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Abstract—Ground Penetrating RADAR (GPR) is a suitable
measurement candidate for the development of interrogative
systems of passive buried transducers acting as cooperative
targets in the field of sub-surface sensing. We address the
compatibility of GPR for monitoring chemical compounds in
soil or in the water table. This has been achieved by using a
chemical sensor based on surface acoustic wave reflective delay
lines interrogated by a GPR. As model target, we focus on
hydrogen sulfide, which is a gas soluble in water causing health
hazard and water pollution. After demonstrating the chemical
functionalization of acoustic delay lines with a polymer designed
for hydrogen sulfide detection through the specific reaction of
sulfur with lead, we have successfully achieved the detection of
hydrogen sulfide in air by GPR. We then consider extending this
strategy towards sensors operating in liquid phase.

Ground Penetrating RADAR (GPR) cooperative target design constraints [1], [2] have been described previously for
addressing sub-surface identification [3] or sensing [4]. The
requirements are summarized as delaying the echoes from
the cooperative targets, representative of the quantity under
investigation, beyond clutter, and maximizing the returned
signal power at such a long delay. Such requirements are
well met by surface acoustic wave (SAW) transducers whose
delay and sensing mechanism is based on the conversion of
the incoming electromagnetic pulse to an acoustic wave. This
acoustic wave propagates at the air-substrate interface to reach
a mirror (electrodes) patterned on the surface (Fig. 1). Then,
the acoustic pulse propagates back through the sensing area
to the interdigitated electrodes connected to the antenna and
is converted back to an electromagnetic signal propagating
towards the GPR receiver: from a user perspective, a SAW
delay line is an electrical dipole delaying a signal by several
microseconds in a compact package only a few millimeter long
and exhibiting insertion losses in the 30 to 40 dB range.
Liquid phase sensing of sub-surface pollutant often addresses small molecule detection: most commonly, heavy
metal, nitrate or phosphate pollution related to intensive agricultural activities, or volatile organic solvent [5], [6] are some
of the most commonly tackled issues. However, detecting such
small molecules in a direct detection sensor, in which the
sensing layer must selectively react with one compound and
prevent false alarm by reacting with unwanted compounds,
is often challenging. Even in the case of heavier molecules
such as pesticides, selective antibodies have been designed yet
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Fig. 1. Top: schematic principle (top view) of the delay line. The interdigitated
transducer (IDT) converts the incoming electromagnetic pulse, after a propagation time d/c from the GPR unit located at distance d at a velocity c, to a
surface acoustic wave. This wave propagates at the surface of the piezoelectric
substrate until it meets electrodes acting as Bragg mirrors (M i, i ∈ [1..3])
which reflect a fraction of the pulse power back to the IDT, re-emetting
an electromagnetic pulse through direct piezoelectric effect. Each sensing
area (between IDT and M1, IDT and M2, M2 and M3) is functionalized
with a different chemical compound, inducing a different velocity shift when
exposed to a given environment. Bottom: schematic of the returned signal:
a differential measurement of time delay between pulses gets rid of the
propagation duraction from the GPR to the sensor and allows extracting T i
individually.

the resulting response remains minute due to the unfavorable
balance between the heavy selective molecules – antibodies
typically in the tens of kilodaltons – and the light pesticide –
typically in the few tens to hundred dalton range.
Liquid-phase sub-surface sensing requires designing cooperative targets meeting multiple requirements: passive transducers probed through a wireless link exhibiting strong backscattered signals (i.e. high RADAR cross-section), and a transduction mechanism sensitive to the presence of a compound
which is not significantly damped when exposed to liquid [5],
[6]. Surface acoustic wave transducers have been demonstrated
to meet the first requirements of passive wireless sensing, and
are well known for chemical sensing once the surface of the
transducer has been coated with a chemical layer selectively
reacting when exposed to the compound to be detected [7],

[8], [9] . Indeed, the acoustic wave propagation velocity is
dependent on boundary conditions which include adlayer mass
(density times thickness): absorbing a chemical compound or
varying the layer stiffness will induce an acoustic velocity
variation readily detected as an echo time of flight variation.
While each one of these requirements has been independently demonstrated, combining in a single transducer the
wireless chemical sensing capability compatible with compounds dissolved in a liquid have seldom been shown [10],
[11], [12], [13]. The compatibility with GPR, which would
open the way towards sub-surface pollutant detection with the
classical geophysical instrument, has never been addressed.
We investigate the role of GPR as a new tool for sub-surface
chemical sensing and highlight how appropriate acoustic transducters are as cooperative targets by focusing on the detection
of a specific compound: hydrogen sulfide (H2 S). Hydrogen
sulfide is of interest because its release appears as a health
hazard [14] in oil and gas well exploitation [15], [16], as well
as a promoter of corrosion [17] when associated with water. It
is produced by anaerobic bacteria and is a pollutant in waste
water as well [18], [19].
In this paper we consider four steps in sub-surface detection
of hydrogen sulfide dissolved in water by GPR:
1) a strategy for detecting hydrogen sulfide with surface
acoustic wave transducers,
2) functionalizing acoustic transducers with the hydrogensulfide selective compounds, which includes spreading
homogeneously over the sensing surface a controlled
thickness of the detecting compound,
3) probing the sensor with a GPR and extracting an information relevant of hydrogen sulfide concentration,
4) addressing the compatibility of sensing compounds in
liquid phase.
Each one of these topics will be discussed and provide the
layout of the discussion.
I. H YDROGEN SULFIDE DETECTION
SAW-based hydrogen sulfide detection has been addressed
in [20] using a conductivity change effect: our approach differs
in searching for a selective, non-reversible reaction of the gas
with an appropriately designed detection layer. Following this
strategy, chemical sensing requires a thin film adsorbed on
the surface of the transducer, selectively reacting with the
compound to be detected. A thin film is needed because
on the one hand compound diffusion time is reduced if the
film is thin enough for the diffusion time to be small with
respect to the chemical reaction kinetic, and on the other
hand the evanescent acoustic wave probing the thin film
properties – namely acoustic velocity and losses related to
its Young modulus, density and viscosity – only penetrates a
few skin depthsqinto the sensing layer. The skin depth δ is
η
given by δ =
2πf ρ where ρ and η are the layer density
and viscosity respectively: the skin depth is of the order of
40 nm in water and 150 nm in air for a device operating
at f = 100 MHz. Additionally, this coating must act as a

perturbation to the acoustic wave propagation and prevents
the radiation of the acoustic field in the surrounding media, a
condition which would induce excessive insertion losses. Since
the acoustic wave wavelength is of the order of, assuming an
acoustic velocity about 3500 m/s, 35 to 7 µm between 100
and 500 MHz, typical film thicknesses will be in the submicrometer range.
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Fig. 2. Sensing principle of H2 S by lead acetate. Lead acetate is colourless
while PbS is a black solid.

The organic layer holds the chemical function designed to
selectively detect the targeted compound. Our selection, for
detecting hydrogen sulfide, is to use the selective affinity of
sulfur for noble metals, with the initial insight coming from the
classical colorimetric hydrogen sulfide method of monitoring
lead acetate soaked strips of paper: lead acetate reacts with
hydrogen sulfide to create lead sulfide nanoparticles which
make the paper color switch from white to black (Fig. 2).
Hence, designing an organic matrix holding lead, or any other
metal selectively reacting with sulfur such as gold [21], zinc or
copper [22], ions will provide the selective sensing capability.
II. S ENSOR FUNCTIONALIZATION
Having selected the development strategy of functionalizing
a polymer with noble metal ions selectively reacting with the
sulfur atom of hydrogen sulfide, the problem of reproducibly
and homogeneously spreading the polymer on the surface of
the sensor needs to be tackled. Collective, wafer scale fabrication provides cost effective means of reproducible sensor
surface functionalization. Classical surface functionalization
techniques include self assembled (mono)layers, drop casting,
spraying or spin coating. The latter is arguably the most
common technique in cleanroom processing: a substrate is
spun at fast rotation speed for the centrifugal force to spread
the polymer dissolved in a solvent over the surface of the
sensor.
In order to be compatible with the spin coating process,
the polymer formulation must be tuned for the viscosity to
match typical spin coating conditions. As an example of
this approach, the various formulations of Microposit Shipley
S1800 or Microchemicals AZ1500 photoresist families are
given with varying solvent concentrations for a given thickness
to be reached at a given rotation speed of the wafer. Despite the
lack of centrifugal force homogeneity along the wafer radius,
excess resist is ejected from the spinning wafer and surface
tension homogenizes the thickness on the central part of the
wafer. Once the polymer has been mixed with the noble metal
ion compound, reaching the appropriate viscosity then requires
adding the appropriate amount of solvent to the mixture (Fig.
3). This example illustrates one functionalization strategy, in
which the lead-containing compound is added to MicroChem’s
SU8 photoresist, well known for its excellent spin-coating
design and the ability to address a wire range of thicknesses,

Fig. 4. Diced chip assembled on a printed circuit board and connected to a
bowtie antenna for wireless measurement. The total antenna length (no shown)
is 60 cm. The printed circuit board dimensions are 25 × 25 mm2 , the sensor
chip is 10×4 mm2 , compatible with 13×7 mm2 Kyocera ceramic packages.

from sub-micrometer thickness to several hundred micrometer
thick layers 1 for high aspect ration structure patterning. Other
formulations with lighter epoxy containing molecules have
provided better sensitivity of the final transducer thanks to
a more favorable lead to carbon weight ratio.
The bigger the sensor with respect to the sensing area, the
more homogeneous the layer and the smaller the effect of
capillarity on the sides of the sensor: we have functionalized
sensors patterned on four-inch lithium niobate wafers – a
piezoelectric substrate selected for its strong electromechanical
coupling coefficient – before dicing the individual 10×4 mm2
chips, yielding more than 150 sensors for each cleanroom
run, making the process cost effective through high volume
production (Fig. 4).
Having homogeneously spread the sensing film over the
sensor surface, initial characterizations are performed in a
controlled environment using a network analyzer wired to
the sensor. Hydrogen sulfide is generated by reacting FeS+2
HCl→Cl2 +H2 S and the resulting gas fills syringes for storage.
During the experiment, the sensing surface is exposed to
this air flow saturated in hydrogen sulfide, under ambient
conditions of temperature and pressure. The evolution of the
phase of the acoustic signal monitored during the reaction is
shown in Fig. 5. The baseline for the first 180 s slowly rises
due to temperature stabilization of the sensor chip under the
fume hood. Then, the exposure to hydrogen sulfide at date
180 s is clearly seen as a phase shift indicating the acoustic
wave slowing down due to the mass loading of the gas reacting
with the lead ions. Considering our 2 × 2 mm2 sensing area,
the 50◦ phase shift is consistent with typical values observed
for absorption processes on SAW devices: [23] demonstrates
1 http://www.microchem.com/pdf/SU-82000DataSheet2000
5thru2015Ver4.pdf, retrieved January 2017
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Fig. 3. Inserting the lead ion in a polymer formulation suitable for spincoating.

such a phase variation for different acoustic propagation modes
when loading the sensor with 50 to 250 ng/mm2 Au. Assuming
this gravimetric sensitivity is representative of the behaviour
of our lithium niobate device and considering that about
68 ng/mm2 (to simplify the numerical application) was added
to the layer mass during the hydrogen sulfide (34 g/mol
molar weight) exposure, the 250 nm-thick polymer layer (as
measured using a profiler after spin coating) has absorbed
2 nmol in 250·10−9 cm3 or 8·10−3 mol/cm3 . This reactive site
density is consistent with a resist of about 250 g/mol molar
weight, and a density of the order of 2 g/cm3 , functionalized
with a single lead site per monomer molecule, providing
2/250 = 8 · 10−3 mol/cm3 reactive sites.
As the hydrogen sulfide reaction is not reversible, the
sensor integrates the cumulative gas concentration to which the
transducer is exposed between two measurement sequences,
hence providing some sort of memory effect of the sensor
even if the transducer response is not continuously monitored.
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Fig. 5. Sensor response when exposed to hydrogen sulfide.

III. S ENSOR INTERROGATION
Having designed a cooperative target whose echo delay –
defined as the acoustic wave propagation path length divided
by the varying acoustic velocity under varying targeted compound concentration – is dependent on the chemical element
concentration, we must address the ability to probe the sensor
response using a GPR. Time delay is best measured as a
phase shift: in order to assess the detection limit of the
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Fig. 6. Acoustic delay line measurement in a constant environment using a
commercial GPR (Malå ProEx). Top left is the radargram ranging from 0 to
1.5 µs, with the first echo from the delay line visible at the bottom of the
chart. Bottom left is a zoom on this low sampling rate acquisition on the first
echo of the delay line. Top right is an acquisition focusing solely on the first
two echos of the delay line, separated by about 300 ns. Bottom right is the
delay between the first and second echo, expressed in sampling periods.
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A major disappointment when replacing the network analyzer (Fig. 5) with a GPR unit (Fig. 6) was to observe a
tremendous drift of the phase during the warm up of the
interrogation unit [24], lasting up to several hours (Fig. 6).
This acquisition was completed using our custom opensource
Proexgprcontrol software, available at https://sourceforge.net/
projects/proexgprcontrol. Similar results were obtained using
the proprietary Groundvision software provided by Malå, so
the cause of the drift is not the software but the stroboscopic
timing generator [25]: indeed, the emitted pulse is observed to
always be generated at the same time (emitted pulse time as
observed on the radargram), and while the delay line remains
in a constant environment (temperature variation less than 1◦ C
during the two-hour experiment), the received echoes drift.
Our software, dedicated to subsurface sensor measurement,
implements two measurement windows, one focusing on the
shallow subsurface environment (here used in the left column
of Fig. 6), and a secondary window focusing on the sensor response (here used in the right column of Fig. 6). The long time
window including the emitted pulse as well as the first sensor
echo (Fig. 6, left) was recorded to check that the emitted pulse
does not drift over time: this low sampling rate is needed to
measure over the long duration (1.4 µs including the first echo
delayed by the acoustic delay line sensor) before the sensor
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response is observed, due to the limited number of samples
the GPR unit can record. The drift analysis is performed on
the data displayed on the right, in which the delay between
two echoes returned by the sensor – to compensate for any
variation of the measurement unit to sensor distance (not used
here in the static setup) – is computed and displayed in units of
sampling period – here 146 ps. A drift of 30 pixels lasts 4.4 ns
or nearly one period of the 200 MHz emitted pulses. While
negligible for subsurface distance measurement – this drift
accounts for 1.5% of the 300 ns delay between adjacent echoes
– it prevents any fine acoustic velocity analysis of the sensor
response to recover the gas concentration. The drift of 4.4 ns
at 190 MHz, the central operating frequency of the acoustic
delay line, accounts for 360 × 4.4 × 0.190 ' 300◦ phase
drift. The phase shift associated with the acoustic velocity
variation due to gas absorption in the polymer was measured
as 50◦ : the baseline drift is six times larger than the observed
signal variation due to an atmosphere saturated in the gas to
be detected. Were the drift removed, the baseline standard
deviation would exhibit acceptable signal to noise ratio, with
a phase standard deviation computed on samples dated 845 s
to the end and subtracted with a second order polynomial fit,
of 0.365 sampling periods or 53 ps or 3.6◦ or one fifth of the
observed signal variation due to gas absorption in the sensing
polymer layer. Such a result is obtained with no stacking, one
measurement every second and no sliding average.

optical fiber
link

sensor and the associated measurement system, the baseline
stability must be measured. Indeed, any drift of the baseline
due to the measurement electronics or transducer operating
conditions will prevent the detection of a chemical compound
concentration variation. Such a measurement was performed
with a commercial Malå ProEx GPR unit operating with
200 MHz unshielded or 250 MHz shielded antennas.
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Fig. 7. Demonstration of the stroboscopic timebase generator as the source
of the sampling rate drift: the emitter and transmitter (250 MHz unshielded
antenna set) are kept at room temperature while the ProEx control unit, which
includes the voltage to time pulse delay generator, is first left to warm up
before being inserted, at date 6000 s, in a freezer (−18◦ C) and left to cool
until the end of the experiment. The inversion of the drift rate demonstrates
that the ProEx control unit, whose only analog function is the timebase
generator, is the source of the problem. The experiment was performed with
the control unit powered by a stabilized laboratory power supply. The two
phase jumps at 7000 and 9000 s are due to imperfect unwrapping.

Fig. 7 demonstrates that the stroboscopic timing generator is
the cause of the drift: two voltage ramps at different rates feed
a comparator whose output defines the emission pulse time
and sampling time, as classically implemented in a voltage

to time generator. The slow ramp, defining the sampling rate
and sampling time range, is generated by a digital to analog
converter whose output runs through an operational amplifier.
Not only is this operational amplifier observed to excessively
heat – above 50◦ C when the ProEx control unit is kept at room
temperature – inducing an internal offset (the datasheet hints
at a 12 µV/◦ C temperature offset for this part) and hence a
timebase drift, but most significantly cooling the whole control
unit reverses the drift trend. We have observed that cooling this
particular component alone was sufficient to reverse the cause
of the drift. Dynamic temperature control or compensation is
under investigation. Here again, a drift of ±6 ns or 410 angle
degrees at 190 MHz is observed, consistent with previous
measurements.
IV. L IQUID PHASE COMPATIBILITY
All measurements so far have been performed on acoustic
delay lines patterned on lithium niobate, a strongly coupled
piezoelectric substrate used to generate a Rayleigh wave in our
application. Rayleigh waves are surface acoustic wave with
an elliptical polarization, hence exhibiting an out of plane
displacement component and hence the capability to radiate
acoustic power in a surrounding fluid through progressive
pressure waves. Such coupling induces excessive acoustic
losses and the sensor is not usable in liquid phase. In order
to prevent such acoustic wave coupling with the surrounding
liquid, the classical approach is to use a shear wave, as
exhibited by quartz in a Love mode configuration, or lithium
tantalate [26] in the p-SAW (pseudo-surface acoustic wave
[27]) configuration (Fig. 8) in which the wave is prevented
from radiating into the bulk of the substrate by an electically
conducting coating slowing down the wave and confining its
propagation to the surface. While the latter [28], [29], [30]
has been shown to exhibit lower gravimetric sensitivity than a
quartz-based Love mode device [23], an additional constraint
is packaging to insulate the electrodes converting the incoming
electromagnetic wave to an acoustic wave.
Not only do the electrodes need to be insulated against
resistive short-circuit, a task easily completed by a thin passivation layer, but also against capacitive short circuit. Indeed,
coating the transducer electrodes with water increases the
sensor environment permittivity from 1 (air) to 80 (water),
and the parasitic capacitance short circuiting the electrodes
rises by this factor as well. When using a substrate with low
permittivity such as quartz (εr ' 5), the incoming electromagnetic energy is diverted from reaching the piezoelectric
substrate towards the surrounding liquid when the electrodes
overlaying medium is replaced from air to water. On the other
hand, a substrate with a high permittivity is hardly affected
by the replacement of the low permittivity air with the high
permittivity water: a fraction of the incoming electromagnetic
wave will nevertheless go in the fluid, but a sufficient fraction
of the incoming power will couple with the high-permittivity
substrate and become converted to an acoustic wave. One material comes out has propagating a shear wave, exhibiting high

Fig. 8. Acoustic reflective delay line patterned on a lithium tantalate device.
From left to right: contact pads, first mirror, first sensing area coated with
metal, interdigitated transducers, second sensing area coated with metal and
covered with a drop of water, second mirror, third sensing area coated with
metal and third mirror. The probe tips can be seen to have scratched the
photoresist guiding layer: due to the high pyroelectric property of lithium
tantalate making the substrate challenging to process, the pad opening
lithography step was not performed in the cleanroom and the whole wafer
is coated with a 500 nm thick S18 photoresist layer.

permittivity and strong electromechanical coupling: lithium
tantalate.
Such a substrate has been used in several investigations
focusing on chemical compound detection in liquid phase
when the microfluidic handling for preventing the fluid from
reaching the electrodes of a low permittivity substrate (quartz)
is given up. We have fabricated lithium tantalate acoustic delay
lines with delays and operating frequencies similar to those
found on the lithium niobate devices used previously, and
coated the transducer with a thin organic layer to prevent
resistive short circuit and confine the acoustic wave to the
surface in a Love mode strategy. Additionally, the acoustic
wave was prevented from radiating towards the bulk of the
piezoelectric substrate by coating the sensing area with a
metallic layer, thus slowing down the surface acoustic wave
and preventing its radiation as a bulk wave which would have
induced excessive propagation losses. The photoresist guiding
layer is assumed to behave in a way representative of the
hydrogen sulfide detection thin film (Fig. 9). Despite losses
greater than those observed for a lithium niobate device, the
guiding layer thickness and number of electrode pairs in the
interdigitated transducer remain to be optimized for reaching
the best link budget.
V. C ONCLUSION
Ground Penetrating RADAR (GPR) is considered as an
interrogation unit for probing passive cooperative targets
for measuring sub-surface chemical compound concentration,
using a Surface Acoustic Wave transducer approach. We
demonstrate a sensor functionalization for detecting hydrogen
sulfide in gas phase, and that a commercial GPR unit exhibits
unsuitable stability to finely measure the phase of the returned
echoes, representative of gas concentration. Additionally, we
extend the analysis towards a sensor design compatible with
compounds located in liquid phase. We thus demonstrate
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Fig. 9. Acoustic response, in the time domain, of the reflective delay echoes
when the sensor is exposed to air, the second sensing area is coated with a
drop of water (as seen on Fig. 8), and the second sensing area as well as the
interdigitated transducers are coated with water.

the design of lithium-tantalate devices compatible with GPR
interrogation, exhibiting low insertion loss variation when
electrodes, sensing areas and mirrors are coated with water,
and yet functionalized with an organic thin film for selective
chemical detection.
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