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In this paper, we present a new specific and customized 
interface tool with parameter identification of Modified 
Butterworth-Van Dyke models for ladder bulk acoustic 
wave filters. The aforementioned tool is easy to use and 
flexible because it allows simulations and reengineering  
to be conducted in an application. A modular design 
approach is applied to simplify the extension of the 
proposed tool for different topologies. The proposed tool 
was validated using measurements from an aluminum-
nitride based ladder BAW filter dedicated to the frequency 
ranges of the Universal Mobile Telecommunications 
Service and standards and Wideband Code Division 
Multiple Access. 
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I. Introduction 

Bulk acoustic wave (BAW) filters have multiple applications 
in telecommunications, wireless communications, and radar 
systems. Their high Q-factor and selectivity added to their 
small footprint have made them valuable for embedded 
designs for fully integrated communication systems [1]. The 
push for integration has made them even more valuable with 
the prevalence of radio frequency (RF) equipment in industry, 
military, and consumer applications. 

Electronic design automation tools are not new in the RF 
engineering field, including the Advanced Design System 
(ADS), which is among the most prevalent tools for the  
design and characterization of RF systems. Unfortunately, such 
general tools are too difficult and time consuming to re-purpose 
for specific applications, and without providing sufficient 
flexibility, are a burden to the user. In specific applications, 
dedicated tools are needed and can be an answer to such issues.  

The characterization of a BAW filter is of two types. First, 
there is the physical aspect of the device, which requires 
physical models, and where the fabrication process and 
technology are the foremost modeling and testing constraints 
[2]. The second type is behavioral modeling [3].  

In order to render its characterization and design in a 
streamlined fashion with conventional methods, behavioral 
modeling relies on describing the device's response in terms of 
RF metrics such as the scattering matrix, for example, a 
Modified Butterworth-Van Dyke (MBVD) model. Numerous 
methods for the modeling of both active and passive systems 
have been proposed, namely, a transmission line equivalent 
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circuit and an equivalent lumped model [4]. 
In the particular case of BAW technology, the model mostly 

used for characterization is the MBVD model [5]. The physical 
considerations, which combine acoustics, VLSI aspects, and 
mechanical characteristics of the materials from which BAW 
resonators are made, are represented through a parallel RLC 
lumped model. This model has the advantage of being 
conceptually simple. It is low in complexity and convenient for 
applying artificial intelligence algorithms for fitting, and 
realistic modeling using an off-the-shelf computing system. 

Nevertheless, the aforementioned filters are composed of 
many resonators, with additional discrete passive or active 
components on the side [6]. The complexity increases more 
when considering non-linear and thermal effects for example. 
Here, specific tools come in handy. 

In this paper, we present a tool featuring a graphical user 
interface that has simplified and streamlined the process of 
identification of the parameters of ladder BAW filters and their 
design to a certain extent. This tool is implemented on the 
popular numerical computation software MATLAB™. The 
identification process is simplified to include the MBVD 
parameters, while reducing the search space using frequency 
and quality factor locking. The interface was partly inspired 
from Agilent’s ADS™ optimization tool, and conviviality and 
ease of use are its major goals. 

An AlN-based BAW bandpass filter with a central frequency 
of 2.127 GHz and bandwidth of 72.0 MHz was designed and 
characterized to validate the proposed tool. 

II. BAW Technology 

1. Design and Fabrication 

Figure 1(a) shows solidly mounted resonators (SMRs), 
whose acoustic reflector consists of two alternating layers of 
quarter-wave thickness having low and high impedance, 
respectively, as shown in Fig. 1(b) [7]. Usually, these layers of 
low and high impedance are formed using SiO2/AlN or 
SiO2/W pairs [8]. A SiO2 layer has low impedance compared to 
AlN/W, leading to a high coupling factor. The impedance ratio 
is important because it determines the number of pairs needed 
for a good confinement of an acoustic wave [9]. The higher this 
ratio is, the lower the number of pairs that will be needed. 
Therefore, less energy is stored in the reflector, resulting in a 
better coupling factor. Additionally, there will be less loss in the 
reflector, which allows a better quality factor. For W and SiO2 
metals, the impedance ratio is about 7. Two pairs of these two 
layers are sufficient to obtain a reflector with a reflection of 
99.98% in the PCS band. This impedance ratio is lower in the 
AlN/SiO2 pair, on the order of 2.8, which requires more pairs, 

 

Fig. 1. (a) SMR resonator and (b) cross-section schematic. 
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as in the case of realizing a W/SiO2 reflector. The layer 
thicknesses of the reflector also influence the resonance 
frequency, which decreases as the thickness increases. The 
sensitivity of this frequency with respect to variations in layer 
thickness is greater as the latter is close to the resonator [10]. In 
other words, the layers that lie just beneath the resonator have a 
significant influence, and the last layers have less or completely 
negligible influence. Therefore, they will be taken into account 
in the resonator design. Similarly, the number of pairs and the 
impedance ratio of the reflector materials determine the 
bandwidth of the reflection coefficient, as do those of the 
resonator. 

SMR resonators are usually modeled using a 
Butterworth-Van Dyke equivalent lumped model. Larson [11] 
introduced the MBVD model, shown in Fig. 2, in order to take 
into account the dielectric and contact losses. It should be noted 
that the aforementioned model is a small signal model, and 
does not take into account the non-linear behavior of the 
resonator. 

2. Resonator Model 

The basic building block of a BAW filter, the resonator, is by 
definition a two-terminal device characterized by its series and 
parallel resonance frequencies and Q-factor, among other 
parameters [12]. One of the most frequently used resonator 
models is a Butterworth-Van Dyke, which is an electrical 
equivalent type model, as shown in Fig. 2, and is usually 
compared to physical types such as Mason’s model [13]. The 
BVD model is a “classical” type in the sense that it provides a  
 

 

Fig. 2. Electrical equivalent Butterworth-Van Dyke resonator model.
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Table 1. Series and parallel resonator MBVD parameters. 

Parameter Series resonator Parallel resonator

Rm [Ω] 0.9 1 

Cm [fF] 79 112 

Lm [nH] 70 53 

R0[Ω] 4.2 3.6 

C0 [pF] 1.6 1.69 

Rs [Ω] 2.6 2.6 

  

 

 

Fig. 3. Frequency response of a single resonator using the
Butterworth-Van Dyke model. 
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description of mechanical and electromagnetic phenomena 
through electric behavior [14]. Such a model allows an easier 
understanding of a resonator in the RF context, which already 
deals with currents, voltages, frequencies, and phases. 

By applying basic circuit analysis methods, we found that 
the equivalent complex impedance of the circuit is given by (1). 
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where Lm and Cm are the elements of the acoustic resonance 
frequency, Rm is the mechanical resistor of the piezoelectric 
layer, Rs is the resistor of the electrodes, C0 is the physical and 
static capacitor, R0 is the dielectric resistor of AlN, ω = 2f is 
the angular frequency, and f is the frequency of the harmonic 
signal flowing through the circuit. Here, Lm and Cm represent 
the series resonator branch, C0 is the static capacitor introduced 
by the metallic contacts, and Rm depicts the acoustic losses [11]. 

The parameters of the MBVD model are presented in Table 1. 
Figure 3 illustrates the frequency response of a single 

 

Fig. 4. Equivalent harmonic model of a ladder BAW filter with 
associated inputs and outputs. 
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resonator using the MBVD model that we simulated and 
obtained using our MATLABTM program. Thus, the module 
of electrical equivalent impedance (1) of the resonator is 
plotted. This confirms the behavior of our resonators, which 
are characterized by two resonance frequencies, series and 
parallel of 2.120 GHz and 2.123 GHz, respectively, and are 
produced for both branches of the equivalent circuit. The 
response is similar to that of a famous and known resonator, 
crystal quartz. 

To assess the filter operation, we first describe its S-matrix. 
This can be easily derived from the corresponding Z-matrix, 
which is easily obtained using basic and Kirchhoff’s circuit 
laws, as shown in Fig. 4. Thus, we start by computing the 
Z-matrix of the filter, after which we specify each element of 
the S-matrix, which is a function of the individual Z-matrix 
elements. 

The Z-matrix illustrates the relationship between the input 
and output currents and the voltages of two ports. The 
Z-matrices are widely used in RF electronic modeling of FET 
transistors and filter analysis. 

The elements of a Z-matrix are given by (2) [15]. 
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Finding the values of Zj,j, i, j = 1, 2 is a classical circuit 
analysis problem that is trivial to solve. The only thing worth 
noting here is that, owing to the circuit's symmetry, the 
elements of the Z-matrix are diagonally equal: Z11 = Z22 and  
Z11 = Z22. 

The expressions of Z11 and Z 12 are as follows: 
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where Z1 and Z2 are complex impedances of individual series 
and parallel resonators, respectively.  

The expression of the Z-matrix is then given as follows: 
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It is possible to obtain the S-matrix using the following 
equation conversions between the Z and S-parameters [15]. 

Here, Z0 is the characteristic impedance of the filters at both 
the input and output.  

Using the previous conversion relationship, we obtained the 
following expressions: 
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Note that the symmetry considerations are consistent between 
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Fig. 5. Equivalent model of a ladder BAW filter. 
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the Z-matrix and the S-matrix. In the next section, we present a 
comparison of the results of a simulation obtained by our tool 
with those obtained using ADS™. 

The architecture of a ladder BAW filter is illustrated in Fig. 5. 
It is important to note that we chose identical resonators for the 
parallel and series resonators. This means that all of the series 
resonators have the same characteristics because they are 
identical, as are the parallel resonators. In fact, using identical 
resonators allows us to obtain better selectivity and more 
predictable behavior. In addition, this structure requires fewer 
parameters, and thus reduces the complexity of both the 
analytical model and MATLAB™ program that we used to 
simulate the filter. Thus, our BAW filter structure is composed 
of three series resonators, XS1,2,3, and two parallel resonators, 
XP1,2. The series resonators have the same resonance frequency, 
F0, and the resonance frequency of the parallel resonators is  
F0 – 0.003*F0. The concept of the difference between the series 
and parallel frequencies applies the main idea used in the 
design of this type of BAW filter. This technique is simple, 
flexible, and used for designing filters with different 
bandwidths. 

III. Modeling and Characterization Tool  

To streamline the modeling process, we developed a GUI-
based tool under MATLAB™. This tool assisted us during the 
identification of the MBVD lumped element values, as shown 
in Fig. 6.  

The equivalent electrical lumped MBVD model is a 
behavioral model that is valid only in the vicinity of the 
resonance frequency of the resonators (no overtones). This  
 

 

Fig. 6. Developed GUI-based tool under MATLABTM. 
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Fig. 7. Series resonator. 

means that its component values, when not considering the 
physical properties of the individual resonators, may have 
infinite configurations for the same response. 

There are two modes of operation. The first mode is inspired 
from the tuning feature of ADS. The different parameters have 
minimum and maximum values, and using a mouse, these 
values can be tuned. Additionally, the resonance and anti-
resonance frequencies can be “locked” in addition to the 
parallel and series quality factors. By locking one or more of 
the aforementioned parameters, Cm, Lm, and Rm can be tuned, 
or fine-tuned, while conserving the fixed parameters. The 
second operation mode is “automatic identification mode,” 
which relies on heuristics to identify the filter parameters. 

When the user locks the frequency values, the tool allows us 
to determine the parameters Lm for example, and compute Cm 
in order to maintain the same frequency value. The 
computation is based on the series and parallel resonant 
frequencies of the resonators: 

s

m m

m
p s

0

1
,

2π

1 .

f
L C

C
f f

C



 

                 (6) 

We will mostly focus on the series resonant frequency, fs. If 
Lm is set by the user, then the expression of Cm is as follows: 

m 2
m s

1

4π
C

L f
 .                (7) 

On the other hand, if the value of Cm is given by the user, Lm 
is defined as 
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For the parallel resonance frequency, fp, the values of Cm  

and Lm are given as follows: 
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The quality factor expressions are 
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where p p2πf  . 

The locking of the quality factor is similar to frequency 
locking, but with respect to the series frequency only. It should 
be noted that locking is mutually exclusive, which means that 
only one type of locking is allowed for a single resonator. The 
reason for this limitation is a mathematical one. Thus, in order 
to obtain the necessary parameters, only one variable should be 
left in the equation. It should be possible to add more flexibility 
to this approach by bounding the values of Lm and Cm to 
physically acceptable ranges; however, this will be at the cost 
of a technology lockup. Future versions of the tool will include 
such functionality. 

To simplify the design of the filter while respecting a certain 
spectral mask, or a physical measurement, it is possible to  
load their data from a disk. The format used is the standard 
MATLAB™ MAT format. The file should contain the 
following variables: S11, S21, and Freq. The three vectors should 
have the same size, with the frequency (Freq) representing the 
frequency axis. When S11 or S21 are missing from the file, they  
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Fig. 8. Top-view of on-wafer station RF probes and measured filter.  
 
are estimated without considering the insertion losses. 

Currently, the only filter topology supported by our tool is 
the ladder topology, but other topologies can be easily added 
with an extension of the tool. In future tool versions, a topology 
editor will be available. It is also possible to plot the frequency 
responses of the individual resonators separately while 
conserving the locking capabilities, as shown in Fig. 7. 

The proposed simulation and design tools diverge from the 
typical signal processing approach. Instead of focusing on 
traditional methods of a filter design, such as pole placement, 
for example, typical filter properties are applied from an RF 
point of view. Only the parallel and series frequencies and 
quality factors were considered. This limited aspect of the 
approach is actually a feature instead of a limitation because it 
reduces the perceived search space, and thus the complexity of 
the fitting and design tasks. Additionally, the capacitor, inductor, 
and resistor values have an important and central role, which 
should allow for further physical sensitivities. The proposed 
 

tool is not only ideal for the characterization and parameter 
extraction of preexisting filters, it is also of great help in their 
actual design. By knowing the equivalent MBVD parameters 
in advance, such as C0, R0, and RS, while specifying the 
material and technology dependent parameters, we made them 
non-tunable by default. 

IV. Application: UMTS and WCDMA BAW Filter 

The results we obtained from the proposed tool of the subject 
filter, shown in Fig. 8, were tested under an Agilent ADS, using 
a direct implementation of the filter structure under the MBVD 
model. 

The results obtained using ADS, as illustrated in Fig. 10, are 
identical to those obtained using our proposed tool. The results 
show the measured bandwidth of our designed filter, which is 
about 72.0 MHz, and equals the UMTS uplink and downlink 
frequency bands. 

The results confirm a center frequency, Fc, of 2.127 GHz, 
which is one of the UMTS standards. The average value of S21 
is around 2.5 dB at Fc. Good rejections of our filter are 
confirmed because the up-rejection is better than 16.5 dB and 
the down-rejection is 41.0 dB. 

V. Conclusion 

For our application, we developed a graphical user interface 
that is specific and customized through the parameter 
identification of our BAW filters. The aforementioned tool is 
flexible and easy to use because it allows simulations, or 
reverse engineering, that is, re-engineering, to be conducted, 
and can therefore be used by anyone who is not necessarily an 
ADS or filter design expert. 

 

 

Fig. 9. ADS schematic of BAW ladder filter. 
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Fig. 10. Simulated and measured S21. 
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Loading measurements from network analyzers are made 
possible through a minor modification of the data. This is 
useful for an identification of the MBVD parameters when 
there are uncertainties regarding the physical properties of the 
individual resonators, which will make it a useful tool for     
a validation of pre-fabricated filters and for making 
manufacturing adjustments. Locking of the resonance 
frequencies and quality factors is also possible, which 
simplifies the identification of the MBVD parameters, and 
limits the search state, thus accelerating the manual 
identification procedure. 

The ladder structure, yet supported, can be easily extended to 
various additional structures owing to the modularity and 
flexibility of our tool. The implementation of the filter structure 
editor, in addition to automatic identification subsystems, is the 
focus of our ongoing work. 
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