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Abstract: Dielectric sensing based on capacitive measurement technology is a favourable mea-
surement approach in many industries and fields of application. From an electrical point of view,
a coupling capacitance must be measured in the presence of stray capacitances. Different receiver
circuit structures have been proposed for the underlying displacement current measurement. Ideally,
the sensor assembly is directly connected to the sensor circuitry to minimize the influence with
respect to these parasitic capacitances. However, under harsh operating conditions, e.g., at high
temperatures, the sensor and the receiver circuit must be separated in order to protect the electron-
ics. Consequently, the receiver circuit and the sensor have to be connected by cables, e.g., coaxial
cables. The measurement setup differs significantly from the ideal design with a direct connection.
In this paper, we investigate the behaviour of three common measurement circuits for capacitive
measurements in instrumentations with cables. We study the interaction between the sensor and the
electronics and analyse the operating behaviour of the circuit, as well as the operating states of the
amplifiers used. We also address cross-sensitivities in the sensor design due to stray capacitances.
The analyses are carried out for different cable lengths and measuring frequencies, and conditions for
the usability of the circuit are deduced. In addition to the operational behaviour, we also evaluate
the circuits by means of a noise analyses. Based on this analysis, we show a direct comparison of
the circuits. The analysis is based on simulation studies, as well as collaborative measurements on
test circuits where all circuit parameters are provided. The test circuits are realized with dedicated
state-of-the-art circuit elements and, together with the analysis approach and the results, thus provide
a basis for future developments.

Keywords: frequency-spectroscopy; transmission line; noise; SNR; radio frequency; receiver circuit;
impedance transformation

1. Introduction

The characterisation and monitoring of materials and substance properties based
on dielectric sensing is a well-established approach for many scientific and industrial
applications [1]. Examples can be found in agricultural applications [2,3], monitoring of
food [4], forestry [2–7], biomass [6], and biofuels [7]. For example, moisture content is
an essential parameter for the quality of these goods. Due to its sensitivity to moisture,
dielectric sensor technology is suitable for these measurements.

Yet the sensing capabilities of dielectric sensing have also been applied in various other
applications; e.g., in [8] dielectric sensing is presented for ice sensing in environmental
monitoring [9–11]. The capabilities also extend towards process tomography [12–17].

Figure 1 gives an overview of different sensor schemes for the various applications of
dielectric sensing. The black lines mark the electrodes. The ellipse-shaped object shows
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the material/sample to be characterised. The capacitance measurements are indicated by
the instruments. Figure 1a depicts a probe scheme for material measurements [18]. Here,
the material to be characterised is placed within a well-defined electrode array. Figure 1b
shows a sensor arrangement for environmental measurements, where the material is placed
in front of electrodes [19]. Figure 1c shows a sensor arrangement for process tomography
where the material is inside a tube and the electrodes are placed outside.

εr

C

1

(a) Material sensing.

εr

C
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(b) Environmental sensing.

C

C

C

εr

εr

1

(c) Tomographic application.

Figure 1. Illustration of different sensor schemes for dielectric sensing. The fundamental electrical
measurement task is the determination of the coupling capacitances between electrodes.

In all sensor schemes shown in Figure 1, the capacitance meters are directly connected
to the electrodes. This represents an ideal configuration for measuring capacitance [20].
However, in harsh environments, e.g., applications with high temperature exposure, this
is often not possible. The electronics must be separated from the front end to reduce the
stress and protect the electronics. As a rule of thumb, an increase in operating temperature
of about 10 ◦C will result in a reduction in component life by half [21–23]. Conversely,
a temperature reduction of about 10 ◦C leads to a doubling of the expected lifetime [23–25].

The subsequent separation of front-end and electronics requires suitable wiring of
the elements, e.g., by coaxial cables [26–28]. Figure 2 shows an example of an ECT sensor
in an industrial plant. The measuring electronics are located in a cabinet, and the sensor
electrodes and the electronics are connected via coaxial cables. The length of the cables is in
the range of 2.5 m.

Figure 2. Photography of an ECT system in an industrial process plant. The measuring electronics is
located in a cabinet, and the sensor electrodes and the electronics are connected via coaxial cables.

With regard to the properties for capacitive measurement, the influence of the cables
on the measurement system must be investigated. Figure 3 shows a simplified capacitive
measurement circuit, where CX represents the capacitance of interest, i.e., the capacitance
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between the electrodes. The capacitances Cs0 and Cs1 represent the stray capacitances of the
transmitting electrode and the receiving electrode, respectively, with respect to the system
ground (GND). Depending on the application, the stray capacitances can reach large values
with respect to the interelectrode capacitance CX. In electrical capacitance tomography
(ECT), for example, the typical values for the interelectrode capacitance are in the range
of some fF up to some pF [29,30]. To measure CX, a transmitter (TX) provides a sinusoidal
excitation signal of amplitude VTX and frequency fTX, resulting in the displacement current
ITX, which must be measured by a suitable receiver. This is illustrated by the amperemeter
shown in Figure 3, which is connected to the sensor via the cable.

Transmitter Sensor Cable Receiver

VTX

CX

IX

Cs0 Cs1 A

VX

Figure 3. Simplified circuit representation of a capacitive measurement device. For low-Z measure-
ments, a current measurement is used [26].

For the measurement of the displacement current IX, different front-end structures
have been proposed:

• A low-input impedance circuit based on a current to voltage converter [20]. This
configuration is optimal for a direct connection of the sensor and circuitry, as it shunts
parasitic capacitances. We refer to this as a low-Z receiver in this work.

• In [30], a resonant measurement circuit was proposed. This approach provides low
input impedance and additional amplification due to a resonance. We refer to this as
LCR receiver.

• An impedance-matched front-end design is proposed in [31], in which the input
impedance of the receiver is matched to the wave impedance of the line. We refer to
this as matched receiver.

In this article, we examine these three different circuit setups in terms of their mea-
surement behaviour and noise performance. This also includes the sensitivity to stray
capacitances. Thus, the analysis also extends the work presented in [31] with regard to
these aspects. The analysis is carried out using measurements as well as collaborative sim-
ulation studies for different cable lengths for the three receiver structures. For this purpose,
test circuits are built with dedicated state-of-the-art circuit elements. The behaviour of all
systems is compared with a directly connected variant, i.e., without cables. The nature of
the effects and mutual interactions requires a holistic analysis of the measurement system.
Therefore, in addition to the comparative results for the different circuits, the research and
modelling strategies are also new contributions presented with the article. The contribution
of the work can therefore be summarised as follows.

• Holistic system analysis by considering the interaction between the sensor and electronics.
• Investigation of a directly attached sensor and electronics assembly as well as a spatial

dislocated arrangement by means of the use of transmission lines.
• Simulation-based assessments of the achievable signal-to-noise ratio (SNR) and quan-

titative comparison of the topologies, considering the environmental impacts.
• Suggestion of established receiver structures and investigation of their applicability

for spectroscopic applications.
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Furthermore, for the test circuits, all circuit elements are stated, providing researchers
a quantified basis for further research.

This paper is structured as follows. In Section 2, the different circuits are introduced
and their basic behaviour for a direct connection, i.e., a measurement without cable, is
discussed. In the Sections 3–5 the presented circuits are analysed when using coaxial
lines for the sensor connection. The analysis is carried out using the test circuits and
includes an analysis of the system behaviour and a noise analysis. Based on the individual
results, a comparative summary is given in Section 6. Aspects such as sensitivity to stray
capacitances, technical effort, and complexity are also addressed.

2. Overview of Possible Receiver Structures

In this section, we present the different receiver concepts, which are investigated
and address their fundamental behaviour. We then outline the further research approach
addressed in the Sections 3–5.

Figure 4 depicts three receiver structures, which are considered in this work. They
are referred to as low-Z measurement circuit, matched measurement circuit [31], and LCR
measurement circuit [30], respectively. The receiver circuits were investigated with respect
to their behaviour to measure the capacitance CX within the configuration depicted in
Figure 3. The analysis carried out for typical capacitance values as they appear in electrical
capacitance tomography, where stray capacitances are typically large compared to the inter-
electrode capacitance [29,30]. An inter-electrode capacitance CX of 1 pF and a capacitance
of 10 pF is used for the stray capacitances Cs0 and Cs1 [32].

A

IRX,a

1

(a)

1

Rin

IRX,b

A

(b)

1

RT

LT

IRX,c

A

CT

(c)

Figure 4. Illustration of three received current measurement circuits, applicable for the circuit
shown in Figure 3. (a) Low-Z measurement circuit with an idealized input resistance equal to zero.
(b) Matched measurement circuit, by means of maintaining a desired input resistance Rin. (c) LCR
measurement circuit. The resonance circuitry also provides filter characteristics.

2.1. low-Z and Matched Receiver

Figure 4a shows the idealized low-impedance implementation of the receiver structure,
which maintains an input resistance equal to zero. Consequently, the stray capacitance Cs1
as shown in Figure 3 is short-circuited to the ground. Thus, the current IX can be ex-
pressed as

IX = i · 2 · π · fTX · CX ·VTX (1)

and the received current can be expressed by

IRX,a = IX. (2)

The corresponding frequency response is shown in the upper plot of Figure 5. At
a signal frequency of 50 MHz, the received current is about 314 µA.
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Figure 4b shows a displacement-current measurement circuit, maintaining a certain
input resistance Rin. For example, to be operated with transmission lines, Rin meets the
characteristic wave impedance of the transmission line. The circuit shown in Figure 4b is
referred to as z matched structure within this work. By considering the input resistance,
the received current for the circuit shown in Figure 4b can be determined by

IRX,b =

1
i·2·π· fTX·Cs1

Rin + 1
i·2·π· fTX·Cs1

· IX,b. (3)

IX,b is the displacement current across CX caused by the resulting series impedance of CX
and Cs1||Rin. The lower plot in Figure 5 shows the accompanying frequency responses
of the current IRX,b for two input resistance values, meeting two typical transmission line
impedances. The input resistor Rin creates a current divider with the stray capacitance of
the receiver electrode Cs1, which leads to a decrease in the received current IRX,b for an
increasing measurement frequency fTX. The maximum received current at a frequency of
50 MHz is about 0.31 mA and 0.304 mA for an input resistance of 50Ω and 75Ω, respectively.

0 10 20 30 40 50
0

0.2

0.4

0 10 20 30 40 50
0

0.2

0.4

Figure 5. Receive current frequency responses for the low-Z circuit (upper plot) and matched input
stage (lower plot) depicted in Figure 4a,b, respectively. An excitation voltage VTX of 1 V is applied,
CX = 1 pF, Cs0 = Cs1 = 10 pF. The maximum low-Z received current at a frequency of 50 MHz is
about 0.314 mA. The maximum received current emerging for the matched input stage at a frequency
of 50 MHz is about 0.310 mA and 0.304 mA for Rin = 50Ω and Rin = 75Ω, respectively.

Figure 6 shows the ratio of the matched received current to the low-Z received cur-
rent IRX,b/IRX,a. The frequency response in Figure 6 highlights the impact of the stray
capacitance Cs1 and the input resistance value on the determined received current magni-
tude. As can be seen, an increased input resistance value leads to a reduced received current
at high frequencies for the matched structure. An input resistance of 50Ω leads to a current
reduction of about 1.5%. This result indicates a minor influence of Rin on the received
current in the investigated frequency span, for a receive electrode stray capacitance Cs1
of 10 pF.
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Figure 6. Current ratio IRX,b/IRX,a of the received currents determined with the circuit topologies
shown in Figure 4a,b.

2.2. LCR Receiver

The circuitry in Figure 4c is referred to as resonant LCR receiver and has been sug-
gested by various authors, as it provides improved electromagnetic compatibility (EMC)
and additional amplification when operated at resonance frequency [33–36].

The impedance of a resonant inductor–capacitor resistor (LCR) parallel circuit shows
a maximum when operated at its resonant frequency [37]. Intrinsic losses of the inductor LT,
represented by RT, lead to a significantly lower input impedance [38]. Thus, the circuit
falls also into the class of low-Z receiver structures [30,36], yet this has not to be confused
with the low-Z circuit depicted in Figure 4a. The corresponding received current can be
determined by

IRX,c =

1
i2π fTX·(Cs1+CT)

RT + i2π fTX · LT + 1
i2π fTX·(Cs1+CT)

· IX,c. (4)

IX,c is the displacement current across CX caused by the resulting series impedance of CX
and (Cs1||CT)||(LT + RT). In contrast to the other two receivers, this circuit requires a more
careful setting of the components in the front-end. From a system point of view, the
resonance frequency of the circuit has to be selected. In this work, we take the values
for LT, CT and RT, as in [30], which leads to a resonance frequency of 40 MHz. This value
was selected as frequencies in the range of a few 10 MHz allow for easy realisation [30].
Figure 7 depicts the corresponding frequency response of the current.

By utilizing the resonant circuitry to measure the displacement current in Figure 3,
the parasitic stray capacitance Cs1 contributes to the resulting resonant frequency, which
can be determined by [26]

f0 =
1

2 · π ·
√

LT · (CT + Cs1)
. (5)

To minimize the undesired impact of parasitic capacitances, the implementation of CT
by means of a tunable varactor diode is suggested [26,30]. The diode capacitance has to be
adjustable over the expected stray capacitance range. Based on its principle, the LCR input
stage provides a narrow frequency band around its resonance frequency, thus limiting
this circuit to narrow-band spectroscopy applications. A resonance frequency tuning of
about ±25% can be achieved by the use of a varactor diode [39]. The use of a switchable
capacitor bank using digitally controlled switches would be a further possibility to increase
the tunable frequency range. The used switches also introduce parasitic capacitances.
Further, the switch-on resistance causes a reduction in the current gain, as the on-resistance
of a closed switch leads to a reduction in the quality factor Q of the LCR circuit [26].
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1 10 50
10-3

10-2

10-1

100

101

Figure 7. Frequency response of the current for the LCR input stage shown in Figure 4c. Component
values stated in [30] were used to obtain a resonant frequency of 40 MHz. The LCR circuit has
a quality factor Q of 9.6. An excitation voltage VTX of 1 V is applied, CX = 1 pF, Cs0 = Cs1 = 10 pF.

As discussed, the impedance of a resonant LCR parallel circuit shows a maximum
when operated at its resonant frequency, thus having an impact on the receiver circuit’s
linearity [26]. Figure 8 shows the normalized received current for an excitation frequency
of 40 MHz as a function of CX. The red-dashed tangent shows the ideal linear behaviour.
As can be seen, the investigated LCR structure shows an almost linear characteristic for
capacitances up to 10 pF, which covers the range of typical inter-electrode capacitances
occurring in ECT applications [29,30].

0 10 20 30 40 50
0

0.2

0.4

0.6

0.8

1

Figure 8. Normalized received current of the LCR circuit shown in Figure 4c for an excitation
frequency of 40 MHz, as a function of the inter-electrode capacitance CX. The tangent indicates the
ideal linear behaviour.

By comparing the analytical results in Figures 5 and 6, and considering the influence of
stray capacitance Cs1 on the resonant frequency of the LCR circuit, shown in Equation (5),
the direct attached assembly of the sensor and the low-Z receiver structure exhibits superior
immunity to stray capacitances. Therefore, a direct attached configuration of the low-Z
circuit has been suggested by various authors [40–42]. The low-impedance input stage is
also used by a variety of measurement systems in combination with cables [43–46].

2.3. Outline of the Further Analysis

Given the initial discussion of the three different receiver structures, Sections 3–5
present a technical analysis of the circuits regarding their properties within instrumenta-
tions, which include transmission lines. Each section is divided into two parts. The first part
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of the analysis addresses the aspects about the electrical behaviour of the circuit. The second
part shows a noise analysis of the circuit. For each of the proposed receiver structures
a test board was built, using selected circuit elements, e.g., dedicated high speed opamps.
Figure 9 shows photographs of the circuit boards. Details about the actual realization are
addressed in the specific Sections.

Figure 9. Realized circuits of the theoretical representations in Figure 4 to perform compara-
tive measurements.

3. Low-Z Receiver

In this section, we address the behaviour of a low-Z receiver in combination with
transmission lines. Figure 10 shows the circuit realization of the low-Z input stage by
means of a transimpedance amplifier (TIA). The circuitry uses the AD8000 opamp from
Analog Devices [47]. It provides a low-impedance virtual-ground [48] for the investigated
frequency span [31,32]. The capacitive Π-network shown in Figure 10 has been realized by
lumped capacitors. All component values are listed in the caption.

ZRX ZSensor,trns

VTL,out

ZRX,trns ZSensor

Vini

Rout

VTX

CX

Cs0 Cs1

lcable

Z0

−

+

Rf

VRX

ITL,out

Figure 10. Low-impedance receiver circuit connected to a capacitive Π-network by means of a trans-
mission line with length lcable and impedance Z0 = 50Ω. Rout = 50Ω, Rf = 500Ω, CX = 1 pF,
Cs0 = Cs1 = 10 pF.

The impedances ZRX and ZSensor in Figure 10 denote the impedances of the circuitry
and the sensor. ZRX,trns and ZSensor,trns are the corresponding impedances measured with
the transmission line.

3.1. Low-Z Receiver: Behaviour of ZRX,trns and ZSensor,trns

To study the influence of the transmission lines, network analyser [49] measurements
were used to investigate the low-Z receiver performance. The network analyser was cali-
brated by means of a through-open-short-match (TOSM) calibration [50]. The transmission
line has a characteristic impedance of Z0 = 50Ω. Reflection coefficient S11 measurements
are conducted at the entry point of the transmission line to determine the transformed
input impedance by [51]

ZRX,trns = ZNA ·
1 + S11

1− S11
. (6)

Here, ZNA = 50Ω denotes the reference impedance of the used network analyser.
Figure 11 shows the measurement result for ZRX,trns. For a direct connection (0 m) in
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Figure 11, the amplifier maintains a low impedance with an inductive behaviour, which
is caused by the operational amplifier used and the short copper trace on the printed
circuit board (PCB) [26]. This behaviour for ZRX is considered good for the realization of
a low-Z receiver.

0 10 20 30 40 50
10-2

100

102

104

0 10 20 30 40 50

-100

0

100

Figure 11. Measured magnitude
∣∣ZRX,trns

∣∣ and phase φZRX,trns
of the transformed input impedance

according for the low-Z receiver depicted in Figure 10, for three different transmission line lengths.
The result for a length of 0 m corresponds to ZRX. At the point where the blue trend and the gray
trend of

∣∣ZRX,trns
∣∣ meet, a λ/2 setup is obtained.

In the frequency response plot of the impedance for a 2.5 m long transmission line,
two resonances can be observed at about 19 MHz and 38 MHz. The maximum impedance
at 19 MHz is caused by a λ/4 transformer, which transforms the low input impedance ZRX
of the receiver into a high impedance [52] by

ZRX,trns =
Z2

0
ZRX

. (7)

As a result, the properties of the receiver are lost at the sensor. For the 2.5 m long
transmission line, the second resonance at 38 MHz is due to a second λ/4 transformer
effect. The resulting λ/2 transformer provides

ZRX,trns = ZRX. (8)

Hence, for a line length of λ/2, the original input impedance of the low-Z receiver
appears at the sensor. This can also be observed by the blue impedance trend in Figure 10,
which matches the original trend without a line. Thus, for the λ/2 transformer, the
transmission line has no influence. In the frequency response plot of the impedance
for a 1 m long transmission line, only one resonance can be observed, which is for the
corresponding λ/4 transformer. The λ/2 transformer is not obtained in the measurement.

While the λ/4 and λ/2 transformer form dedicated points in the operation of the
receiver with the cable, it is remarkable that, also for low frequencies, e.g., for 1 MHz,
a significant variation in the impedance appears. ZRX,trns is still low with respect to the
impedance of Cs1; e.g., at 1 MHz, the impedance is in the range of 16 kΩ. However,
the measurement shows the considerable influence of the line.

All resonance frequencies lengths are in good agreement with the theoretical values,
which can be determined by

λ =
c

VF · f
(9)
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Here, c is the speed of light in vacuum, and VF is the velocity factor, which is 0.66 for
the RG174 [53] cable used. Generally, the impedance transformation due to a transmission
line can be computed by [52]

ZRX,trns = Z0 ·
ZRX + i · Z0 · tan (β · lcable)

Z0 + i · ZRX · tan (β · lcable)
. (10)

β( fTX) represents the frequency dependent phase constant of the transmission line. It can
be determined from

γ = α + iβ =
√(

R′ + i2π fTXL′
)
·
(
G′ + i2π fTXC′

)
. (11)

where α is the attenuation constant and γ is the propagation constant. The resistance,
inductance, conductance, and capacitance per unit length are represented by R′, L′, G′,
and C′, respectively. Equation (10) can also be used to analyse the impedance ZSensor,trns,
which is shown in Figure 12. For the line, the parameters G′ = 0 S

m , R′ = 1 Ω
m , L′ = 250 nH

m ,
and C′ = 100 pF

m have been used. At λ/2, the impedance ZSensor,trns equals ZSensor. Note
that the frequency for the λ/2 is slightly shifted with respect to the measurement. We
attribute this to the deviation of the RG174 cable from the ideal behaviour, which was used
in the simulation.

0 10 20 30 40 50
10-2

100

102

104

106

Figure 12. Analytical result of the transformed sensor impedance ZSensor,trns, as depicted in Figure 10.
The result for a length of 0 m corresponds to ZSensor. Close to 40 MHz, where the blue trend and the
red trend meet, a λ/2 setup is obtained.

3.2. Low-Z Receiver: Output Behaviour

In this section, we address the output behaviour of the low-Z receiver. For the in-
vestigation, we performed measurements of the transmission coefficient S21 of the circuit
depicted in Figure 10. Therefore, port 1 of the network analyser is attached to the left side
of the lumped Π-network shown in Figure 10 and port 2 measures VRX. Measurement
results for three different transmission line lengths are shown in Figure 13. The power of
the excitation was set to −20 dBm at 50Ω. The frequency response determined for a cable
length of 0 m represents the direct attached assembly investigated in Section 2.

For the direct attached assembly the stray capacitance Cs1 has no effect on the deter-
mined frequency response of the transmission coefficient, thus providing a linear behaviour.
For the measurement with the transmission lines, again distinct peaks can be observed at
the frequencies corresponding to the λ/4 transformer for the specific lines. It is important
to understand that, although a larger measurement signal is provided, measurements
should not be taken at these frequencies. The impedance ZRX,trns at the sensor is not low
but transformed to a high value as described by Equation (7). Hence, Cs1 is not shunted.
This deviates from the low-Z measurement scheme and leads to higher cross sensitivities
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in the sensor with respect to ZRX,trns. Yet for lcable = 2.5 m at 39 MHz, the same behaviour
as for the direct connection can be observed due to the λ/2 transformer. Thus, only for the
λ/2 setup is the signal path well defined, and this should be used for measurements with
the low-Z receiver with transmission lines.

1 10 50
-50

-40

-30

-20

-10

0

10

20

Figure 13. Measurement results for three different cable lengths for the circuit in Figure 10, determined
by a network analyser.

To show the behaviour of the operational amplifier, we studied the signals VTL,out
and ITL,out as defined in Figure 10. From the measurements, we evaluate ITL,out by

ITL,out = −
VRX

Rf
= −

VTX·S21
2

Rf
. (12)

and VTL,out by
VTL,out = ITL,out · ZRX. (13)

The input impedance ZRX of the transimpedance amplifier is taken from the measure-
ments. Rf denotes the feedback resistor. For a second approach, which we refer to as the
analytic approach, we evaluate the quantities using the relations

V
(
z, z′

)
= Vini e−γz

(
1 + ΓRX e−2γz′

1− ΓSensor ΓRX e−2γlcable

)
, (14)

I
(
z, z′

)
=

Vini
Z0

e−γz

(
1− ΓRX e−2γz′

1− ΓSensor ΓRX e−2γlcable

)
, (15)

which describe the transformation of the voltage and the current along the transmission
line. Vini is the input voltage of the line [54]. ΓRX and ΓSensor are the reflection coefficients
of the sensor and the transimpedance amplifier, respectively. They are computed by

Γi =
Zi − Z0
Zi + Z0

. (16)

ΓRX is evaluated from the measurement of the ZRX of the transimpedance-amplifier.
For the sensor, we used the equivalent circuit model as mentioned above. The results
for the cable length of 2.5 m are depicted in Figure 14 and show a good agreement for
the two approaches. The result coincides with the transmission measurement depicted
in Figure 13. For the λ/4 transformer, the current shows a peak, which leads to the high
output value. However, the high value of VTL,out of the opamp indicates an unfavourable
operating condition. Thus, in addition to the higher cross-sensitivity in the sensor, there is
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also a higher strain on the component, showing again that the peaking for λ/4 should not
be used for measurement. For the low-Z receiver, a λ/2 setup has to be used.

1 10 50
10-7

10-5

10-3

1 10 50
10-4

10-2

100

Figure 14. Voltage and current peaking at the output of a 2.5 m long transmission line, as depicted in
Figure 10. The measurement result of a direct attached assembly (lcable = 0 m), shown in Figure 11, is
used to determine the trends denoted by “Analytic”, according to Equations (14)–(16), with G′ = 0 S

m ,
R′ = 1 Ω

m , L′ = 250 nH
m and C′ = 100 pF

m . The frequency responses marked by “Measurement” are
determined by the use of the transfer coefficient S21 in Figure 13.

3.3. Low-Z Receiver: Noise Characteristics

In this section, we present a noise analysis for the low-Z input stage in combination
with transmission lines. Therefore, a SPICE simulation is performed, including the amplifier
model provided by the manufacturer. Due to the inverting amplifier structure, the current
noise at the positive input of the opamp causes no contribution to the noise voltage at the
output. The current at the negative input flows over the feedback resistance Rf, where it
contributes with a constant noise floor. However, with respect to its effect on the output,
the noise voltage of the opamp must be examined more closely. Figure 15 shows the
investigated configuration for this noise analysis. The source en,OA− at the negative input
presents the spectral voltage noise density. For its analysis, the capacitive Π-network and
the transmission line must be considered as well.

ZSensor ZSensor,trns

Rout

CX

Cs0 Cs1

lcable

Z0

−

+

Rf

en,OA−

en,RX,OA−

Figure 15. Circuit configuration of the low-Z input stage to determine its output voltage noise. As an
example, the voltage noise spectral density en,OA− of the inverting amplifier input and its resulting
output voltage noise spectral density en,RX,OA− are shown. Rout = 50Ω, Rf = 500Ω, CX = 1 pF and
Cs0 = Cs1 = 10 pF.

Figure 16 shows the resulting total voltage noise spectral density en,RX,total for three
transmission line configurations. For the presented setup and opamp, we found that the
voltage noise is the dominant noise source. Therefore, although the results depicted in
Figure 16 show the total noise, they are representative of the discussion of the voltage
noise. The two peaks in Figure 16 for a 1 m and a 2.5 m long cable are again a result of the
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impedance transformation property of the transmission line. The spectral noise density
en,OA− is amplified by

en,RX,OA− = en,OA− ·
∣∣∣∣1 + Rf

ZSensor,trns

∣∣∣∣. (17)

For λ/4 the impedance ZSensor,trns becomes small, as shown in Figure 12, leading to
the significant amplification of the noise. For λ/2, the noise floor reaches the same low
value as for a direct connection.

0 10 20 30 40 50
10-2

10-1

100

101

Figure 16. Total output voltage noise spectral density of the investigated low-Z circuit for three
different transmission line lengths. The SPICE based simulation includes the capacitive Π network.

4. Matched Receiver

In this section, we address the matched receiver. Figure 17 shows a circuit realization
of the matched input stage illustrated in Figure 4b. The inverting operational amplifier
includes an input resistance Rin, which meets the characteristic wave impedance Z0 of 50Ω.
By providing a defined input resistance of 50Ω, high-frequency effects such as impedance
transformation and standing waves are avoided.

ZRX,trns ZRX ZSensor,trns

Rout

VTX

CX

Cs0 Cs1

lcable

Z0

−

+

Rin

Rf

VRX

Figure 17. Matched receiver circuit connected to a capacitive Π-network by means of a transmission
line with length lcable and impedance Z0 = 50Ω. Rin = Rout = 50Ω, Rf = 500Ω, CX = 1 pF,
Cs0 = Cs1 = 10 pF.

4.1. Matched Receiver: Behaviour of ZRX,trns and Output Behaviour

Figure 18 shows the measurement results of the transformed receiver input impedance
for the three different cable lengths, determined by a network analyser. The measurement
result for a cable length lcable of 0 m represents the non-transformed input impedance ZRX,
as depicted in Figure 17. The matched receiver structure maintains an input impedance
close to the desired 50Ω for the investigated frequency range. The deviations from 50Ω
are actually due to the tolerances of the Z0 of the transmission line [53].
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Figure 18. Measured magnitude
∣∣ZRX,trns

∣∣ and phase φZRX,trns
of the transformed input impedance

according to Figure 17 for three different transmission line lengths. The result for a length of 0 m
corresponds to ZRX.

Transfer coefficient S21 measurement results for the matched input stage are shown
in Figure 19. The result for a cable length of 0 m, corresponds to the analytical result
presented for direct attached assembly in Figure 5, investigated in Section 2. As can be seen,
the transfer performance of the matched circuit is almost independent of the transmission
line length used. The minor deviations can be compensated by calibration.

1 10 50
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-40

-35

-30

-25

-20

-15

Figure 19. Measurement results for three different cable lengths for the circuit in Figure 17, determined
by a network analyser.

4.2. Matched Receiver: Noise Characteristics

The SPICE-based noise simulation results of the matched input stage including the
capacitive Π-network are illustrated in Figure 20. For the direct connection, a constant noise
floor is obtained. The noise floor equals the noise floor of the low-Z receiver for a direct
connection. The oscillations for the noise floor when using cables can again be explained by
the impedance ZSensor,trns, which is depicted in Figure 12. Yet the resistance Rin limits the
amplification of the noise. This can also be seen by Equation (17), where the resistance Rin
appears in the denominator, limiting the amplification to the gain of the amplifier.
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0.016

0.018
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Figure 20. Total output voltage noise spectral density of the investigated matched input stage for three
different transmission line lengths. The SPICE-based simulation includes the capacitive Π-network.

5. LCR Receiver

The LCR input stage has been suggested for a direct attached assembly of the sensor
and the electronics [36]. In contrast to the other two circuits, this circuit is tuned to a specific
measuring frequency. Therefore, the discussion in this section has a different structure.

ZSensor

ZRX,trns ZRX

Rout

VTX

CX

Cs0 Cs1

lcable

Z0

−

+

RT

Rf

LT

CT VRXZOA

Figure 21. Resonant receiver circuit connected to a capacitive Π-network by means of a transmission
line with length lcable and impedance Z0 = 50Ω. Rout = 50Ω, Rf = 500Ω, CX = 1 pF, Cs0 = Cs1 =

10 pF.

5.1. Design of a Matched LCR Receiver Input Stage

In this section, we address the design of an LCR receiver input stage, which has an
input impedance of Z0 at its resonance frequency. We refer to this as matched LCR receiver.
The circuit implementation of the resonant LCR input stage, illustrated in Figure 4c, is
shown in Figure 21. The capacitance CT and the inductance LT form a parallel circuit. At the
resonance frequency

f0 =
1

2 · π ·
√

LT · CT
(18)

the input impedance of an ideal parallel resonant circuit is high. This is actually not suited
for the capacitive measurement, yet because of the resistance RT, the real resonance circuit
can have low impedance values. Note that the resistance RT also leads to a shift of the
resonance frequency by [55,56]

fp = f0 ·

√
1− 1

Q2 . (19)
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where the quality factor Q (Q factor) is given by

Q =
1

RT
·

√
LT

CT
. (20)

For the application of the LCR input stage with a transmission line, we design the
input stage to have an input impedance of Z0 = 50Ω. Following [36], we design the circuit
for a resonance frequency of 40 MHz. LT and CT can then be determined by

LT =

√
Z0 · RT − R2

T

(2 · π · fTX)
2 (21)

and
CT =

LT

Z0 · RT
. (22)

With a resistance of 1Ω for RT, we obtain a capacitance of about 557 pF and an
inductance of 27.85 nH. The Q factor is Qmatched = 7.36.

The resulting frequency responses of the transfer coefficient for a direct attached
assembly (lcable = 0 m), determined by a SPICE simulation, are shown in Figure 22. Note
that, for a directly attached assembly, the parasitic stray capacitance Cs1, as depicted in
Figure 3, has to be considered, which leads to a lumped capacitance of C̃T = CT − Cs1.
The simulations have been performed for two different operational amplifiers. The AD8099
from Analog Devices [57] has been suggested for this kind of receiver topology by [36,58].
The good input impedance performance of the AD8000 is shown in Sections 3 and 4.

1 10 50
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-40

-30

-20

-10

0

10

Figure 22. Transfer function of the matched LCR circuit determined by a SPICE simulation obtained
for a direct attached assembly, as discussed in Section 2. The simulations were performed for two
different operational amplifiers.

For the grey and red trends depicted in Figure 22, which are labelled “not adjusted”,
a significant deviation from the desired resonant frequency of 40 MHz can be recognized.
We identified the cause for this shift by the input impedance ZOA of the amplifier, which
we marked in Figure 21. Figure 23 shows an analysis of ZOA for the two amplifiers. ZOA is
of inductive character; e.g., for the AD8000, an equivalent input inductance and resistance
of 3.72 nH and 109 mΩ can be determined for 40 MHz.

By adjusting LT, the blue trend in Figure 22 can be obtained, where the circuit shows
the desired behaviour with respect to the resonance frequency. Note that to meet the
intended resonance frequency, printed circuit board (PCB) parasitics [59,60], as well as the
parasitics of the used lumped components, have to be considered [61,62]. We also studied
the temperature behaviour of this circuit in SPICE simulations and found that ZOA has
a significant temperature dependency. The SPICE simulations have been carried out at 27 °C.



Sensors 2023, 23, 1148 17 of 27

For 85 °C, we obtained a frequency shift of 0.3 MHz towards lower frequencies. The shift
results in a reduction in the transfer coefficient S21 of approximately 0.3 dB. With respect to
measurement applications in harsh environments, this aspect should not be overlooked.
In contrast, the other circuits show a robust behaviour with respect to this property.

1 10 50
0

5

10

1 10 50
40

60

80

100

Figure 23. Input impedance magnitude |ZOA| and phase φZOA
for two different operational amplifiers,

as depicted in Figure 21. The impedances have been determined by a SPICE simulation.

5.2. LCR Receiver: Behaviour of ZRX,trns

In this section, we present measurements of ZRX,trns for the matched LCR receiver.
In addition, we present measurements for an LCR receiver, which is not matched. The com-
ponent values have been taken from [36], where the receiver designed for a direct con-
nection. Figures 24 and 25 present the measurements of ZRX,trns for the matched and the
non-matched design, respectively. For the matched design, we observe a good agreement
between ZRX,trns for a direct connection and for both cable lengths at the resonance fre-
quency. In contrast to the low-Z receiver, the cable length is a degree of freedom for the
matched LCR receiver.

For the measurements depicted in Figure 25, the unmatched receiver has an input
impedance of about 110Ω. The Q factor of this receiver input network is Q = 16.36.
The impact of this mismatch can be directly observed. For the line length of 1 m, a significant
impedance transformation is present. For the line length of 2.5 m, a deviation from the
behaviour of the matched receiver can be observed.

0 10 20 30 40 50
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0 10 20 30 40 50
-100

0

100

Figure 24. Measured magnitude
∣∣ZRX,trns

∣∣ and phase φZRX,trns
of the transformed matched LCR input

impedance according to Figure 21, for three different transmission line lengths. The result for a length
of 0 m corresponds to ZRX. The impedance magnitude at 40 MHz is about 50Ω for all three cable
lengths. The corresponding phase at 40 MHz is close to 0 ◦.
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Figure 25. Measured magnitude
∣∣ZRX,trns

∣∣ and phase φZRX,trns
of the transformed input impedance

according to Figure 21, for three different transmission line lengths. The result for a length of 0 m
corresponds to ZRX.

5.3. LCR Receiver: Output Behaviour

In this section, measurement results for the transfer coefficient S21 of the matched and
the not-matched LCR receiver are presented. Figure 26 depicts the measurement result for
the matched receiver. At the resonance frequency, again, all trends meet.
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Figure 26. Measurement results for three different cable lengths of the matched version of the
resonant LCR circuit shown in Figure 21. As the circuit input impedance in Figure 24 is close to 50Ω
at 40 MHz, almost the same transfer coefficient is obtained at 40 MHz for all three cable lengths.

A second peak with equal signal strength can be observed at the λ/4 transformer
for the 2.5 m line. However, this point is again not suitable for measurements. At this
frequency, the input impedance of the LCR receiver deviates from Z0, so the transmission
line is not correctly terminated at the output. The impedance ZRX,trns at the sensor is
high. This again increases the cross-sensitivity with respect to Cs1 as this capacitance is not
shunted. Figure 27 shows the transfer coefficient measurements for the LCR receiver when
it is not matched. While the behaviour is similar, a deviation from the direct connection can
be observed for the 2.5 m line at the resonance frequency as a result of the not-well-defined
signal propagation. For the line length of 1 m, we observe a significant deviation from
the desired behaviour; e.g., the resonance peak appears below 30 MHz. The line causes
a significant detuning effect.

Figure 28 shows the transfer coefficient S21 at 40 MHz as a function of the quality pa-
rameter Q of the LCR receiver input stage. The diagram is the result of a SPICE simulation.
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For the line length of 2.5 m, the transfer coefficient S21 can be increased by the quality factor
Q, as this line length is close to the λ/2 transformer for a set resonance frequency. However,
an increased value of Q leads to higher input impedance of the receiver stage and hence
to a reduced shunting of Cs1. For the line length of 1 m, the setup is close to that of a λ/4
transformer. Here, a change in the quality factor Q shows no distinct improvement, which
we understand to be caused again by the detuning due to the line.
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Figure 27. Measurement results for three different cable lengths for the circuit in Figure 21, determined
by a network analyser. The input stage of the LCR receiver was not matched to the transmission line.
For the λ/2 setup, the blue and the gray trends meet.
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Figure 28. Transmission coefficient S21 at 40 MHz as a function of the LCR circuit quality factor
determined by a SPICE simulation. Qmatched denotes the quality factor of the matched LCR circuit.

5.4. Resonant LCR Receiver: Noise Characteristics

As for the other receiver structures, we performed SPICE-based noise simulations for
the LCR receiver. Figure 29 depicts the noise density at the output for the matched and the
unmatched LCR receiver. The noise floor for the line length of 2.5 m and the noise floor
for the directly connected receiver meet at the resonance frequency. This setup is close
to the λ/2 setup. While the resonance circuitry of the LCR receiver elevates the signal as
depicted in Figure 26, it also leads to an increased noise floor. This arises due to the series
resonance acting for the noise voltage. With a line length of 1 m, there is a frequency shift
of the maximum value. This can be explained by the impedance ZRX,trns, which is depicted
in Figure 12. This impedance causes a detuning of the resonance circuit, which leads to the
different behaviour.
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Figure 29. Upper plot: Total output voltage noise spectral density of the investigated matched
resonant LCR input stage with Qmatched = 7.36, for three different transmission line lengths. Lower
plot: Total output voltage noise spectral density of a non-matched resonant LCR input stage with
Q = 16.36, for three different transmission line lengths. The SPICE-based simulation includes the
capacitive Π network.

6. Receiver Structure Assessment

In the Sections 3–5, the three different receiver types in combination with transmission
lines were analysed. Their properties and different aspects have been addressed. In this
section, we summarize the main aspects for a comparison. Finally, we address the receivers
by means of a comparison of the SNR.

6.1. Receiver Operation Comparison
6.1.1. Low-Z Receiver

• Simple realization feasibility of the circuits possible with moderate effort.
• Even small transmission line lengths show a transformation of ZRX,trns to higher input

impedances. This also increases the cross-sensitivity with respect to parasitic capacitances.
• Selection of frequency and transmission line length: the frequency and the trans-

mission line length have to be matched to obtain a λ/2 transformer. In this case,
the circuit behaves as for a direct connection except for the attenuation of the line.
The attenuation can be calibrated.

• A λ/4 setup has to be avoided. Although it leads to high output signals, it creates
undefined signal propagation and harmful operating conditions for the opamp

• Noise: Same noise floor as with direct connection for λ/2 transformer. Significant
elevation of noise floor towards the λ/4 setup.

The low-Z receiver provides the best performance for a directly attached assembly.
With transmission lines, only a λ/2 setup should be used. Hence, the selection of the
measurement frequency and the line length is strongly related to each other. For this setup,
it achieves the same properties as for a directly connected receiver.

6.1.2. Matched Receiver

• Simple realization feasibility of the circuits possible with moderate effort. Vari-
ations of Z0 in the transmission line remain a minor source of deviations in the
circuit behaviour.

• Selection of frequency and transmission line length. Due to the matched setup, the fre-
quency can be selected independently from the transmission line length. The receiver
provides a constant input impedance.

• Noise: the receiver structure shows an almost constant noise floor over the whole
frequency range.
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The input impedance of this receiver leads to a minor reduction in the signal, which
was addressed in Section 2.1. However, this small deviation can be calibrated. In compari-
son to the low-Z receiver, the matched receiver provides a well-defined signal path, setting
no constraints on the choice of the measurement frequency and the line length. This enables
the matched receiver to be used in adopted measurement schemes, e.g., the application of
frequency spectroscopic measurement schemes.

6.1.3. LCR-Receiver

• Realization requires tuning of the input stage. The tuning is sensitive towards parasitic
effects of the assembly and the opamp. Furthermore, a relevant sensitivity with respect
to temperature changes was observed.

• Selection of frequency and transmission line length: the excitation frequency is a design
parameter. If the input stage is tuned to Z0, the line length can be arbitrary. Otherwise,
again, a λ/2 transformer setup should be used.

• Noise: the noise floor is also shaped by the LCR input stage. In a direct connection
setup or a λ/2 setup, the noise floor increases towards the selected resonance frequency.
Different line lengths can lead to a spectral shift of the rise in the noise floor.

In contrast to the low-Z receiver, the LCR receiver provides a degree of freedom with
respect to the length of the transmission line when it is matched. However, we found the
tuning of the resonance circuitry to be quite sensitive. An automated tuning, e.g., by means
of varactor diodes, as was suggested in [26,30], for directly attached sensors is only of
limited benefit, as the input impedance of the circuit should also be matched to Z0.

6.1.4. Summary of Relevant Signal-Propagation and Noise Effects

Table 1 provides a summary of the relevant observations and effects for the amplifier
concepts. For each investigated case, the relevant measurement and simulation results are
listed. Most of the observations are derived for the low-Z receiver, as the effects are most
pronounced in this circuit. Furthermore, the matched receiver is included. The results for
the LCR receiver are not included, as it requires the careful tuning of the input circuitry.

Table 1. Summary of key observations and comparison between measurements and simulations.

Nr. Description Measurement Simulation

1 low-Z Rec.: λ/2 effect Figure 11, Figure 13 Figure 12

2 low-Z Rec.: λ/2 effect; noise Figure 11 Figure 16, Figure 12,
Equation (17)

3 low-Z Rec.: λ/4 effect Figure 13 -

4 low-Z Rec.: λ/4 effect; noise Figure 11 Figure 16, Figure 12,
Equation (17)

5 Matched Rec. Figure 19, Figure 18 -

6 Matched Rec.: noise Figure 18 Figure 20, Equation (17)

In the following, the relevant points are briefly discussed, and the coherence between
the measurements and the simulation results is highlighted.

1. The impedance
∣∣ZRX,trns

∣∣ depicted in Figure 11 equals the input impedance of the
low-Z amplifier for a direct connection. Figure 13: The input–output behaviour of the
circuit with the transmission line equals a direct connection. Figure 12: The impedance
ZSensor,trns with the transmission line equals the impedance for a direct connection.

2. Figure 11:
∣∣ZRX,trns

∣∣ equals the input impedance for a direct connection. Thus,
ZSensor,trns equals ZSensor, leading to a minimum noise gain as stated by Equation (17).
Figure 16: the noise floor equals the noise floor for a direct connection.

3. Figure 13: The peak in the transmission behaviour is due to an impedance transfor-
mation. This behaviour is not suitable for measurements.
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4. Figure 11:
∣∣ZRX,trns

∣∣ is high, which subsequently leads to a low impedance ZSensor,trns,
as depicted in Figure 12. Thus, we observe a significant amplification of the noise as
formulated by Equation (17).

5. Figure 18 shows a constant input impedance of the matched receiver. This leads to
the output behaviour depicted in Figure 19.

6. The constant input impedance depicted in Figure 18 limits the amplification of the
noise. In Equation (17), the resistor Rin is added to ZSensor,trns, which limits the noise
amplification. This leads to the noise floor depicted in Figure 20.

6.2. SNR Comparison

In this section, we address the properties of the different receiver circuits by means
of the SNR. This comparison naturally has to consider the different characteristics of the
circuits; e.g., the low-Z receiver should only be used in a λ/2 setup, while the matched
receiver allows measurements independently of frequency and cable length. Hence, for
the low-Z receiver, the SNR should only be evaluated in one point, whereas the SNR of
the matched receiver can be evaluated over a certain frequency range. Furthermore, for
the LCR receiver, the SNR evaluation is only meaningful at the resonance frequency of its
input stage.

Due to this aspect, a comparison based on the definition of the SNR

SNR =
|VRX|2

|Vn|2
, (23)

where VRX is the output voltage and Vn is the total noise voltage, v does not yield a fair
assessment. In an actual measurement system, the receiver will be followed by a narrow
band filter Hf(i f ), which determines the system bandwidth. This filter can be realized as
an analogue filter or as a digital filter. The latter is of interest for frequency spectroscopic
systems, since the realization of a tunable analogue filter is challenging. Thus, we propose
an SNR comparison based on

SNR =
|VRX(i f )|2∫ ∞

f=0

∣∣Hf(i f )en,RX,total(i f )
∣∣2d f

≈ |VRx(i f )|2

en,RX,total(i f )2Bf
(24)

en,RX,total is the total noise density at the output, as has been evaluated in the previous
sections for the different receivers. The later approximation is valid due to the narrow
band characteristic of the filter Hf(i f ). Bf denotes the effective noise bandwidth. Thus, by
applying the logarithm, we can obtain

SNRdB = 10 log

(
|VRX(i f )|2

en,RX,total(i f )2

)∣∣∣∣∣
@PdBm,ref︸ ︷︷ ︸

SNRrel

+(PdBm − PdBm,ref)− 10 log(Bf) (25)

where we refer to the first expression as relative SNR, which we denote by SNRrel. It can
be directly obtained from a noise analysis and a simulation of the system, as discussed in
the previous sections. The simulation is performed with an excitation power of PdBm,ref;
e.g., in the previous simulations and experiments an excitation power of −20 dBm at 50Ω
(this corresponds to an RMS excitation of about 22.36 mV). Therefore, the second term in
Equation (25) expresses the gain in the SNR for a different excitation signal. Lastly, the
third term in Equation (25) expresses the reduction in the SNR due to the bandwidth of
the filter. Thus, the approach gives a fair comparison of the SNR properties of the different
receivers by SNRrel. The approach also gives access for estimating the SNR of a specific
system, e.g., by setting the excitation signal strength PdBm and the filter Hf(i f ).
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Figure 30 shows a comparison of the relative SNR of the three receivers for selected
cable lengths. The legend also shows at which point the receiver should be used for correct
operation. The bold lines depict SNRrel for the directly connected receivers. Here, no
significant deviation between the low-Z and the matched receiver can be found, which
is expected. The increasing relative SNR with respect to the frequency can be explained
by the increased displacement current. For the LCR receiver, a reduced relative SNR can
be observed. The evaluation has to be carried out at the resonance frequency of the input
stage. Although the resonant input stage leads to an amplification of the output as shown
in Figure 26, the noise floor also increases, as shown in Figure 29.

The results for a cable length of 2.5 m are depicted by the dashed lines. As expected,
the low-Z receiver reaches the same relative SNR for the λ/2 setup. For frequencies
below the λ/2 setup, the SNR is actually higher than for the directly attached setup. This
behaviour follows the measurements of the transmission coefficient depicted in Figure 13,
but as also the noise floor increases as depicted in Figure 16, the elevation of the relative
SNR is moderate. Yet it has to be stated that an operation of the low-Z receiver at this
point is not recommended. Furthermore, the relative SNR of the matched receiver shows a
deviation from the directly attached setup. This behaviour coincides with the results of the
noise analysis, e.g., the noise floor depicted in Figure 20.

For the matched LCR receiver, the relative SNR reaches the same level at the resonance
frequency as for the directly attached assembly. This behaviour is expected, as the configu-
ration is close to a λ/2 setup. Towards a frequency of 20 MHz, an elevation of the relative
SNR can be observed. At this frequency, the LCR input stage does not provide an input
impedance of Z0. Thus, the elevation of the SNR is again caused by undesired transmission
line effects. This corresponds to the transmission measurement depicted in Figure 26.

Figure 30 further includes the results for the matched and the LCR receiver for a cable
length of 1 m. For the matched receiver, a minor deviation is again visible, which can be
attributed to the same cause as for the line length of 2.5 m. An interesting effect appears
for the LCR receiver. While the output signal is the same, e.g., see Figure 26, due to the
matched resonance circuit, the maximum value of the noise density is shifted towards
a lower frequency, as depicted in Figure 29. This leads to an significant elevation of the
SNR with respect to the direct connection and for the line length of 2.5 m, which is close to
the λ/2 setup.
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Figure 30. Comparison of SNRrel for the different receivers setups.

The results of the relative SNR analysis provide a suitable assessment of the different
receivers and are in agreement with the previous results. The low-Z and the Matched
receiver show a well-defined behaviour, and the selection of a circuit falls back to the
points addressed in Section 6.1. Besides the addressed technical complexity of the LCR
receiver, the lower SNR also shows a less favourable behaviour for this type of receiver.
The elevation of the SNR by means of a transmission line element is an interesting option.
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We have not investigated this technique further, but we assume that this technique also
requires careful adjustment of the circuitry. In particular, parasitic capacitances of the
sensor also have to be considered.

7. Conclusions

In this paper, we have presented the analysis of different receiver topologies for capac-
itive measurement applications in combination with transmission lines. The analysis treats
electrical and system aspects of the behaviour of the different circuit structures. The results
definitely support the application of low-Z receiver structures or matched receiver struc-
tures. Low-Z receiver structures provide optimal behaviour in a λ/2 setup. However, this
puts a constraint on the selection between the line length and the measurement frequency.
In contrast, the matched receiver enables an independent choice for the selection of the
frequency and the line length. The analysis of the LCR receiver has indicated several
challenges and a reduced performance with respect to the SNR. The analysis approach and
considerations provide researchers with a solid understanding of the receiver structures
shown and indicate the necessary analysis steps for adapting further developments.
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Abbreviations
The following abbreviations are used in this manuscript:

BPF Band-pass filter
CF Carrier frequency
ECT Electrical capacitance tomography
GND System ground
High-Z High-impedance
IF Intermediate frequency
LCR Inductor-capacitor-resistor
low-Z Low-impedance
PCB Printed circuit board
RX Receiver
RMS Root mean square
SMD Surface mounted devices
SNR Signal-to-noise-ratio
TIA Transimpedance-amplifier
TOSM Through-open-short-match
TX Transmitter

References
1. Kremer, F.; Schönhals, A. Broadband Dielectric Measurement Techniques (106 Hz to 1012 Hz). In Broadband Dielectric Spectroscopy,

1st ed.; Kremer, F., Schönhals, A., Eds.; Springer: Berlin/Heidelberg, Germany, 2003; Chapter 2, pp. 35–57. [CrossRef]
2. Nelson, S.O. Agricultural applications of dielectric measurements. IEEE Trans. Dielectr. Electr. Insul. 2006, 13, 688–702. [CrossRef]
3. El Khaled, D.; Castellano, N.N.; Gázquez, J.A.; Perea-Moreno, A.J.; Manzano-Agugliaro, F. Dielectric Spectroscopy in Biomaterials:

Agrophysics. Materials 2016, 9, 310. [CrossRef] [PubMed]
4. Nelson, S.O. Dielectric Spectroscopy of Fresh Fruits and Vegetables. In Proceedings of the IEEE Instrumentationand Measurement

Technology Conference Proceedings, Ottawa, ON, Canada, 17–19 May 2005; Volume 1, pp. 360–364. [CrossRef]

http://doi.org/10.1007/978-3-642-56120-7
http://dx.doi.org/10.1109/TDEI.2006.1667726
http://dx.doi.org/10.3390/ma9050310
http://www.ncbi.nlm.nih.gov/pubmed/28773438
http://dx.doi.org/10.1109/IMTC.2005.1604135


Sensors 2023, 23, 1148 25 of 27

5. Liu, Y.; Li, D.; Qian, J.; Di, B.; Zhang, G.; Ren, Z. Electrical impedance spectroscopy (EIS) in plant roots research: A review. Plant
Methods 2021, 17, 1–25. [CrossRef]

6. Serrano-Finetti, E.; Mata, N.; Cerrillo, M. Sedimentation monitoring of the active biomass in bioreactors by electrical impedance
spectroscopy. In Proceedings of the IEEE International Instrumentation and Measurement Technology Conference (I2MTC),
Dubrovnik, Croatia, 25–28 May 2020; pp. 1–5. [CrossRef]

7. Tiitta, M.; Tiitta, V.; Heikkinen, J.; Lappalainen, R.; Tomppo, L. Classification of Wood Chips Using Electrical Impedance
Spectroscopy and Machine Learning. Sensors 2020, 20, 1076. [CrossRef] [PubMed]

8. Bretterklieber, T.; Neumayer, M.; Flatscher, M.; Becke, A.; Brasseur, G. Model based monitoring of ice accretion on overhead power
lines. In Proceedings of the 2016 IEEE International Instrumentation and Measurement Technology Conference Proceedings,
Taipei, Taiwan, 23–26 May 2016; pp. 1–6. [CrossRef]

9. Flatscher, M.; Neumayer, M.; Bretterklieber, T. Maintaining critical infrastructure under cold climate conditions: A versatile
sensing and heating concept. Sens. Actuators Phys. 2017, 267, 538–546. [CrossRef]

10. Flatscher, M.; Neumayer, M.; Bretterklieber, T.; Moser, M.J.; Zangl, H. De-icing system with integrated ice detection and
temperature sensing for meteorological devices. In Proceedings of the 2015 IEEE Sensors Applications Symposium (SAS), Zadar,
Croatia, 13–15 April 2015; pp. 1–6. [CrossRef]

11. Flatscher, M.; Neumayer, M.; Bretterklieber, T. Field sensor analysis for electrical impedance spectroscopy based ice detection. In
Proceedings of the IEEE SENSORS, Glassboro, NJ, USA, 13–15 March 2017; pp. 477–479. [CrossRef]

12. Jiang, Y.; Soleimani, M. Capacitively Coupled Resistivity Imaging for Biomaterial and Biomedical Applications. IEEE Access 2018,
6, 27069–27079. [CrossRef]

13. Li, Y.; Soleimani, M. Imaging conductive materials with high frequency electrical capacitance tomography. Measurement 2013,
46, 3355–3361. [CrossRef]

14. Jiang, Y.D.; Soleimani, M. Capacitively Coupled Electrical Impedance Tomography for Brain Imaging. IEEE Trans. Med. Imaging
2019, 38, 2104–2113. [CrossRef]

15. Darnajou, M.; Dupré, A.; Dang, C.; Ricciardi, G.; Bourennane, S.; Bellis, C. On the Implementation of Simultaneous Multi-
Frequency Excitations and Measurements for Electrical Impedance Tomography. Sensors 2019, 19, 3679. [CrossRef]

16. Neumayer, M.; Steiner, G.; Watzenig, D. Electrical Capacitance Tomography: Current sensors/algorithms and future advances.
In Proceedings of the 2012 IEEE International Instrumentation and Measurement Technology Conference Proceedings, Graz,
Austria, 13–16 May 2012; pp. 929–934. [CrossRef]

17. Neumayer, M.; Bretterklieber, T.; Flatscher, M.; Puttinger, S. PCA based state reduction for inverse problems using prior
information. COMPEL— Int. J. Comput. Math. Electr. Electron. Eng. 2017, 36, 1430–1441. [CrossRef]

18. Neumayer, M.; Flatscher, M.; Bretterklieber, T. Coaxial Probe for Dielectric Measurements of Aerated Pulverized Materials. IEEE
Trans. Instrum. Meas. 2019, 68, 1402–1411. [CrossRef]

19. Neumayer, M.; Bretterklieber, T.; Flatscher, M. Signal Processing for Capacitive Ice Sensing: Electrode Topology and Algorithm
Design. IEEE Trans. Instrum. Meas. 2019, 68, 1458–1466. [CrossRef]

20. Baxter, L.K. Capacitive Sensors: Design and Applications, 1st ed.; Wiley-IEEE Press: Hoes Lane: Piscataway, NJ, USA, 1996.
21. Wilcoxon, R. Does a 10◦C Increase in Temperature Really Reduce the Life of Electronics by Half? Electron. Cool. 2017, 9, 6–7.
22. Webber, A. Application Report SPRABX4B: Calculating Useful Lifetimes of Embedded Processors. 2020. Available online:

https://www.ti.com/lit/an/sprabx4b/sprabx4b.pdf (accessed on 19 January 2022).
23. Patel, M.R. De-Rating Parts for Reliability. In The International Handbook of Space Technology, 1st ed.; Macdonald, M., Badescu, V.,

Eds.; Springer: Berlin/Heidelberg, Germany, 2014; Chapter 10.3.3, p. 266. [CrossRef]
24. Çengel, Y.A., Cooling of Electronic Equipment. In Heat Transfer: A Practical Approach, 2nd ed.; McGraw-Hill: New York, NY, USA,

2002; Chapter 15, p. 787.
25. Sohel Murshed, S.; Nieto de Castro, C. A critical review of traditional and emerging techniques and fluids for electronics cooling.

Renew. Sustain. Energy Rev. 2017, 78, 821–833. [CrossRef]
26. Flatscher, M.; Neumayer, M.; Bretterklieber, T.; Wegleiter, H. Front-end circuit modeling for low-Z capacitance measurement

applications. In Proceedings of the IEEE International Instrumentation and Measurement Technology Conference Proceedings,
Taipei, Taiwan, 23–26 May 2016; pp. 1400–1405. [CrossRef]

27. Dreike, P.; Fleetwood, D.; King, D.; Sprauer, D.; Zipperian, T. An overview of high-temperature electronic device technologies
and potential applications. IEEE Trans. Compon. Packag. Manuf. Technol. Part 1994, 17, 594–609. [CrossRef]

28. Watson, J.; Castro, G. A review of high-temperature electronics technology and applications. J. Mater. Sci. Mater. Electron. 2015,
26, 9226–9235. [CrossRef]

29. Yang, W. Design of electrical capacitance tomography sensors. Meas. Sci. Technol. 2010, 21, 042001. [CrossRef]
30. Wegleiter, H.; Fuchs, A.; Holler, G.; Kortschak, B. Analysis of hardware concepts for electrical capacitance tomography

applications. In Proceedings of the IEEE SENSORS, Irvine, CA, USA, 30 October–3 November 2005; pp. 688–691. [CrossRef]
31. Flatscher, M.; Neumayer, M.; Bretterklieber, T. Impedance matched electrical capacitance tomography system: Front-end design

and system analysis. Meas. Sci. Technol. 2019, 30, 104002. [CrossRef]
32. Flatscher, M.; Neumayer, M.; Bretterklieber, T. Impedance Matched Front-End Circuitry for Electrical Capacitance Tomography

Systems. In Proceedings of the 9th World Congress on Industrial Process Tomography, Bath, UK, 2–6 September 2018; pp. 537–545.

http://dx.doi.org/10.1186/s13007-021-00817-3
http://dx.doi.org/10.1109/I2MTC43012.2020.9128970
http://dx.doi.org/10.3390/s20041076
http://www.ncbi.nlm.nih.gov/pubmed/32079155
http://dx.doi.org/10.1109/I2MTC.2016.7520468
http://dx.doi.org/10.1016/j.sna.2017.09.046
http://dx.doi.org/10.1109/SAS.2015.7133572
http://dx.doi.org/10.1109/ICSENS.2017.8234035
http://dx.doi.org/10.1109/ACCESS.2018.2836329
http://dx.doi.org/10.1016/j.measurement.2013.05.020
http://dx.doi.org/10.1109/TMI.2019.2895035
http://dx.doi.org/10.3390/s19173679
http://dx.doi.org/10.1109/I2MTC.2012.6229569
http://dx.doi.org/10.1108/COMPEL-02-2017-0090
http://dx.doi.org/10.1109/TIM.2019.2905710
http://dx.doi.org/10.1109/TIM.2018.2882116
https://www.ti.com/lit/an/sprabx4b/sprabx4b.pdf
http://dx.doi.org/10.1007/978-3-642-41101-4
http://dx.doi.org/10.1016/j.rser.2017.04.112
http://dx.doi.org/10.1109/I2MTC.2016.7520574
http://dx.doi.org/10.1109/95.335047
http://dx.doi.org/10.1007/s10854-015-3459-4
http://dx.doi.org/10.1088/0957-0233/21/4/042001
http://dx.doi.org/10.1109/ICSENS.2005.1597792
http://dx.doi.org/10.1088/1361-6501/ab25bb


Sensors 2023, 23, 1148 26 of 27

33. Kerö, N.; Sauter, T. Design of an integrated angular sensor system. In Proceedings of the IMTC 18th IEEE Instrumentation and
Measurement Technology Conference, Budapest, Hungary, 21–23 May 2001; Volume 1, pp. 433–436. [CrossRef]

34. Brasseur, G. A capacitive finger-type angular-position and angular-speed sensor. In Proceedings of the IMTC/98 Conference
Proceedings. IEEE Instrumentation and Measurement Technology Conference, St. Paul, MN, USA, 18–21 May 1998; Volume 2,
pp. 967–972. [CrossRef]

35. Brasseur, G. Modeling of the front end of a new capacitive finger-type angular-position sensor. IEEE Trans. Instrum. Meas. 2001,
50, 111–116. [CrossRef]

36. Wegleiter, H.; Fuchs, A.; Holler, G.; Kortschak, B. Development of a displacement current-based sensor for electrical capacitance
tomography applications. Flow Meas. Instrum. 2008, 19, 241–250. [CrossRef]

37. Scherz, P.; Monk, S. Parallel-Resonant Circuits. In Practical Electronics for Inventors, 3rd ed.; McGraw-Hill Education: New York,
NY, USA, 2013; Chapter 2.30.6, pp. 196–202.

38. Neumayer, M.; Flatscher, M.; Bretterklieber, T. Front End Instrumentation Modeling of Electrical Tomography Systems. In
Proceedings of the 9th World Congress on Industrial Process Tomography, Bath, UK, 2–6 September 2018; pp. 423–432.

39. Horowitz, P.; Hill, W. Sinewave Oscillators. In The Art of Electronics, 3rd ed.; Cambridge University Press: New York, NY, USA,
2015; Chapter 7.1.5, pp. 435–443.

40. Abdul Rahim, R.; Tee, Z.C.; Fazalul Rahiman, M.H.; Pusppanathan, J. A Low Cost and High Speed Electrical Capacitance
Tomography System Design. Sensors Transducers J. 2010, 114, 83–101.

41. Williams, P.; York, T. Evaluation of Integrated Electrodes for Electrical Capacitance Tomography. In Proceedings of the 1st World
Congress on Industrial Process Tomography, Buxton , UK, 14–17 April 1999; pp. 370–376.

42. Mohamad, E.J.; Rahim, R.A.; Ling, L.P.; Rahiman, M.H.F.; Bin Marwah, O.M.F.; Ayob, N.M.N. Segmented Capacitance Tomography
Electrodes: A Design and Experimental Verifications. IEEE Sens. J. 2012, 12, 1589–1598. [CrossRef]

43. Da Silva, M.J.; Hampel, U. A field-focusing imaging sensor for fast visualization of multiphase flows. Meas. Sci. Technol. 2009,
20, 104009. [CrossRef]

44. Kryszyn, J.; Wróblewski, P.; Stosio, M.; Wanta, D.; Olszewski, T.; Smolik, W. Architecture of EVT4 data acquisition system for
electrical capacitance tomography. Measurement 2017, 101, 28–39. [CrossRef]

45. Yang, Y.; Peng, L.; Jia, J. A novel multi-electrode sensing strategy for electrical capacitance tomography with ultra-low dynamic
range. Flow Meas. Instrum. 2017, 53, 67–79. [CrossRef]

46. Huang, A.; Cao, Z.; Sun, S.; Lu, F.; Xu, L. An Agile Electrical Capacitance Tomography System with Improved Frame Rates. IEEE
Sens. J. 2019, 19, 1416–1425. [CrossRef]

47. Analog Devices. AD8000: 1.5 GHz, Ultrahigh Speed Op Amp. Available online: https://www.analog.com/media/en/technical-
documentation/data-sheets/AD8000.pdf (accessed on 19 January 2022).

48. Horowitz, P.; Hill, W. Inverting Amplifier. In The Art of Electronics, 3rd ed.; Cambridge University Press: New York, NY, USA,
2015; Chapter 4.2.1, pp. 225–226.

49. Rohde & Schwarz. ZVL3 Vector Network Analyze. Available online: https://www.rohde-schwarz.com/product/zvl-
productstartpage_63493-9014.html; https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/dl_common_library/dl_
brochures_and_datasheets/pdf_1/ZVL_dat-sw_en_5213-8150-22_v1200.pdf (accessed on 19 January 2022).

50. Yu, H.; Grundler, D. VNA Calibration. In Spin Wave Confinement: Propagating Waves, 2nd ed.; Demokritov, S.O., Ed.; Pan Stanford
Publishing Pte. Ltd.: Temasek Boulevard, Singapore, 2017; Chapter 7.4.2, p. 206. [CrossRef]

51. Pozar, D.M. The Scattering Matrix. In Microwave Engineering, 4th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2011; Chapter
4.3, pp. 178–188.

52. Pozar, D.M. Transmission Line Theory. In Microwave Engineering, 4th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2011;
Chapter 2, pp. 48–94.

53. Pro-Power. RG174A/U—Coaxial Cable. Part Number: PP000620 Available online: http://www.farnell.com/datasheets/2076340.
pdf?_ga=2.123439243.182990577.1560099811-1902511469.1560099811 (accessed on 19 January 2022).

54. Cheng, D.K., Wave Characteristics on Finite Transmission Lines. In Field and Wave Electromagnetics, 2nd ed.; CRC Press: Reading,
MA, USA, 1989; Chapter 9.4, pp. 449–471.

55. Cartwright, K.V.; Joseph, E.; Kaminsky, E.J. Finding the Exact Maximum Impedance Resonant Frequency of a Practical Parallel
Resonant Circuit without Calculus. Technol. Interface Internat. J. 2010, 11, 26–36.

56. Boylestad, R.L. Resonance. In Introductory Circuit Analysis, 13th ed.; Pearson: Harlow, UK, 2016; Chapter 21, pp. 921–967.
57. Analog Devices. AD8099: Ultralow Distortion, High Speed, 0.95nV/

√
Hz Voltage Noise Op Amp. Available online: https:

//www.analog.com/media/en/technical-documentation/data-sheets/AD8099.pdf (accessed on 19 January 2022).
58. Wegleiter, H.; Fuchs, A.; Watzenig, D.; Zangl, H.; Steiner, G. Phase Sensitive Demodulation Front-End for Electrical Capacitance

Tomography Applications. In Proceedings of the 5th World Congress on Industrial Process Tomography, Bergen, Norway, 3–6
September 2007; pp. 196–201.

59. Rosa, E.B.; Grover, F.W. Self and Mutual Inductance of Linear Conductors. In Formulas and Tables for the Calculation of Mutual and
Self-Inductance; Bulletin of the Bureau of Standards: Ann Arbor, MI, USA, 1912; Volume 8.1, Chapter 8, pp. 150–166. Available
online: https://nvlpubs.nist.gov/nistpubs/bulletin/08/nbsbulletinv8n1p1_A2b.pdf (accessed on 19 January 2022).

60. Horowitz, P.; Hill, W. PCB traces. In The Art of Electronics: The X-Chapters, 1st ed.; Cambridge University Press: New York, NY,
USA, 2020; Chapter 1x.1.4, pp. 7–9.

http://dx.doi.org/10.1109/IMTC.2001.928855
http://dx.doi.org/10.1109/IMTC.1998.676867
http://dx.doi.org/10.1109/19.903887
http://dx.doi.org/10.1016/j.flowmeasinst.2007.11.006
http://dx.doi.org/10.1109/JSEN.2011.2174981
http://dx.doi.org/10.1088/0957-0233/20/10/104009
http://dx.doi.org/10.1016/j.measurement.2017.01.020
http://dx.doi.org/10.1016/j.flowmeasinst.2016.05.005
http://dx.doi.org/10.1109/JSEN.2018.2880999
https://www.analog.com/media/en/technical-documentation/data-sheets/AD8000.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/AD8000.pdf
https://www.rohde-schwarz.com/product/zvl-productstartpage_63493-9014.html
https://www.rohde-schwarz.com/product/zvl-productstartpage_63493-9014.html
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/dl_common_library/dl_brochures_and_datasheets/pdf_1/ZVL_dat-sw_en_5213-8150-22_v1200.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/dl_common_library/dl_brochures_and_datasheets/pdf_1/ZVL_dat-sw_en_5213-8150-22_v1200.pdf
http://dx.doi.org/10.1201/9781315110820
http://www.farnell.com/datasheets/2076340.pdf?_ga=2.123439243.182990577.1560099811-1902511469.1560099811
http://www.farnell.com/datasheets/2076340.pdf?_ga=2.123439243.182990577.1560099811-1902511469.1560099811
https://www.analog.com/media/en/technical-documentation/data-sheets/AD8099.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/AD8099.pdf
https://nvlpubs.nist.gov/nistpubs/bulletin/08/nbsbulletinv8n1p1_A2b.pdf


Sensors 2023, 23, 1148 27 of 27

61. Grubmüller, M.; Schweighofer, B.; Wegleiter, H. Characterization of a resistive voltage divider design for wideband power
measurements. In Proceedings of the SENSORS, IEEE, Valencia, Spain, 2–5 November 2014; pp. 1332–1335. [CrossRef]

62. Tietze, U.; Schenk, C.; Gamm, E. High-frequency equivalent circuits. In Electronic Circuits, 2nd ed.; Springer: Berlin/Heidelberg,
Germany, 2008; Chapter 26.1, pp. 1283–1289. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1109/ICSENS.2014.6985257
http://dx.doi.org/10.1007/978-3-540-78655-9

	Introduction
	Overview of Possible Receiver Structures
	low-Z and Matched Receiver  
	LCR Receiver
	Outline of the Further Analysis

	Low-Z Receiver 
	Low-Z Receiver: Behaviour of ZRX,trns and ZSensor,trns
	Low-Z Receiver: Output Behaviour
	Low-Z Receiver: Noise Characteristics

	Matched Receiver
	Matched Receiver: Behaviour of ZRX,trns and Output Behaviour
	Matched Receiver: Noise Characteristics

	LCR Receiver
	Design of a Matched LCR Receiver Input Stage
	LCR Receiver: Behaviour of ZRX,trns 
	LCR Receiver: Output Behaviour
	Resonant LCR Receiver: Noise Characteristics

	Receiver Structure Assessment
	Receiver Operation Comparison  
	Low-Z Receiver
	Matched Receiver
	LCR-Receiver
	Summary of Relevant Signal-Propagation and Noise Effects

	SNR Comparison

	Conclusions
	References

