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Abstract

Many existing sensing technologies for application to the monitoring of large
systems or civil structures have a serious deficiency in that they require some type
of wired physical connection to the outside world. This causes significant
problems in the nistallation andlong term use of these sensors. Thsper
describes a new type of passive wirelessisorthat is based on resonant RF
cavities where the resonant frequency is modulated by a measunatinécase of

a strain sensorthe electrical length of the cavitlirectly modulatest’s resonant
frequency A probe insidethe cavity couples RF signals from the cavity to an
externally attache@ntenna. The sensor can then be interrogagabtely using
microwavepulseecho techniques. Such a system has the advantage of requiring no
permanent physical connection between the sensor and the data acquisition system.
In this type of sensoithe RFinterrogationsignal istransmittedto the sensor and

then reradiated back to the interrogator from the sensmuling in a signal

strength thatlecreasewvith the forth power of distance. This places an upper limit



on the distance over which the sensor can be interrogated. Theoretical estimates
showthat these sensors can be interrogated with sufficient digimalise ratio at
distances exceeding 10 m for radiated powers of less than 1 mWhré§ent

results for a strain sensor and a displacement sensor that can be interrogated at a
distance of 8 m with a strain resolution of less than 10 ppm and displacement

resolution of 0.01 mprespectively
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Introduction

Most existing sensing technologies uskd the monitoring of large or civil
infrastructure have a serious deficiency in that they require a wired physical
connection to the outside world. Documented cases have shown that the cost of
installation and preparation of sites for monitoring can ya&sjual the cost of the
sensors and interrogation equipmefor example, the cost of installing a
monitoring systemn the Tsing Ma suspension bridge in Hong Kong was reported

to be over $27,000 per sensor channel [1] and the cost of the monitoring &ystem

the St. Anthony Falls Bridge in Minneapolis was reported to be $3,000 per sensor
[2]. Wireless sensors are an attractive solution to this problem. However, many
types of wireless sensors require battery or local power for electronics on the
sensor. TIs negates many of the advantages of wireless sensors, as the batteries
require frequent replacement. Research is progressing on wireless sensors operating
from scavenged or radiated power, but it is not yet clear if the accuracy, stability
and cost requaments for monitoring civil infrastructure can be n&¥5]. Passive
wireless sensors are an emerging alternative, where the sensor is a passive device
and hence there is no requirement for local power. Several types of passive wireless
sensing systesn have been demonstratecor Fexample, surface acoustic wave
(SAW) sensors have been developed for monitoring a number of propéries [

and are based on the perturbation of the propagation velocity of acoustic waves b
the measurand of interest. terrogation is most often done through the use of
pulseecho techniques[7]. However, SAW sensors suffer from high losses [SAW
losses] and it can be difficult to efficiently coaghe measurand to theurface

acoustic waves within the sens@;q. Magneteresonant §,9] and resonant coil



based systems are other methods for measurement of a large number of physical
parameters]0,1]. These sensors have proven useful for measuring corrodipn [1
However, magnetoesonant and coupled coil sensors suffer from limited
interrogation range (~10 cm) and are not suitable for measuringriyrehangesrn

theppm range [2]. This is important for civil SHM where less than 10 microstrain
resolution is required for applitans such as measuring loss of-paad posistress

in concrete beams and girders3[14. In a previous work we demonstrated a
proof-of-concept version o passive wireless sensor based on resonant RF cavities
[15]. In this papera passivavireless sensor technique is presented that can measure
less tlan 10 ppm resonant frequency changasd hence lessah 10 microstrain

resolution at distances of up to 8m.

SensorSystemOperation

The fundamental elements of the RF cavity passive sensoeptare shown in
Fig. 1. The sensor is a passiyevice oftenconstructedisingcopper cylinderand
asimple antennas shown in the upper left Big. 1. This sensor would be
mounted on the surface of @embedded in a structure. If mounted on a girder it
could be used to detect theesencef damage such as that shown in the lower
right of Fig. 1. The interrogatotransmitsan RF pulse from an anteato the
antenna on the sensand then into the cavity. After specifiedime the transmitter
turns off and the interrogator switchesa receiving modélhe RF cavity sensor
emitsan echo that containenergythathas been stored in the cavity. The
magnitude of this echo, a@escribedelow, can be used to make sevelieierent

types ofuseful sensors. The advantages of this approach ateatteriesare not



required on the sensor and tdue to the high opetag frequencydirectional
antennas can be employed to increase the range beyond what is possible with

inductively coupled sensors.

A block diagram of the passive RF cauig@sedsensing system is illustrated in Fig.
2. The sensor has only oR#- inputoutputport It is interrogated by first sending a
signal to excite the resonator and subsequently detecting the reflectaddiated
signal. There are many ways to interrogate the resonant frequency of the sensor.
We have chosen a tirdomain gating approach that starts with the transmission of
apulsemodulated RF signal from the interrogation system to the sensor where it
excites an electromagnetic figluthe cavity The maximum readiated signal will

be generated when tiRd-frequencyis selected so thalhe incoming signal is most
efficiently coupled to the cavity. This frequency will be close to the resonant
frequency of the cavityl'he initial transmitted signal is maintained utitié field in

the cavityreaclkesequilibrium. For a typicadensorexamplewith a resonant
frequency of approximately 225 GHzanda Q greater than 2000, equilibrium

will occur in approximately 400 néfter equilibrium is reached, the input signal is
switched off ad the stored energy will i&adiate out of the resonator as a decaying
RF signal. The interrogation unit now acts as a receaindrthe readiated signals
directed through an amplifier into a RF detector such that the podiles re
radiatedsignal can be measured. A second gating switth a delay after the
transmission is turned ofs used to eliminate the effects of unwanted reflections
from objects in the environent [7,16]. Sinceobjects in the environment are not
generally resonant, their reflections can be greatly reduced with this second switch.

Typically a delay of 100 nis used. This has a small effect on the signal received



from the sensor, which is highly resonant. Teedmine the resonant frequency of
the cavity the transmitted RF signal is swept over a range of frequencies to find the

frequency at which the power received at the detector is a maximum.

With any wireless sensor one important parameter is the distaecevbich the
sensor can be used. In this paperdeawe a theoretical estimate for the maximum
distance over which a passive RF cavity sensor can be interrogated and will present
results of measurements made at distances up to 8 nkgeudts from two sensors
developed for applications to structural health monitoring of civil structares
presentedThe first isa stran sensomwith microstrain resolution. This sensor can
also beused to sense temperature induced strain and results will be presented using
it as a temperature sensdhe second is aisplacement sensowith a sensing

range of ~2 mm and a resolution of 0.01 mm. This sensor has application in SHM
of civil structures for crack width monitoring, which reseasiggests isan

indicator of fatigue in concrete bridge deckg,[.

Theoretical Estimates of theM aximum Sensorlnterrogation Distance

For a passive RF cavity sensor (RFCS), the maximum sensor interrogation distance
can be estimated through the ratio of the transmitted to received power and the
minimum required signéb-noise ratio of the receiveiince the sensor acts as a
scatteringobject, he radar equation can be used to estimate the trattsreiteive

power ratio at the recesv. For a system operating at a fsgace wavelength,

where the interrogator antenna lyasn, G; , and the sensor antenna has gé,

andtheyareseparated by a distem R
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Here R is the power transmitted iye interrogatotowards the RFCS,Hs the
power receivedoack at the interrogator and is the return loss of the sensor
attached to the sensor antenna. For a passive RPC3$epresents the ratio of
energy received by the sensor to the energyaressmitted during an interrogation
cycle and includes loss due to ti@errogatorduty cycle Typically, DI' ranges

from 1/0.3 to 1/0.1Equation 1 assumes free space transmission. Equation 1 can
easily be modified to include oth&rssesdue to walls or concretdor embedded
sensorsand would reduce theceived powef19]. The minimum detectable signal

at the receiveis
P = Pyin =KTB"F"SNF (2)

where kTis thermal energy, B is the bandwidth of the receiver, F is the noise figure
of the receiver and SNR is the required sigonatoise ratio of the receiver. The

maximum distance at which the sensor can be interrogated is then gi\en by [
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The required signéb-noise ratio is determined by the receiver and detection

method used to find the resonant frequency of the RFCS to a desired resolution.

The frequency measurement resoluti®obtained by determining the @rtogator

signal as a function of change in the resonance freguaf,, of the RFCS sensor

due to a change in the parameter being measured. Consider the frequency response
of a typical resonator as shown in Fgwhere Q is theguality facto andf, is the
resonant frequency. The interrogator finds the resonant frequency by measuring the
response at two frequencies;=¥/(f1) and \.=V(f,). The interrogator signal is the
difference betweenhese, ve=V2-V;, and will be zero when;fand § are
symmetrically spaced about the resonant feaqy, f,=f,. If the resonant frequency
changes, £fp+Af;, due to a change in the parameter being measured, the signal will

be,

' av|
Vs = 2|fr:f0+" fr #Vl fp=fo+"f *2 fr ! (4)
ot Tr df f,

assuming a small change in frequensfy, << f, /Q, and a symmetrical frequency
response. For a hig@ seconebrder resonator, the dV/df term above is maximized

when we choosd,; = f, + f, /(+/8Q). The interrogator signal in this case is [15]

_.av W $ 80 ',
Vs|fr:f0+"fr _2df fr#fr/1/§Q Ir _Vmaxmz Ir ' (5)



where Vihax = V(f;). is the maximum detector output at resonance.

Assuming the noise voltage in each measuntiise/y, we can estimate the
minimum measurable change in resonant frequefgyldy equating the noise

voltage to the signal\so that

(33, vy
6fr ) Afr|mln ) Vmaxk 8Q )Vmax

(6)

The frequency measurement resolution of the sensor systemanthenbe related

to the SNR of the receiveéBNR =V a/VN, @S

SNR = r =L . @)

For example consider a typical RFCS, with a Q = 1000 and opeégating2500
MHz (within thelSM band, and used for strain monitoring applications in civil
infrastructure 15]. A linear RFCS sensor would produce a frequency shifttof 2.
kHz/microstrain. A desired 5 microstrain resolution would requireguency
resolution of &f, = 12.5 kHz angfrom equatiorv above require an interrogator
system SNR = 130. With the required SNR now specified for a particular
application, we can then use equation 3 to find an estimate for the maximum
interrogation dstance. For example, for a transmitted poldet mW, kT= 4X10
213, B = 10 kHz, receiver noise figure F = 1 dB, a sensor returDss10 dB

(This would include loss due to the duty cycle of the interrogator gating),



interrogator and sensor antergamns G; = 10 dB and &= 10 dB and wavelength

A =0.12 the maximum monitoring distance WwdibeRmax= 42 m.

A useful design chart, Fid, can be produced by using equation 1 to calculate the
transmitto-receive power ratio (or round trip loss) versus distance as a function of
antenna gain factors. The maximum allowable loss, asguarimW transmitted
power and a SNR=100, yields a thematlimit as shown.

It is interesting to note that for all antenna comboreat, microstrain (ie. ppm)
resolution should be achievable at distances up to 10 m. For appropriate
combinations of antennas, such as high interrogator gain, distances ugo30
should be possibleMany different types of antennas can be employed depending
on the sensor application. We have ugaser gainconformal microstrip patch
antennagsee Fig. 1) and higher gain commercial antennas (described Iselitsd)

to externay mounted antenna applicatiorSor sensors embedded in concrete,
coveredmicrostrip antennalsave been designed and shown to have a gaibdi,

this includingboth transmission and mismatch losses due to the con2td ¢

test thetheoreticalestimates experiments were conduoheth sensors at various

distances using an interrogation system developed for the RFCS sensors.

Interrogation System for Wireless Sensing

A photograph of the interrogation system is shawrFig. 5. The irterrogation

process starts with the transmission of an RF signal from the source (National

Semiconductor LMX2470). This signal is passed from the signal generator to the



transmitting antenna via a #geh (Minicircuits ZASWA-2-50 RF switch). The
transmittedsignal then energies the sensing cavigr this resonator with a
frequency of approximately 2.41 GHz and Q approximately 1000, equilibrium of
the excited field will occur in approximately 400 ns. 500 ns after equilibrium is
reached the interrogatiomitt switches from send to receive. The energy stored in
resonator will reradiate out from the resonator and out of the attached antenna in
the form of a decaying RF signal. The received signal is directed through a low
noise amplifier (LNA) into an RF dettor (Analog Devices AD8347 evaluation
board), which produces a voltage proportional to the incoming signal power. This
voltage is then digitized using an A/D and downloaded to a laptop for processing.
A second switch (see Fi@) was used in the intemgation system to reduce the
effects of environmental reflections and noise on the detected signal [16]. This
switch has a 100 ns delay time and will eliminate signals reflecting from objects up
to 15 m from the transmitting antenna. This technique has leegployed
successfully in the past with SAW based sensors in reducing environmental

reflections ).

By sweeping through a range of frequencies and monitoring the signal after low
pass filtering the resonant peak can be easily located.6 Blgpws a typical result
obtained by sweeping through the resonant peak of a strain sensor at various
distances between the interrogation system antenna and the sensor antenna. Clearly,
the peaks can be easily identified and the background signal is lovelatidely
constant. The background is believed to be due to coupling within the interrogation

system. Once the swefrequency data is obtained one then has to determine the



location of the peak in the presence of electronic and other forms of nothes In

work a servo peak location algorithm was employz. [

The servo algorithm uses a frequency sweep to find a coarse estimate for the peak
position and peak magnitud2l]. Then the signal is sampled at freques@bove

and below the estimatgqueak frequencya difference frequencgfl MHz for this
example). The difference between the two samples is calculated. If the peak is
exactly half way between the two samples and the peak is symmetric then the
difference will be 0. If the differends not zero it is used to find a better estimate

of the peak. The process is repeated for a certain numideradfonsor until peak
position is determined to the required resolution. This algorithm has been found to
be stable andgield estimates fopeak position that are significantly less than the

frequency bandidth atthe peak (less than 10 kHz in the present c24¢) |

To test the ultimate limit®f the sensor systenmeasurements were made on a
roof-top away from the RF noise due to local area network (LAN) and other
wireless communication activity. Fig.shows a photograph of the set up for these
tests. For distancageaterthan4.4 masshown in the photograpie tests were
carried outhorizontally. In these tests @& HB gain antenna was usedth the
interrogator and a 10 dB gain antenna was usdéd the sasor (Superpass
SPAPG16 and SPAPIB). The radiated power was approxieatl mW. The
sensor response versus frequency waasomed at distances from 1.9 m to 7.9 m.
The results of these tests are shown in fi@irdp to 7.9 m the resonant peak can

be clearly resolved and the sigit@noise ratio is above 100:1 or greater.



Strain and Temperaure Sensors

The wireless strain sensing system consists of a passive resonant cavity sensor that
is embedded in the structure, and a portable interrogator. An antenna that is
attached to the sensor will receive the signals and couple them into the sensor
cavity, whichwill absorbenergyin a narrow frequency band, as determined by the
cavity’s dimensions. When thiensmitted signal igirned off, the cavity will
reemitenergyback to the interrogator, which uses the information veckio

calculate strain on the sensordragram illustrating howhe wireless strain sensor

functions is showm Fig. 9.

Theoretical Basis of Sensor

A schematic diagram of the sensor is shown in &idhere are many types of
electromagnetic cavities with resonant frequencies that change with dimension. The
strain sensor we hawvemployed as a simple coaxial cavity with lerigth small

wire probe extends into the cwatit’'s centerto excite the &ctromagnetic field.

The cavity can support many possible resonant modes, the dominant mode (and
lowest resonant frequency) being tTHEM mode, where the field is a maximuamn

the center of the cavity and zero at the e2@ [The TEM resomant frequency is

f, =

c
8

o )

where c is the speed of light in vacuum ang the relative permittivity of the

material filling the coaxial cavity (in our case airs1). When the structural

material in which the sensor is encased or attached is stressed it will force a change



in dimensions of the cavity. The longitudinal dimensional chatigevill result in

a shift in resonant frequency that can be used to unamistyudetermine the
strain,Al/l, in the structure. If the elastic properties of the sensor material differ
from the material in which it is embedded or to which it is attached, a gauge factor
may be required. For small straimd,« |, the shift in resondrirequency can be

approximatd as

c c$ 1 &

fslrained = m = ZO/QT#Z ( funstrained (1) #9 (9)

Af = f

r strained —

funstrained =- funstraineog (10)

wheree = Al/l is the strain. Typically the structure is under compression resulting in

a positive shift in frequency.

As long as the unstrained resonfratjuency is known then the strain can be
determined with the same accuracy as the resonant frequency can be measured.
One advantage of this approach is that RF signals can be generated with very high
accuracy and stability. RF signal generating source®edrequency locked to

quartz crystal oscillators, which are easily obtained with errors of less than one

partpermillion and stability within a few parigerbillion [23].

The sensors were constructed from 25.4 mm diameter copper tubing with a wall
thickness of 2.5 mm. The end caps were machined from solid copper. The center

conductor was solid copper and 6.3 mm in diameter. The pieces were soldered



together to form the cavity. A hole was drilled and tapped into the side of the cavity
to accept an SK-type coaxialRF connectowhich had it's center conductor

extended by 4 mm to act as a wire probae SMAconnectoiwas inserted into

the cavity and positioned so that an input returnilogise range 05 to 10dB was

obtained

To demonstrate thieequencystability that is possible with this approach a strain
sensor of the typdescribedvas interrogated over several hours, while efforts were
made to keep temperature stable, to reduce the effects of thermal induced strain.
Fig. 10 shows measements of the frequency shift over several houashE

frequency sweep took ~7 seconds and from each sweep a maximum was estimated.
Thirty of these maximums were aaged to produce each point on the plot in Fig.

10. Over the several hours monitored the total drift was less than 7 parts per
million (ppm). The sensor was made of copper and this could be due to a
temperature induced strain diifr asensoitemperature drift of 0.43 Gver that

time. The plot also has spikes that may be due to RF interference from local area
networks or signals from other wireless devices. The plot also has resonant
frequency shifts that appear to be quantized. These may be due to the quantization
of the frequency source. In trexamplethe minimum step size for the source was

10 kHz. Even though the signal is averaged over many frequency locations, it is
possible that the quantization of the source neaylt in quantization of the

estimated remant frequency.



The theoretical estimates for RF cavity sensors conthatppm resolution
measurements should be possible at distances of up to 10 m. To test this prediction
resonant frequency measurements have been made on an unstrained cavity at
distances up to 10 m. The sensing cavity was placed a distances from 1 to 10 m
from the interrogator antenna. The resonant frequency of the cavity was then
measured using the techniques outlined above. The measurshmmtsn Fig. 11

are referenato the 1 m measurement. At each distance 10 measurements were
made and the standard deviation was estimated from the 10 measurements. At
distances of &n or less the standard deviation is lésst7ppm. This is in

agreement with the calculations abakat would predict that th®NR should be in
excess of the 130 required to achieve thas 10ppm resolutionFig. 11 indicates

that for distances greater th&m the error excels 15ppm The result for 9 mis
greater thampredicted theoretically. Coupling from the RF source to the receiver
results inabackground signal that mapntribute tathis deviation. The absolute

strain also deviates from theoretical expectat®ren though it iexpecedthat the
strain measurement would not deviate more that the standard de\Adtaih.
distances beyond 1 m the measured strain differs from the strain measured at 1 m
by more that the standard deviationefdfore other contributions to the
measurement uncertainty that are greater than the random variation of the signal
are evidentOne source we have identified is due to the path length sensitivity of
the measurement. In measurementsshown, the measured strain was observed to
vary periodically over a half wavelength as the distance to the sensor was changed

in small increments. This effect may be due to phase sensitivity in the detector.



Strain can be changed in the sensor by maegns. Temperature will change strain
due to thermal expansion or contraction. Thermal induced strain can be used to
measure temperature or could be used a means to measure temperature so that
temperature induced strain could be isoldtech othersourcesof strain.

Temperature induced strain was measured in a copgedialocavity resonator
sensolas described above. The sensor was put into and environmental chamber and
a thermocouple was attached to the outer surface of the cavity. The tengpefatur
the chamber was ramped from room temperature 1&0G; thenslowly cooled

down to+35C. During the temperature cycle the sensor was wirelessly interrogated
and resonant frequency measurements were taken continuously. At room
temperature copper has a thermal expansion coefficid@.8ppm/C [2]. For a

coaxial resonator operating at 2851z this would result is a frequency shift of

39.9 kHz/C. Results of this test are showkign 12with resultsreferenced td0C.

The wireless sensor tracks the thermocouple over the range of temperatures used.
However, dgiations can be seen at some temperatures, su@9@s At this
temperature the wireless sensor deviates from the thermocouple by mbfthe

This could be due to path length sensitiyitiscussed above.

Displacement Sensor

In a displacement sensor displacement must be converted into a signal format that
can be used for observation or measuremer.sénsor describdwreuses a non

TEM mode electranagnetic cavit to covert displacement to frequencyhgéllow
conducting cavity cahave an infinite number resonant electromagnetic méaes.

the displacement sensee have chosea cylindrical cavity for reasons efse of



fabrication. The sensor is shownRig. 13and consists of a rigid cylindrical cavity
with a flexible diaphragm at one end of the cylindemetalrod is attached to the
cavity diaphragmAs the rod is linearly displaced it s the diaphragm to
deflect this changhg the dimensions of the cylindrical cavityesuling in a shift

in the cavity resomrd frequencyThe resonant frequency for tdeminantTE;1;

mode of a hollow cylindrical cawitis

=y \sane Teie (11)

e \/#1 84198  #" 94
where d is the diameter and | is the length of the cylifidr For a desired
resonant frequency there is a trafebetween d and with a smaller length
providing better strain sensitivigt the experesof a larger diametefhe Th1;
mode is efficiently excited using a wire prabsertednto thesidewall of the
cylinder as shown in Fig. 13.

The cavitywe employed fodisplacemensensing wa$abricated from 100 mm
diameter copper tubing and is 88 mm long with a thicknesbaoht. The back
plate and the bracket were welded together. The corrugated diaphragm was
fabricated from brass sheet and hydraulically formed using machineandiess
soldered to the copper cavithAn SMA connector with a center conductor wire
probeextendng approximately 5 mm into the cavipyovided an input return loss
of ~5 to 10dB. When the rod in Fid.3 is displaced there is a shift of the cavity

resonant frequency.



The displacement sensor was characterized using &xtese employed for the
calibration of linear displacement sensorA precision micrometer was used to
translate a wire attached to the diaphragm of the displacement asnstoown in

Fig. 14 The diaphragm was slightly preloaded (~0.5 mm) to avoid having a dead
bandandthe sensor was displaced in 0.1 mm increments. The uncertainly in the
displacemenproduced bythe test fixture is estimated to be less than 0.01 mm. At
eachdisplacemenincrement a coarse sweep of frequencynedeand then 30
iterations of the servalgorithmare employed so th#te measurement takes about

7 secondsper increment The resonant frequency for the first displacement
measurement was used as a reference point to produce a plot of resonant frequency
shift versus displcementispresented in Fidl5. For a total displacement of 2 mm
the resonant frequency shifted by 14 MHz. The shift is close to linear and the
proportionality constant is 7 MHz/mm. The maximum deviation from linearity was
0.06 mm over the 2 mm range. The uncertainty for this particular measurement is
less than 0.06 MHzroviding aresolutionbetter than 0.008 mm. This is less than
the uncertainty in the displacement tdistture of 0.01 mm. In a controlée
environment these measurements have been taken at distdngpsto 4.5 m

between the interrogator and the sensor antennas.

DISCUSSION AND CONCLUSIONS

A sensing system based on RF resonant cavity sensorarthaterrogated by
gated RF signals has been presented. Theoretical calculations predict that thes

sensors can be interrogated at distances of over 10 m fhdiibg capable of



resolving lesghan 10 ppm shift in resonant frequency. To achieve tagolution a

SNR of 130 or greatas required.. The use of these sensors for measusingin,
temperature inducedtrain ard displacement has been demonstrated. Strain
resolution of less #n 10 ppm is possible at a range of 8 m and displacement
resolution of less than 0.01 mm is possible at 4.5 m. Passive wireless sensors based
of resonant RF cavities should find applicatiomonitoring of civil infrastructure.
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Figure 1.PassiveRF cavity sensors are mounted oreotbeddedvith structures. A
sensor with antenna is pictured in the upper left hand cdrhersensor is
approximately 90 mm in lgyth. The sensor is interrogated using a pulse/echo
techniqueThe sensor is passive and does not require any local power, such as a

battery



Figure2. Schematic othe wireless sensing system based on resonareBdnant

cavity sensors.
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Figure3. Detected receiver frequency response for a RFCS sensor and showing its

change for a shift in resonance frequency due a change in a measured parameter.
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Figure4. Plot of the transnbito-receivepowerratio for various transrtter and
receiver antennas versus distance. The horizontal Ihi44tB is the theoretical
limit estimated using equation 3 assumatgansmitted poweof 1 mW, kT=
4X10%'J, B = 10 kHz, NF = 1, D=-10 dB this would include loss due to duty

cycle andeturn loss of the sengpand waviength = 0.13 m.
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Figure5. Photograph of the interrogation systérhe cabinet is a stadard19 inch

rack 15 cm high.
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Figure 6 Plot of the respnse ofthe strain sensor taken at different distances

between the transmitting and receiving antennas. An automatic loop adjusts the

gain so that the peak signal strdnigt approximately equal.
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Figure 7 Set up for wireless sensor tests at various mista The interrogator
antennais on top ofthe electronis box at the bottomThe ®nsor is held byn

aluminum cablevith the antenna at the bottom
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Figure 8 Resonant gaks measured at several distances. Even at the greatest
distance of 7.9 m the signt-noise ratio is reasonable and the peak is easily
identified. The signalo-noise is esthated to be above the 100:1 required to

measure straiwith microstrain resolution.
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Figure 9. lllustration showing basiconstruction process and internal field (bottom)
of awireless strainensor The sensor was fabated from 25 mm diameter copper
tubing and copper end plates. A 6.3 mm copper rod is positioned in the centre and

the assembly isoddered together. An SMAonnectoiwire probe is used to couple

signals



Figure10. Measurement direquencydrift over severahours Each frequency
sweep took ~7 seconds and from each sweep a maximum was estirhatgd.

maximums were averaged to produce each point on the plot.



Figurell. Measured strain in an unstrained sgres a function odflistance to the
sensor As expected the noise and hence the standard deviation of the
measurements increases with increasing distance. However, the strain readings
deviate by an even larger degree, suggesting other contributitires to

measurement uncertainty.



Figure12. Comparison of temperature measured with wireless sensor versus

temperature measured with thermocouple. Wireless sensor was refere4@€d to
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Figure13. Displacement sens@mploying ecorrugated diaphragm on one end

with a rod attached. As the rod is displaced the diaphragm is displaced causing the
cavity to change dimension and hence shift the resonant frequency. The cavity is
100 mm indiameter An SMA connectoiwire probe is used to couple signals in

and out of the cavity.
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Figurel4. The displacement sensor was mounted on a displacememntttestand

a wire rod was attached to the front of the displacement serdsing the
micrometer the diaphragm of the displacement sensor was translated in 0.1 mm
increments. At each increment the resonant #aqu of the cavity was determined

using the servo methatescribed



Figurel5. Characterizatiof resonant frequency shift versus displaent For a
total shift of 2 mm the resonant frequency of the cavity changed by 14 MHz
yielding a proportionality constant of 7 MHz/mm. Over the range of these

measurements the response of the sensor has a maxiewation from linearity

of 0.06 mm.



