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2). Inside the regular BVD model, R, is the series resistor to represent the loss; L, is the
motional inductance and C, is the motional capacitance. The lower branch is called static
branch, in which Cyis the static capacitance of the IDT .The BVD model can accurately
represent the resonator impedance around fs and fp, the Q factor and the static capacitance of
resonators. The regular BVD model can be also extended to include other losses and spurious
resonances[19]. The value of the lumped elements in the BVD model is dependent on the
geometry parameters of the transducers and the substrate parameters and can be calculated:;
however, the model itself is not capable of analyzing the surface acoustic wave generation
and propagation. Overall, the BVD lumped element equivalent circuit model gives an
accurate representation of the resonator frequency behavior and the model can be
implemented directly in circuit analysis programs. The BVD model is also mostly used for

one port resonators.

The other popular model is a physical model and it is called Mason equivalent circuit model.
The SAW Mason model was first demonstrated in [20, 21] stating that an electrode section of
IDT (Fig. 2-3) could be represented by an equivalent electromechanical circuit with lumped
elements. The lumped elements in the Mason model could also be replaced by the
transmission lines [22]. The transmission line version of the Mason model is called the
Redwood version of the Mason model. Fig. 2-4 shows the Redwood version of the linear
Mason circuit to represent one electrode section of an IDT. In the circuit, the Mason circuit
has three ports. Ports 1 and 2 are the acoustic ports, (F;, v;) and (F,, v,) are the mechanical
forces and velocities at the left and right edges. Port 3 is the electrical port with an excitation
voltage U; and current i;. Additionally, the turns ratio of the transformer ¢ represents the
piezoelectric coupling; C, is the static capacitance. The 3-port network contains the electrical-

mechanical relationship of the IDT. A full transducer/resonator simulation can be done by
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cascading N (number of electrodes) unit Mason circuits (of one electrode section) at their
ports 1 and ports 2 and connecting their electrical ports 3 in parallel. Adjacent electrodes are
assigned with opposite electrical polarities (Fig. 2-5). The Mason model is a general model
operating with a parameter set which only depends on the substrate crystal type but not on the
specific geometry of the transducers. At the difference of the BVD model which is an
equivalent circuit of the resonator, the Mason model represents the acoustic propagation and
the transduction for all the electrodes of a device. It is more general and it can be used to
simulate devices more complex than a one port resonator. A detailed review of the Mason

model is presented in the Chapter 3.

Motional branch
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Figure 2-2 Schematic of the 2-port Butterworth-van-Dyke (BVD) equivalent circuit model
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Figure 2-3 Layout of a SAW interdigital transducer
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Figure 2-4 The Redwood version of the linear Mason model for one electrode section of a

SAW transducer
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Figure 5-7 Schematic setup of IMD3 simulation on a shunt resonator in ADS
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Figure 5-8 IMD3 power level with tunning value of cc,
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Figure 5-9 Simulation (Blue) and measurement (Red) results of the IMD3; tone 1 frequency
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Figure 5-10 Schematic setup of 2-port harmonic simulation on a resonator
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Figure 5-11 Simulation (Blue) and measurement (Red) results of the 3" harmonic product;

fundemental tone frequency is used in the plot

5.5 Nonlinear Simulations of a WCDMA Band 5 Duplexers
After demonstrating that the nonlinear Mason model is capable of simulating the nonlinear
behavior of resonators and extracting the direct 3 order nonlinear coefficient from the
intermodulation results, the next step is to use the model to simulate the full duplexers. In this
section, a single/balanced WCDMA Band 5 duplexer (850MHz) is demonstrated as an
example. Both small signal S-parameter simulation and large signal IMD3 results are

presented.

First of all, topology of this duplexer is plotted in Fig. 4-27. Based on the topology and
design parameters, ADS schematic of the same duplexer is shown in Fig. 5-12. Besides the

resonator simulations, die and package EM parasitic effects are taken account by including
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the EM simulation done using the finite element done using the finite element

electromagnetic simulator HFSS from Ansys [50]
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Figure 5-12 Schematic of a WCDMA Band 5 duplexer simulation in ADS.

To confirm the validity of the nonlinear Mason model for simulating both S-parameter and
nonlinearity responses, all the single-pole resonators in the duplexer are simulated
individually before the complete duplexer simulation. Other SAW models help to benchmark
the results: The COM model is used for small signal S-parameter simulation comparison and
the nonlinear p-matrix model is used for large signal intermodulation simulation comparison.
Mason model simulation results of admittance (Y11) and IMD3 of each resonator are plotted
in Fig. 5-13. Outcome of the comparison with other modeling tools indicates that the new
Mason model provides equivalent results as what the COM model and the nonlinear p-matrix

model deliver.
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Next, by using the circuit shown in Fig. 5-12, the duplexer’s small signal frequency response
can be simulated and the result is plotted against the measurement. Fig. 5-14 shows
simulation versus measurement of duplexer’s pass band response (by plotting S-parameter);
further, by using the simulation schematic shown in Fig. 5-15, IMD3 simulation is completed
and comparison to the measurement is shown in Fig. 5-16. Measurement was taken by using
the test setup shown in Fig. 4-29 with Tx tone frequency sweeping from 824MHz to 849MHz
and jammer tone frequency to be 45MHz below the Tx tone. Overall, good simulation
correspondence with the measurement is obtained. The nonlinear Mason model is proven to
be a useful tool for SAW design engineers to predict both the small signal and large signal

behavior of the duplexers.

5.6 Discussion and Future Simulation Works
After simulating multiple resonators and duplexers using the nonlinear Mason model and
comparing the simulation process with other tools, it is noticed that the nonlinear Mason

model provides the following advantages over other simulation tools:

Computation speed —by using a main-stream personal computer, the computation time to
accomplish a duplexer S-parameter simulation using the new Mason model is within seconds.
A 2-tone IMD simulation could be finished within 5 minutes. Such speed provides duplexer
designers the flexibility to use the model not only to predict the nonlinear behavior, but also

to optimize the linearity performance of the duplexers.

Flexibility — the Mason model is capable to simulate both the S-parameters and nonlinear

spurious products of duplexers using the same circuit, this is a big advantage over other

109



mathematically based models. Also, the new model is easy to be built and simulated by using

the circuit simulator; the nonlinear coefficient is independent to resonators’ geometries.

Based on these advantages, future efforts to extend the power of the nonlinear Mason model
include: 1) to simulate the coupled resonator filter (CRF) using the nonlinear Mason model.
The model of the electrode acoustic reflectivity needs to be improved to make simulation
successful; 2) to integrate the nonlinear Mason model for SAW duplexers with other
nonlinear transistor based models for active RF devices, such as power amplifiers, LNA and
switches, for co-simulations. Simulation integration of the full RF front end with
considerations of nonlinearity distortion could generate huge value to future RF system

designs.
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Figure 5-13 Mason model simulations of admittance and IMD3 of the different resonators (in
blue) vs. COM model simulations of admittance (in red) of the same resonators and nonlnear

p-matrix simulation of IMD3 (in red) of the same resonators
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Figure 5-14 Mason model simulation (in blue) vs.measurement (in red) of the passband

response of a Band 5 duplexer
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Figure 5-15 Schematic setup of the IMD3 simulation for a Band 5 duplexer in ADS
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CHAPTER 6: CONCLUSION

In this Ph.D. research, nonlinear distortion of SAW resonators and duplexers has been
investigated; a novel nonlinear Mason model to accurately simulate the harmonics and

intermodulations of the SAW resonators and duplexers is proposed.

As the most important part of this thesis, this dissertation presents a new modeling approach
to simulate the 3 order spurious distortion of SAW resonators and duplexers. Starting from a
one dimensional piezoelectric constitutive wave equations including a 3™ order nonlinear
coefficient in the propagation, a nonlinear Mason equivalent circuit model for SAW is
derived. The unit cell for the model is a one electrode section. Transducers and resonators are
simulated by cascading several unit cells. The model is directly compatible with standard

harmonic balance simulators inside the commercial circuit simulation softwares.

By comparing simulation and measurement results, validity of the model is demonstrated.
The model has been proven to be an effective tool to predict the harmonic and
intermodulation performance for duplexer products. Also, a single physical parameter is used
as the nonlinear coefficient in this Mason model. It is independent of the geometry of the
devices and was obtained by fitting the simulations to the measurements. In addition, it has
been confirmed that a single physical parameter representing the 3™ order nonlinear elasticity

is a good choice to simulate the overall 3" order nonlinearity of SAW devices.

Besides the nonlinearity modeling, this research investigates the nonlinear distortion
behaviors of the SAW devices by proposing large signal measurement methods to measure
the harmonics and intermodulations over the spectrum. Influence of the measurement setup is
considered. Characterization of the nonlinear distortion is demonstrated by both plotting the

harmonic and intermodulation responses of resonators and duplexers over the frequencies and
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comparing the trend of distortion with different properties of the resonators. The thorough
analysis has provided useful design guidelines for designing high linear duplexers for
WCDMA and LTE applications. Also, the test system developed is recognized as a ‘standard’
large signal measurement system to measure harmonics and intermodulations with reliability

and reproducibility.

Overall, this research work developed several effective test approaches to measure the
nonlinearities, provided the thorough analysis on nonlinear characteristics of SAW resonators
and brought a novel nonlinear SAW model which provides fast and accurate simulations. The
new model is also ideally suited for co-simulations of SAW duplexers with other RF active

devices, due to its easy implementation in commercial circuit simulators.
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