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Abstract: This paper proposes a low noise readout integrated circuit (IC) with a chopper-stabilized
multipath operational amplifier suitable for a Wheatstone bridge sensor. The input voltage of
the readout IC changes due to a change in input resistance, and is efficiently amplified using a
three-operational amplifier instrumentation amplifier (IA) structure with high input impedance and
adjustable gain. Furthermore, a chopper-stabilized multipath structure is applied to the operational
amplifier, and a ripple reduction loop (RRL) in the low frequency path (LFP) is employed to attenuate
the ripple generated by the chopper stabilization technique. A 12-bit successive approximation
register (SAR) analog-to-digital converter (ADC) is employed to convert the output voltage of the
three-operational amplifier IA into digital code. The Wheatstone bridge readout IC is manufactured
using a standard 0.18 pm complementary metal-oxide-semiconductor (CMOS) technology, drawing
833 pA current from a 1.8 V supply. The input range and the input referred noise are +20 mV and
24.88 nV/+/Hz, respectively.

Keywords: chopper-stabilized; multipath operational amplifier; Wheatstone bridge sensor;
instrumentation amplifier (IA); ripple reduction loop (RRL)

1. Introduction

Resistive sensors are widely applied in various forms, such as temperature, pressure, humidity,
and gas sensors [1-10], owing to their robustness, simple integration, and low cost [11-13]. A resistive
sensor is implemented within the Wheatstone bridge structure; therein, it converts the resistance change
into a voltage change. The structures of the Wheatstone bridge are voltage- and current-driven [14];
the voltage-driven configuration is shown in Figure 1. In addition, the output voltage and linearity
error are listed in Table 1. The current-driven configuration has the advantages of linearity and
stability; however, the input sensitivity is proportional to the constant supply current. Therefore, the
current-driven configuration is seldom used because it is difficult to accurately measure the change in
the supply current.
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(a) (b) () (d)

Figure 1. Voltage-driven Wheatstone bridge configurations: (a) Single-element configuration; (b) Two-

element configuration; (c) Second type of two-element configuration; (d) All-element configuration.

Table 1. Summary of output voltages and linearity errors for voltage-driven Wheatstone bridges.

(a) (b) () (d)

Yo i) 7 (retarra) #(%5) vi(£8)

Linearity error 0.5%/% 0.5%/% 0 0

The Wheatstone bridge readout integration circuits (ICs) primarily employ two conversion
techniques [11]. The first is a voltage-to-frequency converter that converts analog signals into the
frequency domain [15-17]. This scheme is simple in structure, but consumes considerable power and
has a slow conversion rate over a wide operating range [18]. The other technique is a voltage-to-digital
converter that converts analog signals into digital signals [19,20]. The instrumentation amplifier (IA)
is implemented to amplify small input signals, and an analog-to-digital converter (ADC) is required
to convert the amplified signals to digital signals. Generally, the voltage-to-digital converter is more
popular because of the well-established precision IA and ADC techniques. In the voltage-to-digital
conversion, the IA is one of the key building blocks. A precision IA with low offset and low input
referred noise is required because the offset and the input referred noise of the IA can generate a
nonlinear output [21]. Various techniques have been implemented for precision IAs, such as autozeroing
and chopping, to secure microvolt offset levels [22-26].

The autozeroing technique alleviates the offset and the flicker noise by sampling the offset and the
low frequency flicker noise in the autozero capacitor in phase 1 (1) and subtracting this information
from the output voltage in phase 2 ($2). However, this technique generates switching noise due to
sampling, and augments base band noise because of noise folding [27].

The chopping technique fundamentally cancels the offset and flicker noise caused by the
upmodulating offset and the low frequency flicker noise by chopping the frequency and passing the
signal through a low pass filter (LPF). However, upmodulated offset and flicker noise create ripples,
which must be attenuated by a ripple reduction loop (RRL). The RRL integrates the ripple generated
by the chopping technique at the output stage and eliminates ripples through the negative feedback of
this signal to the input stage. However, this process results in a notch at the chopper frequency of the
transfer function of the operational amplifier. As a result, operational amplifiers implementing the
chopping technique have a low unit-gain bandwidth (UGBW). Such a low UGBW is poorly-suited to
many applications because it cannot deal with fast input signals. To avoid this drawback, in this paper,
a chopper-stabilized multipath operational amplifier including a high frequency path (HFP) and a
low frequency path (LFP) is implemented in the IA. In general, flicker noise is dominant in the low
frequency region, so the chopping technique and RRL are employed to LEP but not HFP. Therefore, the
transfer function of the LFP is limited to UGBW due to notch formation at the chopper frequency, but
the HFP is not, so the transfer function of the multipath operational amplifier connecting LFP and HFP
in parallel does not form the notch. Consequently, the multipath operational amplifier architecture
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resolves the shortcoming of having a low UGBW, and has the merit of being appropriate for a variety
of applications.

A small input signal is amplified by the three-operational amplifier IA, having high input
impedance, excellent linearity, and adjustable gain; the amplified signal is then converted into a digital
signal via a 12-bit successive approximation register (SAR) ADC.

This paper is organized as follows. Section 2 explains the topology of the proposed Wheatstone
bridge readout IC with a chopper-stabilized multipath operational amplifier. The experimental results
are described in Section 3. A discussion and conclusions are presented in Sections 4 and 5, respectively.

2. Proposed Wheatstone Bridge Readout IC with Chopper-Stabilized Multipath Operational Amplifier

This section discusses a proposed Wheatstone bridge readout IC with a chopper-stabilized
multipath operational amplifier. Section 2.1 discusses the top architecture and subblocks of
the Wheatstone bridge readout IC. Section 2.2 explains the schematic and operating principles
of a chopper-stabilized multipath operational amplifier applied as a single-ended amplifier in a
three-operational amplifier IA.

2.1. Top Architecture of the Wheatstone Bridge Readout IC

Various types of IAs that can be implemented to properly amplify small input signals; capacitively
coupled IAs (CClIAs), current feedback IAs (CFIAs), and three-operational amplifier [As are the most
popular types. The conventional architecture of CCIAs is shown in Figure 2a; the output voltage is
given as

Vout = & Vz'n (1)

The CCIA has high power efficiency, but the input stage is composed of capacitors, so the input
impedance is lower than other IAs. To solve this issue, a circuit that can increase the input impedance,
such as a positive feedback loop (PFL), is required [28].

The CFIA has high input impedance, but gain accuracy is limited by a mismatch between the
input and the feedback transconductance [28]. A block diagram of the CFIA is shown in Figure 2b, and

the output voltage is expressed as
Ri + 2Ry

Rq

The three-operational amplifier IA has low power efficiency owing to the use of two low-noise

input amplifiers, but achieves high input impedance and excellent linearity. The conventional block
diagram of the three-operational amplifier IA is shown in Figure 2c.

Vout = Vin~ (2)
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Figure 2. Conventional architecture: (a) Block diagram of a CCIA; (b) Block diagram of a CFIA;
(c) three-operational amplifier IA.

In this paper, we implement the three-operational amplifier IA architecture to acquire excellent
linearity and a comfortably adjustable gain. The top architecture of the proposed Wheatstone bridge
readout IC, including the three-operational amplifier 1A, is shown in Figure 3. The output offset of the
three-operational amplifier IA is adjustable using a digital-to-analog converter (DAC) connected to the
input of the fully-differential amplifier A,. The transfer function of the three-operational amplifier IA,
including the DAC operation, is expressed as

2Ry \[R
(Vout+ - Vout—) = (1 + R_lz)(R_i)(Vin+ - Vin—) + R4(IP + IN) (3)

3-operational amplifier IA

DAC
Multipath
! p Rs

Vin+

L]
z
3

Wheatstone bridge sensor

Multipath
opamp

H Vin_

Figure 3. Top architecture of the proposed Wheatstone bridge readout IC.

The structure of the Wheatstone bridge sensor is simulated by a single-element varying structure;
the variable resistance is modeled using Verilog-A. The proposed three-operational amplifier IA is
comprised of a first stage, consisting of Ajp and A;p, and a second stage, consisting of A,. The gain
of each stage is determined by the variable resistors, R; and Rj. These resistors are designed as 5-bit
programmable resistors. The two single-ended amplifiers Aj5 and Ap at the input stage produce low
noise by using the proposed chopper-stabilized multipath operational amplifier, consisting of an HFP
and LFP. In addition, the fully-differential amplifier A, applies the chopping technique; its schematic
is shown in Figure 4. Chopping is applied at the input stage and at the folded cascode stage of the
fully-differential amplifier. The input range is extended by employing the rail-to-rail input stage.
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Figure 4. Schematic of the fully-differential amplifier in the three-operational amplifier IA (Ay).

The output of the three-operational amplifier IA, which amplifies the input small signal, passes
through the LPF and buffer, and is then converted into a digital signal by a 12-bit SAR ADC. The LPF
adopts a Sallen-key topology, and the simulation results indicate that the cutoff frequency is 840 Hz.
The 12-bit SAR ADC employs a resistor—capacitor hybrid structure that diminishes the area by 16 times
compared to a capacitor-only DAC. An offset calibration technique is implemented for the comparator
in the 12-bit SAR ADC to achieve high linearity and low offset.

2.2. Architecture and Circuit Implementation of a Chopper-Stabilized Multipath Operational Amplifier

A block diagram of the proposed chopper-stabilized multipath operational amplifier is shown
in Figure 5. First, a high frequency bypass technique is applied by a wide bandwidth and high gain
amplifier composed of Gyy1, Go, and Gpy3, and nested Miller compensation is accomplished on the
HFP by C;. The HFP circuit implements a PMOS input stage and enhances power efficiency and slew
rate by adopting Monticelli-based class-AB output stages, as shown in Figure 6. The LFP consists of
Gma, Gms, and Gpe, and choppers CH; and CH, are used to apply the chopping technique.

High frequency path (HFP)
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13+
+ 1
,_”_.
®
13+
+ 1
T

Ripple reduction loop (RRL)

Figure 5. Block diagram of the proposed chopper-stabilized multipath operational amplifier (A;5 and Ajp).
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Figure 6. Schematic of the HFP.

The low frequency input signal is modulated into the high frequency region through CHj, is then
demodulated back to the low frequency region by CHj, and passes through an integrator consisting
of G5 and C3. On the other hand, the low frequency flicker noise and offset of the G4 input are
modulated into the high frequency region by CH; and are attenuated by the integrator. Using this
technique, the offset component modulated into the high frequency region gives rise to ripple, so an
RRL is implemented to reduce it. The RRL input is AC-coupled and consists of a current buffer, Cs,
and Gpg. The RRL perceives the ripple at the output of Gy,5 and converts it to DC current. This DC
current compensates for the offset current of the G4, which eliminates the ripple. A schematic of the
current buffer containing the chopper in the RRL is shown in Figure 7.
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Figure 7. Schematic of the current buffer.

3. Measurement Results of Proposed Wheatstone Bridge Readout IC

The proposed Wheatstone bridge readout IC is manufactured using a 0.18 pm one polysilicon
and six metal layers (1P6M) complementary metal-oxide-semiconductor (CMOS) process. A chip
microphotograph of the proposed Wheatstone bridge readout IC is shown in Figure 8. The fabricated
chopper-stabilized multipath operational amplifier has an area of 1.18 mm?, while the area of the
Wheatstone bridge readout IC with three-operational amplifier IA, LPF, buffer, and 12-bit SAR ADC is

8.6 mm?2.
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Figure 8. Microphotograph of the proposed Wheatstone bridge readout IC.

Figure 9 shows the transfer functions of the three-operational amplifier IA using various 5-bit
programmable resistor settings; a gain adjustment of approximately 38-70 dB is possible. The gain
of the three-operational amplifier IA is adjusted in inverse proportion to R; and Rj3 according to
Equation (3). The resistances of Rj and Rj are at their maximum (835 k(}) when the 5-bit register bits
are all set to high, and are at their minimum (26 kQ)) when all register bits are set to low. As a result,
the three-operational amplifier IA has a gain of 38 dB when the registers controlling R; and Rj are
high, and 70 dB when these are set to L, L, L, H, H. For each register setting, we can compare the gain
calculated by Equation (3) with the measured gain; these results are shown in Table 2. As a result of
the comparison, there are some errors of gain. These errors are expected to be caused by the layout
stage and mismatch. These 5-bit programmable resistors must be properly adjusted for the range of
the input voltages. The input range for this Wheatstone bridge readout IC is £20 mV.
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O
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Figure 9. Measured transfer functions of the Wheatstone bridge readout IC.
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Table 2. Comparison of the gain calculated by Equation (3) and the measured gain.

Register Settings Gain
1st stage 2nd stage Calculated gain Measured gain
(MSB)L,L, L, H, H (LSB) L LLHH 74.07 72.29
L LLHH LHHHH 62.02 61.17
LLLHH HLHHH 48.50 47.90
HHHHH H H HHH 38.52 37.53

Figure 10 shows the output voltage and digital code output of the Wheatstone bridge readout
IC based on input resistance. The input resistance range is 53.5-58.5 k(}, and the coefficient for the
determination of the output voltage trend line is 0.9995 according to Figure 10a. Finally, the coefficient
for the determination of the output digital code trend line is 0.9993 according to Figure 10b. In addition,
the R, resistance of the Wheatstone bridge is 56 k(}, and the input resistance range is a +20 mV based
on input voltage range. Since the minimum gain of the proposed Wheatstone bridge readout IC
is 37.53 dB (75.25 times) and the supply voltage is 1.8 V, the maximum input voltage range can be
calculated as approximately 24 mV, which is the value divided by 1.8 V by 75.25. However, in this
research, the maximum input voltage range was set to 20 mV because the proposed Wheatstone bridge
readout IC may not operate normally near the minimum and maximum supply voltages. The input
resistance range varies with the R, resistance of the Wheatstone bridge, and the voltage difference at the
differential output of the Wheatstone bridge cannot exceed the input voltage range. This input voltage
range changes with the gain adjustment of the Wheatstone bridge readout IC, and the resolution of the
output signal is maintained. Since the input voltage range is adjustable, it can be applied to sensors
with more various specifications. Measurement results show that the differential output voltage range
of the Wheatstone bridge readout IC is —1.36 V to 1.63 V at a 1.8 V supply voltage.

2.0 4500
15 4000 /,.
1.0 3500
: y = 0.5932x - 33.108 y = 686.13x - 36239
05 R? = 0.9995 @ 3000 R? = 0.9993
S Q 2500
Z 0 e
S 05 < 2000
: O 1500
-10 1000
-15 500 -/'r
-20 0
53 54 55 56 57 58 59 53 54 55 56 57 58 59
Rin (kQ) Rin (kQ)
(a) (b)

Figure 10. Output of Wheatstone bridge IC based on input resistance: (a) Voltage output; (b) Digital
code output.

Figure 11 shows the conversion error of the measured output voltage. The conversion error is
a comparison of the ideal output voltage value calculated as a primary function and the measured
output voltage value. If the conversion error is large, the linearity of the Wheatstone bridge readout IC
is reduced. Referring to Figure 11, the conversion error boosts as the input resistance increases, which
is analyzed, as the output voltage is too near to the supply voltage and the linearity of the operational
amplifier is diminished. To solve this issue, a slight reduction in the gain of the Wheatstone bridge
readout IC can be applied to adjust the output voltage so that it is not close to the supply voltage.



Appl. Sci. 2020, 10,399 90f 12

0.06

0.05

0.04

0.03 ¢

0.02 ¢

Conversion errors (V)

0.01}

53.53 53.98 54.44 54.99 55.52 55.97 56.41 57.08 57.52 58.10 58.65
Rin (kQ)

Figure 11. Conversion errors of the measured output voltage based on input resistance.

Figure 12 shows the measured input referred noise of the Wheatstone bridge readout IC. Chopping
techniques are implemented twice in the LFP of the chopper-stabilized multipath operational amplifiers
and fully-differential amplifiers. The measured input referred noise is 82.00 nV/y/Hz at 1 Hz and
34.20 nV/+/Hz at 10 Hz, and the input noise voltage density is 24.88 nV/+/Hz over the 0.5-50 Hz range.

500

82.00 nV/VHz @ 1 Hz

34.20 nV/IVHz @ 10 Hz

50 1

24.88 nV/VHz @ 0.5 - 50 Hz

Input referred noise (NV/VHz)

5 L
0.5 5 50

Frequency (Hz)

Figure 12. Measured input referred noise of the Wheatstone bridge readout IC.

In Table 3, the performance of the Wheatstone bridge readout IC is summarized and compared
with several state-of-the-art three-operational amplifier IAs. The proposed Wheatstone bridge readout
IC has the advantage of high current consumption, but low input referred noise compared with other
studies. If the input referred noise is large, the noise can be amplified by the three-operational amplifier
IA, which affects the precision of the output signal. Consequently, the larger the input referred noise,
the greater the noise is on the output stage, which can be fatal to the linearity of the Wheatstone bridge
readout IC. Generally, however, there is a trade-off between the method of reducing input referred
noise and the method of decreasing current. Additionally, the chopping technique is implemented to
reduce input referred noise. Compared with other studies, RRL is added to eliminate the ripple caused
by the chopping technique; this is designed to adjust the gain of the three-operational amplifier IA.
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Table 3. Performance summary of the Wheatstone bridge readout IC and comparison with other studies.

This Work [11] [18] [2] [29]
Year 2019 2016 2016 2012 2004
Technology (um) 0.18 0.065 0.18 0.7 0.5
chopping + correlated ‘
Techniques for IA multipath doub.le chopping chopping conventional
sampling
Supply voltage (V) 1.8 1 2.7 5 2.5
Supply current (LA) 833 12.3 27.65 270 61
Gain of TA 38-70 100 40 40 20
Input range (mA) +20 +9.38 +8.8 +0 -
Input(;%f/e\r/rlf’lj)mise 24.88 347.85 84.08 16.2 175
RRL Y N N Y N
NEF * 27.61 46.9 17 10.23 52.54

NEF * = Vi V(2-Trot/- Ur-4kT-BW).

4. Discussion

Recently, the demand for Wheatstone bridge readout ICs has grown for various sensor applications.
Because the input resistance change of a Wheatstone bridge sensor is generally small, the change of
the converted voltage signal also has a small value. As a result, low noise IAs that can accurately
amplify small input voltage changes is an active research area. Chopping and autozeroing are mainly
implemented for low noise IAs, and there are various types of IAs, such as three-operational amplifier
IAs, CCIAs, and CFIAs. In this paper, the three-operational amplifier IA structure is implemented
to easily acquire high input impedance and adjustable gain; however, CCIAs and CFIAs also have
certain advantages, so further research is required regarding these. In addition, the fabricated
chopper-stabilized multipath operational amplifier must consume a significant amount of current to
provide the low noise characteristics. Consequently, the power consumption of Wheatstone bridge
readout ICs has increased significantly, and measures to reduce it are needed. The following are
potential ways to reduce power consumption: The first method is to lessen the power consumption of
the operational amplifier itself. This can be done by altering the size and bias voltage of the devices in
the amplifier. However, because the size of the device is directly related to the noise component, it must
be adjusted appropriately to avoid a significant increase in input referred noise. The second method is to
diminish the power dissipation in LPF, buffer, etc. in addition to the operational amplifier. For instance,
if the resistors of the LPF are replaced with a switched capacitor architecture, the cutoff frequency
may not be obvious, but it has the advantage that power consumption is considerably decreased.
Additionally, eliminating the buffer implemented for monitoring can cut power consumption. These
methods can reduce the power consumption of the proposed Wheatstone bridge readout IC, but further
discussion of them will be required in the future.

5. Conclusions

In this paper, we propose a Wheatstone bridge readout IC with chopper-stabilized multipath
operational amplifier. The proposed Wheatstone bridge readout IC is fabricated using a standard 0.18
um 1P6M CMOS process and has an area of 8.6 mm?. It dissipates 1.5 mW of power using a 1.8 V
supply voltage. The proposed Wheatstone bridge readout ICs consist of a three-operational amplifier
IA, LPF, buffer, and 12-bit SAR ADC. The three-operational amplifier IA achieves a gain of 38-70
dB using two 5-bit programmable resistors. The chopper-stabilized multipath operational amplifier,
which forms the input stage of the three-operational amplifier IA, consists of an HFP and an LFP
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with a chopping technique applied to reduce noise. In addition, a RRL is implemented to effectively
attenuate the ripple generated by chopping in the LEP. The input noise voltage density of the proposed
Wheatstone bridge readout IC was shown to be 24.88 nV/+/Hz over the 0.5-50 Hz range and the input
range was +20 mV.
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