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Abstract 

This paper describes a high-performance Capacitance-to- 
Digital Converter (CDC) for sub-nm displacement sensing 
with an electrically floating target. Intended to be integrated 
into a displacement sensor probe, the CDC consumes only 
560µW. It achieves 98.5dB SNR in a 1ms conversion time, 
which is 34 times more energy-efficient than the prior art. 
Moreover, it also offers a 117dB in-band (1kHz) 
Common-mode Rejection Ratio (CMRR), providing decent 
electric field interference immunity. 

Introduction 
Capacitive sensors are preferred for small range 

displacement sensing with sub-nm resolution in advanced 
industrial machines [1,2]. However, the conventional 
capacitive sensor readouts operate by wiring the target in a 
closed-loop configuration (e.g. via ground, Fig. 1a) [1-4]. 
This loop is susceptible to magnetic interference and also 
acts as a source of parasitic capacitance. These effects 
degrade the sensor’s performance in industrial environments. 

To minimize the loop while offering fully contactless 
displacement sensing, readouts with electrically floating 
targets have been proposed [5,6]. However, they are 
relatively power-hungry compared to conventional CDCs 
[1-4]. This often results in additional errors due to the 
self-heating when such readout is integrated into the sensor 
probe [2]. Moreover, any mismatch between the two sensing 
electrodes degrades the readout’s CMRR and thus its electric 
field interference immunity [5]. This paper presents a CDC 
that overcomes these challenges while demonstrating an 
energy-efficiency comparable to the state-of-the-art CDCs 
that cannot use electrically floating targets [1-4]. 

Fig. 1. Conventional capacitive displacement sensing system (a), 
Contactless capacitive displacement sensing with floating target (b). 

 Proposed Design 
Fig. 1b shows the operating principle of a displacement 

sensor with an electrically floating target [5]. The sensor 
readout employs two identical capacitive sensing electrodes, 
positioned close to the target electrode. This results in two 
capacitors in series (Cs1=Cs2=Cs), whose magnitudes equally 
vary with the distance (d) to the target. By exciting the 
capacitors with anti-phase voltages ±Vs, the value of Cs can 
be obtained by measuring the charge Qs. Compared to the 
conventional capacitive readout approach, it significantly 
reduces the area of the sensing loop and thus minimizes the 
error caused by interfering magnetic fields [1-4]. Moreover, 
it enables the fully contactless displacement sensing using a 
capacitive sensor. 

In practical implementations, the parasitic capacitance Cip 

(<500fF), between the floating target and its surrounding 
environment introduces a major challenge. It forms a path for 
interfering electric fields, primarily created by mains lines 
(50/60Hz). As shown in Fig. 2, the sensor’s front-end 
consists of a differential charge integrator with 
switched-capacitor excitation. Cs1 and Cs2 are periodically 
charged, delivering a signal charge Qs=CsVdd/2 to the 
integrator. An interfering signal Vi then couples into the 
target electrode via Cip, resulting in a common-mode signal 
that will be rejected by the differential charge integrator. 

However, a mismatch between the sensing electrodes 
(Cs1≠Cs2), due to fabrication errors and/or alignment errors 
(θ), results in a deteriorated CMRR [5]. In this work, a high 
CMRR is achieved, even with mismatched electrodes, by 
chopping the signal charge Qs and the charge integrator 
capacitors (Cinta and Cintb). As shown in Fig. 2, the input 
switches P1-P3 are controlled by the chopping signal Pch, 
preserving the integration operation for Cs measurement. Due 
to the action of the input chopper, Cinta and Cintb continuously 
swap their position, such that Cinta always accumulates 
negative charge (Qsa), while Cintb always accumulates positive 
charge (Qsb). At the same time, the mismatched interference 
charges (Qi1 and Qi2), as well as the offset and the 1/f noise of 
the integrator, are up-modulated to the out-of-band. 

 

Fig. 2. Differential charge integrator with mismatched electrodes. 

In contrast to [5], which first converts Qs into a 
proportional voltage and then digitizes it, this work directly 
embeds the charge integrator with sensing electrodes into a 
CDC, improving energy-efficiency and reducing the number 
of potential error sources [1,2]. As shown in Fig. 3, the CDC 
is based on a second-order feedforward 1-bit sigma-delta 
modulator. The first integrator is based on a folded-cascode 
OTA with 84dB DC gain. The second integrator and the 
passive adder are based on switched-capacitor circuits. The 
differential signal charge Qs is counterbalanced by a 
feedback DAC, in which Cfb=10pF. Depending on the output 
bitstream, it delivers a charge of ±CfbVdd/2. This 
charge-balancing results in an output bitstream with an 
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average value of Cs/Cfb. To maximize the use of the CDC’s 
available dynamic range, the modulator uses a programmable 
5-bit trimming DAC to cancel the baseline capacitance, 
where CT-max=31pF. 

 

Fig. 3. Block diagram of the proposed CDC. 

     Measurement results 
The CDC is realized in the TSMC 0.18μm standard CMOS 

process and tested with sensing electrodes designed on PCB 
(Fig. 4). The chip occupies an active area of 0.5mm2 and 
draws 313μA from a 1.8V supply. For flexibility, the 
decimation filter and digital controlling are implemented 
off-chip. 

 

Fig. 4. Die micrograph of the CDC (a) and Test PCB (b). 

Fig. 5a shows the power spectral density (PSD) of the 
output bitstream, at a 1MHz sampling clock frequency. The 
CDC is thermal-noise-limited up to a bandwidth of 1kHz and 
achieves 42aF resolution with a 10pF dynamic range in a 
1ms conversion time. The electric field interference rejection 
capability is tested by injecting interferences of different 
frequencies into the floating electrode through a 10pF 
capacitor (Cip in Fig. 2) driven by a sinusoidal voltage of 
20Vpp. This results in interferences that are 20 times higher 
than in the practical applications. The CMRR, defined as the 
ratio between the power of the input interference signal and 
the power at the CDC output, is used to evaluate the 
interference rejection performance. As shown in Fig. 5a, 
most of the interference power at 1kHz is rejected by the 
differential architecture, while chopping further suppresses 
the errors due to the mismatched electrodes (<1%), reducing 
the interference tone by 15dB. As shown in Fig. 5b, the 
in-band (1kHz) CMRR with chopping is more than 117dB. 

An electrically floating target is moved relative to the 
probe over a number of steps, leading to a decrease of Cs 
from 10pF to 0.1pF. Fig. 6a shows the displacement transfer 
characteristic. To evaluate displacement resolution, the target 
electrode is firmly positioned using a clamp and Mylar 
spacer foil. The displacement sensing resolutions, obtained 

from the standard deviation of 10,000 decimated samples, 
are found to be 0.18nm, 0.72nm, and 3nm at standoffs of 
25μm, 50μm and 100μm, respectively (Fig. 6b). 

 

Fig. 5. PSD of the CDC’s bitstream (a) and measured CMRR (b). 

 

Fig. 6. Measured displacement transfer characteristics along with 
the setup (a) and the outputs of the CDC (10,000 decimated 
samples) with different stand-offs along with the setup (b). 

TABLE I. Performance Summary and Comparison  

* Without considering the power consumption of the ADC.

This work [1] [2] [3] [4] [5] [6]

Technology (μm) 0.18 0.35 0.35 0.16 0.16 -- 0.18

Floating target Yes No No No No Yes Yes

Power dissipation (mW) 0.56 14.9 0.76 0.003 0.014 121* 0.18*

Cap-range (pF) 0-10 8-12 6-22 0-3.8 0-8 0-10 --

SNR (dB) 98.5 84.8 102.6 114.6 80.9 81.3 39

Conversion time (ms) 1 0.02 10.5 100 6.86 0.1 0.11

FoM (pJ/Conv.-step) 8.0 20.9 74 0.76 10.4 369* 274*

  
Table I summarizes the performance of the CDC and the 
state-of-the-art. Compared to conventional CDCs [1-4], the 
proposed CDC offers floating target sensing capability, while 
achieving a similar energy-efficiency. Compared to the 
readouts with a floating target [5,6], it achieves the best FoM, 
34 times better than [6]. 
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