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	 A displacement-sensing scheme is presented herein by utilizing near-field coupling between 
multiple coils.  The sensing system consists of the stationary part and removable sensor tag.  The 
change in the relative position between the stationary part and the sensor tag can result in the 
variation of characteristic frequencies, which can be retrieved from the impedance of the reader 
antenna on the side of the stationary part.  The lumped model of the system is established for 
theoretical analysis, and the results of the analysis were verified by electromagnetic simulation.  
A prototype of the system was fabricated by printed circuit board (PCB) technology to carry 
out tentative experiments, the results of which were used to verify the findings of the theoretical 
analysis and simulation.  The results of the experiment conducted in the lab demonstrated that 
the sensor is capable of the contactless measurement of displacement from 3 to 10 mm with a 
considerable average sensitivity of 1.5 MHz/mm.

1.	 Introduction

	 Displacement measurement has many applications, such as in civil engineering,(1–3) 

automation, and industrial monitoring.(4–8)  A variety of sensing techniques have been 
developed for contactless displacement sensing in the past decades, for example, the eddy 
current, capacitive, optical, and inductive displacement sensors.(4,9,10)  Optical sensors have 
better accuracy, stability, and linearity than all other sensors, but they are usually bulky and 
costly owing to the requirements of a laser, lens, and electronic components.  The capacitive 
sensor can achieve exceptionally high resolution and stability, and yet it is quite sensitive to 
dust and pollutants in the air-gap or electrode surface.(11)  Eddy current and inductive sensors 
are inherently robust, low in cost, high in performance, and insensitive to environmental 
contaminants, making them suitable for most industrial applications.(9)  
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	 However, eddy current sensors are sensitive to temperature because of the high temperature 
coefficient of metal resistivity, and inductive sensors have shortcomings due to the temperature-
dependent permeability of the target material and the presence of magnetic hysteresis.(11)  
These drawbacks make eddy current and inductive sensors an unsuitable choice for precise 
displacement measurement in high-temperature environments.  Therefore, novel schemes for 
contactless displacement measurement in harsh environments must be developed.  
	 In this paper, a scheme for displacement sensing by near-field coupling between multiple 
inductor-capacitor (LC) tanks is proposed.  Although the same model had already been 
used to enhance the readout signal strength of an LC resonant sensor(12) and the design of a 
passive multiparameter LC sensor,(13) it has not been used to perform displacement sensing.  
By theoretical analysis and simulation, the feasibility of the scheme was demonstrated.  The 
displacement of the sensor tag can be measured by tracking the maximum or minimum 
frequency extracted from the impedance characteristic parameters (phase, real part, etc.) of the 
reader coil.  A prototype of the sensing system was built and tested to validate the feasibility of 
the method experimentally, and considerable sensitivity was obtained within the measurement 
range of 10 mm.

2.	 Theoretical Analysis of Model

	 The diagrammatic sketch of a multiple-LC-tanks measurement model and lumped circuit 
model of the system are illustrated in Fig. 1.  As shown in Fig. 1(a), the sensing system consists 
of three planar spiral coils, and two of which constitute the stationary part, which is also the 
signal transmitter and receiver port of the system, while the remaining coil plays the role of a 
removable sensor tag.  By extracting a certain impedance characteristic parameter, the variation 
of sensor tag displacement can be detected with high resolution.  As illustrated in Fig. 1(b), the 
components on the right (Lr, Rr) correspond to the lumped parameters of the reader antenna, 
the components in the middle (Lt, Rt, and Ct) denote the lumped parameters of the transmitting 
coil, and the components on the left (Ls, Rs, and Cs) represent the discrete parameters of the 
sensor tag.  Here, krt, krs, and kst are the coupling coefficients between the reader antenna and 
transmitting coil, the reader antenna and sensor tag, and the transmitting coil and sensor tag, 
respectively, and are used to represent the magnetic coupling strength between these coils.

Fig. 1.	 (Color online) (a) Diagrammatic sketch of the sensing system and (b) its lumped circuit model.
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	 For the reader antenna, Lr is the equivalent inductance and Rr is its inherent resistance.  It 
should be noted that the parasitic capacitance of the antenna is ignored in the model to simplify 
the theoretical analysis.  Accordingly, Lt is the equivalent inductance of the transmitting coil, Rt 
is its inherent resistance and Ct is the parasitic capacitance.  With regard to the sensor tag, Ls, 
Rs, and Cs are the inductance, inherent resistance, and parasitic capacitance, respectively.  As 
illustrated in the model, the transmitting coil and sensor tag can be considered as LC tanks with 
specific resonant frequencies.  The parasitic capacitance, Cpar, is given by(14)

	 Cpar = C1 +C2 = (αεr1 + βεr2)ε0
t
s
lg ,	 (1)

where α and β are empirical constants with the values of 0.9 and 0.1, respectively.  εr1 and εr2 
are, respectively, the relative dielectric constants of the covering layer and the substrate material, and 
ε0 is the vacuum permittivity.  t is the thickness of the metal conductor of the inductance coil, s 
is the spacing of wire conductors, and lg is the total length of wire clearance, as shown in Fig. 2.
	 In order to analyze the system theoretically, the transformer network theory and Kirchhoff’s 
law are used to list loop equations.  The input impedance Zin referencing the ports of the reader 
antenna is derived as(13)

	
Zin = Rr + jwLr + jwkrt

√
LrLt
−w2krskstLr

√
LtLs − jwkrt

√
LrLtZs

ZtZs + w2k2
stLtLs

+ jwkrs
√

LrLs
−w2krtkstLr

√
LtLr − jwkrs

√
LrLsZt

ZtZs + w2k2
stLtLs

	 (2)

	 In Eq. (2), Zt and Zs are the series impedance of the transmitting coil and sensor tag, 
respectively, and can be given as 

	 Zt = Rt + jwLt +
1

jwCt
,	 (3)

Fig. 2.	 (Color online) (a) Schematic diagram of square plane spiral parameters and (b) the model of parasitic 
capacitance.
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	 Zs = Rs + jwLs +
1

jwCs
.	 (4)

	 The phase expression is shown as

	 ∠Zin = arctan
(

Im {Zin}
Re {Zin}

)
.	 (5)

	 The specific expression for Zin is cumbersome, so MATLAB software is used to perform 
the mathematical calculation.  The expression Zin is a complex variable with amplitude (real 
part) and phase (imaginary part), whereas the phase of Zin is particularly investigated in this 
study.  At the side of the stationary part, the relative position between the reader antenna and 
transmitting coil is permanent so the coupling coefficient between them, krt, is constant.  For 
the sake of further simplification of the analysis, we assumed that the coupling coefficient 
between the antenna and sensor tag, krs, is also a constant in the next analysis.  
	 The frequency, fmin, is usually recorded as it is related to the resonant frequency of the sensor 
through the following relationship:(15)

	 fmin = f0(1 +
k2

4
+

1
8Q2 ),	 (6)

where fmin and Q are the resonant frequency and the quality factor of the sensor, respectively, 
and f0 is a constant defined by Ls and Cs.  In the actual test, the sensor has a high Q-factor when 
the coupling coefficient k is changed slightly and the resonant frequency is almost constant.  It 
is reasonable to put forward this hypothesis because the coupling link between these two coils 
has almost no influence on the accuracy of peak frequencies extracted from phase of Zin, where 
the software advanced designer system (ADS) is used for the simulation, as illustrated in Fig. 3, 
and the parameters of the simulation are identical to the parameters in the model.
	 In Fig. 3, there are two negative peak frequencies corresponding to the resonant characteristic 
of the two LC tanks (the transmitting coil and sensor tag).  When krs increases from 0.22 to 0.3, 
the two negative peak frequencies vary negligibly, so we focus on investigating the influence 
of kst on the extracted peak frequencies.  A planar spiral inductor coupling model with multiple 
coils was built to analyze the influence of kst, as shown in Fig. 3(a).  The fundamental coupling 
model between two single coils is presented in Fig. 3(b).  When two coils are directly opposite 
each other, the mutual inductance between two coils can be expressed as

	 M(a, b, L) = µ0
√

ab
[(

2
k
− k
)

K(k) − 2
k

E(k)
]
,	 (7)

where
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	 k =
(

4ab
(a + b)2 + L2

) 1
2

.	 (8)

K(k) and E(k) are the first and second kinds of elliptic integral, respectively.  μ0 is the vacuum 
permeability.  a is the radius/side length of a circle/square.  L is the vertical distance between 
two coils.  The mutual inductance between the transmitting coil and removable sensor tag can 
be represented as

	 Mst =

i=Ns∑
i=1

j=Nt∑
j=1

M(ai, b j, L),	 (9)

where

	 ai =
dout s

2
− (Ns − i)(W + S ),	 (10)

	 b j =
dout t

2
− (Nt − j)(W + S ).	 (11)

Ns and Nt are the number of coil turns of the sensor tag and transmitting coil, dout_s and dout_t 
are the lengths of their outermost segments, and ai and bj are the side length of each turn, 
respectively.  W and S are the conductor width and conductor spacing, respectively.  Hence the 
coupling coefficient can be given as

	 kst =
Mst√
LsLt

.	 (12)
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Fig. 3.	 (Color online) Theoretical analysis results for the influence of krs on peak frequencies. The discrete 
parameters setup for the analysis is kst = 0.4, krt = 0.351, Rr = 0.5329 Ω, Rt = Rs = 1.73 Ω, Lr = 0.43 μH, Lt = Ls = 2.87 
μH, and Ct = Cs = 3.8 pF.
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Here, Ls and Lt are the inductive coil of the sensor tag and transmitting coil, respectively.  The 
coupling coefficients krs and krt can be analyzed in the same way.
	 Systematic analysis is implemented under the conditions of f0t < f0s, f0t > f0s, and f0t = f0s 

corresponding to Nt > Ns, Nt < Ns, and Nt = Ns with the other parameters unchanged.  f0s and f0t 

are the self-resonant frequencies of the sensor tag and transmitting coil.  It is shown in Fig. 4 
that the lower and higher peak frequencies decrease when L increases.  Practically, the change 
in kst can reflect the change in the relative positions of the sensor tag coil and the stationary 
part, so the peak frequencies are displacement dependent.  On the basis of the above analysis, if 
one of the peak frequencies can be tracked, the variation in the relative displacement between 
them can be detected.
	 As shown in Figs. 4(a)–4(c), the higher peak frequencies change more than the lower ones, 
so the higher peak frequencies were chosen as tracking objects.  From Fig. 4(d), it can be seen 
that when f0t > f0s, the higher peak frequency decreases by 6.08 MHz.  When f0t < f0s, the 
higher peak frequency decreases by 7.02 MHz.  Under the condition of f0t = f0s, the higher peak 
frequency decreases by 7.24 MHz.  By comparing the data described above, it can be seen that 
greater sensitivity can be obtained if the self-resonant frequencies of the transmitting coil and 
the tag are equal.

3.	 Simulation and Experiment with the Model

	 In order to verify the theoretical analysis, the electromagnetic simulation software ADS was 
used in the layout mode.  Here, all coils were designed as square planar spiral coils, and the 
transmitting coil and reader antenna were placed coaxially in the same plane.  The sensor tag 
coil was designed with identical dimensions to the transmitting coil and they were placed in 
positive alignment.  The distance L between the transmitting coil and tag coil varies in layout 
simulation, and the higher peak frequency was tracked.  It is shown in Fig. 5 that the frequency 
decreases from 66.7 to 56.3 MHz when L increases from 3 to 10 mm.  The simulated parameters 
of the sensor tag and reader antenna are listed in Table 1; they are the same as the parameters in 
the model.  When the distance between the transmitting coil and sensor tag is 3 mm, according 
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to the parameters in Table 1, the mutual inductance Mst of the two coils obtained using the 
software auxiliary calculation is 0.573 µH.  When the distance changes, the mutual inductance 
also changes.  The mutual inductance Msr, Mrt can be analyzed in the same way.
	 The system, which has the same parameter configuration as the system simulated by ADS 
software, was fabricated using printed circuit board (PCB) technology.  Figure 6 shows the 
experimental setup of the system. The stationary part and sensor tag were stuck on two slide 
blocks that can move along the graduated side rail.  The higher negative peak frequency was 
recorded when the relative distance of the sensor tag and stationary part increased from 3 to 10 
mm, owing to the limited experimental equipment.  The experimental results are illustrated in 
Fig. 7.  The phase peaks illustrated in Fig. 8(a) correspond to the resonant characteristic of the 
transmitting coil with different distances away from the sensor tag.  From Fig. 8(b), it is obvious 
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Name Description Value
Ns/Nt Number of turns 5
Nr Number of turns 1
dout_t/dout_s Length of outermost segment 40 mm
dout_r Length of outermost segment 30 mm
W Conductor width 0.2 mm
S Conductor spacing 0.2 mm
T Conductor thickness 0.035 mm
L Distance between sensor and antenna Variable from 3 to 10 mm

Table 1
Parameters of sensor tag and transmitting coil.

Fig. 5.	 (Color online) Theoretical analysis of the influence of kst with f0t < f0s, f0t > f0s, and f0t = f0s.
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that the peak frequency decreases from 71.48 to 62.15 MHz when the distance between the tag 
and stationary part changes from 10 to 3 mm.  The experimental average sensitivity is derived 
up to 1.5 MHz/mm, which demonstrates the prospect of using this method to fulfill high-
resolution displacement sensing in some industrial applications.
	 The measured frequency variation range in experiment is close to that in the theoretical 
analysis and electromagnetic simulation with f0t = f0s, which could be due to the proper 
construction of the multiple-coil coupling model.  The coupling coefficient used in the theories 
and the simulation is the same.  The magnetic-field strength between coils is nearly in inverse 
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Fig. 6.	 (Color online) Electromagnetic simulation results obtained using ADS software.

Fig. 7.	 (Color online) Tentative experimental setup of the proposed scheme.
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Fig. 8.	 (Color online) Experimental results.  (a) Phase curves of the reader antenna with different relative positions 
of the stationary part and sensor tag.  (b) Higher peak frequency versus distance.
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ratio with the cube of the gap, so when two coils become close to each other, the coupling 
coefficient kst increases rapidly especially beyond the yielding point.  It is seen in Fig. 7(a) that 
the higher peak frequency decreases rapidly when the two coils become close together.  The 
coupling model still has some deficiencies, such as the disregarding of the reader antenna’s 
parasitic capacitance in the theoretical analysis and the neglect of the substrate material in ADS 
simulation. These factors also affect the performance of the sensor.

4.	 Conclusion

	 In this paper, we proposed a scheme for displacement measurement, which transforms 
the change displacement into the variation of the impedance characteristic frequency in the 
antenna port.  The circuit model of the sensing system was first formulated theoretically and 
analyzed combined with MATLAB; then, electromagnetic simulation with the ADS software 
was performed.  Both sets of the results demonstrated the feasibility of the proposed scheme.  
Finally, experiments were conducted to verify the above analysis.  On the basis of the results of 
the mathematical analysis, simulation, and tentative experiments, it is likely that the proposed 
measurement scheme will find a place in applications where precise displacement measurement 
is needed.
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