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Abstract. We developed a pin-type current probe with high sensitivity, targeting electrical-probing printed cir-
cuit boards (PCBs). The developed sensor showed good enough characteristics, with 1 mA resolution on current
measurements and up to 1 MHz operating frequency for analyzing highly integrated PCBs. During its char-
acterization, however, we experienced a monotonously varying output signal in the time range of a few tens
of minutes. We modeled it as the thermal-offset drift, being caused by Joule heating during sensor operation,
and showed several solutions for reducing the offset by modifying the planar Hall resistance (PHR) layout and
electric operation conditions and applying sensor circuitry with pulse width modulation.

1 Introduction

For various applications in modern medical, industrial, and
home appliances and in smart mobile devices with high
functionality and miniaturized features, high-spec integrated-
circuit (IC) chips such as application-specific integrated cir-
cuits (ASICs) and digital signal processors (DSPs) are in-
tegrated into a high-end printed circuit board (PCB) with a
sub-millimeter fine pitch. As the complexity and precision of
electronic circuits increase, accurate measurement technol-
ogy becomes more critical.

Multi-meters, oscilloscopes, spectrum analyzers, etc. are
generally used to measure the real-time voltage waveform
and frequency component and to analyze the circuit charac-
teristics or failure mode by touching the voltage probe to the
measurement point during the operation of the electronic cir-
cuits. However, detecting voltage fluctuations through sig-
nal measurements can be difficult in many cases with circuit
defects. For example, there may be instances where voltage
fluctuations caused by defects are absorbed or mitigated by
impedance components such as capacitors or inductors in the
surrounding circuit. Additionally, it can be challenging to de-
tect defects through voltage waveforms in situations such as
minute disconnections in the signal line or when floating oc-
curs within the circuit.

Therefore, other metrologies like X-ray transmission
(Ueda et al., 2021; Roh et al., 2003), infrared imaging (Zhang
et al., 2014; Huang and Wu, 2010), or eddy current measure-
ment (Koggalage et al., 2005; Chomsuwan et al., 2007) have
been additionally applied for the analysis. However, these
kinds of methods also have limits for overall analyses be-
cause they are partially helpful for finding some physical de-
fects such as disconnections or shorts. Fundamentally, cur-
rent waveform measurement during the operation of elec-
tronic devices needs to be analyzed for fast and efficient trou-
bleshooting.

Currently, however, most commercialized current sensors
can measure the current flow only when a signal line is in-
serted into a clamp-shaped probe. To monitor the current
waveform of the line on the PCB using this sensor, it needs
to disconnect the PCB pattern and re-connect with wires to
insert them into the clamp. Unlike a voltage probe, this in-
evitably damages the PCB and is inconvenient for measuring
multiple points. Therefore, developing a probe-type current
sensor capable of measuring currents in real time by sim-
ply contacting or bringing the probe into close contact with
the measurement point without damaging the PCBs is re-
quired. Although some probe-type current sensors have re-
cently been released, with probe tip sizes of a few millime-
ters and a minimum current resolution of about 10 mA, they
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are still not satisfactory for analyzing high-end PCBs with
sub-millimeter fine pitch sizes.

In this paper, we present the development of a pin-type
current probe featuring a high-sensitivity magnetic-field sen-
sor. The probe was designed to measure the current wave-
form of high-end printed circuit boards (PCBs) with sub-
millimeter fine pitch at a minimum resolution of less than
1 mA (Fig. 1). The magnetic sensor applied here could be
manufactured with a smaller size than several hundred mi-
crometers using a thin-film PHR (planar Hall resistance) with
high magnetic resolution of less than 0.01 µT, and a low-
noise PHR-to-volt converter was developed. We will report
the electric characteristics of the prototype samples.

2 Design and manufacturing

2.1 Design of the PHR magnetic-field sensor

2.1.1 The principles of the PHR magnetic-field sensor

The PHR magnetic sensor uses the asymmetric magneto-
resistance (AMR) material, whose resistivity has a different
value depending on whether the current direction is paral-
lel or perpendicular to the magnetization direction. The re-
sistance of the magneto-resistive body varies depending on
the angle between its magnetization and the current direc-
tion. When the magnetization rotates from the current direc-
tion, an electric-field component perpendicular to the direc-
tion is generated, and planar Hall voltage can be measured in
the direction perpendicular to the current (Hansen and Rizzi,
2017).

In this study, the PHR structure, which is composed of
NiFe–Cu–IrMn triple layers, was used to form the magneto-
resistance material (Elzwawy et al., 2019; Sinha et al., 2013),
and the PHR signal was enhanced by arranging the four PHR
resistors in the form of a Wheatstone bridge. The initial mag-
netization is formed in the lower direction in Fig. 2, which is
called the easy axis. The four resistors are arranged so that
the current flows at the angle of ±45◦ to the easy axis, and
the output signal becomes zero due to the symmetry of the
Wheatstone bridge in the absence of an external magnetic
field. When the direction of magnetization is rotated under
the influence of an external magnetic field, however, a mis-
match occurs between the four resistors due to the AMR ef-
fect, and the output signal proportional to the external mag-
netic field is generated.

If the four resistors in the Wheatstone bridge are ideally
identical, there is no offset of the output signal (signal be-
tween B and D in Fig. 2 – VB−D) in the absence of a magnetic
signal. However, if a mismatch between four resistors occurs
due to loading effects in the manufacturing process, such as
exposure, etching, or thin-film deposition, or if the easy axis
(direction of initial magnetization Mo) is distorted in the di-
rection of the horizontal axis, output signal offset may occur.
Although the circuit function can remove the output offset

itself, it can cause a thermal-offset drift due to Joule heating
in the sensor operation mode (refer to Sect. 4).

2.1.2 Chip design of the PHR magnetic sensor

The Wheatstone bridge of the magnetic sensor is designed
in a rhombus shape in which the power voltage is applied to
the vertical axis, and the signal output is generated on the
horizontal axis. In order to maximize the magneto-resistance
value, a densely repeated pattern was drawn on a limited area
of each quadrant (Figs. 3 and 4).

2.2 Manufacturing of the PHR magnetic-field sensor

The PHR magnetic sensor was fabricated with the following
steps: thermal oxidation on a 4′′ silicon wafer, sputtering de-
position of the magnetic thin film, Al signal line process, and
passivation oxide deposition. The magnetic thin film is com-
posed of three metal layers of NiFe–Cu–IrMn, in which the
exchange interaction between NiFe and IrMn works through
the Cu layer (Elzwawy et al., 2019; Sinha et al., 2013; Zhao
et al., 2015; Spizzo et al., 2017).

2.3 Manufacturing of the pin-type current sensor probe

The diced PHR magnetic sensor chip from the fabricated
wafer was attached to the PCB, wire bonded, and then as-
sembled into a case manufactured by a 3D printer. Figure 4
shows the prototype current sensor probe, which has the cir-
cuit functions to amplify the sensor signal and control a sen-
sor output offset and sensitivity.

3 Measurements and results

3.1 Measurement system

The manufactured current probe can be connected to an in-
dicator that displays the sensor output or to an oscilloscope
for monitoring a current wave pattern (Fig. 5a). The indi-
cator includes an analog–digital convert function to display
the magnetic-field intensity or current flow value in a digi-
tal output. The indicator included a function to set a coef-
ficient to convert the measured magnetic-field value to the
current value. Performing a calibration process for each mea-
surement environment could determine the conversion coef-
ficient.

Figure 5b shows the experimental setup for measuring the
magnetic-field-sensing performance. We used a Helmholtz
coil that generated a magnetic field, a direct-current (DC)
power supply, and a digital multimeter with high sensitiv-
ity for the measurement. The sensitivity of the magnetic field
was measured by placing the current probe vertically at the
center of the Helmholtz coil and detecting the generated
magnetic field with a precision of 0.01 µT or less.

Figure 5c shows the experimental setup for measuring
the current-sensing performance. In principle, it measures
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Figure 1. Comparison of the two types of current probes. (a) Clamp-type probe – to measure the current, it needs to create a wire by
modifying the PCB line and inserting it into the clamp. Inserted photograph from the Keysight website (https://www.keysight.com/kr/ko/lib/
resources/selection-guides/oscilloscope-probes.html, last access: 21 August 2023). (b) Pin-type probe – the current is measured by directly
sensing the magnetic field from a line of PCBs by simply bringing the probe into contact with the point.

Figure 2. PHR working principle of Wheatstone bridge structure. An external magnetic field (B) rotates the magnetization, generating the
output signal proportional to the field.

the strength of the magnetic field generated by a current.
However, the signal intensity changes greatly depending on
the distance and direction of the PCB current line from the
probe. Therefore, to verify the consistent performance of the
magnetic-field sensing, the probe’s direction was set to be
perpendicular to the current line, and the probe position was
precisely adjusted to maintain the gap of 1 mm from the line.

3.2 Main characteristics of the current probe

Figure 6 is the result of repeating the measurements 10 times
with intervals of about 0.01 µT to test the magnetic-field de-
tection performance statistically. Based on this result, the null
hypothesis (H0) and the alternative hypothesis (HA) were set

as outlined below, and Student’s t test was performed on two
groups (0.049 and 0.057 µT groups) which showed the worst
variances (Table 1).

H0 hypothesizes that there is no statistical difference be-
tween the two groups.

HA hypothesizes that there is a significant difference be-
tween the two groups.

As a result of the t test, the p value of the null hypothesisHo
is 5.07× 10−9, which can be ignored entirely, compared to
the significance level of α = 0.05, which corresponds to the
confidence level of 95 %. Therefore, the null hypothesis is re-
jected, and the alternative hypothesis that the magnetic-field
resolution of 0.008 µT or less is significant can be adopted. In
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Figure 3. PHR working principle of Wheatstone bridge structure.
(a) Schematic circuit. (b) PHR sensor layout with a width of about
500 µm.

Table 1. The t-test results for the 0.049 and 0.057 µT groups.

0.049 µT 0.057 µT

Average (mV) 6.69126 8.6485
Variation (mV2) 0.07732 0.2786
Number of observations 10 10
Pooled variation (mV2) 0.1779
Hypothesis mean deviation 0
Degree of freedom 18
t value −10.373
p value 5.07× 10−9

t reject value 2.1009

this study, although the results of only two groups are shown,
the other eight groups also confirmed consistent results.

Figure 7 is the result of repeating the measurements 10
times with intervals of 1 mA to test the current detection per-
formance statistically. Based on this result, the null hypothe-
sis (H0) and the alternative hypothesis (HA) were set as out-
lined below, and Student’s t test was also performed on two
groups (7 and 8 mA groups) which showed the worst vari-
ances (Table 2).

H0 hypothesizes that there is no statistical difference be-
tween the two groups.

HA hypothesizes that there is a significant difference be-
tween the two groups.

As a result of t test, the p value of the null hypothesis
H0 is 0.0018, which can be ignored entirely, compared to
the significance level of α = 0.05. Therefore, the null hy-
pothesis is rejected, and the alternative hypothesis that the
current-sensing resolution of 1 mA or less is significant can
be adopted. Although the results of only two groups are
shown, the other eight groups also confirmed consistent re-
sults.

Table 2. The t-test results for the 7 and 8 mA groups.

7 mA 8 mA

Average (mV) 11.398 13.143
Variation (mV2) 1.371 0.906
Number of observations 10 10
Pooled variation (mV2) 1.138
Hypothesis mean deviation 0
Degree of freedom 18
t value −3.657
p value 0.0018
t reject value 2.1009

Figure 8 shows the frequency characteristics of the current
probe. It can be seen that the operating characteristics are
well maintained up to 1 MHz.

3.3 Thermal-offset drift issue of the current probe

During the characterization of the samples in Sect. 3.2,
monotonous signal drift occurred during the initial opera-
tional stage just after the probes were turned on. Although the
amplitude and the period differ from sample to sample, they
all show the same pattern in which the output signal gradu-
ally drifts in time and becomes saturated within a few tens
of minutes after starting its operation (Fig. 9). The amplitude
of the drift offset could vary depending on the mismatch be-
tween the four resistors as the mismatch level might differ
from sample to sample.

The leading causes of signal drift would likely be the
changes in resistance due to Joule heating during the opera-
tion of the probe. Since Joule heating is essentially generated
by electric power

(
V 2

R

)
, we examined the effects on the sig-

nal drift according to the sensor power VB and the resistance
value of the PHR sensor (Figs. 3 and 10). To quantitatively
analyze this, we executed a regression analysis in Fig. 10 and
summarized the results in Table 3. The offset drift (Vdrift),
defined as the signal drift during the initial 10 min, decreased
with an increase in resistance and a decrease in VB. When
the resistance was increased to 25 k�, a slight drift of 5.8 mV
occurred. However, for this sample, the determination coef-
ficient (R2) of the regression is significantly lower than the
baseline (8.2 k�), and the statistical significance of the drift
is considered to be lower.

Therefore, the signal drift can be interpreted as a phe-
nomenon in which Joule heating increases the temperature
at the sensor part as the sensor power is supplied, and the
mismatch of the four PHR resistors intensifies according to
the temperature-coefficient-of-resistance (TCR) effect. As a
result, the monotonously changing signal drift appears to be
the thermal-offset drift phenomenon caused by Joule heating
at the PHR resistors.

J. Sens. Sens. Syst., 12, 225–234, 2023 https://doi.org/10.5194/jsss-12-225-2023



N. Lee et al.: Analysis of thermal-offset drift of a PHR current sensor 229

Figure 4. (a) Assembled pin-type current probe and (b) enlarged sensor PCB of the current probe to which the PHR chip was attached and
wire bonded.

Figure 5. Measurement systems. (a) Current probe and indicator. (b) Magnetic-field measurement setup using Helmholtz coil. (c) Current
flow measurement setup using test PCB current line.

Table 3. Regression results of Joule-heating evaluation in Fig. 10.

VB, R 5 V, 2.5 V, 5V,
8.2 k� 8.2 k� 25 k�

Vdrift(= |Vsig(10 min)−Vsig(0)|) 12.8 mV 0.9 mV 5.8 mV
SSR (reg. sum of squares in mV2) 941 4.1 327
SSE (error sum of squares in mV2) 248 70 936
SST (total sum of squares in mV2) 1189 74 1263
R2(= SSR

SST ) 0.79 0.06 0.26

4 Discussions on thermal-offset drift

The prototype current probe achieved the desired develop-
ment target, but the thermal-offset drift occurred over the first

few tens of minutes after starting its operation. Furthermore,
since it is beyond the resolution limit of the probe, it needs
to be improved. This chapter will theoretically identify the
causes of thermal-offset drift and discuss the improvement
plans.

The signal drift can originate from an ambient-temperature
increase or Joule heating from the sensor operation. This
phenomenon can be categorized into two cases. The first is
the case where the temperature of the four PHR resistors
rises uniformly due to an ambient-temperature increase or
Joule heating (Sect. 4.1), and the other is the case where
the temperature rises differently for each resistor because the
amount of Joule heating is different with the resistance value
(Sect. 4.2).
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Figure 6. Measurement result of magnetic-field-sensing resolution
of 0.008 µT or less. The initial offset of about 7 mV in this figure
was from the calibration error in the prototype current probe. Al-
though it includes an internal offset calibration function controlled
by a variable resistor, the variable resistor is difficult to control pre-
cisely. The offset calibration function may have an error in the mil-
livolt (mV) region equivalent to the signal level of about 0.01 µT.

Figure 7. Measurement result of current-sensing resolution of the
probe of 1 mA or less.

4.1 Uniform temperature increase (∆T ) in four resistors
in the Wheatstone bridge

When the power VB is supplied to the sensor, the voltage
signal of Vp node in Fig. 3 is as below:

Vp =
R2

R1+R2
VB. (1)

If ambient temperature is changed by 1T , the change of R1
and R2 is

R′1 = R1 (1+α1T ) and R′2 = R2 (1+α1T ) , (2)

where α is TCR(= 1R
R

1
1T

).
Then, the change of the signal node voltage of Vp is as

below:(
Vp
)
1T
=

R′2
R′1+R

′

2
VB =

R2

R1+R2
VB = Vp. (3)

Figure 8. Measurement result of frequency response of the probe.

Figure 9. Monotonously changing output signal drift at the initial
turn-on stage of the current probe. The PHR resistance values are in
83± 016 k�, and the sensor power VB = 5 V.

In the same method,

(Vm)1T =
R′4

R′3+R
′

4
VB =

R4

R3+R4
VB = Vm. (4)

In conclusion, there is no signal drift with a uniform tem-
perature increase because the resistance ratio remains con-
stant. Due to this effect, the sensors of a Wheatstone bridge
structure can significantly suppress the typical temperature-
dependent offset drift phenomenon. However, an offset drift
can occur if there is a mismatch in the temperatures of the
four resistors due to the difference in their values. This will
be considered in the next section.

4.2 Different temperature increases in four resistors due
to the mismatch between four PHR resistors

If the four PHR resistors in Fig. 3 are ideally identical, there
is no offset of the output signal (Vo) in the absence of an
external magnetic field. However, since there may be many
variations in the manufacturing processes, an initial mis-
match between the four resistors inevitably occurs. Depend-
ing on this initial mismatch, the output offset may exist under
no external magnetic field, and this can cause thermal-offset
drift. In the following, we will theoretically evaluate the pos-
sibility.
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Figure 10. Signal drift investigation with the changes of the sensor power VB and the PHR resistance values. Offset drift was reduced when
VB was decreased and when the resistance values were increased.

The signal drift can originate from Joule heating, occur-
ring due to sensor operation and causing the mismatch in-
crease due to the TCR effect. Depending on the resistance
value, the amount of Joule heating in each resistor will be
different, and the amount of temperature increase will also
be different for each resistor. First, consider the mismatch
between R1 and R2 at the node of Vp in Fig. 3:

R1 =
(
1+ εp

)
R2, (5)

where ε+ is the mismatch parameter between R1 and R2,
considered to be infinitesimally small as follows:

εp =
R1−R2

R2
� 1. (6)

At the initial stage of the sensor operating, since the same
current I flows through R1 and R2, the signal voltage at the
Vp node is divided according to the ratio of the resistance
values, as below:

Vp =
R2

R1+R2
VB =

R2

2R2
(
1+ εp

2

)VB ∼=
1
2
VB

(
1−

εp

2

)
. (7)

As the operating time elapses, Joule heating at the two resis-
tors is released, and temperature increases as below:

P2 = IR
2
2⇒1T2 = RthIR

2
2

P1 = IR
2
1⇒1T1 = RthIR

2
1
∼= RthIR

2
2
(
1+ 2εp

)
=1T2

(
1+ 2εp

)
, (8)

where P1 and P2 are the power consumptions of R1 and R2,
respectively; Rth is the thermal resistance of the sensor; and

1T1 and 1T2 are the temperature increases of R1 and R2,
respectively.

Due to the Joule-heating difference as a result of the mis-
match of the resistance values, the temperature difference,
proportional to the mismatch parameter ε+, may occur. Due
to this difference, the resistance mismatch becomes more dis-
torted, as below:

R′1 = R1+1R1 = R1+α1T1R1,

R′2 = R2+1R2 = R2+α1T2R2, (9)

where α is TCR.
By substituting the results of Eqs. (5) and (8) into Eq. (9),

the changed mismatch ε′p according to the sensor operation
is obtained by the first-order perturbation, as below:

ε′p =
R′1−R

′

2
R′2

∼= εp
R2+ 31R2

R2+1R2
∼= εp

(
1+

21R2

R2

)
= εp + 2εpα1T2, (10)

where 1T2 can be interpreted to be an overall temperature
increase 1T considering the infinitesimal mismatch.

Using the result of Eq. (10), the signal voltage of the Vp
node drifts due to the different Joule heating between R1 and
R2 during the sensor operation.

(
Vp
)
I
=

1
2
VB

(
1−

ε′p

2

)
=

1
2
VB

(
1−

εp

2

)
−
εpα1T

2
VB

= Vp −
εpα1T

2
VB (11)

As a result, the signal drift may be as high as the last term
in Eq. (11) during the sensor operation. If the temperature
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gradually increases due to Joule heating during the sensor
operation, the signal drift may occur until the temperature is
saturated after a few tens of minutes.

The signal voltage of the node of Vm in Fig. 3 can be ob-
tained using the same method as below:

R3 = (1+ εm)R4, (12)

and

(Vm)I = Vm−
εmα1T

2
VB. (13)

4.3 Solutions for thermal-offset drift

The phenomenon of temperature drift in Wheatstone-bridge-
type current sensors has been reported in much of the lit-
erature (Vopalensky and Platil, 2012; Ramírez Muñoz et
al., 2006; Kwiatkowski and Tumanski, 1986). For exam-
ple, in the study by Vopalensky and Platil (2012), the au-
thors investigated the differences in the temperature coeffi-
cient of signal offset and sensitivity when changing the sen-
sor’s power supply from a constant voltage source to a con-
stant current source. Another technique reported in Ramírez
Muñoz et al. (2006) involved compensating for the tempera-
ture coefficient of sensitivity by connecting a circuit based on
a generalized impedance converter to the Wheatstone bridge.
While these studies primarily analyzed the effects of overall
temperature variations in the Wheatstone sensor, this report
focuses on analyzing temperature differences in each resis-
tance caused by the mismatch of resistance values within the
Wheatstone bridge, which is considered to be the cause of
thermal-offset drift.

According to the result of Eq. (11), we suggest the fol-
lowing three kinds of methods to improve the thermal-offset
drift:

1. reducing the mismatch ε itself

2. reducing 1T by applying pulse width modulation
(PWM) on signal power

3. lowering signal power VB.

Since the third method adjusts VB and can reduce the sensi-
tivity of the magnetic sensor, we will mainly discuss (1) and
(2) of the above solutions.

4.3.1 Actions for reducing the mismatch ε

1. Binning test to screen out the mismatching failure

After setting the mismatch specifications of the overall mis-
match 1(R1,R2,R3,and R4) to be less than 0.2 %, a bin-
ning test was performed to select the best-matched samples,
which were used for manufacturing the prototypes. We con-
firmed that the samples with smaller mismatches showed bet-
ter thermal-offset drift characteristics in Fig. 11. With the
above criteria, the thermal-offset drift is estimated to be less
than about 20 mV.

Figure 11. Graph of the thermal-drift offset according to the mis-
match parameter (1R

R
).

2. Sensor layout optimization for reducing the mismatch

The mismatch ε is fundamentally provoked by the process-
loading effects, mainly in the lithography process and in the
etch process for manufacturing the sensors. For example, the
non-uniformity of plasma density in the etch process may
cause the variation of the critical dimension (CD) for each
pattern location (Plummer et al., 2020; Ki et al., 2000). In
addition, it can deteriorate the mismatch of the four resistors
and deepen the thermal-drift offset. This issue can be miti-
gated by splitting the layout of the four resistors and arrang-
ing them in a cross-intersecting manner to reduce the mis-
match of each resistor, which will be the content of a future
publication.

4.3.2 Reducing ∆T by applying pulse width modulation
(PWM) to signal power

The third method to improve the thermal-offset drift is to
suppress the temperature increase 1T caused by the Joule
heating. If the sensor power VB is lowered, the Joule heating
is reduced, and1T is suppressed. However, the method may
not be preferable because it can also deteriorate the sensitiv-
ity of the sensor output signal.

In this study, we introduce a method that uses the pulse
width modulation (PWM) algorithm to supply sensor power
VB. The PWM algorithm controls the sensor power VB that
is to be supplied during the on-time (ton) of the sensor when
it is measuring the signal and disconnected during the off-
time (toff) of the sensor. Since the sensor power is supplied
only during the ton time in this method, we expect that the
average Joule heating will be reduced, and the thermal-offset
drift can be improved.

Figure 12 shows the result of the PWM evaluation by re-
ducing the duty ratio, defined by ton

T
, from 100 % to 20 %.

For the duty ratio of 20 % compared to 100 %, thermal-offset
drift is dramatically reduced down to about 1/10 (Table 4).

Satisfactory results have yet to be obtained when reducing
the duty ratio to less than 20 %. However, we are in the pro-
cess of improving the algorithm and have the plan to evaluate
the measurement stability for a duty ratio of down to 1 %, and
this will be reported in the future.
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Figure 12. PWM algorithm effect on reducing the thermal-offset drift. The thermal-offset drift is much more suppressed with the lower duty
ratio.

Table 4. Suppression of thermal-drift offset at 5 min as duty ratio
decreases.

Duty ratio Thermal-drift offset (mV)

20 % 2.9
40 % 5.8
60 % 9.5
80 % 20.9
100 % 28.5

5 Conclusions

We developed a pin-type current probe with high sensitivity
using PHR thin film, which is manufactured in a 4′′ Si wafer
process. The developed sensor showed good-enough char-
acteristics for analyzing highly integrated PCBs with 1 mA
resolution on current measurements and up to 1 MHz op-
erating frequency. During its characterization, however, we
experienced a monotonously varying output signal in the
time range of a few tens of minutes. We modeled this as
the thermal-offset drift being caused by the mismatch be-
tween the four PHR resistors, suggested three methods to im-
prove the offset, and reported some up-to-date evaluation re-
sults. Although the mismatch should be minimized, it cannot
be completely eliminated due to fundamental process varia-
tions. Therefore, various methods other than those proposed
in this study should be evaluated to suppress the thermal-
offset drift. For example, there may be a method of reducing
the thermal resistance value from the sensor to the outside.
The results of these other methods might be reported through
future studies.
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