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Abstract— Nonlinearity can give rise to intermodulation distor-
tions in surface acoustic wave (SAW) devices operating at
high input power levels. To understand such undesired effects,
a finite element method (FEM) simulation model in combination
with a perturbation theory is applied to find out the role
of different materials and higher order nonlinear tensor data
for the nonlinearities in such acoustic devices. At high power,
the SAW devices containing metal, piezoelectric substrate, and
temperature compensating (TC) layers are subject to complicated
geometrical, material, and other nonlinearities. In this paper,
third-order nonlinearities in TC-SAW devices are investigated.
The materials used are LiNbO3-rot128YX as the substrate
and copper electrodes covered with a SiO; film as the TC
layer. An effective nonlinearity constant for a given system is
determined by comparison of nonlinear P-matrix simulations
to third-order intermodulation measurements of test filters
in a first step. By employing these constants from different
systems, i.e., different metallization ratios, in nonlinear periodic
P-matrix simulations, a direct comparison to nonlinear periodic
FEM-simulations yields scaling factors for the materials used.
Thus, the contribution of the different materials to the nonlinear
behavior of TC-SAW devices is obtained and the role of metal
electrodes, substrate, and TC film are discussed in detail.

Index Terms— Geometrical and material nonlinearity, temper-
ature compensated surface acoustic wave (SAW), third-order
intermodulation products.

I. INTRODUCTION

INEARITY is an important issue in high-frequency
surface acoustic wave (SAW) and bulk acoustic wave
devices for telecommunications systems. Although nonlin-
earities in SAW devices are very small, they generate
third-order intermodulation (IMD3) products, which lead to
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Fig. 1. Overview of the approach to determine the role of material in the
generation of IMD3 in SAW devices. (a) As a first step, the linear transfer
function of the filter is compared with measurement, and then, the effective
nonlinear constant, C () from the P-matrix model is calculated by comparing
with IMD3 measurements. C(#) is used in periodic nonlinear P-matrix model.
(b) Results from nonlinear FEM model are compared with periodic nonlinear
P-matrix model to determine the scaling factors of nonlinear tensor data of
Cu and SiO;.

noticeable signal distortions. This problem even becomes more
pronounced with carrier aggregation because several strong
signals are present in this case.

A simulation model of nonlinear effects in SAW compo-
nents is required in order to better characterize, model, and
minimize the nonlinearities. The generation of IMD3 caused
by the nonlinearity of SAW devices has been studied by several
authors based on simplified models such as P-matrix [3], [4],
coupling of modes [5], [6], or the Mason model [7],
and more recently a model based on the finite element
method (FEM) [1], [2], [8]. Fig. 1 gives the overview of the
approach to determine the role of material in the generation
of IMD3 in SAW devices.
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Fig. 2. Measured and simulated S curves of an L-section SAW filter for
different metallization ratios #.

Nakagawa et al. [9] investigated the influence of metal
electrodes on the third-order nonlinearity of SAW in lithium
tantalate (LiTaO3) devices and explained that the electrode
fingers in an interdigital transducer are one of the major
sources of the third-order nonlinearity because nonlinear signal
levels change markedly depending on the crystallinity of Al.
The crystallinity is an important factor that significantly affects
the power durability. Good crystallinity leads to longer life-
time. Therefore, to retain the metal electrode crystallinity,
Nakagawa et al. [9] introduced a titanium (Ti) layer underneath
the Al layer in order to reduce the acoustic strain generated
by the SAW in the Al layer [17]. It should be noted that
the material and wave polarization used in [9] and [17] are
different from our investigation.

Using the electroelasticity theory, it was shown that a
nonlinear P-matrix simulation model using a single frequency-
independent effective nonlinearity constant C’(n), which may
depend on the metallization ratio (#), can predict the IMD3 of
a layered system very well [3], [5], [8]. In [2] and [8], this very
same effective nonlinear constant was theoretically evaluated
using a FEM approach, where linear fields, associated with
input tones, are combined with the nonlinear material tensor
data to obtain the sources of nonlinear fields.

In this paper, the effective approach to calculate the nonlin-
earities in the SAW devices that fit to experimental data is
discussed in detail along with the origin of IMD3. The role
of higher order nonlinear material constants of SiO,, Cu, and
LiNbO3 is discussed. Moreover, the introduction of third- and
fourth-order nonlinear material tensor data from the literature
and of scaling factors can help to achieve the goal of this
paper to study the influence of substrate, metal electrodes, and
covering layer to the overall nonlinearity in more detail.

II. MEASUREMENT SETUP AND LINEAR RESULTS

In Section II, the linear S-parameter (S>1) results of the
SAW filter are discussed and the IMD3 measurement setup is
explained.

A. Linear Characteristics

Fig. 2 shows the excellent agreement between the simu-
lations and measurement results of the linear filter transfer
function (S»1) for different metallization ratios. Since the
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Fig. 4. Wafer measurements of L-section SAW filter for metallization ratio
n = 0.50. The black curve is the mean of good measurements, while the bad
measurements are mainly due to probe contact issue.

agreement between measured and simulation results is excel-
lent, we can rely on the calculated linear fields that are the
basis of our nonlinear calculations explained in Section III.
The test devices used in our calculation are basic L-section
SAW filters with one resonator in series and one in parallel
as shown in the inset of Fig. 2. The pitch is around 2 xum
and different metallization ratios of n = 0.40, 0.45, 0.50, and
0.55 are considered. The Cu electrode height is 285 nm and
the SiO; layer has a thickness of hsio, = 1376 nm.

The wafer is LiNbOs3-rot 128YX with an unpolished back-
side. Since we perform on-wafers measurements, only the
electrical connection, but no package has to be considered
in the simulation.

B. IMD3 Measurement Setup

The experimental setup for the wafer measurement of
IMD3 for SAW filters is shown in Fig. 3. Two RF signal
generators (SGs) are used to generate the two input signals.
The amplified main signal tone at 9 dBm sweeping over
frequencies 770-1070 MHz is obtained using a power ampli-
fier (PA). The defined frequency spacing Af between the two
input signals is 2 MHz. Each tone signal passes through the
isolator, and then, it is combined at the combiner. Low-pass
filters are used to suppress the nonlinear signals coming from
the SG and PA.

Fig. 4 shows about 40 IMD3 measurements of L-sections
with a metallization ratio of # = 0.50 evenly distrib-
uted over the whole wafer, as an example. Ripples due
to longitudinal bulk waves [19] might be present but are
presumably suppressed by the unpolished wafer backside and
the smoothing by calculating the mean value, where failed
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measurements have been neglected. The same measurements
have been performed with all the other metallization ratios, and
in the following, only the mean value evaluated as explained
earlier will be considered.

ITII. FULL NONLINEAR SIMULATION MODEL

Section IIT explains a three-step approach in the simulation
model to calculate the IMD3. Fig. 1(a) shows the linear filter
function that is used as a basis for calculating the nonlinear
fields. We finally fit the nonlinear P-matrix simulations to
experimental data with effective nonlinearity constants, c ().
These are used in the next step to calculate the IMD3 power
in a nonlinear periodic P-matrix simulation. In the last step,
this simulation is used as a reference to which the nonlinear
periodic FEM calculation is fit. This is done by scaling
the nonlinear material constants in nonlinear periodic FEM
calculations. Thus, the role of the corresponding materials is
highlighted. In Section IV, we discuss the origin of IMD3 and
the obtained results.

A. Nonlinear P-Matrix Simulation Model

We consider the case of IMD3 at 2f; — f» for two tones
applied at f; and f>. The nonlinear P-matrix equation at
2f1 — f2 can be written by extending the linear P-matrix by
acoustic and electric nonlinear source terms [3], [4]

by Py P Ei| [a 51
by| =| PL Py Ey||la]+|s (D
i —2El —2El Y [\u Su

where ai,2 and by, are the amplitudes of acoustic waves
entering and leaving, respectively, at the left and right ports.
51,2 are the nonlinear acoustic sources emitting to the left and
right ports and s, are the electric current sources. s; and sp
as referenced in [3], can be related to c (n) as

s1= €@ - ()7 (b)) 6)
and
s2=C- (05")"- (657)". 3)

For finite tracks, the nonlinear P-matrixes in (1) are
cascaded, thus calculating the series and parallel resonators of
an L-section filter. The single nonlinear constant used in our
P-matrix simulation should be regarded as an effective constant
including all the nonlinear effects [3], [4]. This is only justified
by the good agreement between measurement and simulation
in the frequency range we considered here. The acoustic
sources are determined from the linear acoustic fields at
the input tones fj, f> and a single frequency-independent
nonlinearity constant, C () 3], [4].

B. Fitting of Nonlinear P-Matrix Simulation to Measurement

The measurement results of IMD3 obtained for the
L-section filters are now compared to the nonlinear P-matrix
simulations [3] to determine the values of the effective nonlin-
earity constant C’(n), for the different metallization ratios
[# = (a/p), a is aperture and p is pitch] as mentioned
in Table I. The good agreement between simulation and
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Fig. 5. Measured and simulated IMD3 curves for an incident power of 9 dBm
for different metallization ratios 7.

TABLE I

CALCULATED EFFECTIVE NONLINEAR CONSTANT (:‘(;7)

Metallization ratio | Effective nonlinear constant
() Cm) (W' GHz?)
0.40 0.0051
0.45 0.0076
0.50 0.0097
0.55 0.0112
z

piezoelectric substrate crystal

Fig. 6. Periodic array of Cu electrodes on LiNbO3-rot128YX covered with
SiO;. A drive voltage V, connected over the bus bars of the device excites
waves. In reverse, the waves propagating under the electrodes cause flow of
the current I,. The metallization ratio # is (a/p), where p is the pitch and a
is the width of electrode.

measurement of L-section filters (series resonator S at the input
port and the parallel resonator P) for the different metallization
ratios # is shown in Fig. 5. The IMD3 of the series resonator
is generated at the antiresonance frequency. Interestingly,
the calculated IMD3 power, mainly due to the resonator P,
is around three times less dependent on # compared to the
IMD3 power computed in transmission mainly due to the
series resonator S.

C. Periodic P-Matrix Simulation Model

To close the gap between the nonlinear P-matrix simulation
of a finite resonator and the nonlinear periodic FEM simula-
tion [2], a nonlinear periodic P-matrix model for an infinite
periodic system is introduced. We consider a cell with a single
electrode and apply the condition of periodicity with a phase
shift of z (see Fig. 6). This condition also requires b; = —a»
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Fig. 7. Unit cell for FEM calculations showing a semi-infinite piezoelectric
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an additional film (SiO3). The nonlinear FEM model is 2-D since variations
of the fields along the direction of the electrodes (y-direction) are neglected.

and b, = —a; for the linear and nonlinear P-matrix equations.
This periodic unit cell of single resonator together with the
C () as outlined earlier allows for a direct comparison with
the nonlinear periodic FEM simulation model.

D. Periodic Nonlinear FEM Simulation Model

The system considered in the nonlinear finite element model
consists of an infinite periodic array of Cu electrodes on the
substrate 128° rotated Y-cut of LiNbO3 with Euler angles
defined as: 4 = 0.0, x4 = 37.85°, and # = 0.0. The electrodes
are embedded in a SiO; film as shown in Fig. 7. It consists
of one cell of length p = 1.98 um with periodic boundary
conditions for the boundaries along the x-axis and a perfectly
matched layer below the lower boundary of the substrate
in order to avoid reflections (not shown). The SiO, layer is
assumed to be flat at the top. The nonlinear FEM simulation
model is discussed in detail in [2] and [8].

E. Higher Order Nonlinear Material Constants

173

Throughout this paper, we use the term “nth-order tensor
data” to denote the coefficients of the nth-order terms in the
expansion of the Gibbs free energy in powers of the Lagrange
strain tensor and material frame electric field components.
In addition, the term “nonlinear tensor data” is used for the
coefficients of the third and higher order terms. “Material
nonlinearity” pertains to nonlinear effects associated with the
terms in this expansion which are of higher than second order.
The expansion coefficients in these terms are the nonlinear
material constants.

F. Comparison of Periodic P-Matrix and Nonlinear FEM

In order to match the results from the nonlinear periodic
P-matrix simulation, the nonlinear tensor data in the nonlinear
FEM simulation were scaled. The third-order tensor data
of the substrate are known from the literature and were left
unchanged [10], [18]. The fourth-order tensor data of LiNbO3
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FEM simulations of a single resonator at antiresonance for different metal-
lization ratios (7).

TABLE 11
SCALING FACTORS OF NONLINEAR TENSOR DATA

Copper metal | SiO; film | LiNbOj substrate
Fey Fsio, Frinvo;,
12 I 1

are unknown to us, and we have set them to zero in all
our calculations. The third- and fourth-order nonlinear elastic
constants of Cu [12], [13] and SiO, [14], [15], respectively,
were taken from the literature. Scaling factors (Fcu, Fsio,,
and FiNbo,) are the numbers that scale, or multiply, the third-
and fourth-order nonlinear material constants. For example,
in (4), Fcy is the scale factor for the third-order elastic

constants for bulk material of copper (Cug),lcl)). Fcy is also

the coefficient of (Cug’};) ), and may be called the constant of

proportionality of Cul(;,f) to Fcy. Cu;}l,g) is the updated third-
order elastic constant of copper (i, j, and k are the Voigt
indexes)
b
Cugiy) = Fu - (Cufiy)). )
Only Cu and SiO; scaling factors were fit in order to match
the IMD3 power to the results from the nonlinear periodic
P-matrix simulation. Fig. 8 shows the result of the fitting
achieved with the scaling factors listed in Table II for different
metallization ratios 7.

IV. DISCUSSION OF ORIGIN OF IMD3
A. Scaling Factors of Nonlinear Tensor Data

The scaling factors for SiO2 (Fsio,) and especially for Cu
(Fcu) lead to values of the nonlinear elastic constants that
are much larger than the corresponding data for bulk material
given in the literature [12]-[15]. The physical origin of this
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large discrepancy is still an open question. However, we have
to keep in mind that the literature data do not correspond
very well to the material of the electrodes or temperature
compensating (TC) film in our test devices. For example,
the third- and fourth-order elastic constants for Cu used in our
FEM calculations, taken from [13], were determined by ab
initio electronic structure calculations for ideal crystals without
defects.

The nonlinear data for the substrate remain unchanged,
which might be too simple because the material might have
changed in the substrate used for our measurements due to
suppression of pyroelectricity. Other types of nonlinearity that
cannot be captured by the nonlinear tensor data have been
considered negligible. Also, one scaling factor for all nonlinear
coefficients is clearly an oversimplification, and much more
nonlinear information from measurements would be needed
to fit all nonlinear constants individually.

Nevertheless, a very good agreement between simulation
and the measured 7-dependence could be achieved (see Fig. 8)
with the help of only two scaling factors, and therefore,
an estimation of the role of the different materials was feasible.
Note that if all the scaling factors (Fcy, Fsio,, and FLiNbO;)
are set to zero, i.e., the “material nonlinearity” vanishes and
the “geometrical nonlinearity” is still present.

B. Geometric and Material Nonlinearities

In the following, we distinguish between the geometrical
and material nonlinearities. The term “geometrical nonlin-
earity” is used here with a generalized meaning, denoting those
nonlinear effects that result from the second-order terms in the
expansion of the Gibbs free energy per unit volume of the
undeformed media in powers of the Lagrange strain tensor
and the material frame electric field components [11].

A good agreement of IMD3 power for different 7 between
the nonlinear FEM and periodic P-matrix is obtained as
already shown in Fig. 8. Therefore, the optimized scaling
factors used in the FEM simulation can help to study the role
of individual or combination of layers in the generation of
IMD3.

In Fig. 9, the role of Cu nonlinearity (third- and fourth-
order elastic constants) is evaluated while considering nonlin-
earities of the other materials (Fsio, and Fiinbo;) as zero.
Similarly, the individual role of nonlinearity in SiO; (third-
and fourth-order elastic constants) and LiNbOj3 (third-order
elastic, dielectric, piezoelectric, and electrostriction constants)
is determined and shown in Fig. 9. Note that the geometric
nonlinearity is always present.

The geometric nonlinearity is stronger than the LiNbO3
nonlinearity. This indicates that a strong compensation
of geometric and material nonlinearities might occur. For
example, in the linear combination of the elastic constants
c111 + 3ci1 [2] that determines the growth of the second
harmonics of longitudinal bulk waves, cj11 and cj; have
opposite signs in most cases. Here, c1; and c11;1 are second-
and third-order elastic constants, respectively.

Surprisingly, in Fig. 9, the individual nonlinearity of Cu
metal is stronger than the total IMD3. This may be due to
a partial phase cancellation of the nonlinear contributions of
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Cu, SiOz, and LiNbOj3 layers. Obviously, the large scaling
factor for the Cu nonlinearity (Fcy) in comparison to the
scaling factor of SiO, (Fsio,) and LiNbO3 (Fiinvo;) favors
the dominance of the Cu electrodes in the total IMD3.

The results of calculations for different scaling factors of
Cu metal are shown in Fig. 10. In this case, the role of
Cu nonlinearity is evaluated while considering the material
nonlinearities of the SiO, (Fsio,) and LiNbO3 (FLiNbo;) as
zero. With increasing scaling factor of Cu, the total IMD3 also
increases. It should be noted that a large scaling factor of
SiO; and a small scaling factor of Cu are not giving the
same total IMD3-FEM as shown in Fig. 8, confirming that the
fitting of Fsio, and Fc, with respect to the periodic P-matrix
simulation is nonambiguous.
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In addition, the role of Cu nonlinearity has been investigated
by calculations taking into account the material nonlinearities
of the SiOy (Fsio,) and LiNbO3 (FLinbo;) also as shown
in Fig. 11. Except for the case when Fc, = 3, the total IMD3 is
increased with increasing scaling factors of Cu.

From the overall results of our comparison of the peri-
odic P-matrix simulations with FEM simulations (Fig. 8),
using the scaling factors listed in Table II for different #,
we are led to the conclusion that the metal electrodes play
a dominant role that confirms the results presented earlier [8].
As expected, nonlinear FEM shows that the IMD3 power,
calculated with geometric nonlinearity only, is much lower
than the total IMD3. Note that the geometric and material
nonlinearities contribute to IMD3 in a partly nonadditive
way.

C. Direct and Cascaded Nonlinearities

In our calculations of IMD3 at frequency 2 | — f> for two
input tones with frequencies fi and f>, respectively, we apply
the perturbation theory, which yields three contributions as
illustrated in Fig. 12. Apart from a contribution due to third-
order nonlinearity, being proportional to nonlinear tensor data
of up to fourth order [symbolized by C3 in Fig. 12(b)], there
are two contributions resulting from cascaded second-order
nonlinearity, depending on nonlinear tensor data of up to third
order [symbolized by C, in Fig. 12(a) and (c)]. The first of
these two parts involves the second harmonic of the input tone
f1, the second involves a low-frequency wave of frequency
at fi — fa.

The total IMD3 due to the formation of three contributions
(directly or indirectly with cascading) is shown in Fig. 13 for
the metallization ratio # = 0.55. The low-frequency contri-
bution is the most significant for the SAW structures under
consideration here at around 1 GHz, followed by the second
harmonic and direct contributions. Generally, the contributions
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1.372 um to hsip, = 0.500 pm, while the thickness of Cu is reduced from
hcy = 0.288 um to hcy = 0.050 ym.

are of the same order of magnitude and so all of them have
to be taken into account.

For different = 0.40, 0.45, 0.50, the low-frequency
contribution is the most dominant, followed by the second
harmonic and direct contributions.
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conditions and metallization ratios (#) for metal electrode.

But when the thickness of SiO» (hsio,) and Cu (hcu)
are reduced, the second-harmonic (H2) contribution becomes
the dominant one, followed by the direct and low-frequency
contributions as shown in Fig. 14. This confirms previous
reasoning that the H2 contribution is significant in the case
of low dispersion [8].

D. Contributions of Higher Order Material Nonlinearities

Figs. 15 and 16 compare the effects of third- and fourth-
order elasticity for metal and SiO; film. “Cu nonlinearity”
in Fig. 15 is calculated while considering the material nonlin-
earity of SiOy (Fsip,) and LiNbO3 (FLiNbo;) as zero. Simi-
larly, in Fig. 16, “SiO, nonlinearity” is evaluated while
considering the material nonlinearity of Cu (Fcy) and LiNbO3
(FLiNbO;) as zero.

For “Cu fourth-order elasticity = 0,” only the fourth-order
elastic constants of Cu are kept zero, while the nonlinear
tensor data of other materials as well the third-order elastic
constants of Cu are not changed. Similarly, for the case “Cu
third-order elasticity = 0,” subsequently for “SiO, third-order
elasticity = 0” and “SiO; fourth-order elasticity = 0" shown
in Fig. 16.

As can be seen in Figs. 15 and 16, when the fourth-order
elastic constants of Cu and SiO; are kept zero, then the peak
IMD3 power is increased compared to the case where the
third-order elastic constants of Cu and SiO; are kept zero,
confirming that IMD3 due to third-order constants is more
dominant than IMD3 due to fourth-order elastic constants of
the Cu metal electrode and SiO». For copper and especially
Si0,, a strong compensation between the third- and fourth-
order elastic constants is observed.

Fig. 17 shows the influence of individual third-order
nonlinear tensor data of LiNbOsz on the overall calcu-
lation of IMD3 in nonlinear FEM. For “LiNbOj3 third-
order elasticity = 0,” only the third-order elastic constants of
LiNbO3 are kept zero, while the nonlinear tensor data of
other materials as well the third-order dielectric, piezoelectric,
and electrostrictive constants of LiNbO3 are not changed and
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similarly for the other cases. When the third-order nonlinear
piezoelectric constants are disabled, the total IMD3 reduced
the most, followed by nonlinear elastic constants, nonlinear
dielectric, and nonlinear electrostrictive constants. The contri-
bution of nonlinear electrostrictive constants is also significant
and plays a role of compensation to the overall nonlinearity.

V. CONCLUSION

In this paper, a method is described and its viability is
demonstrated, which allows for the identification of the role
of different kinds of electroacoustic nonlinearities in the SAW
devices. This method is based on comparison of measurement
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results and nonlinear P-matrix calculations for finite devices
and on the comparison between the nonlinear P-matrix and
FEM calculations for an infinite periodic system.

With the assumption that the nonlinearity is due to the
materials and no other effects, TC-SAW devices with different
metallization ratios are investigated. Only two scaling factors
for these material nonlinearities have been introduced for the
metal and the TC layer, which are 12 and 3, respectively. These
scaling factors are sufficient to reproduce all IMD3 measure-
ments quite accurately with the help of FEM simulations.

It is shown that the direct contribution of third-order
nonlinearity and the two contributions of cascaded nonlin-
earity (involving the second harmonic and a low-frequency
component) are all significant, and none of them can be
neglected. Furthermore, third- and fourth-order nonlinearities
seem to partially compensate each other at least in the case
of Cu and SiO; and that the piezoelectric contribution is the
most important one in LiNbO3. The copper metallization is
dominating the total IMD3, which is in line with the previous
investigations.

APPENDIX A
IMD3 CURRENT AND IMD3 POWER CALCULATION

The nonlinear IMD3’s current and power are computed for
a resonator measured in reflection as shown in Fig. 18 and
both the input tones have the same power levels.
The computation of the IMD3 signal follows in accordance
with [3] as the following.
1) Perform linear computations at the input frequencies fi
and f>. The relation of current I and voltage U is given
as

I=yU )

where y is the linear admittance. In order to determine
the nonlinear current at fing = 2f1 — f2, the voltage
at f1 and f> are determined. The ingoing and outgoing
electromagnetic power waves a and b, respectively, are

! U+@I (6)

a=——
272 2

and

! U—@I (7

~ 27 2

where Zp is 50 Q. Inserting (5) into (6) allows to
determine the voltage at input frequencies as a function
of the applied power wave a

U= 2 Zpa
1+ Zoy

b

®)

2) Nonlinear current source iny. on the acoustic track at
fimda = 2f1 — f> is given as
ine = yip3 (1) - UX(f) - U*(fi + AP, 9)

Here, /» = f1 + Af and ypp3 is the nonlinear
admittance. Applying (8) in (9), the nonlinear current
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‘ Obtain the reflected signal (b) in terms of nonlinear current ‘
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Pip is the input power.

Fig. 18.
resonator.

Calculation of IMD3 power from a reflected signal of series

can be computed as

8(v/'Z0)* (a)’
(1+ Zo-y(f1))?
1
1+ Zo-y*(fi + Af)
3) Now, we compute the reflected outgoing power waves
at mixing frequency fima = 2f1 — f2. Fig. 19 shows
the flow of current in the nonlinear circuit. At mixing
frequency fimd, a current source is connected in parallel
to the resonator known as nonlinear current, iNL.
The admittance of a resonator is denoted as y.
Recalling Kirchoff’s circuit laws, the current is a
signed (positive or negative) quantity reflecting direction
toward or away from node, using this principle, it can be
stated as

iNnL = —ymp3(f1) -

(10)

i1+i3+inL=0
iy = i3+ INL-

i1+i2=0[ (11)

The electric boundary condition is the absence of incoming
waves, i.e., a = 0. The potentials at the two ports in Fig. 19

are defined as
U=—-Zp-i
a=0{"" 0t (12)
U, =0.

Using (11) and (12), the current flowing into the resonator,
i3 is calculated as

3=y -(Ua-U)) =—-Zy-y-(i1)

=—Zy-y-ir. (13)

From (11) and (13), the total current i, is calculated in terms
of nonlinear current inp, (f1 — Af) as
_inn(f1i = Af)
14+ Zy-y
Putting (14) into (7), we compute the reflected outgoing
power waves at find = 2f1 — f2 as

(14)

NS iNnL(fi — Af)

b=-Z 15
0 1+Zoy-y (15
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Fig. 19. Flow of current in the nonlinear circuit at 2 f] — fo = f1 — Af.

The nonlinear current calculated in (10) is put into (15), and
we obtain
8(Zo)*(a)°

b = ymmp3(f1) - ¥ Zoy ()
1

(L4 Zo-y*(fi + Af))
1

. . (16)
I+ Zoy(f1 = Af))
Finally, the IMD3 signal in terms of power can be calcu-
lated as

Pivps = |b?. (17)

APPENDIX B
NONLINEAR MATERIAL CONSTANTS

The scaling factors are only used for the nonlinear tensor
data for the different materials in order to estimate their
influence. The linear tensor data will remain unchanged.
The meaning of the definitions of the used materials, i.e., the
sources of the different tensor data used in the model are
mentioned in this section.

The third-order nonlinear constants of lithium niobate are
listed in Tables III-VI. The third- and fourth-order elastic
constants of copper are mentioned in Tables VII and VIII.

The third and fourth order elastic constants of silicon
dioxide are mentioned in Tables IX and X.

TABLE III
THIRD-ORDER ELASTIC CONSTANTS OF LITHIUM NIOBATE [10]

c111 c112 €113 c114 c123

-2120.0 | -530.0 -570.0 | 200.0 -250.0

ci24 €133 €134 Cl44 C155

40.0 -780.0 150.0 -300.0 | -670.0

€222 €333 €344 C444 unit

-2330.0 | -2960.0 | -680.0 | -30.0 [GPa]
TABLE IV

THIRD-ORDER PIEZOELECTRIC CONSTANTS OF LITHIUM NIOBATE [10]

€115 €222 €125 €126 €135
17.10 15.00 19.90 -15.90 19.60
€136 €145 €311 €312 €313
-0.90 20.30 14.70 13.00 -10.00
€314 €333 €344 unit

11.00 | -17.30 | -10.20 | [C/m?2]

TABLE V

THIRD-ORDER ELECTROSTRICTION CONSTANTS OF LITHIUM
NIOBATE [18]

h11 hi2 h13 h14 h31
111.00 | 219.00 | 232.00 | 151.00 19.00
h33 ha1 haa unit
-276.00 | 185.00 | -183.00 | 10~ [F/m]

TABLE VI

THIRD-ORDER DIELECTRIC CONSTANTS OF LITHIUM NIOBATE [10]

€31 €22 €33 unit
-2.810 | -2.400 | -2.910 | 10~19 [F/V]
TABLE VII

THIRD-ORDER ELASTIC CONSTANTS OF COPPER [12]

c123 C144 C456 unit
-6.570 | 1.720 | -3.900 | 102 [ GPa ]
TABLE VIII

FOURTH-ORDER ELASTIC CONSTANTS OF COPPER [13]

C1111 C1112 C1122 C1123 C1144 C2244
11.936 | 6.834 | 6.602 -0.098 | 0.135 6.628
C1244 C2344 | C1456 C4444 C4455 unit
-0.308 5.736 | -0.417 | 5.088 -0.191 103 [GPa]
TABLE IX
THIRD-ORDER ELASTIC CONSTANTS OF SILICON DIOXIDE [14]
c123 C144 C456 unit
0.540 | 0.930 | -0.110 | 102 [ GPa ]
TABLE X
FOURTH-ORDER ELASTIC CONSTANTS OF SILICON DIOXIDE [15]
C1111 C1112 C1122 c1123 | unit
11.000 | 10.800 | 22.700 | 8.600 103 [GPa]
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