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Advances in Capacitive, Eddy Current, and
Magnetic Displacement Sensors and
Corresponding Interfaces

Boby George

Abstract—This paper presents a review of the latest
advances in the field of capacitive, inductive (eddy current),
and magnetic sensors, for measurement of absolute
displacement. The need for accurate displacement and
position measurement in the micrometer, nanometer, and
subnanometer scales has increased significantly over
the last few years. Application examples can be found in
high-tech industries, metrology, and space equipment.
Besides measuring displacement as a primary quantity, ab-
solute displacement sensors are also used when physical
quantities such as pressure, acceleration, vibration, inertia,
etc., have to be measured. A better understanding of the
commonalities between capacitive, inductive, and magnetic
displacement sensors, as well as the main performance
differences and limitations, will help one make the best
choice for a specific application. This review is based on
both theoretical analysis and experimental results. The
main performance criteria used are: sensitivity, resolution,
compactness, long-term stability, thermal drift, and power
efficiency.

Index Terms—Capacitive sensors, displacement, eddy
current sensors, magnetic sensors.

[. INTRODUCTION

COMMON feature of capacitive, inductive (eddy current),
A and magnetic displacement sensors is that they all use
specific aspects of the electromagnetic field to convert displace-
ment into an electrical signal. Unlike incremental sensors (e.g.,
encoders, interferometers), these sensors can measure the ab-
solute position of a target (with respect to the reference). Over
the last decade, extensive research work has been conducted on
these types of displacement sensors, with this main objective:
to enhance performance with respect to sensitivity, resolution,
compactness, long-term stability, thermal drift, and the power
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efficiency of the electronic interface [1]-[15]. The growth in the
industrial and consumer sensing applications opened-up new re-
quirements and challenges for displacement sensors; not just in
the nanometer regime [1], [2], but in the micrometer and wider-
range (few cm) position sensors [3] with nanometer precision
[6]. Energy consumption reduction of these sensor systems is a
steady trend in the past few years, related to the integration of the
interface electronics together with the sensing element into one
body without causing self-heating, and allowing the realization
of wireless sensor networks with long life local power supply
using batteries and/or energy harvesting [7], [9]. Being reac-
tive components, the sensing elements in capacitive and eddy
current sensors consume very little energy. However, the inter-
face electronics needs to compromise between the performance
and the power consumption. This is driving the competition in
the field of power-efficient sensor interface electronics for this
type of sensors [2], [4], [5]. Thus, in this review paper, a clear
emphasis is given on analysis of the various recently reported
promising interface principles. The solid-state magnetic field
sensors and related applications attract a growing interest in the
displacement domain, owing to number of advantages such sen-
sors possess. The last section of the paper is devoted to review
of those types of sensors to assess the state of the art and to
explore the future possibilities. The ambition of this paper is to
present the latest advances in the field, in the above-mentioned
characteristics. The paper is organized into three main sections,
corresponding to the sensors of interest: capacitive, eddy cur-
rent, and magnetic sensors.

II. CAPACITIVE DISPLACEMENT SENSORS AND INTERFACING

Capacitive linear and angular displacement sensors have
been widely used in industrial applications for many decades
now. Most micro-electromechanical systems (MEMS) inertial
sensors belong to this category since they rely on the same
principle: sensing the change in position of a proof mass result-
ing from acceleration or rotation. Capacitive sensors are quite
attractive as they are easy to manufacture and their power con-
sumption is extremely small [3]. Thus, they are a good candidate
for applications where power efficiency is important [4], [5].

In this section, we first discuss the capacitive position sens-
ing principle, since the interface/readout circuit design depends
highly on the properties and structure of the sensing element.
Next, we review several sensor interfacing techniques. Since
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Fig. 1. (a) A parallel-plate capacitive position sensor and (b) workin
pr?nciple fz]) P P P P (b) 9 Fig. 2.  Electrical model of a capacitive sensor [4].
noxyadays data pfocessing is pgrformed in the digital dgmain, We Spring\ Proof-Mass ProSEMaSs
mainly focus on interfaces which convert capacitance into a dig- '
. . « . g Input Axis
ital code. These types of interfaces are referred as “capacitance- p T B c
L 2 S+ S
t(?—dlgltal F:onyerters (CDCS).. Two types .of CDCs are Stationary / N
discussed: indirect CDCs and direct CDCs. Indirect CDCs use ~ Comb Fingers
an independent functional block to convert capacitance into an Seiead  'SerEe
analog signal such as voltage, current, time/frequency, and then
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in one functional block by using a charge-balancing technique
Fig. 3. Differential capacitive acceleration sensing element [22].

to compare the value of the unknown sensing capacitor to a
reference capacitor. Both interface types will be discussed in
detail.

A. Capacitive Position Sensing Element

A capacitive displacement sensor can be build either with
discrete components [16]-[18] or by using MEMS technology
[19]-[22]. A parallel plate capacitor is shown in Fig. 1 [2].

The capacitance of this simple parallel-plate structure can
be calculated using the following simplified equation (without
considering the fringe effects of the electric field, the surface
quality of the plates, and the possible tilt between them):

A
C=c¢ 7 (1
where A is the area and d is the distance between the two parallel
plates, and ¢ is the dielectric constant of the material between the
two plates. The changes in both A and d can be used to sense the
displacement. For typical geometries and small displacement
range, the gap variation is preferred as it is much smaller than
the overlap and hence provides higher sensitivity:
AC A
A S 2)

The higher sensitivity, however, comes at the cost of non-
linearity which is normally accounted for by backend pro-
cessing. Equation (2) shows that the sensitivity of the capac-
itive position sensor is inversely proportional to the square
of the distance. For this reason MEMS inertial sensors usu-
ally have a gap of only a couple of micrometers between the
sense and the fixed fingers to maximize the sensitivity of the
sensor [20]. Independent of the specific design, capacitive sen-
sors can always be represented with a two-terminal electrical
model, as shown in Fig. 2 [4].

One of the challenges for capacitive sensor interfaces is the
small capacitance variation being only a fraction of the sensor
capacitance. This is one important reason why CDCs cannot
compete with analog-to-digital converters (ADC) with respect
to power efficiency, despite the similarity in topology [4], [5],

[23]. The parasitic capacitances at the two terminals of the sens-
ing capacitor cause similar limitations and errors, as their value
is often comparable to, or even larger than the measured capac-
itance. This introduces additional requirement for the interface
electronics, i.e., the output signal of the interface should be
made insensitive to the parasitic capacitance and maximized
with respect to the change in the sensor capacitance.

A differential structure for the capacitive sensor is preferred
due to the efficient elimination of external interferences. This
also allows the use of a much more stable differential interface
circuit topology. In many cases, the differential capacitive sen-
sor consists of three electrodes and hence has three terminals
comprising two capacitors with one common electrode. This
three-terminal structure is popular in MEMS accelerometers
(see Fig. 3) [22]. The capacitance variation can be calculated as

AC = C’a:l - 0.772

A A
A+ Ad “d—Ad
_ A2Ad
TR AR
2Ad

B. Indirect Capacitance-to-Digital Converter

In indirect CDCs, the capacitance of the capacitive displace-
ment sensors is first converted into voltage [4], [24]-[26] or
a time interval [27]-[31], and then digitized with an ADC or
time-to-digital converter (TDC). In some cases, additional mod-
ulation blocks and anti-aliasing filters are required [24], [25].
Fig. 4 shows a functional diagram of the indirect CDC.

Since ADCs and TDCs are considered standard building
blocks in this design, here we focus on how capacitance is
converted into voltage or time. A switched capacitor charge
amplifier (CA) can be used to convert capacitance into volt-
age, due to its discrete time nature. Fig. 5 shows a CA for a
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Fig. 4. Capacitance-to-voltage/time-to-digital converter.
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Fig. 5. Charge amplifier for the single-ended sensor.
single-ended sensor represented by a two-terminal sensing ca-
pacitor C;. As mentioned in Section II-A, the sensing elements
have arelatively large baseline (offset) capacitance which should
be cancelled before the capacitance-to-voltage conversion to
maximize the usage of the operational transconductance am-
plifier (OTA) output swing. Cyg can be used for the baseline
capacitance cancelation [32]. If the dc gain of the CA is large
enough, the negative input of the OTA can be treated as vir-
tual ground, maintaining the charge of the parasitic capacitance
close to zero in any of the operation phases.
The output voltage of the CA is
AC,

C:z: — Coff g
- Viet c “)

As shown in (4), only the changing part of the sensing ca-
pacitance is converted. To track a possible variation in the
sensor baseline capacitance, the offset capacitor can be made
programmable [33].

A fully differential readout structure is usually preferable for
its superior performance against interference and circuit supply
noise. The fully differential sensing element can be realized with
two separate sensing elements [32], [33] or with a three-terminal
structure [22], [24], as presented in the previous section. For
a three-terminal device, there are basically two ways to drive
the sensing elements to obtain a position-modulated capaci-
tance: with a middle electrode drive (MED) or middle electrode
sensing scheme. The MED scheme benefits from inherent fully

%ut = V;'ef

Fig. 6. Middle electrode drive scheme: (a) conceptual idea and (b) with
common mode correction.

Veet+
ol

0
L.

Fig. 7. Middle electrode sense scheme [21].

differential reading, as shown in Fig. 6(a). The switches are
omitted for simplicity [25], [30]. The excitation signal drives
the middle electrode. The output voltage of the CA is

le - Cx? ACE
‘/out.diff = ‘/rcfi = Vref —7— (5)
Cy Cy
Czl + C:t?
%u .ccomm — Vref — 5~ 6
t £ 20, ©)

where Vout qif and Vout comm represent the differential and the
common mode portion of the output voltage. There is one draw-
back of the diagram shown in Fig. 6(a): the drive signal applied
to the middle electrode can cause a large output common volt-
age step, which is given in (6). Due to this large output common
mode voltage shift, the amplifier requires a large output common
mode swing, which complicates the design and leads to higher
power consumption. It also puts pressure on the preceding stages
since they have to take care of this common mode voltage shift.
This problem can be resolved by introducing an offset capacitor
[see Fig. 6(b)] in a similar way, as already presented in Fig. 5.

Alternatively, the middle electrode can be connected to the
CA input. This approach is popular in MEMS position sensing
applications. Complementary excitation signals drive the other
two electrodes, as shown in Fig. 7 [21].

An important advantage of the “middle electrode” sensing
principle is the possibility for a linear transfer function [21].
If all electrodes in Fig. 7 are reset to ac ground and two com-
plementary drive signals are applied to the drive electrodes, the
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(a) (b)
Fig. 9. Simple capacitance-to-time converter: (a) circuit and (b) timing o ) ) o
diagram [28]. The circuit shown in Fig. 9 can be made self-oscillating, as

output voltage V¢ will be

Cxl - CxQ Ad
‘/mf CT,l + CT,2 B ‘/mf dO .
This linear relationship is valid if there is a perfect charge
balance between the two capacitors (C; and C5) so that there
is no charge flowing to the input of the CA, which unfortu-
nately is not the case with the circuit in Fig. 5. The balance
can be achieved by introducing a mismatch between the mag-
nitudes of the excitation signals. For this, the idea used in the
capacitance-to-voltage converter scheme shown in Fig. 8 [21]
can be explored. When the measurand is not zero, the feedback
loop, including the sensors and the CA, will automatically adjust
the amplitudes of the excitation voltages applied to the sensor
capacitances C and Cy such that it ensures the corresponding
two charges Q.1 and Q). always remain equal and the resulting
difference charge Aq is kept close to zero.

There are many circuit topologies reported which transfer the
output of the capacitance-to-time period to the TDC for further
processing to obtain a digital output [27], [31]. In all of them, the
unknown capacitance is charged by a controlled current source
ILint. A simple capacitance-to-time converter, referred to as a
“period modulator,” is shown in Fig. 9 [28]. The time period
Tnsm indicated in Fig. 9 can be calculated in terms of the power
supply voltage V4 and sensor capacitance C, using

V:ld
Iint

Voutr = (7)

Tmsm =

Cy. ®)

shown in Fig. 10. The presented relaxation oscillator gener-
ates time intervals proportional to the unknown capacitance C,
[27], [28].

The period modulator operates without an external clock due
to its asynchronous nature. Chopping and autocalibration tech-
niques can be applied to improve its performance [28]. The
measurement results reported in [28] show that the interface
achieves 15-bit resolution with input range up to 6.8 pF, while
consuming 64 A from a 3.3-V supply. The measurement time
is 7.6 ms.

C. Direct Capacitance-to-Digital Converter

Direct CDCs convert the capacitance into digital code primar-
ily using the “charge balancing” technique. Charge balancing
can be implemented using: delta sigma modulation, a succes-
sive approximation register technique, or a single/multislope
technique. This section will focus on these three techniques
[32]-[37].

Fig. 11 shows an example of a CDC based on a first order
charge-balancing delta sigma modulator [32]. It also compen-
sates the baseline capacitance of the sensing element with Cog,
using the same technique described previously. In every clock
cycle, a charge Vi (C, — Copr) is added to the integrator. The
reference capacitor adds or subtracts a charge VietCler to or
from the integrator. After N clock cycles, the negative feedback
ensures that the charge from the sensing capacitor will be bal-
anced by the charge delivered by the reference capacitor [32]:

(Cz - Coff) — M Cref + (1 - M)Cref =0 (9)
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Fig. 12.  Block diagram of the SAR-based CDC in [35].

where o is the bit density of the bit-stream. The sensing capac-
itance is calculated with the following equation:

Cz = ref(2/~L - ]-) + Coﬁ"~ (10)

The conversion time of the delta-sigma modulator-based CDC
can be reduced by increasing its order (i.e., using more than one
integrator in the loop) without changing the quantization re-
quirement [32]. CDCs based on the sigma-delta modulation are
available in the market, e.g., AD7745 is a 24 bit CDC (21 effec-
tive bit resolution) with an accuracy of + 4 fF and nonlinearity
of 0.01%. Such ICs are quite useful for building standalone
measurement systems for capacitive sensors within the range of
44 pF. There is also low power sigma-delta modulation-based
CDC available, such as AD7151 which only consumes 70 pA
while provide 12-bit resolution.

Successive-approximation-register (SAR) ADCs have at-
tracted attention due to their simple implementation and ex-
cellent energy efficiency. The SAR-based CDC shares a similar
structure with the SAR ADC [35], [36]. An example of an SAR-
based CDC is shown in Fig. 12.

First, the reference voltage is sampled by C’;. Next, the input
node is driven to the negative reference voltage, resulting in a
voltage step at the input of the comparator V,.. The SAR logic
drives the digital-to-analog converter (DAC) capacitor C'r to
bring V,. back to its previous level. Due to the charge-balancing
principle, after the conversion, the state of the SAR logic is a
digital representation of the ratio between the sensing capaci-
tor and the reference capacitor. In SAR-based CDCs, there is
usually only one active building block: a comparator. The rest
of the system is implemented using switches and capacitors,
making it highly energy efficient. However, due to the limited
matching of the capacitors in the capacitive DAC, and the noise
constraint, this type of CDC demonstrates a limited dynamic
range of around 12 bits. This interface consumes 91 A from a
3.3-V supply, and provides 12.5-bit resolution. The capacitance
input range is up to 16 Pf and the measurement time is 0.65 ms.

A hybrid CDC with greater energy efficiency and resolution
is reported in [37]. The combination of delta sigma modulation
and the successive approximation register scheme can help the

Rest of
Loop — > bs
Filter

Mode [0 O Oy
| Initialization 1 0

Calibration 0 1 1
Normal 1 0

Fig. 13. Example of an SAR-based CDC [37].
TABLE |
SUMMARY OF CAPACITIVE SENSOR INTERFACES
Power, Meas. Time, Dynamic Cap. range,
W ms range, bits pf

[4] 10.2 100 9 2.1-2.9
[27] 7000 100 16 ~4.7
[28] 211.2 7.6 15 ~6.8
[30] 15840 0.05 8.8 0.8-1.2
[31] 84 0.033 8 0.5-0.76
[32]* 10.32 0.8 12.5 0.54-1.06
[33]* 10.53 10.2 13 0.4-1.2
[347* 0.112 6.4 7 5.3-30.7
[351* 300.3 0.65 12.5 ~16
[36]* 3.84 0.042 11.8 ~16.14
[371* 10230 0.02 17.2 ~10p
AD7745; 1890 11 21 —4to4
AD7151; 189 10 12 0-13

'Commercial products via www.analog.com.
*Interfaces of direct type (CDC).

CDC benefit from the advantages of both techniques. This leads
to an even more energy-efficient solution. Fig. 13 shows the
functional diagram of a CDC with the “zoom in” technique,
which combines delta sigma modulation and the SAR scheme.
It is, basically, a charge-balancing delta sigma modulator using
the SAR scheme to dynamically control the cancelation of the
offset capacitor. This design achieves fast conversion time of
0.02 ms. The current consumption was 3.1 Ma from a 3.3-V
supply. It also provides 17.2 bits resolution.

Table I presents the summary of capacitive sensor interfaces
which can be used for capacitive sensors in displacement sens-
ing. It is difficult to choose the “best” topology over others as
the choice of topology is usually application driven and spec-
ification dependent. “Indirect” interface topology usually has
more flexible system design and it can be easily reconfigured
to handle large variety of sensors. “Direct” type of interfaces
usually results in compact system design, which makes it more
suited for low power applications.

[lI. EDDY CURRENT DISPLACEMENT SENSORS

The operation principle of eddy current sensors (ECSs) can be
explained by the effect of a conductive object on the inductance
of a coil through which alternating current is running.

Authorized licensed use limited to: TU Delft Library. Downloaded on December 15,2020 at 09:25:20 UTC from IEEE Xplore. Restrictions apply.
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blocks the magnetic
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Magnetic field B

produced by the loop
current

Electric
current

Fig. 14.  Magnetic field B (dashed lines) created by an electric current
through a loop.

Fig. 14 shows the lines of a magnetic field created by a cur-
rent through a loop. Note that the magnetic field line trajectory
is closed around the current loop which creates the magnetic
field. The magnetic field lines are canceled when they cross
a conductive object (the sensor target). This happens due to
a secondary magnetic field with the opposite polarity that is
created by the eddy currents generated in the target by the pri-
mary magnetic field. The eddy currents flow along a closed
trajectory in a similar way to the primary current flowing in the
loop. This phenomenon is explained by the Lorentz law for the
electromagnetic-field force exerted on the point charges (free
electrons) comprising the eddy currents. The sensitivity of an
ECS to the position of a conductive target is based on the in-
teraction between the primary magnetic field and the secondary
magnetic field. The closer the target to the sensing coil, the
stronger the magnetic field interaction. As a result, a magnetic
coupling appears between the sensor and the target [6].

The displacement of the target causes the magnetic field, as
well as the equivalent impedance of the coil, to change. Since
magnetic fields are not sensitive to the presence of noncon-
ductive contaminants such as oil, dirt, dust, vapor, etc., ECSs
operate well even in polluted and harsh environment [8].

A. ECS Sensing Coil

Attempts to express the ECS displacement-inductance trans-
fer function analytically are reported in [8]—[11]. However, since
many parameters contribute to these analyses, the end result is
always very complicated mathematics that is difficult to use in
practical applications [12]. For practical assessment purposes, it
is useful to approximate the ECS transfer characteristic with an
exponential curve, as is done in [6]. A graphic presentation of
the highly nonlinear transfer characteristic is shown in Fig. 15.

Inductance L

>
Standoff X_

xmdx

Fig. 15.  Typical transfer characteristic L(x) of an ECS, showing the
difference in the maximum variation of the inductance AL, .y, for the
same displacement z,, ., at different standoff distances.

This type of ECS behavior means that sensitivity drops very
quickly with increasing standoff distance from the target, sim-
ilar to capacitive sensors. For a reasonable level of sensitivity
it is recommended, as a rule of thumb, to limit the maximum
standoff distance between the sensing coil and the target so as
not to exceed 1/3 of the coil’s diameter. It is important to men-
tion that by increasing the diameter of the coil, larger standoff
distances can be tolerated with the same sensitivity. However,
when very small displacements have to be measured within a
small displacement range, the standoff appears as a large offset
in inductance, which unnecessarily increases the dynamic range
for the readout electronics.

The effect of tilt (i.e., nonparallelism between the target and
the sensing coil) on ECS performance is considered similar to
capacitive displacement sensors with two parallel plates. Hence,
for both types of sensors it is very important to align them
accurately with the target. This is even more important when
the ECS operates at a small standoff from the target, compared
with the diameter of the sensing coil. The tilt causes deviation
from the normal transfer characteristic of the sensor, and hence
the measurement errors. Investigations into the tilt of ECSs are
reported in [38]-[41].

Compared with capacitive sensors, ECSs are less sensitive to
the surface conditions of the target and more sensitive to the
electrical properties of the target, due to the penetration of the
eddy currents in the target (the “skin” effect). The penetration
depth § of the eddy currents is defined by

[ p
(5 =
7Tfexc,u

where 1 is the target permeability, p is its resistivity, and fex. is
the excitation frequency.

The penetration depth is defined as the depth at which the eddy
current intensity drops down to ~37% (i.e., 1/e) of its intensity
at the target surface. Table II shows the penetration/skin depth
in copper at different frequencies, together with the associated
thermal drift due to the temperature dependence of the target
conductivity.

When measuring very small displacements in the microme-
ter and nanometer range, a penetration depth of tens or even
hundreds of micrometers creates a significant offset, even when

an
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TABLE Il
SKIN DEPTH AND THERMAL DRIFT DUE TO THE SKIN DEPTH VARIATION
IN A COPPER TARGET

Excitation  Skin depth Thermal drift

frequency in copper (due to the temp. coefficient
of the target conductivity)

1 MHz 66 pm 90 nm/K

20 MHz 15 pm 20 nm/K

200 MHz 4.7 pm 6nm/K

the sensing coil is almost touching the target. This is because
the position of the target is identified by the “center of density
of the eddy currents,” which is inside the target and not on its
surface. This offset is one of the main sources of instability and
the relatively low resolution associated with eddy current posi-
tion sensors. Methods for simultaneously sensing the distance
to the target, as well as the temperature of the target and the
sensing coil, are reported [42]. These solutions can significantly
improve the thermal stability of the sensor, but at the expense
of a more complicated and power-hungry electronic interface.
Using more power leads to additional heat generation and self-
heating of the sensing coil, resulting in thermal gradients which
might deteriorate the efficiency of this method.

Ways to improve sensitivity and reduce the instability intro-
duced by the penetration depth are either to use a target with
small resistivity (i.e., high conductivity), or increase the fre-
quency of the magnetic field. Increasing the conductivity of the
target means using special materials and/or special operating
conditions (i.e., cryogenic temperatures), which is not very prac-
tical. Increasing the excitation frequency when using a typical
densely wound coil (with or without a magnetic core) is prob-
lematic because of the low self-resonance frequency caused by
the large value of the inductance, and the relatively large para-
sitic capacitance associated with the coil. Flat coils with fewer
turns are preferred since their parasitic capacitance is quite lim-
ited. When operated at a higher frequency, these coils have a
higher quality factor (due to the very low series resistance) and
hence are less sensitive to interferences. Moreover, the flat struc-
ture of the coil makes it volume-efficient and provides improved
mechanical stability [43].

B. Interface Electronics for ECSs

The presence of a conductive target in the vicinity of the
sensing coil alters its impedance. The reason to consider the
sensing coil as “impedance” rather than an inductance is related
to the nonidealities of the practical coils mainly associated with
the resistivity of the material used to produce the coils and the
parasitic interwinding capacitance. The presence of the target
has an impact on:

1) the equivalent inductance of the coil L (Lp);

2) the losses in the sensing coil (the resistive part of the
impedance—R, (R, )) and the quality factor Q;

3) on the value of the parasitic capacitance C, when the
distance to the target is comparable with the pitch of a
flat sensing coil.

Ls

Rs

R, = Q%R = Q. (Lyw,)

Fig. 16.  Equivalent electric models of the sensing coil.

electronics

ache cable

excitation
source

sensor
ym

> —| demodulator

~>< ADC | u-processor

Conventional architecture of an ECS interface.

Fig. 17.

Fig. 16 shows the two most frequently used lamped electrical
models of the sensing coil, where w, is the resonance frequency
and L, ~ L,.

Fig. 17 shows the conventional architecture of an ECS inter-
face. The electronic interface is connected to the sensor via a
cable with a length up to a few meters. This prevents the heat
generated in the electronic box to heat up the sensor, and hence
allows higher power consumption. The electronic interface mea-
sures the impedance of the sensing coil, which is normally dom-
inated by its reactance X (the inductive component). This is
achieved by applying an ac excitation signal (from an excitation
source) to the sensing coil with a fixed frequency. The excitation
signal can be a known voltage or current. What is measured is
the current through, or the voltage drop over, the reactance X,
of the coil. The same method can be realized in an ac bridge
configuration. A drawback to this kind of interface is power
inefficiency.

Most of the available ECSs on the market operate following
this principle. Table I1I shows some of the most advances custom
off-the-shelf (COTS) eddy current displacement sensors.

The latest trends in the field of high performance ECSs for
nano- and sub-nanometer displacement measurement show an
increase in the excitation frequency in the MHz range. A higher
excitation frequency provides not only higher sensitivity and
lower thermal drift due to the reduced skin depth of the eddy
currents in the target, but also a higher quality factor, providing
better immunity to external interferences. Another trend is to
integrate the readout electronics into the sensor head and to dig-
itize the output signal, which will allow safe transmission of the
measured result either via a long cable or wirelessly, and allows
the creation of sensor networks. Operating at a high excitation
frequency allows the use of flat air coils with low inductance,
which, as already mentioned, can be mechanically very stable.
However, employing a higher excitation frequency and lower
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TABLE IlI -
Cots NANOMETER RESOLUTION EDDY CURRENT :
DISPLACEMENT SENSORS :
! Dour
Supplier Nominal Range  Resolution Thermal Power R
& Sensor standoff (mm)  (1kHzBW)  sensitivity (mW) LYy,
(mm) (RMS, nm) (Nm/K)
Kaman 04 3.8 3.1 90 <2000
KD-5100
Blue line 1 0.8 21 100 700 Proposed ratio-metric AX Modulator
SFQ 600 "
*Baumer 0.8 1 80 10.000 <200
IPRM Vss
*ule 1.4 2 1.600 600 ?
NCDT 3001

*Electronic interface integrated in the sensor head with voltage output.

inductance of the sensing coil creates additional challenges to
the interface electronics, especially for power efficiency. A pre-
ferred solution in this case is to boost the coil impedance by
making it part of a parallel LC-resonator. Since at the reso-
nance frequency the parallel LC network is open, the resonator
impedance will be equal to R, (see Fig. 16), which typically
has a very high value and can be measured with considerably
lower power consumption compared to the conventional ap-
proach presented in Fig. 17. In [6], a review is presented of
the integrated ECS interfaces reported in the last decade which
apply the resonator principle.

Recently, COTS-integrated inductance-to-digital converters
were introduced to the market. An example is the LDCxxxx
series from Texas Instruments.! The basic principle of op-
eration employed is presented in [44]. The LDCI1101 is an
inductance-to-digital converter which can simultaneously mea-
sure the impedance and the resonant frequency of an external LC
resonator comprised by the sensing coil and a reference capaci-
tor, whereas the LDC1312/4 and LDC1612/4 measure only the
resonant frequency of the resonator. By monitoring the amount
of power injected into the resonator, the LDC1101 can deter-
mine the equivalent parallel resistance of the resonator 2, in the
range from 1.25 to 90 k). The resonant oscillation frequency
fr (up to 10 MHz) is measured by comparing it to the external
reference frequency provided. The measured frequency can then
be used to determine the inductance of the LC circuit.

The approach used in the LDCxxxx has the advantage of em-
ploying a simple and power-efficient demodulation technique,
at the expense of lower sensitivity, as IR, is less sensitive to the
displacement of the target than L,,, and f, ~ 1/,/L,. Also, R,
is more sensitive to the temperature variation in the conductivity
of the target.

A frontend resonator solution with a cross-coupled LC os-
cillator is proposed in [45]-[49]. The goal is to improve the
performance of the ECS with respect to higher resolution, lower
thermal drift, better long-term stability, and a smaller form fac-
tor, without compromising power efficiency. Achieving this will
allow ECSs to be more competitive in the field of power-
efficient displacement measurement in the nanometer and

![Online]. Available: http://www.ti.com/Isds/ti/sensing-products/inductive-
sensing/inductive-sensing-overview.page

Fig. 18. Read-out circuit for an ECS-based displacement sensor with
digital output (inductance-to-digital converter: IDC).

sub-nanometer ranges with applications such as: accelerome-
ters, vibrometers, pressure sensors, inertial sensors, etc. Increas-
ing the excitation frequency in the range of hundreds of MHz
will allow the thickness of very thin conductive membranes to be
measured [50].

For any precise measurement, using an accurate reference
and an accurate method for comparison between the reference
and the measurand is crucial. It is always beneficial if the ref-
erence is of the same nature as the measurand. In this sense,
when measuring distance/displacement, the best reference is
also distance/displacement. However, as the comparison must
happen in the electrical domain after converting the sensed dis-
placement into inductance change, the second best option is to
compare the inductance of the sensor with a reference induc-
tance. This is realized in the proposed architecture in Fig. 18
[47], which is similar to the architectures used in [45], [46], [48],
and [49]. The reference inductance is included in the resonator
loop. Physically, the reference inductor can be a “copy” of the
sensing inductor preferably integrated into the sensor head. This
allows two modes of operation: 1) differential mode when both
flat coils L and Lo are used as sensors [45]-[47], and 2) nor-
mal mode when one of the coils is facing a fixed target (also
integrated into the sensor head) at a nominal distance [48], [49].

Assuming the resonator has a high Q-factor, both coils ex-
perience the same loop current, as they are connected in series
in the resonator. The interface circuit, after removing the car-
rier excitation frequency with the help of the G,, stages and
the passive mixers, measures the voltages over the two induc-
tors ratiometrically. In this way, the effect of the fluctuations
and the noise of the loop current, generated mainly by the tail
current [, are effectively cancelled, as they mainly cause a mul-
tiplicative error. The function (L; — L)/L; is realized in an
oversampling sigma/delta ADC. The two channels delivering
the voltage over the inductances to the input of the ADC (G,
plus the mixer) must be designed with maximum symmetry and
very good linearity, to guarantee sufficient suppression of the
correlated noise and drift of the oscillating frontend stage [51].

The ECS interface presented in [48] operates with a
~126 MHz excitation frequency. It has a measurement range
of 10 pm and a resolution of 0.6 nm (14.1-bit dynamic range).
The signal bandwidth is 2 kHz and the power consumption
is ~20 mW. This chip is implemented in a 0.18-ym CMOS
process.
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Fig. 19.  Magneto-inductive position sensor. It uses (a) a PM and soft
magnetic material, and (b) a planar coil, whose effective area is modu-
lated depending on the position of the PM [52].

IV. MAGNETIC DISPLACEMENT SENSORS

Magnetic sensors have a well-established performance his-
tory in the linear and angular displacement-sensing domain,
owing to features such as ruggedness and low power consump-
tion. In comparison with the eddy current and capacitive sensors,
magnetic sensors based on the semiconductor sensing elements
discussed below are known to possess high sensitivity, wide
range, high resolution, etc., despite their simple interfacing cir-
cuitries.

Based on the sensing mechanism, the magnetic displace-
ment sensors can be broadly classified into two categories: 1)
magneto-inductive (MI) [52], [53] and 2) magnetoresistance
(MR) [54]-[56] or Hall Effect [56] type of sensors. Both use
a permanent magnet (PM) to form a predefined magnetic field
pattern, and differ only in the magnetic field sensing element
employed. Other than the above-mentioned two categories, the
sensors such as linear variable differential transformers, which
work based on the change in the mutual inductance between the
primary and secondary windings as function of the position of
the magnetic core, are in use in industry. The technology is well
known and mature. Hence, those are not included in this review.

In MI-type sensors, the permeability of the core, and hence
inductance of the coil, is changed due to the measurand, while
in the second type, the sensing elements based on the Hall
effect or MR effect are used to measure the value of the field
by the PM to compute the position/displacement. The details,
designs, applications, and limitations of these types of sensors
are discussed below.

A. Magneto-Inductive Position Sensors

Fig. 19 illustrates the internal structure and the idea behind a
typical MI-type position sensor. As shown in Fig. 19(a), the posi-
tion of the PM changes with respect to the linear position x. Here,
x is the measurand. When the PM moves, the portion of thin,
soft magnetic material underneath it becomes saturated [52]. A
planar coil with a triangular shape, as shown in Fig. 19(b), is
kept directly above this magnetic sheet. The inductance of the
coil changes as a function of x as the coil has the triangular
shape and the saturated zone that provides a very low relative
permeability that moves along with the PM.

! NVE AAL002
! )
10 :\f\\‘\\w&f\eywell HMC1021

10" b

Detectivity (nT/Hz'2)

1
Honeywell HMC1001
Cheap fluxgate

NVE AAH002

102 :
107 10° 10 10 10° 104

Frequency (Hz)

Fig. 20. Noise performance of various magnetic sensors [56]. NVE
AAL002, NVE AA002, and NVE AAH002 are GMR-based sensors [62],
while NVE SDT is a tunneling magnetoresistance (TMR) based sensor.

For such sensors, the inductance of the coil is measured using
well-established oscillator circuits [52], [53], which are prefer-
ably in parallel resonance to keep the power requirement low.
Linear MI-type position sensors with a range of 55 mm and
resolution of 0.025% of full-scale (FS) are available in the mar-
ket [53]. They have a typical frequency response in the range
of 1 kHz and 0.025% FS temperature stability. The wear-free
Ml-type displacement sensor is a well-appreciated alternative
for the inherently wear-prone potentiometer-type sensor. More
research in the direction of 1) producing PMs with a high ra-
tio of flux density to weight, and 2) developing soft magnetic
materials with very low hysteresis and less sensitivity to tem-
perature, etc., will help to further improve the performance and
applications of the MI sensors.

B. Magnetoresistance or Hall Effect Based
Position Sensors

Over the last two decades, significant improvements have
been made in the domain of magnetic field sensing. This is pri-
marily due to developments in the Hall effect, giant MR (GMR)
[54], [55] and anisotropic MR (AMR) [56], [57] based tech-
nologies, which have had a noticeable impact on the magnetic
field sensing and the associated application sector.

The performance of Hall effect, GMR, and AMR magnetic
field sensors, in terms of sensitivity, noise, and bandwidth verses
power requirement, size of the sensor and cost, is several steps
ahead of other existing techniques [55]. A comparative noise
performance for various existing techniques has been reported.
It is reproduced from [56] and shown in Fig. 20. As can be seen
from Fig. 20, although MR-type sensors have higher noise than,
say, low-noise fluxgate sensors, they are comparatively quite
small in size and low in cost. Due to these benefits, these tech-
nologies have helped various research groups and industries to
develop efficient linear and angular displacement measurement
sensors [58]-[61]. For example, high accuracy angular position
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Fig. 21.

GMR-based sensor for nanopositioning [54].

sensing with nanodegree accuracy has been developed using a
multisensor approach and is reported in [61].

1) Linear Position Sensing Using MR Sensors: The
impact of GMR- and TMR-based read head technologies in the
growth of the magnetic hard disk drive (HDD) is well known
[63]. These heads primarily enabled to realize a very high data
rate for writing and reading, which has led to today’s low cost,
reliable HDDs. Features such as high sensitivity, bandwidth, and
signal-to-noise ratio, as well as a lightweight MR head, enable
ultrafast positioning and reading of data [64].

Fig. 21 shows the idea behind a nanoposition sensor using a
combination of a PM and GMR sensor. This sensor, along with
appropriate feedback techniques, is used to realize nanoposi-
tioning systems [65] with a high bandwidth [54] for lithography
tools and semiconductor inspection systems, molecular biology,
nanofabrication and manufacturing, etc. The scheme presented
in [54] has nanometer-scale precision control at dimensions be-
low 100 nm.

Similar MR/Hall effect sensor-based approaches for sensing
angular position have been reported in [66]. This sensor em-
ploys two sets of compact Hall effect-based sensors and two
semi-ring-shaped PMs. The magnetic field seen by the Hall
sensors changes as a function of the angle being measured. A
ratio-metric computation is performed to obtain the final output,
which is expected to have very low sensitivity to dust, moisture,
vibration, etc. Although the system is simple and the signal
conditioning required is very small, the presence of any other
magnetic object in the vicinity of the magnetic field of the PM
and Hall ICs will introduce errors. This issue could be solved
using appropriate magnetic shielding, but this is an expensive
solution. The precision (+6 deg) reported for the prototype is
not sufficient for many practical applications.

2) Variable Reluctance Hall Effect Sensors: Vari-
able reluctance position sensors have very good sensitivity,
but they require relatively large moving parts with nonstan-
dard shapes and windings [67], [68]. To measure the magnetic
field, instead of the windings, a Hall effect based sensor illus-
trated in Fig. 22 could be used [60]. In this case, a flux path is
present through the limbs and the field is sensed using a Hall
effect sensor. This field becomes modified when a spiral-shaped
magnetic core is moved with respect to the angle, above the
limbs. If the Hall effect sensor is placed in an optimal position,
a linear output can be obtained for a range of 220 deg without

Rotating Spiral Plate “d” Neodyminium Magnet (PM)

Digital Output for
Display and Storage

Fig. 22.  Variable reluctance Hall effect angle sensor [60]. An electrical
analogy is also shown. Ry p corresponds to the reluctance of the path
through the moving part, while Rgpn and R¢y, represent the reluctance
of the section of path through the Hall sensor and the section of path
through the limb.

complex signal conditioning [69]. Resolution of the system is
limited by the manufacturing precision of the moving part and
misalignments. Factors such as aging of the PM and temperature
sensitivity of the Hall sensors also need attention, especially for
high-resolution applications. Later, an improved approach was
reported which uses a similar design, but the moving parts are
made of standard circular shapes that are easy to manufacture
and hence the precision requirement for the periphery is not a
constraint. Power requirements for these types of systems are
low as no electrical signal is used for the magnetic field excita-
tion, and power is required only for the Hall ICs and a couple of
instrumentation amplifiers and opamps. The designs in [59] and
[60] are useful for developing brake-ware monitoring sensors.

Hall effect based angular sensing solutions are required to es-
timate the rotor position of the permanent-magnet synchronous
motor (PMSM). It has been reported that the Hall effect sensor
based approach achieves a strong antitemperature drift perfor-
mance [70]. In addition, the Hall effect-based sensors are small
in size and lightweight, which is very useful in PMSM applica-
tions where strict space and weight requirements exist [70].

Inclination is another important parameter that is of interest in
the industrial sensing domain. A novel magnetic sensor config-
uration suitable for inclination measurement has been reported
recently in [71]. A diagram of the same configuration is shown
in Fig. 23. In this case, a ferrofluid is employed which flows
through two nonmagnetic tubes and takes a predefined shape,
depending on the inclination. As the ends of the ferrofluid are
connected to two PMs, the field seen by the Hall effect IC varies
as a function of the inclination. The electronics required to ob-
tain a useful output is simple, but the working range is limited
to less than 15 deg [71].

C. Magnetic Sensors for Enhancing the Performance
of Navigation

The range of the linear position sensing systems so far dis-
cussed above is limited to a few cm, while in certain applications
the range as well as coverage area/volume needs to be quite large
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Fig. 23.  Ferrofluid and Hall effect sensor-based inclinometer [71].
TABLE IV
CHARACTERISTICS OF THE DISPLACEMENT SENSORS

Parameter Capacitive sensor ECS M-I, Hall, MR,
etc.

Compact structure yes Yes (flat coil) yes

Mechanical stability yes Yes (flat coil) yes

Sensitivity to yes limited low

environment

Sensitivity to target yes no no

surface

Sensitivity to target bulk no yes yes

Sensitivity to tilt yes yes yes

Need for alignment yes yes yes

Sensitivity to external no Limited (if /1)  appropriate

magnetic fields shield is

required

Sensitivity to external limited no no

electric fields

Linear/Nonlinear both available Nonlinear both available

transfer characteristic
Electrical excitation of yes yes
sensors is required

no, permanent

magnet can be
used

moderate low

Complexity level of moderate

interfacing schemes

for, say, tracking a person or object in a battle field or factory.
One of the obvious choices is to use the global positioning sys-
tem (GPS), but it may suffer due to the limited coverage area,
blind spot, errors due to clock drift or clock offset on board the
satellite, errors due to altered travel time of GPS satellite signal
by atmospheric effect, etc. An interesting approach of indoor
navigation, with the help of foot-mounted inertial navigation
and magnetic sensors, after the GPS signal is lost is presented in
[72]. The system in [72] uses an MEMS inertial measurement
unit (IMU), in combination with a magnetometer that provides
the value of the earth’s magnetic field to estimate the heading,
with the help of a gravity vector resolved using two orthog-
onal accelerometers. In this case, the magnetic field data are
effectively used to improve the accuracy of the overall system.
The approach presented is quite practical and the cost and the
size of the IMU, power requirement for the entire unit, etc., are
low enough for the applications envisaged in [72]. A similar

approach has been developed and reported in [73]. For certain
applications, the system still needs improvement in terms of
accuracy as it showed 16 m of position error while tested for a
trajectory of about 1 km. For some of the industrial applications,
an electromagnetic-based navigation that enhances the accuracy
and resolution is useful [74]. An inspection vehicle that uses the
gradient of the magnetic field of an overhead current carrying
cable for navigation has been reported in [74]. This approach
could give millimeter-level navigation accuracy.

V. DISCUSSION

A brief note on the displacement sensors based on capacitive,
eddy current, and some of the relatively new magnetic sensing
approach is presented in Table I'V. The parameters for compar-
ison are selected based on the common features of the types of
the sensors that are of practical importance. The data provided
in Table IV will be useful for engineers to select the appropriate
type depending on the applications and constrains.

VI. CONCLUSION

A comprehensive review of the recently reported advances in
the field of capacitive, eddy current, and magnetic displacement
sensing was presented in this paper. The position sensors us-
ing the above-mentioned principles have numerous applications
in industry, ranging from nanopositioning systems for micro-
or nanofabrication, high bandwidth and high resolution SEM
imaging systems, and high density data storage systems to in-
dustrial automotive, navigation applications. Even though the
sensor design is important, the associated interfacing electron-
ics/circuitry played a key role in the overall performance of the
sensor system. Thus, special attention was given to the interface
electronics section, while conducting the review. This review
paper will allow researchers to identify the important gaps and
work toward advancing displacement sensor technology. Simi-
larly, it will be useful for sensor design and application engineers
in the sector to make the best design choices, as the most recent
developments in this domain can be easily taken from this paper.
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