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PASSIVE SAW-BASED HYDROGEN SENSOR 
AND SYSTEM 

This application claims the bene?t US. provisional appli 
cation No. 60/714,559 ?led on Sep. 7, 2005. 

BACKGROUND OF THE INVENTION 

The search for alternative energy sources is driven by the 
desire to be independent from foreign sources of fossil fuels, 
to reduce the pollution caused by use of fossil fuel, and to 
reduce production of green house gases that can add to 
global Warming. Hydrogen is a fuel that satis?es all of these 
needs as it can be produced from abundantly available 
materials such as Water, it produces no pollutants and no 
greenhouse gases as byproducts, and it can be converted to 
heat through combustion or to electricity through fuel cells. 
HoWever, hydrogen is a colorless, odorless, ?ammable gas 
With a loWer explosive limit of 4% in air. Accordingly, in 
order to implement the safe manufacturing, distribution and 
use of hydrogen, sensors must be developed that can rapidly 
detect loW levels of hydrogen for hydrogen gas leak detec 
tion. 

BRIEF DESCRIPTION OF THE PRIOR ART 

Signi?cant effort has gone into the development of hydro 
gen sensors for application to leak detection, including 
development of methods that utiliZe metal and metal oxide 
?lms such as Ti, TiO2, PtO, and Pt and combinations thereof. 
Some methods use biologically based enZyme catalyZed 
electrochemical detection. Such sensors have numerous 
drawbacks, including sloW response time, lack of selectivity 
for hydrogen, poor reversibility, and the requirement of high 
temperatures for operation (often up to 2000 C.) and even 
higher temperatures (up to 5000 C.) for sensor regeneration. 
Much of the research effort has focused on palladium and 
palladium alloy ?lms and nanostructures. It is Well knoWn 
that palladium is an ideal material for hydrogen sensing 
since it selectively absorbs large quantities of hydrogen. 
When palladium metal is exposed to hydrogen gas (H2), the 
hydrogen dissociates at the metal surface and the hydrogen 
atoms diffuse into the bulk of the palladium. The hydrogen 
atoms eventually reach an equilibrium concentration in the 
palladium that is directly related to the concentration of 
hydrogen gas in the surrounding environment. The absorbed 
hydrogen interacts With the palladium to cause either an 
increase or a decrease in electrical resistance of the palla 
dium, depending on the characteristics and morphology of 
the palladium structure in question. Thus, much of the 
hydrogen sensor research to date has focused on developing 
sensors With resistive elements Whose resistance is depen 
dent on hydrogen concentration. This change in resistance 
can be measured directly to determine the hydrogen gas 
concentration, or the change in resistance can be used to 
modify the performance of another device, such as a Schot 
tky diode or a PET (CHEMFET). Mesoscale palladium 
Wires have also been demonstrated for use as sensitive 
hydrogen sensing elements. 

In thick ?lm and bulk palladium, the palladium and 
hydrogen combine to form palladium hydride. This causes 
an increase in the resistance of the ?lms relative to palla 
dium, Which can be related to the concentration of hydrogen. 
Another knoWn phenomenon that occurs in palladium is 
called Hydrogen Induced Lattice Expansion (HILE). This 
refers to the tendency for the palladium lattice to sWell or 
expand upon absorption of hydrogen. At room temperature, 
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2 
bulk PdH,C (Where x<0.8) undergoes an 0t to [3 transition 
starting at betWeen 1% and 2% hydrogen gas concentration 
at one atmosphere pressure. This lattice transition causes a 
change in the lattice constant from 3.895 A to 4.025 A, 
resulting in an increase in volume of roughly 11%. Palla 
dium is suitable for Wetting the surface of many materials, 
including bare glass. This means that in ultra thin evaporated 
palladium ?lms, the palladium tends to spread out in clusters 
tens of nanometers across and separated by randomly dis 
tributed distances With some clusters very close together and 
some many tens of nanometers apart. In thicker continuous 
palladium ?lms, Wetting of the surface can create problems 
if the ?lm is exposed to moderately high levels of and 
undergoes HILE. Due to stiction, or the inability of the 
palladium atoms to move on the substrate surface, HILE can 
introduce enough strain in the ?lm to cause ?lm separation 
from the substrate, leading to failure of the device. 

Prior surface acoustic Wave (SAW) based chemical vapor 
sensors utiliZe various chemically selective coatings to 
absorb vapors of interest and cause measurable changes in 
device performance. Most of the coatings utiliZed in such 
sensors are viscoelastic polymers, metal oxides, or similar 
?lms. Sensors reported to date utiliZe various changes in 
device performance as metrics that indicate vapor concen 
tration. Previously described passive SAW chemical vapor 
sensors generally use either the resonance frequency of a 
SAW resonator (measured directly or derived using the 
Fourier Transform of the sensor impulse response), or the 
time delay of a SAW delay line (measured directly in an 
oscillator loop) as the parameter measured to determine 
vapor concentration. 

Changes in device performance on vapor exposure have 
been attributed to a combination of factors. The primary 
change noted has been mass loading. As vapor molecules are 
absorbed into the ?lm, mass is added to the surface, and a 
change in velocity is observed, resulting in a corresponding 
change in delay or resonant frequency for the sensor device. 
Amplitude can also vary for the device. Additional effects, 
Which are secondary in most applications, are ?lm stiffness 
and viscoelastic effects. Absorption of vapors into the ?lm 
can cause a softening, or in some cases a stiffening, of the 
?lms. These changes, combined With changes in ?lm vis 
cosity, result in variations in device performance measurable 
as shifts in frequency and delay and changes in amplitude. 
The last potential mechanism for coating/vapor interactions 
to cause changes in device performance is the effect of 
electrical interactions. Absorption of chemical vapors by 
?lm coatings can result in a change in the dielectric constant 
of the ?lm. While this has the potential to affect the device 
performance, this effect is insubstantial for loW-coupling 
substrates and has generally been neglected in evaluating 
prior sensor device performance. 

SUMMARY OF THE INVENTION 

The present invention relates to devices and methods for 
monitoring the composition of gases, and more particularly, 
to solid state sensor devices and methods for measuring the 
concentration of hydrogen in a gas composition. Speci? 
cally, the invention relates to a novel passive surface acous 
tic Wave (SAW) based hydrogen sensor utiliZing palladium 
(Pd) nanocluster ?lm elements formed on siloxane self 
assembled monolayers (SAM) assembled on pieZoelectric 
SAW device substrates. This combination produces fast, 
reversible, highly sensitive hydrogen sensors capable of 
detecting a Wide range of hydrogen concentrations and 
operating at room temperature. The palladium nanocluster 
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?lms experience large conductivity changes due to the 
hydrogen induced lattice expansion of the palladium nano 
clusters, combined With the quantum nature of conduction in 
nanocluster ?lms. The performance of the SAW device Will 
change in response to a change in conductivity of this ?lm. 

Unlike prior SAW sensors, the devices according to the 
invention utiliZe changes in the electrical characteristics of 
this ?lm, responding to a change in the conductivity of the 
palladium nanocluster ?lm upon exposure to hydrogen. The 
preferred embodiments either utiliZe the pieZoelectric short 
ing effect to create a change in surface Wave velocity in 
response to a change in ?lm conductivity, or use the change 
in impedance of the ?lm elements to affect the electrical and 
acoustic properties of the SAW device. 

The sensors of the current invention utiliZe self-assembled 
siloxane monolayers on the pieZoelectric substrate to pro 
vide appropriate surface chemistry for deposition of the 
palladium nanocluster ?lms. Recent Work at Argonne 
National Labs on the formation of palladium nanocluster 
?lms on self-assembled siloxane monolayers on glass has 
delineated the bene?ts associated With the use of such SAM 
?lms. This Work used a surface treatment that generates a 
self-assembled monolayer (SAM) of siloxane on glass sub 
strates. The siloxane SAM creates a hydrophobic surface, 
and also makes it harder for palladium to Wet the surface. 
As a result, When ultra-thin palladium layers are evapo 

rated onto glass slides coated With siloxane SAMs, the 
resulting ?lm is composed of numerous small, fairly uni 
form palladium nanoclusters separated by small gaps. These 
?lms have a nominal resistance in the absence of hydrogen. 
Upon exposure to hydrogen, hoWever, the HILE causes the 
palladium nanoclusters to sWell. Due to the uniformity of the 
nanoclusters and their small separation distances, this sWell 
ing causes many more clusters to be closer to one another. 
Thus, more pathWays for quantum mechanical electron 
tunneling conduction are formed Within the ?lm, and ?lm 
conductivity goes up dramatically as hydrogen is absorbed. 
This effect has been shoWn to be fast, reversible, stable, and 
operable at room temperature. These optimiZed nanocluster 
?lms demonstrated hydrogen sensing from 25 ppm to over 
2% hydrogen, With response times of milliseconds, complete 
reversibility, and no baseline drift at room temperature. 
Other surface con?gurations could be used in place of the 
siloxane SAM to provide a surface that palladium Would not 
Wet Well, and that Would encourage the formation of appro 
priately siZed and uniformly distributed palladium nanoclus 
ters. 

Such palladium nanocluster ?lms, When deposited on 
properly surface-treated pieZoelectric SAW substrates (i.e. 
With siloxane SAM coatings), produce ?lms With hydrogen 
dependent electrical properties. Of course, the absorption of 
hydrogen by these ?lms also causes a small response due to 
mass loading of the hydrogen. This effect, hoWever, is much 
smaller than the pieZoelectric shorting effect observed, pro 
vided the pieZoelectric substrate being used is a high cou 
pling (k2) material such as lithium niobate, lithium tantalate, 
langasite, or other high coupling material. 

Thus, if a palladium nanocluster ?lm is deposited on the 
surface of a pieZoelectric substrate such as lithium niobate, 
a change in velocity Av/v occurs due to the electrical nature 
and mass loading of the ?lm. Using published dispersion 
curves for gold ?lms on lithium niobate, Av/A(hk):2600 
m/ sec for gold (betWeen 2300 and 2600 m/sec), Where h is 
the thickness of the ?lm in angstroms and k is the Wave 
number (kI2J'E/7»). If it is assumed that the SAW device 
operates at 750 MHZ, then 7»:4.5 um, and Av/Ah:3.6><l09 
sec_l. This provides a measure of the added change in 
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4 
surface Wave velocity (Av) due to a small increase in ?lm 
thickness (Ah) for the gold ?lm. If one assumes that the 
additional ?lm thickness is Ah:3.3 nm (the optimal palla 
dium nanocluster ?lm thickness determined by the Work at 
Argonne), then for an ultra thin (3.3 nm) gold ?lm, the 
change in velocity due to the added mass is AVA” maSSIl2 
m/sec. 
NoW, considering the fact that the mass density ratio of 

palladium to gold is 12,000/ l9,300:0.62, the velocity 
change due to the Palladium ?lm is calculated as AvPd 
mass:7.5 m/ sec. This velocity shift is the velocity shift that 
occurs due to mass loading and electrical effects When the 
palladium ?lm is deposited, and not a shift that is indicative 
of the velocity shift When the palladium absorbs hydrogen. 
Using the same dispersion curves, one can estimate the mass 
change that this 3.3 nm palladium ?lm Will experience due 
to absorption of hydrogen. It has been reported that palla 
dium absorbs six times its volume in hydrogen. Assuming 
this to be true, one can determine the velocity change due to 
the added mass of the hydrogen. Taking the ratio of the mass 
density of hydrogen to the mass density of palladium 
(0.085/12,000:7.08><l0_6), and multiplying by six (since 
palladium can absorb six times its volume in hydrogen gas), 
the palladium ?lm Will experience an additional velocity 
shift due to the absorbed hydrogen mass of 4.25><l0_5 times 
the velocity shift due to palladium mass loading. Since this 
Was previously found to be Avpalladium mass:7.5 m/sec, 
We can see that the additional mass loading due to the 

absorbed hydrogen is AvH mass:(7.5 m/sec)><4.25><l0_ 
5:0.00032 m/sec. 
By comparison, the Av/v caused by electrical shorting of 

the surface Wave on lithium niobate is 2.5%. This corre 
sponds to a change from an open circuited surface to a short 
circuited surface. Since the palladium ?lm Will have some 
nominal conductivity, the surface With no hydrogen expo 
sure Will not be purely open circuited. Although the ?lm 
conductivity at the surface of the device should increase 
With increasing hydrogen exposure, it may not reach a true 
short circuit. Still, if one assumes that the Av/v achievable 
With hydrogen exposure using these ?lms is only 1/10 of the 
ideal value, that still corresponds to a change of l/1o><(Av/v) 
:0.25%, Which yields Avelef3400 m/sec (0.0025):8.5 
m/ sec. Comparing the magnitude of these two effects, We see 
that AveZeC/AvH mass:26,600. Thus, the change caused by 
mass loading due to hydrogen absorption is less than 0.004% 
of the change due to electrical shorting elfects. That is, the 
effects caused by changes in electrical properties of the 
palladium nanocluster ?lm upon exposure to hydrogen far 
outWeigh the mass loading effects of the hydrogen. 
Knowing the advantages provided by the use of a siloxane 

SAM and the palladium nanocluster ?lm, numerous embodi 
ments of the present invention are possible, including reso 
nant SAW structures, delay line and differential delay line 
structures, coded and non-coded devices, tag devices, and 
devices incorporating tapered and stepped tapered transduc 
ers and re?ectors. 

BRIEF DESCRIPTION OF THE FIGURES 

Other objects and advantages of the invention Will 
become apparent from a study of the folloWing speci?cation 
When vieWed in the light of the accompanying draWing, in 
Which: 

FIG. 1 is a top vieW of a hydrogen sensor device accord 
ing to the invention; 

FIG. 2 is a graphical representation of the idealiZed 
impulses from the sensor of FIG. 1; 
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FIG. 3 is a graphical representation of the idealized 
frequency response for the sensor of FIG. 1; 

FIG. 4 is a top vieW of an alternate embodiment of a 
hydrogen sensor using variable resistance elements accord 
ing to the invention; 

FIG. 5 is a detailed vieW of a variable resistance element 
of FIG. 4; 

FIG. 6 is a side vieW of an alternate embodiment of a 
hydrogen sensor using orthogonal frequency coded re?ec 
tors according to the invention; 

FIG. 7 is a block diagram of a hydrogen sensing system 
according to the invention; 

FIG. 8 is a circuit diagram of a time-integrating correlator 
interrogation system according to the prior art; 

FIG. 9 is a circuit diagram of a hydrogen sensing system 
according to the invention; 

FIG. 10a is a graphical representation of the frequency 
response of the system of FIG. 9 at ambient temperature 
With only background hydrogen present; 

FIG. 10b is a graphical representation of the frequency 
responses of the ?lters of the system of FIG. 9; 

FIG. 100 is a graphical representation of the frequency 
responses at the outputs of the multipliers of the system of 
FIG. 9; 

FIGS. 11a-c shoW frequency responses similar to FIGS. 
10a-c, respectively, for a hydrogen sensing system of FIG. 
9 When the system is exposed to hydrogen; 

FIG. 12 is circuit diagram of a further embodiment of a 
hydrogen sensing system according to the invention Wherein 
a pseudo-noise source is used as the signal source and a 
clock control unit is used to modulate the periodicity of the 
signal source; and 

FIG. 13 is a block diagram of a transceiver system to be 
used With an orthogonal frequency coded sensor. 

DETAILED DESCRIPTION 

Referring ?rst to FIG. 1, there is shoWn a differential 
delay line device 2 for detecting the presence of hydrogen 
according to the present invention. The device includes a 
pieZoelectric substrate 4 on Which is mounted an input 
surface acoustic Wave (SAW) transducer 6 in the center 
region thereof and tWo (SAW) elements such as re?ectors 8, 
10 at opposite ends of the device. A self-assembled siloxane 
monolayer 12 is arranged over a portion of one of the 
propagation paths betWeen the transducer and one of the 
re?ectors 10 and layer of palladium ?lm 14 is arranged as a 
nanocluster ?lm on the monolayer 12. The device uses the 
change in velocity caused by the shorting effect of the 
palladium ?lm as hydrogen is absorbed, thereby to increase 
the delay on one side of the device. Although the transducer 
is shoWn in the center With the re?ectors at opposite ends of 
the device, other arrangements may be used as Well. 

Taking the input transducer to be broadband, and treating 
the re?ector elements 8, 10 at either end as ideal point 
re?ectors, the time domain re?ected response resulting from 
interrogation of the device is a pair of impulses 16 and 18 
shoWn in FIG. 2 at times t1 and t2. These times correspond 
to the round trip delay times of a surface Wave as it travels 
from the input transducer 6 to the re?ectors 8, 10 and back 
to the input transducer. The corresponding frequency 
response is a lobed response, shoWn by the solid lines 20 in 
FIG. 3. The frequency separation betWeen nulls of this lobed 
response is given by Af:l/(t2—t1). As shoWn on the FIG. 3, 
the Af can be quite large. For example, if tl:l.000 usec and 
t2:l.0l0 usec, then Af:l/(0.0l usec):l00 MHZ. 
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6 
Absorption of hydrogen by the palladium nanocluster ?lm 

14 results in a change in ?lm conductivity, Which causes an 
increased electrical shorting of the surface. Since the veloc 
ity of the Wave sloWs doWn as the surface is shorted, 
absorption of the hydrogen leads to a change in the delay tl 
to a neW longer delay tl'. For example, it can be assumed that 
this shorting effect causes a change in surface Wave velocity 
equal to approximately 1/10 of the total possible Av/v for 
shorting on the substrate. Using YZ lithium niobate as the 
substrate, Which has Av/v:2.5%, then t1'?1+(0.0025*l 
usec):l.0025 usec. Since tl' Will actually be longer than tl 
Which Will result in a shrinking of the separation betWeen the 
impulses, i.e. (t2—tl')<(t2—tl), the lobes spread in frequency, 
Which as shoWn by the dotted lines 22 in FIG. 3, results in 
a corresponding spreading of the separation betWeen the 
nulls of the lobed frequency response. The change in fre 
quency for the lobe 20 When it spreads is related to the fact 
that the Width of the spread lobe 22 is greater than the Width 
of the un-spread lobe 20, or AfIl/(t2—t1')>Af:l/(t2—t1). In 
this example t2—tl':l.0l0 usec—l.0025 usec:0.0075 usec. 
Thus While Af:l/(0.0l usec):l00 MHZ, Af‘:l/(0.0075 usec) 
I133 MHZ. Since the lobe Width Af changes by 33 MHZ for 
each frequency lobe, lobes that are farther out in frequency 
are both shifted in frequency and broadened by this effect. 
Thus, the locations of the nulls for lobes farther out in 
frequency change Will change even more. This is a very 
large effect, and can be measured using a time-integrating 
correlator-based interrogator system. It should be noted that 
since the change in lobe Width due to hydrogen absorption 
depends on the nominal delays and the amount of shorting 
achieved in the palladium ?lm, this structure of the device 
2 can be designed to provide the sensitivity desired. 
NoW, it has been shoWn (using photosensitive CdSe 

semiconductors on LiNbO3) that the propagation of surface 
Waves in high coupling substrates such as lithium niobate 
can be affected by the conductivity of the layer placed on the 
device surface. For high conductivity layers of CdSe (When 
photoelectrically activated), the carriers in the semiconduc 
tor can move along Without much resistance, and therefore 
there is no drag on the acoustic Wave. At loW ?lm conduc 
tivity, there are not enough carriers in the CdSe ?lm to 
interact With the surface Wave to cause drag. In the range of 
moderate conductivity, hoWever, the interaction of the sur 
face Wave With the semiconductor causes drag on the surface 
Wave, Where limited carrier mobility actually causes a dip in 
the amplitude of the observed response as energy is being 
used to transport the charge carriers in the semiconductor. It 
is possible that such an effect may be observed in the 
palladium nanocluster ?lms of the present invention, but 
proper design can avoid this being a problem. 
The movement of the lobes of the sensor due to absorption 

of hydrogen by the palladium ?lm can be on the order of tens 
of MegahertZ With relatively small changes in conductivity. 
An interrogator can be used to measure the shifting of these 
lobes as Will be discussed in greater detail beloW. 
A second embodiment of the current invention utiliZes 

resistive elements formed from the palladium nanocluster 
?lms to control the performance of the SAW device in such 
a Way as to vary the device response With exposure to 
hydrogen. Such an embodiment Will noW be described With 
reference to FIG. 4. A pieZoelectric substrate 24 has an input 
transducer 26 and tWo re?ective structures 28 and 30 formed 
on a surface thereof. Each re?ective structure is subdivided 
into separate portions 28a, 28b and 30a, 30b. A variable 
resistance element 32, 34 is connected With each re?ective 
structure. An example of a variable resistance element is 
shoWn in FIG. 5. Each variable resistance element is formed 
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from a palladium nanocluster ?lm 36 formed in a pattern on 
a siloxane SAM 38. The SAW device of FIG. 4 utilizes 
regeneration re?ections and thus uses split ?nger electrodes. 
Without hydrogen present or With hydrogen present at loW 
background levels, the re?ectors 28, 30 each have a prede 
termined center of re?ection. When higher levels of hydro 
gen are encountered, the palladium ?lm absorbs the hydro 
gen, and the resistance of the variable resistance elements 
32, 34 goes doWn. At high enough conductivities, these 
sections are electrically shorted. The level of regeneration 
re?ection Will go doWn With increased shorting, ultimately 
resulting in no regeneration re?ection from these sections. 
This causes a shift in the center of re?ection of these devices, 
With re?ector 28 moving aWay from the input transducer 26 
and re?ector 30 moving closer to the input transducer 26. 
This leads to a change in the time difference of the re?ected 
responses and to a change in the output lobe shape. Such a 
change can be detected using the time integrating correlator 
approach described above. 
A further embodiment of the invention uses SAW devices 

With arbitrary coding techniques such as PN, MSK, barker, 
FSK, OFC, in-phase and quadrature (I/Q) or other coding, in 
addition to the siloxane SAM and thin palladium nanocluster 
?lms described above. In the folloWing description, a spe 
ci?c implementation of OFC is used by Way of example only 
to demonstrate the range of possible embodiments for the 
device. HoWever, as Will be appreciated by those of ordinary 
skill in the art, the embodiments discussed could also be 
implemented using any other knoWn coding techniques. 
Additionally, it is understood that such coded sensors can be 
implemented using transduction effects rather than re?ection 
effects, and that the coding can be placed in either the 
launching transducer or the outer transduction or re?ection 
elements, at the selection of the designer. 

Orthogonal Frequency Coded (OFC) SAW devices have 
been used as passive Wireless temperature sensors. This 
particular embodiment of these devices utiliZes central 
launching and receiving transducers, and re?ective arrays of 
orthogonal elements to generate a code in the devices. One 
simple embodiment of an OFC hydrogen sensor Would be to 
place a nanocluster ?lm on one side of the differential delay 
line, similar to the embodiment shoWn in FIG. 1, but causing 
a hydrogen sensitive shift in the delay difference between the 
tWo compressed pulses in the receiver. Such a change Would 
be measured by the OFC interrogator. Such a con?guration 
is shoWn schematically in FIG. 6. 
More particularly, the device includes a pieZoelectric 

substrate 40 having a siloxane SAM layer 42 applied to a 
surface thereof. This SAM may extend over the entire 
substrate (under transducer and re?ector structures) as 
shoWn for the left re?ector of FIG. 6 or may be limited to the 
region of the device With the palladium nanocluster ?lm. An 
input transducer 44 is mounted on the pieZoelectric substrate 
With OFC re?ectors 46 and 48 mounted on opposite sides of 
the transducer toWard the edges of the substrate. A palladium 
nanocluster ?lm layer 50 is provided on the SAM layer 
betWeen the transducer and one of the re?ectors. 

Other alternate OFC device embodiments are Within the 
scope of the invention. For example, OFC or other coding 
can be incorporated into the central launching and receiving 
transducer, and transducers can replace the outer re?ectors. 
In this instance, the outer transducers can be electrically 
connected to the input transducer and antenna, or can be 
separate, depending on the device function desired. This 
con?guration results in a device response that is a transduc 
tion response, rather than a re?ective response. Alternate 
embodiments using either this approach or the re?ective 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
approach use multiple tracks on a single substrate, or mul 
tiple parallel devices on separate substrates. Each track 
comprises an OFC differential delay line. The non-hydrogen 
sensing track Will serve as a reference temperature sensor for 
the pair or set of sensors. For the hydrogen sensitive track(s), 
hoWever, either a palladium nanocluster ?lm element is 
deposited in the differential delay region (if the differential 
delay line approach is used), or selected OFC re?ector chip 
elements are modi?ed to include split electrodes (M 8 Wide), 
separate bus bars, and a palladium nanocluster resistive 
element (if the re?ective approach is used). The form and 
geometry of this element is determined based on impedance 
characteristics of the ?lms and device. 

In current OFC devices, the re?ective sections that form 
the chips of the OFC code are implemented using non-split 
electrodes (M4 Wide) in electrically shorted con?gurations. 
Since these re?ective structures are electrically shorted, they 
exhibit no electrical regeneration re?ections, the strongest 
component of re?ection possible on high coupling substrates 
like lithium niobate. Instead, these re?ectors use the elec 
trical shorting re?ections and energy storage re?ections at 
the ?nger edges to generate the re?ected Wave. The pro 
posed hydrogen sensitive devices Would use only the elec 
trical regeneration re?ection mechanism for re?ecting the 
surface Wave. When an incident surface Wave impinges on 
a set of periodic, electrically non-shorted electrodes, a 
voltage is induced on the electrodes. This voltage, in turn, 
generates an acoustic Wave in the opposite direction (the 
regeneration re?ection). 
When the re?ector sections include split electrodes, the 

geometry of the device causes all re?ections due to mass 
loading, energy storage, and pieZoelectric shorting effects to 
cancel, leaving Wave regeneration as the only re?ection 
mechanism. If a variable resistance is connected across a 
section of the re?ector, controlling this resistance Will con 
trol the re?ection from this section. For instance, if one chip 
of the OFC code has its bus bars connected With a palladium 
thin ?lm resistor, and the resistor has a high impedance, then 
the section is essentially open circuited, and regeneration 
re?ections Will occur as normal. Should the palladium 
resistor absorb hydrogen, hoWever, the dramatic increase in 
conductivity Will short the bus bars, eliminating the regen 
eration re?ection from this section of the re?ector. This type 
of “switching” can result in selected portions of the OFC 
code being reduced or eliminated. It may be possible to 
make the resistive elements attached to different portions of 
the re?ector have different characteristics, so that selected 
portions of the OFC code respond to different levels of 
hydrogen. Or, it may be possible to quantify the hydrogen 
level based on the degradation in sensor response. Portions 
of the OFC code in the hydrogen sensing track Would be left 
intact to verify continued device operation. This embodi 
ment Would use an interrogator as described beloW, but 
modi?ed to take into account the anticipated changes in 
OFC device response due to hydrogen exposure. 
The invention also relates to a system for hydrogen 

sensing in Which a signal from a hydrogen sensor is pro 
cessed to produce an indication of hydrogen concentration. 
Such a system is shoWn in its broadest con?guration in FIG. 
7 Where a hydrogen sensor 52 such as that of FIG. 1 provides 
a response signal to an interrogator 54 Which processes the 
response signal. The sensor includes an antenna 56 and the 
interro gator includes an antenna 58 for Wireless transmission 
and reception of signals therebetWeen. Alternatively, a Wired 
connection may be provided betWeen the sensor and inter 
rogator as is knoWn in the art. 
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A ?rst embodiment of an interrogator circuit for detection 
of lobe shift using a time integrating correlator is shown in 
FIG. 8. A Wide band noise source 60 supplies an output 
voltage signal. This signal is ampli?ed by an ampli?er 62 
and supplied to an antenna 64 for transmission. The trans 
mitted signal is received by a target or sensor and re?ected 
back to the antenna 64. The ampli?er 62 blocks the returned 
signal from going back to noise source 60, but the return 
signal is applied to one of the input ports of a multiplier 68. 
While passing from the noise source 60 to the antenna 64, 
propagating to the target, and returning to the antenna, the 
signal experiences a delay T. The signal re?ected from the 
target and delivered to the right side input of the multiplier 
is the interrogation signal I. 

The same noise signal Which is the source of the inter 
rogation signal is delivered to a delay line 70 Where it is 
delayed. The delayed signal, Which is a reference signal R, 
is applied to the other input of the multiplier 68. The 
reference signal and the interrogation signal travel different 
paths to the multiplier 68 but both have experienced the 
same delay. Therefore, assuming that the target is an ideal 
re?ector, then except for different amplitude levels, the tWo 
signals are identical regardless of the nature of the noise 
source. The signal at the output of the multiplier 68 is thus 
the product of identical signals or the square of the noise 
signal. The square of any voltage is a positive number. This 
output is delivered to an integrator 72 Whose output is a 
constantly increasing value. The output signal is a loW level 
signal that has experienced signi?cant attenuation, particu 
larly in the path to the target and back. But the integration 
of this loW level DC signal o?fset results in signi?cant signal 
levels due to the large amount of processing gain. As a 
typical example, if the noise bandWidth of the signal at the 
multiplier is 200 MHZ and the effective integration time of 
the integrator is 10 milliseconds, then the processing gain is 
2,000,000 or 63 dB. This can be regarded as a direct 
ampli?cation of the information signal With respect to the 
noise signal. The output of this simple circuit cannot provide 
any information of the sensor measurand, but it provides an 
approach for interrogating a passive sensor With enormous 
processing gain. The operation of a time integrating corr 
elator capable of large processing gain is Well knoWn in the 
?eld of signal processing. 

The noise source 60 may be a White noise generator or it 
can be a pseudo noise generator (i.e., PN code generator) or 
any other Wide band signal generator. A SAW delay line is 
suitable for the delay 70 and a diode or diode array may 
serve as the multiplier 68. An RC circuit serves Well as the 
integrator 72. The time constant of the RC circuit is the 
effective integration time. 

FIG. 9 shoWs an embodiment of the present invention in 
Which a system 74 that can measure hydrogen concentration 
uses a sensor as described above With reference to FIG. 1. A 
noise source 76 delivers a reference signal to an ampli?er 
78. The reference signal is ampli?ed to produce an interro 
gation signal Which is delivered to an antenna 80 for 
transmission to a hydrogen sensor 82 such as that shoWn in 
FIGS. 1 or 4. The interrogation signal interacts With the 
sensor and is re?ected back to the antenna 80. Before being 
transmitted to the sensor, the frequency poWer density is ?at. 
The returning interrogation signal I is applied to the right 
input ports of multipliers 84 and 86. A reference signal R is 
?ltered and delayed by ?lters 88 and 90 and is applied to the 
left input ports of the multipliers 84 and 86, respectively. 
The delays through the tWo ?lters are set to be equal to the 
delay through the interrogation path. Thus, at each fre 
quency the interrogation signal I at the antenna is identical 
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10 
in phase and delay to the reference signal R With amplitude 
modi?ed by the sensor. Thus, the output of multiplier 84 is 
the square of the noise signal component (i.e., positive dc 
level) times the product of the spectral levels. Accordingly, 
the baseband signal level at the output of the multiplier 84 
is the product of the reference signal R1 from the ?rst ?lter 
88 and the interrogation signal I. The baseband signal level 
at the output of the multiplier 86 is the product of the 
reference signal R2 from the second ?lter 90 and the 
interrogation signal I. Integrators 92 and 94 are connected 
With the outputs of the multipliers 84 and 86, respectively. 
The integration process integrates the curves over frequency 
and then integrates over time according to the time constant 
of the RC integration circuit. In the case Where the sensor is 
not exposed to hydrogen (and ignoring temperature effects), 
the outputs of the integrators are equal, and the ratio of the 
output levels is 1.0. As the hydrogen concentration changes, 
the frequency response of the sensor shifts due to the 
changing lobe Widths. This results in more energy in one 
output and less in the other, as Will be described in greater 
detail beloW, Which results in a change in the ratio of the 
outputs. This ratio is the parameter that indicates the hydro 
gen concentration. A lookup table can be established or a 
proportionality can be established betWeen this ratio (the 
output ratio) and hydrogen concentration. This description 
assumes no changes in sensor performance due to tempera 
ture changes. Actual systems may require reference sensors 
to determine temperature along With hydrogen sensors, in 
order to take into account both elfects. 

FIGS. 10 and 11 shoW hoW this change in sensor response, 
due to hydrogen exposure, is measured in the frequency 
domain. FIG. 10a shows the frequency response 96 of the 
sensor at ambient temperature and With only background 
hydrogen present. The location of one of the nulls is de?ned 
as fc and the spacing betWeen nulls is Af. FIG. 10b shoWs the 
frequency responses of the tWo ?lters 88 and 90 shoWn in 
FIG. 9. These responses cross at fc. After being re?ected 
back from the sensor, the poWer density is the lobed 
response 96 of FIG. 6a. The spectral poWer densities at the 
left inputs to the multipliers 84 and 86 are shoWn in FIG. 10b 
as the dotted 98 and solid 100 lines, respectively. Accord 
ingly, the baseband signal level at the output of the multi 
plier 84 shoWn as the dotted line 98 in FIG. 100 is the 
product of FIG. 1011 times the dotted line from the output of 
the multiplier 84 as shoWn in FIG. 10b. The integrated 
outputs are the integration of curves 98 and 100 of FIG. 100, 
respectively. 

The hydrogen sensor device can be designed so that the 
dilferential delay Will increase, rather than decrease upon 
exposure to hydrogen. This is possible if the palladium ?lm 
14 in FIG. 1 is located betWeen the input transducer 6 and 
re?ective element 10 in the region corresponding to delay t2. 
In this case, When the sensor is exposed to a change in 
hydrogen concentration, t2 Will increase. Referring noW to 
FIG. 11, this causes the lobes of the frequency response to 
narroW, e?fectively shifting the location of the nulls of the 
lobes 102 being evaluated closer to baseband, since the shift 
is cumulative and increases as frequency increasesiie. for 
nulls further aWay from baseband. The choice of lobe 
narroWing or broadening With exposure is arbitrary, as either 
case can Work, and this selection can be controlled through 
sensor device design. The reference signal through ?lters 88 
and 90 of FIG. 9, hoWever, is not shifted and the ?lter 
responses still cross at frequency fc as before. The outputs of 
the multipliers 84 and 86 are shoWn in FIG. 110 as signals 
104 and 106, respectively. The signal at the output of the 
multiplier 84 consists of tWo lobes of opposite sign so that 








