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ABSTRACT This paper proposes a low-power delta–sigma capacitance-to-digital converter (CDC) for a

capacitive sensor. The input of the capacitive sensor employs a zoomed-in technique with the offset capacitor

to extend the input capacitance range. The proposed CDC uses a third-order switched capacitor delta–

sigma modulator to provide a digital output, based on a cascade of integrators with a feed forward (CIFF)

structure. The current-starved operational transconductance amplifiers (OTAs) are applied in the delta–sigma

modulator’s first integrator to improve the current efficiency and reduce the power consumption. An auto-

zeroing technique is used in the OTAs to reduce their offset and noise. The circuit was implemented in a

0.18-µm CMOS technology and occupies an area of 0.496 mm2. The measurable capacitance range of the

CDC can be varied from 0 to 8 pF. In a measurement time of 0.8 ms, the delta–sigma CDC achieved a

12.7 effective number of bits while consuming 18.6-µA current from a 2-V supply voltage.

INDEX TERMS Capacitive sensors, delta-sigma modulation, low power.

I. INTRODUCTION

Capacitive sensors are designed to measure the electrical

capacitance modulated by a physical or chemical parameter

of interest [1], [2]. They are widely used in measurement

and control systems such as pressure sensors, liquid sensors,

and humidity sensors [3]–[6]. In these applications, it is

important to have small capacitive sensors, which limits the

measurable capacitance to below 1 pF. The ability tomeet this

limit requires a high accuracy interface circuit with a short

measurement time. Several methods have been introduced for

use in capacitive sensors [7]–[9]. A period modulation-based

capacitive sensor interface converts the sensing capacitor to

a time interval, which can be easily digitized using a simple

digital counter. However, a high-frequency clock is needed to

digitize the output time, which increases power consumption

[7]. Pulse-width modulated capacitive sensors [8] have good

linearity, low temperature, and short measurement time, but

they provide low resolution. In [9], a differential successive-

approximation (SAR) topology was employed in a CDC for

capacitive pressure sensing. This achieved a high resolution;

however, it included a differential SAR control logic and

two binary-weighted DACs. With an increase in resolution,
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the capacitance of the binary-weighted DAC increased expo-

nentially. This increase caused large power consumption,

increase in the area of the capacitor, and significant mismatch

issues.

This study proposes a low-power delta-sigma capacitance-

to-digital converter (CDC) for capacitive sensors [10].

To increase the signal-to-quantization noise ratio, the

designed CDC employs a three-order delta-sigma modula-

tor based on a cascade of integrators with a CIFF struc-

ture. In contrast, the multi-stage noise shaping (MASH)

modulators in [11]–[13] are vulnerable to mismatch effects.

The current-starved operational transconductance ampli-

fiers (OTAs) are applied in the delta-sigma modulator’s first

integrator to improve its current utilization and reduce power

consumption and an auto-zeroing technique is adopted for

the OTAs to reduce the offset and noise. The combination of

these techniques enables the proposed CDC to achieve high

resolution and low-power consumption and makes it very

suitable for capacitive sensor applications.

The remainder of this paper is organized as follows.

Section II describes the operating principle of the capacitive

sensor. Section III discusses the architecture of the CDC.

Section IV provides a detailed description of the circuits used

in the CDC. SectionV presents themeasurement results of the

chip, and Section VI concludes the paper.
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II. CAPACITIVE SENSOR

Fig. 1 shows the block diagram of the capacitive sensors stud-

ied in this paper. It consists of a CDC, a timing and control

module, and three on-chip capacitor arrays comprising the

sensing capacitor CX , the reference capacitor Cref , and the

offset capacitor Coff .

FIGURE 1. Block diagram of the capacitive sensor.

Because the sensing capacitor CX may have a large base-

line value, the variable capacitance modulated by physical or

chemical parameters of the capacitive sensor is very small.

To overcome this obstacle, Xia and Nihtianov [14] proposed

a ‘‘zoom-in’’ technique in which an offset capacitor Coff
is used to subtract the baseline capacitance from the sens-

ing capacitor CX to extend the input capacitance range and

largely relax the dynamic-range requirements for the CDC.

Therefore, the effective input capacitor Cin of the CDC can

be expressed as

Cin = CX − Coff . (1)

In this work, the offset capacitor Coff can be programmed

digitally from 0.032 pF to 8.160 pF in steps of 0.032 pF (Cb)

by an 8 bits switched array, as shown in Fig. 2.

Then, the CDC digitizes the input capacitor Cin with

respect to the reference capacitor Cref , and produces a bit-

stream BS whose bit-density is proportional to the ratio

of Cin and Cref . According to [15], the bit-density can be

expressed as

µ =
Cin

2Cref
+

1

2
. (2)

FIGURE 2. The offset capacitor array.

FIGURE 3. Simplified architecture of the CDC.

Finally, a decimation filter converts the bitstream into a

digital number Dout . This digital number represents the rel-

ative input capacitor. The necessary timing for the CDC to

ensure normal operation of the entire system is provided by

the timing and control module.

III. SYSTEM ARCHITECTURE

The simplified architecture of the CDC is shown in Fig. 3.

It comprises a third-order CIFF delta-sigma modulator and a

decimation filter. The proposed modulator is an incremental

delta-sigma modulator, which is particularly used to accu-

rately convert narrowband signals [16]. All memory elements

are reset at the beginning of each conversion cycle. Then,

the input capacitor is applied to the input of the CDC for the

first n clock cycles and the output signal will be derived after

the first n clock cycles. Considering the influence of various

non-ideal factors on circuit performance, a high-performance

fourth-order sinc4 filter is used to provide adequate noise

suppression [17]. Its transfer function of the filter is

given by

H (z) =
1

M4

(

1 − z−M

1 − z−1

)4

, (3)

whereM is the decimation ratio.

The CDC was modeled using the delta-sigma toolbox in

MATLAB. The design procedure can be found in the follow-

ing steps:

–First, choose the delta-sigma modulator order, structure,

and order of the sinc filter. In this work, the CDC employs

a third-order CIFF delta-sigma modulator, the sinc filter is

fourth-order, and the sampling frequency is 250 kHz.

–Second, find the required number of cycles. The required

minimum oversampling ratio (OSR), i.e., the number of clock

cycles, is 93 for a third-order modulator to achieve 13-bit

resolution [18].

–Third, simulate the whole system in MATLAB and check

the achievable resolution.

–Fourth, if the required resolution is not achieved, increase

the number of clock cycles until the desired resolution is

achieved.

Considering some non-ideal factors, a modest number of

clock cycles to achieve 13-bit resolution was 200 in this

work. Dynamic-range scaling was performed to ascertain the

modulator coefficients (shown in Fig. 3) that would prevent

overloading of the integrators and quantizers and achieve the

required resolution.
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FIGURE 4. Generic representation of a high-order modulator.

Ageneric block diagram of a third-order (high-order) mod-

ulator is shown in Fig. 4 [19], where u is the modulator input,

v[n] is the modulator output, y is the quantizer input, and

e represents the quantization error of the modulator. In this

block diagram, the quantizer (assuming it is not overloaded

and it is busy, so that e is uniform) was modeled as a system

with gain K .

The term L1(z) is expressed as

L1 (z) =
a1(z− 1)2 + a1a2(z− 1) + a1a2a3

(z− 1)3
. (4)

Therefore, the noise transfer function is derived as follows:

NTF(z) =
1

1 + KL1 (z)
. (5)

According to the small signal analysis, the high-order mod-

ulator can be seen as a negative-feedback system. Therefore,

the system’s open loop transfer function can be expressed as

follows:

OTF (z) = K
a1(z− 1)2 + a1a2(z− 1) + a1a2a3

(z− 1)3
. (6)

Fig. 5 shows the loci of the roots as K falls from infinity to

zero. As the gain decreases to K = 2.6, the system becomes

unstable. Therefore, the gain K of the quantizer must be

greater than 2.6 to ensure stability.

FIGURE 5. Root locus plot.

Fig. 6 shows the simulated signal-to-noise and distortion

ratio (SNDR) curves of the third-order modulator. The peak

SNDR is 84.2 dB. Compared with the traditional modulator

(e.g., first-order), the higher order would achieve a high

FIGURE 6. Simulated SNDR curves.

peak SNDR. However, the usable input range for a first-order

modulator is ±Cref , which further decreases to ± 0.67 Cref
for a third-order modulator. A DC gain of at least 70 dB is

required in the first integrator [20].

IV. CIRCUIT DESIGN AND IMPLEMENTATION

The third-order CDC was designed in a standard 0.18 µm

CMOS process. Fig. 7 illustrates a switched-capacitor imple-

mentation of the CDC. Because the input to the CDC is

a sequence, the modulator has to be more easily realized

using discrete-time circuitry as compared with continuous-

time circuitry [21].

To diminish the harm caused by the common-mode voltage

of the sensors and achieve high accuracy, a fully differential

circuit topology is used in this work. The sensing capacitors

CX1 and CX2 directly serve as the sampling capacitors of

the first integrator. The programmable offset capacitors Coff 1
and Coff 2 are cross-coupled to the sensing capacitor such

that the effective input capacitance of Cin in the first stage is

CX −Coff . Under the control of two pairs of non-overlapping

clocks signal S1, S1d , and S2, S2d in the delta-sigma cycle,

these capacitors are switched between common-mode (CM)

voltage (VCM ) and supply voltage (VDD).

The reference capacitor Cref is set to 0.4 pF. At this

moment, the bit-density µ can be expressed as

µ =
1
2

(

CX1 − Coff 1 + CX2 − Coff 2
)

2Cref
+

1

2
. (7)

Because the proposed CDC is implemented using the

switched-capacitor modulator, the mismatch mainly origi-

nates from capacitor mismatch, which will reduce accuracy.

Owing to the manufacturing errors and process factors, this is

almost unavoidable. One method to overcome this is restrict-

ing the integrator output swings to decrease the influence;

thus, the gain errors resulting from mismatch may be less

obvious.

A. AUTO-ZEROING TECHNIQUE

In capacitive sensors, the major power consumption is due

to the integrators of the CDC because the capacitor array

VOLUME 7, 2019 78283
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FIGURE 7. Circuit diagram of the CDC.

FIGURE 8. Operation of the first-stage integrator of the CDC.
(a) Auto-zeroing phase, (b) integration phase.

does not consume static power. The integrators of the CDC

are implemented in a switched capacitor. Fig. 8 shows the

operation of the first-stage integrator (to simplify the analysis,

it shows only half of the differential signal path).

To cancel the offset as well as the dynamic offset, VX ,

an auto-zeroing technique is applied in these integrators [22].

In the auto-zeroing phase (Fig. 8a), the OTAs are configured

in a unity-gain mode. The sensing capacitor CX is connected

to the power supply VDD, and the capacitor CC is charged

simultaneously. At the end of the auto-zeroing phase, the

charge on the capacitor CC is

Q1 = (VDD − VX (t1))Cc. (8)

In the integration phase (Fig. 8b), the charge is transferred

from the capacitor CC to the integrator capacitor Cint ; there-

fore, the charge on the integrator capacitor Cint is

Q1 = (VDD − VX (t1) + VX (t2))Cc. (9)

If the offset and noise VX have no significance change

during the auto-zeroing phase and integration phase, such that

VX (t1) = VX (t2), then the offset and noise will be eliminated,

and this will improve the accuracy of the CDC.

B. CURRENT-STARVED CASCODED INVERTER-BASED OTA

The power consumption of a switched-capacitor integrator is

usually dominated by the OTAs. Therefore, energy-efficient

OTA implementation is a key for the overall energy effi-

ciency of the CDC. Fig. 9 shows the circuit diagrams of two

OTA types: the folded-cascode OTA [23] and inverter-based

OTA [24].

FIGURE 9. Circuit diagrams of two OTA types: (a) folded-cascode OTA,
(b) inverter-based OTA.

In order to compare the current efficiency between the

folded-cascode OTA (Fig. 9a) and the inverter-based OTA

(Fig. 9b), the current-efficiency factor γ of an OTA is

defined [25]:

γ =
gm

Itotal
, (10)

where gm is the transconductance of the OTA and Itotal is the

total current consumption of the OTA. Therefore, the current-

efficiency factor γF of the folded-cascode OTA is

γF =
gm

4I
. (11)

In the inverter-based OTA, all the MOS transistors are

biased in the sub-threshold region to realize ultra-low power

consumption. The input differential pair transistors share the

same bias current. Thus, the current-efficiency factor γC is

γC =
gm,N + gm,P

2I
, (12)

where gm,P and gm,N are the transconductances of the

inverter-based OTA when the input differential pair is PMOS

or NMOS, respectively.

According to the above equations, the current-efficiency

factor of the inverter-based OTA γC is four times better than

that of the folded-cascode OTA once the transconductance

gm,P = gm,N = gm.

However, the inverter-based OTA is prone to process,

voltage, and temperature (PVT) variations and has a poor
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TABLE 1. Properties of the OTAs.

FIGURE 10. Current-starved cascoded inverter-based OTA with CMFB.

common-mode rejection ratio (CMRR), DC gain, and power

supply rejection ratio (PSRR) [26]. Table 1 summarizes the

properties of the folded-cascode OTA and inverter-based

OTA. The properties clearly show that inverter-based OTA

is the most attractive candidate for a low-voltage, low-power

design.

To circumvent the above problem, this paper employs

a current-starved cascoded inverter-based OTA with a

common-mode feedback (CMFB) amplifier, as shown

in Fig. 10.

The proposed OTA employs a cascoded structure

(M3/M5 and M4/M6) to increase the OTA output impedance

and improve the DC gain. Two differential cascoded invert-

ers share a tail current source (M14 and M9) to increase

the PVT tolerance and improve PSRR. However, the finite

output impedance of the tail current source will limit

the CMRR and reduce the output range. Such trade-offs

require careful design of the circuit to reach an acceptable

compromise.

Certainly, the CMFB amplifier is an indispensable com-

ponent of the fully differential OTA in terms of stabilizing

the output CM voltage. The traditional CMFB amplifier is

a switched-capacitor CMFB amplifier. It does not limit the

output swing of the OTA; however, there are four capaci-

tors, which simplify the production of capacitor mismatch

affecting the final CM output voltage. Additionally, more

TABLE 2. Prototype design data of OTAs (W/L in microns).

TABLE 3. OTA performance.

switches exist in the circuit. These introduce effects such as

clock feedthrough and charge injection, which will damage

the dynamic performance of the circuit; thus, the design

requirements are harsh on the switches. Herein, the output

CM voltage is held constant by the simplest CMFB ampli-

fier. It comprises a differential pair, the current source of

which comprises two transistors (M10 and M11) in the linear

region. Their drains are connected to cancel the differential

signal, and the gates connect to the output. Obtaining an

output voltage in the middle requires a large gate-source

voltage (VGS10,11). Therefore, it should a have small drain-

source voltage (VDS10,11) to not induce a large voltage drop.

Conversely, transistors in the linear region are very linear;

thus, it avoid the reduction of differential gain resulting from

feedback.

The three integrators of the CDC have been implemented

using the proposed OTA. Table 2 shows the size of the main

transistors of the OTAs in the CDC. The bias current IBIAS in

the circuit is 200 nA. The performance of the proposed OTAs

is summarized in Table 3, which is well above the requirement

of the integrators in the CDC.

C. QUANTIZER

Fig. 11 depicts the circuit of the comparator (1-bit quantizer).

The comparator comprises a preamplifier and a dynamic SR

latch [27]. The EVAL (active low) is the clock signal of the

comparator. This arrangement prevents kickback to the output

of the third integrator. Table 4 shows the main component

values of the comparator. The simulation result shows that

the current consumption of the comparator is about 0.4µA.

V. MEASUREMENT RESULTS AND DISCUSSION

The proposed CDC circuit has been implemented in a

standard 0.18 µm CMOS chip with an active area of
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FIGURE 11. Comparator.

TABLE 4. Transistor dimensions of the comparator (W/L in Microns).

FIGURE 12. Chip micrograph.

FIGURE 13. The measurement system setup.

0.496 mm2 (Fig. 12). The chip consumed 18.6 µA current

from a 2 V supply voltage.

Fig. 13 shows the measurement system setup, which is

composed of a test board DAQ (National Instruments Data

Acquisition), an FPGA (Altera DE2-115 Board), and a DC

power supply (Agilent E3620A). An Altera DE2-115 board

FIGURE 14. Measured spectrum of the bitstream (FFT of 214 points).

FIGURE 15. Measured digital output curve for different settings of the
offset capacitors.

was used to provide the necessary timing for the CDC circuit

to ensure normal operation of the entire system.

Fig. 14 presents the measured spectrum of the bitstream,

demonstrating the third-order noise-shaping characteristic of

the modulator. The proposed CDC achieved a resolution

of 12.7 bits in a 0.8 ms measurement time.

To simplify the analysis, the equivalent input factor of the

CDC is defined as

Xin =
Cin

Cref
. (13)

In this work, the equivalent input factor is designed

from−0.65 to+ 0.65. Therefore, the effective input capacitor

Cin is in the range of± 0.26 pF as the reference capacitorCref
is set to 0.4 pF. By programing the offset capacitor array Coff ,

the measurable capacitance range of the CDC can be varied

from 0 pF to 8 pF. Fig. 15 shows the measured digital output

Dout curve of one of the chips for different settings of the

programmable offset capacitor.

The reported figure-of-merit (FoM) normalizes the energy

consumption permeasurement to the CDC’s effective number

of bits (ENOB), which can be calculated as

FoM =
Ppower × Tmeasurement

2ENOB
, (14)

where Ppower and Tmeasurement are the total power consump-

tion and measurement time of the CDC, respectively. This

FoM normalizes the energy consumption by dividing energy
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TABLE 5. Performance summary of the delta-sigma CDC and comparison with other state-of-the-art devices.

consumption with the effective number of conversion steps.

The ENOB is defined as

ENOB =
SNR − 1.76

6.02
, (15)

where the signal-to-noise ratio, in units of dB, is defined by

the following equation:

SNR = 20 log10

(

CRange

2
√
2CResolution

)

, (16)

where CRange is the input range of the CDC and Cresolution is

the capacitance resolution of the CDC.

The performance of the interface circuit is summarized

and compared with that of other state-of-the-art devices

in Table 5. The measurement results show that the capacitive

sensors based on a third-order CIFF delta-sigma modulator

in this paper have good performances in terms of power

consumption and measurement time. Compared with other

designs, the proposed CDC discussed in this paper consumes

much less power; its power consumption is only 37.2 µW,

which is approximately 5.5 times better than that of [7]

and 20 times better than that of [29]. Overall, the proposed

CDC achieved a better FoM than other state-of-the-art CDCs

described in previous work. This confirms the effectiveness

of the techniques presented in this paper.

VI. CONCLUSION

A capacitive sensor with a low-power delta-sigma CDC

has been designed and implemented in a 0.18 µm CMOS

chip. The CDC employs a third-order CIFF incremen-

tal delta-sigma modulator with a current-starved cascoded

inverter-based OTA. The proposed CDC employed a third-

order modulator to achieve high resolution. The auto-zeroing

technique is applied in the integrators of the CDC to cancel

the offset as well as the dynamic offset. Simultaneously,

a current-starved cascoded inverter-based OTA is employed

in the integrator; this can yield a significant improvement

in the energy efficiency of the system. Measurement results

show that it achieves a resolution of 12.7 bits within a

measurement time of 0.8 ms, while drawing only 18.6 µA

from a 2 V supply. This represents an energy consumption

of 4.47 pJ/step. However, the capacitor arrays have a certain

parasitic capacitance. The parasitic capacitor needs to be

charged and discharged during readout although it does not

contribute any signal; this requires further study. This design

allows the sensor to achieve excellent resolution within a very

short measurement time with good energy efficiency, quali-

ties that make the proposed CDC very suitable for capacitive

sensor applications.

REFERENCES

[1] J. Boudaden, M. Steinmaßl, H.-E. Endres, A. Drost, I. Eisele, C. Kutter,

and P.Müller-Buschbaum, ‘‘Polyimide-based capacitive humidity sensor,’’

Sensors, vol. 18, no. 5, p. 1516, May 2018.

[2] W. Liu and C. Yan, ‘‘Direct printing of stretchable elastomers for highly

sensitive capillary pressure sensors,’’ Sensors, vol. 18, no. 4, p. 1001,

Mar. 2018.

[3] W.-C. Lin, C.-L. Cheng, C.-L.Wu, andW. Fang, ‘‘Sensitivity improvement

for CMOS-MEMS capacitive pressure sensor using double deformarle

diaphragms with trenches,’’ in Proc. 19th Int. Conf. Solid-State Sens.,

Actuators Microsyst. (TRANSDUCERS), Kaohsiung, Taiwan, Jun. 2017,

pp. 782–785.

[4] T. D. Dinh, T. T. Bui, T. V. Quoc, T. P. Quoc, M. Aoyagi, M. B. Ngoc, and

T. C. Duc, ‘‘Two-axis tilt angle detection based on dielectric liquid capaci-

tive sensor,’’ in Proc. IEEE SENSORS, Orlando, FL, USA, Oct./Nov. 2016,

pp. 1–3.

[5] B. Okcan and T. Akin, ‘‘A low-power robust humidity sensor in a stan-

dard CMOS process,’’ IEEE Trans. Electron Devices, vol. 54, no. 11,

pp. 3071–3078, Nov. 2007.

[6] F. Aezinia and B. Bahreyni, ‘‘A sensitive interface circuit with wide

dynamic range for capacitive sensors,’’ in Proc. IEEE SENSORS, Taipei,

Taiwan, Oct. 2012, pp. 1–4.

[7] Z. Tan, S. H. Shalmany, G. C. M. Meijer, and M. A. P. Pertijs, ‘‘An energy-

efficient 15-bit capacitive-sensor interface based on period modulation,’’

IEEE J. Solid-State Circuits, vol. 47, no. 7, pp. 1703–1711, Jul. 2012.

[8] N. Nizza, M. Dei, F. Butti, and P. Bruschi, ‘‘A low-power interface for

capacitive sensors with PWM output and intrinsic low pass characteristic,’’

IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 60, no. 6, pp. 1419–1431,

Jun. 2013.

[9] A. Alhoshany, H. Omran, and K. N. Salama, ‘‘A 45.8 fJ/Step, energy-

efficient, differential SAR capacitance-to-digital converter for capacitive

pressure sensing,’’ Sens. Actuators A, Phys., vol. 245, pp. 10–18, Jul. 2016.

[10] Y. Jung, Q. Duan, and J. Roh, ‘‘A 17.4-b delta-sigma capacitance-to-digital

converter for one-terminal capacitive sensors,’’ IEEE Trans. Circuits Syst.

II, Exp. Briefs, vol. 64, no. 10, pp. 1122–1126, Oct. 2017.

[11] A. Gharbiya and D. A. Johns, ‘‘A 12-bit 3.125 MHz bandwidth 0–3

MASHdelta-sigmamodulator,’’ IEEE J. Solid-State Circuits, vol. 44, no. 7,

pp. 2010–2018, Jul. 2009.

[12] H. Aminzadeh, ‘‘Study of capacitance nonlinearity in nano-scale multi-

stage MOSFET-only sigma-delta modulators,’’ AEU-Int. J. Electron.

Commun., vol. 85, pp. 150–158, Feb. 2018.

[13] H. Aminzadeh, ‘‘Digital extraction of quantization error and its appli-

cations to successful design of sigma-delta modulator,’’ Analog Integr.

Circuits Signal Process., vol. 94, no. 3, pp. 413–425, Mar. 2018.

VOLUME 7, 2019 78287



R. Wei et al.: Low-Power Delta–Sigma CDC for Capacitive Sensors

[14] S. Xia and S. Nihtianov, ‘‘Power-efficient high-speed and high-resolution

capacitive-sensor interface for subnanometer displacement measure-

ments,’’ IEEE Trans. Instrum. Meas., vol. 61, no. 5, pp. 1315–1322,

May 2012.

[15] Z. Tan, R. Daamen, A. Humbert, Y. V. Ponomarev, Y. Chae, and

M. A. P. Pertijs, ‘‘A 1.8V 11 µW CMOS smart humidity sensor for RFID

sensing applications,’’ in Proc. IEEE Asian Solid-State Circuits Conf. (A-

SSCC), Jeju, South Korea, Nov. 2011, pp. 105–108.

[16] I. Lee, B. Kim, and B.-G. Lee, ‘‘A low-power incremental delta–sigma

ADC for CMOS image sensors,’’ IEEE Trans. Circuits Syst. II, Exp. Briefs,

vol. 63, no. 4, pp. 371–375, Apr. 2016.

[17] J. Márkus, J. Silva, and G. C. Temes, ‘‘Design theory for high-order

incremental converters,’’ in Proc. IEEE Int. Symp. Intell. Signal Process.,

Budapest, Hungary, Sep. 2003, pp. 3–8.

[18] J. Márkus, ‘‘Higher-order incremental delta-sigma analog-to-digital con-

verters,’’ Ph.D. dissertation, Budapest Univ. Technol. Econ., Budapest,

Hungary, 2005.

[19] J. K. Author, ‘‘Incremental analog-to-digital converters,’’ in Understand-

ing Delta–Sigma Data Converters, 2nd ed. Hoboken, NJ, USA: Wiley,

2017, ch. 12, sec. 5, pp. 416–423.

[20] Z. Tan, R. Daamen, A. Humbert, Y. V. Ponomarev, Y. Chae, and

M. A. P. Pertijs, ‘‘A 1.2-V 8.3-nJ CMOS humidity sensor for RFID

applications,’’ IEEE J. Solid-State Circuits, vol. 48, no. 10, pp. 2469–2477,

Oct. 2013.

[21] S. Tao and A. Rusu, ‘‘A power-efficient continuous-time incremental

sigma-delta ADC for neural recording systems,’’ IEEE Trans. Circuits Syst.

I, Reg. Papers, vol. 62, no. 6, pp. 1489–1498, Jun. 2015.

[22] C. C. Enz and G. C. Temes, ‘‘Circuit techniques for reducing the effects

of op-amp imperfections: Autozeroing, correlated double sampling, and

chopper stabilization,’’ Proc. IEEE, vol. 84, no. 11, pp. 1584–1614,

Nov. 1996.

[23] Y. Chae and G. Han, ‘‘Low voltage, low power, inverter-based switched-

capacitor delta-sigma modulator,’’ IEEE J. Solid-State Circuits, vol. 44,

no. 2, pp. 458–472, Feb. 2009.

[24] S. Xia, K. Makinwa, and S. Nihtianov, ‘‘A capacitance-to-digital con-

verter for displacement sensing with 17b resolution and 20 µs conversion

time,’’ in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers,

San Francisco, CA, USA, Feb. 2012, pp. 198–200.

[25] Z. Tan, ‘‘Energy-efficient capacitive sensor interfaces,’’ Ph.D. dissertation,

Dept. Micro-Electron. Comput. Eng., Delft Univ. Technol., Delft, The

Netherlands, Tech. Rep., 2013. doi: 10.4233/uuid:2b0bba39-b9a9-4c52-

a06e-1fb20dcfd5b8.

[26] R. K. Palani and R. Harjani, ‘‘Inverter based OTA design,’’ in Inverter-

Based Circuit Design Techniques for Low Supply Voltages. Cham,

Switzerland: Springer, 2017, pp. 29–39.

[27] I. Mehr and D. Dalton, ‘‘A 500-MSample/s, 6-bit Nyquist-rate ADC

for disk-drive read-channel applications,’’ IEEE J. Solid-State Circuits,

vol. 34, no. 7, pp. 912–920, Jul. 1999.

[28] B. Li, L. Sun, C.-T. Ko, A. K.-Y. Wong, and K.-P. Pun, ‘‘A high-linearity

capacitance-to-digital converter suppressing charge errors from bottom-

plate switches,’’ IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 61, no. 7,

pp. 1928–1941, Jul. 2014.

[29] R. Yang, M. A. P. Pertijs, and S. Nihtianov, ‘‘A precision capacitance-to-

digital converter with 16.7-bit ENOB and 7.5-ppm/◦C thermal drift,’’ IEEE

J. Solid-State Circuits, vol. 52, no. 11, pp. 3018–3031, Nov. 2017.

RONGSHAN WEI received the B.S. and Ph.D.

degrees in microelectronics from Tsinghua Uni-

versity, Beijing, China, in 2003 and 2008, respec-

tively. He is currently an Associate Professor with

Fuzhou University. His research interest includes

analog circuits design.

WANJIN WANG was born in Quanzhou, Fujian,

China, in 1995. He received the B.S. degree in

microelectronics from Fuzhou University, Fuzhou,

China, in 2017, where he is currently pursu-

ing the M.S. degree in circuits and systems. His

current research interest includes analog/digital

mixed-signal integrated circuits.

XIAOXIA XIAO was born in Fujian, China. She

received the B.S. degree in microelectronics from

Fuzhou University, Fuzhou, China, in 2016, where

she is currently pursuing the M.S. degree in inte-

grated circuits engineering. Her current research

interest includes analog/digital mixed-signal inte-

grated circuits.

QUNCHAO CHEN received the B.S. and M.S

degrees in microelectronics from Xidian Univer-

sity, Xi’an, China, in 2005 and 2009, respectively.

He is currently an Assistant Professor with Fuzhou

University. His research interests include analog

integrated circuit design, and power management

circuit and system design.

78288 VOLUME 7, 2019

http://dx.doi.org/10.4233/uuid:2b0bba39-b9a9-4c52-a06e-1fb20dcfd5b8
http://dx.doi.org/10.4233/uuid:2b0bba39-b9a9-4c52-a06e-1fb20dcfd5b8

	INTRODUCTION
	CAPACITIVE SENSOR
	SYSTEM ARCHITECTURE
	CIRCUIT DESIGN AND IMPLEMENTATION
	AUTO-ZEROING TECHNIQUE
	CURRENT-STARVED CASCODED INVERTER-BASED OTA
	QUANTIZER

	MEASUREMENT RESULTS AND DISCUSSION
	CONCLUSION
	REFERENCES
	Biographies
	RONGSHAN WEI
	WANJIN WANG
	XIAOXIA XIAO
	QUNCHAO CHEN


