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[1] G. Leucci, Ground Penetrating Radar: the Elec-
tromagnetic Signal Attenuation and Maximum Pen-
etration Depth, Scholarly Research Exchange 2008,
doi: 10.3841/2008/926091
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etration Depth, Scholarly Research Exchange 2008,
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i) i e, GPR tracks and depth mesurements interpolated bedrock topography!
jmfrie 'emto- _ = _
st.fr L P A B . B

ice thickness (m) 91-100
. 10-20

Slattofjellet
P

1A, Saintenoy, J.-M. Friedt, & al., Deriving ice thickness, glacier volume and
bedrock morphology of the Austre Lovénbreen (Svalbard) using Ground-penetrating
Radar, Near Surface Geophysics 11 (2), pp.253-261 (2013)
ISTerre — Grenohble
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What are RADAR cooperative targets ?

Why GPR cooperative targets ?

Radiofrequency acoustic transducers as cooperative targets

Software optimization for dual sub-surface and sensor monitoring

Low cost demonstration using off-the shelf radiofrequency filters

Issue of varying operating frequency with soil permittivity, and
solution
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what e RADAR @ target whose backscattered signal is
cooperative

fargets 7 representative of its state (identification,
measurement)

@ active targets: radar beacons (racon), IFF
© passive targets: buried dielectric reflectors,
Liineberg spheres

@ this work: use of radiofrequency transducers
based on surface acoustic wave propagation
(RF filters)

H. Stockman, Communication by means of reflected power
Proc. IRE 36 (Oct. 1948) pp.1196-1204

(picture from http://geogdata.csun.edu/~aether/pdf/volume_05a/rosol.pdf)
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What are RADAR cooperative
targets ?

@ target whose backscattered signal is
representative of its state (identification,
measurement)

@ active targets: radar beacons (racon), IFF
© passive targets: buried dielectric reflectors,
Liineberg spheres

O this work: use of radiofrequency transducers

based on surface acoustic wave propagation
(RF filters)

A. Glinsky, Theremin: Ether Music And Espionage, Uni-
versity of lllinois Press (2005)
P. Wright & P. Greengrass, Spycatcher (1987)

http://madmikesamerica.com/2010/08/the-thing-and-the-curious-life-of-leon-theremin /thing2/
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O this work: use of radiofrequency transducers
based on surface acoustic wave propagation
(RF filters)
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A. Glinsky, Theremin: Ether Music And Espionage, Uni-
versity of lllinois Press (2005)
P. Wright & P. Greengrass, Spycatcher (1987)
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What are RADAR cooperative
targets ?

@ target whose backscattered signal is
representative of its state (identification,
measurement)

@ active targets: radar beacons (racon), IFF

© passive targets: buried dielectric reflectors,
Liineberg spheres

Fig. 1. Pas:
O this work: use of radiofrequency transducers 3

based. on surface acoustic wave propagation oﬁ\ fffﬁ\
(RF filters)

Receive

D. J. Thomson, D. Card, and G. E. Bridges, RF Cavity
Passive Wireless Sensors With Time-Domain Gating-Based
Interrogation for SHM of Civil Structures, |IEEE Sensors
Journal . 9 (11) (Nov. 2009), pp.1430-1438

—ie—Delay

Delay before passing signal to
LNAs to reduce signal from
reflections from the environment
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What are RADAR cooperative
targets ?

GPR
antenna
@ target whose backscattered signal is
representative of its state (identification, P
measurement) host  CT {anienaiy e
@ active targets: radar beacons (racon), IFF @
. . . . g |
© passive targets: buried dielectric reflectors, & or
" T E %
Liineberg spheres £ Min. detectable
. . ] — signal level
@ this work: use of radiofrequency transducers = T
s - Target Depth
based on surface acoustic wave propagation e
(RF filters)
S e
CT. Allen, S. Kun, R.G Plumb, The use of ground- 'ttty o o0
penetrating radar with a cooperative target, IEEE Trans- SIS TEREEe:
actions on Geoscience and Remote Sensing, 36 (5) (Sept. ®
1998) pp. 1821- 1825 Figure 3. Normalized response at different rotation

angles for () the two-CT configuration and (b) the
three-CT configuration.
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Why GPR cooperative targets ?

Complement buried structure information with physical quantity
measurement

o Accessible quantities: temperature, stress (pressure), identifier (ID)

e Measurement range: depends on RADAR cross section — typical
losses in the 30-40 dB range

Passive cooperative target (no local battery source) for extended life
expectancy (limited by packaging)
Envisioned applications:

e pipe tagging/stress/temperature

e soil moisture 2

® concrete temperature g

2. Reindl & al., Radio-requestable passive SAW water-content sensor, |EEE
Trans. Microwave Theory & Techniques, 49 (4), (Apr. 2001), pp. 803-808

3J. Kim, R. Luis, M.S. Smith, J.A. Figueroa, D.C. Malocha, B.H. Nam, Concrete
temperature monitoring using passive wireless surface acoustic wave sensor system
Sensors and Actuators A 224 (Febr. 2015), pp.131-139
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passive sensing - Differentiate the sensor response from clutter (passive interface
J.-M Friedt & al. reﬂexions)

jmfriedt@femto-
st.fr returned power (dB)

@ load a resonator which slowly releases

energy (time constant reflected signals

and clutter
Q/(T"fb) > 7-clutt_‘er): 20- |0g10(e) =87
Saoyenative but such a strategy is poorly suited to
e GPR (short pulse unable to load
transd ucer) Sensor response

8.7 dB/1
@® delay sensor response beyond furthest

possible passive reflectors —
sensor measurement

© shrink diemensions by converting the electromagnetic wave
(=~ 200 m/us) to an acoustic wave (~ 4000 m/s) confined to the
surface of a piezoelectric substrate (surface acoustic wave
transducers)

O well known mechanism in radiofrequency signal processing

@ acoustic wave propagation is dependent on substrate properties !

ISTerre — Grenoble
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cooperative

wreets ot Demonstrated with dedicated readers for Surface Acoustic Wave (SAW)

passive sensing

M Friedt & a1, transducers (Transense, CTR, Sengenuity, RSSI, SenSanna, Frec|n|sys, SENSeOR).
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typical dimensions:
0 mm x 4 mm
@ 100 MHz

What are RADAR
cooperati
targets 7

Why GPR

cooperati

targets

Radiofrequency
acoustic
transducers as
cooperative
targets

e Sensor: ¢ =27 - D/X\=2xwD - f/c with dc/c(T,o) known
GPR is wideband pulse generator = delay line architecture.
This work aims at providing GPR-compatible SAW sensors ...
e ... or divert existing SAW filters for sensing purpose.

Conclusion and
perspectives

ISTerre — Grenoble
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e physics: conversion of incoming RADAR
pulse to an acoustic (mechanical) wave
through inverse piezoelectric effect

e acoustic wave propagates on the surface of

Radiafesency the piezoelectric substrate at a speed of
acoustic 3000-5000 m/s

transducers as
cooperative

e e the acoustic wave is reflected by patterned
mirrors, reaches the transducer and is
converted back to an electromagnetic pulse
(RADAR echo) = tag or sensor

e design challenge: match sensor transfer
function to incoming pulse spectra

Piezoelectricity is linear process: returned power
is a fraction of incoming power, no threshold
Unlike RFID which requires power while being operated, SAW transducers are ideally

suited for GPR interrogation
ICTarre — Crenahle
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Radiofrequency acoustic (SAW)

transducers as cooperative targets
e from a user perspective, an electrical dipole  ° W= —1

e physics: conversion of incoming RADAR
pulse to an acoustic (mechanical) wave T o
through inverse piezoelectric effect

” |
o L:ﬂ e o
o e

a 05 i s 2

e acoustic wave propagates on the surface of
the piezoelectric substrate at a speed of
3000-5000 m/s

e the acoustic wave is reflected by patterned
mirrors, reaches the transducer and is
converted back to an electromagnetic pulse
(RADAR echo) = tag or sensor

e design challenge: match sensor transfer
function to incoming pulse spectra

Piezoelectricity is linear process: returned power
is a fraction of incoming power, no threshold i
Unlike RFID which requires power while being operated, SAW transducers are |dea|ly

suited for GPR interrogation
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e Separate sensor response from
subsurface reflectors by delaying echo
beyond any possible interface
reflection (2 us = 4 mm long sensor at
4000 m/s)

e Short term response = buried
structures (“clutter”)

§‘.§I‘;bmfﬂ) e Long term response = buried sensor

monome  Available GPR only allows for a small num-
ber of samples (<5000) = long duration
measurement must be at slow sampling rate
= lost resolution in the shallow region

4

200

w
=3
S

two-way travel time (ns)

400

500

Iraig numb?e? (a.u.)
4J).-M Friedt & al., Surface Acoustic Wave Devices as Passive Buried Sensors, J.
Appl. Phys. 109 (3), (02/2011) p.034905

ISTerre — Grenoble
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Software optimization for dual
sub-surface and sensor monitoring

e Separate sensor response from
subsurface reflectors by delaying echo
beyond any possible interface E
reflection (2 us = 4 mm long sensor at -
4000 m/s)

e Short term response = buried N —
structures (“clutter”)

e Long term response = buried sensor

Solution: define two time windows, one fo-
cusing on the subsurface structures (e.g. 0-
200 ns) and another on the sensor (e.g. .-
1000-1200 ns) :

sl [ 5ol 231 4] im0y g mveon. | Sintrasori Rremamas
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Software optimization for dual
sub-surface and sensor monitoring

e Separate sensor response from
subsurface reflectors by delaying echo
beyond any possible interface . :
reflection (2 us = 4 mm long sensor at - i
4000 m/s) -

e Short term response = buried ATl s e
structures (“clutter”)

e Long term response = buried sensor

Only software re-design, hardware re-
mains the same (reconfigure start delay of
the stroboscopic measurement)

sl &) 5| ol 2131 4] a0y, |5 veon. | nerenon [Riremn e

= demonstrated on Mald ProEx GPR
https://sourceforge.net/projects/proexgprcontrol/
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Dedicated transducers require cleanroom fabrication capability able
to handle piezoelectric substrates
wietaeanar e Design considerations:

cooperative

targets ? e transducer transfer function must match GPR pulse spectrum
Why GPR o delay must be within measurement range of GPR

cooperative

targets 7 o reflective transducer operation (most filters operate in transmission)
“dores Measurement example, using an TDK/Epcos B3607 filter:

acoustic

transducers as
cooperative
targets

L — i

5111 (dB)

Software
optimization for
dual sub-surface

and sensor
monitoring . . . .

100 120 140 160 180 200 220 240 260

o L b b bbb L

frequency (MHz)

Low cost
demonstration
using off-the shelf
radiofrequency
filters

003 T T T T T T T

Conclusion and
perspectives

returned power (a1)

0 05 0 15 20 25 30 35 40
time (us)
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Dedicated transducers require cleanroom fabrication capability able
to handle piezoelectric substrates
wietaeanar e Design considerations:

cooperative

targets 7 o transducer transfer function must m[® | Pt100 probe i

monitoring |&

Why GPR e delay must be within measurement
targets 7 o reflective transducer operation (mos nce

power supply|

acoustic
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What are RADAR

cooperative e Design considerations:

targets

B e transducer transfer function must match GPR pulse spectrum
cooperative e delay must be within measurement range of GPR

Radiofrequency
acoustic

i Measurement example, using an TDK/Epcos B3607 filter:

cooperative
targets

3 o

Software

optimization for

dual sub-surface 2.9
and sensor

unwrapped phase (rad)

b o w

monitoring

Low cost £
demonstration
using off-the shelf %, 4
radiofrequency

filters
2.8
Conclusion and
perspectives
2.75

o 100 200 300 100 500 600 700 800

trace number (a.u.)
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o reflective transducer operation (most filters operate in transmission)

100 200 300 400 500

time (s)

600 700 800

100 200 300 400 500
o

Sitime (s) =



A low cost
approach to
acoustic filters
acting as GPR
cooperative
targets for
passive sensing

J.-M Friedt & al.
jmfriedt@femto-
st.fr

Low cost
demonstration
using off-the shelf
radiofrequency
filters

ISTerre — Grenoble

Signal processing steps
Converting the echo delays to a meaningful measurement:

@ multiple echoes from the sensor to get rid of RADAR-target
distance dependence

® phase measurement of each returned echo: cross-correlation

@ for single echo (eg SAW filter): opi——rmeer
phase of the Fourier transform |
of the main spectrum
component (assuming constant .

4000

3000]

E
£ 2000

1000

RADAR-target distance) R PR

M T 4. scale to convert phase to temperature 3. phase of FFT at peak power position

® SAW delay lines will usually be P EEr
= "33+ \ us-1.8us

more narrowband than RADAR ¢ _| T\ =

£ | ) Wi E o\ ~
pulse = long echo fa/ ’*‘w.mw £\ /,//
= improved SNR Baf 4\
4

600

@ sub-sampling period resolution: ‘¢ @ @ o
polynomial fit of the cross-correlation maximum

@ danger: multiple nearby cross-correlation peaks = risk of 2w
rotation: ¢ =2xD/A =2xD-f/c = dpr = —27Df /c - dcr/c
where dcr/c(LiNbO3) = 60 ppm/K. If D =1 cm, 27 phase rotation
on LiNbO3/128 for 35 K at 100 MHz (¢;no12s™~ 4000 m7s).
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JMFiedt 2. @ multiple echoes from the sensor to get rid of RADAR-target
jmfriedt@femto-

il distance dependence
® phase measurement of each returned echo: cross-correlation

@ for single echo (eg SAW filter):
phase of the Fourier transform

10

of the main spectrum LS
component (assuming constant : .I.} PN Frethy
RADAR_target diStance) -0 0 20000 40000 60000 80000 100000
; . tine
@ SAW delay lines will usually be 2450 MHz LiNbO3/128 device

more narrowband than RADAR ;”
pulse = long echo o

60

= improved SNR :
toveest @ sub-sampling period resolution: ey g
using ofthe shelf polynomial fit of the cross-correlation maximum
filters @ danger: multiple nearby cross-correlation peaks = risk of 27

rotation: ¢ =2xD/A =2xD-f/c = dpr = —27Df /c - dcr/c
where decr/c(LiNbO3) = 60 ppm/K. If D =1 cm, 27 phase rotation
on LiNbO3/128 for 35 K at 100 MHz (¢;no128.2~ 4000 m/s).
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e Run from (low power)
embedded board for
long term monitoring of
a single spot

e Multiple windows
separate in time

e Combination with
custom hardware
(magnetometer, GPS
positioning ...) beyond
those provided by Mal3

monitoring

Low cost
demonstration

using off-the shelf e Custom signal
radiofrequency

filtars processing
Conclusion and (GNU/Octave)

ISTerre — Grenoble
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stfr generator: central frequency

What are RADAR dependent on medium

cooperative
targets ?

e in avalanche transistor
approach, the capacitor
unloads with a time constant

given by min(S11).

Why GPR
cooperative
targets ?

Radiofrequency
acoustic
transducers as

<

B S o
: e d T er(eff) = 4L (¢, € [3..15])

optimization for
dual sub-surface

where

8 = f can vary by a factor of 2

and sensor
monitoring

Low cost

demonstration Tos06
using off-the shelf ~
radiofrequency & 800000

Could we design a transducer

ude

filters £ o000 i i R
o | foow operating in all environmental
200000

o conditions ?
9 100 200 300 =
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HBAR for sensors compatible with
multiple wavelength antennas

Stack of an active
piezoelectric thin layer over a
low acoustic loss substrate

Mode spacing given by
substrate thickness t.:
c/(2xt;)x N, NeN
Comb of acoustic modes
(BAW) associated with the
multiple overtones of the
standing wave

Fourier transform of comb is a
time domain comb of echoes

Broad frequency range (up to
one decade) to operate in all
GPR environments

BUT loss of interrogation
range ?! (35 m — 1.5 m)

S

[S11] (dB)

50407

o108 150w 20i08 25000 Ser0s 35000 4005450008 BescE
FiHz)
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HBAR for sensors compatible with
multiple wavelength antennas

Stack of an active
piezoelectric thin layer over a
low acoustic loss substrate

Envelope given by
piezoelectric layer thickness
to: Cp/(2 X tp) X (2N + 1)
Comb of acoustic modes
(BAW) associated with the
multiple overtones of the
standing wave

Fourier transform of comb is a
time domain comb of echoes

Broad frequency range (up to
one decade) to operate in all
GPR environments

BUT loss of interrogation
range 7! (35 m — 1.5 m)

returned power (a.u.)

S

** time(s)
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Wireless measurement: time
domain approach

@ Radargram, alternatively with & without HBAR

® Cross-correlate adjacent echoes for precise phase extraction

® One to one relationship between phase and temperature

u)

=

2000
000

. rgtumed power (a.

L

2607

%07 6607 8007 1006

time (s)

72606

T46:06

20407
150407
10407
50406

l
g

0ss correlation

8 -tes07
-1.58407
20407,

L

L

23

ez % —

T66:06

50 00 T50 200
time (a.u.)

250

300
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Wireless measurement: time
domain approach

® Radargram, alternatively with & without HBAR
® Cross-correlate adjacent echoes for precise phase extraction
® One to one relationship between phase and temperature
%w 5 168 ‘ ‘ 5.7335—? preI/degF
21684 - HBAR electrode layout
s —
Zreo1 - s
5 168 a S1e83
Em.s M M §
é' 28 W0 S0 a0 s w0 7 o o %1 682
’ g
gis&\
2 168|
2 167.9
E st g s w7
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HBAR figure of merit

e In the RADAR equation
Pr G? - N0

Pe ~ (4m)3-d*
the cross section o is replaced
with insertion losses \2/IL

o L x k? so coupling coefficient
must be maximized

e but > k? of each mode within
each piezo layer envelope =k? of
the piezoelectric substrate

o k2 of piezo layer overtone N
decreases as N? (cf BAW)

e = tradeoff between maximizing
k2 of each overtone and Q to
separate the modes

o figure of merit: Q x k2
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o keeping Q x k2 large requires :

EEEH

operating on the fundamental = ' '
piezo layer mode = thin piezo o /\/\
film sé.-g S
4
e few modes within each piezo bi%om\m DU—
layer envelope = reduce low loss {rewenay (40
substrate thickness ... . _
o but keep the multimode aspect ; L J ‘ H (W
so substrate thick enough to o —— - % W W O %
Low cont provide one mode every °3§
AR 5-10 MHz (0.1-0.2 pus): 500 um 7 o B = X R

using off-the shelf

i iy ey thick sapphire or LNO substrate «:% /\
ilters ot
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How not to implement extrinsic

load

e Load in parallel to the antenna will kill the resonator contribution
e Measurement range loss in some range of the measurement

10
Pt_rGO_10
' RFID reader 20
antenna _
@ %0
-~ 2 4 I
~ -501 Reflection decrease —10ppm
——20 ppm
P1 ~—~ —50ppm
Nl 880 890 900 910 920 930
~ / Frequency (MHz)
L ==tppm) ~o-Obpm PL_rGO_10
A 410 ppm —v—20 ppm
Network analyzer = *°| **»"
L « D — .
s 3 20, ¢3 ) N v
\\ 8 M >
B =
RFID Z 10 * e
sensor tag . - . . .
0
H, outlet 0 oy

60 120
Bending angle (degree)

e Solution: coupled resonator separates load capability from
transduction capability.

Jun Seop Lee & al., Wireless Hydrogen Smart Sensor Based on Pt/Graphene
-Immobilized Radio-Frequency ldentfication Tag, ACS Nano (2015)
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_ e One port dedicated to electro-
J.-M Friedt & al.

imidOfemo- magnetic transduction, connected = m

to antenna ——7

° O ne port d ed iCated to Ioad effect ::'Ii:f‘z“?cﬂl S:‘}:;E;IMEC drawing of a passive SAW device connected to an external
e . . 20 dB
(capacitive, resistive)

10dB

e Change load impedance = change
phase of returned signal and

g

magnitude £
Z—-Z E
r:ﬁ: 1—2o .
Vi ZL+ZO€(C' 8 ol B A i T

if Zo € R and Z; € iR,
¥ =47 — 2arctan(ZL/Zo) if Z; 2 0

e Also applicable to the delay line

r‘ —1 and o 5 10 15 20

Water content © in %

Low cost

Tl approach by loading one of the
using off-the shel . a

rgdiofrequency mirrors (manI’ efFeCt) &

filters

Phase difference

4L. Reindl & al., Radio-Requestable Passive o
SAW Water-Content Sensor, |IEEE Trans. on . e
Microwave Theory & Techniques 49 (4), 2001, pp,803— *
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Coupled resonator approach

e By patterning two nearby (< 10 um) electrodes, coupling through
acoustic field = 4-port component >

e Two ports connected to antenna for wireless communication

e Two port connected to capacitive or resistive load to change
coupling (boundary) conditions

e Prevents loading the antenna with sensing load (as done in 2-port

devices)
168, input port output port
168
81675 50 ohms k‘
& 167] silicon|
£166.5 Mo Mo nitride
- | | ) |
16551 Jpen g 3 g v AIN
0 100 200 300 400 500 600 700 800 900 i \ 7 \ Tum
time (5) / Mo \ . Mo .
5 /! \ / silicon dioxide
° / v Sapphire
% 60| , v , N ~ N 530 um
§ . . R N
£ 49 e g NS .
s . lateral acoustic~ N4
0 200 400 800 1000 field coupling

600 ;
time (s) region

5A. Reinhardt & al., Ultra-high Q.f product laterally-coupled AIN/Silicon and
AIN/Sapphire High Overtone Bulk Acoustic Wave Resonators; 2013-joint-EFTF/IFCS
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imisttetamco- @ one port for wireless communication (antenna)
st.ir

o the other one for impedance loading

e prevents measurement range loss when load impedance varies

e here demonstrated on an ON/OFF switch

‘FX/“
Low cost ’/-

demonstration \/

using off-the shelf =

radiofrequency Y P
filters A

8T. Laroche, G. Martin, W. Daniau, S. Ballandras, J.-M. Friedt, J.-F. Leguen, A

Coupled-Mode Filter Structure for Wireless Transceiver-Sensors using Reactive Loads,
Proc. IEEE IFCS (2012)
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e the other one for impedance loading
e prevents measurement range loss when load impedance varies

e here demonstrated on an ON/OFF switch
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demonstration \/ o | open
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Frequency (MHz)

8T. Laroche, G. Martin, W. Daniau, S. Ballandras, J.-M. Friedt, J.-F. Leguen, A
Coupled-Mode Filter Structure for Wireless Transceiver-Sensors using Reactive Loads,
Proc. IEEE IFCS (2012)
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Coupled resonator approach

Differential measurement: both modes exhibit similar temperature

sensitivities
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Conclusion and perspectives

Extend the range of applications of (Ground Penetrating) RADAR
by monitoring physical quantities
Use existing instruments for probing cooperative targets ’
Acoustic transducers provide a compact solution ...

. ideally suited to GPR interrogation.
Software enhancement dedicated
to sensor monitoring
Perspectives:

distance (a.u.)

e software improvement for real time
display of the sensor visibility and
physical quantity value (calibration)

e beyond physical quantity: chemical
compound detection (dedicated sensor
design): LNO — LTO (shear wave)

Acknowledgement: TDK/Epcos kindly provided sam-
ples of the B39111B5232H310 and B39191B5087H310
filters, with support of S. Ballandras (Frec|n|sys).

7J.-M Friedt, A. Saintenoy & al, High-overtone Bulk Acoustic Resonators as
passive Ground Penetrating Radar cooperative targets, d..Appl.. Phys 113=(13),22013



	What are RADAR cooperative targets ?
	Why GPR cooperative targets ?
	Radiofrequency acoustic transducers as cooperative targets
	Software optimization for dual sub-surface and sensor monitoring
	Low cost demonstration using off-the shelf radiofrequency filters
	Conclusion and perspectives

