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Abstract— Multi-band / multi-system mobile phones require a
complex RF-frontend architecture. Part count has icreased to a
point where adding switches and whole signal bran@s for an
additional band seems no longer cost effective. Miosf the active
components can be adopted to work over a sufficielgt wide
frequency spectrum in order to cover multiple bandswithin one
and the same circuit. This is not true for establised RF filters
and duplexers which are highly frequency selectivbut limited to
operate at a fixed frequency band. It is highly desable to create
a technology which allows tuning a narrowband filte to a
desired center frequency by means of an electricabntrol input.
Concepts for tunable RF-filters — pursuing the ‘*hoy grail’ — will
be discussed and an overview on the status of thizatter will be
presented. Existing RF-filter technologies are baseon high-Q
acoustic resonators realized either in Surface Acatic Wave
(SAW) or Bulk-Acoustic-Wave (BAW) technology. The pper
discusses how new materials can be implemented tocamplish
the goal of tunable acoustic RF filters. System redgrements will
be discussed and circuit concepts for the implemeation will be
presented.

Keywords: Bulk acoustic wave devices, Ferroelecteicicks

|. DISCUSSIONOFREQUIREMENTSFORTUNABLE
FILTERSIN FUTURESYSTEMS

Tuning range:

True interest in tunable filters is to cover at lebsb
WCDMA bands with one filter. In the 2GHz frequenange
the least demanding application would be a filtevezing
Band 3 (Rx = 1805 .. 1880MHz) and Band 2 (Rx
1930 ..1990 MHz), a 11% tuning range. A combinatin
Band 2 with Band 1 (Rx = 2110 .. 2170 MHz) wouldaabe
desirable, requiring a 12% tuning range. Ideallyhsadilter
would cover all three WCDMA bands 3, 2, 1 requiriag
tuning range of 20%. The most challenging applicatimuld
include Band 7 (Rx = 2620 .. 2690 MHz), see fig. 1.

Insertion loss:

State-of-the-art filters and duplexers show an inserbss
of 3dB worst case (at the edges over full temperaamge)
with typical values in the range of 1.5 dB.
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Fig 1: hypothetical tunable narrow band filter

The allowance for insertion loss for a tunable filkéll not be
higher than 3dB or else the sensitivity of the reeeiand
power consumption of the power amplifier will degraxdelly.
Insertion loss must maintain low up 85C ambient tentpeza

Control signal:

The battery voltage of mobile phones is typically lestw
2.7 .. 3.5V. In case a higher voltage is requiredtdming it
would have to be provided by a boost circuit. Ifeasible to
generate voltages of 30V with relatively little @aff but
boosting to higher voltages will require high-vgka
components and will increase cost, size and power
consumption of the system significantly. It is obvioliat tthis
aspect is important when judging the commercial felitsiloif
tunable filters. Boost circuits need have very lowweo
consumption as they would be permanently on during
operation of the phone.

Power handling and linearity:

The typical maximum power in transmit operation for a
WCDMA systems is 30dBm at the input of the filter. The
required MTTF (mean time to failure) is 10000h atmoo
temperature. W-CMDA also has stringent requirements with
regard to linearity and related inter-modulationeefs. Even

in conventional acoustic filters — which were conside
perfectly linear a few years back - meeting thoseirements
can be a challenge [1]. Inserting any additionahé&rent’



nonlinear element needs to be considered carefillhe
specifications to be met for type approval of a phioéude
continued operation in presence of interference &surcso
called ‘blockers’. The blocker strength and frequensy
defined for each band. Worst case for intermodulatisurally
occurs when either of the following conditions are:me

foocker + frx = frx ~ (low frequency blocker)

foocker - Trx = frx  (high frequency blocker)

Tunable acoustic RF filters:

In a BAW/FBAR device the resonance frequency is a@efin
by layer thicknesses and acoustic material parametengeoy
layer present in the active area. The classical pieai@rial is
AIN as it possesses sufficiently high electromechanical
coupling coefficient for most applications and can be
deposited with excellent purity, orientation and ydow
acoustic propagation loss. The acoustic material npaters

in which frx and frx are the paired channel centemncluding coupling coefficient change very littleen when
frequencies of transmit and receive respectively aagplying a large DC-bias voltage across the electrofies
frx - frx = const for each specific band (80MHz in case oBAW resonator. For a 2GHz device the frequency gbkas
band2, 190MHz for bandl). The intermodulation piduless than 20 ppm/V [3]. Clearly, this is not enouglreate a

falling in the receive channel will degrade receisensitivity.
Accordingly, the requirement is to prevent intermotiata
products to exceed the minimum receive signal level o
100dBm or less.

Sze and cost:

It will not be possible to charge a premium price tianable
filters in any commercial wireless application. Thé&rence
will be conventional systems using fixed filters andtches.

tunable filter even if a DC voltage of 100V is usétbst of
the reported work on tunable filters therefore fosusm
materials with a stronger DC-bias effect. Candidates a
Ferroelectric materials like BST which exhibit aosiger
change in relevant parameters [5, 6]. The main ahgdie
developing those materials is to considerably irsgdsth the
Q-values of resonators build with such layers and tuheng
range. All acoustic parameters and the electronmechla
coupling will vary as s function of DC bias.

Board space may not exceed what a conventional REmysThe layers containing the highest energy density BARV

will require at the time of market entry.

II. REVIEWOFTHE CONCEPTSFORTUNABLE
FILTERS

Switched Filter banks

Technologically it is feasible to build an extensiagay of
individual filters at different frequencies (using \®/for BAW
technology) and connect them to the input and oulput
multi-throw RF switches. While to the user this woupghear
to be a tunable filter it is practically impossibleaocomplish
this at reasonable size and cost. The losses of thehewiand
interconnections are undesirable but sometimes actépte
lack of alternatives. Solutions of this kind are liedit to
instrumentation and military applications.

MEMS

stack tend to have the strongest influence on resonance
frequency and overall behavior (fig. 2 and Table Ay a
consequence it is attractive to position the tunabigerial
between the top and bottom electrode. Unfortunatesywill
cause significant linearity problems as the voltagengwi
associated with the RF signal itself will modulatee th
resonance frequency of the device. Alternatives for
placements of the tunable materials may have to bsidemed

[7]. Table I shows the sensitivity of resonance freqye
against acoustic velocity changes for the most seadaiers

in the stack-up of a typical BAW-SMR device at 2GHhe
obvious (and only) choice here is to use the piezoldgelf

for tuning, all other (non-metal) layers — in pautar the
uppermost reflector layer - offer insufficient sensttivi

TABLE I (conventional BAW SMR stack, 2GHz)
Top four most sensitive layers with regard to clen@ acoustic

Electrostatically actuated MEMS resonators have be¥{ocity.

proposed as a solution to nearly every filtering amage
found in RF systems [2]. However, it is unclear if MEMan
live up to this promise in the foreseeable future. RepoQ-
values are very appealing, but it is obvious to RFeaspthat
the impedance level of a filter build with such restons
would be several kOhms and thus unusable at G
frequencies. To make things worse, the high impesléaels
lead to large voltage swings - even at moderatertiampower
- and will create considerable harmonic distortiowl @nter-
modulation in the inherently non-linear electrastlt
transducers. The frequency tuning effect in thoseM8E
devices is accomplished by the so called ‘negati
electrostatic spring effect’. At frequencies in the Mknge
this effect is substantial, but resonators at GHz feaqigs are
mechanically much stiffer and the tuning effect diisihes [4].

function | material | thickness | Sensitivity ?
[nm] [Y%A4fs | YAVl ]

‘tunable’ ‘AN’ 1300 0.82
Piezo-
layer)

HBottom w 200 0.026
electrode
Top w 100 0.014
electrode
Uppermos Sio2 900 0.105
t

veeflector
layer

Notes: 1) Calculation based on AIN material paramse
2) rel. changes of frequency per rel. change ogitadinal
acoustic velocity



Table Il shows the same result for a modified layetista remain the same. Whether such a filter can be rehlize
which the uppermost reflector layer is operating inoxer- strongly depends on the availability of a material clhi

mode regime (thickness X/2), fig. 3. Obviously the tuning should have the following characteristics:

effect for the uppermost reflector layer is much ecbdn
compared to a traditional BAW-SMR stack.

The significant advantage of this alternative embodinie
that the tunable material is not directly subjectedthe
voltage swing of the RF signal, hence less likelycteate
strong intermodulation problems. The drawback of aer-ov
moded configuration is that the relative filter basdth will
shrink (as a consequence of lowégk and that parasitic
passbands can appear in the wideband response. As ca
estimated from Table Il it would be necessary to achie
23% change in acoustic velocity in order to obtaii0%
tuning range for a filter. % will still be in a range of 4%.
Higher tuning sensitivity can be achieved using thick
tunable layers (implementing higher mode-numbets)t
coupling will decline quickly while sensitivity asyngtically
approaches 1.

TABLE Il (over-moded BAW SMR, 2GHz)
Over-moded upper reflector layer, fig. 3

function material | thickness | Sensitivity
[nm] [Y4fs | Y%AvL]

uppermost | ‘tunable’ | 50007 0.42

reflector

layer®

coordinate [m]

change of acoustic velocity (or thickness) by astlea

+10% for a control voltage not to exceggDV

low acoustic propagation loss, not to exceed 0.08

dB

available as thin film of up to 30m (total) thickness

x 10

/A at 1 GHz.

® o f=2017.5MHz

coordinate [m]

0% =207 5MHz

-2

-1 ] 1 2
stress [N/m2) w10

-500 a 500
mech energy [J/m3]

Note:  3) calculation based on SiO2 material paraeter rig 2. stress field and mechanical energy densisgridution in a

4) approx. 1.A thickness at 2GHz

typical BAW-SMR layer stack. From top to bottom: pFelectrode
(Tungsten), ‘Piezo’-layer (or tunable material), ttbm-electrode
(Tungsten), acoustic reflector: ‘uppermost reflectayer’ SiO2,

subsequent layer below are Tungsten, SiO2, Tungsi02,
I1l. CIRCUIT CONSIDERATIONS FOR TUNABLE FILTERS substrate: Si

In a filter based on tunable resonators accordintatue | or
fig 2 it will be necessary to use DC-decoupling capasi
between all resonators, or else is will be impossiblapply
bias voltage on all individual resonators needed iadaer
filter. In many reported cases for Ferroelectric malke the
electromechanical coupling coefficient of the redona
changes considerably as frequency is tuned. Furtherthere
static capacitance of the resonance elements changeg du
tuning. This creates additional challenges for filesign. At
the very least the series and shunt resonators witl tebe
controlled separately to create a filter which megcho a
certain fixed port impedance in the passband frecueange.
Severe compromises in port matching are to be expected.

An embodiment in which the control-voltage-terminale
completely isolated from the RF signal is highly daislie
from circuit point of view — on top of to the linégraspects
discussed earlier. This will allow tuning voltage tosogplied
through biasing resistors, no DC-decoupling capacitdtbe
needed in the RF path between resonators. Ideadlyotiy
resonator parameter which changes during tuning & th
frequency, while coupling coefficient and static @eipance
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Fig.3: stress field of a resonator with over-modgftector layer
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