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N-th Order Butterworth Filter

Maximally Flat Response: H"(0)=0 for n=1,2,---N
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N-th Order Chebyshev Filter

Equal-Ripple Characteristics (€: parameter)
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7 Element T-type Butterworth LPF
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Influence of Mutual L
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Constant K Filter
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Fabry-Perot Resonator
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100% Transmit When L=nA/2



Image Parameter Z, Z, & @

— e - Example
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Cascade Connection with Inversion
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Cascade Connection with Inversion
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Derived m Filter
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Ladder-Type Filter

Configuration (Resonator-Based Constant K Filter)

» Fabrication of Multiple Resonators on a Chip
* Low Loss

* High Power Durability

* Moderate Out-of-Band Rejection



Performance of Ladder-Type SAW Filter
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Resonator Model for Y, & Y|

. o) . o
Y= jaC, (]a)/a)a)2+1+(]a)/a)a)/Q,,
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2. 05=0,P ©
o[ 7 1o
Z,=\Z(Z,+Z,)
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d d gozsinh_l(,/Yp/YS)

Passband When -1<Y /Y<0 (Either Y or Y, Inductive)




Relative admittance

Passband When -1<Y /¥ <0 (Either Y or ¥ Inductive)

Larger Y, Offers Wide Bandwidth



-1 %1 ; (MOdd)
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Bandwidth
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Out-of-Band Rejection
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When N 1, 21 COSh(Nw) TN (m)
where T,(x)=cosh(Ncosh!x): Chebyshev Polynomial

N Influences IL and OoB Rejection
r Influences IL, Bandwidth and OoB Rejection



Scattering Parameter, S,, [dB]
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Influence of Common Impedance

féﬁ\ SAW Device Chip! L
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Design of Ladder-type Filters

Resonator y Limits Achievable Band Width

For IL Minimization, ® *C?C,*R¢*~1

For Wide bandwidth, o 5 should be a little larger
than m,P

With smaller 7</C#/C,*, IL and Band Width
Improved but OoB Rejection Deteriorated.

With N, OoB Rejection Improved but IL Increases
IL 1s Very Sensitive to Motional Resistance of ¥,

Very Sensitive to Parasitics
O Influences IL and Shoulder Characteristics
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Lattice Filter

Resonator

¢ | Balanced I/O

out

Equivalent Circuit

Unbalanced 1/0



Y

C

-

Y,

0

e

$

Modified Equivalent Circuit

Equivalent to 2-Stage Cascaded L-type (or z-type) Filter

Res. Freq. for Series Arm

Anti-Res. Freq. for Parallel Arm

Y =00, ¥ =0

—

Y =0, ¥ =0



Resonance Condition AL
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Res. Freq. for Y Res. Freq. for Y,
| | Or ||
Anti-Res. Freq. for Y, Anti-Res. Freq. for Y,
S = R, (Yo — YJ
T (+TR)A+Y,R)

At Resonance
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1-M

IL Min. Condition =1 wm) S.|,_, 1M




Frequency Response
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Wideband When o,.°>w,°
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Better OoB Rejection When C,°>C°
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Relative admittance

RO(YO _Ye)
(1+Y,R)(1+Y,R))

Null Generation When
Y,=1,

S21 —



Influence of Mutual Coupling
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Very Small Values but May Not Negligible



Influence of Inductive Coupling
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Stacked FBAR Filter

Electrodes

*Good OoB Rejection
*Moderate IL

Equivalent Circuit for
Fundamental Resonance

Static Capacitance When Parallel-Connected

1-Port Resonator When Parallel-Connected with Inversion



Frequency Response .

of Stacked
Resonator Filter

From TFR Technologies
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Where Y, =joC,+Z""
¥, =-7"

Transfer Function Z=jolL +R +1/joC,
2

S, = ) 1 :
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I+ (0GR,
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A 1+
+ jo,CyR,
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When @,C, =G, 5, ~ 1 —
Jj2jy(w—-w,)/w,+ M~ +1]
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Response of Stacked Resonator Filter
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Cascaded Stacked Resonator Filters

—e—
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Steeper Skirt Characteristics
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Uncoupled State
- kM M k
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Resonance Frequency: o =(k/ M)0->

Coupled State
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Symmetric Resonance: o ={(k+2k,)/M}>

Antisymmetric Resonance: ®_=(k/M)"->



Coupled Resonator
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(a) Electric + Mechanical Circuit
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Transversally Coupled Double-Mode Filter
Electrodes
/ / Symmetrical &
- Antisymmetrical
: Resonances
7
T T T T T | 1-Port Resonator
¢ ,%z;%_::s : ¢ When Parallel-
| s C !
RS L LS |n_1/$,a\ Lis, Connected
. TCo 1::% 6" 0 STout| - Another 1-Port
i ol ® Resonator When
CTTTTTTTTTTmmmmTmms | Parallel-Connected

Equivalent Circuit

with Inversion



Equivalent Circuit of Double-Mode Filter

2Ye:2(Yme+j0)CO) 2Yo:2(Ymo+j0)CO)
Y

me?

Y. .:Motional ¥, joC,:Static Capacitances
. FEquivalent to Lattice Filter
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Design Principle of Wideband DMS Filters

Coincidence of Multiple Resonance o for Y, (or
Y, ) with Antiresonance o for Y, (or Y,)

O Q)
O, o,
O X0
c c
O, o,
O X 0
®,° ®,°
S, X ®

Employing More Resonances Results
in More Bandwidths



Double Mode SAW (DMS) Filter
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Coupled Resonator Filter (CRF)

utput

Input

O .
_ [ Over- B
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Cascaded CRF
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Coupler 2 GRayls, 0.18 A
Extremely hard

/n0O (L=1.6 um,
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Coupler | MRayls, 0.1 A
Extremely soft



Design of Coupled Resonator Filters

Band Width Governed by vy
For Loss Minimization, ®,CyR~1

Coupling Layer Should be Designed to Adjust
Multiple Poles to Coincide with Nulls (But Very

Critical!)

Slight |

Difference Between Poles & Nulls Effective

Cascade-Connection 1s Effective

IL 1s Sensitive to Motional Resistances & Parasitics



