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A Versatile £=25-A Shunt-Based Current Sensor
With +0.25% Gain Error From —40 °C to 85 °C

Zhong Tang™, Member, IEEE, Roger Zamparette, Graduate Student Member, IEEE,

Yoshikazu Furuta, Member, IEEE, Tomohiro Nezuka

Abstract— This article presents a versatile shunt-based current
sensor for battery management applications. It digitizes the
current-induced voltage drop across an external shunt resistor
with the help of a 2"-order delta-sigma (AX) ADC, whose
summing node is implemented as a low-noise capacitively coupled
amplifier. To compensate for the shunt’s finite temperature
coefficient (TC), the TC of the ADC on-chip voltage reference
can be tuned. As a result, the sensor maintains high accuracy
when used with low-cost high TC shunts, such as PCB traces,
as well as with more expensive low TC shunts, such as metal-alloy
resistors. Optimal gain flatness over temperature is achieved by a
two-current room-temperature TC tuning scheme, which exploits
the shunt’s self-heating at high current levels. Fabricated in a
standard 0.18-um CMOS process, the current sensor occupies
0.36 mm? and draws 265 pA from a 1.8-V supply. Over the
industrial temperature range (—40 °C to 85 °C) and a +25-A
current range, it achieves the state-of-the-art gain error (£0.25%)
with both PCB (1.6 m2) and metal-alloy (2 m) shunts. With
these shunts, it achieves 5.3-mA/4.3-mA (rms) resolution in a
10-kHz bandwidth.

Index Terms— Capacitively coupled amplifier (CCA), current
sensing, delta-sigma (AX) ADC, PCB trace, temperature coeffi-
cient (TC), temperature compensation.

I. INTRODUCTION

ATTERY management plays an important role in applica-

tions ranging from the Internet of Things (IoT) gadgets
to electric vehicles [1]. It typically involves monitoring and
controlling the battery state of charge (SOC) as well as the
battery state of health (SOH) [2]. One way of determining
SOC is by Coulomb counting, i.e., integrating current over
time. To avoid error accumulation, this requires current sensors
with low offset as well as low gain error [3], [4]. Battery
SOH can be estimated by monitoring battery impedance at
frequencies up to a few kilohertz [5], [6]. This can be done
by injecting a small ac excitation current (voltage) into the
battery and then measuring the resulting voltage (current) [7].
Current sensors for such applications should have kilohertz
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Fig. 1. Block diagram of a low-side sensing shunt-based current sensor.

bandwidths and high resolution (e.g., 12 bit) to facilitate rapid
calibration and accurate backend processing. Such bandwidths
also facilitate the accurate detection of current transients [8].

Although current sensors based on magnetic field sensing
can achieve large bandwidths [9], shunt-based current sensors
are more accurate (<1%) [3], [4], [10], [11], [12], [13], [14],
[15], [16]. As shown in Fig. 1, such sensors use an ADC to
digitize the voltage drop Vs caused when a current /g flows
through a small shunt resistor Rg. The current can then be
estimated from Ohm’s law.

In a shunt-based current sensor, shunt resistance spread and
temperature coefficient (TC) are important sources of error.
While the former can be corrected by a one-point gain trim, the
latter requires the use of a temperature compensation scheme
(TCS), which increases system complexity. Although low-TC
(tens of ppm/°C) metal-alloy shunts can be used, this comes at
the expense of cost [13], [14], [15], [16]. Alternatively, low-
cost metal shunts made from on-chip metal traces [3], package
lead frames [4], and PCB traces [17], [18] can be used. Despite
their large TC (~0.4%/°C), gain errors of less than 1% over
the industrial temperature range (—40 °C to 85 °C) can be
achieved by combining them with temperature-compensated
ADCs. However, only limited bandwidths (<1 kHz) have been
reported [4], [11], [12]. Although shunt readout ADCs and
amplifiers with higher bandwidths are commercially available
[16], [19], they lack the TCSs needed for the accurate readout
of low-cost metal shunts.

In this article, which is an extended version of [20], the
design of a shunt-based current sensor with kilohertz band-
width and a tunable TCS is presented. The latter ensures high
accuracy with both low and high TC shunts. A low-cost room-
temperature TC tuning scheme is also proposed. Over the
industrial temperature range and a £+25-A current range, the
sensor achieves the state-of-the-art gain error (£0.25%) with
both PCB and low-TC shunts.

The rest of this article is organized as follows. Differ-
ent TCSs for current sensors are summarized in Section II.

0018-9200 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 2. (a) Block diagram of the TCS in [4]. (b) Block diagram of the TCS
in [11]. (c) Block diagram of the TCS in [12].

Section III discusses the proposed tunable TCS and its circuit
implementation. The proposed low-cost room-temperature TC
tuning scheme is presented in Section IV. The measurement
results are presented in Section V and compared with the state
of the art. Finally, the conclusion is drawn in Section VI.

II. REVIEW OF TEMPERATURE COMPENSATION SCHEMES
A. Digital TCS

As shown in Fig. 2(a), a straightforward way of compen-
sating for the temperature dependence of a shunt is to place
it in good thermal contact with an ADC that also contains a
temperature sensor [4]. In this system, the shunt voltage Vg is
digitized by an ADC; with respect to a bandgap reference
(BGR), while another ADCy7 is used to sense the shunt’s
temperature. The shunt’s temperature dependence can then
be compensated in the digital domain. For a low-cost metal
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shunt (TC ~ 0.4%/°C), however, the required temperature
sensing inaccuracy is nontrivial: it should be less than 0.5 °C to
avoid becoming the dominant source of error. In [4], a 0.3%
gain error over a £36 A current range was achieved with a
lead-frame shunt from —55 °C to 85 °C.

B. Hybrid TCS

To relax the required temperature sensing accuracy, a hybrid
TCS is proposed in [11]. Instead of a BGR, a proportional-
to-absolute-temperature (PTAT) voltage Vprar (~0.33%/°C) is
employed as an ADC; reference. In this way, most of the
shunt’s TC (~0.4%/°C) is compensated in the analog domain.
The residual TC of ADC; digital output Doyt ; is then com-
pensated in the digital domain with the help of a temperature
sensor, whose accuracy, and thus complexity, can now be quite
relaxed. With a simple temperature sensor (£1.2 °C error) and
a PCB shunt, a gain error of £0.35% over a +12-A current
range was achieved from —40 °C to 85 °C [11].

C. Analog TCS

To eliminate ADCy completely, an analog TCS is proposed
in [12], as shown in Fig. 2(c). Here, the reference of ADC;
is a PTAT voltage with a tunable TC. By adding a tun-
able complementary-to-absolute-temperature (CTAT) voltage
(Verar/A) to a PTAT voltage, the TC of the reference can be
tuned to match that of the shunt, resulting in a temperature-
independent digital output. This approach requires only a
single ADC and no further digital processing, leading to
much lower power consumption and smaller area. After a
batch calibration to determine the attenuation coefficient 4
for a PCB shunt, a +0.6% gain error over a £15-A current
range was obtained from —40 °C to 85 °C while consuming
only 2.5 uW [12].

Compared to other TCSs, the analog TCS described in
[12] offers the best power efficiency. However, this results in
somewhat lower accuracy. Furthermore, it is not compatible
with low-TC metal shunts.

III. PROPOSED TCS AND ITS CIRCUIT IMPLEMENTATION

In this work, a flexible analog TCS is proposed, which
ensures compatibility with both low-TC and low-cost shunts.
It also employs a low-cost room-temperature TC tuning
scheme to achieve improved accuracy (Section 1V).

A. Proposed TCS

Fig. 3 shows the block diagram of the proposed current
sensor. To compensate for the TC of a low-cost metal shunt,
it employs a PTAT reference Vrgr with a tunable TC

Verar
f (D
where A can be tuned to match the TC of Vrgr with that of
the shunt. The PTAT reference Vprar is the difference of the
base—emitter voltages (A Vgg) of two BJTs biased at different
current densities, while Verar is a base—emitter voltage Vpg.
Since A Vg has a large positive TC (0.33%/°C), only a small

VRer = Vprar £
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Fig. 4. (a) Simulated TC of the PTAT Vrgf versus trim code. (b) Simulated
TC of the BGR versus trim code.

amount of Vpg is needed to fine-tune the TC of Vggg. Fig. 4(a)
shows the simulated TC of the tunable PTAT Vggr used in this
work. If 1/2 is trimmed with 8-bit resolution from —1/80 to
1/80 (tuning step 1/Ao = 1/10240), the TC of Vrgr can be
tuned from about 0.25%/°C to 0.44%/°C, which covers the
TCs of most low-cost shunts. The maximum TC tuning step
is 10 ppm/°C, which results in a trimming error of less than
0.1% over the industrial temperature range.

When the proposed sensor is used with a low-TC shunt,
another attenuated CTAT path (Vcerar/a) can be enabled to

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 57, NO. 12, DECEMBER 2022
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Fig. 6. Simplified circuit diagram of the reference generator.

turn Vygr into a reverse BGR

Verar
A

where a (=10) provides the attenuation needed to realize the
reverse BGR and 4 can be fine-tuned to match the exact TC
of the shunt. As shown in Fig. 4(b), using the same tunable
A as in Fig. 4(a), the reference TC can now be trimmed from
about —150 to 215 ppm/°C with a trimming step of less than
2 ppm/°C.

Vi
VRer = Vprar + % +

)

B. Readout Architecture

Fig. 5 shows a simplified block diagram of the proposed
readout circuit. Since the input shunt voltage is quite small
(<50 mV), it is boosted by a preamplifier with a gain of
10, which also serves as the summing node of a 1-bit 2nd-
order feedforward switched-capacitor (SC) delta-sigma (A X)
modulator. Because the preamplifier is within the modulator’s
overall feedback loop, its linearity is quite relaxed [21].
To efficiently implement the large attenuation 4 (>80), the
1-bit feedback +Vggr is applied via two feedback paths. Its
PTAT component (A Vgg) is applied via the preamplifier, while
its CTAT components (Vgg/a. and Vgg/A) are applied via the
Ist integrator. Thus, o and part of 4 can be realized by the gain
of the preamplifier. To achieve a 10-kHz bandwidth with an
expected dynamic range larger than 75 dB, an oversampling
ratio (OSR) of 128 is chosen to ensure that the modulator’s
noise floor is dominated by thermal noise. This results in a
sampling frequency of 2.56 MHz.

Authorized licensed use limited to: TU Delft Library. Downloaded on December 15,2022 at 07:51:57 UTC from IEEE Xplore. Restrictions apply.
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C. Reference Generator

As shown in Fig. 6, an n-p-n-based reference generator is
used to generate Vprar (A Vpg) and Verar (Vag). It consists of
a current-gain (f) compensated PTAT bias circuit [22] and
an n-p-n-based bipolar core. Two vertical n-p-n transistors
are biased with a current density ratio of 8 to generate
AVgg(~54 mV at room temperature). To mitigate mismatch
and 1/f noise, the current sources in the bipolar core are
chopped at the sampling frequency of the ADC fs. To ensure
that Vprar and Verar are well settled before they are used
by the ADC, the chopping clock is a delayed version of the
sampling clock.

D. CCA

Fig. 7 shows the simplified circuit diagram of the ADC
used in this work. The preamplifier is a low-noise capacitively
coupled amplifier (CCA), whose input capacitors block the
input common-mode voltage, thus allowing the same ADC to
be used in high-side current sensing applications [10]. To sense
the dc input and mitigate its offset and 1/f noise, the CCA is
chopped at fs. Its dc operating point is set by a large resistance
Rrp, which together with the feedback capacitance Cgp creates
a high-pass cutoff frequency fc (=1/2x RpgCrp). Since the
feedback capacitor Cpg (50 fF) is small, Rpg must be quite
large (~100 MQ) to ensure that fc (~30 kHz) is well below fg
(2.56 MHz). As shown in Fig. 8(a), to conserve area, Rpg can
be implemented as a robust switched resistor [23]. Ideally, its
effective resistance can be boosted by a factor 7/T,y, where
T is the switching period and 7oy is the turn-on time of the
switch. In this work, 7" = 1/(2fs) = 195 ns and Tox ~ 2 ns,
allowing a physical resistance of 1.2 MQ to be theoretically
boosted by ~100x.

In practice, the switched parasitic capacitor Cp of the
resistor will form an SC resistor in parallel with the desired
switched resistor and thus limits the maximum resistance that
can be achieved [23]. Moreover, when the switch is turned
off, the signal-dependent charge on Cp will be transferred
to the feedback capacitance (Crg) causing a signal-dependent
gain error. Since the CCA input contains high-frequency
quantization noise, this signal-dependent gain error will give
rise to quantization noise folding.

To mitigate these issues, the switched resistor is split into
N segments, as shown in Fig. 8(b). This splits Cp into N
segments, which increases the impedance of the associated
switched capacitors by a factor N2. More importantly, the
signal-dependent charge injected into the virtual ground is
also reduced, improving gain accuracy and mitigating noise
folding. As shown in Fig. 8(c), setting N = 6 results in a
negligible gain error. It also ensures that the resulting Rpp is
>100 MQ.

As shown in Fig. 9, the CCA is based on a two-stage
Miller-compensated amplifier, consisting of a folded-cascode
input stage and a class-AB output stage. It provides > 100-dB
dc gain and rail-to-rail output swing. To minimize the signal
attenuation at its input, the parasitic capacitance of the input
PMOS pair (~125 fF) is designed to be smaller than the
input capacitance Cry (500 fF). Drawing 180 pA, the CCA
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achieves a —3-dB bandwidth > 3fs while driving the following
SC integrator, which is based on an energy-efficient current-
reuse OTA [4].

E. Ist Integrator and Tunable Reference

The output of the CCA is a square wave at the chopping
frequency, whose amplitude is proportional to the difference
between the input and DAC voltages. This amplitude informa-
tion can be extracted by using a correlated double sampling
(CDS) scheme to sample the CCA output (Vop and Vi) dur-
ing both phases of this waveform and then take the difference
[24]. In one phase, the integrator is configured in unity gain,
and the CCA output Vyy is sampled on C;. In the second
phase, the change in the CCA output (Vop— Vo) is transferred
to the integration capacitor Ciyy;. This scheme rejects the
CCA output offset and also mitigates the integrator’s own
offset and 1/f noise.

Since the CTAT feedback path is applied after the CCA,
the large attenuations (A and o) can be implemented by
reasonable capacitor ratios: 4 = Cgrgr/Crg X C;/C, and
o = Cgrgr/Crg X C1/Cs. In this work, Ciy = Crgr =
IOCFB = 500 fF and Cl = C3 = 8C2 = 400 fF. Their
matching requirements are not too strict since the A path is
tunable.

As discussed in Section III, A should be trimmed with 8-bit
resolution. In this work, a 1-bit AX trimming scheme is used
since the CDAC capacitor C, is rather small (50 fF). This
involves the use of another digital A X modulator to precisely
control the average amount of time that the CDAC is enabled.
However, directly applying AX trimming to the CDAC will
cause significant quantization noise folding. This is because
the input of C, is the ADC bitstream output, and thus, it will
be effectively multiplied by the bitstream output of the digital
A X modulator, as shown in Fig. 10(a).

To address this issue, A is trimmed in a bitstream-controlled
(BSC) manner [26], [27], as shown in Fig. 10(b). Depending
on the bitstream state, the CDAC control input is multiplexed
between two digital 1st-order AX modulators. Similarly, the
sampling clocks of the digital modulators are also generated
according to the bitstream state. This scheme ensures that the
shaped quantization noise of each digital modulator is always
multiplied by a constant (either +1 or —1). The net effect is
thus to add a small amount of properly shaped quantization
noise (each with an average value of Vgg/4) to the input of
the ADC.

F. System-Level Chopping

As shown in Fig. 11, system-level low-frequency chopping
(CHL) is applied to suppress the ADC residual offset. After
the CHL transitions, however, the sudden changes in input
polarity will cause large transients in the modulator’s internal
states. Such transients can be avoided by resetting its internal
states during CHL transitions and thus operating the modu-
lator in incremental mode. Alternatively, the polarity of the
modulator’s internal states can also be swapped after CHL
transitions. As in [26], this involves swapping the position
of the integration capacitors, thus allowing the integrator’s

Authorized licensed use limited to: TU Delft Library. Downloaded on December 15,2022 at 07:51:57 UTC from IEEE Xplore. Restrictions apply.
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[
-2 . . .
G107 For diagnostic purposes, an on-chip temperature sensor
. . . f is implemented to monitor the self-heating of the shunt.
2 3 4 5 6 Fig. 12 shows the diagram of the temperature sensor. It con-
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(© 11AVgg against Vg to generate a digital representation of

Fig. 8.  (a) Conventional switched resistor [23]. (b) Proposed segmented
switched resistor. (c) Simulated gain error versus segments.

output to evolve smoothly after CHL transitions. This approach
allows the modulator to be operated in a free-running mode.
Since the SC loop filter has a fixed one AX cycle delay, the
clock of the output chopper is also delayed by one AX clock
period. To avoid in-band ripple, the frequency of CHL is set to
20 kHz. The residual ripple caused by the CHL can be filtered
by the notches of the following sinc? decimation filter.

temperature [26]. The required input signals (Vgg and A Vgg)
for the diagnostic temperature sensor are generated by a
separate bipolar core, thereby avoiding any intermodulation
between the temperature sensor and the current sensor.

IV. TWO-CURRENT CALIBRATION

To optimize current sensing accuracy over temperature, the
TC of Vrgr must be tuned to match the TC of the shunt. Tra-
ditionally, this involves a two-temperature calibration, which
is costly and time-consuming.

In this work, a room-temperature calibration scheme is
proposed to reduce the calibration cost. It exploits the fact that

Authorized licensed use limited to: TU Delft Library. Downloaded on December 15,2022 at 07:51:57 UTC from IEEE Xplore. Restrictions apply.
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due to its self-heating, the shunt itself can be reused as a heater.
Then, by measuring the ADC output at a low current (low
self-heating) and then at a high current (high self-heating),
the attenuation A can be individually trimmed for maximum
gain flatness according to their relative error. The low current
(10 A in this work) is set high enough to mitigate the impact
of ADC offset. As can be seen from Fig. 13, with 10- and
25-A currents, different levels of self-heating in a PCB shunt
gives rise to a temperature difference of ~20 °C, which is
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Fig. 14. (a) Die micrograph. (b) Chips on PCB trace and low-TC shunts.

enough to cause measurable gain errors. To compensate for
the spread in the shunt resistance, the ADC output at 10 A is
used to perform a digital gain trim.

Measurements show that the shunt has a thermal settling
time of several seconds, which in turn will limit the speed of
the proposed calibration scheme. However, this will still be
faster, and hence cheaper, than a traditional two-temperature
trim, which would involve heating and stabilizing the entire
test setup. An even lower cost approach would be to use a
batch-calibrated A, at the expense of higher gain error.

V. MEASUREMENT RESULTS

The proposed readout circuit was implemented in a standard
0.18-xm CMOS technology. Including the reference generator
and current sensing ADC, it occupies 0.36 mm? [Fig. 14(a)]
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Fig. 16. Measured input offset w/ and w/o CHL.

and draws 265 pA from a 1.8-V supply at room temperature.
For flexibility, the sinc? decimation filter and BSC A X trim-
ming logic were implemented off-chip. Simulations show that
implementing them on chip only consumes 15 and 10 uW.
As shown in Fig. 14(b), the prototype’s performance was
verified with 1.6-mQ PCB (36 x 5 mm?) and 2-mQ low-
TC (75 ppm/°C) shunts. Good thermal coupling and galvanic
isolation were achieved by directly bonding the chip to the
shunt with nonconductive glue. In industrial applications,
a thin isolation platelet can be used [28].

Fig. 15 shows the measured output spectra of the modu-
lator with a 5-A dc input current through the PCB shunt.
Trimming Vrgr with a free-running digital AX modulator
incurs significant noise folding, which is eliminated by the
BSC scheme. With an OSR of 128, the modulator achieves
a thermal-noise-limited resolution of 8.5 uVys in a 10-kHz
bandwidth, corresponding to current resolutions of 5.3 mA
(rms) with a 1.6-mQ PCB shunt and 4.3 mA (rms) with a
2-m{ metal-alloy shunt. The up-modulated offset at CHL and
its harmonics are filtered out by the notches of the 256-tap
sinc? decimation filter. As shown in Fig. 16, measurements on
20 samples show that the modulator’s input-referred voltage
offset is less than 50 ¢V with CHL disabled and drops
below 6 uV with CHL enabled. This corresponds to input
current offsets of 3.8 mA/3 mA with the PCB and low-TC
shunts.

To verify the proposed TCS, a 15-A dc current is applied to
the sensor and measured from —40 °C to 85 °C with different
trimming codes (4). The optimal trimming code can be found
when the variation of the digital output Doyt over temperature
is minimized. Fig. 17 shows the sensor’s Doy variations from
—40 °C to 85 °C. Because of the BSC AX trimming scheme,
the Doyr variation can be trimmed with high resolution:
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in steps of ~0.1% and ~0.03% for the PCB and low-TC
shunts, respectively. With the optimal A, Doyr variations can
be reduced to less than £0.1% over the industrial temperature
range for both shunts. The residual Doyr variations are limited
by the high-order TCs of the Vggr and the shunt.

As described in Section IV, the optimal A for minimum
Doyt variation over temperature can be determined by
employing the proposed two-current calibration scheme with
10- and 25-A dc currents for both PCB and low-TC shunts.
For each type of shunt, ten sensors were characterized from
—40 °C to 85 °C in a current range of +25 A. The input
current is provided by the source meter Keithley 2260B, which
can provide dc currents with 0.1% accuracy. With a single-
current gain trim and a fixed value of 4 (~177 for the PCB
shunt and ~683 for the low-TC shunt) [4], [11], [12], gain
errors of +0.4% (PCB shunt) and +£0.3% (low-TC shunt)
were achieved. The proposed two-current calibration scheme
reduces them to +0.25% (PCB shunt) and +0.2% (low-TC
shunt) without further processing (Fig. 18). As shown in
Fig. 17(a), the trimming resolution with the PCB shunt is lower
than with the low-TC shunt, especially at low temperatures,
resulting in larger errors at —40°C. The spread in the optimal
A, which reflects the combined spread in the TC of the
shunt and VRgp, is limited to 10 and 20 LSBs for the PCB
and low-TC shunts, respectively. The residual gain error over
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON
. Xu Zamparette Vroonhoven
This work SSCL’18 [11] | VLSI’21 [12] ISSCC20 [13] INA 260 [16]
Technology 0.18 pm 0.18 um BCD 0.18 pm 0.18 um BCD --
Area 0.36 mm? 1.4 mm? -- 0.85 mm? -
Shunt 1.6 mQ 2 mQ 1 mQ 3 mQ 50 mQ 2 mQ
un (PCB) | (low-TC) (PCB) (PCB) (low-TC) (low-TC)
Current Range +25 A +25 A +12 A +I5 A +1 A +I15A
Gain Error +0.25% +0.2% +0.35% +0.6% +0.5% +0.5%
Temp. Range -40 to 85 °C -40 to 85 °C -40 to 85 °C -50to 125 °C -40 to 85 °C
6 nv 1uv 0.5 v <Suv 10 pv
ADC offset 3.3mA | 3mA (1 mA) (0.17mA) (0.1 mA) (5 mA)
Bandwidth 10kHz* 40 Hz* 32 Hz* <2.4 Hz 3.6 kHz
. 8.5 nv 1.1 pv 5.4 vV
Resolution 53mA | 43mA (1.1 mA) (1.8 mA) - -
Supply Voltage 1.8V 1.8V 1.8V 1.7-60 V 2.7-55V
Supply Current 265 pA 13.8 pA 1.4 pA <5 pA 310 pA
Dynamic Range | 73.5 dB 75.4 dB 80.7 dB 78.4 dB - -
FoM** 147 dB 149 dB 143 dB 149 dB - -
Polynomial
Calibration No Yes Yes No -
*Bandwidth for a thermal noise limited resolution
** FoM=Dynamic Range + 10 log (Bandwidth/Power)
5 5 25
4 20
S <15
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Fig. 19. Transient measurement under a 0-5-A current step input with a g
PCB shunt (a) using a 256-tap sinc? filter and (b) 128-tap sinc? filter. 2 25
0 5 10 15
Time (s)
temperature is dominated by the high-or der TC and the TC ggB ZS(;I.uijranswnt measurement under a 0-25-A current step input with a

spread of the PCB shunt.

The dynamic accuracy of the sensor was evaluated with
step input currents. As shown in Fig. 19(a), with a PCB
shunt and a 0-5-A step, the sensor’s output has a rise time
of 70 us and settles to within 0.2% in 300 us. These times
are mainly determined by the 256-tap sinc® filter. A faster
step response can be obtained by using a shorter filter at the
expense of resolution [Fig. 19(b)]. However, a 0-25-A step
causes significant self-heating and slow settling. As shown in
Fig. 20, a temperature rise of ~10 °C was observed over a
14-s interval. Due to the initially nonhomogenous temperature
distribution in the shunt and the chip, a peak settling error of
0.7% can be seen, which drops to 0.2% within ~6 s. Due to
the small TC of the metal-alloy shunt, its peak settling error
for step input currents is negligible.

The sensor’s performance is summarized in Table I and
compared with state-of-the-art PCB and low-TC shunt-based

sensors. The proposed readout achieves a compact core area
of 0.36 mm?. Compared to [11] and [12], this work has a
much higher sampling frequency and bandwidth, resulting in
higher power consumption. However, it has a similar figure
of merit (FoM), which shows that its energy efficiency is
quite competitive. Moreover, due to the low-cost two-current
calibration scheme, the sensor achieves the state-of-the-art
gain accuracy (+0.25%) over a wide current (£25 A) and
temperature (—40 °C to 85 °C) range for both low-TC and
PCB shunts.

VI. CONCLUSION

In this work, a versatile shunt-based current sensor with a
tunable TCS is proposed. It can be flexibly used with both low-
TC metal-alloy shunts and high-TC, but low-cost, metal shunts
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while maintaining high accuracy. A bitstream controlled A X
trimming technique is used to achieve high trimming resolu-
tion (<0.1%) without quantization noise folding. To optimize
gain flatness over temperature, a low-cost room-temperature
TC tuning scheme is proposed by exploiting the shunt’s self-
heating at large currents. Over the industrial temperature range
and a £25-A current range, it achieves the state-of-the-art
gain accuracy (£0.25%) with both low-cost PCB and stable
metal-alloy shunts. In future work, it would be interesting to
investigate the long-term drift of the low-cost PCB shunt.
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