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Abstract—A novel measurement procedure using microwaves
is presented. The implemented sensor prototype determines the
length of a cylindrical cavity (e.g., a hydraulic system) with submil-
limeter accuracy in real time. The principle of operation is based
on the detection of the resonance-frequency distribution in a cavity
resonator.

Index Terms—Algorithms, intelligent sensors, length
measurement, mechanical variables measurement, microwave
measurements, MODFET integrated circuits, position
measurement, real-time systems. is only a limited number of possible sensor solutions. For ex-

ample, it could be a distance measurement based on inductive
or capacitive distance sensing [5]. However, the measurement
range is rather limited. Further potential solutions include pulse
M ICROWAVE sensors offer a possibility to implemente.g., [6]), frequency-modulated continuous-wave (FMCW)
novel and cost-effective measurement systems fradars (e.g., [7]), and time-domain reflectometry (e.g., [8]).
science and industrial applications. Extensive use of microwaMewever, these methods can only hardly be used for the
monolithic integrated circuits allows one to enable contact-lesagasurement of small distances within a cylinder structure due
nondestructive, and real-time measurements. to a high complexity on the electronic side or due to a very
Depending on how the measurement is arranged and whdifficult coupling.
physical phenomenon is used, microwave sensors may be diThis paper defines a measuring procedure that determines the
vided into several groups [1]. This paper deals with a measutengthl.., of the resulting cavity without disturbing mechan-
ment system that is based on the resonance principle. Thereibakproperties of the system. Furthermore, measurements can
been a number of sensors employing this phenomenon (el performed several times per second. The basic idea relies on
[21-[4]). the consideration of the resonance-frequency distribution within
Fig. 1 shows a schematic representation of a structure thatavity (Section 11-A). The proposed measurement principle is
has been used very often in the area of mechanical engineerimgt.limited to the cylindrical cavity shape. It can be also used to
It consists of a metallic cylinder that is closed from oneetermine the length of a cavity with an arbitrary cross section.
side. From the other side, a movable piston is placed intoA demonstrator for the length measurement in cylindrical
this cylinder, which is filled with a dielectric medium. As ancavities was manufactured (Section 1I-B) to prove the feasi-
example, a robotic arm can be considered. However, hydrauidity of the proposed sensor principle. The dimensions of the
systems of a variety of machines and different shock-absorlpeototype have been chosen in such a way that the prototype
systems use a similar arrangement. models an automotive shock absorber. This application sets
Due to the fact that—in the case of the measurement probléight requirements to the system to be developed: fast operation,
shown in Fig. 1—one has to deal with a closed cavity, thetntact-less measurement, no special calibration, cost-effective
implementation for possible mass production, temperature
Manuscri . o . ﬁzcability, and resistance to a hostile environment. The integrated
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4 Fig. 3. Block schematic of the sensor system for cylindrical cavity-length
measurement.

1 material characteristics of the dielectric medium filling the

o 1 =2 3 4 5 6 7 8 9 10 resonator. This behavior can be used for the mathematical
Normalised Resonator Length /r evaluation of the sensor output.

The following procedure can be employed to implement the

Fig. 2. First three resonance modes within a cylindrical cavity (withouheasurement idea described above.

coupling). Higher resonance numbersf a particular mode correspond to the . .
resg’na?,ges ngith higher frequencies. P P 1) Choose a particular frequency range according to the

dimensions of the cylinder, whose length has to be
measured. The latter choice has to be done also in view
of a particular resonance mode to be used (eEg.,

A. Measurement Procedure from Fig. 2). The stimulation of a particular resonance
mode allows one easier evaluation of the actual resonator
length. Further, the wider the chosen bandwidth range is
the lower the minimal resolvable length becomes and the
higher the sensor resolution is.

Within the chosen frequency range, tune the frequency
from one bound to another. In this way, resonances are
stimulated within the cavity resonator, which has a par-
ticular length value. These resonances appear at a cer-
tain value of a particular control variable (e.g., the tuning
voltage of a signal source or time). The frequency tuning
can be provided by a signal source generating a signal
over the chosen frequency band.

Detect the appearing resonances as a function of the
chosen parameter and calculate the actual resonator
length from the output function.

Resonance-Frequency Ratio, f/f,
>

’ IHES

Il. OPERATION PRINCIPLES AND SYSTEM DESIGN

The principles of the sensor operation are based on the fact
that the initial mechanical structure from Fig. 1 can be consid-
ered as a cylindrical cavity resonator. The resonance frequen-
cies in a cavity strongly differ from one mode to another. Fur-
ther, they usually are a function of length for every single mode.
Fig. 2 demonstrates several frequencies for the first three res-
onance modes of an ideal cylindrical cavity. In this figure, the
resonance-frequency ratio—the normalizing factor is the cutoff
frequencyf. m,, of the basis cylindrical waveguide mode—is
shown as a function of the normalized length /r», wherer is
the resonator radius.

According to Fig. 2, only certain resonance frequencies cor-
respond to a particular resonator-length value (e.g., dashed Iine):.a)
This resonance-frequency sample (taken from a particular fre-
quency range) is unique for every resonator length. Therefore,
if a resonance-frequency set is fixed for a particular resonator
length, this length value—which is the parameter to be detdt-
mined—can be unequivocally extracted. According to the measurement procedure for the length de-

For sensor applications, the resonance mége, is of a termination of a cylindrical cavity, a sensor concept is proposed
special interest. It is the first mode that owns a basis resonamndgose structure is depicted in Fig. 3.

(Fo10), whose frequency does not depend on the resonatoA sinusoidal signal generated by a voltage-controlled oscil-
length. Therefore, it can be used as a stable calibrating referetater (VCO) is amplified by a buffer amplifier and then it is
allowing one to take into account only the resonance-frequeragplied to the cavity resonator over a simple directional cou-
distribution (or the position of resonances in respect to eapler. The buffer amplifier reduces the influence of the variable
other) and not the absolute value of resonance frequenciesonator-input impedance on the VCO performance. The fre-
This calibrating reference can be also used to measure thency of the microwave signal can be tuned within the chosen
parameters that exhibit only a weak time dependence (e. g., ftejuency range. In this way, the corresponding resonances of
dielectric permittivitye,. or the temperature of operation). the cavity are stimulated. Here, thig;,, mode is used for length

The advantage of the distribution technique is the indepetetermination. To excite this mode only—which is a rotation-
dence of the measurement principle from the absolute valuesgimetric one—a specific coupling structure has to be em-
resonance frequencies if a particular reference is available. ptryed.
the sensor system under consideration, this requirement is fulAt the resonance frequencies of the cavity, the signal power
filled by the resonance modes with a first resonance exhibitiigtranslated into the resonator. For all other frequency values,
no dependence on the resonator length. Within a circular cylithe signal is simply reflected back to the coupler. The reflected
drical cavity resonator, these modes &gi, Ei1n,E21n,,.... Signal is fed via the coupler to the detector circuit, which de-
Furthermore, using the resonance-frequency distribution, teets the power level of the reflected signal. The variation of
measurement principle ideally becomes independent from tihe power level over frequency results in an alteration of the

Sensor-System Structure
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9 ] 1 absorber. It was chosen to implement a prototype of a sensor
e °2F 1 system, which should demonstrate the feasibility of the pro-
§ ook ! ) . ] posed me.asureme_ntprlnmple and to investigate |ts.pe_rformance.
S I \/ / ] 1) Cavity Coupling IssuesBecause of the basic idea be-
E, E E,
prd o010 o011 012 013 . . . .
ozp . . . .1 hind the cavity-length measurement that is described above,
1.00 1.05 1.10 1.15 1.20 only the Ey1,, resonance mode is taken into account. Moreover,

the excitation of other modes such as #iig,, complicates the
length-evaluating procedure. Therefore, the coupling of these
Fig. 4. Visualization of the measurement principle. Power of the signflrther resonance modes should be made as small as possible.
reflected from the resonator cavity is shown as a function of the normaliz€dn the other hand, the coupling of tli&;,, mode has to be
frequency. The ., resonance mode is considered. strong to allow one a clear detection of single resonances. Due
to the radial-symmetrical nature of tf&;,, mode, the coupling
detector-output voltage. The detector output now contains %@ycture has to be chosen to be radially symmetric. Itis obvious
information about the distribution of the resonance frequeghat radially symmetric field probes should stimulate the modes
cies within the cavity resonator. Passing this signal to the digjth 9/d¢ = 0 only.
ital-signal processing (DSP) unit, the actual resonator length canrpe proposed particular implementation of the field probe is
be calculated using a mathematical algorithm. a disc at the end of a pin that provides coupling between the
Instead of recognizing a voltage drop in the plain of the elegagonator cavity and a coaxial waveguide. Measurements of a
tronic circuitry, the sensor measures the level of the signal POW&Jupled cavity resonator by means of an HP8510 network ana-
reflected from the resonator. The frequency values, at which tllﬁer showed that the rotation-symmetrical modBs;(,, Eozn)
power dissipation exhibits its maximum, are the resonance frgx solely excited using this kind of coupling.
guencies of the resonator together with the coupling structure) Electronic Part of the SensorAs shown in Fig. 3, the
Also, the behavior of the resonator including its coupling—anglectronics part of the sensor contains a VCO, a buffer amplifier,
hence, the resonance-frequency values—can be analytically g4 a detector circuit. For the considered frequency range, the
termined. circuitry could be realized using either a hybrid microwave in-
Fig. 4 visualizes the operation principle of the sensor systefagrated circuit (MIC) or monolithic-microwave integrated-cir-
It presents the normalized power level of the reflected signglt (MMIC) technique. In view of the size reduction and the
at the input of the detector circuit as a function of the normaﬂmssime series production, the MMIC technology is a very in-
ized frequency for an ideal case. The reference factors are {Bssting alternative. Due to the reduced circuitry size, the sensor
output power levelP, of the signal source and the frequencyystem can be directly integrated within a cylinder. In the case
of the frequencyfo;o of the E;o resonance.The chart clearly of mass production, the costs per unit can also be significantly
demonstrates the relative position of the cavity resonances fgfced.
two different resonator lengths. At these resonances, the valugyn, the other hand, the distance between single resonances be-
of the reflected power is zero. If the position of the resonancggmes smaller for longer resonators (Fig. 2), which can lead to
is correctly determined by the detector circuit, the length of thegifiicult resonance separation and higher measurement error.
resonator can be calculated. Hence, higher resonances with= 4..7 should be taken into
Generally, the proposed measurement system can be @ount for higher sensor precision. This leads to the require-
ployed with a cavity having arbitrary parameters. In the caggent that the frequency range covered by the VCO should be
of the demonstrator described here, these variables are {8yide as possible. This is a very demanding requirement for a
dimensions of the cylinder (its radius and length range) atﬁghy monolithically integrated VCO.
the art and characteristics of the filling material, which can be e signal source employed in the current sensor implemen-
any gas or any dielectric liquid. These parameters alter frotion is a feedback MMIC-VCO described in [9]. It offers an
one application to another. Therefore, the frequency bandwi@cellent combination of bandwidth (4.6-7.2 GHz, i. e. 45%),
of operation and resonator coupling have to be defined foroﬁtput power Poue ~ 14.1 £ 0.7 dBm), high tuning linearity,
particular mechanical system. and temperature stability. It is manufactured using the PH25
In this work, a sensor system was designed, manufacturgthemT process of the United Monolithic Semiconductors
and tested for a cavity, whose parameters are listed in Tablglp 5 (UMS).
The dielectric medium is the#®soLvegetable oil. This cavity The detector circuit considered here employs a pHEMT
has the same characteristics as the considered automotive shockommon-source configuration. The RF signal, whose
IThe calculations were performed for the initial dimension of the resonatgrower'leveI alterations have to be detected, drives the
cavity listed in Table I. gate—source diode of the transistor while controlling its drain

Normalized Frequency, f/f
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Fig. 6. Detector output voltage as a function of the VCO tuning voltage and
the resonator length presented in a 3-D plot.

by the dc-voltage source HP3631E and was altered in steps
of AVryne = 5 mV. The output detector voltageéygr was
measured by the multimeter HP4537. The entire measurement
setup was controlled by the software tool LABVIEW running

: ; on a standard PC.

Load Resistor _ Directional Coupler Fig. 6 shows the obtained values of the detector-output volt-
(b) ages as a function of the tuning voltage and the resonator length
Fig.5. Photograph of the packaged sensor. (a) The entire system. (b) Close%Jl t f(VTUN].E’ res). In this three-dimensional (3-D) pIQt,
view of the active area. one can recognize that tt&),,, resonance mode of the cylin-
drical structure was detected only and the distribution of the res-
] o onance frequencies corresponds to the theoretical behavior of
current. Therefore, the dc part of this current is inverte@e 1), mode in a cylindrical resonator cavity.

proportionally to the level of the input power. Furthermore, all of these resonances (maxim¥f) were
detected. A comparison with the results of the resonator char-
acterization by means of the network analysis showed that all
resonances could be also recognized correctly.

A. Sensor-System Assembly Analyzing Figs. 2 and 6, one can see that the resonance-fre-

A sensor prototype was manufactured using the derived m&4€ncy grad_ient with respect to_the reso.natpr Ie.ngth decreases
surement procedure and the proposed sensor-system strucl{ifié increasing values ok... This behavior implies that the
(Fig. 3). Fig. 5(a) and (b) shows photographs of the packag@}ff“mal detectable resonator-length alteration is to look for at
sensor system. The packaged MMICs—the active one as wagher Iength values for the case that the next.-hlgher resonance
as the detector one—together with the directional coupler Fauency is not detectable yet. For the considered frequency-
glued onto a brass disc that also carries the coupling structf}f8ing and resonator-length ranges, this “critical” length was
and provides grounding and an excellent heat sink. Due to c§&f€rmined to be as high &s, = 189 mm. Fig. 7 demon-
reasons and for higher flexibility, the VCO and the detector apdates the detector output for value of the resonator length of

integrated on a single die. Thus, identical chips are used¥or  res = 189 and 189.5 mm. The inset within this figure shows
tive MMIC” and “Detector MMIC” that this small length difference is resolvable with the sensor.

Assuming that this change is also applicable and detectable by
a computer using a certain algorithm, the length resolution of
the sensor system would be undet = 1 mm.

The behavior of the sensor prototype was measured usind?erforming dynamic measurements, almost no variations of
a testing system employing a step motor, which allows orlee detector-output voltage were found up to 100 tuning-voltage
to drive the piston longitudinally with a minimal step ofsweeps per second. Above this frequency, the position of the
Al = 5 um. The tuning voltage of the VCO was providedesonance peaks as well as their heights start to change.

[ll. SENSORSYSTEM TEST AND EXPERIMENTAL RESULTS

B. Measurement Results
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Sl ' ' ————T—]  corresponds to the considered modgyis = 2.405. Using the
18k — 1=189.0mm || definiti
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L Co - Jo1 of T
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b 2w \fErliy Jo1

(2) can be rewritten as follows:
08

06 -

2
Foi=fo - 1+C-(i>, n € Ro. (4)

Detector Voltage, V.. /V

04T lres
0.2 | @&d ) y
ool — == | The frequency dependence of the MMIC-VCO can be expressed
14 12 1.0 08 06 04 by a linear function of the tuning voltage
Tuning Voltage, V.. /V
f=a+b-Vruxe.. (5)

Fig. 7. Detector output voltage as a function of tuning voltage at the
resonator-length values &f.. = 189.0 and 189.5 mm. . o o
The assumption (5) is justified by the fact that the oscillation-

frequency dependence on the tuning voltage is fairly linear as
shown in [9].
The mathematical algorithm has to accomplish the task of thewjth (2)—(5), the following relationship can be get:
actual resonator-length extraction from the measured detector-
output voltage array. It mainly determines the accuracy and the

IV. EVALUATING ALGORITHM

2
i i 1
resolptlon qf the sensor system |mplemen§ed. Ve (o) = = |(atb-Vo) /14 C- N\,
This section represents an implementation of the evaluating ’ b | ——— lres
procedure. The approach employs the cross-correlation tech- fo ©)

nique. The idea behind this is based on the following consideri1 Ve is the tuni it t which the basi
ations. Generally, cross correlation between two arbitrary func; erevo IS the 1ning voltage, at which the basis resonance
. . ! . 010 IS detected. The above expression defines the values of
tionsx(t) andy(t) is defined as follows: : X
the tuning voltage at which the resonances—that correspond to

Foo the resonance mode,,,,—should appear within the cylindrical

Ray(7) = / a(t) - y(t —7)dt (1) cavity for a given resonator length.. The natural facton €
N, denotes different resonances belonging to the nigde.
This function exhibits a maximum for a valueofat which the Now, the following function array, which should be used as
functionsz(t) andy(t) are most “similar” to each other. Thus, ifthe correlation function within the algorithm, can be defined:
a correlation function could be defined that unequivocally cor-
responds to a particular resonator length, its cross correlation N max
with the detector output should help to extract the actual res- ¥ (lres, Voune) = D 8 (Vees (s, n) = Viunm) - (7)
n=0

onator length.

— 00

whereé is a simple Dirac-impulse arid.; is defined by (6). For

a particular resonator length, the defined functiometurns a
The detector output is an experimental measure and act§ &g of Dirac-pulses at the values of the tuning voltdge s =

an input for the algorithm under development. Itis a function qf. _ gefined in (6). At the tuning voltag¥ruxg # Vies, the

the tuning voltage and, at the same time, it changes with the yiinction v is zero. The parameter,,.. can be easily found

known resonator length as clearly demonstrated in Fig. 6. Thefgsm the frequency range considered and the maximal resonator

fore, the correlation function demanded—calléchere—also length to be measured.

has to be a function of the same two variables. In the further after performing a cross-correlation calculation between the

course of this section, a function(les, Vrune) is introduced  measured detector outplitand the defined correlation function

that is employed within the evaluating algorithm. Y, an array of cross-correlation functions can be found. At the
Consider the expression for the resonance-frequency disfémanded valug = I,., this function array exhibits an abso-

bution of theEy,,,-mode within an ideal cylindrical cavity res-yte maximum. Therefore, the determination of this maximum

onator array delivers the value of the actual cavity-resonator lehgth

A. Formal Description of the Algorithm

Join = 2 (€[ Using the developed algorithm based on the cross-correlation
technique, the resonator lengthwas calculated from the measured

In the above equationy is the light velocity in vacuum. The _ _ ) _ _
2In (6), the variablé/ryxe from (5) is renamed td;.. to avoid the mix-up

_pa_rametet,, '_S the permittivity of the dielectric material am between thectual VCO tuning voltagelrune and the valué/.. calculated
is its magnetic constant. The zero of the Bessel’s function thaing the ideal resonance distribution from (6).

lres

1 co \/(.7'01 ) 2 N (n . W) 2 ( B. Determination of the Actual Cavity Length
. )
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the filling dielectric material. Knowing its temperature depen-
dence, the actual temperature within the structure can be also
extracted.

V. CONCLUSION

This paper presents a solution for a classic problem of length
measurement in closed structures by means of microwaves. The
basic measurement principle is based on the detection of the
resonance-frequency distribution within a cavity resonator. The
proposed measurement principle can be also used to determine

I ./ mm

Resonator Length, /.,

the length of a cavity with an arbitrary cross section.

Here, the feasibility of the proposed sensor concept has been
Fig. 8. Calculated length of the resonator and the length-determination er?‘d‘ﬂccessmny demonstrated for an exampl.e of a particular cylin-
as a function of the actual length at room temperature. The algorithm proceddiécal cavity. Table Il summarizes the main performance of the
based on the cross-correlation technique was used for these calculations. integrated sensor prototype for cavity-length measurement.
The proposed mathematical algorithm allows one the eval-
uation of the sensor output with submillimeter accuracy over

TABLE 1l
PERFORMANCE SUMMARY OF THE SENSORSYSTEM EMPLOYING THE
ALGORITHM BASED ON THE CROSSCORRELATION TECHNIQUE

Characteristic Dimension || Value
Minimal Length Resolvable | lg min / mm 30
Length Resolution Al / mm <1
Max. Calculation Error Alflyes | % 1%

TABLE Il
MEASURED PERFORMANCE OF THESENSORSYSTEM REALIZED

Minimal Length Detectable lres,min /Mm | 30

Length Resolution Using the Al- Al /mm <1

gorithm Developed

Max. Calculation Error Alflres! % | 1%

Dynamics (Hardware Limit) fsweep/ Hz | 100

Max. Operation Temperature Tmax/ °C 100 [1]
[2]

values of the detector output at room temperature. The tuning

voltage was discretisized in steps®¥ = 5mVresultingin241  [3]
values ofVy.; considered for some particular resonator length.
The minimal length step was chosen to hé..; = 0.5 mm [4]

within the range of,,.s = 10210 mm. With this parameters,
401 length values were taken into account.

The proposed algorithmworks perfectly for the resonator (s
length under consideration. Fig. 8 shows the obtained vadjues
as a function of the actual resonator length. The length-de-
termination errorAl = Iy — .. iS also presented in Fig. 8.
Within the entire length range considered, resonator length
were correctly determined with an accuracy of at lelastmm.

The same submillimeter accuracy could be achieved within
the investigated temperature rangeof = 20 °C-100°C. 18]
Furthermore, the length difference &ff, = 1 mm could be

clearly resolved. [

Table Il summarizes the performance of the developed and
manufactured integrated sensor for cavity-length measurement
employing the algorithm, which is based on the cross-correlal10]
tion approach. The evaluating technique not only delivers the ac-
tual cavity length, but is also able to calculate the permittivity of

(6]

(7]

a wide temperature range. Furthermore, the permittivity of the
filling dielectric material can be also extracted.

The excellent combination of the measurement speed, accu-
racy, and length resolution of the sensor system designed and
manufactured in this work makes it very interesting for various
industrial applications, e.g., in automotive shock absorbers [10].
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