION

Wide Bandgap (WBG) power devices are getting increas-
ingly popular due to their ability to operate at high switching
frequency with low switching power losses [1], [2]. This is
facilitated by the small turn-on and turn-off time intervals
associated with these devices. However, in order to capture
high speed current transitions associated with WBG devices,
the use of high bandwidth (HBW) current sensors becomes
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Fig. 1. Demonstration of coil placement for a MOSFET with TO-247
packaging. A turn of coil can be placed between the traces carrying the
device current to sense the magnetic field due to the current.

indispensable. Moreover, these current sensors are useful for
device characterization, control, and protection [3].

HBW current sensing has been a challenge, and over the
years many different types of sensing methods based on
several technologies have been reported [4], [5]. Resistive
shunt based current sensing has been popular due to its simple
implementation and HBW [6]. Low cost surface-mount shunt
based current sensing technique using field cancellation has
been reported in [7]. However, the shunt resistor incurs losses
and doesn’t provide galvanic isolation. The resistive shunt also
exhibits stray inductance that can be mitigated through co-
axial shunts [8], though at a high cost [9].

Current transformer (CT) based sensing techniques offer
isolation and HBW, but saturation of magnetic core limits
the current rating of these sensors. Moreover, sensing device
current requires routing of current through the core center
which, therefore, requires longer power-loop traces. This in-
evitably introduces large stray inductance in the power-loop.
To mitigate these issues compact CT based sensors based on
co-axial CT and planar CT have been reported [10], [11], but
complexity of design and core saturation remain a challenge.

Hall effect based current sensing Integrated Circuits (ICs)
have been popular due to their ease of implementation and low
cost, but they lack HBW. Recently, Giant Magnetoresistance
(GMR) based ICs have been utilized to develop current sensors
for power devices with a bandwidth upto 10 MHz [12], [13].

Rogowski coil based current sensors have been utilized in
applications where the required sensing bandwidth is higher
than that offered by Hall effect and GMR based sensors. Ro-
gowski coil is an air core coil which senses the magnetic field
generated by the current under measurement and produces
a terminal voltage which is proportional to the derivative of
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Fig. 2. Current sensing arrangement through a PCB coil designed for a TO-247 SiC MOSFET on a DPT setup. (a) Schematic of the DPT circuit.
(b) PCB implementation of the DPT circuit showing the inclusion of an extended trace and a PCB coil near the MOSFET source terminal.

the current [14]. The voltage induced across the coil is then
integrated to produce a voltage signal, which is proportional
to the current to be measured. A PCB-Rogowski coil design
based on Partial Element Equivalent Circuit (PEEC) method is
proposed in [15] for press-pack IGBTs. A silicon carbide (SiC)
MOSFET module based converter with a PCB-Rogowski coil
integrated in the gate driver circuit is demonstrated in [16],
[17].

In case of the coil designed for the press-pack IGBT in
[15] or the MOSFET module in [16], the large size of the
device package ensures that the coil can be placed without
any change in the power-loop layout. However, a smaller
package like TO-247 does not present such an opportunity
of coil placement due to the limited space between device
terminals. Alternatively, a field sensing PCB coil can be placed
near a trace which routes the device current on the printed
circuit board (PCB) layout. As such, even if the device is bent
for heat sink adjustment, the amount of flux linked through
the PCB coil will remain unchanged. The coil placement
may, however, require an extension of power-loop traces, and
therefore, increase stray inductance in the power-loop. One
such approach for placing the coil, for a TO-247 package
based SiC MOSFET, is presented in [18], but it does not
discuss the influence of coil placement on the power-loop stray
inductance.

A current sensing technique for a GaN device, using a
PCB coil and an offline integration method, is presented in
[19]. A PCB coil, like a Rogowski coil, produces an output
voltage which is proportional to the derivative of current to
be measured. The PCB coil voltage is then sampled and
integrated offline using a computer program to reproduce the
current signal. A similar approach using offline integration is
presented in [20] for a laminated bus-bar based PCB coil.

This paper presents a generalized approach for designing
PCB coils that can be useful for any device package. The
design approach is demonstrated through a PCB coil developed
for a TO-247 based SiC MOSFET on a double pulse test
(DPT) setup. This design uses finite element method (FEM)
simulations to place the coil suitably on the power board
such that it possesses high sensitivity to the field from device
current. Furthermore, the design uses FEM simulations to
estimate stray inductance which is added due to coil placement
in the power-loop. Limiting the amount of stray inductance
in the power-loop is crucial for layouts with WBG devices.
Lastly, FEM simulation is used to determine the mutual
inductance between the coil and the power-loop traces, which
is eventually used in the design of integrator circuit.

An integrator circuit is interfaced with the PCB coil to
produce an output voltage which is proportional to the current
signal. This offers the advantage of measuring the current
in real time [3], [16], [17] as compared to offline methods
of [19], [20]. For the integrator circuit, an op-amp based
circuit is designed. This paper lays down design guidelines
for selecting the op-amp and associated components while
considering the influence of practical op-amp limitations on
the sensor frequency response. These guidelines along with
PCB coil design methodology presented in this paper are
independent of device package, and are therefore, expected to
be useful in development of PCB coil based current sensors
for device packages other than TO-247 as well.

This paper is organized as follows. Section II presents the
schematic and design of a DPT circuit developed for evaluation
of the designed current sensor. The current sensor comprises of
a PCB coil and an integrator circuit. The design and position
of the PCB coil, the effect of the coil placement on the power-
loop stray inductance, and its mutual inductance with the
power-loop traces are also discussed in Section II through
the 3D model of the PCB layout developed in COMSOL.
Furthermore, a 3D model of the PCB coil is then developed
in COMSOL and used in Section III for developing a lumped
model of the PCB coil. Through LTspice simulations, the
model is then used to determine sensor frequency response
using first an ideal and then a practical (non-ideal) integrator
circuit model in Section III. Thereafter, the sensor frequency
response is used to derive various guidelines for aiding the
selection of sensor components. Section IV presents the ex-
perimental results from the DPT testing of the SiC MOSFET.
A method to measure the mutual inductance between the PCB
coil and the power-loop traces, using the developed DPT setup,
is also presented in this section. The conclusions are presented
in Section V.

II. FIELD COMPUTATION AIDED PCB COIL DESIGN

The principle of current sensing through a PCB coil for
a TO-247 MOSFET is illustrated in Fig. 1. The illustration
shows two MOSFETs, M1 and M2, with their drain-source
terminals joined through traces which emulate the power-
loop. Further, the illustration shows extension of the traces
near the source terminal of M2 for placing a turn of PCB
coil. The increase in the length of the power-loop traces,
and hence the stray inductance, on account of coil placement
can be observed. Furthermore, magnetic field due to current
flow in these traces links a flux through the PCB coil, the
amount of which depends on the mutual inductance between
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Fig. 3. PCB coil designed for maximum flux linkage near the region surrounding the extended trace within a PCB of thickness t (1.6 mm). Turns of
lengths ra (4.85 mm) and rb (4.10 mm) have been used in the coil design. The coil carries a PCB footprint of 10.75× 14.6× 1.6mm3.

the traces and the coil. However, the design of power-loop
traces, and therefore the PCB coil, in Fig. 1 is limited to
illustrative purpose only as a PCB coil cannot be practically
implemented as such. Since a PCB coil is designed using PCB
traces and vias, the coil design should be such that its terminals
are accessible for further on-board signal processing. For this
purpose, a coil design is conceived on a two-layer DPT PCB
as shown in Fig. 2. It shows the placement of the turns forming
the PCB coil, which are then connected in series to enhance
the mutual inductance between the power-loop traces and the
PCB coil.

The power-loop contains an extended trace, shown in Fig.
2(b), to connect the source terminal of the MOSFET in the
top layer to the DC bus negative in the bottom layer through
a via. The purpose of these traces is to concentrate magnetic
field due to the current to be measured in a region on PCB
wherein a coil is placed for flux sampling. Turns of the coil
are implemented on the PCB as shown in Fig. 3. These turns
are connected in series using vias and traces on the PCB. For
determining the position of these turns, a FEM simulation was
performed. The description of the FEM model is given below.

Fig. 4 shows the PCB FEM model where bypass traces
are added to the layout for routing the MOSFET and diode
current. Moreover, the model shows a trace joining the layout
DC bus terminals to form a continuous, conducting power-
loop. Further, this trace is provisioned with a current port (P)
which is used to inject current (IM ) through the power-loop in
the FEM model. The model is used to compute magnetic field
distribution due to the current (IM ) flowing through the power-
loop inside the PCB. The distribution obtained is thereafter
used to plot magnetic field lines, which are shown in Fig. 4,
on the PCB plane. The field lines near the extended trace have
been zoomed in, and the PCB coil is placed there such that
maximum flux linkage through the coil can be achieved in the
available PCB footprint. Therefore, turns of the PCB coil are
placed orthogonal to these field lines near the extended trace,
and the separation between the turns is kept minimal subject
to PCB fabrication limitations.

While a single via connects the extended trace through the
top and bottom layer, there may be a requirement for several
additional vias in parallel due to thermal considerations in
power converters with high currents. Consequently, the current
distribution through the vias and the connecting power-loop
traces will change. The change in current distribution will
in-turn change the flux linkage through the PCB coil. In all
such cases though, the principle of field computation for coil
placement discussed in this section can be utilized with equal
efficacy.

The PCB coil placement using the field computation ap-
proach ensures that the coil utilizes its PCB footprint with high

Fig. 4. FEM model of the DPT PCB. Also shown are the magnetic field
lines and norm of the field strength on the top PCB plane for IM = 1 A.

sensitivity to the current magnetic field. The result is a compact
PCB coil design with only the minimal extension of the power-
loop traces for the desired coil sensitivity. Computation of
power-loop stray inductance due to coil placement and mutual
inductance between the coil and the power-loop traces, using
FEM simulations, are discussed below.

A. Power-Loop Stray Inductance

The FEM model defined in Fig. 4 is now used to determine
the inductance of the power-loop with the extended trace. A
similar FEM model without the trace extension is built as
well. Both the models, with and without the extended trace,
are simulated to find their power-loop stray inductances. The
difference between these inductances gives the extra stray
inductance introduced by the extended trace in the power-loop.
Methodology of computing the power-loop stray inductance of
these models in COMSOL is given below.

The magnetic field distribution due to current injected in the
loop, through the port (P) defined in Fig. 4, is computed. This
distribution enables computation of magnetic energy density,
which is then used to estimate total magnetic energy in a
fixed volume. The relationship between the total magnetic
energy (E) and the inductance of the loop (L) in a medium
of permeability µ is expressed as,

E =

∫
V

B2

2µ
dV =

1

2
LIM

2. (1)

where B denotes magnetic field strength, and IM is the
current to be measured.

The magnetic field distribution due to current (IM ) is
computed inside a finite spherical region circumscribing the
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Fig. 5. Magnetic field distribution on a plane sliced through the middle of the PCB with IM = 1 A for the PCB (a) with the extended trace and (b)
without the extended trace.

Fig. 6. Magnetic field distribution over the turns of PCB coil. The field
distribution used to generate the plot is same as in Fig. 5(a).

TABLE I
INDUCTANCE COMPUTATION (IM = 1 A).

Energy (nJ) Inductance (nH)
Power-Loop Without Trace Extension 45.61 LA : 91.2
Power-Loop With Trace Extension 49.42 LB : 98.8

DPT PCB model in COMSOL. The boundary of the spherical
region is defined at the distance from the PCB where the
magnetic field has decayed substantially. Thereafter, the total
magnetic energy (E) is computed in the defined spherical
region, and the power-loop stray inductance (L) is calculated
using (1).

Fig. 5 shows the simulation results for both the FEM models
with and without the extended trace. It shows magnetic field
strength on a plane sliced through the middle of the PCB for
both the cases. The total magnetic energy is computed for both
the models, with and without the trace extension, in a sphere
of volume 521.3 in3 circumscribing the PCBs, and the values
are given in Table I. The extra stray inductance exhibited
by the extended trace in the power-loop (LT = LB − LA)
is, therefore, estimated to be 7.6 nH. If current sensing is
required for both the top device as well as the bottom device,
like in the case of a synchronous converter, the inductance
LT in the power-loop will be doubled. As such, the total
power-loop inductance may increase significantly, which may
adversely impact the switching performance of the devices.
Therefore, the design illustrated in this paper should only be
limited to applications requiring current sensing for a single
device, or applications where the increased inductance does
not deteriorate the switching performance.

Depending on the di/dt capability of the device, the amount
of excess overshoot in the device voltage during turn-off due
to the extra stray inductance (LT ) is expressed as,

∆Vov = LT
dIM
dt

∣∣∣∣
max

. (2)

For the 1200V CREE C2M0080120D SiC MOSFET oper-
ating with a dIM/dt of 1 A/ns in the DPT setup, an excess
overshoot of 7.6V will result in the device voltage over the
overshoot experienced by the device if the layout didn’t feature
trace extension. For an operational DC bus voltage of 600V,
the overshoot is, therefore, negligible and well within the
device rating.

A Hioki IM3570 impedance analyzer was used to measure
the power-loop stray inductance of the designed PCB with
the extended trace after making similar connections of diode
and MOSFET bypass traces as in the FEM simulation. The
inductance was measured to be around 101.85 nH at 1 MHz
frequency, which is close to the value listed in Table I for LB .

B. Mutual Inductance

The output voltage of the PCB coil (VC) is expressed as,

VC(t) = M
dIM (t)
dt

. (3)

where M is the mutual inductance between the power-loop
traces and the PCB coil. This mutual inductance can also be
expressed as,

M =

∑n
i=1 φi
IM

=
λ

IM
. (4)

where φ is the flux through a turn of the PCB coil, n is
the total number of coil turns, and λ is the total flux linkage
through the PCB coil. The magnetic field computed from the
FEM study described earlier for computation of the power-
loop stray inductance with the extended trace (Fig. 5(a)) is
now used to plot the magnetic field distribution across the
turns of the PCB coil as shown in Fig. 6. Using this field
distribution, λ is computed through numerical integration, and
the mutual inductance is found to be,

M = 2.86 nH. (5)

External electric conductors in the vicinity of the DPT PCB
may also link some flux with the PCB coil. In other words
there may be mutual inductance between the PCB coil and
the external conductors, in addition to the desired mutual
inductance between the PCB coil and the power-loop traces
as computed in (5). In order to determine the stray mutual
inductance which can be expected between the PCB coil and
nearby conductors, a simplified 3D-FEM simulation model
shown in in Fig. 7 was built. It contains a long current carrying
conductor to generate external magnetic field through the PCB
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Fig. 7. Model for computation of external interference due to electric
conductors in the vicinity of the PCB.

Fig. 8. Mutual inductance due to external conductor (MEC ), normalized
with respect to M, as a function of conductor height and orientation.

Fig. 9. Sensor model using a lumped parameter model of the PCB coil.

coil. This conductor in-turn is a part of a conducting loop with
its other three sides far away from the PCB coil. The height
(h) of this external conductor above the coil as well as its
orientation (θ) is varied, and thereafter, the mutual inductance
(MEC) between the PCB coil and this external conductor is
computed.
MEC is computed similarly as defined in (4) except that the

current excitation is applied to the external conductor instead
of the power-loop traces. MEC thus obtained at different
values of θ and h is plotted in Fig. 8. A dependence of
conductor orientation on the mutual inductance was observed
due to asymmetry of the PCB coil. It can be observed from Fig.
8 that MEC

M can be kept below 7.4% if the distance between
any external conductor and the PCB is maintained above 4
cm. Similarly, MEC

M reduces to 4% when the limit is further
increased to 9 cm.

Along with other coil parameters, the value of mutual
inductance found in (5) can further be used for the design
of integrator circuit as discussed in the next section.

III. COIL SIGNAL PROCESSING CIRCUIT

After designing a PCB coil with an acceptable amount of
stray inductance in the power-loop, the next step in sensor
development is the design of an op-amp based integrator
circuit which integrates the output voltage of the PCB coil.
For this purpose, the developed sensor utilizes the non-
inverting (differential) integrator topology discussed in [21].

fn

Fig. 10. Frequency response of the fabricated PCB coil. The inductance
and the resonant frequency of the coil is extracted using the plot.

TABLE II
COIL PARAMETERS.

Element Magnitude

Inductance (LC ) 251.15 nH
Resistance (RC ) 0.452 Ω

Capacitance (CC ) 2.624 pF
Mutual Inductance (M ) 2.86 nH

The schematic of the sensor is shown in Fig. 9, where the
integrator circuit is shown interfaced with a lumped model of
the PCB coil [15]. The schematic also shows two switches,
S1 and S2, which are used to reset the integrator circuit
as discussed in [21]. Ref. [21] also describes the effect of
static op-amp limitations on the sensor. However, dynamic
limitations of op-amp which also affect the sensor performance
are not discussed in [21]. These effects are discussed in this
section.

Considering ideal op-amp behaviour in the sensor model
of Fig. 9, frequency response of the sensor is presented in
this section. The developed frequency response uses PCB
coil parameters, which are extracted using FEM simulations.
While the frequency response is helpful in determining the
sensor sensitivity and the bandwidth limit, it doesn’t exhibit
sensor limitations due to finite unity-gain bandwidth of a
practical op-amp. Therefore, a practical op-amp based sensor
frequency response is developed through LTspice simulations
and thereafter used for establishing design guidelines for the
integrator circuit.

A. Sensor Frequency Response (Ideal Integrator Model)

In order to determine the frequency response of the sensor,
the PCB coil parameters defined in the lumped model shown
in Fig. 9 need to be estimated first. To determine these
parameters, a current signal frequency sweep is carried out
at the coil terminals on the 3D-model of the coil (Fig. 3). The
sweep uses a current port to inject a varying frequency current
signal at the coil terminals, and the corresponding voltage
across these terminals is estimated. Thereafter, the ratio of
the voltage and current signal at the coil terminals gives the
terminal impedance of the coil as a function of frequency.
The reactive component of the terminal impedance is then
plotted as shown in Fig. 10. The reactive impedance at low
frequencies is due to inductance, and this impedance is used
to calculate the inductance (LC) as shown in Fig. 10. Fig. 10
shows a transition in the nature of impedance from inductive
to capacitive near 196 MHz. This transitional frequency is,
therefore, the natural frequency of the coil, which is denoted
by fn. This frequency along with the inductance (LC) are then
used to calculate the coil capacitance (CC) as given by,
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Fig. 11. Frequency Response of the coil (C(jω)), the integrator
(G(jω)), and the sensor (T (jω)) for Ri and Ci selected to be 470 Ω
and 0.1 nF, respectively.

CC =
1

(2πfn)
2
LC

. (6)

The coil parameters obtained from the FEM simulations are
listed in Table II.

Using these parameters, the coil transfer function (C(s)),
current (IM ) to coil voltage (VC) transfer function, is given
by

C(s) =
VC(s)

IM (s)
=
Ms(1 +RiCis)

Z(s)
. (7)

where,

Z(s) = RiCiLcCcs
3 + (RcCcRiCi + LcCi + LcCc)s

2

+(RiCi +RcCc +RcCi)s+ 1.
(8)

Furthermore, the ideal integrator transfer function (G(s)),
coil voltage (VC) to sensor output voltage (VS) transfer
function, is given by,

G(s) =
VS(s)

VC(s)
=

1

RiCis
. (9)

The sensor transfer function (T (s)), derived by multiplying
equations (7) and (9), is then expressed as,

T (s) = C(s)G(s) =
VS(s)

IM (s)
=

M

RiCi

(1 +RiCis)

Z(s)
. (10)

Fig. 11 shows the frequency response of the sensor (T (jω))
obtained using the sensor transfer function (T (s)) defined in
(10). The DC gain of T (s), which is also the sensor sensitivity,
is given by,

S =
M

RiCi
. (11)

From Fig. 11, it is observed that the magnitude plot of
T (jω) shows a sensitivity of 61 mV/A and a corner frequency
at 196 MHz, which is equal to fn. Due to infinite DC gain
at low frequency inherent in the model used in (9), the gain
plot of T (jω) exhibits a flat profile even at low frequencies.
However, the practical dynamic limitations of the op-amp
modify this response as discussed in the following subsection.

dB

f(dec)

|a|a0

fb fUGBfL=f0/a0 f0

Open Loop Gain

|G(jw)|

|Gp(jw)|

Fig. 12. Magnitude plot of ideal (|G(jω)|) and practical integrator circuit
(|Gp(jω)|) [22].

B. Sensor Frequency Response With op-amp Limitations
The sensor transfer function (T (s)), given in (10), is derived

by multiplying the coil transfer function (C(s)) with the ideal
integrator transfer function (G(s)). G(s) is derived assuming
an ideal op-amp without limitations of unity-gain bandwidth
and open loop gain. The open-loop gain of the op-amp with
practical limitations (|a|) is shown in Fig. 12. Besides the gain
roll-off with frequency, the open-loop gain exhibits a finite DC
gain (a0) and a finite unity-gain bandwidth (fUGB). These
op-amp limitations, therefore, modify the transfer function
G(s) to Gp(s). The magnitude plots of G(s) and Gp(s) are
shown in Fig. 12 with a dotted blue line and a solid blue line,
respectively [22]. G(s) exhibits ideal integrator behaviour all
throughout the frequency range with a unity-gain frequency
(f0), which is given by,

f0 =
1

2πRiCi
. (12)

On the other hand, Gp(s) exhibits a frequency region of
ideal behaviour only between fL and fUGB , where fL is given
by,

fL =
f0

a0
=

1

2πRiCia0
. (13)

This modified integrator transfer function (Gp(s)) also
modifies the sensor transfer function, which is then expressed
as,

Tp(s) = Gp(s)C(s). (14)

In order to determine Tp(jω) for a practical op-amp based
sensor, it is first required to obtain GP (jω) for a commer-
cially available op-amp. GP (jω) for such an op-amp can
be obtained conveniently through an LTspice simulation. An
LTspice model of THS4631 op-amp, with fUGB = 325 MHz,
is used to determine the integrator frequency response as
shown in Fig.13(a) for Ri = 470 Ω and Ci = 0.1 nF, 2 nF,
and 100 nF. The integrator LTspice model is then used to
determine Tp(jω) as shown in Fig. 13(b) for various Ri, Ci

values. From the subplots of Fig.13, the following conclusions
can be made,

1) According to (13) as well as Fig. 13(a), the frequency fL
is decided by the product of RiCi and the op-amp DC
gain (ao). High value of RiCi product yields a low value
of fL, but at the cost of low sensor sensitivity (11).

2) Due to fL, a corner frequency in the low frequency region
of magnitude plot of Tp(jω) is introduced as shown in
Figs .13(b) and 13(c).
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Fig. 13. Development of sensor frequency response with LTspice
(a) Gp(jω) with THS4631 op-amp spice model. (b) Tp(jω) plotted for
various Ri, Ci values. (c) Variation in Tp(jω) when CC of the coil is
varied, with Ri = 470 Ω and Ci = 100 nF. The adjustment for fn is
achieved by varying CC in the sensor LTspice model. All phase plots
are wrapped between ±180◦.

3) The corner frequency in the high frequency range (fH)
can be expressed as,

fH =

{
fUGB if fn > fUGB .

fn if fUGB > fn.
(15)

For all the plots shown in Fig.13(b) as well as the red and
green plots shown in Fig.13 (c), fH = fn. On the other
hand, for the blue plot shown in Fig.13 (c), fH = fUGB .

From the above mentioned conclusions, it can be inferred
that the sensor working frequency range is between fL and fH
and this working range is influenced by the limitations of op-
amp used in the integrator circuit. Therefore, for the design
of the sensor integrator circuit, the aforementioned analysis
should be used to make proper design guidelines as discussed
in the following subsection.

C. Component Selection

The flat bandwidth region in Fig. 13(b) can be demarcated
by a lower end corner frequency (fL) and the upper end
corner frequency (fH). From a power electronics perspective,
the current under measurement is a pulse train whose AC
component is expressed in terms of a Fourier series as,

IM (t) =
∞∑

n=1

an sin (2πnfSt+ ϕn) . (16)

where fS is the switching frequency. Therefore, in order to
measure the current without any loss in the sensor linearity,
the lower corner frequency (fL) should be such that,

fL < fS . (17)

In order to measure a switching current pulse of a given
rise time (tr) (or fall time), the upper corner frequency (fH)
of the sensor should exceed a limit [19] given by,

Gate Driver

PCB Coil

Signal Processing Circuit

(a) (b)

Fig. 14. (a) Developed DPT PCB featuring the designed PCB coil. (b)
Zoomed region on the populated PCB showing both the PCB coil and
the signal processing circuit of the designed current sensor.

fH ≥
0.35

tr
. (18)

The following expression can then be used as a guideline
for selecting the op-amp and the passive integrator components
(Ri, Ci),

RiCi >
1

2πfSa0
& fH >

0.35

tr
. (19)

If unity-gain bandwidth (fUGB) of the op-amp is lower than
the coil corner frequency (fn), the expression in (19) can then
be expressed as,

RiCi >
1

2πfSa0
& fUGB >

0.35

tr
. (20)

Besides offering the requisite fUGB , the op-amp’s slew-rate
should be able to handle the integrator circuit output voltage
swing. The output voltage of the integrator circuit, for the
ideal coil without self-inductance and inter-turn capacitance
(CC →∞ & LC = 0), is expressed as,

VS(t) =
M

RiCi
IM (t). (21)

The required slew rate (RS) can then be expressed as,

RS >
M

RiCi

dIM(t)

dt
. (22)

Based on the expected dIM/dt to be measured, an op-amp
with the requisite amount of slew rate is selected, besides
satisfying the bandwidth criteria from expression (20). These
guidelines can, therefore, serve as a reference for component
selection and are briefly summarized as below,

1) Depending on the rise/fall time (tr) of the current to be
measured, an op-amp with the requisite amount of fUGB

can be selected as specified in (20).
2) Since the selected op-amp will have a fixed DC gain

(a0), the expression in (20) also gives the minimum RiCi

product to be set for the integrator circuit, with given fS
of the power device.

3) Based on this minimum RiCi product, the slew rate of
the selected op-amp should satisfy (22).

IV. EXPERIMENTAL RESULTS

The design methodology presented in this paper was vali-
dated through experiments performed on the developed pro-
totype shown in Fig. 14. A method to estimate the mutual
inductance between the power-loop traces and the PCB coil
is first presented in this section. It is followed by current
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Vcm
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Fig. 15. Measurement of coil voltage due to a current ramp flowing through SiC MOSFET. (a) Coil voltage measurement. (b) Current ramp di/dt
measurement.

VGS(20V/div)

VDS (200V/div)

Probe Current (10A/div) Sensor Output (10 A/div)

Fig. 16. DPT evaluation of the SiC MOSFET. (a) Gate voltage (VGS), device voltage (VDS), and the current measurement using the designed
sensor compared with the Tektronix probe. (b) Device turn-off transition (c) Device turn-on transition. (d) Measurement results exclusively with the
designed sensor and the Tektronix probe.

sensing of TO-247 SiC MOSFET undergoing a DPT. Lastly,
the DPT setup is configured as a Buck converter and current
measurement using the designed sensor is presented. To com-
pare performance of the developed sensor, a 50 MHz Tektronix
TCP0020 current probe has been used.

A. Mutual Inductance
A simple technique to measure the mutual inductance of the

designed PCB coil is presented here. The technique is based
on the method presented in [23] to compute the inductance of
a DC bus-bar. In the DPT setup shown in Fig. 2(a), a single
pulse is driven into the gate of the MOSFET (M) with the DC
bus voltage set at 120 V. An air-core inductor is used in the
setup such that L is set as,

L = 1µH. (23)

The gate pulse then causes a current ramp to flow through
the MOSFET, the inductance (L), and the connecting traces.
For the pulse width tP , the current rises by ∆IL as shown
in Fig. 15. Therefore, di/dt of the current ramp through the
MOSFET can be approximated by ∆IL

tP
. Now the expression

in (3) can be modified as,

M =
VC

∆IL/tP
. (24)

As shown in Fig. 15, the current ramp with di/dt of 113.2
A/µs induces a voltage of 320 mV across the PCB coil. The
large dip in the coil voltage due to device turn-off can be
observed as well. Therefore, the value of mutual inductance is
around 2.827 nH, which is approximately close to the value
found in (5) from the FEM simulation.

B. DPT Evaluation

A DPT is performed on the 1.2 kV SiC MOSFET
(C2M0020120D) by CREE using the developed PCB setup.
The results from the DPT in Fig. 16 show the current mea-
surement using both the developed current sensor as well as
the Tektronix probe. The sensor output is shown in terms of
current after calibrating the sensor output voltage (VS) with
the current measurement from the Tektronix probe. It can be
observed that the sensor tracks the rising and falling current
edges with the required bandwidth. The higher amplitude
of ringing measured by the sensor is absent when other
measurements (VDS and VGS) are removed from the DSO as
seen in Fig. 16(d). This absence can, therefore, be attributed to
the noise being coupled through the common ground formed
by connecting the sensor ground and the gate driver ground,
which is required for taking all the measurements together by
the DSO.

Fig. 17 shows the measurement of device current using the
developed sensor at turn-on di/dt of 1.33 A/ns. Based on
the rise time of the device current which is measured by the
sensor, an upper bandwidth limit of 23.3 MHz can, therefore,
be attributed to the sensor. Since the current measurement
shown in Fig. 17 is captured using the designed sensor alone,
the stray inductance in the power-loop which gets added due
to accommodation of the Tektronix probe does not influence
the switching dynamics here. The measurement results can,
therefore, be used to estimate the total power-loop stray in-
ductance using the expression below for the turn-off transition
[19],
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TABLE III
CURRENT SENSING TECHNOLOGIES: COMPARISON.

Isolation Upper Bandwidth Limit Footprint Saturation/Hysteresis
Resistive Shunt (Series SDN-414 Shunts [9]) No 2000 MHz 17.5× 17.5× 40mm3 No

Current Transformer (Pearson Current Monitor 2877 [24]) Yes 200 MHz 17.3× 16.3× 29.6mm3 Yes
Hall Effect (Allegro ACS732 [25]) Yes 1 MHz 10.3× 10.3× 2.65mm3 (IC Dimensions) Yes [26]

GMR (Nibir et al. [12]) Yes 1.6 MHz 4.8× 5.8× 1.7mm3 (IC Dimensions) Yes [26]
Rogowski/PCB Coil (Kuwabara et al. [20]) Yes 35 MHz 60× 30× 1.6mm3 No

PCB Coil (Present Work) Yes 23.3 MHz 10.75× 14.6× 1.6mm3 No

Fig. 17. Measurement of the device current (20 A peak IM ) using
the designed sensor as the standalone current monitoring device. The
inductor current is measured through the Tektronix probe.

Fig. 18. Measured sensor voltage with the DPT setup configured as a
buck converter and the integrator components Ri and Ci set to 470 Ω
and 0.1 nF, respectively. The switching frequency of the converter is set
at 50 kHz.

LB ≈
Tring

2

4π2COSS
. (25)

where Tring is the duration of the turn-off ringing pe-
riod, and COSS is the output capacitance of the MOSFET
as provided in the device datasheet. The SiC MOSFET
C2M0080120D exhibits COSS of 80 pF at 600 V DC link
voltage, and Tring is measured to be 16 ns from Fig. 17.
Therefore, the power-loop stray inductance is calculated to
be around 81.05 nH. It can be observed that the calculated
power-loop stray inductance is lower than the power-loop stray
inductance estimated through FEM simulation. The reason can
be attributed to the power-loop being completed through the
DC bus capacitors in the DPT setup, while the power-loop
is completed through the current port (P) trace in the FEM
model shown in Fig. 4. Since the power-loop through the
DC bus capacitors is short, consequently the stray inductance
associated with it is low. The sensor design is compared with
other current sensing technologies in Table III.

C. Buck Converter Operation
In order to evaluate the performance of the developed sensor

in a power electronic circuit, the DPT setup is configured
as a Buck converter. Thereafter, the sensor voltage (VS) and
inductor current (IL) are measured. Fig. 18 shows the sensor
output voltage (VS), proportional to the device current, and
inductor current (IL) which is measured using the Tektronix
probe. From these results, the sensor exhibits a sensitivity of
300 mV/4.8 A = 62.5 mV/A, which is similar to the value
estimated from (11).

V. CONCLUSION

This paper presents the design and development of a PCB
coil based current sensor for a TO-247 device package. The
implications of placing the coil near the power-loop are
discussed, and a 3D-FEM based characterization of the power-
loop stray inductance is also presented. The stray inductance
characterization together with the non-ideal integrator model
based component selection enable the designer to develop the
current sensor with a complete control over both the amount of
stray inductance in the power-loop as well as the sensitivity
and bandwidth exhibited by the sensor. Since the presented
design methodology is generic, the approach can be utilized
for designing a PCB coil based current sensor for other device
packages as well.

APPENDIX

A. Influence of Coil Asymmetry
Fig. 19 shows an external homogeneous magnetic field (B)

along the plane of the PCB coil. Two regions denoted by R1

and R2, which are mirror images of each other about line OO’,
are shown highlighted. While R1 is selected as the region on
the PCB where the extended trace is located and hence, does
not contain any turn of the PCB coil, R2 contains seven turns
of the PCB coil. As such, the coil loses its circular symmetry.
A total of seven turns in R2 region of the coil, therefore, do
not have a symmetric counterpart to cancel external magnetic
field through the PCB coil. Now, due to this asymmetry, the
flux linking the PCB coil due to the external field is non-zero.
The magnetic flux linking the coil due to this homogeneous
field, shown inclined at angle α to x-axis in Fig. 19, is found
to be,

λ = kB sinα (26)

where,

k = t [ra + 2rb cos θ1 + 2ra cos θ2 + 2rb cos θ3] (27)

ra and rb are the lengths of turns forming the PCB coil and t
is the thickness of the PCB. θ1, θ2, and θ3 are the angles which
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Fig. 19. PCB coil with an external homogeneous magnetic field in the
plane of PCB.

these coil turns form with the x-axis as shown in the Fig. 19.
From (26), it is inferred that the factor k accounts for the loss
in magnetic field rejection capability of the coil on account
of the structural asymmetry present in the coil design. For a
perfectly symmetric coil design, k = 0. Besides, the smaller
the coil size, hence a smaller k, smaller will be the influence
of external fields on the PCB coil. The inclination of magnetic
field which causes maximum flux linkage, and therefore, the
most error in the sensor is at α = 90◦, which also explains
the variation of MEC in Fig. 8.

In order to estimate the error in the sensor output due to flux
linkage (26) caused by an external field, B, as an illustration,
can be considered as a homogeneous sinusoidal varying field
as,

B = Bm sinωt. (28)

Now, this field will cause a varying magnetic flux to link
through the PCB coil which is given by,

λ = kBm sinωt sinα. (29)

Thereafter, this flux linkage will induce a voltage across the
PCB coil which can be expressed as,

VC(t) = (kBmω) cosωt sinα. (30)

Now, if the frequency (ω) lies inside the integrating fre-
quency region of the integrator circuit, as defined in Fig.
12, the integrator output in the presence of the external field
interference can be expressed as,

Vs(t) =
Mi(t)

RiCi
+
kBm sinωt sinα

RiCi
. (31)

In order to evaluate the influence of the factor k on the
output of the sensor, an error can be defined in terms of the
peak value of interference in the sensor output and the sensor
output corresponding to the steady state value of device current
(IMSS

) as,

E =
kBm/RiCi

MIMSS
/RiCi

=
kBm

MIMSS

. (32)

Therefore, it can be observed that the asymmetry of the coil
in effect results in the loss of external field rejection capability
of the coil which further translates to an error in the sensor
output. However, small size of the coil, as given by the small
value of factor k, ensures that the error can be minimized.

REFERENCES

[1] J. Biela, M. Schweizer, S. Waffler, and J. W. Kolar, “SiC versus Si:
Evaluation of potentials for performance improvement of inverter and
DC-DC converter systems by SiC power semiconductors,” IEEE Trans.
Ind. Electron., vol. 58, no. 7, pp. 2872–2882, July 2011.

[2] S. Hazra, A. De, L. Cheng, J. Palmour, M. Schupbach, B. A. Hull,
S. Allen, and S. Bhattacharya, “High switching performance of 1700-
v, 50-A SiC power MOSFET over Si IGBT/BiMOSFET for advanced
power conversion applications,” IEEE Trans. Power Electron., vol. 31,
no. 7, pp. 4742–4754, July 2016.

[3] S. Mocevic, J. Wang, R. Burgos, D. Boroyevich, M. Jaksic, C. Stancu,
and B. Peaslee, “Comparison and discussion on shortcircuit protec-
tions for silicon-carbide mosfet modules: Desaturation versus rogowski
switch-current sensor,” IEEE Trans. Ind. Appl., vol. 56, no. 3, pp. 2880–
2893, 2020.

[4] S. Ziegler, R. C. Woodward, H. H. Iu, and L. J. Borle, “Current sensing
techniques: A review,” IEEE Sensors J., vol. 9, no. 4, pp. 354–376, 2009.

[5] F. Costa, P. Poulichet, F. Mazaleyrat, and E. Laboure, “The current
sensors in power electronics, a review,” EPE Journal, vol. 11, no. 1,
pp. 7–18, 2001. [Online]. Available: https://doi.org/10.1080/09398368.
2001.11463473

[6] A. J. L. Joannou, D. C. Pentz, J. D. van Wyk, and A. S. de Beer, “Some
considerations for miniaturized measurement shunts in high frequency
power electronic converters,” in 2014 16th European Conference on
Power Electronics and Applications, Aug 2014, pp. 1–7.

[7] J. Bocker, S. Schoos, and S. Dieckerhoff, “Experimental comparison
and 3D FEM based optimization of current measurement methods for
GaN switching characterization,” in 2018 20th European Conference on
Power Electronics and Applications (EPE’18 ECCE Europe), Sep. 2018,
pp. P.1–P.9.

[8] J. A. Ferreira, W. A. Cronje, and W. A. Relihan, “Integration of high
frequency current shunts in power electronic circuits,” IEEE Trans.
Power Electron., vol. 10, no. 1, pp. 32–37, 1995.

[9] T. Research. SERIES SDN-414. [Online]. Available: https://www.
tandmresearch.com/

[10] R. O. C. Lyra, B. J. Cardoso Filho, V. John, and T. A. Lipo, “Coaxial
current transformer for test and characterization of high-power semicon-
ductor devices under hard and soft switching,” IEEE Trans. Ind. Appl.,
vol. 36, no. 4, pp. 1181–1188, July 2000.

[11] L. Dalessandro, N. Karrer, and J. W. Kolar, “High-performance planar
isolated current sensor for power electronics applications,” IEEE Trans.
Power Electron., vol. 22, no. 5, pp. 1682–1692, Sep. 2007.

[12] S. J. Nibir and B. Parkhideh, “Magnetoresistor with planar magnetic con-
centrator as wideband contactless current sensor for power electronics
applications,” IEEE Trans. Ind. Electron., vol. 65, no. 3, pp. 2766–2774,
March 2018.

[13] S. J. Nibir, M. Biglarbegian, and B. Parkhideh, “A non-invasive DC-
10-MHz wideband current sensor for ultra-fast current sensing in high-
frequency power electronic converters,” IEEE Trans. Power Electron.,
vol. 34, no. 9, pp. 9095–9104, Sep. 2019.

[14] M. H. Samimi, A. Mahari, M. A. Farahnakian, and H. Mohseni, “The
rogowski coil principles and applications: A review,” IEEE Sensors J.,
vol. 15, no. 2, pp. 651–658, 2015.

[15] D. Gerber, T. Guillod, R. Leutwyler, and J. Biela, “Gate unit with
improved short-circuit detection and turn-off capability for 4.5-kv press-
pack IGBTs operated at 4-ka pulse current,” IEEE Trans. Plasma Sci.,
vol. 41, no. 10, pp. 2641–2648, Oct 2013.

[16] J. Wang, Z. Shen, C. DiMarino, R. Burgos, and D. Boroyevich, “Gate
driver design for 1.7kv SiC MOSFET module with rogowski current
sensor for shortcircuit protection,” in 2016 IEEE Applied Power Elec-
tronics Conference and Exposition (APEC), March 2016, pp. 516–523.

[17] J. Wang, Z. Shen, R. Burgos, and D. Boroyevich, “Integrated switch
current sensor for shortcircuit protection and current control of 1.7-kv
SiC MOSFET modules,” in 2016 IEEE Energy Conversion Congress
and Exposition (ECCE), Sep. 2016, pp. 1–7.

[18] Y. Xue, J. Lu, Z. Wang, L. M. Tolbert, B. J. Blalock, and F. Wang, “A
compact planar rogowski coil current sensor for active current balancing
of parallel-connected silicon carbide MOSFETs,” in 2014 IEEE Energy
Conversion Congress and Exposition (ECCE), Sep. 2014, pp. 4685–
4690.

[19] K. Wang, X. Yang, H. Li, L. Wang, and P. Jain, “A high-bandwidth
integrated current measurement for detecting switching current of fast
GaN devices,” IEEE Trans. Power Electron., vol. 33, no. 7, pp. 6199–
6210, July 2018.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TIE.2020.3045956

Copyright (c) 2021 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

https://doi.org/10.1080/09398368.2001.11463473
https://doi.org/10.1080/09398368.2001.11463473
https://www.tandmresearch.com/
https://www.tandmresearch.com/


[20] Y. Kuwabara, K. Wada, J. Guichon, J. Schanen, and J. Roudet, “Imple-
mentation and performance of a current sensor for a laminated bus bar,”
IEEE Trans. Ind. Appl., vol. 54, no. 3, pp. 2579–2587, May 2018.

[21] A. Radun, “An alternative low-cost current-sensing scheme for high-
current power electronics circuits,” IEEE Trans. Ind. Electron., vol. 42,
no. 1, pp. 78–84, Feb 1995.

[22] S. Franco, Design with Operational Amplifiers & Analog Integrated
Ciruits, 3rd ed. McGraw Hill.

[23] A. Datta and G. Narayanan, “Measurement of Parasitic Inductances in
the Bus-Bar Assembly of a High Power Voltage Source Converter,” J.
Inst. Eng. India Ser. B, vol. 97, no. 4, pp. 537–547, Dec. 2016.

[24] P. Electronics. Wideband current monitors. [Online]. Available: https:
//www.pearsonelectronics.com/products/wideband-current-monitors

[25] A. Microsystems. ACS732 and ACS733: 1 MHz bandwidth, galvanically
isolated current sensor IC in SOIC-16 package. [Online]. Available:
https://www.allegromicro.com/en/products/sense/current-sensor-ics

[26] Chucheng Xiao, Lingyin Zhao, T. Asada, W. G. Odendaal, and J. D. van
Wyk, “An overview of integratable current sensor technologies,” in 38th
IAS Annual Meeting on Conference Record of the Industry Applications
Conference, 2003., vol. 2, 2003, pp. 1251–1258 vol.2.

Aamir Rafiq received the B.Tech. degree in
electrical engineering from the National Institute
of Technology, Srinagar, India in 2014 and the
M.Tech. degree in power electronics and drives
from the Indian Institute of Technology Delhi,
India in 2018, where he is currently working
towards the Ph.D. degree with the Department
of Electrical Engineering. His research interests
include design of high frequency power convert-
ers and wide-bandgap power devices.

Sumit Kumar Pramanick (S’15-M’17) received
the B.E. degree in Electrical Engineering from
the Indian Institute of Engineering Science and
Technology, Shibpur, India, in 2011, the M.Tech
degree in Electronic Systems Engineering and
the Ph.D. degree from the Indian Institute of
Science, Bengaluru, India, in 2013 and 2017, re-
spectively. He worked as a Post Doctoral Fellow
with Power Electronics, Microgrids and Subsea
Electrical Systems (PEMSES) Center in the Uni-
versity of Houston from 2016 to 2018.

He is currently an Assistant Professor with the Department of Elec-
trical Engineering, Indian Institute of Technology, Delhi, India, where he
joined in 2018. His research interests include multilevel converter, active
filters, machine drives, and high-frequency power conversion.

Ramkrishan Maheshwari (S’10-M’11-SM’18)
was born in Allahabad, India. He received the
master of engineering (M.E.) degree in elec-
trical engineering from the Indian Institute of
Science (IISc), Bangalore, India in 2005 and the
Ph.D. degree in electrical engineering from Aal-
borg University, Aalborg, Denmark in 2012. From
2005 to 2008, he was with Honeywell Technol-
ogy Solution Lab, Bangalore, India. From 2012
to 2014, he was with the Department of Energy
Technology, Aalborg University, Denmark. From

2014 to 2019, he was with the Department of Electrical Engineering,
Indian Institute of Technology, New Delhi, India. He is currently working
as an Associate Professor with the Center of Industrial Electronics,
University of Southern Denmark, Sønderborg, Denmark. His research
interests include modeling and control of power converters.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TIE.2020.3045956

Copyright (c) 2021 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

https://www.pearsonelectronics.com/products/wideband-current-monitors
https://www.pearsonelectronics.com/products/wideband-current-monitors
https://www.allegromicro.com/en/products/sense/current-sensor-ics

