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Abstract: Gallium nitride (GaN) devices are advantageous over conventional Silicon (Si) devices
in terms of their small size, low on-resistance, and high dv/dt characteristics; these ensure a high
integrated density circuit configuration, high efficiency, and fast switching speed. Therefore, in the
diagnosis and protection of a system containing a GaN power semiconductor, the transient state for
accurate switch current measurement must be analyzed. The pick-up coil, as a current sensor for
switch current measurement in a system comprising a surface-mount-device-type nonmodular GaN
power semiconductor, has the advantages of a higher degree-of-freedom configuration for its printed
circuit board, a relatively small size, and lower cost than other current sensors. However, owing to
the fast switching characteristics of the GaN device, a bandwidth of hundreds MHz must be secured
along with a coil configuration that must overcome the limitations of relatively low sensitivity of the
conventional current sensor. This paper analyzes the pick-up coil sensor models that can achieve
optimal bandwidth and sensitivity for switch current measurement in GaN based device. So four
configurable pick-up coil models are considered and compared according to coil-parameter using
mathematical methods, magnetic, and frequency-response analysis. Finally, an optimal coil model is
proposed and validated using a double-pulse test.

Keywords: GaN; Rogowski coil; pick-up coil; double pulse test; switch current

1. Introduction

A power semiconductor with a wideband gap (WBG) is a device capable of high-density integration
owing to its high energy efficiency and high-speed switching and has the advantage of a small size with
strong dv/dt characteristics at a high temperature compared to a conventional Si device. Among the
WBG semiconductors, GaN devices have lower stability to high temperatures than Silicon carbide
devices but can be switched faster based on high dv/dt characteristics. Recently, studies have been
conducted to improve thermal stability based on technological advances [1-4].

However, the high dv/dt characteristic due to the fast switching speed of GaN is highly sensitive
to noise and inductance [5,6]. Therefore, the problems of peak values and pulsation components due
to noise and loop inductance components in the switching transient periods must be overcome to
achieve a stable device operation [1,5]. In addition, to obtain accurate transient response characteristics
for measuring the switching current and protecting the system, the bandwidth of the sensor must
be sufficiently guaranteed [4]. Current sensors for integrated systems have been extensively studied
for improving sensor performance based on evaluation criteria such as size, cost, transient response
characteristics, noise immunity, and sufficient bandwidth. Existing current sensors for measuring the
switch current include methods using Ohm’s law of resistance, a magnetic field sensor, and Faraday’s
induction law. The most commonly used device is the shunt resistor, which is a representative
sensor using Ohm’s law of resistance, relatively inexpensive, and has a long commercialization
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history [7-9]. However, if the current sensor is used in a printed circuit board (PCB) for system
protection, its configuration as a built-in type sensor is difficult and the loop inductance value increases
with the installation of a shunt resistor; these disadvantages must be overcome. Magneto-resistor
sensors [10-14] and Hall-effect sensors [15-20] are isolated static current sensors used in magnetic field
sensors and have the advantages of DC and AC measurement [11,12].

Current transformers (CT) [21-24] and Rogowski coils [25-32] are the magnetic field induction
based transducer by the current passing through the closed area of the coil according to Faraday’s
law. These sensors, as an isolated sensor, could be used to conduct wide-scale current measurements
in a relatively high bandwidth and at a low price [26-29]. Compared to the CT, the Rogowski coil
portrays a lower core loss and a higher linear characteristic owing to its non-saturation characteristic,
regardless of the current range, by using an air core instead of a ferromagnetic core [22,30]. However,
fast-switching-power semiconductors, such as GaN, are sensitive to noise and loop inductance due
to high dv/dt, and therefore sufficient bandwidth is required to increase the transient response
characteristics. In addition, it experiences the problem of relatively low sensitivity due to the nature
of the air core [33-37]. Accordingly, to design a coil, an appropriate number of coil turns must be
determined and a new coil design must be developed. The toroidal-form winding coil is the most
common Rogowski coil [37] but has many design limitations when built in a PCB for measurement
of switching current and system protection. Therefore, the toroidal form of the Rogowski coil can
only be configured externally by using a modular power semiconductor rather than a PCB built-in
semiconductor [32,38,39]. This is because the windings of the toroidal coil require the conductor,
through which the measured current flows, to be wrapped around the core. However, if the conductor
is in its trace form, it is difficult to design the coil in the form of a built-in PCB.

The pick-up coil is a sensor capable of a built-in PCB and was proposed in 2011, with the goal
of decreasing the size and increasing the bandwidth [40]. Similar to the existing Rogowski coil,
the operating principle of the pick-up coil involves the measurement of the induced output voltage of
the coil by receiving a part of the magnetic field flux generated by the measured current in the coil
according to Faraday’s law. Compared to the existing toroidal-type Rogowski coil, the structure of the
pick-up coil is designed with a higher degree of freedom because its structure can attract a portion of
the magnetic field flux and not the entire magnetic field of radiation in all directions (360°) generated
from the measured current. With such a structure, the pickup coil can be configured as a PCB built-in
type in a nonmodular power semiconductor as well as a modular power semiconductor. However,
the reduction in measurement sensitivity due to the significantly reduced mutual inductance value
compared to the toroidal type is unavoidable [40-42].

In this study, we analyzed the parameters for the optimum configuration of the pick-up coil
that can measure the switch current in a half-bridge model composed of a nonmodular GaN power
semiconductor. In addition, we propose a structure that can simultaneously increase the bandwidth
and sensitivity of a device by comparing and analyzing the frequency response and magnetic flux flow
of four configurable pickup coils.

This paper is organized as follows. Section 2 presents the basic structure and composition of the
four pick-up coil models that include an integrator that can be built into the PCB circuit. Section 3
presents the analyses of the mutual inductance, frequency response, and magnetic properties of the
coil models. Section 4 presents the experimental verification of the method used in this study and
Section 5 draws the conclusion.

2. Design of the Current Sensor

2.1. Pick-Up Coil Design

Figure 1 shows the schematic of measuring the current through the built-in PCB pick-up coil when
the switch current flows in the PCB trace. According to Faraday’s law, a part of the magnetic-field flux,
&, generated by the primary current flowing in the trace enters the coil and an electromotive force
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(EMF) is induced at the terminal of the coil. The induced EMF of the coil is represented by the rate
of change of time of the magnetic-field flux, and it presents negative values according to Lenz’s law.
The induced EMF is proportional to mutual inductance value M between the coil and measurement
trace. The mutual inductance value shown in Equation(2) is proportional to the number of turns of the
sensor coil in Figure 1 and is proportional to the area where the magnetic-field flux is incident [25,26]:

d di
e(t) = —d—q: - —M%, 1)
M=y,-N-S, @)

Figure 1. Schematic of the pick-up coil.

Figure 2 shows that the circuit for the pick-up coil can be equivalent to that of the sensor coil
based on the lumped model theory. According to the lumped circuit, the transfer function of the coil’s
output to the measured current is represented as:

Vcoil (S) _ M-s

TR0 (LeC)s 4 s(Rge) 4 R

where L, is the magnetization inductance of the coil, R, is the self-resistance value of the coil, C, is the
self-capacitance value of the coil, and M denotes the mutual inductance between the coil and conductor.
Here, optimal damping resistance R, is the same as Equation (5) based on the damping ratio

C [26,30]:
1 (L R,
2 VLCcc(Rd o Rd + RC ( )

1 L
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Figure 2. Equivalent lumped circuit of the pick-up coil.

Figure 3 depicts four pick-up coil models that can be configured using the built-in PCB, and the
arrows show the direction of the magnetic-field flux generated by the primary current. Model-1 and
model-2 show models consisting of a vertical layer of the current trace and pick-up coil within a
limited area on the PCB. Figure 3a shows the case in which the current conductor trace is located in the
direction perpendicular to the plane, where the magnetic-field flux in the coil is incident at one side,
and Figure 3b shows the coil structure in the case that the conductor is located on two sides. As shown
in Figure 3b, the conductor has more magnetic flux entering the coil in the same direction than in the
case of only one conductor trace [Figure 3a] because the measured current flows through the both upper
and lower trace surfaces. Therefore, model-2 shows a higher value of mutual inductance between the
conductor and coil compared to model-1, according to Equation (1). In both cases, the magnetization
and mutual inductance values were determined according to the number of coil turns.
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Figure 3. Magnetic-field flow through a (a) model-1: pick-up coil with conductor trace on one side;
(b) model-2: pick-up coil with conductor trace on two sides; (¢) model-3: spiral coil with conductor
trace on three sides and (d) model-4: rectangular coil with conductor trace on three sides.

Model-3 and model-4 show the conductor traces through which the measured current flows
wraps the sensor coil in three planes on the same plane; the magnetic line generated by the current
on the three sides enters the sensor. In addition, the conductor trace, through which the measured
current flows, wraps the sensor coil on the three sides on the same plane and the magnetic-field flux
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generated by the current at the three sides enters the sensor coil in the same direction. While the
model-3 is composed of a single-layer spiral coil, the configuration in Figure 3d shows a 2-layer turn
rectangular-coil structure. In these case, Compared to the model-1 and model-2, the direction of the
generated magnetic-field flux is in the vertical direction rather than in the horizontal direction.

2.2. Sensor Design with Active Integration

The entire sensor consists of a coil and an integrator, and the overall equivalent circuit of the sensor
is shown in Figure 4. The integrator consists of an active inverting integrator, and the resistor Ry value
is selected and placed parallel to integrator capacitor Cs to limit the infinite gain value of the inverting
input stage appearing in a low-frequency environment to a finite gain value [43]. Here, the transfer
function of the sensor output versus the integrator input is represented as

Vsen = _& . 1 (6)
Vint_in R] 1 + ja)Rfo ’

L R. LR
int
iy —> T —A\W :
. H ; N
) g _ ﬂll'did/dt Cc = R, E: Vint in v.
L[] ; : RZ slen
- * ;
O
!
1 GND
GND N7 N7
Coil Active integrator

Figure 4. Comprehensive equivalent circuit sensor.

In Figure 5, in the magnitude frequency response of the sensor, the unit gain of frequency,
fr, is calculated using Equation (9) according to the gain bandwidth product; the graph shows a
—40-dB/decade slope at the corner frequency value of the coil.

1
Je = 2nr,c; 7
= Qain cfe= ; (8)
fr - & f=fe fc o 271R1Cf

For all sensors, including coils and integrators, the transfer function of the sensor output versus
primary current is calculated as.

Vel | K Ms

Guan(s) = s | . ©
s Is(s) Ry |1+ Rf -Cs (LCCC)Sz + S(LCJFI;;RdCc) + Rc;de
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Figure 5. Frequency characteristics of a sensor with an active integrator.
3. Analysis of Current Sensors

Table 1 shows the results of parameter analysis for inductance, resistance, and bandwidth for
the four coil models. At this time, Maxwell and Q3D, a specialized tool for finite element analysis,
were used to analyze parameters for inductance and resistance values. And for comparison between
sensors with specific sensitivity, we compared each other based on the same mutual inductance value
of 2.8 nH. So, in the case of model-3 and model-4 in Table 1, it is possible to configure a multi-turn
coil on a multi-layer according to the purpose of use when designing an actual coil. In the case of
bandwidth information, it is the result of frequency response analysis using MATLAB based on a given
coil parameter value.
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Table 1. Comparison of the dependent coil structure.

Pattern Model-1 Model-2 Model-3 Model-4
Structure
Skeleton /u /u

3D-PCB Layout

coil mutual
inductance 2.8 nH 2.8 nH 2.8 nH 2.8 nH
(M)
Coil r&:‘ft"‘“ce 0.043 O 0.043 O 0.02 0 0.019 O
C
Coil C‘?éa)“"‘ance 1.32 pF 2.1 pF 0.45 pF 0.46 pF
C
_ coil self 50.3 nH 432 nH 26.1 nH 21.72 nH
inductance (L)
Ly/M 17.96 15.44 9.33 7.76
Bandwidth 151 MHz 180 MHz 278 MHz 355 MHz

3.1. Mutual Inductance

The amount of the magnetic flux line formed by the primary current is represented as the value of
the magnetic flux density passing through the incident surfaces of pick-up coil. In addition, the mutual
inductance between the conductor and coil is determined based on the EMF value of the formed coil.
Here, d is the distance between the trace and coil through which the primary current flows, s is the
incident surface in the magnetic-field flux to the coil, / is the height of the coil’s cross section, w is
the width of the coil, and 7 is the number of coil turns. In the case of a pick-up coil composed of a
conductor trace on one side, as shown in Figure 6a, the magnetic-field flux generated by the primary
current is represented as

i cw-l . (1+d
¢:des=”§nfd i-wdy:#oz;u ln(—; ). (10)
S

Here, the EMF of the coil based on the magnetic-field flux in the core is the same as that in the
n-turn coil configuration, i.e.,

_n-dg :_n-yo-wln(ler)ﬂ

M) == o d_dr (11)
From Equations (1), (2), and (11), mutual inductance M is calculated as
- 2n d -

In the case the pick-up coil is inserted between the conductor traces on two sides, as shown in
Figure 6b, the magnetic-field flux based on the primary current flowing at the top and bottom of the
trace enters the coil in the same direction. Compared to the previous case, the coil comprises twice the
magnetic flux, and mutual inductance M is calculated as shown in Equation (15):

o cw-1. (1+d
d
S

y T d
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n-yo-wln(l—i—d)
s d =

Figure 6¢ shows the coil model in which the conductor traces are located on the three sides

M = (14)

surrounding the spiral pick-up coil on the same plane. The magnetic-field flux generated by the current
flowing through each trace is incident into the coils in the same direction. When the distance between
two adjacent coil lines in the spiral coil is ¢, the magnetic flux incident inside the coil in the spiral coil
composed of m-turns is as follows.

o I m+d+(i-1)-c bitd+(i-1)-c
¢ = - ;{Zblln( a1 -1)-c )+a1ln( T (-1)-c )} (15)

And, the mutual inductance between a coil composed of a single layer and a conductor trace is
calculated using Equation (17):

U A N P

i=1

e M

i=1

And, the mutual inductance of the coil composed of m-turns on the n-layer is as follows.

ST TS

i=1

In Figure 6d, the conductor traces on the three sides surround the 2-layer-turns of the rectangular
pick-up coil on the same plane, and the magnetic flux, ¢, generated by the electric current flowing
from each side enters the coil in the same direction. Here, the magnetic-field flux incident to the coil is
calculated using Equation (19). In addition, the coil output has an induction voltage twice that of a
single turn coil owing to the structure of a two-turn coil. Accordingly, the mutual inductance value is
also twice that for a single-layer turn.

¢—“;'I{bln(”;d)+gln(b;d)} (19)
24 (a+d) a. (b+4d)
W Z i A
n/ <_W,ld
| ”/ X

T/ v |
OUt / A (o 7 7
L/ out / A A\
- —— /1 d
/  —i M

@) (b)
Figure 6. Cont.
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(c) (d)
Figure 6. Geometry of the (a) model-1; (b) model-2; (c) model-3 and (d) model-4.
3.2. Magnetic-Field Distribution

Figure 7 shows the vector distribution in the magnetic-field flux between the sensor and conductor
when a current of 5 A flows through the four sensor models. In the figure, the arrows indicate the
direction of the magnetic flux. As shown, the model in Figure 7b with conductor traces at the top
and bottom shows a denser magnetic-flux density than that of the model in Figure 7a. These sensor
models have a smaller amount of magnetic-flux density entering the core than the models shown in
Figure 7c,d. Table 2 shows the inductive coupling coefficient between the current trace and sensor
coil by using the Maxwell- simulation tool, and that the coefficient values relative to the models in
Figure 7a—d increase in size in the order of 0.143, 0.16, 0.18, and 0.21.
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1000022
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Figure 7. Magnetic-field flux density of (a) model-1; (b) model -2; (c) model-3 and (d) model-4 at 5-A
conductor current.

(d)

Table 2. Coil models with inductive coupling coefficient.

Sensor
Structure

Inductive Coupling Coefficient 0.143 0.16 0.18 0.21

(a) (b) (V] (d)

3.3. Frequency Respnse

The GaN power semiconductor used in this study is a GaN-GS66508T(GaN systems) [44],
which has a larger dv/dt characteristic than the conventional Si device. Therefore, to increase the
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accuracy of current detection in a transient situation, the current sensor should have a bandwidth that
is 2 to 3 times larger than the device bandwidth of 150 MHz. As shown in Figure 8, for verifying the
performance of a sensor, frequency response analysis of the coils with different self-inductance values
was conducted based on the same mutual inductance value. That is, the curves for the four models in
Figure 8 show the frequency response in the case of different self-inductance values depending on the
configuration of the coils with the same mutual inductance value of 2.8 nH between the conductor
and coil.

The sensor bandwidth should have a self-inductance value as small as possible under the condition
that the mutual inductance value is set so as to possess sufficient measurement sensitivity due to its
relationship with the coil’s self-inductance, as shown in Equation (21). According to Figure 8, models 3
and 4 show structures that receive magnetic-field flux from three sides compared to models 1 and 2,
and have relatively lower turns and self-inductance values based on the same mutual inductance value
of 2.8 nH. That is, a larger bandwidth can be secured based on the same sensor sensitivity.

0.35 1
:_:fres_fczfreszzn— E

For the same mutual inductance value, the self-inductance values for Models 1, 2, 3 and 4 are 17.96,
15.44, 9.33, and 7.76 times the value of the mutual inductance, respectively, as shown in Table 1. That is,
the 2-layer-rectangular coil model has the highest bandwidth in the standard with the same sensitivity.

BW (1)

Frise

Bode Diagram

Magnitude (dB)
v

Phase (deg)
T
7
|

107 10 10 10
Frequency (Hz)

Figure 8. Frequency response characteristics in different coil models with the same mutual inductance
value of 2.8 nH.

4. Experimental Verification

Figure 9a,b show the layout of the two-layer spiral coil PCB and two-layer rectangular coil in PCB
proposed in this paper, as well as a close-up picture of the fabricated pick-up coil used as the prototype
for the double-pulse test. Figure 9c shows the state in which the daughter and main boards with a
built-in pick-up coil are vertically connected through a connector. The experiment was conducted
based on the parameter values of each coil and integrator configuration of the two coils, as shown
in Table 3. And the coil parameter values in Table 3 were extracted using Maxwell and Q3D tool,
and the integrator parameter values were selected in consideration of the sensor’s optimal damping
and bandwidth. In the case of the OP Amp constituting the integrator, LM7171 (gain bandwidth:
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200 MHz) manufactured by Texas Instruments with the high slew rate of 4100 V/us and the wide

unity-gain bandwidth of 200 MHz was selected.

N1673497C)B

= Daughter board

Pick-up ail

Rgute —
AV I"_ - DUT
— i
‘

Pick-up cail .
) Y 1d
H o 1 S 4

Vs
’ JT- Rshunt

sensor

Figure 9. Prototype board of double pulse test: (a) Layout of spiral coil; (b) PCB layout of two-layer

rectangle coil; (c) overall double pulse test board; (d) double pulse test circuit.
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Table 3. Circuit parameters of current sensor.

Parameter Spiral Coil Two-Layer Rectangle Coil
Mutual Inductance 2.3nH 3.49nH
Self-Inductance 27 nH 21.32nH
Self-Capacitance 0.69 pF 0.7 pF
Self-Resistance 0.034 O 0.034 O
Test current +10A +10A
Damping Resistance 138 Q) 120 O
Integrator Resistance 330 72Q)
Integrator Capacitance 470 pF 470 pF

Figure 10 compares the output values of the two coils according to the switch operation in a dc
voltage environment of 100 V. Figure 10a shows a positive peak value of 4.1 V during the TURN-OFF
operation and a negative value of 1.85 V during the ON operation. In the case of the two-layer
rectangular coil, as shown in Figure 10b, the coil with a higher mutual inductance value shows higher
peak values for the ON and OFF conditions.

g iy |
—— Pick-up coil —— Pick-up coil
4.1V
Turn off Jl. Turn on

Il
I |
W Yo 185V

-3.05

iy, gliciet e P T
— Pick-up coil — Pick-up coil
5.4V
o
urn off ’I Turn on

Il ‘\
T d r
‘MW“"”' \
' =205V

3.15v

(b)

Figure 10. Measured coil output waveforms at 100-dc voltage: (a) spiral coil; (b) two-layer
rectangular coil.

Figures 11 and 12 provide the comparisons of the integrator output value of the two pick-up
coils and the output value of the current shunt resistor sensor at 250V-dc link voltage for analyzing
the switch current value during the switch operation. In this study, coaxial shunt resistor by T&M
Research (SDN-141-10/2GHz bandwidth) was used for the experiment. In the experimental results of
the two coil models, the switch turn-on result showed an output waveform close to that of the shunt
resistance, which had a lower spike component ratio than the turn-off result. This seems to be due to
the influence of coupling capacitance noise due to higher dv/dt during turn-off than turn-on.
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Figure 11. Comparison of the measured integrator output waveforms of the two-layer spiral coil and
shunt resistor sensor at dc link voltage V3. of 250 V.
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I
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Figure 12. Comparison between measured integrator output waveforms of the two-layer rectangle coil
integrator output and shunt resistor sensor at dc link voltage V. of 250 V.

And when comparing the performance between the two coils, the spike component was observed
at a higher ratio when the switch was operated in the spiral coil compared to the two-layer rectangular
coil. GaN device current measurement requires a high bandwidth, and the spiral coil has a 1.28 times
lower bandwidth based on the same measurement sensor compared to the two-layer rectangular coil,
so this may affect the measurement accuracy. And, to reduce the occurrence of peak values in the
TURN-OFF operation of both coils, additional research is needed to reduce the influence of coupling
and external noises.

5. Conclusions

This paper presented a comparison between the models of pick-up coils that can be embedded in
PCB circuits using the nonmodular GaN-GS66508T power semiconductors. The measurement standard
of the sensor coil for measuring GaN devices must be able to secure a enough sensor bandwidth over
300 MHz and simultaneously comprise a high sensor sensitivity value. Therefore, we performed a
mathematical analysis of the mutual inductances of the coil and conductor based on the magnetic-field
and frequency-response analyses of the coil models to build the optimal sensor model. The analysis
results showed that compared to the conventional method in which the magnetic-field flux caused by
the primary current flows in the horizontal plane to the PCB layer, the spiral and two-layer rectangular
structures that flow in the vertical plane could secure a larger bandwidth based on the same sensitivity
sensor. In the case of sensitivity, the proposed model could secure greater sensor sensitivity based on
the same bandwidth. To verify the experiment, the switching current characteristics were analyzed
according to the operation of the power semiconductor by comparing the pick-up coils of the spiral
and two-layer rectangular structure with a 100-m() coaxial shunt resistor sensor through a double
pulse test.
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