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PaccmaTpumBaeTcsi CBEPXBbICOKOYACTOTHbIN MHTEP(EPEHLMOHHbIV METOA U3MEPEHNS, KOTOPBINA LLIMPOKO MC-
NoNb3yeTcs [/15 ONpeAeneHns nepeMeLLieHns B PasnuHbIX TEXHUYECKUX NPUNOXeHUsX. Lienbto AaHHOR cTaTbh
ABNAETCA pa3paboTKa METOAVKW YCTpaHeHUs (ha30BO HEONPeseneHHOCTU MPU 3MEPEHUN OTHOCUTENLHOTO Me-
peMeLLeHNst MexaHMYecKnX OGBEKTOB C MOMOLLbIO ABYX30HA0BOW peannsaumn UHTEP(EpPeHLMOHHOTO MeToza.
[ns onpeneneHns HepassepHYTOl (hasbl M3 KBaAPaTYpPHWUX CUTHANMOB MPEANOXKEHO WUCMOMb30BaTb MEHbLUWIA KO-
peHb GUKBaApaTHOrO YpPaBHEHMS!, CBA3LIBAIOLLErO HEWU3BECTHbIN KOI(MULMEHT OTPaXKEHNs C TOKammu Moynpo-
BOJHMKOBbIX [E€TEKTOPOB, COEAMHEHHbIX C 30HAaMU. HaligeHbl A1anasoHbl KO3h@ULMeHTa OTPaXKeHWa U AeicT-
BUTE/NbHOW HepasBepHYTON (hasbl, B KOTOPLIX onpedensemasi TakuM 06pa3oM HepasBepHyTast (hasa ABNseTCs Ka-
Xylueiics. MokasaHOo, YTO MOFPEeLIHOCTb OMpefeneHus MnepeMeLLeHunsi, 06YCIoBNEHHas OT/IMUMEM KaxyLLelics
HepasBepHYTOl (hasbl OT AeCTBUTENbHON, OTIMYHA OT HYNS TOMbKO A8 AOCTaTOYHO 6OMbLIMX KO3((MULIMEHTOB
OTPaXXEHWS| N He MPeBbILIAET HECKOMbKMX MPOLEHTOB OT [/IMHbI BOMHbI 30HAWPYIOLETO 3/1EKTPOMArHUTHOIO
U3Ny4YeHUs. YCTaHOB/EHO, YTO A1 PasMepPoB KOHTPOSMPYEMOrO 06bEeKTa U PAacCTOsIHWIA MeXzy 0GbeKTOM 1 aH-
TEHHOI, AN KOTOPbIX BbINOMHAETCA NPUBAVKEHUE NIOCKOA BOMHbI, MPEAN0XEHHas METOAMKA MO3BO/ISET Onpe-
[ensTb pa3max KonebaHuii ¢ TOUHOCTbIO MOPsiAKA HECKOMBbKMX AeCATbIX NPOLEHTa AaXKe Npu pasmaxe, B HECKOMb-
KO pa3 NpeBbILLAIOLLEM AMNHY BO/HbI 30HAVPYHOLLETO 31EKTPOMArHUTHOTO M3ay4yeHus. MpeaioxkeHHas MeToamka
MOXET 6bITb MCMOMb30BaHA NPY Pa3paboTKe AaTUMKOB NepeMeLLieHs ¢ YNpOLLLeHHOI annapaTHOW peannsauyeit.

Po3rnsgaeTbcs HafBMCOKOYACTOTHWIA iHTepdepeHLiiHNA MeTOA BUMIPIOBaHHS, KW LUMPOKO BUKOPUCTO-
BYETbCH /11 BUSHAYEHHS MepeMilLLieHHs B Pi3HOMaHITHMX TEXHIYHUX 3aCTOCyBaHHAX. MeTOlo L€l cTaTTi € po3po-
6Ka MeTOAUKM YCYHeHHS (ha30BOI HEeBM3HAYEHOCTi NPU BUMIPIOBaHHI BiHOCHOIO NepeMmillleHHs MeXaHiYHUX
06°€eKTiB 3a [OMOMOrOK ABO30HAOBOI peanisalii iHTepthepeHLUiiiHoro Metogy. [ns BU3HAYeHHsS HepO3ropHyTol
(hasu 3 KBafpaTypHWUX CUrHaiB 3aNPONOHOBAHO BUKOPMCTOBYBATW MEHLLIWIA KOPiHb 6iKBaAPaTHOrO PiBHAHHS, L0
MOB’A3y€e HeBiJOMUI KOeiLliEHT BIAOMTTA 3i CTpyMamMu 3’€fHaHUX i3 30HAaMMW HarMiBMPOBIAHUKOBUX [ETEKTOPIB.
3HaliieHo fianas3oHu KoedilieHTa Big6WUTTA i AiiCHOI HEPO3rOpHYTOI (hasn, B IKMX BU3HAYEHa TaKUM YMHOM
HeposropHyTa hasa € no3ipHoto. MokasaHo, Lo NoXMbKa BU3HAYEHHS MepeMillieHHs, 3yMOB/EHa PI3HULEID MiXK
MO3ipHOIO 1 AiACHOK HEpO3ropHYTO (a30ko, BiAPISHAETLCS Bif HyNA TiNbKU AN JOCUTb BEMUKUX KOEiLieHTIB
BifOWTTA Ta He nepeBULLlYe AeKiNbKOX MPOLEHTIB Bif AOBXUHW XBUAi 30HAYKOYOrO €f1EKTPOMArHiTHOro BUNpPoMi-
HIOBaHHSA. BCTaHOBMEHO, WO /19 PO3MIpiB KOHTPONbOBAHOro 06’ekTa I BifCcTaHel MiX 06’€KTOM Ta aHTEHOLO,
N9 AKUX BUKOHYETBCA HabNVXKEHHS MIOCKOT XBW/I, 3anporoHOBaHa MeTOAMKA [03BOMSE BM3HAYaTW PO3Max
KONMBaHb 3 TOYHICTIO NOPAAKY [eKiNbKOX AeCATVX MPOLeHTa HaBiTb NPY po3Maci, WO Y fieKinbka pasis nepesu-
LLYE JOBXUHY XBWAi 30HAYHOUOrO €NeKTPOMArHiTHOroO BUMPOMIHIOBaHHS. 3anponoHoBaHa MeTognKa Moxe 6yTn
BUKOpMCTaHa npwv po3pobLii faBadiB nepeMilleHHs 3i CPOLLEHO anapaTHo peasisalieto.

This paper addresses microwave interferometry, which is widely used for displacement determination in
various engineering applications. The aim of this paper is to develop a technique for phase ambiguity resolution in
measurements of the relative displacement of mechanical objects using a two-probe implementation of microwave
interferometry. To determine the wrapped phase from the quadrature signals, it is suggested to use the smaller
positive root of the biquadratic equation that relates the unknown reflection coefficient to the currents of the
semiconductor detectors connected to the probes. The reflection coefficient range and actual wrapped phase range
in which the wrapped phase determined in this way is an apparent one are found. It is shown that the displacement
determination error that is due to the difference of the apparent and the actual wrapped phase is nonzero only for
sufficiently large reflection coefficients and does not exceed a few percent of the operating wavelength. It is found
that for the target dimensions and the target—antenna distances for which the plane wave approximation holds, the
proposed technique determines the vibration peak-to-peak amplitude to within several tenths of a percent even for
peak-to-peak amplitudes several times greater than the operating wavelength. The proposed technique may be
used in the development of displacement sensors with a simplified hardware implementation.

Keywords: phase ambiguity, complex reflection coefficient, electrical probe,
semiconductor detector, waveguide section, interprobe distance.

Microwave measurements are widely used in the determination of various pa-
rameters such as distance, displacemet, speed, dielectric permittivity, etc. Micro-
wave interferometry is an ideal means in terms of the development of motion sen-
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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. This is due to the fact that the complex reflection coefficient phase,
which contains information on the parameters to be measured, in the general case
can only be determined to within 2x. In displacement measurements, this phase
ambiguity can be resolved by using two quadrature signals in combination with a
phase unwrapping method. At present, the usual way to form the quadrature sig-
nals 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. The advantage
of the latter is that it can eliminate or at least minimize the nonlinearity of the
phase response of the former, which is caused by its phase and amplitude unbal-
ances and by the dc voltage offset in the amplifier. However, this is achieved at the
expense of the far more complex design of the meter, including the use of an in-
termediate frequency.

An intermediate frequency is also used in the method proposed in [10]. In that
method, the probing microwave signal is modulated with an intermediate-
frequency signal, whose wavelength is much longer than that of the probing signal.
The modulated signal reflected from the target is mixed with the nonmodulated
reference signal. As a result of the mixing, intermediate-frequency quadrature sig-
nals are formed followed by their extraction. The phase of the reflected signal is
found by mathematical treatment of the quadrature signals, and the target dis-
placement is determined from this phase. Due to the use of an intermediate fre-
guency, the hardware implementation of the above-described method is rather
complex and requires such devices as a phase-shift modulator, which phase-
modulates the probing signal with the intermediate frequency one; a digital-to-
analog converter, in which the modulating intermediate-frequency signal is
formed; a balance mixer, in which the modulated reflected signal interferes with
the nonmodulated reference signal and at the output of which the intermediate-
frequency quadrature signals are extracted; and two directional couplers with
matched loads to direct the microwave oscillator signal to the phase-shift modula-
tor and the reflected signal to the balance mixer.

As can be seen from the aforesaid, the above-considered traditional methods
of phase ambiguity resolution in displacement measurement by microwave inter-
ferometry are rather complex in hardware implementation. On the other hand, in-
formation 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 tar-
get, which can be measured using an electrical probe and a semiconductor detector
connected thereto. The hardware implementation of probe measurements is much
simpler. Since the publication of the classic text by Tischer [11], there has been
general agreement that at least three probes are needed for phase ambiguity
resolution by determining or eliminating the unknown reflection coefficient
without recourse to detector current differentiation [12 — 18]. Of interest is to



consider whether the number of probes can be reduced to two because this
would allow one:

— to simplify the design of the waveguide section;

—to simplify the manufacture of the meter because only one interprobe dis-
tance must be held to close tolerances;

— to reduce the parasitic effect of multiple reflections between the probes;

—to reduce the number of channels of the analog-to-digital converter thus in-
creasing the upper bound of the sampling frequency.

The aim of this paper is develop a technique for phase ambiguity resolution in
mechanical object displacement measurement using two electrical probes.

Consider two probes 1 and 2 connected to square-law semiconductor detec-
tors. The probes are placed 1,/8 apart (here, A, is the guided operating wave-

length) in a waveguide section between a microwave 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 . @)

Information on the distance x between the target and probe 1 in contained in
the phase of the complex reflection coefficient

_ 4nx
v Ay

+0, ©)

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 ¢ relative to
its initial position x(t,). As indicated above, for phase ambiguity resolution in

relative displacement determination it is sufficient to have the quadrature signals
cosy u 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=""pR (4)

: a,- R’
siny = , 5
v=—"p (®)

where a,=J,-1and a,=J, -1.
The following biquadratic equation in R results from Eqgs. (4) and (5)
2 2

R* —(a, +a, +2)R? + 1% _¢, (6)

This equation has two positive roots (the plus sign before the radical corre-
sponds to the root R,, and the minus sign corresponds to the root R,)

112
R _{a1+a2+2+\/(a1+a2+2)2_af+a§]
1,2 — - :

2 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*+2R%cosy +4R? cos’ v , @)

a’=R'+2R’siny +4R’sin’ y . (8)

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

2 2
& *3% _ 2[R 4 242Rsin(y +1/4)+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 R_, of Eq. (6) is
2 A h/2
R,, = [R +2J§Rsun(w+n/4)+2] : (10)

Let us find the condition under which the inequality R_, > R is satisfied. It

follows from Eq. (10) that this condition is

. i 1
Sm(w+4j2_ﬁR . (11)
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This inequality is satisfied at any value of the phase y if Rs1/\/§. Since
R, > R,, in this case the reflection coefficient magnitude R will always be given

by the root R,. Inthe case R > 1/\/5 , 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 < 1/\/5. In this case, the reflection coefficient mag-
nitude 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(f,) can be found by the following
phase unwrapping algorithm [19]
arctan M siny(t,) >0, cosy(t,) >0,
cosy(t,)
o(t,) =<arctan M+n, cosy(t,) <0, (12)
cosy(t,)
siny(t,) :
arctan ———2~+ 2x, siny(t. ) <0, cosy(t ) >0,
cosy () T, siny(t,) w(t,)
Ao(t,) =o(t,)-o(t,), (13)

0(t,) =10(t,..) +Ao(t,), [Ae(t,)

<n, n=12.., (14)

o(t, )+ Ao(t,) - 2nsan[Ae(t, )], [Aet,)>m n=1,2,..,
Iy
Ax(t,))==-20(t,), n=0,1,2,., (15)
4

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

Now consider the case R > 1/\/5 In this case, R, will be equal to R only
for the values of  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 +m/4)<—1/v2 R. In terms of
the wrapped phase ¢, this condition becomes

3n .1 n .
7+arcsm— << T—arcsm—

J2R J2R’

whence it follows that the wrapped phase that corresponds to the condition
sin(y +m/4)< —1/+/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 magmtude In this case, Egs. (4) and (5) will give
the apparent values cosy,, =(a,- R%,)/2R,, and sin Vo =(a,-R%,)/2R
which on substitution into Eq. (12) will give the apparent wrapped phase ¢,,. The
final expression for the apparent wrapped phase is *

ext !

1+ Rcoso i

= arctan
Par 1+ Rsing

The use of the apparent wrapped phase ¢,, instead of the actual wrapped
phase ¢ introduces the phase error Ag,, (¢, R) =¢,, —¢ . The function Ae¢,, (¢, R)
possesses the following properties:

. . . on
— is antisymmetric in ¢ about ¢="F

—_— cp—E and (p—7—n—arcsinL
,\/ER, 4 1 4 ,\/ER,

—at afixed ¢, increases in magnitude with R;
V2(1+ R?)
3R

3n .
— becomes zero at Q= T + arcsin

—atafixed R, has a negative minimumat ¢, = T+ arcsin—————=and a

2
positive maximum at o, :T—arcsinﬁ%:f), which are equal in magnitude
by virtue of the antisymmetry of the function.

It follows from these properties that the greatest possible phase error Ag,, ..

is reached at R =1and is equal to

V2 +1 22 3

+ arcsm— -—
J2 -1 4"

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 Ax., ..
will be reached at R=1 in the case where the initial measurement point corre-
sponds to one extremum of the function A¢,,(9) and the current measurement
point corresponds to the other. As follows from the aforesaid, this error will be

A, ... =arctan

M = 5> 2004 s = 00840, (16)
As can be seen from Eq. (16), the greatest possible error Ax,,,.. is about

4.4 % of the free-space operating wavelength A, (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 Ae,, (o),
and the current measurement point corresponds to the other). So the proposed

phase ambiguity resolution technique, in which the reflection coefficient magni-
tude is taken to be equal to the smaller positive root of Eg. (6), allows the dis-



placement to be determined to sufficient accuracy at any value of the reflection
coefficient magnitude.

The above-described phase ambiguity resolution technique is based on the as-
sumption that both the incident wave and the reflected wave are plane. However,
for target dimensions comparable with the operating wavelength the reflected
wave may be considered as plane only within some distance, which in the general
case introduces a measurement error.

To relate the displacement measurement error to the antenna—target distance,
measurements were conducted using a set-up, which comprised a measuring
waveguide section with two probes installed therein and two semiconductor detec-
tors connected to the probes, a horn antenna mounted at the end of the waveguide
section, a microwave oscillator, and an analog-to-digital converter. The target was
put into a reciprocal motion using a crank mechanism. The double amplitude of the
target was 150 mm. The measurements were made at 9.76 GHz, which corre-
sponds to a free-space operating wavelength of 3.07 cm. The semiconductor detec-
tor currents were measured and recorded using the analog-to-digital converter, and
the relative displacement of the target was determined from the detector currents.

A (%) .
74 —u— 30 x30 mm -
s] - 40x40mm ~.
. --A-- 50 x50 mm
54 —v— 70x70 mm

Fog. 2 shows the relative error A of double amplitude determination versus
the maximum distance D, between the target and the horn antenna for targets in

the form of 30x30 mm, 40x40 mm, 50x50 mm, and 70x70 mm metal squares. As
can be seen from the figure, there exists a threshold distance beyond which the
double amplitude error sharply increases, and this threshold distance increases
with the target size. Within the threshold distance, the error depends only slightly
on the distance and does not exceed 1 %.

This behavior of the error is due to the features of the phase unwrapping algo-
rithm employed. This algorithm is based on the assumption that between two suc-
cessive measurements the phase of the reflection coefficient, which is given by
Eqg. (3), changes in magnitude less than by .

Let the measurement time step be Atf. In the assumption that the target exe-
cutes a harmonic motion of amplitude A and frequency £, , the maximum dis-

placement of the target in the time At will be 2nrf,, AAt, and in the plane wave
approximation the maximum phase change in that time will be 8r°f,, AAt/%, .
Hence the algorithm applicability condition is



2
Sn ., AA +Ap<m (17)

0

where Ag is the difference of the actual phase change and the phase change in the

plane wave approximation.

As the distance to the target increases, the reflected wave that returns to the
antenna differs more and more from a plane wave, thus increasing the error of
phase determination in the plane wave approximation. Eventually, there comes a
time where this error A increases to an extent that the condition of (17) is no

longer satisfied. As this takes place, the displacement determination error increases
in a stepwise manner. This can be seen in Fig. 3, which shows the time depend-
ence of the measured relative displacement of a 40x40 mm square target at
D, ax = 600 mm (the double amplitude error is less than 1 %) and 1,500 mm (the

error increases sharply up to 4.3 %). As illustrated, at D,,, = 1,500 mm the meas-
ured displacement shows jumps.
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Fig. 3

So there exist a threshold distance between the antenna and the target beyond
which the target double amplitude determination error increases in a stepwise
manner, while within this threshold distance the error does not exceed several
tenths of one percent even for a double amplitude several times as large as the op-
erating wavelength.

The proposed technique may be used in the development of displacement me-
ters with simplified hardware implementation.
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