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Letters

A Dual-Function Planar Magnetically Coupled Current Sensor for
High-Frequency Oscillation Suppression and Switching Current Measurement

Xiaokang Zhang , Student Member, IEEE, Qiao Li , Member, IEEE, Yun Huang , Student Member, IEEE,
Guiheng Liu, Student Member, IEEE, and Chao Yuan , Member, IEEE

Abstract—This letter proposes a planar magnetically coupled
current sensor with dual functionality: suppression of high-
frequency switching oscillations and accurate switching current
measurement. The sensor integrates a planar coil-based snubber
circuit with a resonant compensation integrator. Through magnetic
coupling, the snubber enhances power loop impedance and effec-
tively attenuates high-frequency oscillations. Meanwhile, the reso-
nant integrator compensates for the snubber-induced resonance,
enabling precise current reconstruction. The coupled coils are
embedded within the printed circuit board to achieve strong mu-
tual inductance, supporting both effective oscillation suppression
and high-sensitivity current sensing. Experimental results from a
double-pulse test platform verify the sensor’s dual functionality
and practical applicability.

Index Terms—Current sensor, planar magnetic coupling,
switching oscillations.

I. INTRODUCTION

A S POWER electronic devices continue to advance, the
trend toward faster switching speeds has become increas-

ingly prevalent, driven by the demand for enhanced efficiency
and higher power density. While these advancements offer sig-
nificant improvements in performance, they also introduce new
challenges. The elevated switching speeds lead to pronounced
switching transients and oscillations, which not only contribute
to additional power losses but also exacerbate electromagnetic
interference (EMI), undermining overall system stability [1].
Furthermore, the precise measurement of switching currents at
nanosecond timescales has emerged as a critical challenge for
current sensing technologies, complicating essential tasks such
as short-circuit protection and performance monitoring.

Various methods have been investigated to mitigate the ad-
verse effects of switching oscillations, including optimizing
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printed circuit board (PCB) layouts to reduce parasitic induc-
tance [2], employing active gate drivers for independent control
of overshoot and oscillations [3], and incorporating snubber
circuits to suppress switching oscillations [4]. Among these,
snubber circuits offer a relatively simple and cost-effective so-
lution. Compared with direct integration into the power loop,
magnetically coupled snubbers avoid the risk of short circuits
[5]. However, their suppression performance is limited due to
weak magnetic coupling and insufficient flux linkage.

Rogowski coil current sensors (RCCS) are well-suited for
high-bandwidth applications due to their wide frequency re-
sponse and minimal intrusion [6]. Recent PCB-based RCCS
research has focused on improving accuracy and bandwidth. For
instance, Xin et al. [7] proposed a closed-loop error compensa-
tion method to precisely correct integration errors, while Li et
al. [8] introduced a characteristic shaper to extend bandwidth
without sacrificing sensitivity. In comparison, planar coils offer
a larger effective magnetic flux area and lower parasitic parame-
ters, making them particularly advantageous for current sensing.
Furthermore, when integrated into magnetically coupled snub-
ber circuits, planar coils enable more effective suppression of
switching oscillations.

Traditionally, switching oscillation suppression and current
measurement have been addressed using separate components,
leading to increased system complexity and layout constraints.
This letter introduces a novel dual-function planar magnetically
coupled current sensor that unifies these two functions within a
single, compact structure. By enabling functional reuse of the
planar magnetic element, the proposed approach significantly
simplifies system design while maintaining high performance
in both oscillation suppression and current sensing. The sen-
sor’s dual functionality and practical effectiveness have been
validated through experiments on a double-pulse test platform.

II. PRINCIPLE AND DESIGN OF THE PROPOSED PLANAR

MAGNETICALLY COUPLED CURRENT SENSOR

The overall architecture of the proposed dual-function planar
magnetically coupled current sensor is illustrated in Fig. 1.
The sensor consists of two functional sections: Part A is a
snubber circuit composed of a planar coil and a passive RC
network, while Part B includes a voltage divider and a resonant
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Fig. 1. Overall architecture of the dual-function planar magnetically coupled
current sensor.

Fig. 2. Equivalent circuit of power loop with snubber circuit.

compensation integrator. The operating principle and detailed
design of the sensor are presented in the following section.

A. Toroidal Loop Structure for Enhanced Mutual Inductance

The typical equivalent circuit of the power loop with snubber
circuit is illustrated in Fig. 2, where Lloop andRloop are the para-
sitic inductance and resistance of the power circuit, respectively,
and Coss is the output capacitance of the SiC MOSFET. For the
snubber circuit, Lsnb is the self-inductance of planar coil, and
Rsnb and Csnb are the resistance and capacitance of passive
circuit.

The mutual inductance M between the power circuit and
the snubber circuit is a critical design parameter, as it reflects
the level of magnetic coupling. A higher M enhances both the
suppression of high-frequency oscillations and the sensitivity
of current sensing. To achieve strong coupling, the power loop
is flexibly configured as a single-turn toroidal structure with a
widthBw, as illustrated in Fig. 2. The parasitic inductance of the
toroidal loop is Lm. The power loop inductance uncoupled to
the planar coil isLw. This configuration intensifies the magnetic
field within the central circular region enclosed by the toroid.
By placing the planar coil within this region, effective magnetic
coupling with the toroidal loop can be realized. According to
Faraday’s law, mutual inductance can be calculated as follows:

M =
dφ

di
. (1)

For accurate computation of mutual inductance, the toroidal
conductor is conceptually divided into multiple concentric cur-
rent loops, each with a width b, as shown in Fig. 2. The total
mutual inductance M is then obtained by summing the mutual
inductance contributions from each of these concentric loops to

TABLE I
GEOMETRIC PARAMETERS

Fig. 3. FEM simulation.

the planar coil, as expressed by
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Ri = R+ b(i− 1)
rj = rout − (w + s)(j − 1)
N = b/Bw

(4)

where μ0 denotes the vacuum permeability, R is the inner radius
of the toroidal coil, n is the turns of the planar coil, rout represents
the outer radius of the planar coil, and w and s are the trace width
and spacing of the planar coil, respectively. Another important
parameter of planar coils is self-inductance Lsnb. The simple
accurate expressions of planar spiral inductors have been well
established in [9]. The self-inductance for an n-turn planar coil
is defined as

Lsnb =
μ0n

2ravg

2

[
ln

(
2.46

pr
+ 0.2p2r

)]
. (5)

The ravg and fill ratio pr are defined as follows:

ravg =
rout + rin

2
andpr =

rout − rin

rout + rin
. (6)

The geometric parameters of the toroidal loop and planar coil
are summarized in Table I, where t is the thickness of PCB
copper. To validate the mutual inductance calculation method, a
finite element (FEM) simulation is conducted in Ansys Maxwell
using a simplified equivalent model that replicates the geometric
parameters of the toroidal loop and planar coil in the actual
circuit, as shown in Fig. 3. The mutual inductance calculated
by FEM is 213 nH, while the analytical method gives 230 nH,
resulting in a deviation of 8%. The accuracy of the mutual
inductance calculation method is verified.
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Fig. 4. Bode diagram of Zloop(s) andZtotal(s).

B. Snubber Circuit Optimization for Oscillation Suppression

During switching transients, oscillations are primarily caused
by the resonance between theCoss and theLloop. As described in
[5], if the impedance of the snubber network is inserted into the
power loop, the total equivalent impedance Ztotal of the system
can be expressed as follows:

Ztotal (s) = Zloop + Zsnubber

= Lloops+
1

Cosss
+Rloop +

−M2Csnbs
3

LsnbCsnbs2 +RsnbCsnbs+ 1
.

(7)

The bode diagram of Zloop(s) andZtotal(s) is presented in
Fig. 4. It can be clearly seen that the impedance of Zloop

reaches its minimum value at the resonant frequency fr. By
incorporating the snubber, the impedance of Zloop(s) at fr can
be intentionally increased, thereby suppressing the switching
oscillations. To achieve this, the resonant frequency of the
snubber circuit must be designed to match that of the power
loop, i.e., LloopCoss = LsnbCsnb.

The impact of different values of Rsnb onZtotal is illustrated in
Fig. 4. As Rsnb decreases, the impedance of Ztotal at the resonant
frequency fr increases. However, this also introduces two addi-
tional resonant peaks on either side of fr, which is undesirable
in practical applications. Therefore, careful selection of Rsnb is
necessary to avoid this phenomenon. From the phase–frequency
characteristics in Fig. 4, it can be observed that all Ztotal curves
intersect at a fixed pointPr, regardless of the value ofRsnb. This
behavior can also be analytically derived from (5), assuming
LloopCoss = LsnbCsnb. As Rsnb increases, the slope of the Ztotal

curve around fr transitions from negative to positive, and the
impedance at fr decreases. To maximize the impedance at fr
while avoiding the emergence of additional resonant peaks, the
value of Rsnb should be selected as follows:

d [∠Ztotal (jω)]

dω
|ω=2πfr = 0. (8)

In practical snubber circuit design, the outer radius rout and
number of turns n of the planar coil are first selected, as they
determine the mutual inductance M and Lsnb. Based on the

Fig. 5. Impedance of Ztotal(s) at fr .

resonance condition LloopCoss = LsnbCsnb and (8), the values
of Csnb and Rsnb are then calculated. An enumeration method
is employed to sweep rout and n in order to maximize the
impedance Ztotal at the resonant frequency fr. In Fig. 5, the re-
sults show that increasing rout yields a more significant improve-
ment in impedance than increasing n. Although both M andLsnb

increase with the number of turns, the associated rise in Lsnb

offsets the benefits of a larger M. While a higher M improves
sensing sensitivity, it also complicates circuit design. Taking
these tradeoffs into account, a planar coil with rout = 15mm
and n = 8 is chosen for the subsequent experiments.

C. Resonant Compensation for Accurate Current Sensing

As shown in Fig. 1, to ensure the input voltage of the op-
erational amplifier remains within its safe operating range, a
resistive voltage divider composed of Rs1 andRs2 is inserted
between the resonant compensation integrator and the snubber.
To avoid degrading the oscillation suppression capability of the
snubber, Rs1 andRs2 should be chosen with relatively high
resistance values (on the order of kilo-ohms). Based on the
equivalent circuit in Fig. 1, the transfer function of Part A, Part
B, and the current sensor can be derived as follows:⎧⎨
⎩

Vsnub(s)
iloop(s)

= sMRs

s2LsnbCsnbRsnb+s(Lsnb+CsnbRsnbRs)+(Rsnb+Rs)

Vout(s)
Vsnub(s)

=
R4Rs2(s2L1C1+sR2C1+1)(sR3C2+1)

R3(s2L1C1Rs+sC1Rs(R1+R2)+sRs1Rs2C1+Rs)(sR4C2+1)

(9)

GSen (s) =
Vsnub(s)

iloop (s)

Vout(s)

Vsnub(s)
=

Vout(s)

iloop (s)
. (10)

Based on (9) and (10), the frequency response of the current
sensor is depicted in Fig. 6, where fA and fB are the resonant fre-
quencies of Parts A and B, and ζA and ζB are the damping ratios
of Parts A and B. In Part A, a pronounced resonance peak appears
due to the interaction betweenLsnb andCsnb, which significantly
restricts the sensor’s bandwidth. To overcome this limitation and
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Fig. 6. Frequency responses of planar magnetically coupled current sensor.

Fig. 7. Frequency responses of the current sensor.

ensure accurate measurement of high-speed switching currents,
a resonant compensation integrator is implemented in Part B
to extend the effective bandwidth. To compensate for the res-
onant peak of Part A, R2, L1, and C1 are adjusted to satisfy
fA = fB and ζA = ζB. As shown in Fig. 6, Part B introduces an
attenuation notch at the resonant frequency, effectively suppress-
ing the resonance peak observed in Part A. Consequently, the
overall transfer function Gsen(s) exhibits a flatter gain response
over a wider frequency range, thereby improving the sensor’s
accuracy in capturing fast switching current waveforms.

D. LTspice Simulation for Bandwidth Evaluation

An accurate LTspice model of the current sensor is developed
to estimate its bandwidth. The impedance of the sensor circuit
is accurately extracted by an impedance analyzer (WK6500B).
The official Pspice model of operational amplifier LM6172 with
a bandwidth of 80 MHz is applied in this simulation [10]. The
frequency sweep is conducted to obtain the sensor’s frequency
responses, as shown in Fig. 7. It can be clearly seen that the
bandwidth of this current sensor is approximately 60 MHz.

III. EXPERIMENTAL VERIFICATION

The prototype of the proposed current sensor and the dual-
pulse test platform are shown in Fig. 8, with key system param-
eters summarized in Table II. Based on (9) and (10), the sensor
sensitivity is calculated to be 0.24 V/A. As illustrated in Fig. 8(a),
the snubber circuit is connected to the subsequent circuitry via an

Fig. 8. (a) Planar magnetically coupled current sensor. (b) Dual pulse testing
platform.

TABLE II
SYSTEM PARAMETERS

Fig. 9. Experimental results without the proposed current sensor.

RF coaxial cable. To mitigate drift errors caused by the input bias
voltage and current of the operational amplifiers, a reset switch
is placed in parallel with capacitor C2 to periodically discharge
the accumulated charge. Three high-bandwidth voltage probes
(DP6150A, CYBERTEK) are utilized to measure the gate–
source voltage, drain–source voltage, and the sensor’s output
voltage, respectively. For comparison purposes, the loop current
is measured using a commercial current probe (HCP8030) with
a bandwidth of dc–50 MHz. As shown in Fig. 8(b), to reduce
EMI from the power loop and ensure measurement accuracy,
the sensor circuit and voltage probes are enclosed in a shielded
box.

Fig. 9 shows the double-pulse experimental results without
the proposed current sensor. Vgs represents the gate–source
voltage, iloop is the loop current measured by a commercial
current probe, and Vds denotes the drain–source voltage of
the SiC MOSFET. Significant current and voltage oscillations
are observed during the switching transient, indicating severe
high-frequency disturbances. In contrast, Fig. 10 presents the
experimental results with the proposed current sensor, where
Vout denotes the sensor’s output voltage. It is evident that both
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Fig. 10. Experimental results with the proposed current sensor.

Fig. 11. Comparison between the proposed current sensor and the commercial
current probe.

Fig. 12. Comparison of frequency spectra without and with the proposed
current sensor. (a) Vds. (b) iloop.

current and voltage oscillations are substantially suppressed,
demonstrating the sensor’s effectiveness in damping switching
oscillations. Furthermore, Fig. 11 overlays the switching current
waveforms measured by the proposed sensor and the commercial
current probe. The close agreement between the two validates
the sensor’s accuracy in current measurement, confirming its
dual functionality of oscillation suppression and precise current
sensing.

The comparison of the frequency spectra without and with
the proposed current sensor is presented in Fig. 12. It is evident
that the spectral peaks of both Vds and iloop are reduced by
approximately 10 dB when the proposed current sensor is active.
In Fig. 12(b), the frequency spectrum of the proposed sensor’s
output voltage is compared with that of a commercial current
probe. Below the spectral peak, the proposed sensor exhibits
a close match to the commercial probe. However, beyond the

Fig. 13. Noise floor of the proposed current sensor.

TABLE III
COMPARISON WITH ADVANCE MAGNETICALLY COUPLED SNUBBER

spectral peak, the resonant-compensated integrator fails to fully
compensate for the snubber-induced resonance due to nonideal
circuit characteristics, leading to a deviation between the two
spectra. As shown in Fig. 12(b), due to the imperfect resonance
compensation. a 5 dB amplitude difference is observed near the
resonant frequency. However, as shown in Fig. 11, the impact
of this deviation is limited to the trailing edges of the oscillation
waveform and does not significantly affect the measurement
accuracy of the switching current.

The signal-to-noise ratio (SNR) of the proposed sensor is
defined as the ratio of the effective signal power to the noise
floor power, as expressed by

SNR = 10log10(
Ps

Pn
) (11)

where Ps is the average power of the effective signal and Pn

is the average power of the noise floor. With zero input, the
noise floor of the proposed current sensor can be measured by a
high-precision voltage probe, as shown in Fig. 13. Based on the
output voltage and noise floor of the proposed current sensor,
the SNR is calculated to be 40.2 dB, validating the sensor’s
capability for high-speed current measurement.

Table III illustrates a comparison between the proposed dual-
function current sensor and several advanced magnetically cou-
pled snubbers [5], [12], [13]. The proposed sensor achieves a
greater attenuation of spectral peaks compared with [5], which
benefits from the large magnetic flux area of the planar coil. Al-
though the magnetic-core-based snubbers presented in [12] and
[13] offer stronger magnetic coupling and improved oscillation
suppression, they inherently increase the parasitic inductance
of the power loop, which leads to more pronounced voltage
overshoot. In addition, Kim et al. [5], [12], and [13] require
the use of two separate coils to enhance oscillation suppression,
which inevitably increases complexity and cost. In contrast, the
proposed sensor achieves superior switching oscillations sup-
pression using a single planar coil without a magnetic core, while
avoiding any impact on parasitic parameters of the power loop.
Therefore, it strikes a favorable balance between suppression
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TABLE IV
COMPARISON WITH ADVANCED RCCS

Fig. 14. (a) Discrete snubber [5]. (b) Discrete current sensor [14].

Fig. 15. Comparison between the designed current sensors and the commercial
current probe. (a) Discrete sensor. (b) Integrated sensor.

effectiveness, layout simplicity, and cost-efficiency. Table IV
presents a comparative performance analysis between the pro-
posed sensor and other advanced current sensors. Benefiting
from the large magnetic flux area and minimized stray param-
eters of the planar coil, the proposed sensor simultaneously
achieves both high bandwidth and high sensitivity.

As shown in Fig. 14, an optimized discrete solution, con-
sisting of the discrete snubbers and a discrete current sensor,
is developed based on [5] and [14]. This discrete solution is
compared with the proposed dual-function planar magnetically
coupled current sensor to further demonstrate the advantages of
the proposed integrated solution in system simplification and
performance improvement. Both solutions are implemented on
the double-pulse test platform, and experimental results are
presented in Figs. 15 and 16. The results demonstrate that
both solutions can accurately measure high-frequency switching
currents and suppress switching oscillations. Specifically, the
discrete solution reduces the Vds oscillation duration to 76.6%
and the iloop oscillation duration to 84.6%. In contrast, the pro-
posed integrated solution achieves much stronger suppression,
reducing the Vds oscillation duration to 15.3% and the iloop
oscillation duration to 30.8%. Moreover, the discrete solution
requires three coils, whereas the integrated solution uses only

Fig. 16. Comparison of experimental results without, with discrete solution,
and with integrated solution. (a) Vds. (b) iloop.

one. To summarize, the proposed integrated solution signifi-
cantly reduces the number of components, simplifies the system,
and lowers cost, while achieving stronger oscillation suppression
and a better tradeoff between sensitivity and bandwidth.

IV. CONCLUSION

This letter proposes a novel dual-function planar magneti-
cally coupled current sensor. To increase mutual inductance,
the planar coil is positioned within a single-turn toroidal loop
formed by the positive and negative busbars. Optimal snub-
ber parameters are subsequently determined to maximize the
impedance of the power loop at the resonant frequency. Fur-
thermore, a resonant compensation integrator is employed to
broaden the sensor’s bandwidth by compensating for the snub-
ber’s resonance. Experimental results demonstrate that the pro-
posed sensor effectively suppresses oscillations while accurately
measuring the switching current. The feasibility and dual func-
tionality of the proposed sensor have been comprehensively
validated.
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