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Resistive sensors are widely used in many applications such as pressure sensors, touch screens,
body composition analyzers, and acceleration sensors. Chopper stabilization is an effective solution
to reduce DC offset and low-frequency flicker noises. In the demodulation stage of chopper
stabilization, a high-order low-pass filter, which occupies a large area, is generally required to
attenuate the up-converted DC offset and low frequency noises or “ripples”. We propose a low-
noise chopper-stabilized resistive readout integrated circuit (IC) with a ripple rejection loop (RRL).
When the RRL operates, the modulated ripple is demodulated to the baseband. The demodulated
ripple is integrated using a Miller integrator. The output of the integrator is chopped and fedback
negatively to the input of the instrumentation amplifier (IA). The Miller integrator is implemented
using MOS-bipolar pseudoresistors and feedback capacitors to achieve high CMRR, high DC
rejection, and a small circuit size. The chip is fabricated using a 0.18-pm complementary metal-
oxide-semiconductor (CMOS) process with an active area of 1.8 mm?
827 uW at 3.3 V supply. The input referred noise is measured at 0.37 pVrms in the frequency band
of 1-200 Hz.

. The power consumption is

1. Introduction

With the development of smart devices for the Internet of Things (IoT), resistive sensors
based on Wheatstone bridge configurations and resistive readout integrated circuits (ICs) are
extensively used in various application areas such as pressure sensors, touch screens, body
impedance analyzers, and acceleration sensors.!™ In general, the resistive readout IC amplifies
the voltage generated from the Wheatstone bridge using a precise instrumentation amplifier
(IA). In previous papers, chopper current feedback [As and differential difference IAs applying a
chopper stabilization technique have been used to achieve high CMRR and low DC offset.*> To
obtain low noise readout characteristics, chopper stabilization and the auto-zeroing techniques are
commonly used. These methods reduce DC offset and low-frequency flicker noise. Because the
auto-zero architecture poses problems of switching noises as well as noise folding due to sampling-
induced high frequency aliasing, the chopper stabilized architecture is preferred in low noise and
low power continuous-time applications.*>
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In the modulation stage of the chopper stabilization technique, input signals modulate the
carrier frequency, and they are processed at a high frequency with less noise. However, the offset
voltage of an IA also modulates the carrier signal, which appears as a signal called a “ripple,” at the
output of the demodulation stage of chopper stabilization. A sample-and-hold filter®”) and a high-
order low-pass filter (LPF) can be used to attenuate ripple voltage. The sample-and-hold filter,
however, still presents a noise folding problem. A high-order LPF generally takes up too large an
area.

In this paper, we present a low-noise resistive readout IC using a chopper stabilized 1A with
an improved ripple rejection loop (RRL).?® The proposed IC uses the chopper stabilization
technique to reduce DC offset and low-frequency flicker noise. The RRL effectively reduces
the ripple voltage and DC offset while taking up only a small area. The circuit design and the
experimental evaluation of the resistive readout IC are discussed.

2. Proposed Chopper-Stabilized Resistive Readout IC with RRL
2.1 Proposed architecture and operating principle of wind flow sensor

The architecture of the proposed readout IC for processing signals from the piezoresistive
micro-electromechanical systems (MEMS) sensor is illustrated in Fig. 1. The readout IC includes
an [A, an RRL, an LPF, and a successive approximation register (SAR) analog-to-digital converter
(ADC).

To validate the performance of the IC, a wind flow sensor on a piezoresistive Wheatstone bridge
is used as shown in Fig. 2. All resistive sensor elements of this bridge are designed to change by
AR during wind flow to eliminate the linearity error.”) The output voltage is expressed as

R+ AR R— AR
Vo= (R AR+ R+AR R+ AR+R-AR PP "
V():A_RVDD-

R

An IA implemented with three op-amps is used to amplify the modulated small differential
input voltage from the wind flow sensor. The A has two non-inverting amplifiers in the first stage

Wind Flow sensor

vbD MEMS
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Fig. 1. Architecture of the proposed Fig.2. (Color online) Wind flow sensor on piezoresistive
resistive readout IC. Wheatstone bridge.



Sensors and Materials, Vol. 29, No. 7 (2017) 929

and a differential inverting amplifier in the second stage; it presents high input impedance and a
large gain. The offset and 1/f noise components in the low-frequency band are moved to the high-
frequency band by chopper modulation. To reduce the ripples created by the offset in the output
voltage, an RRL is used in this IC. The RRL operates as a notch filter at the chopper frequency.
Thus, the requirements for higher-order LPF are relaxed. Glitches caused by the chopping and
high frequency noise that remain in the IA output are removed by a fourth-order Sallen-Key LPF.
The output differential signal of the LPF is converted into digital code by a 12-bit SAR ADC.

2.2 Chopper-stabilized resistive readout IC with RRL

Figure 3 shows the proposed chopper stabilized resistive readout IC with RRL. The operating
principle of the IC is as follows. The top and bottom nodes of the resistive wind flow sensor are
driven by a modulating chopper (CHI). The CHI1 is controlled by periodic switches P1 and P2.
The three op-amps in the A are used to amplify the modulated, small differential input voltage
from the wind flow sensor. The IA transfer function is expressed as

Vout 2R R
INP — INN Re J\Riy

The gain of this [A can be controlled from 40—-100 dB by adjusting R, in the first stage and R;,
in the second stage. In addition, the offset is corrected by the current steering digital-to-analog
converter (DAC) with binary weighted control. The amplified differential signals are demodulated
by a chopper (CH2). At the same time, the input referred offset of the IA is also modulated by the
chopper (CH2). This chopping of the offset voltage can create large ripples. To reduce the ripples
in the output voltage, the RRL is proposed as shown in Fig. 4. The proposed RRL is composed of
a fully differential Miller integrator, which uses MOS-bipolar pseudoresistors and capacitors in the
negative feedback loop.>%1% The transfer function of the Miller integrator is expressed as
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Fig. 3. Chopper-stabilized resistive readout IC with RRL.
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The modulated offset ripple is demodulated to the baseband. The demodulated ripple is integrated
as governed by Eq. (3). The output of the Miller integrator is demodulated to a low frequency by a
chopper (CH3) and transferred into the input stage of the IA through a negative feedback loop. As
a result, this RRL effectively reduces the ripple and compensates for the DC offset.

3. Experimental Results

The proposed chopper-stabilized resistive readout IC with RRL was fabricated using a 0.18-um
1P6M complementary metal-oxide-semiconductor (CMOS) process with an active area of 1.8 mm?
excluding the I/O pads. A photograph of the fabricated die form of the IC with RRL is shown in Fig. 5.

Figure 6 shows the setup used for evaluation of the chopper-stabilized resistive readout IC along
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Fig. 4. RRL circuit.
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with the two resistive wind flow sensors. The two wind flow sensors are mounted perpendicularly
to each other on the PCB.

Figure 7 shows the transfer function of the chopper-stabilized resistive readout IC. At
the default gain setting of the IC, the gain measured by the spectrum analyzer is 42.2 dB.
Furthermore, the cut-off frequency of the transfer function is approximately 200 Hz. The results of
the measurement of input referred resistive noise are shown in Fig. 8. After measuring the output
referred noise with a spectrum analyzer, input referred noise is determined by dividing the output
referred noise by the gain of the resistive IC. When the chopper is turned off, the input referred
noise is 1.5 pVrms, as shown in Fig. 8(a). When the chopper is turned on at a frequency of 32 kHz,
the input referred noise is 0.37 uVrms for a bandwidth of 200 Hz, as shown in Fig. 8(b).

Figure 9 shows the output of the resistive readout IC with RRL. On the left side of the figure,
the DC offset can be seen on the waveforms when the RRL is disabled. However, when the RRL
is enabled, it can be seen that the offset and the ripple that occurred due to chopper operation are
automatically calibrated within a small calibration time of 1.2 s.

The time domain outputs of the chopper-stabilized resistive readout IC as measured when
connected to wind flow sensors are shown in Fig. 10. The external air flow at 3 Hz, 5 cm/s is
applied to the wind flow sensor board. The output signal of the first wind flow sensor, which is
placed in sensitive directions, varies with the external air flow. The output signal of the second
wind flow sensor, which is placed perpendicularly to the first sensor, is almost fixed at the value
of the DC bias. The total power consumption of the IC is 827 uW with a 3.3 V supply. The
performance comparisons of the readout IC with previously reported values are summarized in
Table 1.
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Fig. 7. Transfer function of the chopper-stabilized resistive readout IC.
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Fig. 8. Input referred noise of the chopper-stabilized resistive readout IC.
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Fig. 9. (Color online) Output of resistive readout IC with RRL.
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Fig. 10. (Color online) Time domain outputs of the chopper-stabilized resistive readout IC.

Table 1
Performance summary of measured parameters.
Parameter This work Ref. 4 Ref. 11 Ref. 12
Technology (um) 0.18 0.18 0.18 0.065
Supply (V) 33 2.7 1.8 1
Power (uW) 827 270 62 12.3
Bandwidth (kHz) 0.2 2 4.5-9 0.040
Input Referred Noise (uVrms) 0.37 3.76 1.8 11
Active area (mm?) 1.8 — 0.3 0.358

. . Chopper Chopper Chopper Correlated
Low noise technique stabilirz)l;tion stabilizztion stabiliggtion double sampling
RRL Y N N N

4. Conclusions

A low-noise chopper-stabilized resistive readout IC with RRL for use with resistive sensors is
presented. The chip is fabricated using a 0.18-pm 1P6M CMOS process with an active area of 1.8
mm?. This resistive readout IC consumes 827 uW with a 3.3 V supply. The input referred noise is 0.37
uVrms for a bandwidth of 200 Hz. Measurements demonstrated that the resistive readout IC with
RRL can achieve low noise and can reduce ripples.
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