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ABSTRACT Wireless operation of LC resonant sensors is based on magnetic coupling between two
inductive coils, where the inductor of the sensor acts as a secondary coil for the magnetic coupling.
An external reader coil is used as a primary coil to interrogate the sensor and detect the sensor’s response.
Wireless LC resonant sensors are used in many applications where cable connections for powering the
sensor and acquiring its response are inconvenient. This review focuses on the fundamental operating
principles of wireless LC resonant sensors, their measurement techniques and challenges, as well as potential
solutions. The main challenge in wireless measurement of the sensors is to accurately measure the resonance
frequency and the quality factor of the sensor, which are solely dependent on the intrinsic parameters of the
sensors. For practical wireless applications, it is crucial to interrogate LC resonant sensors regardless of their
wireless measurement distances. To interrogate the wireless resonant sensor, frequency and time domain
measurements are commonly used. The coupling coefficient, which is greatly influenced by the geometrical
dimensions and alignment of the two inductively coupled coils, has an adverse effect on distance independent
measurement of the sensors in frequency domain phase dip technique. Furthermore, the presence of parasitic
capacitance that appears in parallel to the readout coil of the sensor has also an adverse effect on distance
independent measurement in both the frequency and time domains, resulting in an inaccuratemeasurement of
the sensors’ resonance frequency. A parasitic capacitance compensation technique can be employed to reduce
or even eliminate the presence of parasitic capacitance in the readout coil, which significantly improves the
measurement accuracy of the LC resonant sensors.

INDEX TERMS LC , wireless, resonant sensor, frequency domain, time domain, distance independent
measurement.

I. INTRODUCTION
The concept of wireless sensing gained significant attention
after the introduction of ‘‘endo-radiosonde’’ in 1957, which is
a smart capsule comprised of a transducer and radio transmit-
ter that can be swallowed as a pill to monitor gastrointestinal
pressure and wirelessly transmit the pressure value to the
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outside of the human body [1]. Collins published a pioneering
work in 1967 on a miniaturised implantable ‘transensor’
based on a wireless resonant circuit for continuously moni-
toring intraocular pressure in rabbit eyes [2]. Subsequently,
numerous studies were devoted to the design, fabrication,
and experimental characterization of various or other res-
onant sensor topologies to measure a variety of physical
parameters, including pressure, temperature, humidity, bio-
chemical species, gas, and more [3], [4], [5], [6], [7], [8], [9],
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[10]. Wireless sensing of physical or biometric parameters of
interest is advantageous for applications where cable connec-
tions are difficult or challenging to establish. In biomedical
implants, for example, transcutaneous wires branching off
the skin increase the risk of infection for short or long-term
monitoring of the physiological parameters, compromising
the patient’s safety and comfort [11]. In practice, wireless
sensors can be categorised into two groups: active and passive
sensors.

Active sensors typically have signal processing and wide
wireless data transmission capability, which complicates
sensor configuration and necessitates active power supply,
making them unsuitable for implants and applications in
harsh environments [12], [13], [14], [15]. Wireless pas-
sive sensors, on the other hand, are composed of passive
elements–such as resistor, inductor, and capacitor –that only
participate in data transmission and hence do not require
an active power supply [16], [17], [18]. Passive sensors are
therefore suitable for applications where cable connections
are challenging, but their use necessitates a sophisticated
reader system. Some active/semi-passive wireless sensors
include batteries or energy harvesting capabilities: however,
batteries must be replaced periodically, and low densities
of scavenged energy and low conversion efficiency of the
energy harvester make the passive operation of the resonant
sensors–such as LC–more appealing for wireless measure-
ments [19], [20], [21]. For example, recent commercial suc-
cess in wireless LC sensing technology is EndoSure Wireless
AAA pressure sensor and ImPressure AAA Sac Pressure
Sensor by CardioMems and Remon Medical Technologies,
respectively [22], [23]. Endotronix, Inc.’s LC based pressure
sensor has also recently been investigated in human trials for
Pulmonary Artery Pressure sensing with the Cordella Heart
Failure System [24], [25].
Twomeasurement techniques, frequency and time domain,

are widely applied to extract the resonance frequency and
quality factor of a resonant sensor [26]. Frequency domain
measurement is performed with either a bulky and expensive
vector network analyser (VNA)/impedance analyser (IA) or
custom designed front-end electronics with complex func-
tionality to measure the reflection coefficients or the equiv-
alent impedance of the sensors [27], [28], [29], [30], [31],
[32]. One of the frequency domain measurement techniques
is phase dip which measures the phase of the equivalent
impedance, and shows a dip in phase at resonant frequency
of the sensors [33], [34], [35].
Despite having a wide dynamic range and better signal

to noise ratio (SNR), the phase dip measurement technique
is dependent on coupling coefficient k , and requires a fixed
wireless interrogation distance between the sensor and reader
systems which is not suitable for wireless measurement of
the sensors. Nopper et al. showed that instead of measuring
the phase, the measurement of the real part of equivalent
impedance does not have a dependence on the k and hence,
the wireless measurement distance [36], [37]. On the other

hand, time domain measurement of the sensor utilises the
damped decay response to extract the resonance frequency
and quality factor of the sensors [38], [39]. Analytical mod-
eling of the LC resonant sensors in the time domain shows
that the resonance frequency is independent of the wireless
interrogation distance. However, Demori et al. showed that
measurement of the real part of equivalent impedance in
the frequency domain and damped decay response in the
time domain both suffer from undesired distance dependent
measurement of LC sensors [64]. It is due to the fact that
non avoidable parasitic capacitance appears in parallel to the
readout coil of the sensors.

Although there has been significant progress in LC sensor
design and its applications, literature reporting the commonly
practiced measurement techniques on the LC resonant sen-
sors is sparse. Li et al. published a review on LC resonant
sensors for harsh environmental applications which briefly
covers the phase dip measurement techniques in the fre-
quency domain [40]. Recently, Bhar et al. reported on the
advancement of wireless LC sensors for temperature mea-
surement which includes sensor design principles, sensor
fabrication technologies, and materials [41]. Huang et al.
covered a great deal of basic components of the sensors,
sensing mechanisms, and measurement techniques both in
time and frequency domain [42]. Not analyzed so far is
the recent recognition of the effect of parasitic capacitance,
which appears in parallel to the readout coil, resulting in
inaccurate distance dependent measurement of the sensors in
both time and frequency domain.

Therefore, this review covers the gap of recent devel-
opments on the measurement challenges of wireless LC
resonant sensors by providing a comprehensive update
on the state-of-the-art and the background theory on the
measurement techniques along with numerical simulations.
Section (II) provides the background theory of the basic
components of the sensors. Measurement techniques for both
frequency and time domain are discussed in section (III)
by providing analytical modeling, numerical simulation, and
examples from experimental results. Wireless sensor mea-
surement challenges are discussed in section (IV) by covering
the effects on the presence of parasitic capacitance which
appears in parallel to the readout coil, resulting distance
dependent measurement of the sensors. Furthermore, section
(V) covers the recently reported parasitic capacitance com-
pensation technique which ceases the dependance of the
parasitic capacitance for distance independent measurement
of the sensor. Other sensor prospects and related discussions
are covered in section (VI). The final section offers conclud-
ing remarks in (VII). And a flowchart representing in Fig. 1
gives the gist of the paper.

II. BASIC COMPONENTS OF LC SENSORS
An LC resonant sensor consists with basic electrical elements
inductor L, and capacitor C , where either of them can be
used as a sensing element of the sensor. The majority of LC
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FIGURE 1. Block diagram representation of measurement techniques and challenges of wireless LC resonant sensors.

FIGURE 2. Typical schematic representation of the measurement of wireless LC resonant sensor by Vector Network Analyser (VNA)/ Impedance
Analyser (IA) to measure different physical parameters.

resonant sensors’ sensing element is capacitive. The change
of capacitance in response to the measurand of interest shifts

the resonant frequency of the LC sensor. Much research is
being conducted to improve the sensing capability of the
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sensing elements–capacitive sensor–in terms of performance,
fabrication, and cost-effectiveness. As a result, new sen-
sor designs and the search for new dielectric materials are
unavoidable in order to address the unmet challenges.

A. INDUCTOR
To optimise the inductive coil for wireless interrogation of
the LC sensors, various design topologies have been investi-
gated. Sensor coils are typically designed using solenoid and
planner spiral inductors. Fig. 3. (a) and 3. (b) show schematic
representations of a planar square shape spiral inductor and a
solenoid inductor coil, respectively. Despite having a lower
quality factor, the inductance of the planar spiral inductor
is well-defined over a wide range of process variations and
widely used in electronics. Because of their simpler layout,
square spiral inductors are more popular than hexagonal,
octagonal, and circular inductors. Furthermore, apart from
using the inductive coil for electromagnetic coupling, it is also
possible to make inductive coil as a sensing element of the
sensors [43], [44], [45], [46]. An inductive coil can be com-
pletely specified for a given shape as follows: number of turns
n, turn width w, turn spacing s, outer diameter dout , inner
diameter din, average diameter davg = (dout + din) /2 and
fill ratio is defined as ρ = (dout − din ) / (dout + din ) [47],
[78]. For the discrete inductor, Wheeler developed several
formulas for a planar spiral inductive coil. The inductance
for a planar spiral inductor can be obtained using a straight-
forward modification of the original Wheeler formula as
follows [48]:

L = K1µ
n2davg
1 + K2ρ

(1)

where ρ is the fill ratio, davg is the average diameter, µ =

µ0µr is the proportionality magnetic permeability, which is
the product of the permeability of the free space µ0, and µr
is the permeability of the specific medium, K1 and K2 are
layout dependent parameters with different values for square,
hexagonal, and octagonal shapes. On the other hand, the
inductance of the solenoid coil with a given length l, cross-
sectional area A, and the number of turns N can be calculated
by the basic physical law of electromagnetics as follows:

L =
µN 2A
l

(2)

B. CAPACITOR
Capacitive sensors are commonly used as a sensing ele-
ment of wireless LC resonant sensors in many applica-
tions [49], [50], [51], [52]. Among various capacitive sensing
topologies, parallel plate and interdigitated capacitors are
widely implemented for practical applications, as shown in
Fig. 3. (c), and 3. (d), respectively. A parallel plate capacitive
sensor is typically designed by implementing the fundamen-
tal formula of the capacitance, which can be expressed as:

C =
ε0εrA
d

(3)

where ε0 = 8.85 × 10−12 F/m is the permittivity of free
space, εr is the relative permittivity of dielectric, A is the
surface area of the plates, and d is the separation gap between
the two plates. On the other hand, the total capacitance of
the interdigitated capacitor is calculated by the following
formula [53]:

Ctotal = Cuc(N − 1)Ll (4)

where N is the number of unit cells of the capacitor, Ll is
the length of the electrode fingers, and Cuc is the unit cell
capacitance per length and can be written as:

Cuc = ε0 (εr + εk)

K1

(√
1 −

( a
b

)2)
K1

( a
b

) + 2ε0εk
t
a

(5)

where ε0 is the vacuum permittivity, εr is the dielectric
constant of the substrate, εk is the dielectric constant of the
dielectric film, K1 is the complete elliptic integral of the first
kind, t is the electrode thickness, a is the electrode’s width, b
is the distance between fingers.

C. LC RESONANT CIRCUIT
An LC resonant tank circuit, as shown in Fig. 3. (e), can
be used to derive the electric equivalent LC resonant sensor.
However, the internal structure of the LC sensor is basically
an RLC circuit where the resistive component R appears from
the equivalent series resistance of the inductive coil L and the
capacitor C , and hence LC sensors are often referred to as
RLC sensors as shown in Fig. 3. (f). The analytical expression
for RLC resonant circuit under the excitation source shown in
Fig. 3. (g) in Laplace domain for complex frequency s = jω
can be derived as follows by applying Kirchhoff’s Voltage
Law (KVL) [54]:

V (S) = I (S)
(
R+ sL +

1
sC

)
(6)

The impedance of the RLC circuit can be written as follows
after rearranging equation (6):

Z (S) =
V (S)
I (S)

= R+ sL +
1
sC

=
s2LC + sCR+ 1

sC
(7)

Under the resonance condition, the energy supplied to the
RLC resonant circuit will oscillate between the capacitor and
the inductor, and the impedance Z (S) will be at it’s minimum.
Therefore, the equation (7) can be expressed as follows by
setting Z = 0:

s2 + s
R
L

+
1
LC

= 0 (8)

which is a quadratic equation and its roots are as follows:

s1,2 = −
R
2L

±

√(
R
2L

)2

−
1
LC

(9)

The response the RLC circuit will be overdamped, critically
damped, and underdamped,for R

2L > 1
√
LC

, R
2L =

1
√
LC

and
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FIGURE 3. Schematic illustration of wireless LC resonant sensor components, (a) planar spiral inductor [48], (b) solenoid inductor, (c) parallel plate
capacitor separated by distance d , (d) interdigitated capacitor [53], (e) LC resonant circuit, (f) RLC resonant circuit, (g) RLC resonant circuit with excitation
source.

R
2L < 1

√
LC

, respectively. When the equation (8) is under-
damped condition, the roots become complex conjugate and
can be written as:

s1,2 = −
R
2L

± j

√
1
LC

−

(
R
2L

)2

(10)

where, R
2L = α, damping constant ω0 =

1
√
LC

, undamped

natural resonant frequency ωd =

√
ω2
0 − α2, damped natural

resonant frequency
The quantity ω0 is the angular frequency of the oscillation

when there is no resistive element is present in the circuit
as Fig. 3. (e). On the other hand, the damped frequency ωd
is always less than the undamped natural resonant frequency
due to the presence of resistive element in the circuit as shown
in Fig. 3. (f).

However, the RLC resonant circuit exhibits both a natu-
ral and forced response when an excitation source is used.
Depending on how much resistive element is present in the
circuit, the RLC circuit’s natural response can be under-
damped, critically damped, or overdamped. Since resistive
components are present in every practical LC circuit, the
response of the circuit will always be transient in nature and
die out after a short period of time for natural response. On the
other hand, the forced response is determined by the circuit’s
excitation source. The source continuously maintains the

response in the circuit after the transient has passed and the
circuit has reached steady state, which is known as steady
state response [54]. These resonant principles are utilized in
frequency and time domain measurement technique to mea-
sure wireless LC resonant sensor, as discussed in section III.
Moreover, IA or VNA is often used to detect the reso-

nant frequency of the sensors by monitoring the impedance
of the readout coils or input return loss. These measuring
isntruments are expensive and bulky, and are only suitable for
laboratorymeasurements. A few compact electronics systems
were reported by several research groups which require less
complex circuitry and less power budget to interrogate the
wireless LC resonant sensors [55], [56], [57], [58].

III. MEASUREMENT TECHNIQUES OF LC SENSORS
Two types of measurement techniques, namely frequency-
domain and time domain are commonly used for wireless
measurement of LC resonant sensors. This section covers
analytical modeling, and corresponding numerical simula-
tions of the LC sensors for both measurement domains, and
highlighting their respective challenges.

A. FREQUENCY DOMAIN MEASUREMENT
The equivalent circuit of the magnetic coupling passive LC
resonant sensor is depicted in Fig. 4. (a). The circuit can be
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FIGURE 4. (a) Equivalent circuit of the inductively coupled LC sensor system [58], (b) numerical simulation of the equivalent impedance at the terminal of
the readout coil with resonant frequency of the sensor fS = 20MHz, R1 = 1�, L1 = 0.5µH , Q = 30, and k = 0.05 [58].

expressed analytically using the impedance transformer equa-
tions for harmonic oscillations with complex frequency f , and
the induced voltage in the primary coil L1 and secondary coil
L2 can be written in the Laplace domain as follows [58]:

V1 = R1I1 + sL1I1 + sMI2 (11)

V2 = R2I2 + sL2I2 + sMI1 (12)

where V1, V2, I1 and I2 are the voltage and current of the
primary and secondary sides of the inductive coupling coils,
respectively. The equivalent series resistance of the primary
and secondary coils is represented by the circuit elements
R1 and R2, respectively. The parameter s is the complex
frequency which can be written as s = jω = j2π f . The
amount of inductive coupling between primary and secondary
coil is measured by the mutual inductance M and can be
written as:

M = k
√
L1L2 (13)

where k is the geometry-dependent coupling coefficient of
the mutual inductanceM , which is dimensionless and ranges
from 0 to±1. Maximum coupling occurs when k = 1, and no
coupling occurs when k = 0. The sensing element of the LC
circuit–capacitive sensor, C2–is connected to the secondary
coil L2 of the inductive coupling, and the current flowing
through the secondary part of the circuit can be written as:

I2 = −sC2V2 (14)

The equivalent impedance Z1 at the primary side or the read-
out coil can be derived by combining the equations (11), (12),
and (14), i.e.,

Z1 =
V1
I1

= R1 + j2π fL1 +
(2π f )2M2

R2 + j
(
2π fL2 −

1
2π fC2

) (15)

The resonance frequency fS , and quality factorQ of the LC
sensor can be written as follows:

fS =
1

2π
√
L2C2

, Q =
1
R2

√
L2
C2

(16)

By substituting equation (16) in (15), the equivalent
impedance Z1 can be derived and separated between real and
imaginary parts, i.e.,

Z1 = R1 + j2π fL1

1 +

k2
(
f
fS

)2
1 + j f

QfS
−

(
f
fS

)2
 (17)

Re {Z1} = R1 + 2π fL1k2Q
f
fS

1 + Q2
(
f
fS

−
fS
f

)2 (18)

Im {Z1} = 2π fL1

1 + k2Q2
1 −

(
f
fS

)2
1 + Q2

(
f
fS

−
fS
f

)2
 (19)

The modulus of equivalent impedance |Z1|, and phase
angle ̸ Z1 can be written as follows:

|Z1| =

√
R2e {Z1} + I2m {Z1} (20)

̸ Z1 = tan−1 Im {Z1}
Re {Z1}

(21)

Fig. 4. (b) illustrates the numerically simulated frequency
response of the equivalent impedance for the equations of
(18), (19), (20), and (21) by incorporating the sensor param-
eters of R1 = 1�, L1 = 0.5µH , fS = 20MHz, Q = 30, and
k = 0.05.
These derivations can be implemented in steady state or

frequency domain measurement of wireless LC resonant sen-
sors. Phase dip and dip meter are two measurement methods
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that are frequently used in frequency domain analysis. The
phase dip technique measures the equivalent impedance’s
phase angle, whereas the dip meter technique measures the
maximum real part of the equivalent impedance Z1.

1) PHASE DIP MEASUREMENT IN FREQUENCY DOMAIN
An IA or VNA is usually employed to determine the resonant
frequency of the LC sensor by measuring the phase angle
̸ Z1 of the equivalent impedance in equation (21), and such
measurement techniques have been reported in several publi-
cations [59], [60]. In phase dip measurement, the impedance
phase minimum occurs at a frequency of fϕ,min. The deriva-
tive of the equation (21) can be set to zero with respect to
frequency f to obtain the analytical expression of the phase
minimum, which can be expressed as [58]:

∂ ̸ Z1
∂f

= 0 (22)

which yields fϕ,min as:

fϕ,min ≈

(
1 +

1
4
k2 +

1
8Q2

)
fS (23)

Equation (23) demonstrates that minimum phase of the equiv-
alent impedance occurs at resonant frequency fS not only
depends on the quality factor Q but also depends on cou-
pling coefficient k , which is a function of the geometrical
dimension of two inductive coupling coils and their distances.
Additionally, for an LC sensor with a sufficiently high-quality
factor Q ≫ 1 and relatively small coupling coefficient k the
equation (23) leads to a phase dip at

fφ,min ≈

(
1 +

1
4
k2

)
fS (24)

which is still a function of the coupling coefficient k .
Hence, measuring the resonant frequency fS of the sensor by
utilising the phase dip approach requires a large Q to achieve
a sharper dip in the impedance phase, and at the same time,
it also requires keeping the k value smaller [61]. Phase dip
value can be calculated by the following expression [59]:

1ϕ = tan−1
(
k2Q

)
(25)

Measurement of LC sensors in the phase dip technique
requires a fixed distance and specific orientation between the
sensor and reader coil in order to keep k not too large or
not too low for accurately tracking the resonant frequency of
the sensor. A larger value of k exhibits a wider phase dip,
shifting the resonant frequency fS to higher frequencies as
shown in Fig. 5. (a), while a smaller value of k produces a
smaller magnitude of the phase dip, which is harder to track
and lowers the SNR of the sensor measurement. Moreover,
measuring a sensor at a fixed wireless distance is not practical
in many real-time wireless applications which often require
sensor or reader movements. Aside from the optimal value of
the coupling coefficient k , phase dip measurement necessi-
tates a sensor with a high-quality factor Q, as illustrated in
Fig. 5. (b). The higher the sensor Q, the larger and sharper

the phase dip magnitude, and the better the SNR of the
readout signal. A high Q factor LC sensor could be achieved
by increasing the size of the inductive coil of the sensors
while keeping the internal resistance of the inductive trace
as low as possible which is always a tradeoff between them
as expressed in equation (16).

2) DIP METER MEASUREMENT IN FREQUENCY DOMAIN
Instead of measuring the phase dip of the equivalent
impedance, a more robust measurement technique has been
reported by several research groups which measures the
real part of the maximum equivalent impedance [62], [63].
Numerical simulation of the real part of equivalent impedance
in equation (18), as shown in Fig. 5. (c), shows that the
coupling coefficient k only acts as an amplitude scaling fac-
tor and is independent of the sensor’s resonance frequency
fS , and quality factor Q. The maximum frequency fmax and
Full Width at Half Maximum (FWHM) can be obtained by
following relations [58].

fmax =
2Q√

4Q2 − 2
fS , Q ≈

fS
1fmax

(26)

where fmax is the maximum frequency which can be obtained
from the maximum of Re {Z1} of equation (18), and 1fmax is
the FWHM of Re {Z1} at the origin of fmax. Fig. 5. (d) shows
the graphical representation of the 1fmax for a sensor of Q
value of 105. For sufficiently large quality factor Q ≫ 1, the
fmax in equation (26) becomes the resonant frequency fS of the
sensor, fmax ≈ fS , hence the sensor measurement is theoreti-
cally independent of the coupling coefficient k , and therefore
distance independent measurement of the sensor. Moreover,
one can obtain the value of the maximum impedance of the
real part of equation (18) by setting f = fS which can be
expressed as [42]:

Zmax = Re (Z1)max
∣∣
f=fmax

= R1 + 2π fSL1k2Q (27)

By comparing the effect of coupling coefficient k for both fre-
quency domain measurement techniques, it is evident that the
dip meter, or measuring the maximum real part of the equiv-
alent impedance, provides theoretical distance-independent
wireless measurement over the phase dip measurement tech-
nique as shown in Fig. 5. (a) and Fig. 5. (c), respectively.

B. TIME DOMAIN MEASUREMENT
In time domain or transient measurements, a pulse signal
or modulated/ unmodulated signal is applied at the pri-
mary coil of the magnetic coupling for a short period of
time, and damped decay response of the sensor is acquired
at the primary or the readout coil of the sensor to deter-
mine the resonant frequency fS and quality factor Q as
shown in Fig. 6. (a) [38], [39]. The basic operating principle
of the time domain measurement technique is depicted in
Fig. 6. (b) and (c), respectively. In this measurement, sensor
operation can be separated into two different phases of time:
the excitation phase and the detection phase. The excitation
phase provides an excitation signal to the sensors for a short
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FIGURE 5. (a) Simulated equivalent impedance phase as a function of frequency for different values of coupling coefficient k [58], (b) the effect of
different values of quality factor Q on the impedance phase, (c) maximum real part of the equivalent impedance as a function of frequency for different
values of k [58], (d) the effect of different values of Q on the maximum real part of the equivalent impedance.

period of time. The following time phase is called the detec-
tion phase which acquires the damped decay response of the
sensors. Fischer et al. reported time domain measurement of
a resonant sensor where the sensor’s damped decay response
fd is measured at the secondary coil, which is an integral part
of the sensor [26]. However, measuring the sensor response
at the primary coil allows for complete isolation of the sensor
from the reader, which is a more practical case for wireless
resonant sensor measurement.

The analytical modeling of time domain measurement has
considered sensors detection phase as shown in Fig. 6. (c),
since the sensor excitation phase only provides the excitation
signal to the sensor, which does not have an active role during
the detection phase. The impedance of primary and secondary
coils can be represented as Z1 = R1+sL1 and Z2 = R2+sL2,
respectively, where s is the complex frequency in the Laplace
domain. During the detection phase, energy storage elements

in an inductively coupled sensor circuit are no longer relaxed.
For analytical analysis, one needs to consider the effects of
initial conditions on the sensor readout signal, and for all
the initial conditions t > 0, which only affects the starting
amplitude of the readout signal and does not alter the com-
plex frequency of the sensor [64]. Hence, the single initial
condition denoted by VC20 can be considered an effective
initial condition, which is the voltage across the capacitive
sensor C2 at t = 0, neglecting other initial conditions as
shown in Fig. 6. (d). The equivalent circuit for time domain
measurement during the detection phase can be analysed in
the Laplace domain and the readout signal can be expressed
as follows [64]:

V1(s) = k

√
L1
L2
VC20

s

s2 + sR2L2 +
1

L2C2

(28)
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FIGURE 6. Block diagram of the time domain measurement technique, (a) excitation and detection signal representation of the time domain
measurement, (b) block diagram of the excitation phase of the LC sensors [64], (c) block diagram of the detection phase of the LC sensors [64],
(d) equivalent circuit of the LC sensors during the detection phase [64].

FIGURE 7. (a) Simulation on the effect of different values of coupling coefficient k on the amplitude and the length of the readout signal [64],
(b) measured output voltage versus time during the detection phase of the sensors. The delay time tD is used to avoid the initial glitch of the damped
signal, and the measurement time tM represents the sensor measurement time. The envelope of the damped decay signal approximates the quality factor
of the sensor [38].

The corresponding expression of the readout signal V1(s) can
be calculated in the time domain

v1(t) = kabVC20e
−

t
τd cos

[
2π fd t − tan−1

(
1

2π fdτd

)]
(29)

where a =

√
L1
L2

, and b =

√
4Q2

4Q2−1

The signal v1(t) is a damped decay sinusoidal with a
damped frequency fd and decay time τd which are connected
to the resonant frequency fS and quality factorQ of the sensor,
and they can be expressed as follows:

fd =

√
1 +

1
4Q2 fS , τd =

Q
π fS

(30)
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where for a sufficiently larger Q, the damped frequency fd
becomes the resonant frequency fS of the sensor as fd ≈ fS ,
with a relative deviation |fd − fS | /fS < 50 for Q > 50. It can
be observed from equation (29) that the coupling coefficient
k only acts as an amplitude scaling factor of the damped
sinusoidal signal v1(t), where the damped frequency fd and
decay time τd are unaffected by coupling coefficient k . There-
fore, the resonant frequency fS of the wireless LC sensor in
time domain measurement is theoretically independent of the
coupling coefficient k . Fig. 7. (a) shows the readout signal
v1(t) for different values of k , which only affect the amplitude
of the signal without altering the damped frequency fd .

IV. MEASUREMENT CHALLENGES OF LC SENSORS
Analytical modeling of the wireless LC resonant sensors
for two measurement techniques, dip meter in the frequency
domain and transient or time domain measurement, showed
in section (III) that the resonant frequency fS and quality
factor Q of the sensor are theoretically independent of the
coupling coefficient k , resulting in a distance-independent
wireless measurement of the sensors. Nevertheless, when
these two measurement techniques are utilised in real elec-
tronics equipment or circuits; unavoidable parasitic capac-
itance CP appears in parallel to the readout coil, which
comprises all the contributions from the parasitic capaci-
tance present in the primary coil L1, the capacitance of the
connections, and the input capacitance of the electronic inter-
face [64], [65]. The presence of finite parasitic capacitance
CP significantly degrades the measurement accuracy of the
resonant frequency fS and the quality factor Q of the sensors.
The following sections discuss the effect of parasitic capaci-
tance CP for dip meter in frequency domain and time domain
measurement as depicted in Fig. 8. (a) and Fig. 8. (b).

A. EFFECTS OF PARASITIC CAPACITANCE IN DIP METER
MEASUREMENT
Limitations associatedwithmeasuring themaximum real part
of the equivalent impedance in dip meter measurement in
frequency domain are due to the presence of unavoidable
finite parasitic capacitance CP, which appears in parallel to
the readout coil of the LC sensor as shown in Fig. 8. (a) [65].
When the presence of parasitic capacitance is not negligible,
the real part of the equivalent impedance Z1P becomes [65]:

Re {Z1P} = Re


(
m+

4π2f 2k2L1L2
R2+j2π fL2+ 1

j2π fCP

)
1

j2π fCP

m+
4π2f 2k2L1L2

R2+j2π fL2+ 1
j2π fCP

+
1

j2π fCP

 (31)

where m = R1 + j2π fL1. Equation (31) shows that the
coupling coefficient k not only acts as an amplitude scaling
factor but without knowing the value of k priori, it is not
possible to extract the resonant frequency fS , and quality
factor Q of the sensor independently. The numerical anal-
ysis illustrates that there are two maxima of the real part
of equivalent impedance Z1P are influenced by the coupling
coefficient k–when parasitic capacitance CP is fixed and

coupling coefficient k is variable in Fig. 9. (a); and para-
sitic capacitance CP is variable while coupling coefficient k
is fixed in Fig. 9. (b)–corresponds to a primary resonance
near fS = 1/

(
2π

√
L2C2

)
and a secondary resonance near

fP = 1/
(
2π

√
L1CP

)
, respectively [65], [66]. The numerical

simulation and the measurement result exhibit that when
CP is non-negligible, the maximum real of the equivalent
impedance is not distance independent as shown in Fig. 9.
(a) and (b), and Fig. 10. (a) indicating no compensation,
respectively.

B. EFFECTS OF PARASITIC CAPACITANCE IN TIME
DOMAIN MEASUREMENT
The analytical modeling of time domain measurement dis-
cussed in section (III) B showed that the damped frequency
fd of the sensor is theoretically independent of the wireless
interrogation distance. However, the analytical expression
of time domain measurement by considering the parasitic
capacitance was derived in the Laplace domain, and it could
be written as [64]:

V1P(s) = k

√
L1
L2

sVC20C2L2
s4C2CPL1L2

(
1 − k2

)
+ s3x + s2y+ sz+ 1

(32)

where

x = C2CP (L1R2 + L2R1) ,

y = C2L2 + CPL1 + C2CPR1R2,

z = C2R2 + CPR1

It can be seen from equation (32) that the coupling coeffi-
cient k is not only acting as an amplitude scaling factor but
is also connected to the coefficient of the fourth-order poly-
nomial at the denominator. Since the fourth order polynomial
can be decomposed into two pairs of complex conjugate roots
and the S4 term is connected to the coupling coefficient in the
form of

(
1 − k2

)
, it is expected that the complex frequencies

(for s = jω) will depend on k . The inverse Laplace transform
of the equation (32) shows that the output voltage signal is
composed of the sum of two damped sinusoids and can be
expressed as follows:

v1Cp (t)

= A1e
−

t
τd1 cos (ωd1t − θ1) + A2e

−
t

τd2 cos (ωd2t − θ2)

(33)

where A1 and A2 are the amplitude coefficients, θ1 and θ2 are
the phase angle of the readout signal, which depends on the
parameters of the circuits and the initial conditions. Damped
frequencies ωd1 and ωd2, and the decay times τd1 and τd2
can be obtained from two pairs of complex conjugate poles
by setting the denominator of the equation (32) equal to zero.
The values of the two pairs of complex conjugate poles can
be further derived and seen that the decay time τd2 is larger
than τd1 and, the resulting damped sinusoid ωd1 falls faster
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FIGURE 8. (a) Block diagram of the frequency domain measurement of wireless LC sensor by an impedance analyser with the presence of parasitic
capacitance CP [64], (b) block diagram of the time domain measurement of the LC sensor and its equivalent circuit in Laplace domain under the presence
of parasitic capacitance CP in parallel to the readout signal [64].

FIGURE 9. (a) Numerical simulation of the real part of equivalent impedance under the presence of parasitic capacitance CP with increasing values of
coupling coefficient k [66], (b) simulation of the real part with varying parasitic capacitance CP [66].

than that ωd2. Since both ωd1 and ωd2 are dependent on
the coupling coefficient k , the effect of parasitic capacitance
CP ceases the distance independent measurement of the LC
sensor. Therefore, the effect of parasitic capacitance is non-
negligible for distance independent measurement of wireless
LC sensors in both frequency and time domain, and the pres-
ence of parasitic capacitance CP contributes to an inaccurate
measurement of the resonant frequency fS , and quality factor
Q of the sensors.

V. PARASITIC CAPACITANCE COMPENSATION
TECHNIQUE
The presence of parasitic capacitance in parallel to the
readout coil in both measurement techniques–dip meter
in frequency domain and time domain–results in distance
dependent measurement of the wireless LC resonant sen-
sors. For dip meter measurement, the maximum real part
of the equivalent impedance is theoretically independent of

the distance, hence k , when parasitic capacitance CP is not
present in the readout coil as shown in numerical simulation
in Fig. 5. (C). In contrast, when the parasitic capacitance
CP is non-negligible as shown in Fig. 11. (C), the measure-
ment of the maximum real part of equivalent impedance
becomes wireless distance dependent measurement of the
sensor, hence k dependent, as shown by numerical simu-
lation in Fig. 9. (a), (b), and by the experimental result in
Fig. 10. (a) indicating no compensation.

On the other hand, for time domain measurement, the
damped decay response of the sensor is independent of the
wireless distance and hence k , when the parasitic capacitance
is not present at the readout coil as shown in numerical
simulation Fig. 7. (a). However, the parasitic capacitance CP
appears during the detection phase of the sensor as shown
in Fig. 11. (b). The experimental result shown in Fig. 10. (b)
indicating no compensation demonstrates the distance depen-
dent measurement of the sensor when CP is non-negligible.
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FIGURE 10. (a) Measurement of the maximum real part of Re
{
Z1

}
for different wireless interrogation distance without using capacitance compensation

circuit indicating as no compensation and with capacitance compensation circuit in parallel to the readout coil as indicated CC [64], (b) measurement of
the damped decay response for different wireless distances without capacitance compensation circuit indicating no compensation and with a
capacitance compensation circuit indicating CC [64].

Therefore, to overcome the effects of parasitic capacitance,
a compensation circuit has been proposed by Demori et al.
which can be connected to the sensor readout coil to elim-
inate the presence of unavoidable parasitic capacitance CP
for both frequency and time domain measurement and can
significantly improve the accuracy of distance independent
measurement of the sensors [64], [65]. The proposed cir-
cuit acts as a negative impedance converter which provides
an equivalent impedance, where negative capacitance can
be tuned to compensate and possibly cancel the parasitic
capacitance CP [65], [66]. The Fig. 11. (a) shows the block
diagram of the parasitic capacitance compensation circuit
which is an operational amplifier with a positive feedback,
and will be connected in parallel to the readout coil L1. The
induced voltage V1 across the readout coil L1 is then fed
to the capacitance CA and the current flowing through the
capacitance CA can be written as follows [65]:

I1 =
V1 − AV1

1
sCA

= −
RF
RG

sCAV1 (34)

where A =

(
1 +

RF
RG

)
is the non-inverting gain of the opera-

tional amplifier. Therefore, the equivalent input impedance
ZEq of the amplifier can be written from equation (34) as
follows:

ZEq =
V1
I1

= −
RG

RF sCA
= −

RG
jωCARF

=
1

jω (−Cc)
(35)

where−Cc = −CA
RF
RG

, indicating that the circuit simulates an
effective negative capacitance. From equation (35), if the gain
of the amplifier is made adjustable, i.e. making the feedback
resistor RF as a variable resistance,−Cc can be tuned to com-
pensate and possibly cancel the parasitic capacitanceCP [65],
[66]. The cancellation of CP will lead the equation (31) to
become equation (18) as Re {Z1P} = Re {Z1} and equation
(32) become in equation (28) as V1P(S) = V1(S). There-
fore, cancelation of the CP results in distance independent

measurement of LC resonant sensor in both measurement
techniques: frequency domain in dip meter and time domain.

Fig. 10. (a) shows the measurement of the maximum real
part of equivalent impedance for different wireless distances
after introducing the parasitic compensation circuits as indi-
catingCC [64]. It can be observed that the resonant frequency
fS of the LC sensor which is the maximum real part of the
equivalent impedance is identical throughout the variation
of wireless interrogation distances when the compensation
capacitance CC = 27 pF, resulting in distance independent
measurements. Similarly, the capacitance compensation cir-
cuit is employed to measure the damped frequency fd of the
LC sensors for different wireless distances in time domain
measurement, as shown in Fig. 10. (b) indicating CC [64].
It can be seen that without compensation circuit, the mea-
surement of damped frequency fd in time domain exhibits
inaccuracies.

VI. DISCUSSION
Wireless passive LC resonant sensors have been widely
investigated in various fields of applications due to their
numerous benefits. These benefit include passive operation,
which eliminates the need for an active power supply. Their
sensing elements, such as inductors and capacitors, are rela-
tively easy to fabricate. These sensors have a robust sensing
operating principle based on resonance and are suitable for
handheld sensor applications. Despite all these advantages,
the need for complex or bulky readout systems remains a
bottleneck for adoption of handheld wireless sensor measure-
ments. For widespread application of LC sensors, it is of
utmost importance to design a compact, simple, low power
and cost-effective reader system, which is unavailable in
current practice.

One of the most desirable features of the wireless LC
sensor is to have an increased wireless interrogation dis-
tance. Since the LC sensor is formed with a combination of
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FIGURE 11. (a) Block diagram of the parasitic capacitance compensation circuit [66], (b) the effect of parasitic capacitance CP appears in parallel to the
readout coil of the LC sensor during the detection phase of the time domain measurement. The parasitic capacitance CP is the sum of all the parasitic
capacitance contributions such as capacitance of the analog switch Csw , capacitance of the connection CL, capacitance between traces of the primary coil
C1, and input capacitance of the readout amplifier CI which appears in parallel to the readout coil. Parasitic capacitance compensation circuit in Fig. 11.
(a) is connected in parallel to the readout coil to cancel the effect of CP [64], (c) the effect of CP in frequency domain dip meter measurement. Different
parasitic capacitance contributes to CP in parallel to the readout coil namely impedance analyser input capacitance CI , capacitance of the connection CL,
and capacitance between traces of primary coil C1. The compensation circuit in Fig. 11. (a) is employed in parallel to the readout coil to cancel the effect
of CP [64].

an inductive coil with a capacitor, increasing the size of a
inductive coil can effectively increase the magnetic coupling
between the sensor and readout coil, resulting in an increased
wireless distance. However, increasing the size of a induc-
tive coil that connects with the capacitive sensing element,
increases the overall footprint of the LC sensor, which makes
it difficult to deliver and place the sensor in many appli-
cations such as biomedical implantation. The advancement
of micro-electromechanical systems (MEMS) and flexible
printing technologies have enabled miniaturisation of sensor
footprints but reducing the coil size of the sensors has a
significant effect on the wireless interrogation distance and
quality factor Q of the sensor, which essentially reduce the
measurement distance and SNR of the readout signal.

In 2008, Chen et al., proposed parylene based micro-
machined wireless LC pressure sensors with a footprint of
4 × 1 mm2, an operating frequency of 150 MHz, and a
quality factor of 5 that achieved the wireless distance of
2mm [67]. Xue et al., developed an LC pressure sensorsmade

of SU-8 and Gold with a footprint of 3.23× 1.52× 0.2 mm3,
achieved a wireless distance of 6 mm, with operating fre-
quency of 250 MHz, and a quality factor of 21.3 [68]. Later
on Chen et al, developed an improved version of pressure
sensor with parylene C having a quality factor of 30 which
covers the wireless distance more than 20 mm with oper-
ating frequency of approximately 350 MHz, evidencing the
increased wireless distance with improved quality factor Q
of the sensor [52].
In order to increase the inductance value of the sensor

coil, a multilayer inductor can be used as reported in [60]
and [61]. However, at high-frequency sensor operation, the
parasitic capacitance between the inductive coil traces comes
into play and needs careful handling. Moreover, the value of
the inductive coil of the sensor can be increased by intro-
ducing a magnetic material such as a ferrite core with the
inductive coil to obtain a stronger coupling between the wire-
less interrogating coils. Harpster et al. proposed a humidity
sensor based on polymide as sensitive capacitor and solenoid
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TABLE 1. Comparison of relative deviation of sensor operating frequency
(
f − fS

)
/fS across wireless distance ranges in different measurement

techniques.

coil wound around a ferrite substrate to improve the wireless
distance upto 20 mm [73]. However, integrating magnetic
material further increases the size of the coil, and weight of
the sensors.

A high-quality factorQ is always desirable for the wireless
operation of the LC sensors which essentially increases the
wireless interrogation distance between the sensor and reader
as well as improves the accuracy of sensors measurements.
The quality factor Q of the LC sensor can be improved by
tackling the losses that are present in the sensors. These losses
include copper conduction losses in inductive coil, dielectric
losses in dielectricmaterial of the sensing element–capacitor–
, skin effects, and radiation losses [74], [75]. The copper con-
duction losses are mainly the resistive loss which is always
present for both low and high frequency sensor operation
and can be compensated by selecting high conductive coil
materials, resulting a lower equivalent series resistance of the
coil. For high frequency applications, skin effects appear on
coil surfaces which contributes to high frequency losses of
the LC sensor. Such high frequency losses can be reduced
by using litz wire to design inductive coil [76], [77]. The
dielectric loss can be tackled by selecting low-loss dielectric
material for the sensing element and the radiation loss can

be tackled by shielding the sensor during high frequency
operation.

Furthermore, it has been shown in section (III) that for dip
meter and phase dip sensor measurement, a high Q sensors
provides a sharper peak in bothmeasurements. The numerical
simulation in Fig. 5. (d) shows that measuring the maximum
of the real part of equivalent impedance for a sensor with a
quality factor Q = 105 is 2.3 times higher than measuring
the maximum of the real part of equivalent impedance for
a sensor with a Q = 25, resulting in a higher value of the
equivalent impedance and, thus, an improved SNR for the
readout signal. For time domain measurement, as reported
in equation (30), the damped decay frequency becomes the
resonant frequency of the sensor when high Q of a sensors is
ensured. The damped decay signal for k = 0.4 indicates the
higherQ value than the k = 0.1, as shown in Fig. 7. (a), where
the Q of a sensor is extracted from the exponential envelope
of the decay signal as e−t/τd . Furthermore, Fig. 7. (a) shows
that the amplitude and length of the decay signal increase
with high Q value of the sensor. Therefore, measurability of
sensors readout greatly improves for higher value ofQ in both
frequency and time domain measurement, by improving the
SNR of the readout signal.
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The coupling coefficient k between the two inductive coils
L1 and L2 has also a significant effect on the sensor readout
signal, since k depends on the geometrical parameters of
the coils such as their distances, and relative orientation.
Hence, many wireless LC resonant sensors are measured
by keeping such geometrical parameters fixed and constant.
However, in many practical wireless LC sensor applications,
keeping the distance and alignment between the sensors coils
fixed and constant is impractical, and requires k independent
measurement of the sensors. This review has shown that the
measurement of the real part of the equivalent impedance
of the readout coil in frequency domain, and measuring the
voltage of the readout coil in the time domain are theoret-
ically independent of the coupling coefficient k , hence not
affected by the distance between the sensor and the reader
circuit. But the presence of parasitic capacitance, which
appears in parallel with the readout coil of the sensor for
both frequency and time domain measurement eliminates the
integrity of k in a distance-independent wireless measure-
ment of the sensors. To resolve the k dependence in these
measurements, a compensation circuit is required to cancel
the unavoidable parasitic capacitance. The Table 1 shows the
comparison of relative deviation of the resonant frequency
across wireless distance ranges in different measurement
techniques with and without parasitic capacitance compen-
sation circuit. It can be observed that the relative deviation
of the resonant frequency significantly reduced to 0.02%
for the measurement where a compensation circuit has been
employed.

VII. CONCLUSION
The fundamental operating principles of the wireless passive
LC sensors, and their measurement techniques, such as time
and frequency domain, have been reviewed, as well as how
these two methods can precisely measure the resonance fre-
quency of the sensor. Phase dipmeasurement in the frequency
domain has been applied in many applications, but accurate
sensor measurement using the phase dip technique requires
a fixed wireless distance because phase dip measurement is
highly dependent on the coupling coefficient k , and thus not
suitable for wireless distance independent sensor measure-
ment. The dip meter measurement in the frequency domain
and the damped decay response in the time domain mea-
surement, on the other hand, are theoretically independent
of the k , resulting in distance independent wireless measure-
ment of the sensor. However, both measurement techniques
suffer from unavoidable parasitic capacitance which appears
in parallel to the sensor’s readout coil, resulting in a dis-
tance dependent wireless sensor measurement. Such unde-
sired dependency due to the presence of parasitic capacitance
can be reduced significantly or completely eliminated when
a parasitic compensation circuit is employed in parallel to the
readout coil. This information will be of great value for future
development of LC sensors that require accurate wireless
readout.
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