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VY cTaTTi HABEAGHO PE3yNIbTATH AOCIIIKEHB 3 MIKDOXBIIBOBHX 30HIOBUX BUMIPIOBaHb, IO MPOBOIHIIUCS Y
BiZin (yHKIIOHATBHUX EIEMEHTIB CHCTEeM KepyBaHHs IHCTHTYTY TexHiuHOi MexaHiku HamionanpHoi akagemii
HayKk YkpaiHu i JlepkaBHOTO KOCMIYHOIO areHTCTBa YKpaiHM Ha NPOTA3i OCTaHHIX II'TH POKiB. Y pe3yabTaTi
X JOCII/UKEHb PO3POOJICHO IBO30OHIOBHN BapiaHT HAJABHCOKOYACTOTHOI iHTEephepoMerpii, SIKHH H03BOJISIE
BUMIPIOBAaTH SIK MEPEMILIEHHs MEXaHI9HOro 00’€KTa, Tak i KOMIUICKCHHI Koe(illieHT 3pa3ka MaTepialy. 3MeH-
LICHHS KUTBKOCTI 30H/IB 3 TPHOX (3arajJbHOBKHBAHUII BUIIAZ0K) 0 JBOX CIPOIILYE KOHCTPYKLIIO T4 BUTOTOBJICH-
HSI XBUWJICBITTHOI ceKIii Ta moca0ioe mapa3suTHUH e(eKT MepeBinOuTTiB MK 30HAaMH. MOXINUBICTh BUKOPHC-
TaHHS TUTBKHM JBOX 30H[IB ITOKA3aHO IIIIXOM aHaJli3y KOPEHIB PIBHSHHS, SIKE OB’ I3y€ MOIYJb HEBIIOMOIO KOM-
IUIEKCHOTO KoedilieHTa BiIOUTTS 31 CTpyMaMH 3’€THAHUX 13 30HIaMH HalliBIIPOBIIHMKOBUX JETEKTOPIiB. AHali3
MOKa3ye, 10 TEOPETUYHO MEPEMIllICHHs BU3HAYAETHCS TOYHO I MOAYIs KoedillieHTa BiIOUTTS, 10 HE TEPeBH-
mye 2°Y2, Ta 3 MaKCUMaJIBHOI MOXMOKOW GIM3bKO 4,4 % Bijl JOBKHHHM XBUJIi 30HIYIOYOTO €IEKTPOMATHITHOrO
BUIIPOMIHIOBAHHS ¥ BUIBHOMY IIPOCTOPi B 3aralbHOMY BHIIAJKY, 1 A€ YMOBH, 33 SKHX KOMIUIEKCHUIT Koe(hilieHT
BIIOHUTTSl OZHO3HAYHO BU3HAYAETHCS 31 CTPYMIB JETEKTOpiB. SIK MOKa3aiy eKCIIEpHMEHTH, IPH JOBXKUHI XBUJI
€IIeKTPOMArHITHOTO BUIIPOMIHIOBaHHS 3 M, OABIHHINH aMIutiTyai KonuBaub 06’ekta 10 1 15 cM Ta 9acToTi KOIH-
BaHb 00’eKkTa OyM3bKO0 2 I'Il 3aIpOIIOHOBaHUH METO BUMIPIOBAaHHS HEPEMIIeHHs 103BOJISIE BU3HAYATH MUTTEBE
3HAYCHHS MEepPEeMilIeHHs 00’€KTa 3 MAKCHUMAIBHOI MOXUOKOI0 OJIHM3BKO 3 MM Ta CEpPEIHBOIO MOXUOKOK OIHU3BKO
1 MM 6e3 Oyzap-sKo0i monepenHpoi 0OpOOKH JaHUX BHMIpIOBaHb, Takol K (iUIbTpalis, 3ri1aKyBaHHs, Tomo. Pe-
3yJIbTATH, OPEICTABJICHI B Iill poOOTi, MOXKYTh OyTH BUKOPUCTAHI OPH PO3POOLI HAJBUCOKOUYACTOTHHX JATYUKIB
NIepeMillIeHHs Ta BEKTOPHUX Pe(IEKTOMETPIB.

B nanHOl cTaThe NpUBEIEHBI PE3yIbTAThl HCCIIEOBAHUH 110 MUKPOBOIHOBBIM 30HIOBBIM H3MEPEHHSM, KO-
TOpBIC HPOBOJMINCH B OTAENE (PYHKI[MOHAIBHBIX 3JICMEHTOB CHCTEM YIpaBJICHHs VIHCTUTYTa TEXHUYECKOH Mexa-
HUKKM HanmoHaneHOW akajgeMuH HayK YKpauwHBI M ['0CyJapcTBEHHOr0 KOCMHYECKOTO areHTCTBa YKPaWHEI B Te-
YeHHE MOCICAHUX IISTH JeT. B pesyibrare 3TUX MCCleJOBaHUN pa3pabOTaH JBYX30HIOBbIH BAPHAHT CBEPXBHICO-
KO4YaCTOTHOH HHTEp(EpOMETpHH, KOTOPBII MO3BOJISIET H3MEPATH KaK IepeMelIeHne MEXaHHIeCKOro 00beKTa, TaK
1 KOMILTEKCHBIH KO3 HUIHEHT OTpaXkeHUs 0Opasiia Mareprana. Y MEHbIICHHE KOJINIECTBA 30HI0B ¢ Tpex (o0mie-
MIPUHATHIN CITydaif) X0 IBYX yHpOIIaeT KOHCTPYKIUIO ¥ H3TOTOBJICHHE BOJHOBOIHOM CEKIMH H OcialdisieT mapa-
3UTHBII 3G dEKT mepeoTpakeHnii Mex1y 30HAaAMH. BO3MOXKHOCTh MCIIONB30BAaHHUS TOJBKO ABYX 30HAOB MpOe-
MOHCTPHPOBAaHA C IIOMOIIBIO aHAIN3a KOPHEH ypaBHEHHUs, CBSA3BIBAIOIIETO MOJYJIb HEM3BECTHOTO KOMIIIEKCHOTO
kod(unneHTa OTpaXKEHNs C TOKAMH COCAMHEHHBIX C 30HJaMHU MOJIYIPOBOJHHKOBBIX JIE€TEKTOPOB. DTOT aHAIIH3
NIOKa3bIBACT, YTO TEOPETHIECKH IIEPEMEIIEeHNE ONpeaeIsieTcs TOYHO ST MOyl KodddHIeHTa OTpaxeHus, He
npesbimaromero 22, 1 ¢ MakCUMabHOI MOTPEIHOCTBIO0 0KONO 4,4 % OT JUIMHBI BOJNHBI 30HAUPYIOLIETO HJIEK-
TPOMarHUTHOTO M3Iyd4eHHs B CBOOOIHOM IIPOCTPAHCTBE B OOILIEM Cllydae, M JAeT YCIOBHS, IPH KOTOPBIX KOM-
IUICKCHBIA KO((UIINEHT OTpakeHHsI OJJHO3HAYHO OINPEEISIETCS M3 TOKOB JeTeKTopoB. Kak mokasanu skcrepu-
MEHTEI, IIPU JJIMHE BOJHBI AJIEKTPOMAarHUTHOTO M3IydeHHs 3 cM, IBOMHON aMIutuTyze KonebaHuid oobekra 10 1
15 cm u gactoTe KonebaHuii 00bekTa OKoNo 2 I'1l MPeAsIOKEeHHBIH METOA U3MEPEHUs MEPEMEIEHUS TT03BOJISET
OIIpe/IeTINTh MTHOBEHHOE 3HaYCHHE NePEMEIICHIs 00beKTa ¢ MAaKCHMAaJIbHOH MOTPEITHOCTHIO OKOJIO 3 MM U cpel-
HEH MOrperHoCThi0 0KOJIO 1 MM 6e3 KakoW-In0o mpenBapUTeNbHON 00pabOTKU TaHHBIX U3MEPEHHH, TaKOM Kak
¢unbTpanys, criiakUBaHUe U T. I Pe3ynbTaThl, IPUBEICHHEIE B JAHHON paboTe, MOTyT OBITH MCHOJIB30BaHbI IPU
pa3paboTKe CBEPXBBICOKOYACTOTHBIX AATYHKOB IEPEMEIICHHS X BEKTOPHBIX Pe(hIIEKTOMETPOB.

This paper presents the results of the investigations into microwave probe measurements conducted at the
Department for Functional Elements of Control Systems of the Institute of Technical Mechanics of the National
Academy of Sciences of Ukraine and the State Space Agency of Ukraine over the past five years. These investiga-
tions resulted in a two-probe implementation of microwave interferometry that allows one to measure both the
displacement of a mechanical object and the complex reflection coefficient of a material specimen. Reducing the
number of probes from three (the conventional case) to two simplifies the design and manufacture of the wave-
guide section and alleviates the problem of interprobe interference. The possibility of using as few as two probes
is demonstrated by analyzing the roots of the equation that relates the magnitude of the unknown complex reflec-
tion coefficient to the currents of the semiconductor detectors connected to the probes. The analysis shows that,
theoretically, the displacement is determined exactly for reflection coefficient magnitudes no greater than the
inverse of the square root of two and to a worst-case accuracy of about 4.4 % of the free-space operating wave-
length in the general case and gives conditions under which the complex reflection coefficient is unambiguously
determined from the detector currents. As shown by experiments, at an operating wavelength of 3 cm, a target
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double amplitude of 10 cm and 15 cm, and a target vibration frequency of about 2 Hz the proposed displacement
measurement method allows one to determine the instantaneous target displacement with a maximum error of
about 3 mm and an average error of about 1 mm without any preprocessing of the measured data, such as filter-
ing, smoothing, etc. The results presented in this paper may be used in the development of microwave displace-
ment sensors and vector reflectometers.

Keywords: complex reflection coefficient, displacement, electrical probe, mi-
crowave interferometry, semiconductor detector, waveguide section.

Microwave measurements are widely used in the determination of various pa-
rameters such as distance, displacement, speed, dielectric permittivity, etc. Micro-
wave interferometry is an ideal means in terms of the development of motion sen-
sors [1]. This is due to its ability to provide fast noncontact measurements and its
applicability to dusty or smoky environments (as distinct from laser Doppler sen-
sors [2-4] or vision-based systems using digital image processing techniques [5]).
An important advantage over radar methods (both traditional pulse ones and re-
cently developed continuous-wave step-frequency ones [6, 7]) is its simple hard-
ware implementation. In microwave interferometry, the displacement of the object
under measurement (target) is extracted from the phase shift between the signal
reflected from the target and the reference signal, i. e. from the phase of the com-
plex reflection coefficient. A characteristic feature of such measurements is phase
ambiguity, which can be resolved by using two quadrature signals in combination
with a phase unwrapping method. At present, the usual way to form the quadrature
signals is to use special hardware incorporating a power divider and a phase-
detecting processor, which is an analog [8] or a digital [9] quadrature mixer. On
the other hand, information on the phase of the complex reflection coefficient is
also contained in the electric field amplitude of the standing wave between the
emitter and the target, which can be measured using an electrical probe and a sem-
iconductor detector connected thereto. The hardware implementation of probe
measurements is much simpler. The investigations into microwave probe meas-
urements conducted at the Department for Functional Elements of Control Systems
of the Institute of Technical Mechanics of the National Academy of Sciences of
Ukraine and the State Space Agency of Ukraine over the past five years resulted in
a two-probe displacement measurement method. In that method, the quadrature
signals needed for the determination of the phase shift are extracted from the out-
puts of two probes placed in a waveguide section one eighth of the guided operat-
ing wavelength A, apart. lts distinctive feature is the possibility of displacement

measurement at an unknown reflection coefficient with as few as two probes,
while since the classic text by Tischer [10] it has been universally believed that at
least three probes are needed to determine or eliminate the unknown reflection co-
efficient [11]. The theoretical basics of the method are as follows [12 — 15].
Consider two probes 1 and 2 connected to square-law semiconductor detec-
tors. The probes are placed A /8 apart in a waveguide section between a micro-

wave oscillator and a target, probe 2 being closer to the target. A measurement
schematic is shown in Fig. 1.
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The detector currents J,, J, normalized to their values in the absence of a re-
flected wave are expressed in terms of the magnitude R and phase y of the com-
plex reflection coefficient at the location of probe 1

J; =1+ R?+2Rcosy | (1)

J,=1+R%*+2Rsiny . 2)

Information on the distance x between the target and probe 1 is contained in
the phase of the complex reflection coefficient
47X
y=—= ¢ ' (3)
Ao
where A is the free-space operating wavelength and ¢ is the phase component that
is governed by the waveguide section and horn antenna geometry and the phase
shift caused by the reflection and does not depend on the distance x.
Let it be desired to find the displacement Ax of the target at time t relative to
its initial position x(ty) . As indicated above, for phase ambiguity resolution in

relative displacement determination it is sufficient to have the quadrature signals
cosy and siny . According to Egs. (1) and (2), these signals are expressed in

terms of the unknown magnitude of the reflection coefficient as follows

a, — R?
CoS\y = , 4
v=""g (4)

. a, - R?
siny = , 5
V=" (5)

where & =J; -1 and a, =J, —-1.
The following biquadratic equation in R results from Egs. (4) and (5)

al+a;

R*—(a +a, +2R?+ 0. (6)
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This equation has two positive roots (the plus sign before the radical corre-
sponds to the root Ry, and the minus sign corresponds to the root R,)

12
R _{a1+a2+2+\/(a1+a2+2)2_a12+a§}
b2 - 4 2 '

Clearly one of these roots is extraneous. So the phase ambiguity resolution
problem reduces to the choice between the root R; and the root R, .

An explicit expression for the extraneous root may be obtained by rearranging
the absolute term of Eq. (6). From Egs. (4) and (5) we have

a? =R*+2R3cosy +4R%cos? vy, )

a? =R*+2R3siny +4R?sin?y . (8)

Substituting Eqgs. (7) and (8) into the expression for the absolute term of Eqg.
(6) gives

2 2
@zRZ[R2+2\/§Rsin(\y+n/4)+2]. )

Since the absolute term of a quartic equation is equal to the product of its
roots, it follows from Eq. (9) that the positive extraneous root Rg,; of Eqg. (6) is

Rext :[Rz+2\/§Rsin(\y+n/4)+2]l/2. (10)

Let us find the condition under which the inequality R.,; =R is satisfied. It
follows from Eqg. (10) that this condition is

. T 1
sinfy+—|=2———. 11
(W 4) J2R a
This inequality is satisfied at any value of the phase y if R s]/\/i. Since
R; > R,, in this case the reflection coefficient magnitude R will always be given
by the root R, . In the case R >1/+/2, the condition of (11) will not be necessarily

satisfied. Because of this, the reflection coefficient magnitude R will be given by
the root R, if the condition of (11) is satisfied; otherwise it will be given by the

root R;.

First consider the case R s]/\/i. In this situation, the reflection coefficient
magnitude R is unambiguously determined from Eq. (6) as its root R,, and thus
cosy and siny are unambiguously determined from Egs. (4) and (5). If
cosy and siny are known, the displacement Ax of the target at time
t,, n=0,1,2, ..., from its initial position x(t;) can be found by the following
phase unwrapping algorithm [16]
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SWa)  Sinvyity) 2 0, cosuty) 2.0,

cosy(t,)
o(t,) =qarctan siny(ty) +m, cosy(t,) <0, (12)
cosy(t,)
arctan M + 2w, siny(t,) <0, cosy(t,) =0,
cosy(ty)
Ap(ty) = otn) —oth 1), (13)
0, n=0,
0(t,) =10t 1) +Ap(t,), [Aeplty)|<m n=12.., (14)

O(tn_1) + Ag(ty) — 2nsgn[Ae(t,)], |A(t,)|>m n=12,..,

Ax(tn)z%’ce(tn), n=012,.., (15)

where ¢ and 0 are the wrapped and the unwrapped phase, respectively.

Now consider the case R >]/\/§. In this case, R, will be equal to R only
for the values of y that satisfy the condition of (11). However, as will be shown

below, the displacement can also be determined to sufficient accuracy using the
root R, as the reflection coefficient magnitude. It follows from the condition of

(11) that the root R, will be extraneous if sin(y +r/4)< -1/v2R . In terms of the
wrapped phase ¢, this condition becomes

3n .1 T .1
I+arcsm— <p< T—arcsm—

J2R V2R

whence it follows that the wrapped phase that corresponds to the condition
sin(y +m/4) < —1/v/2 R lies in the third quadrant.

Let us find the phase error that is introduced when the extraneous root R.,; is
used as the reflection coefficient magnitude. In this case, Egs. (4) and (5) will give

the apparent values COSy 4, = (al - Rgxt )/ZRext and siny,, = (a2 - Rgxt )/ZRext,
which on substitution into Eq. (12) will give the apparent wrapped phase ¢4, . The
final expression for the apparent wrapped phase is

1+ Rcoso i

= arctan
Pap 1+Rsing

The use of the apparent wrapped phase @,, instead of the actual wrapped
phase ¢ introduces the phase error Agg (¢ R)=0¢, —¢. The function
A@g, (o, R) possesses the following properties:

. . . om
— Is antisymmetric in ¢ about 0=
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— becomes zero at ¢ = 3—7T+ arcsinL Q= on and o= 7—Tc—arcsinL ;
7 V2R’ ’ !

4 4 2R

— at a fixed o, increases in magnitude with R ;

2
M and a
3R

—at a fixed R, has a negative minimum at ¢, = %n +arcsin
\/§(1+ R?)
3R

.. . n . . . .
positive maximum at ¢, :T—arcsm , which are equal in magnitude

by virtue of the antisymmetry of the function.
It follows from these properties that the greatest possible phase error AQer max

is reached at R =1 and is equal to

V241 .22 3o
AQgr max = arctan———— +arcsin = 1

J2-1
As can be seen from the algorithm of (12) — (15), the displacement determina-
tion error is governed by the phase error only at the initial and the current meas-
urement point because the errors at the intermediate points cancel one another.
Because of this, the greatest possible displacement determination error AXg, max

will be reached at R =1 in the case where the initial measurement point corre-
sponds to one extremum of the function A, (¢) and the current measurement
point corresponds to the other. As follows from the aforesaid, this error will be

A
AXgrmax = ﬁ 2AQ¢; max = 0.0442. (16)

As can be seen from Eq. (16), the greatest possible error Axg, max 1S about
4.4 % of the free-space operating wavelength 1, (notice that this is the worst-case

error, which occurs when the reflection coefficient magnitude is equal to unity, the
initial measurement point corresponds to one extremum of the function Agg, (),

and the current measurement point corresponds to the other). So the proposed dis-
placement measurement method, in which the reflection coefficient magnitude is
taken to be equal to the smaller positive root of Eg. (6), allows the displacement to
be determined to sufficient accuracy at any value of the reflection coefficient mag-
nitude.

A technique that allows one to verify this method for a moving target without
recourse to complex photorecording equipment is described in [17]. This tech-
nique is based on using a target put in motion by a crank mechanism as shown in
Fig. 2.
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Fig. 2
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As can be seen from Fig. 2, the displacement Ax of the target at time t relative
to its initial position att=0is

AX(t) = OA(@cro) — OAlpc (t)], (17)

OA(ggr) = \/L?:r - Rch sin Qcr — Rer COS Qg (18)
2nt

Per (1) =g + ? (19)

where @¢ is the crank angle, ¢cro is the crank angle at t = 0, OA is the distance
from the rotation center to the end of the crank arm, L is the crank arm length, R,
is the crank radius, and T is the rotation period.

As can be seen from Egs. (17) to (19), the displacement is a periodical time
function of period T that reaches one minimum and one maximum over a period.
So the crank rotation period may be determined from the measured dependence
AX(t) as the distance along the abscissa axis between two adjacent minima or two
adjacent maxima, and ¢cro may be determined from the measured dependence Ax(t)
as follows

2nt
Pero = — (20)

T
where t; is the time at which the measured dependence Ax(t) shows its first maxi-
mum.

Given T and ty, the actual target displacement can be calculated from Egs. (17)
to (20) and compared with the measured one. However, T and t; can be determined
from the measured time dependence of the displacement only approximately. Be-
cause of this, the displacement measurement error, i. e. the difference of the meas-
ured displacement and the actual one, may be found by the following algorithm.

1. From the measured time dependence of the target displacement Ax(t), esti-
mate the crank rotation period T and the time t; at which the measured dependence
AX(t) shows its first maximum (in the following, the estimated values of T and the
time t; will be denoted as Ta and tiap, respectively).

2. Vary T and t; with a specified step on the intervals 0.9T,, <T <1.1T,, and
0.9ty <ty <Ly,

3. For each pair (T, t1), calculate the target displacement at each time point
from Eqgs. (17) to (20).

4. For each time point, calculate the displacement measurement error Axer as
the difference of the measured displacement Ax(t) and the calculated displacement
AX(t).

5. Find the maximum value |AXermax OF the displacement error magnitude for
the given pair (T, ty).

6. Find the pair (T, t1) such that |AXer|lmax iS @ minimum and take these values
of T and t; as the actual values Tac and tiac: Of the crank rotation period T and the
time t.

7. For T=Tax and t: = tiacr, calculate the target displacement at each time
point from Eqgs. (17) to (20).

8. Run Step 4 to find the actual displacement measurement error Axer.
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In [17], the two-probe displacement measurement method was verified by the
above algorithm using a target (a brass disc or a brass square) put into a reciprocal
motion by an electrically driven crank mechanism.

The measuring setup comprised a microwave oscillator, a circulator with a
dummy load, a waveguide section with two probes installed therein and two semi-
conductor detectors connected to the probes, a horn antenna mounted at the end of
the waveguide section, two amplifiers, an analog-to-digital converter, and a per-
sonal computer. A schematic of the setup is shown in Fig. 3.

Waveguide Horn
Circulator with a dummy section antenna
load rv——————— A
- - ML o " [Probe 1Probe 2| _/\]
I Microwave oscillator | @ <> [ ;.—(—)
D Detecior 1 & 4 Detector 2
Amplifier
I - <] |
Personal B Analog-to-digital Detector 1 current 7,
computer )[ comverter <] e
‘Amplifier Detector 2 current I,
Fig. 3

The experiments were conducted at different values of the target double am-
plitude equal to twice the crank radius and the minimum distance between the an-
tenna and the target. In all the cases, the free-space operating wavelength was
3 c¢cm, with corresponds to an operating frequency of 10 GHz.

In Experiment 1, the target was a brass disc of diameter 128 mm, the target
double amplitude was 15 cm, and the minimum distance between the antenna and
the target was 100 cm. In Experiment 2, the target was the same as in Experiment
1, the target double amplitude was 10 cm, and the minimum distance between the
antenna and the target was 15 cm. In Experiment 3, the target was a 70x70 mm
brass square, the target double amplitude was 10 cm, and the minimum distance
between the antenna and the target was 5 cm.

Figs. 4 to 6 show the target displacement Ax measured by the method pro-
posed in [12, 13] and the actual target displacement Axa: found by the algorithm
described above for Experiments 1, 2, and 3, respectively. As can be seen from the
figures, the target vibration period is about 0.5 sec, i. e. the vibration frequency is
about 2 Hz. It can also be seen that the curves of the measured and the actual dis-
placement coincide to within the line thickness. The peak-to-peak amplitude was
determined to an accuracy of 0.7 mm in Experiment 1, 1.1 mm in Experiment 2,
and 0.2 mm in Experiment 3.

Figs. 7 to 9 show the displacement measurement error Axer equal to the differ-
ence of the measured displacement Ax and the actual displacement Axac: versus the
time and the root R, of Eq. (6) (the measured reflection coefficient) versus the tar-
get displacement Axo from the position closest to the antenna for Experiments 1, 2,
and 3, respectively.
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The maximum and the average error in the determination of the instantaneous
relative displacement was 2.9 mm and 0.8 mm in Experiment 1, 2.2 mm and
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1.0 mm in Experiment 2, and 3.3 mm and 1.1 mm in Experiment 3. In Experiments
1 and 2, the measured reflection coefficient varied between 0.04 and 0.066 and

between 0.12 and 0.58, respectively, i. e. it was less than 1/ V2 ~0.707. Because of

this, in those experiments the root R, gave the actual reflection coefficient, and
thus the error was due to other factors, such as deviation of the reflected wave
from the plane waveform, reflections from the antenna, noise, etc. In Experiment
3, the measured reflection coefficient varied between 0.2 and 0.76, i. e. at some of
the measurement points the root R; might be extraneous. However, as can be seen
from the data given above, this did not contribute much to the error in comparison
with Experiments 1 and 2. As can be seen from Figs. 6 and 9 (Experiment 3), the
two-probe method described above performs well for a minimum antenna—target
distance of 5 cm too, while the standing-wave radar proposed in [18] fails to oper-
ate at distances less than 14 c¢cm due to positional interference between the target
and the antenna.

The above-described two-probe implementation of microwave interferometry
may also be applied to determining the complex reflection coefficient, whose
measurements are widely used in material characterization. To measure the com-
plex reflection coefficient over a frequency range, this implementation should be
generalized to the case of an arbitrary interporbe distance. Such a generalization is
described in [19, 20]. A measurement schematic is shown in Fig. 10.
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In this case, EQ. (1) remains as before, while Egs. (2) and (3) become

J,=1+R%+2Rsin(y—p), p==3 1],
2| g

AxlL
Y= = + Oref (21)
}\'QY

where | is the interprobe distance, L is the distance between the specimen and
probe 1, and R and ¢res are the magnitude and the phase of the complex reflection
coefficient of the specimen).

The expression of (4) for cosy remains as before, while the expression of (5)

for siny becomes
@, +asin B—R%(L+sinp)

siny = . 22
v 2Rcosp (22)
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Given R, the phase ¢rer Of the complex reflection coefficient may be found
from Egs. (4), (12), (21), and (22) as follows

AnlL
¢I’ef :(p——}\‘ +27[Zn )
g

where ¢ is the wrapped phase given by Eq. (12), and the integer n is chosen such
that the phase ¢, lies between zero and 2.

From Egs. (4) and (22) we get the following biquadratic equation in R

af +ad +2aa,sinp 0
2(L+sin B) '

R*-R?[a, +a, +2(1—sin p)]+

An analysis similar to that described above shows that the reflection coeffi-
cient magnitude is given by the smaller positive root of this equation if the follow-
ing conditions are satisfied:

| <3g/8. (23)

0<p<m or 3n/2<p<2r. (24)

Because of this, the specimen must be positioned so that the wrapped phase
given by Eq. (12) satisfies the condition of (24), and for measurements over a fre-
guency range the interprobe distance must be such that the condition of (23) is sat-
isfied at the shortest wavelength of that frequency range.

So the proposed probe implementation of microwave interferometry allows
one to measure both the displacement of a mechanical object and the complex re-
flection coefficient of a specimen using as few as two probes. Theoretically, the
displacement is determined exactly for reflection coefficient magnitudes no greater
than the inverse of the square root of two and to a worst-case accuracy of about
4.4 % of the operating wavelength in the general case. This implementation also
allows one to determine the complex reflection coefficient of the horn antenna at
the end of the probe waveguide section, which may be then accounted for to re-
duce the displacement measurement error in cases where the reflection coefficients
of the target and the horn antenna are comparable. The results presented in this
paper may be used in the development of microwave displacement sensors and
vector reflectometers.
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