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ABSTRACT 
We propose a Radio Frequency (RF) filter architecture 

capable of instantaneous bandwidth (BW) reconfigurability 
introduced by periodic modulation of single-frequency 
piezoelectric RF resonators. This filter topology can attain 
passband BW that is directly proportional to the switching 
frequency used to modulate the resonators, therefore exceeding the 
limit imposed by the piezoelectric coupling coefficient kt2 in 
conventional micro-acoustic passive filters. Moreover, the filter is 
based on arrays of shunted single-frequency resonators, greatly 
simplifying filter banks’ design, representing therefore a promising 
candidate to meet the market demands for real-time adaptive filters 
with a small footprint and large BWs as required by the increasing 
needs of large-data rates in 5G RF mobile systems. Preliminary 
results are shown by using 4 commercial Surface Acoustic Waves 
(SAW) resonators operating at 318 MHz wire-bonded with 
switching dies, obtaining a 4.5 dB Insertion Loss, and tunable BW 
between 300kHz and 1.05kHz (3:1), paired with a 23dB out-of-
band rejection.  
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INTRODUCTION 
Micro-acoustic resonators have drawn growing attention in both 
industrial and academic environments for their unique performance 
at RF, allowing for large-scale integration of miniaturized filters, 
with quality factors above 1000s, for their manufacturing processes 
prone to large volume scaling costs, their compatibility with 
CMOS processing equipment and thanks to the popularization of 
ladder networks for RF channel duplexing[1-3]. 
Progress in radio frequency (RF) mobile architectures is fostered 
by the need for larger and larger data rates required in high-quality 
video streaming, as well as a growing number of interactive 
services are offered in mobile applications, based on real-time 
processed calculations, remotely prompted through RF signals 
available on a cellular device - a paradigm known as cloud 
computing.[4,5]  
Following these trends, a constantly growing number of micro-
acoustic filters is required in compact radios, stressing the 
technological constraints underlying the fabrication control 
required to synthesize the various bands on piezoelectric thin films. 
At the same time, frequency scaling of RF bands toward now 
higher data rates system constitutes the bottleneck toward the 
deployment of micro acoustic technologies for future radio 
paradigms. [6-8]. 
Moreover, given the lack of real-time reconfigurable components 
in the RF front-end chains, radio networks rely more on more on 
digital controls and power-hungry real-time signal RF processing 
techniques, mining battery lifetime, and narrowing thermal 
margins. [9] 
Achieving tunable filter bandwidths in a compact footprint would 
be highly desirable to implement a true real-time, hardware-in-the-
loop dynamic optimization to allow for either larger BW when the 
large data rate is required or lower BW to mitigate channel noise, 
forming a closed-loop approach to robust RF adaptive 

communication relaxing the role of RF digital signal 
processing.[10-11] 
In this scenario, we proposed a novel filter architecture capable of 
unprecedented reconfigurability leveraging spatio-temporal 
modulation of RF resonators. [12-13] In this work, we further 
optimized the network to demonstrate a 3:1 BW large tunability 
introduced by means clock phase sharing between identical micro-
acoustic resonators. This network, when properly actuated, breaks 
the conventional limits set by micro-acoustic ladder topologies, 
showing the capability of realizing filter with wider BWs, as well 
as a true real-time control on said BW through modulation control. 

METHODS 
Switched Filter as a Dynamic Circuit 

The circuit implementing the reconfigurable filter proposed in 
this work is drawn in Fig.1a, and it is generally composed of N 
branches connecting the two RF ports. Each branch is composed of 
a one-port resonator, shunted to the filter ground node, that is used 
to transfer energy from port 1 to port 2 and vice versa.  

Note that in this circuit no through component exists between 
the RF ports; instead, a suitable network of two switches 
periodically actuated with 50% duty cycle in phase opposition 
provides the necessary path to ground so that each resonator gets 
charged /discharged for 50% of the modulation period Tm. In a 

Figure 1:a) Schematic of a periodically modulated LTV filter, 
composed of N branches (in green shades) connecting the two 
RF ports through a staggered pattern of delayed ON/OFF 
phases. The staggering pattern is illustrated for N=4. 
b) and c) represent respectively normalized reflection and
transmission frequency response for 1,2 and 4 path filters
composed of ideal resonators with Qload=20 and actuated with
Fm=10/ τ=5/(Qload ω0).

(a) 

(b) (c) 
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similar fashion to N-path filters, each branch is actuated with a 
delay 1/N/Tm. 

In this way, a dynamic regime of operation is induced in this 
circuit, implementing a specific class of circuits commonly 
referred to in the literature as linear-time-variant (LTV) networks. 
The rise-time τ of such a network can be analyzed with 
conventional linear-time-invariant (LTI) techniques so that it can 
be expressed as τ=2Qload/ω0, where Qload is the external quality 
factor of the resonator and ω0 its resonant frequency.  
A dynamic bandpass filter regime can be achieved as shown in 
Fig.2(b), when such resonators are excited with modulation 
frequencies Fm above 1/ τ. In this regime, energy is transferred 
through a mediated resonant storage mechanism as for LTI 
systems.  

Note that for a simple one-port micro-acoustic resonator, like 
any other RF resonator technology, energy storage is maximized at 
its natural resonant frequency ω0, so that a band-pass transfer 
function is achieved regardless of the technology used. 

When using this LTV architecture, transmission poles 
required to synthesize filter passband are artificially generated at 
an infinite set of frequencies Fres+kFm. The first 2 
intermodulation-induced transmission poles can be used to 
estimate the implemented filter bandwidth. 

In other words, for this filter class: 

BW⁓2Fm (1) 

Note that this BW might differ from the usual BW3dB rating 
reported in passive filters, as the insertion loss (IL) at the band 
edges depends on the coupling of each resonator to the external 
ports, which is implemented through the switching network and 
therefore depends on the number of branches N used in the circuit.  

To this point, it is interesting to visualize the impact of 
various N branches on its frequency response. Fig2(b) describes 
the reflection (S11) and transmission (S21) frequency response of a 
prototype filter scaled to 1Hz center frequency and with Qload=20. 
For simplicity, S12 and S22 are not reported, given the symmetry of 
the circuit.  

In Fig.2(b), one can see how with only 1 branch only 50% of 
the input energy can be passed, as the resonator is only connected 
to each port for 50% of Tm. Conversely, with 2 branches, all the 
input energy can be transferred through the resonators given the 
complementary actuation. At the same time, however, the 
passband shoulders at Fres±Fm suffer from degraded IL. 

Instead, when 4 branches actuated in quadrature are used the 
artificial poles at Fres±Fm display an IL approaching the one at Fres, 
demonstrating a potential for practical use as a tunable BW 
passband filter. The BW achievable by this circuit is largely 
tunable through Fm. On the lower side, Fm is set by the inverse of 
the rise-time, as the resonator does not retain the input energy 
when Tm>>1/τ. On the higher side, the in-band ripples between the 
pole at Fres and the ones at Fres±Fm increase as Fm increases, 
eventually exceeding the usable 3dB margin. 

Micro-acoustic Switched Filter 
Using one-port piezoelectric micro-acoustic resonators in this 

filter architecture comes with several key advantages with respect 
to distributed or lumped RF resonators. 

For a one-port micro-acoustic resonator: 

Qload⁓ π2/(2 kt2ω0C0Z0) (2) 

According to Eq.(2), a relatively small kt2 (1-10% depending on 

acoustic mode and piezoelectric film), ensures a relatively high 
Qload and therefore a slower rise-time, which in turn results in 
fractional BW3dB in the 1-10% range, requiring low-to-moderate 
modulation frequencies Fm (5-50MHz) for RF filters. 

These attainable parameters make micro-acoustic technology 
an ideal candidate to deploy the LTV filter for software-defined 
protocols in mobile radios, where BW might be optimized in a 
hardware-in-the-loop type of architecture, within a compact 
footprint and reduced power consumption. 

Resorting to a low Fm dynamic scheme leads to relaxed 
constraints in terms of power handling. In fact, most LTV 
networks implementing RF filters, such as the popular N-path 
filters[14-16], suffer from poor linearity under large-signal 
operation, as their Fm is typically comparable to the RF carrier, 
resulting in linearity constraints and therefore limited power 
handling. 

Notably, when using the proposed architecture, the filter 
passband is not exclusively set by kt2, leaving room for larger 
achievable BWs with sufficiently high Fm. Fig.2(a) schematically 
demonstrates the inherent capability of this LTV filter to achieve 
2-3fold larger instantaneous BW as a reference ladder filter, for the
same micro-acoustic resonator kt2, Fres, Q, and C0. On top of that,
this LTV filter relies on identical resonators, whereas instead
passive topologies commonly rely on close control of resonators’
center frequency spacing to implement a usable passband.

This difference provides a significant advantage with respect 
to passive topologies, especially when frequency scaling is 
considered. Resonant frequency trimming of micro-acoustic 
devices has been pointed out in many sources as the main 
manufacturing bottleneck of scaling micro-acoustic filters in the 
mm-Wave spectrum, as well as the high bands of the 5G bands.

Lastly, as this LTV filter requires identical resonators, the
usual constraints binding ladder filters’ matching to 50Ω ports do 
not hold here, further simplifying micro-acoustic fabrication in this 
context. 

Figure 2 : a) Comparison of the transmission frequency 
response (S21) of a 4-path micro-acoustic-based commutated 
LTV filter with 4 identical resonators centered at 1GHz and an 
equivalent conventional ladder filter composed of 4 resonators - 
schematics are respectively in b) and c). A typical model of a 
piezoelectric micro-acoustic resonator is sketched in the red 
inset of b). For both simulations, micro-acoustic technology 
using kt2=5% and Q=1k was employed. The LTV topology is 
modulated at a fractional Fm=0.05Fres. As noted in a), the LTV 
topology can implement much broader transmission BW for the 
same IL. 

(a) 
(b) 

(c)
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RESULTS 
An early-stage experimental demonstration is designed to 

address the filter performance with real micro-acoustic resonator 
components. A lab experimental setup is remotely programmed via 
MATLAB to acquire filter frequency response, across a sweep of 
modulation frequencies Fm. Accordingly to Eq.(2) an Fm range 
between 50 kHz and 300 kHz is selected. 

RFMITM packaged SAW resonators are selected as off-the-
shelf components for this filter(Fig.4d), operating at Fres=318 
MHz, with kt2=0.089%, C0=2.9pF (corresponding to 172Ohm), and 
Qm=12k and die attached to a custom PCB. 

An off-the-shelf couple of QORVOTM Double-Pole-Double-
Through (DPDT) die RF switch(Fig.4c) is die-attached to a custom 
PCB(Fig.4b), and the RF pins are wire-bonded to the SAW leads 
to implement a 4-path micro-acoustic switched filter.  

Two couples of complementary modulation signals are 
generated in quadrature by using two TSG3152 TTITM signal 
generators, and ultimately fed on the DPDT controls on the PCB. 
RF response is measured on a Keysight VNA and recorded 
programmatically as Fm is varied (Fig.1a). 

Despite the high Qm of the SAW, calculated motional 
resistance Rm approaches 20Ω due to extremely poor kt2, overall 
limiting the measured IL to circa 5dB (Fig.4a-b). and resulting in 
extremely narrowband operation between 300kHz and 1.05MHz. 

Moreover, from Fig.4(a-b) the filter sidelobes follow the Fm 
scaling law discussed in the Methods, essentially confirming the 
predicted trends, and proving feasible real-time BW tunability 
without resorting to passive tunable components.  

Linearity performance is measured using an RF power 
amplifier fed by a sinusoidal excitation at the filter center 
frequency (318MHz) resulting in a P1dB=13.5dBm. 

A comparison between the measured performance for the 
LTV switched filter and for an equivalent ladder filter can be 
drawn if it is assumed, for the ladder filter. that the same resonator 
performance in terms of Qm, kt2 can be achieved when Fres and C0 
are properly scaled to satisfy the requirements to obtain a ladder-
type filter response (for example, following the design guidelines 
explained in [17].)  

When directly comparing the two responses, the measured 
LTV filter outperforms ladder filter BW by a factor of 3 (0.1% vs 
0.033%) and displays a lower IL (8.4dB vs 4.5dB), despite 
nonidealities for ladder filter have not being accounted for. 
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Figure 4: (a) Overview of the experimental setup used to 
characterize the LTV filter response, composed of two signal 
generators, synchronized in closed loop via MATLAB interface. 
The 4 modulation signals are fed to a custom PCB (in (b) ) and 
the circuit is interfaced with two RF ports via coax cables. 
Scattering parameters are measured via a Keysight VNA as Fm 
is varied programmatically. In (c), a micrograph picture of the 
QORVOTM DPDT RF switch deployed in this experiment. In (d), 
a fitted response of the RFMITM SAW resonators used in this 
demo and die attached to the PCB in (b). 
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Figure 5: (a-b) Experimental results from the setup in Fig.3, in 
terms of transmission parameters (S21) and reflection 
parameters (S11) for various modulation frequencies Fm . Small 
fractional Fm correspond to achieved BW ranging from 0.03% 
to 0.1% for a peak IL of 4.5dB, mostly due to the poor kt2of the 
SAW resonators. Approximately 0.5dB IL is attributed to 5Ω 
RON of said DPDT Switches, while 4dB IL is attributed to 20Ω 
Rm of the SAWs. (Fig.3b). (c-d) Comparison of experimental 
LTV filter response with equivalent ladder filter implemented 
with resonator parameters from Fig.3b. The BW enhancement 
introduced by the LTV network is 3.3-fold with respect to the 
passive ladder network realized with the same technology. 
Moreover, the LTV filter exhibits lower IL given the same 
C0,Q,kt2, for this narrowband filter design. (e) measured 
linearity of 13.5dBm, limited by the SAW power handling (as 
the DPDT power handling approaches 28dBm). 
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CONCLUSIONS 
Despite the low absolute BW demonstrated in this 

experiment, due to the choice of off-the-shelf SAW resonator 
components, a filter architecture that can exceed the BW limits 
posed by the resonator kt2 has been proposed, modeled, and 
experimentally demonstrated in this work.  

Details of micro-acoustic RF filter operation have been 
introduced to provide rule-of-thumb design guidelines for the 
interested filter designers, and clear comparisons have been 
provided to show that the filter indeed exceeds most performance 
of conventional ladder filters.  

Moreover, a micro-acoustic RF filter with a native tunability 
has been presented and experimentally validated, with a unique 
BW tuning capability exceeding 5 to 1 without the need for tunable 
components but relying instead on a reconfigurable switching 
network. 
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