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Abstract: The development of mobile 5G technology poses new challenges for high-frequency and
high-performance filters. However, current commercial acoustic wave filters mainly focus on 4G
LTE, which operates below 3 GHz. It is necessary to accelerate research on high-frequency acoustic
wave filters. A high-selectivity film bulk acoustic resonator (FBAR) filter chip for the 3.4-3.6 GHz
range was designed and fabricated in this paper. The design procedure includes FBAR parameter
fitting, filter schematic analysis, and the generation principle of transmission zeros (TZs). The mea-
sured results show that the filter chip is of high roll-off and stopband suppression. Most of the stop-
band suppression is better than 35 dB. Finally, error analysis was conducted, and FBAR parameters
were modified after testing for future filter design work.

Keywords: radio frequency (RF) filter; mobile communication; film bulk acoustic resonator (FBAR);
bulk wave filter (BAW); resonator model fitting

1. Introduction

In recent years, mobile communication technology has developed rapidly. For ex-
ample, RF front-end devices [1], including filters, power amplifiers, low-noise amplifiers,
RF switches, etc., have played an important role in the process of signal transmission.
From the perspective of mobile communication network development, RF technology now
faces many challenges, including “wider frequency range”, “more serious mutual interfer-
ence”, “more flexible bandwidth configuration”, and a “more complex modulation mode”.
To solve these problems, RF devices in the physical layer need to have the characteris-
tics of multiband operation, good filtering performance, and flexible configuration. Af-
ter years of network construction and development, many kinds of network systems co-
exist, such as 2G, 3G, 4G, and 5G systems, and the spectrum fragmentation problem is
increasingly serious.

As its name implies, an RF filter is used to sift signal. A filter with excellent perfor-
mance can ensure that the whole communication system is not subject to interference by
clutter. In [2,3], the authors proposed some novel resonator structures and fabricated two
low-pass filters with excellent performance. Regrettably, these filters were not suitable for
mobile phones due to their size limitation. At present, in the mobile filter market, commu-
nication frequencies below 2 GHz are mainly dominated by SAW filters [4]. However, as
people enter the era of 5G and the communication frequency is extended to sub-6G, SAW
filters are not competent for the demand of 5G communication due to their physical perfor-
mance limitations. To solve this problem, BAW filters fabricated by FBAR and LC filters
fabricated by low-temperature cofired ceramic (LTCC) or integrated passive device (IPD)
processes have been developed [5,6]. There is also a kind of technology called laterally
excited bulk wave resonator (XBAR) that can work at higher frequencies and with a wider
bandwidth [7,8]. However, these related devices are not yet commercially available. Their
scopes of application are shown in Figure 1.
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Figure 1. Mainstream technology and application frequencies of RF filters.

FBAR is a special microwave resonator with acoustic-electric conversion capability
that is based on piezoelectric resonance theory and manufactured by microelectromechan-
ical system (MEMS) film technology. The ideal airgap type of FBAR is a sandwich structure
including an upper electrode, piezoelectric layer, lower electrode, and support layer. An
airgap is etched between the silicon substrate surface and the lower electrode surface of
the FBAR to form an air layer and an air reflection layer at the upper and lower interfaces
of the FBAR resonator; therefore, a standing wave forms between the two air interfaces
to limit the acoustic energy in the FBAR resonator. The equivalent electrical impedance
expression of the FBAR resonator can be obtained from the joint solution of the classical
acoustic eigen equation and Maxwell’s equations, called the Mason model.

At present, FBAR technology is widely used in the 4G and 4G+ bands, and there are
still some problems when it comes to the application in the frequency range above the for-
mer. As the frequency of FBAR resonators increases, the effective area and the material
thickness will decrease, resulting in the leakage of transverse acoustic energy, leading to
the degradation of the resonator and filter performance. In terms of bandwidth, the fre-
quency range between series and parallel resonators is limited by the dual resonant mode
of acoustic resonators and the limited electromechanical coupling coefficient of piezoelec-
tric materials, which leads to the problem that flexible bandwidth modulation cannot be
easily achieved. The decrease in electrode layer thickness also leads to an increase in energy
loss and a decrease in stopband suppression. Therefore, technological innovation is ur-
gently necessary to facilitate the application of acoustic wave filters to 5G smart terminals.

In the last few years, there have been some studies on the extraction of piezoelectric
material parameters [9-11] that have laid the groundwork for the calibration of the FABR
model and the design of filter circuits. In addition, there are some studies on SAW and
BAW filters. In [12], a B1/B3 SAW quadruplexer was analyzed. In [13], a B3 FBAR duplex
was analyzed and designed. However, most studies on such acoustic filters are limited
to the traditional frequency band below 3 GHz. There is not much disclosed research on
wideband acoustic filters in the n77, n78, and n79 bands. Meanwhile, most relevant papers
are limited to the influence of material and element doping on the performance of a sin-
gle resonator. Large manufacturers do not publish their data for reasons associated with
patent protection. Thus, an example of complete filter chips is lacking.

In this paper, we designed a 3.4-3.6 GHz high-selectivity FBAR filter, which is exactly
the working frequency of 4G LTE band 42. The iPhone 13 can now support communica-
tion in band 42. Furthermore, 3.4-3.6 GHz is the sub-band of n77 or n78. In China, this
sub-band is used as a 5G communication frequency by China Unicom and China Telecom.
In this paper, we screen and evaluate the performance of FABR, design and analyze the
filter schematic, the discuss the control method of transmission zeros (TZs), and present
measurement results and data analysis of the filter chip.
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2. Model Fitting of FBAR

In the design procedure of a transmission line filter and an LC filter, we will first carry
out the schematic simulation in the ideal case, then draw the layout for EM simulation.
The design process of the FBAR filter is roughly the same. However, we first need to
obtain the theoretical model of a single FBAR in order to facilitate the following circuit
topology design.

To this end, we use AIN with 9.6% scandium-doped concentration as the piezoelectric
material. The doping of scandium element in AIN can improve the electromechanical cou-
pling coefficient of the FBAR, which is more suitable to fabricate FBAR filters with a wider
bandwidth. To acquire a suitable model for an FBAR at 3.5 GHz, we need to obtain the
longitudinal acoustic velocities and densities of AIN and Mo using the method described
n [11]. The physical structure and material of FBAR are shown in [14]; the modified Ma-
son model used to fit an FBAR in [15] involves five layers, namely a seed layer (Seed),
bottom electrode (BE), piezoelectric layer (PZ), top electrode (TE), and passive layer (PS).
Table 1 shows these parameters of FBARs used to solve longitudinal acoustic velocities and
densities of AIN and Mo. Finally, the calculation results are shown in Table 2.

Table 1. Parameters of the FBAR for model fitting.

Seed (nm) BE (nm) PZ (nm) TE (nm) PS(nm) fp 1 (MHz)

Resonator 1 30.8 234.0 447.0 218.5 141.5 3217.2
Resonator 2 27.8 233.7 449.0 217.0 148.0 3231.6
Resonator 3 32.1 233.7 446.3 217.7 148.0 3220.0
Resonator 4 29.5 230.3 448.0 217.0 140.3 3223.8

! Parallel resonant frequency of FBAR.

Table 2. Modified longitudinal acoustic velocities and densities of AIN and Mo.

Longitudinal Acoustic Velocity (m/s) Density (kg/m®)
AIN Mo AIN Mo
Original 10,886 5954 3270 9803
Modified 10,690.3 6240.7 3422.8 11,131.0

The performance prediction of the resonator and filter can be more accurate with an
equivalent model that can accurately reflect the actual performance of the FBAR. The circuit
design and circuit analysis can also be carried out on this basis.

3. Design and Analysis of the FBAR Filter

A Ladder type was chosen to realize the filter circuit. The working principle is that
the low-frequency electrical signal is channeled to the ground by the minimum impedance
point of the parallel FBAR resonator, thereby forming a transmission zero on the left side
of the passband. The high-frequency electrical signal of the upper band is blocked by the
maximum impedance of the series resonator. At the same time, a passband is generated
by the resonance points falling within the passband. The passband of the filter can be
adjusted by changing the thickness of each layer of the FBAR resonator. The Ladder type is
beneficial to give full play to the advantage of sensitive frequency response characteristics
of FBAR but also leads to a narrow bandwidth. Therefore, designers sometimes need to
adopt appropriate methods to expand the bandwidth.

As shown in Figure 2, the circuit is composed of four series cells (S; 151 2, S2 152 2,
S3_1S3_2, and 84_15472), five parallel cells (P1_1P1_2L2, P2L3, P3L5, P4L6, and P5_1P5_2L7),
and three impedance-matching inductances (Ly, L4, Lg). S 1 is the same as S . P; j is the
same as P 5, etc. The red word “6K” in the figure means that the area of a single FBAR is
6000 um?2, and the remaining red words are the same. In addition, the thicknesses of each
layer of the resonators are indicated in the figure. The thicknesses of Seed, BE, PZ, and PS
are the same in all the FABRs.
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[Seed: 30 nm == TE: 166 nm |
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Figure 2. Topology of the FBAR filter (L =1.83 nH, L, =1nH, L3 =1nH, L4 =0.92 nH, L5 = 0.57 nH,
Leg=1nH, Ly =0.88 nH, Lg = 1.99 nH).

To illustrate how the filter works, we can separate the whole circuit into 12 small
network cells in series, which include three matching inductances, four series cells, and
five parallel cells as mentioned above. Among them, network cell 1 (NC;) represents the
network cell composed of S4 1 and Sy 5, and NC; can represent the performance of four
series cells. NCp, NC3, and NCy are selected as representatives among the five parallel
branches in consideration of the symmetry of the filter circuit.

To calculate the frequency response of the circuit, we first need to know the expression
for the electrical properties of a single FBAR. In [14], the impedance expression of an FBAR
under the equivalence of the Masson model is

1
ZFBAR = — — )
jwCo + (j(wCo) " + N2(—jZaN csc 26 + M))
1
M= — - — —, )
(JZantan® + Z;) " + (jZan tanb + Z;)
20
=12, .0 7 )
kifwCoZaN

where C is the static capacitance; Z; and Z;, are the input impedances seen from the upper
and lower surfaces of AIN, respectively; Zay is the characteristic acoustic impedance of
AIN; 0 is the phase shift of the longitudinal acoustic wave in AIN; and k; is the electrome-
chanical coupling coefficient of AIN.

After the impedance of a single FBAR is obtained, according to [16], the ABCD matrix
of the four branches shown in Figure 3 can be written as

1 Zs, +Zs
[A]Ncl = {0 e 1 42}/

1 0
. — , 5
(Zpl_1 + Zp1_2 +](/JL2) ! l] ©®)

4)

[Alne, =
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1 0
A = , - , 6
s = |z 4 joy 1 ©
1 0
A = , - . 7
e = |z ot 1) "
where Zs, | = Zg, ,, and Zp , = Zp ,. The ABCD matrices of the remaining eight cas-

caded branches can be obtained by the same method. The ABCD matrix of the whole filter
is the product of these 12 branches, which means

[Aly = [A], [Alng, - [AlL,- 8)

12 marixes

|S41 S4z

I
I
N 5T
I
I

L 5.9K |

NC,

Figure 3. Cascaded branches NC;, NCy, NC3, and NCy.

After the ABCD matrix of the whole filter is calculated, according to [16], the conver-
sion relationship between the S parameters and the ABCD matrix of the two-port reciprocal

lossless network is
A+B/ZO_CZO—D

Sy = ) 9

W= AYB/Zy+CZy+D ©)

Sy = 2 (10)
2T A+ B/Zy+CZy+ D’

2(AD — BC)

Spp = , 11

2= AYB/Zy+CZy+ D (11)
—A+B/ZO_CZO+D

Sy = . 12

2" "A+B/Zy+CZy+D (12)

From this, we can obtain the S-parameter expressions of the whole filter. The fre-
quency response of the filter is calculated by incorporating the parameters of each compo-
nent into the expressions. The frequency responses of other branches are acquired in the
same way, as shown in Figure 4.

To understand the characteristics of TZs, we first take NC; and NCj as representatives
for analysis. Combining (4), (6), and (10), we can obtain

27, 2

= , 13
ZZO+ZS4_1 +ZS4_2 Z0+Zs4_1 ( )

Saing, =

Z(sz +jWL3)
Zo+ Z(sz +]wL3) '

S2inG = (14)
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Figure 4. The frequency responses of the filter and branches.
Set SZlNC1 = 0and S21NC3 = 0; then
Zs, , — o, (15)

Zp, + jwls = 0 & jwly = —Zp,. (16)

Since the impedance expression (1) of FBAR involves many parameters, it is difficult
to directly solve (15) and (16), but we can use the methodology of number-shape combina-
tion to understand the solutions visually. Functions g and y are introduced as

§ = —Im(Zgpar), (17)
y =Im(jwL) = wL. (18)

The variation trend of g and y vs. frequency can be obtained as shown in Figure 5. As
can be seen from the figure, there are two asymptotes (the asymptotes occur periodically as
the frequency increases), where the impedance goes to infinity, and these frequencies rep-
resent the solutions for (15). In addition, g and y have at least two noteworthy intersections
that represent the solutions for (16).

The TZs of the filter are highly consistent with the TZs of the branch cells when it
comes to FBAR filters. The near-passband TZs are provided by acoustic resonance of
FBAREs. f, is provided by NC; and other three-series cells. f; is provided by NC, and its
symmetric branch, P5 1Ps 2Ly. f,4 is provided by NC3 and its symmetric branch, PyLg. f,4
is provided by NCy. In addition, there are some TZs located at high frequencies due to the
capacitive effect of FBARs, which resonate with series inductances, such as f 5, f 4, f .7, etc.
These TZs ensure suppression at high frequencies.
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4. EM Simulation and Measured Results

Layout modeling and electromagnetic simulation are carried out after the theoretical
analysis is completed. The EM simulation is supported by HFSS simulation software. The
3D EM model and the laminate layers of the filter are shown in Figures 6 and 7, respectively.
The filter consists of two parts: the FBAR die and the laminate fabricated by coreless tech-
nology. These two parts are merged by flip chip (FC) technology. Silicon via (TSV) and
bump are the connecting holes in this case. As for the laminate, the multilayer metal and
via used for coil inductance is copper and other filling dielectrics are Fr-4. Figure 7 shows
the structural details of the laminate. The laminate has five metal layers, which are named
Top, M2, M3, M4, and Bottom. The adjacent layers are connected by via holes. Each of
the four images contains two metal layers and the via hole. The bottom layer has three
metal plates, which serve as the input port, output port, and ground. The size of the chip
is 1.1 x 0.9 x 0.5 mm®.

Output Port

Figure 6. The 3D model of the filter chip (1.1 x 0.9 x 0.5 mm?).
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Top
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Figure 7. Laminate layers of the filter chip.

The chip is installed on the evaluation board (EVB) for testing, as shown in Figure 8a.
Figure 8b shows the test environment. The upper and lower parts of the evaluation board
are identical, which can be used to install two chips. This time, we use the upper part.
Figure 9 shows the simulated results and measured results of the filter chip. The mea-
sured results exhibit a certain deterioration compared with the simulated results. The best
measured insertion loss is 2.5 dB at 3.56 GHz. The insertion loss is 3.58 dB at 3.4 GHz and
3.21 dB at 3.6 GHz. The measured return loss is better than 12 dB in the passband. In
addition, several representative mobile communication bands above 2 GHz located in the
stopband are marked in Figure 9 for visual comparison, including B40, 2.4G Wi-Fi, B41,
N41, N79, and 5G Wi-Fi.

(a)

Figure 8. The fabricated filter chip and test environment. (a) Filter chip on EVB. (b) Test environment.
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Figure 9. Simulated and measured results of the filter chip.

In order to analyze the error of simulated and measured results, we need to select
several individual resonators to test. S; 1 and Sy | were tested and compared with the sim-
ulated results, as shown in Table 3. Obviously, the kf.¢ values of the measured resonators
are larger; the magnitude of the error for S;_; is 0.008, and that for S, 1 is 0.0029. As for the
other resonators, there will also be errors, which will deteriorate the passband matching.
At the same time, the quality factor (Q) of the resonators decreased, and the reductions in
Qs and Q) of the two resonators vary from 200 to 700, leading to the deterioration of pass-
band insertion loss (IL). In addition, fs and f}, of the resonators are slightly biased, leading
to the deterioration of the passband matching. After this, we carried out scandium-doped
concentration analysis of piezoelectric material AIN. The test results show that the actual
scandium-doped concentration is 6% rather than 9.6%, which is also one of the reasons
that causes errors. Thus, process accuracy improvement requires more efforts.

Table 3. Comparison of simulated and measured performance of a single FABR.

ktegs ! fs?(GHz)  f;° (GH2) Qs Qp®
Measured 51 1 0.0845 3.547 3.672 278 960
Simulated S; 4 0.0765 3.598 3.717 784 1385
Measured S; 1 0.0794 3.578 3.701 425 733
Simulated S, 4 0.0765 3.598 3.717 665 1407

1 Equivalent electromechanical coupling coefficient of FBAR. 2 Series resonant frequency of FBAR. 3 Parallel
resonant frequency of FBAR. # Series quality factor of FBAR. 3 Parallel quality factor of FBAR.

This is the first scandium-doped AIN design working above 3 GHz proposed by our
company, and the FBAR model and simulated accuracy still need to be improved. Accord-
ing to analysis, kta;n was adjusted from 7.61% to 7.38%. Some other parameters of the
model were also adjusted. The modified parameters can better fit the measured results
and lay a foundation for the next design work.

Table 4 shows the comparative performance of several acoustic filters in recent years.
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Table 4. Several acoustic filters and their performance.

1 2 3
Ref. Type (éi—lz) (I;B) (E/[‘,;I-Iz) FOM ¢ Sup;r?sg?:: g(dB) Size
[17] FBAR 371 3.04 120 30.92 37 1.25 x 0.9 mm?2/0.015 x 0.011 Ag?
[18] FBAR 26 1.7 120 21.67 35 1.1 x 0.9 mm?/0.0095 x 0.0078 Ag?
[19] FBAR 245 25 150 16.33 25 1.1 x 0.9 mm?2/0.0089 x 0.0074 Ay>
[20] XBAR 3.55 1.4 120 29.58 30 1 x 1mm?2/0.012 x 0.012 Ay?
[21] SAW 3.44 1.3 200 17.2 30 - @
[22] SAW 3.74 3.03 500 7.48 20 -
This work FBAR 3.52 3.1 200 17.6 35 1.1 x 0.9 mm?2/0.013 x 0.011 Ay?
1 Center frequency. 2 Average insertion loss in passband. 3 Passband bandwidth. 4 Figure of Merit. ® average
level of stopband suppression.
5. Conclusions
In this paper, an FBAR filter for the frequency range of 3.4-3.6 GHz was designed, ana-
lyzed, and fabricated. The design procedure was explained, including FBAR performance
fitting, filter schematic analysis, and the generation principle of TZs. A visual mathemat-
ical model was presented so that transmission zeros are easier to understand. Finally, an
FBAR filter chip was fabricated and tested for verification. The measured results show that
the filter chip has high roll-off, high-frequency selectivity, and good stopband suppression.
There are some differences between the measured results and the simulated results but
within the expected range. The analysis work can almost explain the error. Furthermore,
the resonator model parameters were modified to prepare for the next design work.
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