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Rotational-speed measurement in harsh environments is an important topic. However, the high rotation results in rapid frequency
variations in the signals of a sensor and changes in physical properties under extreme thermal circumstances cause significant
difficulties in reading signals. To address this problem, we adopt wireless passive measurement methods to design a special
characteristic signal circuit module that achieves precise measurement of rotational speed at high temperatures. The sensor and
the readout system include a variable frequency source, a readout antenna, and a radio frequency demodulation circuit.
Herein, a demodulation detector of the signal conversion circuit is designed and used in the envelope detection module of the
single sideband demodulation method. In addition, a conversion circuit test platform for high-temperature environment sensor
signal is developed. From the testing, the output signal demodulation of the sensor was observed under a maximum
temperature of 700°C with error less than 0.12%. The new sensor and measurement method do not require physical leads and
achieve wireless noncontact accurate measurement of rotational speed at high temperature.

1. Introduction

Rotational-speed sensors are widely used in aerospace, indus-
trial control, traffic, and other fields, and the speed parameters
in high-temperature environments are key for evaluating the
working conditions of aero engines, space rocket engines,
and ultra-high-speed turbo pumps [1–5]. However, the inabil-
ity to obtain real-time and in situ information on the working
state parameters such as the rotational speed of significant
rotating components at high temperatures significantly affects
the performance improvement of rotational speed devices in
harsh environments. Consequently, there are several studies
on related speed sensors.

Giebeler et al. proposed a magnetic rotational sensors
based on giant magnetoresistance (GMR) effect that were
reliable at temperatures exceeding 170°C [6]. However, mag-
netic materials degauss at high temperatures; therefore,

GMR sensor is not suitable for high-temperature applica-
tion. Huang et al. proposed that attaching two layers of hys-
teresis switches to count pulses, and angular speed can
enable measurement with low uncertainties [7]. Li et al.
designed a predetermined material stuck on the rotational
shaft as an electrostatic sensor to measure rotational speed
[8]. Tani et al. proposed a tribocharge sensor with a PTFE
film. The film is charged by segmented electrodes, and the
sensor can record approximately 2000 rpm [9]. Although
the sensors have high dynamic response capability in high-
speed measurement, in the low-speed area owing to the
unstable electric charge, the time response is unsatisfactory,
so it is not widely used. Lin and Ding proposed a method
that measures the rotational speed of the engine from the
lowest harmonic frequency component of its vibration sig-
nals [10]. Although this measurement method is simple
and accurate, its high-temperature application is restricted.
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Because noncontact detection of rotor rotating is feasi-
ble, imaging methods can be used to measure rotational
speed. Kędzierski proposed a rotational-speed measurement
calibration based on high-speed imaging [11]. The uncer-
tainty of the method was calculated and tested with turbo-
engines. Wang et al. [12] proposed that the rotational speed
can be measured by a low-cost digital imaging device. Auto-
correlation algorithms can calculate the rotational speed
based the image without a marker on the rotor; although
the measurement method has advantages such as noncon-
tact measurement and high accuracy, its stability in harsh
environments is limited. In addition, Gintner proposed a
rotational-speed sensor with a soft magnetic core and a res-
onant circuit that operate up to 200°C and measures ranges
of the sensor covers from static status to high speed [13]. Li
et al. proposed sensors based on low temperature cofired
ceramic (LTCC) [14]. Although the two sensors can operate
in high-temperature environment, their dynamic response is
unsatisfactory and cannot be used for precise measurement
of rotational speed. For sensor readout system, vector net-
work analyzers (VNAs) are widely used [15, 16]. In 2009,
Nopper et al. presented a readout system for wireless passive
sensors based on LC resonant circuits [17]. The system
includes a coil as readout antenna, an LC resonator as sen-
sor, an analog frontend, and a digital signal-processing unit.
The analog frontend generates a frequency-variable signal to
enable the digital signal-processing unit to detect the equiv-
alent impedance of the readout coil. However, the sweep
time limits high-speed sensing and the size of VNA, hinder-
ing its applicability. Moreover, wireless passives are also
widely used in measurement. Several passive RFID sensors
for temperature have been proposed. Wang et al. proposed
temperature sense tag based on UHF RFID that can measure
up to 120°C. UHF RFID is passive and has high sensitivity.
Nonetheless, the current leaks across the PN-junctions with
exponential growth at high temperatures and the chips can-
not function [18]. The angle of the antenna pair affects the
antenna gain and uncertainty [19].

To accurately measure the rotational speed in a high-
temperature environment whereas ensuring a significant
response speed and stability of the sensor, we propose a
wireless passive sensor with square coils and parallel capac-
itors manufactured using thick film integration technology
and corresponding data readout system. The readout system
consists of a radio frequency (RF), signal generator, a read-
out antenna, and a directional coupler. Consequently, the
fabricated rotational-speed sensor is suitable for high-
temperature applications, and the readout system fulfils the
requirement of responding to rapidly changing signals in
high rotational speed sensing applications, such as rotational
speed detection.

2. Sensor Principle

2.1. Circuit Equipment Model. As shown in Figure 1, the RF
signal generating subsystem generates stimulus with variable
frequency. For the rotor rotating, the lateral displacement
between the sensor coil and the readout antenna changes
periodically. Therefore, the rotational speed can be mea-

sured by detecting the coupling coefficient. The RF signal
subsystem and directional coupler are 50Ω systems. The
equipment impendence depends on input frequency and
coupled coefficient. The impendence of readout antenna is

Z = Rr + jωLr +
ω
2M2

Rs + jωLs + 1/jωCsð Þ
, ð1Þ

where Rr is the series resistance of readout antenna, ω = 2πf
is the angular frequency, and M is the mutual inductance
between the readout antenna and sensor inductor. For the
50Ω source, the reflection coefficient Γ is

Γ =
Z − Zs

Z + Zs

� ��

�

�

�

Zs=50Ω

: ð2Þ

If Z > 50Ω, the reflection coefficient Γ can be written as a

Γ = 1
100

Z + 50
: ð3Þ

The directional coupler is a 3-port coupler and is con-
nected reversely. The RF signal generator relates to transmit-
ted port, and the readout antenna is connected to the input
port. The reflection coefficient and Z are displayed in
Figure 2.

Figure 2 shows the local minimum peak of reflection
coefficient at a frequency slightly larger than the resonance
frequency. The output of the directional coupler coupled ter-
minal is

V cp = C3,1Γ = C3,1 1 −
100

50 + Rr + jωLr + ω2M2/Rs + jωLs 1/jωCsð Þ
� �

 !

,

ð4Þ

where C3,1 is the coupling factor of directional coupler from

the input port to the coupled port.

2.2. Sensor Rotating Model. The readout antenna measures
coupling coefficient k to quantify the strength of the induc-
tive coupling between the sensor and readout antenna. The
coupling coefficient k describes the lateral displacement
between the sensor and antenna. Using a high-temperature
glue, the sensor was mounted on the motor. Therefore, the
rotor and the lateral displacement between the sensor and
antenna have a periodic variation of the same frequency in
phase. The square coils are more useful and efficient com-
pared to round coils [20]. Therefore, we use square coils with
outmost turn l0 = 40mm as readout antenna and sensor
coils. Figure 3 shows a plot of the coupling coefficient k ver-
sus the lateral displacement between the sensor and the
antenna.

From the simulation, the sensor S11 parameter is the
smallest at 132MHz, and S11 = −9:79dB. Therefore, in the
speed parameter test, the frequency at the lowest value of
S11 is selected as the excitation source frequency value. The
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readout antenna S11 parameter can be written as

S11 = 20 lg Γð Þ, ð5Þ

where lg is the logarithm function and Γ is the reflection
coefficient of the readout antenna. The measured output
voltage can be converted to the S11 parameter that represents
the coupling coefficient. Owing to the relative position of the
antenna to the sensor derive couple coefficient, the reflect
coefficient can be used to detect the relative position and
rotational speed. Table 1 presents the simulated S11 parame-
ter versus lateral displacement. From the data, we can derive
the lateral displacement.

The periodic rotation of the rotor causes the sensor to
approach and move away from the readout antenna period-
ically. In a small angle range, because the sensor approxi-
mately moves in a straight line, the lateral displacement is
given by

d = r sin θ ≈ θ, ð6Þ

where d is the lateral displacement and r is the rotor radius.
If the angle is larger than 19mm, the sensor and the readout
antenna are approximately uncoupled. In [19], Zierhofer
and Hochmair investigated the lateral displacement against
the coupling coefficient. We calculate Vout from Figure 4.
The point where the lateral displacement is 0mm between

Room temperature environment Isolate
Measured environment

(high temperature, rotating)

ASIC Lr Ls

Rr
Rs

M

Readout antenna Sensor

Rs

Figure 1: Schematic of the rotational-speed sensor system. The sensor circuit is inductively coupled to the readout antenna. The RF
generator generates several frequency signal and detects the coupling coefficient.
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Figure 2: Simulated reflection coefficient Γ versus frequency and couple coefficient, for Lr = 100 nH, Rr = 5Ω, k = 0:25, f0 = 100MHz, and
Q = 8.
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the sensor and the antenna defines the 0 degrees. Figure 4
shows the algorithm that determines the rotational speed
at a constant rotational speed. Whereas the rotor is rotating,
the output Vout changes periodically with the same
frequency.

In the rotation, if the LC resonator and the antenna are
directly opposite, the impedance amplitude of the antenna
end reaches the minimum value, and the voltage amplitude
of the read antenna terminal reaches the minimum value.
Therefore, in the rotation of the object, there will be a
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(b) Simulated S parameter of a single readout antenna

Figure 3: Simulated and calculated coupling coefficient versus lateral displacement between the sensor with the antenna. Both readout
antenna and sensor outmost turn are l0 = 40mm.

Table 1: Simulated S11 versus lateral displacement. The reflection
coefficient is calculated by equipment.

Ld S11 (dB) Ld S11 (dB) Ld S11 (dB) Ld S11 (dB)

0 -13.59 5 -8.84 10 -5.80 15 -3.30

1 -12.18 6 -8.04 11 -5.50 16 -2.04

2 -10.57 7 -7.91 12 -4.30 17 -1.22

3 -9.73 8 -7.86 13 -3.54 18 -0.74

4 -9.52 9 -6.66 14 -3.52 19 -0.47

In Table 1, Ld is the lateral displacement in millimeter.
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periodically changing voltage signal, and the amplitude
decreases periodically, so that by tracking multiple trough
points time interval to achieve the measurement of speed.
Record the time of adjacent troughs as t1 and t2, respectively,
ðt1 − t2Þ is the time interval between the LC resonator and
the adjacent position of the reading antenna, and the rota-
tion speed of the measured object is

v =
1

t2 − t1
: ð7Þ

2.3. Single Tune Readout System. Several studies have pro-
posed detecting the sensor couple coefficient using the real
part of the impedance with sweep frequency [13–15]. How-
ever, the sensor couple coefficient can be detected using a

single point reflect coefficient. This method prevents the
generation of scan frequency signals. Therefore, the overall
system has a higher response time, and no sweep generator
reduces the system’s size and cost. Figure 5 shows the pro-
posed structure. It has a PLL that generates an RF voltage
signal, Vs = ∣Vs ∣ sin2πft. A Texas instruments PLL atinum
RF synthesizer LMX2571, with a delta-sigma fractional N .
The PLL is used to generate the voltage signal. The output
frequency of LMX2571 can be set through a microwire dig-
ital interface. This RF voltage signal drives the readout
antenna. Whereas the impedance of the antenna device
changes with the coupling condition, the reflected echo
changes. Thus, the echo signal can be extracted with the
directional coupler ZEDC-10-2B from Mini-Circuits. The
ZEDC10-2B is a wideband, 1 to 1000MHz, and 3-port
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(c)

Figure 4: Principle of rotational speed detect algorithm (a) simulated Vout versus theta and (b) simulated Vout versus time, while the sensor
is put on rotor with rotational speed of 60 r/min. (c) Theta versus time while the rotor is rotating.
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Figure 5: Lumped parameter circuit schematic view of the wireless rotational speed sensor system. RF signal generator generates a variable
frequency signal. Directional coupler and ADC or oscilloscope collect RF reflected signal to determine the coupling coefficient. The sensor
and the readout system convert the position information into a coil-coupling coefficient.
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Figure 6: Prototype of the sensor demodulating circuit. The prototype includes two PCBs: the (a) one is RF stimulation PCB, and it provides
an adjustable stimulation; the (b) one is envelope detection PCB, and it is used to demodulate the reflect signal of antenna and sensor. The
stimulate frequency can be adjusted by the GPIO interface, and the output stimulate voltage Vout is fed to the left subminiature version B
(SMB) connector.

Table 2: Sensor’s geometrical structure parameter.

Parameter Symbol Value

Edge length of the outermost turn of the sensor coil do 40.0mm

Edge length of the intermost turn of the sensor coil di 11.6mm

Edge length of parallel plate capacitor dc 6mm

Number of coils N 15

The thickness of the ceramic substrate w 0.35mm

Width of conductor lw 0.4mm

(a) (b)

Figure 7: Sensor based on 95% alumina substrate. The pattern of readout antenna is consistent with the sensor and based on FR-4 substrate:
(a) the figure of fabricated sensor; (b) figure of fabricated readout antenna.
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directional coupler. The directional coupler couples the
reflected echo to the coupled port. Consequently, the output
of the coupled port of directional coupler is proportional to
the reflection coefficient. An analog device envelope detector
detects the envelope of the coupled port, and the envelope
output is proportional to amplitude. The system output is

Vout =GenvVcp, ð8Þ

where Vout is the system output and Genv is the conversion
gain of envelope detector. In ADL5511, the normal conver-
sion gain is 1.46V/V. Subsequently, the envelope output
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Figure 8: System architecture of the test bench. A high-temperature tolerance bearing is used to hold the rotating shaft made with alumina
ceramic.
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Figure 9: The prototype of the test bench. The high-temperature environment is dominated by a BLMT-1800.
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can be measured by analog-digital converter (ADC) or
oscilloscope.

A prototype of the proposed frontend circuit is built using
commercially available analog integrated circuits (ICs) on a
printed circuit board. The prototype is depicted in Figure 6.

2.4. Sensor Geometrical and Fabrication. From [19], the work-
ing frequency of the sensor is closely related to the geometric
size of the sensor. From the simulation, the number of coil turns
has significant impact on the coil’s own inductance and the sen-
sor’s quality factor. From the computations and comparisons,
we determined the following structural parameters. The reason-
able size of the sensor is presented in Table 2.

In standard thick film integration technology, the sensor
is sintered using a 95% alumina substrate and silver paste.
The top of the 1st layer and the bottom of the 3rd layer were
screen printed on the silver pattern in the initial step. All
layers of tape were stacked and laminated. Thereafter, the
stack was placed into a box furnace and applied a high tem-
perature to shape the sensor. An image of the fabricated sen-
sor is shown in Figure 7.

3. Experiment and Discussion

To investigate the readout system, a rotational speed test
bench was developed. Figures 8 and 9 present the full view

20°C, 500mV/div

200°C, 500mV/div
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500°C, 200mV/div

600°C, 200mV/div

700°C, 200mV/div

Figure 11: Sensor and signal conversion circuit test results. The test temperature rises one by one, from 20°C to 700°C; all curve horizontal
scale is 1 s/div.
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Figure 12: The calculated rotational speed of the sensor testing.

8 Journal of Sensors



of the test bench. The sensor is glued to the turn plate that is
held using a bearing. Thereafter, the plate is placed into the
muffle furnace, and the motor is used to rotate the sensor at
a constant speed.

The readout antenna is coupled with the rotating sensor
at 5mm distance. The antenna is connected to the readout
system whereas the output of the readout system is con-
nected to a rigol DS6064 oscilloscope.

Initially, the sensor resonance frequency is determined at
room environment from the ANSYS electronic simulation
result. Thereafter, the temperature rise curve of the muffle
furnace is set based on the temperature curve from
Figure 10. Each set temperature point is maintained for
10min to measure the sensor working output. A driver is
set to drive a stepper motor to rotate at a speed of 60 r/min
in the entire process. We measured the output from room
temperature to 700°C; the outputs are indicated in
Figure 11. If the temperature ranges from 20°C to 500°C,
the scales of output curve are 500mV/div. At temperatures
above 500°C, the scales of output curve are 200mV/div. As
the temperature rises, the peak of output reduces, owing to
the rapid increase of the quality factor Q. The results are
shown in Figure 12.

4. Conclusion

This study proposes a sensor readout system for rotational-
speed measurement and uses a novel method to achieve
the measurement of rotational speed at high temperatures.
By introducing a sine excitation to the readout antenna,
the amplitude of its reflected signal was measured to obtain
the equivalent impedance. To address the weakening of sig-
nal under high temperature, we designed an amplifying cir-
cuit to address the sensitive detection problem. In addition,
we developed a rotational speed-temperature composite test
platform and tested the sensor using the muffle furnace.
From the test, the given rotational speed signal can be mea-
sured under 700°C with an error of less than 0.12%. This
depicts the effectiveness of the sensor in high-temperature
environments.
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