Delft University of Technology

A 200-μW Interface for High-Resolution Eddy-Current Displacement Sensors
Pimenta, Matheus; Gürleyük, Çağri ; Walsh, Paul; O’Keeffe, Daniel ; Babaie, Masoud ; Makinwa, Kofi A.A.
DOI
10.1109/JSSC.2020.3044027
Publication date
2021
Document Version
Final published version
Published in
IEEE Journal of Solid-State Circuits

Citation (APA)
Pimenta, M., Gürleyük, Ç., Walsh, P., O’Keeffe, D., Babaie, M., & Makinwa, K. A. A. (2021). A 200-μW
Interface for High-Resolution Eddy-Current Displacement Sensors. IEEE Journal of Solid-State Circuits,
56(4), 1036-1045. [9321530]. https://doi.org/10.1109/JSSC.2020.3044027
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

Green Open Access added to TU Delft Institutional Repository
'You share, we take care!' - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.

1036

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 56, NO. 4, APRIL 2021
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Abstract— This article presents a low-power eddy-current
sensor interface for touch applications. It is based on a bang-bang
digital phase-locked loop (DPLL) that converts the displacement
of a metal target into digital information. The PLL consists of
a digitally controlled oscillator (DCO) built around a sensing
coil and a capacitive DAC, a comparator-based bang-bang
phase/frequency detector (PFD), and a digital loop filter (DLF).
The PLL locks the DCO to a reference frequency, making its
digital input a direct representation of the sensing coil inductance.
To compensate for the coil inductance tolerances, the DCO’s
center frequency can be trimmed by a second capacitive DAC.
This approach obviates the need for a reference coil. When
combined with a 5-mm-diameter sensing coil located 500 µm
from a metal target, the interface achieves a displacement
resolution of 6.7 nm (rms) in a 3-kHz bandwidth. It consumes
200 µW from a 1.8-V power supply, which represents the bestreported tradeoff between power consumption, bandwidth, and
resolution.
Index Terms— Digitally controlled oscillator (DCO), displacement, eddy-current sensor interface, low power, phase-locked
loop (PLL).

I. I NTRODUCTION
OUCH over metal (ToM) is a technology found in
consumer products, such as smartwatches, cellphones,
and car panels that allow buttons and sliders to be realized on
existing metal surfaces [1]. It works by translating the touchinduced displacement of such surfaces into digital information.
This enables the realization of robust buttons, with no moving
parts, for weather-resistant products. However, high-resolution
displacement sensors are required to detect the micrometerlevel displacements associated with a touch. Furthermore,
depending on the application, the touched surface may be
made of different metals, with different thicknesses and distances from the sensor, and so these sensors must also be able
to deal with such variability [2]–[4].
Eddy current (EC) displacement sensors are well suited for
ToM applications. Compared with capacitive sensors, their
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insensitivity to dirt and moisture and their inherent galvanic
isolation make them safer and more robust. In addition, when
implemented with grounded metal targets, EC sensors can
provide excellent immunity to electromagnetic interference.
EC sensors with high resolution have been reported in
the past [5]–[8]. These designs typically employ two coils,
a sensing coil, and a matched reference coil, which are part of
an LC oscillator. The oscillation amplitude is then a function of
target displacement. This differential sensing scheme cancels
the large sensor offset caused by the non-zero standoff distance
between the coil and the metal target. Due to their use of
wide-bandwidth analog front ends, however, they typically
consume tens of milliwatts, making them unsuitable for use
in battery-powered products. Furthermore, the need for a
reference coil makes them too bulky and expensive for use
in mobile applications, where physical space is at a premium.
In contrast, the EC sensor interface in [3] does not require a
reference coil. The sensing coil is still part of an LC oscillator,
but now the oscillation frequency, rather than the oscillation
amplitude, is digitized. When paired with a 5-mm-diameter
sensing coil, this design dissipates 3.4 mW and achieves
about 100-nm resolution in a 1-kHz noise bandwidth, at the
target distances of about 500 μm. It draws an average current
of 6 μA when operated at 6 samples/s.
In this work, the sensing LC oscillator is embedded
in a bang-bang digital phase-locked loop PLL (DPLL),
which directly digitizes its oscillation frequency. To compensate for coil inductance tolerances, a capacitive DAC
is used to trim the oscillator’s resonant frequency, resulting in a simple and highly configurable sensor architecture
[9]. Low-power operation is achieved by using a comparator to digitize the zero crossings of the oscillator’s output. In a 3-kHz noise bandwidth, the EC sensor interface achieves 6.7-nm (rms) resolution and dissipates 200
μW, which is 45× less than previous high-resolution EC
sensors [6].
This article is organized as follows. Section II provides
insights into the operation of EC sensors and describes the
physical challenges and limitations commonly faced when
designing them. In Section III, the architecture of the proposed
sensor interface is introduced, along with a linear model of the
sensor. Section IV presents the circuit implementation of the
interface. In Section V, the measurement results are discussed
and compared with other state-of-the-art designs. Section VI
concludes this article.

0018-9200 © 2021 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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(a) EC touch sensor application. (b) Operating principle.
TABLE I
S KIN D EPTH AND T HERMAL D RIFT AT D IFFERENT
E XCITATION F REQUENCIES

II. S ENSING S YSTEM
A. Sensor and Touch System
The proposed EC sensor is shown in Fig. 1. It consists of a
flexible metal target placed at a certain standoff distance (X so )
from a sensing coil (L sen ), which forms part of an LC oscillator
[1], [4]. When excited by an ac signal, the magnetic field
produced by the sensing coil will induce ECs in the target.
In turn, these currents generate a magnetic field that opposes
the one generated by the sensing coil, partially canceling
its nominal inductance and degrading its quality factor [10].
As the intensity of the ECs is inversely proportional to the
standoff distance, a touch-induced displacement (X act ) results
in a lower L sen and quality factor.
As the magnetic fields generated by the sensor and the
ECs are insensitive to dust and humidity, EC sensors are
quite robust to harsh environments. However, their accuracy
and stability are limited by the skin effect [7], [11]. This is
because the ECs induced in the target are not constrained to its
surface but actually penetrate it, with their amplitude decaying
exponentially with the distance from the surface. The skin
depth is defined as the distance at which the EC amplitude
drops to 1/e (∼0.37) of its maximum value at the conductor
surface. It can be approximated by

1
(1)
δ=
πμσ f sen
where f sen is the excitation frequency and μ and σ are the
magnetic permeability and electric conductivity of the target,
respectively. Table I shows the skin depth for aluminum and

Fig. 2. Sensing coil inductance profile versus standoff distance. The nonlinear profile reduces the sensing coil sensitivity with the target distance, while
the sensor offset requires compensation.

copper targets at different frequencies and its thermal drift
due to the temperature dependence of the target’s electrical
conductivity. Temperature variations will change the skin
depth and appear as a change in displacement, thus impairing
the sensor’s accuracy and thermal stability.
In previous works, high excitation frequencies (>100 MHz)
were chosen to minimize the skin depth and achieve
nanometer-level accuracy [5], [6], [12]. However, this choice
significantly complicates sensor design. At such frequencies,
parasitic elements, such as ESD capacitance and bond wire
inductance, will have a significant effect on the resonant
frequency of the sensing LC tank and may even cause parasitic
resonances [5]. In this work, the sensor is excited at a lower
frequency (∼24 MHz) commensurate with the more relaxed
requirements of touch applications. This also simplifies the
design of the sensor interface and reduces the power consumption of the overall system.
Fig. 2 shows a conceptual plot of L sen versus X so for a typical EC sensor. To simplify mechanical assembly and reduce
cost, X so should be as large as possible. However, this imposes
two challenges on the interface circuit. First, the sensor’s
sensitivity decreases as X so increases, which typically limits
the achievable displacement resolution. Second, the inductance
change due to the expected target displacement (L sen ) is only
a small fraction of the sensor’s inductance at standoff (L so ),
leading to a tough dynamic range requirement. This, in turn,
leads to higher power dissipation and a more complex interface
design.
B. Sensor Excitation and Readout
As shown in Fig. 3(a), the sensing coil is combined with
a capacitor and a pair of cross-coupled transistors to form an
LC oscillator. In this case, the oscillation frequency ( f sen ) and
output amplitude (Vsen ) are given by
Vsen = ηIss R p
1
√
fsen =
2π L sen C
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Fig. 3. Example of the sensor-controlled oscillator. With the target proximity,
the oscillation amplitude decreases, and the frequency of oscillation increases.

where C is the nominal tank capacitance (plus parasitics) and
η is the oscillator’s current efficiency factor, which is defined
as the ratio of the amplitude of the fundamental harmonic of
the tank current to the oscillator’s dc supply current, Iss . For
NMOS-only and complementary cross-coupled oscillators, η is
∼0.6 and 1.2, respectively [13]. R p is the parallel resistance
of the tank defined by 2π L sen f sen Q, where Q is the quality
factor of the tank. In prior art [5]–[8], sensor inductance
changes were measured by sensing Vsen. However, the various
demodulation schemes required to do this consume extra
power.
In this work, a bang-bang DPLL senses the changes in
f sen caused by target displacement. The sensing LC tank
is incorporated into a digitally controlled oscillator (DCO),
whose tuning word is then dynamically adjusted by the DPLL
such that f sen is locked to a reference clock f ref . As a result,
the target’s displacement is directly converted into digital
information, thus obviating the need for an additional ADC.
III. P ROPOSED A RCHITECTURE
A. Architecture Overview
Fig. 4(a) shows the block diagram of the DPLL-based sensor
interface. It consists of a comparator-based bang-bang phase–
frequency detector (PFD), a digital loop filter (DLF), and a
DCO. The latter is formed by the sensing coil L sen , a pair
of coarse/fine capacitive banks (Ccs and Cfn ), and an off-chip
capacitor Coff . It is designed to oscillate at a nominal frequency
f DCO of ∼24 MHz.
The bang-bang PFD consists of a latched comparator.
By sub-sampling the DCO’s differential output at the rising
edges of a 3-MHz reference clock ( f ref ), the comparator
outputs a binary signal that indicates whether the DCO’s
output phase is either leading or lagging the reference phase.

Since f DCO =8∗ f ref , the comparator only samples the DCO’s
relative phase once every eight cycles, significantly reducing
its power consumption and that of the succeeding DLF.
The DLF consists of a programmable PI controller, whose
proportional and integral path gains can be adjusted in powers
of two. Compared with an analog loop filter, the DLF can
be tuned in a flexible and area-efficient manner to ensure
loop stability with different coil configurations and stand-off
distances. The output of the DLF is then quantized to produce
a bitstream (BS) that drives a 1-bit capacitive DAC (Cfn ) such
that, on average, f DCO = 8∗ fref . The BS average will thus be a
digital representation of the change in L sen and, hence, of the
displacement X act of the metal target.
To avoid metastability, the output of the comparator should
settle before the rising edge of the DLF clock. To ensure
this, a frequency divider generates both the comparator
( f ref = 3 MHz) and the DLF clocks from a 6-MHz reference
frequency. The divider ensures that the DLF clock always lags
the reference clock by precisely 90◦ .
Fig. 4(b) shows the transient response of the interface to a
touch event. Initially, the DPLL is locked and f DCO dithers
around an average frequency of 8∗ f ref . The touch event then
displaces the metal target, making L sen smaller and momentarily increasing the DCO frequency. In response, the DPLL
reduces fDCO by increasing the BS density, thus increasing
the tank’s effective capacitance. After a few microseconds,
the DPLL settles, at which point the BS average is again
proportional to the new value of X act .

B. Dynamic Range and Sensor Offset Compensation
For a 5-mm-diameter coil, Fig. 5(a) shows a plot of the
variation of f sen as X so varies from 500 μm to 1 mm. To set
f sen to 24 MHz at X so = 1 mm, an external 69-pF capacitor
was placed in parallel with the coil. As X so decreases, L sen
decreases, thus increasing f sen . Based on the requirements of
the target application, a touch force of 3 N is expected to
induce a displacement between 1 μm and 2 μm depending
on parameters such as metal material and thickness [4]. When
X so = 500 μm, a displacement range of 40 μm corresponds
to a DPLL lock-in range of 250 kHz. For X so = 1 mm,
the corresponding displacement range is ∼3× larger. To cover
this range of stand-off distances, as well as other mechanical
tolerances, the tank capacitance can be trimmed via a coarse
capacitive DAC (Ccs ) to set fsen close to the desired 24 MHz,
as shown in Fig. 5(b).
The tolerances of the capacitive DAC cause gain errors,
which alter the PLL’s lock-in range and the sensor’s maximum
displacement range. By adjusting Ccs properly, a maximum
displacement range of 30 μm can be achieved. As long as the
SNR is not too low, such gain errors should not prevent the
detection of a touch-induced displacement.
Ambient temperature changes are another source of error.
However, the temperature coefficient (TC) of on-chip capacitors is quite small (<30 ppm/◦ C), as is that of the coil, and so
changes in ambient temperature will only cause a small drift
in the DAC input. This can then be suppressed by a digital
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Architecture of (a) PLL-based EC sensor interface and (b) its operating timing diagram.

equivalent gain:
1
(4)
K pfd ≈ √
2πσterr
which converts the resulting time error (terr ) into binary form.
Note that K pfd is a strong function of terr jitter (σterr ), which
in turn depends on the dynamics of the DPLL itself [14].
The output of the bang-bang PFD is applied to the DLF with
a transfer function of


αz −1
L(z) = β +
(5)
z −D
1 − z −1

Fig. 5. Frequency profile of the free-running sensor oscillator with (a) fixed
tank’s capacitance and (b) employing Ccs switched capacitor banks to trim
the oscillator center frequency to the desired 24 MHz for different standoff
distances.

high-pass filter [3] since a touch creates a transient signal that
is much larger than the drift.

C. Linear Model and Noise Analysis
The use of a bang-bang PFD to digitize phase error
introduces a hard nonlinearity in the DPLL’s feedback loop.
Nevertheless, the use of a linear model provides useful insights
into loop dynamics and allows the displacement resolution to
be estimated. Fig. 6 shows a simplified linear model of the
proposed DPLL-based EC sensor.
The bang-bang PFD is modeled as a time-domain subtractor
that compares the timestamps of the rising edges of the
reference clock (tref ), and the DCO (tDCO ), followed by an

where α and β are the integral and proportional gains of the
filter, respectively, and z−D models the loop delay. The output
of the loop filter (Dout ) is truncated and fed back to the DCO.
Both Dout and metal target displacement (X act ) can change
the oscillator frequency through the gains K DCO (Hz/LSB) and
K L (Hz/nm), respectively. The DCO acts as a digital-to-analog
converter, holding the frequency constant between two Dout
samples. This zero-order hold (ZOH) behavior is modeled
by sinc( f / fr ). The following integrator finally converts the
oscillator frequency into its corresponding phase.
In the model, the main noise sources are the reference jitter
(σ j,ref ), the PFD’s equivalent input jitter (σ j,pfd ), the DCO’s
quantization noise (Q n,,DCO ), and phase noise (ϕn,DCO ). These
2
2
have power spectral densities (PSDs) of σ j,ref
/ fr , σ j,pfd
/ fr ,
2
2
1/12 fr , and L( f ) = ϕn,DCO ∝(1/ f ). Note that all these PSDs
are white except for L( f ), which drops by 20 dB/decade, as
shown in Fig. 7(a). σ j,pfd and L( f ) are dependent on circuit
parameters and will be quantified in Section IV.
The abovementioned noise sources appear at the output with
the following noise transfer functions (NTFs):
Href = Hpfd =

HDCO =
HDCO,q =

K pfd L(z)
1 + K pfd L(z) Ksdco sinc

 
f
fr

1

(6)

f dco

K pfd L(z) 2π 1f

Dout
dco
 
=
1
ϕn,dco
1 + K pfd L(z) Ksdco sinc ffr f dco

(7)

Dout
1
 
=
. (8)
1
Q n,dco
1 + K pfd L(z) Ksdco sinc ffr fdco
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Simplified linear model of the proposed DPLL-based EC sensor interface.

All the NTFs are shown in Fig. 7(b). Since both the
oscillator and the DLF act as integrators, the PFD’s noise
and the DCO’s phase noise are first-order shaped with a
bandwidth of
f pll =

β K DCO K pfd
.
2π fDCO

(9)

However, the DCO’s quantization noise is attenuated with a
40-dB/decade slope up to
f1 =

α
f ref
2πβ

(10)

and with a 20 dB/decade from f 1 to f pll . Consequently, more
aggressive attenuation can be achieved by increasing α/β.
In principle, the impact of the DCO’s quantization noise can
also be reduced by setting f 1 close to f pll . However, this will
reduce the phase margin of the PLL and increase the risk of
instability.
Fig. 7(c) shows the contribution of the different noise
sources to the output noise PSD. Due to thermal noise
up-conversion, the DCO’s phase noise has a 1/ f 2 characteristic
around the carrier frequency. After first-order shaping, this
dominates the in-band noise of the output BS and thus determines the system’s resolution. Beyond a particular frequency,
the other noise sources start to become dominant, increasing the output noise by 20 dB/decade. For optimal energy
efficiency, the maximum conversion bandwidth (BWconv ) of
the sensor should be at the intersection of the flat and
20-dB/decade regions of the output PSD. With a phase noise
−76 dBc/Hz at 1-kHz offset frequency, the in-band noise floor
will be ∼ −120 dB, corresponding to an effective resolution
of F = 20.5 Hzrms in a 3-kHz bandwidth. The displacement
resolution is then found to be 3.3 nmrms by dividing F by
K L = 6 Hz/nm.
It is worth mentioning that the use of a non-linear PFD will
cause limit cycles when the average value of Dout is a rational
number, e.g., 0, +1/3, and −1/3. To mitigate the effect of such

limit cycles, enough noise needs to be generated at the input
of the bang-bang PFD [15] such that
σterr ≥

(1 + D)Nβ K DCO
.
√
2
f dco
3

(11)

Consequently, the reference and/or the DCO must be noisy
enough to satisfy the above condition. Since the DCO’s phase
noise determines the system resolution, choosing a sufficiently
noisy reference clock and/or comparator is the logical choice.
Hence, the main contributors to σterr are σn,ref and σ j,pfd .
Fortunately, they appear at the output with a high-pass
NTF and their contributions are greatly attenuated at low
frequencies. The large noise power needed to meet the limit
cycle criterion will then impose a limitation on the maximum
conversion bandwidth.
IV. C IRCUIT I MPLEMENTATION
A. Digitally Controlled Oscillator
Fig. 8 shows the schematic of the DCO. It consists of
the sensing coil, a cross-coupled pair, a pair of coarse/fine
switchable capacitor banks (Ccs and Cfn ), and a programmable
bias tail current DAC (Iss ).
A complementary cross-coupled oscillator is used since
its transconductance is set by both the NMOS(M1,2 ) and
PMOS(M3,4 ) pairs, making it an attractive solution for lowpower designs [16]. Furthermore, the maximum gate–drain–
source voltage of all transistors is always kept below the
nominal supply voltage (VDD ), conferring robustness to failure
mechanisms such as time-dependent oxide breakdown and hotcarrier injection [17]. The NMOS and PMOS pairs are sized
such that the ratio of their transconductances sets the output
common-mode voltage to ∼0.5 VDD . This maximizes the
oscillator’s output swing and minimizes its phase noise [13].
The two capacitive DACs are implemented, as shown
in Fig. 8(b). A 5-bit, 24-pF full-scale, coarse DAC Ccs allows
the system to cope with a wide range of standoff distances
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Fig. 7. (a) PSD of main noise sources. (b) NTFs. (c) Output contribution of each noise source at the output. The main inband noise results from the DCO
phase noise.

Fig. 9.

Fig. 8.

Schematics of (a) DCO and (b) capacitive banks.

and their associated frequency offsets. Its LSB is ∼0.75 pF,
or approximately half of Cfn , which ensures that their tuning
ranges overlap, relaxing their matching requirements. To minimize their “OFF” capacitance and thus maximize the DCO’s
tuning range, large (1.25 M ) resistors are used to reverse-bias
the drain/source-to-bulk diodes of the coarse DAC switches.
To avoid compromising the tank’s quality factor, the switches
are sized such that the quality factor of the capacitive DAC
banks is >20× higher than that of the external sensing coil.
To cover the targeted displacement range, the fine DAC
Cfn is a 1.6-pF switchable capacitor. To minimize its switching time and achieve a compact layout, the function of
the biasing resistors of the coarse DAC is realized by two
transistors (M5,6 ).
The total parasitic capacitance (Cpar ) is ∼22 fF or ∼1.5% of
Cfn . This is acceptable because the sensor’s absolute accuracy
is not critical. Since Cfn andCcs are much larger than Cpar ,
the tank’s OFF capacitance is approximately Cpar .
From (2), the DCO’s dc current (Iss ) is inversely proportional to L sen . To enable the use of a wide range of

Current DAC implementation along with bias generator.

sensing coils, the DCO’s current source is implemented as
an 8-bit current DAC with a 2-μA LSB. This also allows
the transconductance (gm) of the cross-coupled transistors to
be tuned so that the Barkhausen start-up criteria (gm>1/R p )
is met over PVT. Furthermore, the 2-μA LSB allows the
oscillator amplitude to be fine-tuned to optimize phase noise.
Fig. 9 shows the schematic of the current DAC and biasing
circuit. The cascode structure reduces the dependence of the
tail current on the source coupled node (Vs ) and also isolates
this node from the parasitic capacitance of the current source
transistors (Mb ). As a result, Mb can be larger, thus minimizing
its 1/ f noise contribution to the bias current [18]. From
simulations, the phase noise at 1 kHz is −87 dBc/Hz.
B. Comparator-Based Phase and Frequency Detector
Fig. 10(a) shows the schematic of the bang-bang phase
detector. This block is implemented as a single-stage latched
comparator. An input pair converts the differential voltages
of the oscillator into a differential current, which drives the
cross-coupled latch. As shown in Fig. 10(b), by comparing
the complementary voltages of the DCO at the rising edge of
the reference clock, this block digitizes the sensor phase with
respect to the reference phase.
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Fig. 10. (a) Comparator-based PFD schematic and (b) its operation principle.

Fig. 11.
Cumulative distribution function of PFD. Integrated noise
σv,pfd = 1.25 mVrms. .

Being a dynamic comparator, the power dissipation of the
circuit can be expressed as
2
P = γ f ref C L Vdd

(12)

where C L is the comparator capacitive load and γ is the
switching probability, which is equal to 1, because the comparator is always reset before the phase comparison [19].
From (12), locking the DCO frequency to a lower reference
frequency linearly reduces the comparator power consumption.
However, it comes at the expense of lower DPLL bandwidth and smaller conversion bandwidth. By considering this
tradeoff, f ref is reduced from f DCO to f DCO /8, decreasing the
comparator’s average current consumption from 45 to 5.6 μA.
The input-referred noise of the comparator was evaluated by
transient noise simulations; 1500 comparisons were made for
different values of input voltages, and the resulted cumulative
distribution function is shown in Fig. 11. The simulated inputreferred noise is 1.25 mVrms , which can be translated to the
comparator equivalent input jitter (σ j,pfd ) by [20]
σt,pfd =

σv,pfd
σv,pfd
=
≈ 9 psec
d V /dt
2π f osc · Aosc

(13)

where Aosc is the differential amplitude of the oscillator output
voltage. Interestingly, a larger oscillation swing minimizes the
impact of both the oscillator’s phase noise and the PFD’s thermal noise. Periodically resetting the comparator significantly
reduces its flicker noise contribution [21], which is further
attenuated by the loop, as can be seen from (6).

Fig. 12. (a) Micrograph of the EC sensor interface. (b) Power and area
breakdown.

Fig. 13.

(a) Measurement setup. (b) Sensing coil.

V. M EASUREMENT R ESULTS
The integrated EC sensor interface was implemented in
a standard TSMC 0.18-μm process. It occupies an area of
0.2 mm2 and draws 200 μW from a 1.8-V supply (Fig. 12).
The digital blocks of the chip include the DLF and the PFD,
which occupy an area of 0.043 mm2 while consuming 105
μW. Locking the DCO frequency to f DCO /8 instead of f DCO
reduces the digital power consumption by nearly 3×. The
analog blocks consist of the DCO and biasing circuitry. They
occupy an area of 0.164 mm2 , of which approximately 50% is
due to Ccs , and consume 95 μW. As the accuracy requirements
on the coarse DAC are quite relaxed, the biasing resistors of its
switches were placed under the capacitive DAC. For flexibility,
the output of the PLL is decimated by an off-chip sinc2 filter.
In Fig. 13(a), the measurement setup used for characterizing
the EC sensor interface is shown. A field-programmable gate
array (FPGA) is used to program the internal registers of the
chip and thus trim the oscillator and set the gains of the DLF.
A low-jitter waveform generator (Agilent 33600a) was used
as the reference frequency for the PLL. To accurately control
its distance from the EC sensor, a copper metal target was
mounted on an M-605.1DD linear stage. This was placed on
an optical table to suppress the effect of ambient vibration.
Although a touch will actually bend, rather than displace,
the metal target, this setup allows the sensor’s dynamic range
and resolution to be accurately evaluated.
Fig. 13(b) shows the PCB sensor used for characterization.
It consists of a two-layer ten-turn coil with 5 mm outer
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diameter and 0.1 mm trace width and spacing and a 60-pF
NP0 external capacitance. The coil has a nominal inductance
of 850 nH, which drops to 550 nH when a target is positioned
at 500-μm X so . The self-resonant frequency of this coil sensor
was measured with an impedance analyzer and was found to
be higher than 120 MHz, making it suitable for use at the
intended 24-MHz excitation frequency [10]. For test flexibility,
two headers were used to connect the sensing coil to the
PCB, allowing the chip to be tested with different sensors.
The parasitic inductance of the headers is ∼2 nH.
A. Transfer Characteristic
Fig. 13(a) shows the BS average versus the metal target
position measured at two different standoff positions with the
PCB sensor. The target is positioned at the desired standoff
distance and Ccs trimmed until the PLL locks f sen to 8∗ f ref .
The metal target is then shifted in steps of 2 μm by the
linear stage. The transfer characteristic is measured at two
near extremes of Ccs , corresponding to 500-μm and 1-mm
standoffs. This results in conversion ranges of 42 and 135 μm
due to the loss in sensor sensitivity at larger standoffs.
The dynamic range of the interface is about 95% of the
tuning range provided by Ccs . Fig 14(b) shows the decimated
BS during ∼1 s of measurement time. The standard deviation
of 3300 decimated samples is 6.7 and 26.8 nm at the 500-μm
and 1-mm standoff distances, respectively.

Fig. 14. (a) Measured sensor transfer for different X so . (b) Equivalent sensor
decimated output.

B. Noise Characteristic
Fig. 15(a) shows the PSD of the output BS. The EC sensor
interface is thermal noise limited up to 3 kHz and achieves a
peak SNR of 77.4 dB or an ENOB of 12.7 bits. For a sensing
coil inductance L sen = 550 nH with a metal target placed at
X so = 500 μm, the interface achieves an inductance resolution
of 2.5 pH. The in-band noise floor is mainly due to the DCO’s
phase noise, which is flattened by the first-order noise shaping
behavior of the PLL. The reference and PFD noise initially
dominate the out-of-band noise. At higher frequencies, the

Fig. 15. (a) Measured PSD of the output BS. (b) Sensor response to touch
after decimation.

contribution of the second-order shaped quantization noise of
the DCO becomes dominant.
With X so = 500 μm, the sensor’s output in response to a
transient touch event is shown in Fig. 15(b). It can be seen that
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the touch corresponds to a ∼2-μm displacement of the metal
target. This result demonstrates that the sensor has sufficient
bandwidth and resolution to distinguish actual touch events.
C. Performance Comparison
Table II summarizes the performance of the proposed
EC sensor interface and compares it with state-of-the-art
interfaces. Compared to prior work, the presented interface
achieves a competitive 6.7-nm (rms) resolution in a relatively
wide 3-kHz bandwidth while consuming 200 μW, which is
45× better than [6]. To objectively compare the efficiency of
the interfaces, we define the following resolution figure of
merit (FoM)
2
·P
σnm
(14)
BW
where σnm is the interface resolution in meters, P is the power
consumption, and BW is the integrated noise bandwidth.
Despite not achieving as much resolution as in [5] and [6],
the massive reduction in power consumption achieved by
this EC sensor interface results in the best reported FoM.
Moreover, the low-power operation of the proposed readout
makes it a promising candidate for use in battery-powered
applications and in safety-critical sensing nodes with limited
power budget.

FoM =

VI. C ONCLUSION
This article presents a low-power integrated EC sensor
interface intended for touch on metal applications. The readout
circuit incorporates the EC sensor in a bang-bang DPLL to
efficiently digitize the displacement of a flexible metal target.
The interface uses a comparator-based front end to digitize
the sensor or phase information. Changing the sensing from
voltage to frequency along with the inclusion of a coarse
capacitive DAC allows compensating for the sensor offset
without the need for an external reference coil.
Due to the system’s high-pass response to all noise sources,
a 6.7-nm (rms) displacement resolution in a 3-kHz bandwidth
is achieved while consuming only 200 μW from a 1.8-V
supply. Compared to prior art, this work achieves the best FoM
and the smallest die area while consuming 45× less power
than similar high-resolution interfaces. Moreover, the proposed
digital-intensive design benefits from technology scaling,
promising to achieve even better energy and area efficiency.
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