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Bragg reflector acoustic impedance RLC model

The simplified RLC model of Bragg reflector
impedance was developed and presented in this
work. The model allows the straightforward integra-
tion of the reflector’s electrical behavior into the
most of modern CAD systems as a part of complex
devices and enables the precise evaluation of the
output characteristics in a relatively wide near-
resonant frequency range. This is especially impor-
tant in the modelling of RF systems composed of
thin film bulk acoustic resonators. The model verifi-
cation was given including the analysis of the total
impedance frequency dependence in wide and nar-
row frequency ranges, the model agreement ex-
amination for different number of layers and using
various materials. The evaluation of agreement er-
ror for different frequency bands presented which
allowed one to determine the limits of applicability
of RLC model. An important advantage of pro-
posed solution is the decreasing of calculation time
and improving of optimization efficiency of complex
RF circuits with a large number of resonators. Ref-
erences 10, figures 6, tables 2.

Keywords: Bragg reflector; BAW; resonator;
RLC model.

Introduction

In recent years the progress in the field of bulk
acoustic wave (BAW) piezoelectric resonators has
led to the possibility of manufacturing of frequency
selective systems with features which enable the
efficient exploitation in the frequency range up to
10 GHz. High quality factor and electromechanical
coupling coefficient of these BAW resonators led to
the great performance especially in terms of cutoff
rate and out-of-band rejection ratio. Filters based
on BAW resonators stand good for their low trans-
mission loss (lower than 0,5 dB in comparison with
SAW filters), moderate energy consumption (tens
of microwatts) [1] and can be integrated with active
elements on a single chip which makes them very
promising option applied to mobile communication
devices.

At the same time the calculation of the fre-
quency-loss characteristics of the filter based on
BAW resonators represents a complicated engi-

neering challenge. The developed for today and
commonly used solutions in the field of BAW reso-
nators simulation include a variety of one-
dimensional (BVD, Mason and its modifications
Redwood and KLM) and three-dimensional physi-
cal models. The simplest Butterworth-Van-Dyke
(BVD) model of resonator provides the electrical
characteristics of the device in a narrow near-
resonant frequency range, however it does not ac-
count for a variety of intrinsic real device effects.
For instance the finite thickness of the electrodes
leads to an eigenfrequency shift; the nonideal
acoustic isolation and corresponding acoustic en-
ergy leakage reduce the effective bandwidth and
quality factor.

On the other hand three-dimensional models
which engage the finite element (FEM) calculation
method allow estimating the characteristics of
resonator with high precision taking into account
even the edge reflection effects and arbitrary elec-
trode geometry. A significant disadvantage of
three-dimensional models is their calculation time
and complexity of integration into modern RF circuit
design software. Thus, in [2] the calculation of
three-dimensional resonator with a circular step-
like top electrode took more than 4 hours in
COMSOL Multiphysics. In addition to above the
output data suitable for application in CAD are typi-
cally standardized Touchstone files containing the
frequency response of the device for a specific
structural modification of the device. The features
mentioned above seriously complicate the analysis
of complex filters consisting of a large number of
resonators and in fact eliminate the possibility of
design parameters optimization.

The Mason model composition concept is a
compromise solution which provides the account-
ing of main effects of real devices. Due to its con-
sistency and sequential structure the model is often
used to simulate the multilayered structures such
as trending solidly mounted resonators (SMR) with
Bragg reflector as acoustic energy isolation
method. However, as a distributed parameters
model based on electrical transmission lines it re-
quires the appropriate software simulation frame-
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work which was realized not in all CAD systems.
After that the modelling of complex electronic cir-
cuits based on multilayered structures may be inef-
ficient in many cases because of inexpediency of
accounting for multipath acoustic wave propagation
and rereflection in Bragg mirror structure.

The proposed method for simulation of periodic
layered structures (particularly Bragg reflector)
based on the development lumped element RLC
model. Due to the simplified reflector stack model
this approach will significantly increase the effi-
ciency of calculation and optimization of complex
filters based on SMR resonators with Bragg reflec-
tor acoustic isolation.

Theoretical background

To ensure the proper operation of bulk acoustic
wave resonator the propagation of longitudinal
waves should be enclosed by the volume of piezo-
electric material. In other words the acoustic en-
ergy must be concentrated locally without leakage
into other device parts. The acoustic energy local-
ization can be performed by introducing the discon-
tinuities into the acoustic wave propagation path,
so that the latter is reflected. The most effective
discontinuity is the air-solid material interface
which is implemented in film bulk acoustic resona-
tors (FBAR) design. Another approach is to create
a periodic Bragg reflector used in SMR-type de-
vices.

Unlike the FBAR structure, SMR resonators
have the advantage of less sensitivity to reciprocal
layers tension. Moreover the production process of
SMR requires less technological steps and photo-
lithography patterns. For one thing, the access
window for sacrificial layer opening excluded as
well as its removal. Another important effect of re-
flective layers in SMR as shown in [3] is a partial
increasing of transverse stiffness of the piezoelec-
tric layer which minimizes displacement caused by
transverse waves and as consequence reduces the
effect of parasitic resonances commonly observed
in non-loaded layers of FBAR.

The arbitrary SMR structure is shown in Figure
1. Actually the resonator is represented by piezo-
electric layer material sandwiched between two
electrodes. Acoustic isolation is implemented as
the interface air-solid above the top electrode and
Bragg reflector stack under the bottom electrode
which also acts supporting structure and heat sink.

Bragg reflector stack usually begins with low
impedance SiO, layer to obtain higher electrome-
chanical coupling coefficient k’. This one also de-
pends on the number of layers in reflector and the
layers acoustic impedance ratio Z.. Thus, k* im-
proves with the increasing of impedance ratio due

to less energy concentration outside the resonator.
Furthermore the layers material significantly affects
the quality factor of resonator [4].

Piezoelectric layer

> Electrodes

Si0O2
w
Si02
w
SiO2

Reflector stack

N/

Substrate

Fig. 1. The structure of SMR with Bragg reflector
layers

A bunch of structure optimization algorithms
developed and are used during the design of high
effective acoustic reflector. The simplest and com-
monly used approach to model the longitudinal
wave Bragg reflector is the selection of thickness of
each layer which corresponds the quarter acoustic
wavelength:

Yo VY

S U 1
0" 4D, 4D, )

where Vy, V; — velocities of longitudinal acoustic
wave in materials 1 and 2, Dy, Dy — layer thick-
nesses, f, — specified central frequency of the
Bragg reflector.

Such an approach provides the maximum re-
flectance and acoustic isolation at the central fre-
quency of reflector. The calculation of reflector's
reflection efficiency and operational bandwidth
based on electrical transmission lines analogy [5].
In this case the electrical parameters (impedance,
velocity etc.) in the wave propagation equations are
simply replaced by their equivalent acoustic ones.

In such a manner the analytical expression for
the Bragg reflector acoustic impedance can be
found by applying the recurrent relation for i" layer
that represents a single T-section of the transmis-
sion line:

> ,
z0 -z 4 )fZ1/ tanh(j¢;) ,
Z; +Z ™ tanh(jg)

where Z; — characteristic impedance of the i layer,
¢; — wave phase in this layer.

The output frequency response of the Bragg re-
flector using this approach can be represented as
combination of the real and imaginary parts of the
acoustic impedance. Herewith the total impedance
has resonant frequency behavior with the minimum
point of acoustic impedance at the center fre-

()
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quency fo, which corresponds to maximum reflec-
tion.

Model development

The proposed model is based on the assump-
tion of the small change in the derivative of the
imaginary part of the reflector's acoustic imped-
ance near the resonant frequency. In particular this
part is responsible for the resonance frequency
shift in the SMR. The calculated near-resonant de-
pendencies of im(Z) for Bragg reflector configura-
tion which consists of different number of SiO,—W
layers depicted in Figure 2. Herewith, Z1 corre-
sponds the case of one SiO, layer on silicon sub-
strate which is not reflector in fact and shown here
for tendency illustration purposes. When consider-
ing the frequency dependence of imaginary part for
different number of layers it becomes clear that the
frequency behavior of obtained functions are very
similar for n>3 and have almost linear nature. Thus,
the normalized root mean square error value
reached 0,989 when comparing Z3 and Z9 which
indicates a small discrepancy between the curves

for different number of layers.
0.
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Fig. 2. The frequency dependencies of the imaginary
component of the Bragg reflector acoustic
impedance for 1, 3, 5, 7 and 9 layers of SiO-W

Submitted circumstances allow one to ap-
proximate the acoustic impedance of the Bragg re-

28 (Zo + ZisoS1)(Zs + Z181) + ZoZ4(ZoSo + Zi$1)(Z1 + ZsS1)

flector schematically in the form of RLC circuit
which has a linear dependence of the imaginary
component of the impedance near the resonant
frequency f, that can be defined easily by interre-
lated parameters L and C:

fy =2zJLC . 3)

The total impedance of such an equivalent cir-
cuit can be expressed as the following relation:

ZRLC =R+j27Z'fL+ (4)

j2nfC’

The proposed approach lays in fitting the im-
pedance of RLC circuit for acoustic impedance of
Bragg reflector and hence implies the equality of
their derivatives at the resonance frequency fy. As
shown earlier the variation of the imaginary com-
ponent of the reflector’s total impedance is negligi-
bly small with the number of layer of more than
three. Therefore to simplify the calculation let us
assume:

im| Zro () |=im| Z3gr(h) | 5)

After substitution (4), one can obtain the follow-
ing expression:

im| j2xL - - im[zs' f ]
{/ 12208 } sr(f)

The derivative of the RLC circuit impedance
contains only the imaginary component that allows
the simplification of this expression and after sub-
stitution capacity C from (3) one can achieve rela-
tions for parameters L and C:

im [23'BR(fo )} 1 1
L= C=— :
4 ff im[szR(fO)

. (6)
]

The formula for acoustic impedance of the
three-layer Bragg reflector on specified substrate
can be found by applying the recurrent relation (2):

with the following replacements: Z,, Z4, Zs — char-
acteristic impedances of W, SiO, and Si layers re-

spectively, s; = j-tan(¢;) with phases
@ =2xf-D; 1V;, where D;, V; — thickness and
acoustic wave velocity in each layer.

(7)

Z1(ZoS1 + Z1So NZs + Z481) + Zo(Zy + ZoSos1)(Zy + ZsSy)

The direct analysis of obtained expression for
its submission to an equivalent circuit is non-trivial
task. Conversely, the advantage of the proposed
approach is to simplify the analysis using the fol-
lowing algorithm.

The derivative of the acoustic impedance in
general form is represented by the next formula:
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' ASOS1 +A 1SOS1 +.. +AN 15031 +AN
Z3gRr =

,(8)
BSOS1 +B+1SOS1 +.. +BN 13031 +BN
where A, and B; — some coefficients of the tan-
gents.
Since in this case Bragg reflector comprises

Z\(Z522 -7} )(D\Wo(Z5 +Z1 )+ DViZoZy)

quarter-wave layers the value of phase @; for each
tangent converges to 1/2 and consequently the
value of tangent converges to infinity. This fact al-
lows one to calculate the limit of the derivative
function at the point fy actually leaving only the co-
efficients of the maximum degree of tangents:

. A
lim (Z3gr)=—"L=2x
f—>fo( BR) g 2"
Taking into account f, N for the
4Dy 4D,

quarter-wave reflector one can obtain the derivative
of the acoustic impedance of the reflector at the
frequency f, which comprises only the imaginary
component:

21(2222 Z¢N(Z8 + 292, + Z)
26,2872 '

The values of L and C parameters can be
achieved after substituting of this expression into
(6). It appeared to be that these values depend on
the characteristic impedances of the comprising

layers and the resonance frequency f, which implic-
itly takes into account the thickness of the layers.

Lo A&z -2z 1202+ 28|
8fo 7§72

Z3pn = 7 (10)

2373

-1
2 (22828 -Z)\Z8 + 2021+ 2D)| 4
7Z'2f0

At the same time the function of real compo-
nent of reflector's acoustic impedance has very
complicated frequency dependence which and de-
scribes the energy loss in the resonator. The calcu-
lated curves for different number of layers of the
Bragg reflector are shown in Figure 3.
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Fig. 3. The frequency dependencies of the real
component of the Bragg reflector's acoustic
impedance for 3, 5 and 7 layers of SiO-W

(9)
VO\AZOZ

The keypoints of this function are the periodi-
cally repeated values at frequencies of 0 and 1000
MHz that corresponds to the acoustic impedance of
the substrate Z;, as well as a minimum point which
can be found by substitution f=f, into the recursive
relation for the acoustic impedance (2):

lim Z(1) _ Z +Z-| tanh(jq)1) Z1 (13)
f-f 'Z,+ Z tanh(joy)  Zg '
n+1
lim 27 = 41 R . (14)
Fy 287zs 0

In a narrow near-resonance frequency band
(470-500 MHz) the function of the real component
is almost linear that allows one to approximate it as
frequency independent resistance R. This element
of the model is described by expression (14) and
depends on the characteristic impedance of the
layers as well as their quantity.

The periodic nature of the acoustic impedance
function of the Bragg reflector can be modelled by
additional RLC circuits connected in parallel as
shown in Figure 4. This feature allows one to carry
out the broadband frequency analysis of the de-
vice. The resonance frequency of each of the par-
allel circuits should be set by parameter

C(k):ﬁ with integer k where C corre-

sponds to the relation (12).

RLC3

C=C/25

Fig. 4. Parallel RLC circuits simulates the periodicity
of the acoustic impedance allowing the broadband
frequency analysis
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Model verification

The verification of practical characteristics of
RLC model of the Bragg reflector was carried out
by a comparative analysis of the total impedance
frequency dependence. In this case the standard
Mason approach for the SMR-type structure (Fig.
1) was chosen as a reference model. The model’s
frequency behavior and simulation accuracy were
under consideration along with its coherence under
variation of frequently used layer materials and
their quantity.

In particular, but not limited to this point, the
frequency dependence in case of 5-layer reflector
(SiO,-W-SiO,-W-SiO,) on silicon substrate de-
picted in Figure 5. The thickness of the Si substrate
for this and all subsequent calculations assumed
equal to 7 microns. The thicknesses of the quarter-
wave layers were set in accordance with (1) to ob-

BE-1

1E-1—

Full impedance [Rayls]

1 T ] T T
440 460 480 500 520 540 560

Frequency [MHz]

a)

tain maximum reflectance at the central frequency
of 500 MHz. The normalized root mean square er-
ror (NRMSE) was chosen as a model consistency
criteria. It is often used to compare models outputs
[6] and can be calculated using the following ex-
pression:

”Zref - Ztest”
"Zref —mean(Z )”

NRMSE =1- , (15)
where || indicates the 2-norm of a vector (Euclidean
norm), Z.s — the output data set of the reference
model, Zst — the output data set of the test model.
The NRMSE criteria value vary between — (bad
fit) to 1 (perfect fit).

It is worthy of note that the following results
were obtained using the MatLab numerical comput-
ing environment and Agilent Advanced Design Sys-
tem for electronic circuit simulations.

SE1

1E1

Full impedance [Rayls]

1E-2—

Frequency [MHz]

b)

Fig. 5. The total impedance frequency responses of the reference and RLC models in a narrow near-resonant
(a) and wide (b) frequency ranges

As proceeding from the presented simulation
results the RLC model has high agreement
accuracy with the reference model in the frequency
range of 440-560 MHz (Fig. 5, a). Thus, calculated
NRMSE deviation reached the value of 0,968 in
this case. In a wide frequency range the model
consistency can be assessed only within
periodically repeated resonances (Fig. 5, b). As
noted before the quantity of higher harmonics is
specified by additional parallel circuits of RLC
model.

As shown in Figure 6, this fact is also
confirmed by the calculation of NRMSE value for
various frequency bandwidths with the central
frequency ;=500 MHz. As expected, the model
consistency decreases with the expansion of the
simulated frequency range. Notably for the range of
250 MHz NRMSE coefficient reduced by 5% of the
maximum value. Considering that the fractional
bandwidth of nowadays BAW resonators reaches

the value of 7-8% [7,8] (or 35-40 MHz for f,
defined in this work) RLC model can be
successfully applied in circuits to model the Bragg
reflector with sufficient accuracy.

Fractional bandwidth aﬂE

10 02 04 06 08 1 12 14 16 18 2

"0 100 200 300 400 500 600 700 800 900 1000
Af range [MHz]

Fig. 6. The dependence of NRMSE value on absolute
frequency bandwidth and fractional bandwidth Af/f,
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The calculation results of the frequency re-
sponse fit for varied Bragg reflector layers quantity
are listed in Table 1. In this case the layer's materi-
als of the model were SiO,-W for Bragg reflector
and Si for substrate. The table contains data for
narrow near-resonant Afi,.,: 440-560 MHz and
wide frequency band Af,q: 0,1-1000 MHz.

Table 1. RLC model consistency for different number
of Bragg reflector layers

Layers NRMSE NRMSE

qua ntity @Aflocal @Afwide
1 -1,87 -10,5
3 0,982 -1,22
5 0,968 -1,12
7 0,967 -1,07
9 0,967 -1,04
11 0,967 -1,02

According to the listed data the divergence rate
varies slightly in a narrow frequency for different
layers quantity while maintaining acceptable model
accuracy. In a wide frequency range the NRMSE is
predictably decreasing due to extending of Bragg
reflector bandwidth and reduced influence of out-
of-band reflectance fluctuation.

Table 2 contains the calculations of model con-
sistency for variable reflector layers materials. The
value Z, represents acoustic impedance ratio of the
thin film layer materials which affects the efficiency
of acoustic energy isolation at the central frequency
and the width of the reflection band. A commonly
used approach is to utilize layer materials with a
high impedance ratio Z,, as it provides the greatest
reflection bandwidth in longitudinal wave mode [9].
At the same time, the combinations of low imped-
ance ratio, such as ZnO-SiO, are sometimes used
to suppress spurious resonances due to high
transverse waves reflection efficiency [10].

Table 2. RLC model consistency for different combi-
nations of Bragg reflector layer materials

Materials Z - NRMSE NRMSE

ratio @Aflocal @Afwide
W-SiO, 7,9 0,97 -1,11
Mo-SiO, 50 0,93 -2,13
HfO,—SiO, 4.1 0,9 -2,92
AIN-SiO, 3,0 0,8 -4,88
Zn0O-SiO, 2,8 0,78 -5,17
Ta,05-SiO, 24 0,74 -5,91

Presented calculations showed high agreement
accuracy in comparison to reference model in the
range Afi,cq for material combinations of high im-
pedance ratio. Low-ratio material combinations with
Z, of less than 3 exhibited NRMSE values of 0,74—
0,78 which indicated the possibility of adequate
evaluation of output characteristics only in relatively
narrow frequency ranges.

The performed analysis of RLC model per-
formance in terms of total acoustic impedance cal-
culation showed the decreasing of calculation time
of 52-56% in comparison to reference Mason
model using Agilent ADS environment. The per-
formance analysis of complex filters based on SMR
resonators with presented Bragg reflector model
became the subject of future research.

Conclusions

The paper presents a simplified lumped ele-
ment RLC model of the Bragg reflector based on
the assumption of small variation in the derivative
of the acoustic impedance imaginary component
function. The model verification including the fre-
quency response analysis for different input pa-
rameters proved the model's applicability to evalu-
ate the output characteristics of the Bragg reflector
in longitudinal wave mode. Hence it opened the al-
ternative possibility to calculate the dependence of
reflection coefficient at the central frequency and
reflector bandwidth on the number of layers. Also,
the presented approach can be used to assess the
applicability of various combinations of Bragg re-
flector and substrate materials.

Overall, the model provides high accuracy re-
sults in near-resonant frequency range of Bragg
reflector (with fractional bandwidth up to 50%). The
possibility to connect the additional monotype RLC
circuits provides the simulation of inherent periodic
behavior of the real reflector. These advantages
are especially important in modelling of the fre-
quency response of thin film piezoelectric resona-
tors, in particular higher resonant harmonics.
Moreover the proposed RLC model allows one to
account the resonance frequency shift determined
by mass-loading and energy losses in device. As
circuit solution it can be integrated into the most of
modern CAD systems and used for accelerated
calculation and assessment of the frequency char-
acteristics of high-order filters based on SMR reso-
nators, as well as for the optimization of their de-
sign parameters.
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umrnedaHca 8 y3KOM U WUPOKOM YacmomHbix Ouarnas3oHax, uccredoeaHue coenacogaHHocmu moodesnu
fpu eapuayuu Konudecmea crioeg 6p32208CcK020 3epKasia U npu UCMOob308aHUU pasfuyHbIX Mamepua-
nos. lNpusedeH pacdyem owubku coanacoeaHHOCMU Ossl pasfiuYyHbIX 4acmomHbIX Ouana3oHos8, Mo3eo-
nawul onpedenumes 2paHuubl MPUMEHUMOCMU MOOenU. BaXHbIM rpeumMywecmeom npedrioxeHHoU
RLC modenu sisnsiemcs ygenudeHue aghghekmusHocmu pacyema u onmumusayuu CrioXHbIX CXeM C rpu-
MeHeHueM b0s1bW020 KosuyYecmea pe3oHamopos 3a CYem CoKpaweHusi BpeMeHU pacdema ompaxame-
ng. bubn . 10, puc. 6, Tabn. 2.
KnroueBble cnoBa: bpazzoeckuli ompaxxamesb, BAW; pesonamop; RLC modernsb.
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