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Abstract. In this paper, a novel inline network realization 
of non-resonating node (NRN) and dangling resonator (R) 
pair direct synthesis approach is presented. Arbitrary pre-
scribed transmission zeros at real frequencies are realized 
through independently controlling the dangling resonators 
of the NRN-R pairs with impedance inverters between adja-
cent nodes. The bandpass element values for fourth order 
acoustic wave filter with a center frequency at 98 MHz are 
obtained through execution and mapping of the synthesis re-
sults based on the Generalized Chebyshev polynomials. The 
layout of prototype is presented. Finally, the prototype is 
constructed and measured using network analyzer to vali-
date the proposed concept in realizing the BAW filter using 
Butterworth Lowpass Van Dyke (BVD) model. The filter has 
an insertion loss of 3.45 dB, a return loss of 8.5 dB, and two 
transmission zeros (TZs). In terms of implementation, this 
synthesis technique allows flexibility to synthesize and real-
ize a conventional filter with transmission zeros as an inline 
network without cross couplings. This offers advantages in 
terms of size and cost reduction in filter production due to 
the inline resonator arrangement and reduced sensitivity in 
the design and tuning process.  

Keywords 
BAW bandpass filter, dangling resonator, direct 
synthesis approach, inline, non-resonating node  

1. Introduction 
With the growth of wireless applications and occupied 

bandwidth for data transfer and communication between 
mobile devices, filters are employed to properly isolate the 
required bandwidth to avoid crosstalk and reject unwanted 
noise signals. In wireless and mobile communications sys-
tems, a filter must achieve a remarkable performance [1]. 
High quality factor (Q), low insertion loss (IL), high return 
loss (RL), sharp transition slopes and high out-of-band 
rejection are the characteristics of high performance of 

a bandpass filter [2]. Compact size, high power handling and 
selectivity, low weight and loss microwave filter is demand-
ing specifically in cellular communications base-stations [3] 
whereas the increasing market demands for high perfor-
mance and miniature acoustic wave filter is stimulated by 
the compact and multi-band mobile application. Theoreti-
cally, at certain frequencies, the wavelength and propagation 
velocity of electromagnetic waves are directly related to the 
device size. Consequently, acoustic waves result in smaller 
device sizes due to their propagation velocity being approx-
imately four to five times slower than that of electromag-
netic waves [4]. There are two types of bulk acoustic wave 
(BAW) resonators used in telecommunication systems, Film 
Bulk Acoustic Resonator (FBAR) and Solidly Mounted Res-
onator (SMR). A computation method of BAW filters is pre-
sented in [5] which involves comparing the equivalent im-
pedance of Butterworth Van Dyke (BVD) model with the 
impedance calculated using one-dimensional piezoelectric 
equations for a piezoelectric structure. BVD models are very 
useful, prompting researchers to modify the BVD model to 
account for analysis of significant differences in electrode 
thickness of FBAR filters [6]. Analysis of spurious effects at 
the series resonance of BAW filters due to the resistance of 
thin metallic electrodes could be conducted by modifying 
the Mason and BVD models, as presented in [7]. With its 
geometric conditions, the design of BAW filter requires 
a ladder type of topology. In recent years, new conceptual 
designs and syntheses concerning the filter configurations 
were studied and reported [8–18]. The syntheses of ex-
tracted-pole configurations reported in [8–12], although they 
allow for inline topologies, are not easy to design and are not 
suitable to realize the BAW resonators. More effective ways 
to realize the inline topology are by using frequency-depend-
ent coupling which require special coupling resonators or 
structures suitable for cavity or planar structures [13–17]. 
The conventional design synthesis of microwave filters with 
finite transmission zeros is achieved by introducing cross-
coupled configuration which requires complex realization, 
and it is not suitable in BAW filter designs. An alternative 
method shows in-line topology is feasible by introducing 
non-resonating node [18].  
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In this paper, a novel synthesis approach for the inline 
filter network with NRN-R pairs is introduced and pre-
sented. A filter network which has derived eigenvalues and 
couplings can be represented by an admittance function with 
transversal array. The transversal array is reconfigured as 
an inline NRN-R pair acoustic wave ladder network by in-
troducing a phase shifter to the input. To illustrate the syn-
thesis, the design example of the 4th order bandpass filter is 
synthesized and fabricated using Lowpass BVD model. Fi-
nally, the lowpass to bandpass BVD model is applied to 
achieve the desired bandpass filter.  

2. Synthesis of Inline NRN-R Network 
Generally, a filter network can be represented by an ad-

mittance function with transversal array as shown in Fig. 1 
where the eigenvalues and couplings are derived. The recon-
figuration of eigenvalues or couplings is feasible by intro-
ducing a phase shifter at the input or output ports without 
distorting the filter response. A phase shifter can be mod-
elled by the transfer matrix as shown below 
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With the introduction of a phase shifter at the input port 
and applying two port parameter conversion, the equivalent 
admittance function parameters of a filter network are ob-
tained: 
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11n 1 11n 1 dcos( ) jsin( )y y yϕ ϕ= + ,  (2) 
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  (5) 
where yd and yijn are the denominator and numerator of the 
respective admittance function parameters. To extract a trans- 

 
Fig. 1. Equivalence transversal array network with configured 

eigenvalues. 

 
(a) 

 
(b) 

Fig. 2. (a) Transversal array with extracted NRN-R pair. 
(b) Transversal array with extracted NRN-R pair. 

mission zero or NRN-R pair, the admittance matrix is eval-
uated at a position of transmission zero at a real frequency 
and by solving (3). The phase 𝜑𝜑1 can be easily determined 
as 
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where s is the complex frequency and ωz1 is the transmission 
zero. Having determined the phase ϕ1 from the prescribed 
transmission zero and substituting into (2)–(5), it can be no-
ticed that a new set of eigenvalues and couplings is achieved. 
One of its eigenvalues is now equal to the value of the de-
sired transmission zero.  

It is also interesting to note that coupling MLi of eigen-
value λi is diminished to zero resulting in a new transversal 
array network with a dangled resonator at the input of the 
network as shown in Fig. 2(a). The residues of the new ad-
mittance functions can be deduced by  
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where the port susceptance yb1 can now be obtained by let-
ting 𝑠𝑠 approaching infinity  
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The same process can be repeated for the extraction of 
NRN-R pairs from the remaining network. The nth order in-
line NRN-R pairs coupling matrix is shown in (11).  

1 ,

,

cot csc 0 0

csc cot cot j 0

0 csc

0 0 csc cot j

i i

i i i b i

n

n n b n

y

y

ϕ ϕ

ϕ ϕ ϕ

ϕ

ϕ ϕ

+

−

− + −

−

− −

 
 
 
 
 
 



 

  

  (11) 

2.1 Illustration of Coupling Matrix Synthesis 
Consider a fourth-order inline filter with  N = 4,  ωi = 

[–3,–3,+3,+3] is synthesized with NRN pair where N is filter 
order and ωi is the position of transmission zeros. The filter 
topology of 4th order acoustic wave ladder network and its 
coupling matrix representation are shown in Fig. 3 and (12).  

 
Fig. 3. Filter topology of 4th order acoustic wave ladder 

network. 
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where 
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With the desired design specification, generalized Che-
byshev filtering function can be used to synthesize the filter. 
F(s), P(s) and E(s) polynomials are obtained using recursive 
technique respectively as: 
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With this complex form of polynomials, the 
transmission and reflection coefficients S21 and S11 can be 
obtained:  
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Figure 4 shows the ideal fourth-order generalized 
Chebyshev lowpass filter responses with 4 poles in the 
passband and 2 pairs of transmission zeros at –3 and 3. 

Applying the synthesis in Sec. 2, the coupling matrix is 
deduced as shown in (19). 

 
Fig. 4. 4th order ideal lowpass filter transfer and reflection 

characteristics. 
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Fig. 5. Transfer and reflection characteristics based on 

synthesized coupling matrix. 
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  (19) 

Figure 5 shows the transfer and reflection 
characteristics of the filter based on the synthesized coupling 
matrix.  

2.2 Butterworth Lowpass Van Dyke (BVD) 
Model Formulation 
The use of NRN in filtering structure was introduced 

by Amari [19] which demonstrated that this utilization may 
reduce the size of filter in particular cases. A dangling reso-
nator is a structure formed by three components which are 
NRN, resonating node (RN) and coupling where the node 
symbols are shown in Fig. 6. NRN implemented with an FIR 
B internally connected to ground and an admittance inverter 
Jr that represents the coupling between the former nodes 
whereas RN is formed by a unit capacitor in parallel with 
a frequency-independent reactance b. The input admittance 
of a dangling resonator is 
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When s = –jb, the input admittance becomes infinite, 
that is at the position of TZ at normalized frequency ω = –b. 
Alternatively, an attenuation zero is produced when the in-
put admittance is zero. The signal is directed to propagate  

  
Fig. 6. Nodes symbols of the dangling resonator. 

 
Fig. 7. Equivalence between the dangling structure and the 

circuital representation of a BVD resonator in lowpass 
for shunt resonator [12]. 

from source to load through the NRN. The admittance char-
acteristics observed in dangling resonators resemble those 
found in lowpass normalized frequency BVD model. 

Butterworth Van Dyke (BVD) model is developed by 
Giménez [11]. It is generally acknowledged that the Butter-
worth Van Dyke (BVD) electrical model, which consists of 
a series LC resonator in the motional arm in parallel with the 
static capacitance reflecting the electrical characteristics of 
piezoelectric resonators in the main resonance frequency. 

Figure 7 shows the equivalence between the dangling 
structure and the circuital representation of a BVD resonator 
in lowpass for series resonator. By analyzing the input ad-
mittance expression of dangling resonator and lowpass BVD 
circuits, resulting the relationship between shunt dangling 
resonator and lowpass BVD: 
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Fig. 8. Equivalence between the dangling structure and the 

circuital representation of a BVD resonator in lowpass 
for series resonator [20]. 
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Figure 8 shows the equivalence between the dangling 
structure and the circuital representation of a BVD resonator 
in lowpass for series resonator. On the other hand, the rela-
tionship between series dangling resonator and lowpass 
BVD: 
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3. Bandpass Filter Network Transfor-
mation 
Having mapped the coupling matrix to BVD model 

resonators, the equivalent lowpass network can be formed. 
To realize the bandpass filter network, the BVD bandpass 
transformation is required. Figure 9 shows the equivalence 
between the lowpass and bandpass BVD model of an acous-
tic wave resonator. The bandpass BVD model consists of se-
ries resonator composed of La and Ca representing the acous-
tic path of acoustic wave resonator, and the static 
capacitance C0 corresponding to IDT of SAW resonator or 
parallel electrode plates of BAW resonator. On the other 
hand, the lowpass BVD model consists of X0 and Xm, fre-
quency invariant reactance and Lm, lowpass inductor.  

Bandpass domain is achieved by a proper frequency 
transformation from lowpass BVD model. The input imped-
ances of the lowpass and bandpass BVD model are obtained:  
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To achieve the bandpass BVD model elements, firstly, 
the lowpass impedance is converted to bandpass impedance 
using the following transformation.  

 
Fig. 9. Lowpass and bandpass BVD equivalent model of 

an acoustic wave resonator [20]. 
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where α is the bandwidth scaling factor, ɷ is the bandpass 
frequency variable, and ɷ0 is the geometric midband fre-
quency: 

 210 ωωω = .  (30) 

ɷ1 and ɷ2 are the lower and upper edge frequencies of the 
desired bandpass frequency. By substituting (29) into (27), 
a new bandpass impedance expression can be obtained. 
Comparing and solving both transformed bandpass imped-
ance and bandpass BVD impedance models at ɷ0, the band-
pass circuit elements at the center frequency ɷ0 can be de-
fined as 
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4. Bandpass Filter Prototype Realiza-
tion 
From coupling synthesis, we extract the elements of 4th 

order acoustic wave filter as tabulated in Tab. 1. With the 
extracted elements, the nodal representation of a 4th order 
ladder network can be constructed starting from a series res-
onator as presented in Fig. 10. 
 

i Ji Jri Bi b 

0 - - –0.3867 - 

1 1.0722 2.7076 –2.7081 –3 

2 –1.0344 3.3100 3.82699 3 

3 1.0239 3.51588 4.31797 –3 

4 –1.09487 2.69796 2.68885 3 

5 –0.38673 - 0.445824 0 

Tab. 1. Extracted elements of 4th order acoustic wave filter. 

 
Fig. 10. Nodal representation of a 4th order acoustic wave ladder 

network starting in series resonator. 
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i Lmi Xmi X0i 

1 0.9020 –0.2642 –2.442 

2 0.09128 0.2738 –0.2613 

3 1.345 –0.1846 –3.852 

4 0.1374 0.4121 –0.3719 

Tab. 2. Lowpass BVD circuits elements of 4th order acoustic 
wave filter. 

 

i Lai Cai C0i 

1 3.481 × 10–7 7.209 × 10–12 1.337 × 10–11  

2 4.749 × 10–8 1.060 × 10–10  1.250 × 10–10 

3 5.278 × 10–7 4.910 × 10–12 8.477 × 10–12 

4 7.148 × 10–8 7.043 × 10–11 8.779 × 10–11 

Tab. 3. Bandpass elements of 4th order acoustic wave filter. 

The lowpass BVD circuits elements are determined 
from (21) to (26) for series and shunt resonators as shown in 
Tab. 2. 

To proceed for bandpass transformation, the lowpass 
BVD circuit is transformed to a bandpass filter with the 
lower- and upper-cutoff frequency at f1 = 88 MHz and 
f2 = 108 MHz. From (29)–(33), the bandpass elements are 
determined and obtained as shown in Tab. 3. 

The bandpass filter circuit is constructed in advanced 
design system (ADS) and simulated to observe the transfer 
and reflection characteristics where the results are shown in 
Fig. 12. 

 
Fig. 11. An equivalent BVD bandpass filter circuit. 

 

Fig. 12. Simulated S11 and S21 responses based on BVD model. 

Having obtained the desired filter responses, the next 
step is to generate the layout. First, it starts by checking the 
components available in the market and modeling those 
components, including their parasitic parameters, at the cir-
cuit simulation level. After that, the layout can be generated 
from the circuit. To ensure that the layout and selected cir-
cuit components produce the desired responses, ADS co-
simulation is required. This involves using internal ports in 
ADS momentum to generate the n-port Touchstone file and 
importing it into the circuit simulation with the selected 
components. If the simulated results still meet the specifica-
tions, the next stage is to send the layout for fabrication. Oth-
erwise, fine-tuning of the layout and component parameters 
needs to be redone.  

5. Experimental Results and Discus-
sions 
The layout was designed using ADS momentum. The 

layout then was exported and fabricated on FR4 board with 
dielectric thickness of 1.5 mm, the dielectric constant of 4.9, 
loss tangent of 0.08, and copper thickness of 35 µm. Due to 
the unavailability of the exact bandpass element values in 
Tab. 3, off-the-shelf elements of the closest values are 
purchased in prototyping the 4th order acoustic wave filter as 
shown in Fig. 13. The performance of 4th order acoustic 
wave filter prototype is measured in the laboratory using 
Keysight Network Analyzer (PNA E8363C). Figure 14 
illustrates the measured and simulated results of the 
bandpass filter. The prototype has a bandwidth of 15 MHz 
with a return loss of 8.5 dB and the insertion loss of 3.45 dB 
compared to the simulated network with a bandwidth of 
20 MHz, the return loss of 7.48 dB and the insertion loss of 
0.7 dB.  

The poor filter performance and shifts in frequencies 
and discrepancies between the prototype and the simulated 
network responses are due to parasitic parameters (induct-
ances and capacitances), fringing capacitance, and the low-
quality factor of the components on the board. Additionally, 
the values of the purchased components are not the same as 
those of the simulated components. This is due to the non-
availability of exact component values in the market and 
component tolerances. These frequency-dependent parame-
ters have caused shifts in frequencies and reduced band-
width. Combined with the lossy characteristics of the RF4 

 
Fig. 13. 4th order acoustic wave filter prototype with off-the-

shelf resonators. 
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Fig. 14. Transfer and reflection characteristics of the prototype 

and simulated network. 
 

Ref Topology Selectivity 

[15] Inline resonators with 
direct couplings 

Symmetric and asymmetric 
with N-1 TZs 

[13] Inline main line resonator 
couplings 

Symmetric and asymmetric 
with number of TZ based on 

the shortest path 

[11] 

Inline structure broken 
into the designs of 

a cascade of elementary 
blocks  

Symmetric and asymmetric 
with several TZs based on 
properly selecting blocks 

[14] Inline cascading square 
open-loop resonators Chebyshev type 

[12] Inline structure without 
NRN or a phase shifter 

Chebyshev type  
with a pair of TZs 

This 
work 

Inline NRN and dangling 
resonator 

Symmetric and asymmetric 
generalized Chebyshev type 

with independently controlled 
dangling resonators 

Tab. 5. The state-of-the-art comparison of filter performances. 

board, this has a significant impact on the filter performance, 
leading to a lossy performance, rounding off of the pass-
band, and shifts in the lower and upper frequencies. The 
state-of-the-art comparison of filter syntheses and perfor-
mances is depicted in Tab. 5. 

6. Conclusion 
This paper presents a novel synthesis technique of 

an inline dangling resonator pair for the realization of 
an acoustic wave filter circuit. With this synthesis technique, 
the flexibility to synthesize and realize a conventional filter 
with arbitrary transmission zeros as an inline network with 
inverters between adjacent nodes can be achieved. It pro-
vides the feasibility to realize a bandpass BAW filter based 
on BVD model mapping. The illustration of coupling matri-
ces is shown with a 4th order generalized Chebyshev filter 
example. The mapping and network transformation have 
been demonstrated to realize the 4th order acoustic wave 
bandpass filter. The filter prototype was constructed on an 
FR4 board with a center frequency of 98 MHz, an insertion 
loss of 3.45 dB, a return loss of 8.5 dB, and two transmission 
zeros. The measurement results show good agreement with 
the design theory which is suitable in designing FBAR 
filters. 
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