
HAL Id: hal-03408499
https://hal.science/hal-03408499v1

Submitted on 2 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Wireless Multifunctional Surface Acoustic Wave Sensor
for Magnetic Field and Temperature Monitoring

Yang Yang, Prince Mengue, Harshad Mishra, Cécile Floer, Sami Hage-Ali, S.
Petit-Watelot, Daniel Lacour, Michel Hehn, Tao Han, Omar Elmazria

To cite this version:
Yang Yang, Prince Mengue, Harshad Mishra, Cécile Floer, Sami Hage-Ali, et al.. Wireless Multi-
functional Surface Acoustic Wave Sensor for Magnetic Field and Temperature Monitoring. Advanced
Materials Technologies, 2022, pp.2100860. �10.1002/admt.202100860�. �hal-03408499�

https://hal.science/hal-03408499v1
https://hal.archives-ouvertes.fr


U
NCORR

EC
TE

D P
RO

OF

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59 

2100860 (1 of 9) © 2021 Wiley-VCH GmbH

www.advmattechnol.de

ReseaRch aRticle

Wireless Multifunctional Surface Acoustic Wave Sensor for 
Magnetic Field and Temperature Monitoring

Yang Yang, Prince Mengue, Harshad Mishra, Cécile Floer, Sami Hage-Ali, 
Sébastien Petit-Watelot, Daniel Lacour, Michel Hehn, Tao Han, and Omar Elmazria*Q1

DOI: 10.1002/admt.202100860

wireless magnetic sensors are designed 
to detect magnetic anomaly and are used 
for street installation, traffic control, and 
detection of the parking space availability. 
The sensor responds to changes in the 
earth’s magnetic field caused by the pres-
ence of a vehicle, generally a metallic 
structure. Installation would be easier 
and cost-effective if the sensors are bat-
teryless and could be installed into the 
asphalt or pavement (i.e., buried), thereby 
eliminating the risk of degradation and 
the need for regular maintenance, par-
ticularly the change of batteries. Another 
application example for wireless magnetic 
sensors concerns remote electric current 
sensing including transient-state electric 
currents on overhead power lines. Indeed, 
the development of smart grids requires 
the development of reliable and low-cost 
sensor networks. Monitoring electric cur-
rents at present and especially in medium 
and high voltage power lines is difficult 

and expensive when installing conventional sensors.[1,2] The 
indirect measurement of electric currents through the gener-
ated magnetic fields is an elegant solution. The sensor must 
also be insensitive to the temperature of the wire that strongly 
depends on the electric current flowing.

Surface acoustic wave (SAW) devices are key components in 
communication systems and are widely used as filters, delay 
lines or resonators. They are still relevant for the development 
of 5G compatible technologies.[3,4] Because SAW devices are 
highly sensitive to physical parameters that affect SAW veloci-
ties, they also offer promising solutions as sensors in a wide 
range of applications.[5–8] SAW sensors have the advantage of 
being micro, passive, wireless, and even packageless in spe-
cific configurations.[9–12] SAW sensor technology allows simul-
taneous and independent measurement of temperatures and 
magnetic fields (i.e., electric current). SAW devices based on 
ferromagnetic films have been studied for the development of 
magnetic field and electric current sensors.[13–28] However, the 
environment temperature is a factor affecting the performance 
of SAW sensors. An unavoidable fact is that SAW magnetic 
field sensors without temperature compensation are sensitive 
to both magnetic fields and temperatures due to the negative 
temperature coefficients of ferromagnetic films.[26,29] It leads 
to a difficulty in discrimination between them or their simul-
taneous measurement. Therefore, a SAW sensor that measures 

A one-port surface acoustic wave (SAW) resonator based on Co40–Fe40–B20/
SiO2/ZnO/quartz multilayer structure and exhibiting a dual mode, Rayleigh 
and Love wave modes, is investigated to achieve a multifunctional sensor 
measuring both temperatures and magnetic fields. The Rayleigh wave mode 
of the resonator is used for temperature measurement with a temperature 
sensitivity of −37.9 ppm/°C, and the Love wave mode is used for magnetic 
field measurement. Co40-Fe40-B20 is the magnetic sensitive layer, and quartz 
crystal is the piezoelectric substrate. ZnO film is also a piezoelectric but 
considered here in combination with SiO2 as insulating layers and serves 
to control impedance matching and temperature dependence of the sensor. 
ZnO and SiO2 thicknesses are selected to realize temperature compensation 
for the Love wave mode and making this mode highly sensitive to magnetic 
fields and insensitive to temperatures. The magnetic field sensitivities of 
−170.4 kHz m−1 T−1 and −621.6 kHz m−1 T−1 are obtained respectively for the 
fundamental and the third harmonic of the Love wave mode. The proposed 
structure is beneficial to design reliable hybrid SAW magnetic field and tem-
perature sensors.
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1. Introduction

The developments of magnetic field sensors generate a wide 
range of applications, such as: magnetoencephalography, mag-
netic resonance imaging in biomedical field, rotational sen-
sors, magnetic anomaly detection for automotive, magnetic 
switches, and measurement of electric currents. Recent devel-
opments in the field of the Internet of Things (IoT), the fac-
tory of the future (Industry 4.0) and autonomous vehicles have 
generated new needs for wireless magnetic sensors with low 
energy consumption or even passive (batteryless). For example, 
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magnetic fields and temperatures simultaneously is required. 
An integrated single chip SAW sensor with the capability of 
measuring magnetic fields and temperatures based on two 
delay line structures has been reported.[29] However, the wire-
less aspect is not considered, and the effect of temperatures on 
the sensitivity of the sensor is often neglected.

In this study, a magnetic field and temperature multifunc-
tional SAW sensor is developed based on a one-port dual mode 
Co40–Fe40–B20/SiO2/ZnO/Al/quartz resonator. The sensor has 
Rayleigh wave mode for temperature measurement and Love 
wave mode for magnetic field measurement. This structure 
allows flexibility of film thickness choice for temperature com-
pensation and exhibits a weak hysteresis along the hard axis. 
A near zero temperature coefficient of frequency (TCF) of the 
Love wave mode is obtained due to the combined negating 
thermal effects of the different films. The impedance matching 
and the quality factor are carefully considered. The scattering 
parameters of the SAW sensor change slightly with tempera-
ture which is an advantage in the operation of the sensor in real 
applications. The magneto-acoustic response of the device is 
measured versus various magnetic fields. The sensor is tested 
in a wireless demonstration in a DC electric current scenario.

2. Design and Fabrication

Based on theoretical finite element multi-physics coupling 
calculations,[30] synchronous single-port SAW resonators are 
fabricated to operate around the ISM band at 433 MHz and to 
exhibit a high sensitivity to magnetic field and almost zero TCF 
for Love wave mode. A one-port resonator can be connected to 
an antenna as a wireless and passive sensor, which is an advan-
tage of a one-port resonator. Thus, using photolithography and 
a lift-off based fabrication process, SAW resonators are fabri-
cated with 100 nm thick aluminum electrodes on ST-cut quartz, 
propagation along X+90°. The spatial period of the interdigital 
transducers (IDT) is set to 10 µm fixing thus the wavelength of 
the device (λ = 10 µm). The pitch of IDT electrodes is the same 
with that of electrode reflectors. The aperture is fixed to 40 λ.

To realize the resonator with a zero TCF, 0.03λ thick zinc 
oxide (ZnO) film is sputtered overlaying the IDTs on the quartz 
substrate, followed by a deposition of 0.025λ thick silica (SiO2) 
film over the ZnO. The contact pads are protected by photore-
sist during the depositions to allow characterization in the sub-
sequent stages. The magnetic sensitive layer (Co–Fe–B) is then 
deposited on the top of the structure as sketched in Figure 1.

The first-order TCF and electromechanical coupling coef-
ficient variations of the Love wave and Rayleigh wave versus 
the Co–Fe–B thicknesses in a single resonator are illustrated 
in Figure 2. The TCF simulations are performed by taking 
consideration of the thermal stress, thermal strains, thermal 
expansion, temperature coefficients, and the third order mate-
rial constants. The simulated TCF values of Love wave and 
Rayleigh wave modes decrease with adding Co–Fe–B thick-
nesses. A near zero TCF is obtained for the Love wave mode 
when the Co–Fe–B film is 0.01λ. The temperature compensated 
Love wave mode is used for magnetic field sensing. Meanwhile, 
the thermal sensitivity of the Rayleigh wave mode for tempera-
ture sensing is −37.9 ppm/°C. The electromechanical coupling 
coefficients for Love and Rayleigh wave modes are calculated 
by K2 = πfr/(2fa•tan(πfr/2fa)). fr is the resonance frequency, and 
fa is the anti-resonance frequency. Rayleigh wave mode is not 
electrically excited on ZnO/ST+90°-cut Quartz and SiO2/ZnO/ 
ST+90°-cut Quartz. After depositing Co–Fe–B, Rayleigh wave 
mode is electrically excited. The resonance frequency of Love 
wave mode decreases due to the mass loading caused by the 
multilayers. The electromechanical coupling coefficient of the 
Love wave mode decreases with adding the Co–Fe–B thickness. 
In contrast, the electromechanical coupling coefficient of the 
Rayleigh wave mode increases slowly with Co–Fe–B thickness. 
The reflection coefficients of Love wave mode and Rayleigh 
wave mode are 0.098 and 0.034 respectively when the Co–Fe–B 
thickness is 100 nm. The synchronous resonator consists of 100 
electrode pairs for IDT and 200 electrode reflectors on the both 
sides of IDTs, which are decided by the electromechanical cou-
pling coefficient and reflection coefficient respectively.

A ferromagnetic Co40–Fe40–B20 thin film is used as the 
active layer for magnetic field sensing. This specific material is 
chosen to enable a sensitivity to low magnetic fields, thanks to 
its low intrinsic magnetic anisotropy. A 5  nm thick tantalum 
(Ta) buffer layer is first deposited over the SiO2/ZnO/ST(X+90°) 
structure in order to improve the adhesion of the active layer. 
Then 100 nm thick Co40–Fe40–B20 layer is deposited by DC sput-
tering of a 2-inch target at 300 W and 5 × 10–3 mbar of Ar and 
capped with a 5  nm thick platinum (Pt) as a protective layer 
from contamination and oxidation. Taking consideration of 

Figure 1. Schematic illustration of the structure of the fabricated device 
with wave propagation along (X+90°) and easy axis of ferromagnetic layer 
(Co–Fe–B) parallel to X direction.

Figure 2. The calculated TCF and electromechanical coupling coefficient 
variations of Love wave and Rayleigh wave modes on Co–Fe–B/SiO2/
ZnO/ST+90° -cut quartz as a function of Co–Fe–B thicknesses.
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anisotropy, damping loss, TCF, and sensitivity, the 100  nm 
thickness of Co40–Fe40–B20 layer is optimum to simultane-
ously exhibit a sensitivity to magnetic field and to prevent an 
out-of-plane component of magnetization. Indeed, out-of-plane 
component appears for thicker Co40–Fe40–B20 layers. Magnetic 
characterizations of the sample have been conducted using a 
Vibrating Sample Magnetometer (VSM) with the magnetic field 
applied in-plane. As usually observed, the deposition by sput-
tering of the magnetic layer leads to the existence of an easy 
axis of magnetization, as shown in Figure 3. The transition 
point along the easy axis is around 0.86 mT, and the transi-
tion point along the easy axis is around 3.8 mT. Note that when 
Co40–Fe40–B20 film is sandwiched between the adhesion layer 
(Ta) and the protective layer (Pt), its magnetic properties are 
independent of the substrate considered.
Figure 4 presents an optical microscope image of the device 

as viewed from the top. The hard axis is parallel to the wave 

propagation. The contact pad is not covered by the three func-
tional layers. During the Co40–Fe40–B20 film depositing using 
magnetron sputtering, the gun on which the Co40–Fe40–B20 
target is fixed includes a magnetron, a strong magnet that 
increase the sputtering rate of Ar+. The stray field the mag-
netron makes that the Co40–Fe40–B20 layer is deposited under 
an applied field. This field induces an easy axis of magnetiza-
tion. The configuration of the stray field in the sputtering is 
known and fixed. Before deposition of the Co40–Fe40–B20 layer, 
the expectant direction of easy axis is determined, and then the 
substrate and IDT are oriented in consequence. Figure 5 illus-
trates the atomic force microscope (AFM) images produced at 
different areas (with or without IDTs) and at different stages of 
successive depositions of the functional films (ZnO, SiO2, and 
Co–Fe–B) constituting the multilayer structure. The roughness 
plays a role in influencing the insulation performance.[31] The 
RMS roughnesses (RRMS) measured on the top of areas without 
IDTs are 14.1, 9.0, and 9.9 nm respectively on ZnO, SiO2, and 
Co–Fe–B film surfaces. The bumps around edges of IDT prob-
ably result from the rough edges of Al electrodes. The bumps 
diminish as the number of layers increases.

On the top of IDTs areas, measured RRMS values are 8.5, 3.8, 
and 17.6 nm respectively on ZnO, SiO2, and Co–Fe–B film sur-
faces. The SiO2 layer provides a less rough surface for Co–Fe–B 
deposition and has an excellent electrical insulation charac-
teristic than ZnO. The SiO2 layer works as an insulating layer 
between the Co–Fe–B and the ZnO layers. The combination of 
this structure therefore leads to a better electrical insulation of 
the electrodes from the ferromagnetic Co–Fe–B layer and thus 
a cleaner response from the device.

3. Experiment and Discussion

3.1. Sensor Characterization under Temperatures

The reflection coefficients of the fabricated devices are meas-
ured using a Vector Network Analyzer (VNA: Agilent PNA 
5230A, Santa Clara, CA) and RF probe station (PM5 Suss Micro-
Tech). A set of GSG probes (GGB-150 µm, Cascade Microtech) 

Figure 3. In-plane room temperature measured magnetization along 
the hard axis (red) and easy axis (black) of the Ta(5  nm)/Co40–Fe40–
B20(100 nm)/Pt(5 nm) deposited thin film layer.

Figure 4. The top view of optical microscope image of the SAW sensor.

Figure 5. The atomic force microscope of the a) ZnO film, b) SiO2 film,  
c) Co–Fe–B film on the device. Top Figures are performed on the top of 
area with IDTs and bottom ones obtained from area without IDTs.

Adv. Mater. Technol. 2021, 2100860
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connects the device to the VNA. The entire system is calibrated 
at the end of the probes using a calibration kit to obtain the 
intrinsic characterization of the sensor by eliminating all the 
parasitic effects due to the connections and to the elements 
surrounding the sensor. The thermally controlled chuck of the 
probe station enables a stable and well controlled temperature 
variation of up to 60 °C. This allows us to monitor the drift of 
the resonance frequency with temperature using the VNA.
Figure 6a shows the measured S11 at two temperatures. The 

resonance frequencies measured at room temperature are 
440.55 and 434.9 MHz respectively for ZnO/ST+90°-cut quartz 
and SiO2/ZnO/ST+90°-cut quartz resonators. The decrease of 
resonance frequency is due to the low acoustic velocities of 
ZnO and SiO2 compared to those of quartz (ST-cut in X+90° 
direction). Figure 6b illustrates the relative frequency variations 
of Love waves versus temperature. The arrows represent the 
increase and decrease of temperature. After depositing the SiO2 
film, measured TCF values shift from +10  ppm/°C on ZnO/
ST+90°-cut quartz to +17.8  ppm/°C on SiO2/ZnO/ST+90°-cut 
quartz due to the positive temperature coefficients of SiO2.

To study the impedance matching of SAW resonators, the 
measured Smith charts at two different temperatures for the 
three studied resonators (Al/quartz, ZnO/Al/quartz, SiO2/
ZnO/Al/quartz) are illustrated in Figure 7. It is found that the 

Figure 6. a) The measured S11. b) the relative frequency variations of 
ZnO/ST+90° -cut quartz and SiO2/ZnO/ST+90°-cut quartz resonators 
versus temperature.

Adv. Mater. Technol. 2021, 2100860
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scattering parameters change slightly with temperature which 
is an advantage in the operation of the sensor in real condi-
tions. As shown in Figure 7a, before the ZnO film deposition,  
Al/ST+90°-cut quartz resonator has no impedance match to 
50 Ω and exhibits a capacitive behavior. After depositing 0.03λ 
thick ZnO film, the resonance frequency of Love wave mode has 
been impedance matched to near 50 Ω, as shown in Figure 7b. 
Depositing a 0.025λ thick SiO2 film has slight impact on the 
impedance matching at the resonance frequency in Figure 7c. 
The quality factor (Q) is extracted from the real part of the reso-
nator admittance Q = fr/(2Δf3dB). Δf3dB is the 3dB bandwidth.[32] 
The Q factor is determined for each intermediate structure and 
obtained values are: Q = 1860 for Al/quartz; Q = 1300 for ZnO/
Al/quartz; Q  = 2000 for SiO2/ZnO/Al/quartz. The different 
quality factors are related with the damping loss of layers. After 
the Co–Fe–B film deposition, the impedance curves are at the 
bottom semicircle of the Smith chart in Figure 7d, confirming 
the dominance of parasitic capacitance effect. The imped-
ance at the Love wave mode resonance frequency decreases to  
10.8–19.4i Ω. A low resistance device is favorable for radiation 
power by the sensor antenna. The dielectric constant of SiO2 is 
lower than that of ZnO. SiO2 has a better insulating effect than 
ZnO in this structure.

These parasitic effects could be minimized by increasing 
the thickness of the insulating layers. This is entirely possible 
in this structure while maintaining temperature compensa-
tion. Indeed, temperature compensation could be achieved 
only by a film of ZnO as a waveguiding layer. However, the 
metallic nature of the Co–Fe–B layer makes it a good electrical 
conductor which generates leakage currents between the IDT 
fingers through the thin layer of ZnO thus increasing the prop-
agation losses and noise in frequency response of the sensor.[33]

The measured S11 of the SAW resonator deposited Co–Fe–B 
is shown in Figure 8a. The base line of S11 signal is around 
−1.7  dB and the amplitude decrease a lot due to the damping 
loss and parasitic capacitance after depositing the Co–Fe–B 
film. A part of the electric current flows to the Co–Fe–B film. 
The wave modes are distinguished from the multiple peaks by 
observing the shape of the 3D deformation and displacements 
of the particles in a finite element simulation. The Love wave 
mode operates at 409.6 MHz and related Q factor of the Love 
wave mode is 1100. The Rayleigh wave mode is at 328.2 MHz, 
and the Q factor is 3000.

The frequency–temperature characteristics of the Love wave 
and Rayleigh wave are illustrated in Figure 8b. As predicted by 
calculation, the temperature compensation of Love wave mode 
is achieved well. Indeed, a near zero value of TCF is meas-
ured. For the Rayleigh wave mode, the measured TCF value is 
−37.9 ppm/°C. Thus, this mode is highly sensitive to the tem-
perature and can be used for the temperature measurement. 
There is also a leaky wave mode at 562.4 MHz, and the related 
TCF value is −97.4 ppm/°C. However, the Q factor of the leaky 
wave mode is only 216.

3.2. Sensor Characterization under Magnetic Fields

The magnetic field measurements of the sensor are made at 
room temperature using a LakeShore cryogenic probe station 
(EMPX-HF) connected to a Vector Network Analyzer (VNA: 
Rohde and Schwartz ZVA67). To avoid any problem of mag-
netic disturbance, we used nonmagnetic probe head (40  GHz 
GGB Picoprobes) connected to the VNA via a K-cable. During 
the measurement, the device is placed between the electromag-
nets in a vacuum sealed chamber, to ensure a thermally stable 
and isolated environment. The water-cooled electromagnets are 
capable of providing a magnetic field up to 600 mT. The influ-
ence of temperature on magnetic field sensing is negligible for 
the temperature compensated Love wave mode at least from 
room temperature up to 60 °C.

The frequency variations of the fundamental Love wave 
mode versus the applied magnetic field along the easy axis is 
measured, as shown in Figure 9a. The easy axis is perpendic-
ular to the wave propagation. The sensor is also sensitive in the 
easy axis. The frequency variation changes from 0 to −865 ppm 
when the magnetic field increases from 0 to 0.86 mT. However, 
there is obvious hysteresis when the applied magnetic field is 

Figure 8. a) Wide band measured S11 of Co–Fe–B/SiO2/ZnO/ST+90° 
-cut quartz. Resonances related to Rayleigh, Love and leaky waves are 
observed. b) The frequency-temperature characteristics of wave modes 
on Co–Fe–B/SiO2/ZnO/ST+90° -cut quartz.

Figure 7. a) The measured Smith chart of Al/ST+90° -cut quartz reso-
nator. b) The Smith chart of ZnO/ST+90° -cut quartz resonator. c) The 
Smith chart of SiO2/ZnO/ST+90° -cut quartz resonator. d) The Smith 
chart of Co–Fe–B/SiO2/ZnO/ST+90° -cut quartz resonator.

Adv. Mater. Technol. 2021, 2100860
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along the easy axis. Note that hysteresis could be canceled by a 
micro structuration of the magnetic sensitive layer, such as fer-
romagnetic strips instead of a full film.[34]

Figure 9b shows the measured magneto-acoustic response of 
the Love wave versus the intensity of an applied magnetic field 
between −100 and 100 mT along the hard axis (i.e., parallel to 
acoustic wave propagation direction). The patterns in Figure 9b 

are different from that in Figure 9a due to the magnetoelastic 
anisotropy and different transition points along the easy and 
hard axes. Note that in accordance with the deposition process, 
the perpendicular orientation corresponds to the easy axis of the 
ferromagnetic film. A relative frequency change of Love wave 
mode is around −1500  ppm when the applied hard axis mag-
netic field increases from 0 to 3.8 mT corresponding to a sensi-
tivity of −170.4 kHz m−1 T−1. The fundamental Love wave mode 
has weak hysteresis when the magnetic field direction changes. 
The produced SAW device has the advantage of exhibiting a res-
onance peak at 1001 MHz corresponding to the third-order har-
monic of the Love wave mode. This peak is also characterized 
as a function of the applied magnetic field to study the effect of 
the increase in frequency on the behavior and in particular the 
sensitivity of the sensor. It is found that the relative magnetic 
field sensitivity of the third-order harmonic Love wave mode is 
twice as many as the fundamental Love wave mode. The reso-
nance frequency decreases to the minimum −3113.4 ppm when 
the applied magnetic field increases from 0 to 5 mT. And the 
corresponding slope magnetic sensitivity is −621.6 kHz m−1 T−1.

The measured frequency-magnetic field characteristics of 
Rayleigh wave mode from −100 to 100 mT along the easy axis 
and hard axis are illustrated in Figure 10. For the Rayleigh wave 
mode, a change of 130  ppm is recorded in the magnetic field 

Figure 9. a) The measured frequency variations of the Love wave mode 
as a function of the applied magnetic field along the easy axis. b) The 
measured frequency variations of the Love wave mode and c) The zoom-
in measured frequency variations of the third-order harmonic Love wave 
mode as a function of the applied magnetic field along the hard axis.

Figure 10. The relative frequency shifts of the Rayleigh wave mode as a 
function of an applied external magnetic field along the a) easy axis and 
b) hard axis.
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range of 0–10 mT along the easy axis corresponding to a sen-
sitivity around 4  kHz m−1 T−1. Then, the frequency remains 
nearly constant when the magnetic field is above 10 mT. When 
the magnetic field is applied along the hard axis, the relative fre-
quency shift of Rayleigh wave mode is around 110 ppm from 0 
to 20 mT corresponding to a sensitivity around 1.8 kHz m−1 T−1.  
The Rayleigh wave mode is insensitive to magnetic fields when 
the magnetic field is over 20 mT along the hard axis or over 
10 mT along the easy axis. It also shows weak hysteresis when 
the magnetic field direction changes. When the magnetic field 
is below the saturation field, the temperature is calculated by  
T  = (f−f0−SmagΔH)/f0•TCF+T0. T, f, f0, Smag, ΔH, and T0 repre-
sent temperature, resonance frequency of Rayleigh wave mode 
at the temperature, resonance frequency of Rayleigh wave 
mode at room temperature, the slop magnetic field sensitivity 
of Rayleigh wave mode below the saturation field, magnetic 
field variation, and room temperature, respectively. In this way, 
the influence of magnetic field on temperature is compensated 
for Rayleigh wave mode.

The frequency-magnetic field curve shapes of Love wave and 
Rayleigh wave modes are different due to ΔE effect. Compared 
with the Love wave mode, the Rayleigh wave mode is less sensi-
tive to the magnetic field. Therefore, the Rayleigh wave mode 
can be used for temperature measurement due to its TCF value 
of −37.9 ppm/°C when the magnetic field is over 10 mT. Thus, 
a magnetic field and temperature measurements are realized 
by this dual mode SAW sensor. Table 1 compares the mag-
netic field sensitivity of this work with those reported in the 
literature.[22–28] Note that our structure allows the temperature 
compensation.

3.3. Wireless Measurement of Electric Current Intensities

This resonance mode is considered in this part to perform 
dynamic and remote measurement of electric currents in an 
actual usage scenario. Wireless measurements are done for 
various field levels. The SAW sensor is tested in a DC electric 
cable experiment scenario, as shown in Figure 11a. An electric 
current source controls the DC electric current intensities. The 
SAW sensor is installed on the insulating epoxy resin and is 
connected to an omni antenna. The schematic diagram of the 
self-built reader system is shown in Figure 11b.

The self-built reader wirelessly interrogates the SAW 
sensor through an antenna. The interrogating signals are 
generated by a DSP controlled RF transmitter. The echo sig-
nals from the SAW sensor are demodulated and then time-
sampled by the analog-to-digital converter (ADC) in a DSP 
real-time microcontroller. The sampling rate of the ADC is 
11.25  MHz. A high-speed RF switch is used for the trans-
mitter-receiver isolation. The maximum transmitted power of 
the reader is 25 dBm, and the receiver sensitivity is −90 dBm. 
The maximum wireless signal transmission distance of the 
sensor is 30 cm.

The SAW sensor is tested for applied step electric current 
intensities to study the sensor’s dynamic response characteris-
tics. The electric current increases from 0 to 1.5 A with a step of 
0.5 A. The magnetic field intensity related to 1 A electric current 
is about 0.2 mT. Note that if greater field strengths are involved, 
it is possible to optimize the sensitivity of the sensor by modi-
fying its constituent elements or quite simply by varying the 
distance between the sensor and the electric cable. Figure 12a 
illustrates the demodulated response sensor signals received by 
the reader in the time domain.

The low noise amplifier (LNA) of the reader is saturated 
during the first three periods. It is found that the effective 
echo signal length is around 10 µs. When the step electric 
current is applied, the frequency of the sensor decreases sud-
denly as shown in Figure  12b. The dynamic response time 
of the SAW sensor is lower than the reader’s interrogation 
cycle of 50 µs. The experiment results indicate that the cor-
responding theoretical frequency bandwidth of the reader 
system is 20 kHz.

Table 1. Comparison of magnetic field sensitivities obtained from var-
ious magnetic SAW sensors.

Structure Magnetic field sensitivity

Fundamental Love wave mode [this work] 170.4 kHz m−1 T−1

3rd Love wave mode [this work] 621.6 kHz m−1 T−1

FeCoSiB/SiO2/ST-cut Quartz[28] 504° m−1 T−1

FeCoSiB/SiO2/ST- 90°X Quartz[27] 364.28 kHz m−1 T−1

CoFeB/ZnO/Quartz[26] 15.536 kHz m−1 T−1

[TbCo2-FeCo]/Y-cut LiNbO3
[25] ≈11.2 kHz m−1 T−1

[TbCo2-FeCo]/128°-Y cut LiNbO3
[24] 2.38 kHz m−1 T−1

Ni/ST- 90°X Quartz[23] ≈2.14 kHz m−1 T−1

Ni/ZnO/LiNbO3
[22] ≈0.112 kHz m−1 T−1

Figure 11. a) The wireless multifunctional SAW sensor experiment sce-
nario for direct electric current. b) Schematic diagram of the self-built 
reader system.
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4. Conclusion
In this paper, a dual mode SAW resonator based on Co40–Fe40–B20/ 
SiO2/ZnO/quartz multilayered structure operates as a multi-
functional sensor. Such a structure combining Love wave and 
Rayleigh wave allows to measure wirelessly magnetic field 
intensity and temperature simultaneously and independently. 
The Rayleigh wave mode with a large TCF value (−37.9 ppm/°C) 
and a low magnetic field sensitivity is used for temperature 
measurement. The Love wave mode exhibits a high sensitivity 
to magnetic field intensity and is insensitive to temperature. 
The temperature compensation is achieved for this mode by 
the combination of layers with positive TCF values (quartz and 
SiO2) and layers with negative ones (ZnO and Co40–Fe40–B20).  
The addition of SiO2 layer brings a flatter surface for  
Co40–Fe40–B20 deposition. The sensor with a slope sensitivity 
of −170.4  kHz/mT is achieved when considering the funda-
mental mode of the Love wave operating around 409  MHz 
and −621.6  kHz m−1 T−1 when considering its third harmonic 
operating around 1  GHz. Wireless operation of the sensor is 
demonstrated by considering the fundamental mode of the 
Love wave and by measuring the magnetic fields induced by 
different intensities of electric currents. The proposed structure 
is beneficial to design reliable hybrid wireless SAW magnetic 
field and temperature multifunctional sensors.
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