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Optimal Selection of Piezoelectric Substrates
and Crystal Cuts for SAW-Based Pressure
and Temperature Sensors
Xiangwen Zhang, Fei-Yue Wang, Fellow, IEEE, and Li Li, Member, IEEE
Abstract—In this paper, the perturbation method is used
to study the velocity shift of surface acoustic waves (SAW)
caused by surface pressure and temperature variations of
piezoelectric substrates. Eﬀects of pressures and temperatures on elastic, piezoelectric, and dielectric constants of
piezoelectric substrates are fully considered as well as the
initial stresses and boundary conditions. First, frequency
pressure/temperature coeﬃcients are introduced to reﬂect
the relationship between the SAW resonant frequency and
the pressure/temperature of the piezoelectric substrates.
Second, delay pressure/temperature coeﬃcients are introduced to reﬂect the relationship among the SAW delay
time/phase and SAW delay line-based sensors’ pressure and
temperature. An objective function for performance evaluation of piezoelectric substrates is then deﬁned in terms of
their eﬀective SAW coupling coeﬃcients, power ﬂow angles
(PFA), acoustic propagation losses, and pressure and temperature coeﬃcients. Finally, optimal selections of piezoelectric substrates and crystal cuts for SAW-based pressure,
temperature, and pressure/temperature sensors are derived
by calculating the corresponding objective function values
among the range of X-cut, Y-cut, Z-cut, and rotated Y-cut
quartz, lithium niobate, and lithium tantalate crystals in
diﬀerent propagation directions.

I. Introduction
surface acoustic wave (SAW) is a kind of acoustic
wave that propagates along a surface of an elastic
substrate and whose amplitude decays exponentially with
substrate depth. Since its velocity is smaller than that of
electromagnetic waves and it has a high quality factor and
low loss at high frequencies, a SAW is now widely used
in ﬁlters, resonators, delay lines, and other signal processing devices. Quartz, lithium niobate (LiNbO3 ), and
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lithium tantalate (LiTaO3 ) crystals are three frequently
used piezoelectric substrates for SAW devices. The acoustic characteristics of a substrate surface vary with the variation of pressure and temperature over it, i.e., the bias
of piezoelectric crystal elastic, piezoelectric, and dielectric
constants and the shift of the SAW velocity, which result in
changes of the SAW resonant frequency, delay time, and
phase. Thus, measurement of the pressure and temperature on the substrate surface can be transformed to measure the shift of resonant frequency for SAW resonators or
delay time and phase for SAW delay lines.
Recently, several pressure and temperature sensors
based on SAW resonators or delay lines have been produced [1]. The SAW sensor is small, light, reliable, stable,
passive, and sensitive. In addition, the SAW sensor can
work under poor environmental conditions, such as closed
chambers, or moving and rotating parts of engines [1]–[8].
In 1996, Pohl and Seifert at the University of Technology
in Vienna designed a wireless passive SAW pressure sensor based on a SAW delay line and used it to measure the
pressure in a vehicle tire [4], [5]. Buﬀ et al. in Germany
designed a wireless passive SAW sensor, using two SAW
resonators with diﬀerent frequencies, to measure the tire
pressure by comparing the frequency diﬀerence of the two
resonators. This sensor shows better performance in precision, and will not be aﬀected by movement or rotation [6],
[7]. In 1998, Steindle et al. developed the SAW hybrid sensor using the combination of the SAW delay line and conventional pressure sensors [8]. Recently, the authors developed a pressure/temperature sensor based on two identical
SAW delay lines on both sides of the substrate to measure
the tire pressure and temperature simultaneously [1].
The selection of piezoelectric substrates and crystal cuts
is an important problem in SAW sensor design. Using different piezoelectric substrates and crystal cuts, the SAW
sensors will have diﬀerent performance. Thus, it is necessary to select the optimal substrate and crystal cut which
yields the best performance for the SAW sensor. In 1970,
Schulz et al. studied the temperature dependence of SAW
velocity on α-quartz [9]. In 1980, Sinha and Tiersten analyzed the same problem using perturbation method [10]. In
1992, Ballandras and Bigler studied the SAW devices with
low sensitivity to mechanical and thermoelastic stresses
using the perturbation and ﬁnite element methods [11]. In
1995, Taziev et al. studied the pressure-sensitive cuts for
SAW in α-quartz [12]. In 2000, Ma and Shi studied the
temperature-sensitive cuts for SAW in quartz [13].
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However, they only considered the bias of the secondorder elastic constants of quartz caused by the pressure or
temperature perturbation, and the SAW velocity or frequency shift caused by the bias of elastic constants for the
SAW resonator. In fact, the piezoelectric and dielectric
constants are also aﬀected by the perturbation simultaneously, which will result in the shift in SAW velocity or
frequency of the SAW resonator. For SAW pressure and
temperature sensors based on SAW delay lines, the shift
of the delay time or phase caused by the pressure and
temperature bias is a meaningful factor in this sensor design. In addition, the eﬀective SAW coupling coeﬃcient,
the power ﬂow angle (PFA), and the acoustic propagation
loss also aﬀect the performance of piezoelectric substrates.
They should not be neglected in the selection of piezoelectric substrates and crystal cuts for SAW sensors.
In this paper, the SAW velocity shift caused by the
pressure and temperature bias on the substrate surface is
ﬁrst analyzed in Section II using the perturbation method.
The boundary conditions of the free space and the bias of
the second-order elastic constants, and the piezoelectric
and dielectric constants caused by pressure and temperature variations are also considered. In Section III, the
pressure and temperature frequency coeﬃcients of piezoelectric substrates with respect to the SAW resonator frequency shift, pressure, and temperature are deﬁned. In
Section IV, the relationships among the eﬀective SAW coupling coeﬃcient, PFA, acoustic propagation loss, and the
performance of the piezoelectric substrates are explained.
In Section V, an objective function for optimal selection
of piezoelectric substrates and crystal cuts for SAW-based
pressure and temperature sensors is deﬁned. By solving
the objective function in terms of the range of X-cut, Ycut, Z-cut, and rotated Y-cut quartz, LiNbO3 , and LiTaO3
crystals in diﬀerent propagation directions, the optimal
selections of piezoelectric substrates and crystal cuts are
ﬁnally achieved in Section VI.

II. SAW Velocity Shift Caused by Temperature
and Pressure Perturbation
Generally, the linear electroelastic equations for SAW
piezoelectric substrates are written as [14], [15]:
KLγ,L = ρ0 üγ , DL,L = 0,
KLγ = cLγMa ua,M + eMLγ ϕ,M ,
DL = eLMa ua,M − εLM ϕ,M ,

(1)
(2)
(3)

where (1) is the stress equation of motion and the charge
equation of electrostatics. Eq. (2) is the linear piezoelectric
constitutive equation. The terms KLγ , uγ , and DL denote
the components of stress, mechanical displacement, and
electric displacement, respectively; ρ0 and ϕ denote the
mass density and electric potential, respectively; cLγMa
and εLM are the elastic and dielectric constants, respectively; and eMLγ and eLMα are the piezoelectric constants.
In (1)–(3) and the following equations in this paper,
a convention is employed that a comma followed by an

index denotes partial diﬀerentiation regarding a space coordinate, the dot notation for diﬀerentiation with respect
to time, and the summation convention for repeated tensor
indices.
The linear electroelastic equations for small ﬁelds superposed on a bias may be written as [14], [15]:
 Lγ,L = ρ0 ũ
¨γ , DL,L = 0,
(4)
K
 Lγ = (cLγMa + ĉLγMa ) ũa,M + (eMLγ + êMLγ ) ϕ̃,M
K
= (cLγMa ũa,M + eMLγ ϕ̃,M )
+ (ĉLγMa ũa,M + êMLγ ϕ̃,M )
(5)
0
P
 Lγ
 Lγ
+K
,
=K
 L = (eLMa + êLMa ) ũa,M − (εLM + ε̂LM ) ϕ̃,M
D
= (êLMa ũa,M − ε̂LM ϕ̃,M ) + (êLMa ũa,M − ε̂LM ϕ̃,M )
(6)
0 + D
P ,
=D
L

L

where
ĉLγMa = TLM δγa + cLγMaAB EAB + cLγKM ûa,K
+ cLKMa ûγ,K − kALγMa ϕ̂,A
(7)
dcLγMa
+ gLγMa +
(T − T0 ),
dT
êMLγ = −kMLγBC EBC − eMLK ûγ,K − bAMLγ ϕ̂,A
deMLγ
+ gMLγ +
(T − T0 ),
(8)
dT
ε̂LM = bLMCD ECD − χLMC ϕ̂,C
(9)
dεLM
− 2ε0 EML +
(T − T0 ),
dT
gLγMa = ε0 (Eξ Eξ (δMγ δLa − δMa δLγ )
+ Eγ Eβ (δLβ δMa − δMβ δLa )
(10)
+ Ea Eβ (δMβ δLγ − δLβ δMγ )),
gMLγ = ε0 (Eβ δMβ δLγ − Eγ δLa δMa − Ea δLa δMγ ).
(11)
Eq. (4) constitute the stress equation of motion and
the charge equation of electrostatics referred to the reference (or undeformed) coordinate axes ﬁxed in the solid.
Eq. (5)–(6) are the linear electroelastic constitutive equa Lγ , ũγ , and D
 L are the components of
tions. The terms K
the small ﬁeld Piola-Kirchhoﬀ stress tensor, reference mechanical displacement, and electric displacement vector,
respectively; ϕ̃ denotes the reference small ﬁeld electric
potential; ĉLγMa and ε̂LM denote the bias of the elastic
and dielectric constants in the small ﬁeld perturbation,
respectively; êMLγ and êLMα denote the bias of the piezo 0 and
electric constants in the small ﬁeld perturbation; K
Lγ
 0 denote the reference static stress tensor and electric
D
L
 P and D
 P denote the
displacement vector, respectively; K
Lγ
L
bias of the small ﬁeld Piola-Kirchhoﬀ stress tensor and the
reference electric displacement vector, respectively; ϕ̂ denotes the reference small ﬁeld electric potential bias; ûa
denotes the bias of the small ﬁeld mechanical displacement; cLγMaAB , bAMLγ , χLMC , and kMLγBC denote the
third-order elastic, electrostrictive, electric permeability,
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and electro-elastic constants, respectively; ε0 is the dielectric constant in the atmosphere; and T0 and T are the
temperatures in the primary state and present state.
Let TLM , EAB , and Ej denote the components of the
static biasing stress, strain, and electric ﬁeld, respectively.
This will lead to
TLM = cLMRS ûR,S + eRLM ϕ̂,M ,
ûA,B + ûB,A
EAB =
,
2
∂ ϕ̂
.
Ej = −
∂aj

(12)
(13)
(14)

In the rest of this paper, we assume that uγ and ϕ
have a time dependence of ejω0 t , ũγ and ϕ̃ have a time
dependence of ejωt , and ω0 and ω represent the circular
frequencies of SAW propagation in the primary state and
present state, respectively. From (1) and (4), we obtain




 Lγ,L − ρ0 ũ
¨ γ uγ
KLγ,L − ρ0 üγ ũγ − K




 Lγ,L + ρ0 ω 2 ũγ uγ = 0.
= KLγ,L + ρ0 ω02 uγ ũγ − K
(15)

From (16)–(19), this leads to


 0 uγ
ρ0 (ω 2 − ω02 )uγ ũγ = KLγ ũγ − K
Lγ
,L


0
P
P
 Lϕ
 L,L ϕ − K
 Lγ,L
+ DL ϕ̃ − D
−D
uγ . (20)
,L

Considering the periodicity variation of uγ and ũγ , we
discuss the condition in one wavelength λ and the uγ and
ũγ change in a reference volume V0 , which is one wavelength long, one unit wide, and inﬁnitely thick. By integration of both sides of (20) over the reference volume V0
and based on the divergence theorem, we get



 0 uγ
H = ρ0 (ω 2 − ω02 )ũγ uγ dV = NL KLγ ũγ − K
Lγ
V0

Lγ,L uγ ,

Lγ,L

 


 0 ϕ dS −
+ DL ϕ̃ − D
L

S0


P ϕ + K
 P uγ dV,
D
L,L
Lγ,L

where S0 denotes the reference surface area enclosing the
reference volume V0 , and NL denotes the unit normal to
the reference position of the surface.
Before perturbation, the substrate surface is tractionfree and abuts free space, so the boundary conditions are
NL KLγ = 0,
NL DL + NL ε0 ϕ,L = 0.

(16)

 0 uγ = (KLγ ũγ ) − KLγ ũγ,L
KLγ,Lũγ − K
Lγ,L
,L


0
0


− (KLγ uγ ),L − KLγ
uγ,L


0
0
 Lγ
 Lγ
= KLγ ũγ − K
uγ
+K
uγ,L − KLγ ũγ,L. (17)
,L

From (1)–(6), considered the symmetry of elastic, piezoelectric, and dielectric constants, we obtain

,M

Notice that the repeated tensor indices obey the summation convention; the result will not change when the
suﬃx M is replaced by L. According to this consideration,
(18) may be written as


 0 uγ,L − KLγ ũγ,L = DL ϕ̃ − D
0 ϕ
 P ϕ.
K
−D
Lγ
L
L,L
,L
(19)

(22)
(23)

If there is perturbation from temperature and pressure,
the substrate surface abuts free space and is subjected to
traction T γ per unit reference area. The boundary conditions are


0 + K
 P = T γ,
NL K
(24)
Lγ
Lγ


0
P
L
L
NL D
+D
(25)
+ NL ε0 ϕ̃,L = 0.
From (21)–(25), this leads to



 P uγ + D
 P ϕ + ε0 (ϕ̃,L ϕ − ϕ,L ϕ̃) dS
H = NL K
Lγ
L
S0

0
 Lγ
K
uγ,L − KLγ ũγ,L = (cLγMa ũa,M + eMLγ ϕ̃,M ) uγ,L

− (cLγMa ua,M + eMLγ ϕ,M ) ũγ,L = eMLγ ϕ̃,M uγ,L
− eMLγ ϕ,M ũγ,L = (DM + εML ϕ,L ) ϕ̃,M


0
0
M
M
− D
+ εML ϕ̃,L ϕ,M = DM ϕ̃,M − D
ϕ,M



0
0


= (DM ϕ̃),M − DM,M ϕ̃ −
DM ϕ
− DM,M ϕ
,M


0
0
M
 M,M
= DM ϕ̃ − D
ϕ
+D
ϕ
,M


0
P
M
 M,M
= DM ϕ̃ − D
ϕ
−D
ϕ. (18)

(21)

V0

From (15) and (5), we have
 Lγ,Luγ
ρ0 (ω 2 − ω02 )uγ ũγ = KLγ,Lũγ − K
 0 uγ − K
P
= KLγ,Lũγ − K

1209



−
S0



+


P ϕ + K
 P uγ dV
D
L,L
Lγ,L

V0



NL ε0 (ϕ̃,L ϕ − ϕ,L ϕ̃) dS −

=
 

 
T γ uγ dS =

S0

T γ uγ dS
S0

 


P
P
P
P


 L,L
 Lγ,L
KLγ uγ + DL ϕ
dV −
D
ϕ+ K
uγ dV
,L

V0

V0





NL ε0 (ϕ̃,L ϕ − ϕ,L ϕ̃) dS −

=
S0

 
+

T γ uγ dS
S0


P
P
L
 Lγ
D
ϕ,L + K
uγ,L dV. (26)

V0

In the substrate surface, ϕ and ϕ̃ should satisfy
Laplace’s equation as
ϕ,LL = 0,
ϕ̃,LL = 0.
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From (27)–(28), we have


NL ε0 (ϕ̃,L ϕ − ϕ,L ϕ̃) dS = ε0 (ϕ̃,L ϕ − ϕ,L ϕ̃),L dV
S0

V0



ε0 (ϕ̃,LL ϕ − ϕ,LL ϕ̃) dV = 0. (29)

=
V0

From (26) and (29), we have
 


P
P


H=
DL ϕ,L + KLγ uγ,L dV − T γ uγ dS.
V0

where uγ and ϕ are the complex representations of the real
mechanical displacement and the electric potential, respec(m)
tively; C (m) , Aγ , and B (m) are determined numerically
in the calculating process of SAW velocity on the substrate surface; ξ = 2π/λ is the wave number; and p(m) is
the complex attenuation constant in the x3 -direction.
For the small ﬁeld perturbation, it can be assumed that
|ũγ − uγ |  ũγ , |ϕ̃ − ϕ|  ϕ̃, and ũγ and ϕ̃ are only
diﬀerent from uγ and ϕ in the circular frequency of SAW
propagation. They can be expressed as
4

(30)

S0

+



= ĉLγMa


ũa,M uγ,L dV + êMLγ

V0





ũa,M ϕ,L dV − ε̂LM

+ êLMa
V0

ϕ̃,M uγ,LdV
V0



ϕ̃,M ϕ,L dV −
V0

S0

T γ uγ dS.
(31)

For the small ﬁeld perturbation, it can be assumed that
∆ = ω − ω0 , |∆|  ω0 , and

0
(32)
H = 2ρ ∆ω0 ũγ uγ dV,
V0

C (m) B (m) e{j[ωt−ξ(x1 +p

(m)

(37)

x3 )]}

.

(38)

In (35)–(38), uγ , ũγ , and ϕ, ϕ̃ are the complex representations of the real mechanical displacement and electric potential, respectively, but we only care about the real
part. According to (35)–(38), we can deduce the detailed
expression of (34) as follows:

 +∞
 πξ
ũγ uγ dV =
dx3
ũγ uγ dx1
V0

2πj
= 2
ξ

4

0

−π
ξ

4

(m)∗

(33)







+∞

ũa,M uγ,L dV =

dx3

4

=

2πj
E,
ξ2

ũa,M uγ,L dx1

(m)∗ (m)∗ (n) (n) (n)
pM C Aγ pL
(m)∗
p
− p(n)

C (m)∗ Aa

= 2πj
m=1 n=1

(39)

π
ξ

−π
ξ

0
4

(n)

C (m)∗ Aγ C (n) Aγ
p(m)∗ − p(n)
m=1 n=1

V0

H

∆=
.
0
2ρ ω0 ũγ uγ dV

,

m=1

(ĉLγMa ũa,M + êMLγ ϕ̃,M ) Uγ,LdV
V0

x3 )]}

4

ϕ̃ =

S0



(m)

m=1

From (5)–(6), (30) can be further expressed as


H = (êLMa ũa,M − ε̂LM ϕ̃,M ) ϕ,L dV − T γ uγ dS
V0

C (m) Aγ(m) e{j[ωt−ξ(x1 +p

ũγ =

= 2πjF,
(40)

V0

Suppose the SAW wavelength λ is a constant; then it
leads to ∆ = ω − ω0 = 2π(v − v0 )/λ, where v0 and v are
the SAW velocities on the substrate surface in the primary
state and present state, respectively. The SAW velocity
shift should be
∆v
v − v0
∆
=
=
=
v0
v0
ω0

H

.
2ρ0 ω02 ũγ uγ dV



4

= 2πj

C (m) Aγ(m) e{j[ω0 t−ξ(x1 +p

x3 )]}

,

m=1



B

e

4

4

= 2πj

(36)

dx3

ϕ̃,M uγ,Ldx1
(n) (n)

= 2πjG,
(41)







+∞

dx3
0

4

−π
ξ

ũa,M ϕ,L dx1

(m)∗ (m)∗ (n) (n) (n)
pM C B pL
p(m)∗ − p(n)

ϕ̃,M ϕ,L dV =

= 2πj

π
ξ

C (m)∗ Aa

m=1 n=1

V0

,



+∞

0

4

C

(m)∗

V0

(35)

m=1
4
(m) {j[ω0 t−ξ(x1 +p(m) x3 )]}

−π
ξ

C (m)∗ B (m)∗ pM C (n) Aγ pL
p(m)∗ − p(n)
m=1 n=1



4

ϕ=

4

π
ξ

(34)

Suppose the SAW propagates in the x1 -direction and
there is no attenuation in the x2 -direction. The SAW propagating solution satisfying (1)–(3) and the boundary conditions (22)–(23) of piezoelectric substrates can be written as

(m)

dx3
0

ũa,M ϕ,L dV =

(m)



+∞

ϕ̃,M uγ,LdV =
V0

V0

uγ =



= 2πjW,
(42)

π
ξ

−π
ξ

ϕ̃,M ϕ,L dx1

(m)∗

(n)

C (m)∗ B (m)∗ pM C (n) B (n) pL
p(m)∗ − p(n)
m=1 n=1
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From (49)–(51) and (45), the velocity shift caused by
the pressure bias is
∆v
ĉLγMa F + êMLγ G + êLMa W − ε̂LM Q
=
v0 ∆P
2ρ0 v02 E∆P
P
P
P
ĉLγMa F + êMLγ G + êP
LMa W − ε̂LM Q (52)
=
.
2ρ0 v02 E
Then, consider the perturbation from the temperature
only. In this state,
Fig. 1. Circular piezoelectric plate and the reference coordinates.




T γ uγ dS =

S0

π
ξ

−π
ξ

T γ uγ dx1 = 0.

(44)

From (31), (34), and (39)–(44), the detailed expression
of (34) is obtained as
∆v
ĉLγMa + êMLγ G + êLMa W − ε̂LM Q
=
.
v0
2ρ0 v02 E

(45)

Eq. (45) expresses the SAW velocity shift caused by
perturbation on the surface of the piezoelectric substrate.
In what follows, the problems about the pressure perturbation and the temperature perturbation are analyzed respectively.
To simplify, suppose there is no static biasing electric
ﬁeld in the small ﬁeld perturbation. Thus, Ej = 0. In addition, the third-order electrostrictive, electric permeability, and electroelastic constants are nonlinear constants of
piezoelectric substrates, and have been neglected here.
First, let’s consider the perturbation from the pressure
only. It can be obtained from (7)–(10) as
ĉLγMa = TLM δγa + cLγMaAB EAB
+ cLγKM ûa,K + cLKMa ûγ,K ,
êMLγ = −eMLK ûγ,K ,
ε̂LM = −2ε0 EML .

(46)
(47)
(48)

Consider a circular piezoelectric plate of thickness h and
radius R with a rigidly ﬁxed periphery, which is subjected
to pressure P on one of its surfaces. It is shown in Fig. 1.
The static strain tensor components on the surface of
the membrane due to the application of pressure P can be
calculated according to (8)–(10) in [12], and they are the
linear functions of pressure P . The stress tensor components can be obtained from the Hooke law and they also
are the linear functions of pressure P . Suppose the primary
pressure P0 = 0; this leads to
ĉLγMa = TLM δγa + cLγMaAB EAB + cLγKM ûa,K
+ cLKMa ûγ,K
P
= ĉP
LγMa (P − P0 ) = ĉLγMa ∆P,

ĉLγMa = TLM δγa + cLγMaAB EAB + cLγKM ûa,K
dcLγMa
+ cLKMa ûγ,K +
(T − T0 ),
(53)
dT
deMLγ
(T − T0 ),
êMLγ = −eMLK ûγ,K +
(54)
dT
dεLM
ε̂LM = −2ε0 EML +
(T − T0 ).
(55)
dT
If the substrate expands freely, the stress TLM = 0, and
the strain is related to the linear expand coeﬃcient αAB by
EAB = αAB (T − T0 ).

(56)

According to the free expansion conditions and (56),
(53)–(55) can be written as (57)–(59).
ĉLγMa = cLγMaAB αAB (T − T0 ) + cLγKM αaK (T − T0 )
dcLγMa
+ cLKMa αγK (T − T0 ) +
(T − T0 )
dT
= cLγMaAB αAB + cLγKM αaK
+ cLKMa αγK +

dcLγMa
(T − T0 )
dt

(57)

= ĉTLγMa ∆T,
deMLγ
êMLγ = −eMLK αγK (T − T0 ) +
(T − T0 )

 dT
deMLγ
= −eMLK αγK +
(T − T0 )
dT
=

(58)

êTMLγ ∆T,

dεLM
ε̂LM = −2ε0 αML (T − T0 ) +
(T − T0 )

 dT
dεLM
= −2ε0 αML +
(T − T0 ) = ε̂TLM ∆T.(59)
dT
From (57)–(59) and (45), the velocity shift caused by
the temperature bias is
∆v
ĉLγMa F + êMLγ G + êLMa W − ε̂LM Q
=
v0 ∆T
2ρ0 v02 E∆T
T
T
ĉLγMa F + êMLγ G + êTLMa W − ε̂TLM Q
=
. (60)
2ρ0 v02 E

(49)

P
êMLγ = −eMLK ûγ,K = êP
MLγ (P − P0 ) = êMLγ ∆P,
(50)
P
ε̂LM = −2ε0 EML = ε̂P
LM (P − P0 ) = ε̂LM ∆P.

(51)

III. Pressure and Temperature Coefficients
For the pressure and temperature sensors based on SAW
resonators, the SAW wavelength λ is considered a constant. The relationship between the resonant frequency
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shift of the SAW resonator and the variances of the pressure and temperature can be written as
dv
1 ∂v
1 ∂v
df
=
=
dP +
dT
f
v
v ∂P
v ∂T
1 ∆v
1 ∆v
R
dP +
dT = αR
≈
P dP + αT dT.
v ∆P
v ∆T

acoustic bulk-wave radiation into the ambient environment. Speciﬁcally, this is the ratio of the power transmitted
in a SAW beam to the power received, expressed in dB.

(61)

R
In (61), f is the resonant frequency, and αR
P and αT are
the pressure and temperature coeﬃcients of frequency on
piezoelectric substrates, respectively.
For the pressure and temperature sensors based on SAW
delay lines, the SAW frequency can be considered as a
constant f0 . The relationship between the delay time or
phase shift of the SAW delay line and the variances of the
pressure and temperature can be obtained as

dφ
d(2πf0 τ )
dτ
d(l/v)
dl dv
=
=
=
=
−
φ
2πf0 τ
τ
l/v
l
v




1 ∂l
1 ∂v
1 ∂l
1 ∂v
=
−
dP +
−
dT
l ∂P
v ∂P
l ∂T
v ∂T




1 ∂v
1 ∂v
= s11 −
dP + α11 −
dT
(62)
v ∂P
v ∂T




1 ∆v
1 ∆v
≈ s11 −
dP + α11 −
dT
v ∆P
v ∆T
D
= αD
P dP + αT dT.

In (62), φ is the delay phase of the SAW delay line, τ
is the delay time of the SAW delay line, l is the length
that the SAW propagates along the substrate surface, s11
and α11 are the elastic compliance constants and the thermal expansion constant of the substrate, respectively, in
D
the direction of SAW propagation, and αD
P and αT are
the pressure and temperature coeﬃcients of delay on the
substrate, respectively.

IV. Effective SAW Coupling Coefficient, PFA
and Acoustic Propagation Loss
The eﬀective SAW coupling coeﬃcient is deﬁned as the
electromechanical coupling constant of the substrate that
denotes the eﬃciency of electromechanical transformation.
For SAW sensors, the substrate that has an eﬀective SAW
coupling coeﬃcient as large as possible should be selected.
It can be calculated according to [16].
The PFA is the angle between the direction of energy
propagation and the direction of the SAW propagation in
the substrate surface. Because the direction of SAW energy
propagation is not usually the same as the direction of
SAW propagation, the PFA is not zero in most cases. For
SAW sensors, the substrate that has the PFA as small as
possible should be selected. In this case, the direction of
energy propagation is close to the direction of the SAW
propagation and the energy can be used fully. The PFA
can be calculated according to [16].
The acoustic propagation loss is the amplitude decay
of the acoustic wave due to material damping; scattering caused by defects, surface ﬁnish, or electrodes; and

V. Objective Function
In Sections III–IV, we analyzed the pressure coeﬃcient,
the temperature coeﬃcient, the eﬀective SAW coupling
coeﬃcient, the PFA, and the acoustic propagation loss.
They have diﬀerent values for the diﬀerent piezoelectric
substrates and crystal cuts. In order to select the optimized substrate and crystal cut, we should consider all of
these factors synthetically.
The basic requirements for piezoelectric substrates of
SAW-based pressure and temperature sensors are as follows:
The pressure coeﬃcient should be as large as possible for piezoelectric substrates of SAW-based pressure
sensors and should be as small as possible for piezoelectric substrates of SAW-based temperature sensors.
• The temperature coeﬃcient should be as small as possible for piezoelectric substrates of SAW-based pressure sensors and should be as large as possible for
piezoelectric substrates of SAW-based temperature
sensors.
• The eﬀective SAW coupling coeﬃcient should be as
large as possible.
• The PFA should be as small as possible. It is usually
not allowed to be in excess of the range of (−5◦ , 5◦ ).
• The acoustic propagation loss should be as small as
possible.
•

In order to meet the requirements above, we deﬁne the
objective function as
max F (θ, φ, ψ) = (−1)a1

αP
|αT |
× (−1)a2
,
αPmax
αTmax

s.t. K 2 ≥ K,
P F A ≤ 5◦ ,
θ, φ, ψ ∈ [−90◦ , 90◦ ],

(63)

where αP and αT are the pressure and temperature coefﬁcients of piezoelectric substrates, respectively; αPmax and
αTmax are the maximum pressure and temperature coefﬁcients, respectively; αP and αT should be the pressure
R
and temperature coeﬃcients of frequency αR
P and αT , respectively, for piezoelectric substrates of pressure and temperature sensors based on SAW resonators; αP and αT
should be the pressure and temperature coeﬃcients of deD
lay αD
P and αT , respectively, for piezoelectric substrates
of pressure and temperature sensors based on SAW delay lines; a1 and a2 are the linear coeﬃcients; a1 = 0 and
a2 = 1 for piezoelectric substrates of SAW-based pressure sensors; a1 = 1 and a2 = 0 for piezoelectric substrates of SAW-based temperature sensors; a1 = 0 and
a2 = 0 for piezoelectric substrates of SAW-based pressure/temperature sensors; and K is the minimum of the
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eﬀective SAW coupling coeﬃcient for the selection requirement. Because the acoustic propagation loss is not easy to
obtain, we did not consider it in this function.
In terms of pressure coeﬃcients, temperature coeﬃcients, eﬀective SAW coupling coeﬃcients, and PFAs of the
piezoelectric substrates with diﬀerent cut angles, we can
obtain the optimal selections for SAW-based pressure and
temperature sensors by searching the maximum of (63).

VI. Numerical Results
From the objective function deﬁned in Section V, we can
achieve the optimal selection of piezoelectric substrates
and crystal cuts for SAW-based pressure and temperature
sensors. But the optimal selection is not global optimization because there are many substrate materials for which
we do not know the parameters. So it should be an optimization in a special range.
Quartz, LiNbO3 , and LiTaO3 crystals are widely used
as piezoelectric substrates for SAW-based pressure and
temperature sensors. The crystal cuts can be expressed
with the Euler angle (θ, φ, ψ) which reﬂects the rotation
angles from the crystal axis (X, Y, Z) to the substrate coordinate axis (x, y, z). In most cases, the crystal is X-cut, Ycut, Z-cut, and rotated Y-cut. In other words, (90◦ ,90◦ ,ψ),
(0◦ ,90◦ ,ψ), (0◦ ,0◦ ,ψ), and (0◦ ,φ,0◦ ) represent the X-cut,
Y-cut, Z-cut, and rotated Y-cut, respectively.
In this paper, we calculated the SAW velocities in different propagation directions of X-cut, Y-cut, Z-cut, and
rotated Y-cut quartz, LiNbO3 , and LiTaO3 crystals using
the material constants from [17]–[23]. The SAW velocity
was solved with the mixed method of surface eﬀective permittivity and boundary condition determinant mentioned
in [24]. Using [16], we calculated their eﬀective SAW coupling coeﬃcients and PFAs. Using (39)–(62), we computed
their pressure and temperature coeﬃcients of frequency
and their pressure and temperature coeﬃcients of delay.
In order to verify the correctness of our calculations, we
compared our data with [9] for temperature coeﬃcients of
frequency of X-cut, Y-cut, and rotated Y-cut quartz. The
results are shown in Figs. 2–4. The dashed curve shows the
average of the calculated values at 0◦ C and 50◦ C from [9].
The triangles are the average of the experimental values
from [9]. The solid curve shows our calculated values. It
can be seen that our data ﬁt the experimental results well.
We also compared our results with [21] for temperature coeﬃcients of delay of X-cut LiTaO3 . The results are
shown in Fig. 5. The dotted curve shows the Smith and
Welsh calculated values from [21]. The dot and dash curve
shows the Kozlov calculated values from [21]. The triangles are the experimental values from [21]. The solid curve
shows our calculated values. It can be seen that our data
agree well with the experimental data.
According to the computed results of the eﬀective SAW
coupling coeﬃcients, the PFAs, the pressure and temperature coeﬃcients of frequency, and the pressure and
temperature coeﬃcients of delay of the three substrates,

Fig. 2. Calculated and measured values of temperature coeﬃcients of
frequency as a function of the SAW propagation direction of X-cut
quartz.

Fig. 3. Calculated and measured values of temperature coeﬃcients of
frequency as a function of the SAW propagation direction of Y-cut
quartz.

we calculated the maximum of (63) for piezoelectric substrates of pressure sensors, temperature sensors, and pressure/temperature sensors based on SAW resonators and
SAW delay lines, and achieved their optimal selections of
substrates and crystal cuts.
For pressure sensors based on SAW resonators, rotated
Y-cut 42◦ quartz substrate is the optimal selection. The
selection is near the ST, X-cut quartz. Its Euler angle is
(0◦ , 42◦ , 0◦ ). The corresponding SAW velocity in the free
surface is 3165.63 m/s. The eﬀective SAW coupling coeﬃcient is 0.0922%. PFA is −0.598◦. The pressure coeﬃcient
of frequency is 54.465 ppm/Pa. The temperature coeﬃcient of frequency is 13.395 ppm/◦ C.
For temperature sensors based on SAW resonators,
rotated Y-cut 38◦ LiNbO3 substrate is the optimal se-
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Fig. 4. Calculated and measured values of temperature coeﬃcients of
frequency as a function of the SAW propagation direction of rotated
Y-cut quartz.

For pressure sensors based on SAW delay lines, rotated
Y-cut 40◦ quartz substrate is the optimal selection. Its Euler angle is (0◦ , 40◦ , 0◦ ). The corresponding SAW velocity
in the free surface is 3168.14 m/s. The eﬀective SAW coupling coeﬃcient is 0.12%. PFA is −0.6217◦. The pressure
coeﬃcient of delay is 56.815 ppm/Pa. The temperature
coeﬃcient of delay is 8.7020 ppm/◦ C.
For temperature sensors based on SAW delay lines, Ycut 90◦ LiNbO3 substrate is the optimal selection. Its Euler
angle is (0◦ , 90◦ , 90◦ ). The corresponding SAW velocity in
the free surface is 3497.27 m/s. The eﬀective SAW coupling coeﬃcient is 5.03%. PFA is 0.3849◦. The pressure
coeﬃcient of delay is 26.2175 ppm/Pa. The temperature
coeﬃcient of delay is −74.79 ppm/◦ C.
For pressure/temperature sensors based on SAW delay lines, Y-cut quartz substrate is the optimal selection.
Its Euler angle is (0◦ , 90◦ , 0◦ ). The corresponding SAW
velocity in the free surface is 3447.61 m/s. The eﬀective
SAW coupling coeﬃcient is 0.095%. PFA is −0.5903◦. The
pressure coeﬃcient of delay is 28.971 ppm/Pa. The temperature coeﬃcient of delay is −25.79 ppm/◦ C.

VII. Conclusion

Fig. 5. Calculated and measured values of temperature coeﬃcients
of delay as a function of the SAW propagation direction of X-cut
LiTaO3 .

lection here, which is the same as the selection of the
128◦ YX-LiNbO3 in [16]. Its Euler angle is (0◦ , 38◦ , 0◦ ).
The corresponding SAW velocity in the free surface is
3976.38 m/s. The eﬀective SAW coupling coeﬃcient is
4.33%. PFA is 1.1281◦. The pressure coeﬃcient of frequency is 5.671 ppm/Pa. The temperature coeﬃcient of
frequency is 68.52 ppm/◦ C.
For pressure/temperature sensors based on SAW resonators, Y-cut 35◦ quartz substrate is the optimal selection. Its Euler angle is (0◦ , 90◦ , 35◦ ). The corresponding
SAW velocity in the free surface is 3642.11 m/s. The eﬀective SAW coupling coeﬃcient is 0.12%. PFA is −3.1575◦.
The pressure coeﬃcient of frequency is 22.661 ppm/Pa.
The temperature coeﬃcient of frequency is 16.61 ppm/◦ C.

The selection of piezoelectric substrates and crystal cuts is an important problem of SAW-based pressure/temperature sensor design. Optimizing the selection
in order to obtain the optimal measurement performance
is discussed in this paper.
Especially, the optimal selections among the range of
X-cut, Y-cut, Z-cut, and rotated Y-cut quartz, LiNbO3 ,
and LiTaO3 crystals are achieved in this paper. And the
optimal selections among the range of XY-cut, YZ-cut and
ZX-cut quartz, LiNbO3 , LiTaO3 , and other new crystals
can be obtained by using almost the same method proposed here. Further experimental veriﬁcations of the proposed method are in progress. Regarding trends proposed
in [25], [26], the means of incorporating the measurements
of SAW sensors into tire dynamic models is also under
careful consideration.
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