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Po3rsigaeThest 3a1a4a eKCIIEPUMEHTAIBHOT IEPEBIPKY HELOJaBHO 3alIPOIOHOBAHOTO {BO30H/IOBOTO METO-
[1a BUMIPIOBaHHsI MEPEMIllIeHHsI Ha OCHOBI HaJIBHCOKOYACTOTHOI iHTepdepomerpii. MeToro wiel poboTu € po3pos-
Ka METOAMKH, LIO JO3BOJISIE MIPOBECTH MEPEBIPKY LBOIO METO/a IUIIXOM MOPIBHSHHS BUMIPSHOI # (hakTHaHOi
4acoBOI 3aJIEKHOCTI MEPEMILLIEHHS 00’ €KTa, IO PYXA€ThCs, 6e3 BUKOPHCTAHHS CKJIaJIHOro 00naaHaHHs s GoTo-
peectpaii. Ll MeTa 1ocsraeThest TUM, 10 00 €KT IPUBOJUTHCS 10 PYXY 3a JOMOMOTOK0 KPUBOLIMITHO-IIATYHHOTO
MeXaHi3My, TaK 0 (aKTHIHE MepeMillieHHs 00’ €KTa MOXKHA PO3paxyBaTH 3a PaAiycoM i JOBXKUHOIO IUIeYa KPH-
BOILINIIA, T1€Pi0JOM 06EepTaHHS KPUBOLINIA Ta KyTOM [OBOPOTY KPUBOLINIIA Y OYaTKOBUH MOMEHT 4acy. Omuca-
Hi B 1Iill pOOOTi EKCIIEPUMEHTH MiATBEPIIIN NPALE3AaTHICTh BUILIEBKA3aHOTO IBO30HI0OBOIO METO/a BUMipIOBaH-
HS TIEPEMIILCHHS, THM CaMHUM ITiATBEPAUBILH, 11O JUIs BUMIPIOBaHHS NEPEMIILICHHS [IPU HEBIIOMOMY Koe(ilieHTi
BiIOHMTTS JOCTATHBO ABOX 30HMIB. [Ipy TOBXHHI XBUII 30HIYIOYOTO ENEKTPOMATHITHOTO BUIPOMIHIOBAHHS 3 CM,
po3maci konmBanb 06’ekta 10 cM i 15 cM 1 yacToTi KoiMBaHb 00’ekTa O713bKO 2 I 11eii MeTOox H03BOJISE BH3HA-
YUTH MUTTEBE 3HAYCHHSI MIEPEMILICHHS 3 MAKCHMAJIbHOIO MOXUOKOI0 OJU3bKO 3 MM i CEpeaHbOI0 TIOXHOKOI0 O~
3pK0 | MM 0e3 Oyznp-skoi nmonepenHpo0i 00pOOKH JaHHX BUMIPIOBaHb, TAKOi K (iIbTpaNis, 3MIaKyBaHHS TOIIO.
VY nopiBHSHHI i3 3aralbHOMPUAHITAMA TPH30HIOBUMH BHMIPIOBAHHSMH 3MEHILICHHS KITBKOCTI 30H/IB J03BOJISIE
CIIPOCTHTH KOHCTPYKLIIO ¥ BUTOTOBJICHHS XBHJICBITHOI CEKIil, a TAKOX MOCIAOWTH IapasuTHHiT e(peKT mepesi-
6uTTiB Mk 30HAaMH. [IpocToTa amapaTHOI peatisalii MeTo/ia 103BOJISIE BUKOPUCTATH HOTrO mpu po3pobui 6opTo-
BHX JIaBayiB JUIsS BUMIPIOBAHHS MEPEMILICHHS 00 €KTiB KOCMIYHOTO CMITTS BiZIHOCHO KOCMIYHOrO amapara Jjist
BUJAJIEHHSA KOCMIYHOI'O CMITTS.

PaccmaTpuBaetcs 3aada 9KCIEPUMEHTAIBHOM MPOBEPKH HEJABHO MPETIOKEHHOTO ABYX30HIOBOIO METO/IA
M3MEPEHUS MIEPEMEIICHNS Ha OCHOBE CBEPXBBICOKOYACTOTHOI nHTEpdhepomerpun. Llenbio TaHHOW CTAaThU SBJISECT-
csl pa3paboTKa METOAMKH, MO3BOJIIIONICH MPOBECTH MPOBEPKY 3TOrO0 METOAA IYTEM CPABHEHHSI M3MEPEHHOH U
(akTHYECKOW BPEMEHHOM 3aBUCHMOCTH IEPEMEICHUS ABIKYILIETOCcs 00BbeKTa 0€3 HCIOJIb30BAaHHS CIIOKHOTO
obopynoBanus 11t poroperucTpanuu. JJaHHas 1enb JOCTUTaeTcst TEM, YTO OOBEKT MPUBOIMUTCS B JIBIXKCHHUE C
TTOMOIIBI0 KPHBOLIHUITHO-IIATYHHOTO MEXaHU3Ma, TaK 4TO (paKTHUECKOe MepeMelieHHe 00bEKTa MOXKHO PacCuu-
TaTe 10 PAAUyCy W [UTHHE TUIe4a KPHBOLIUIA, IEPUOAY BPALICHUS KPHUBOIIKUIA U YTy MOBOPOTA KPUBOLIKIA B
HavyaJbHBIH MOMEHT BpeMeHH. ONMCcaHHBIE B JaHHOH paboTe SKCIEePUMEHTHI MOATBEPAMIN PaboTOCIOCOOHOCTD
BBIIIEYKA3aHHOTO JBYX30HI0OBOrO METOa U3MEPEHHs IEPEMEIICHHUS], TeM CaMbIM MOATBEPMB, YTO ISl H3MEpe-
HUSL TIepEeMEIeHHs PY HEeN3BECTHOM KOd((HUIMEHTe OTpakeHHs TOCTATOYHO ABYX 30HNOB. [Ipy 1mmMHE BONHBI
30HIUPYIOIIErO AJIEKTPOMArHUTHOTO M3IIy4eHHUs 3 cM, pa3maxe kosiebanuit oobekra 10 cM u 15 cM u yactoTe
Konebanuit 06bexTa 0koso 2 ' 3TOT MeTo. O3BOJISIET ONPEAEINTH MTHOBEHHOE 3HAUCHHE ITEPEMEIICHUS 00BEK-
Ta C MAKCUMAJILHOM MOTPELIHOCTHIO OKOJIO 3 MM M CPEIHEH MOrPEeHIHOCTBIO OKOIO 1 MM 0e3 Kakoi-nmnbo mpeaBa-
PUTENEHOH 00pabOTKH JaHHBIX U3MEpPEHHH, Takol Kak (GuiIbTpamus, criaxnuBaHue U T. II. [To cpaBHeHHIO ¢ 00-
MIETIPUHSTBIMA ~ TPEX30HIOBHIMH H3MEPEHHSMH YMEHbBIIIEHHE KOJHYECTBA 30HOB IMO3BOJISET YIMPOCHTH KOH-
CTPYKLHIO M M3TOTOBJICHHE BOJHOBOIHON CEKIMH U OCIA0HUTH NMapa3sHTHBIN 3()(EKT ImepeoTpakeHHni MexX Iy 30H-
nami. [IpocToTa ammapaTHO# peanu3ali MeToa MO3BOJSIET UCTIOIB30BaTh €ro MpH pa3paboTke GOPTOBBIX [aT-
YHUKOB JUISI H3MEPEHHUsI NTepEeMEIeHUsI 00BbEeKTOB KOCMUYECKOI0 Mycopa OTHOCHTENIBHO KOCMUYECKOTO amIapara
IUTSL yIAIEHUs] KOMHIECKOTO Mycopa.

This paper addresses the problem of experimental verification of a recently proposed two-probe method for
displacement measurement based on microwave interferometry. The aim of this paper is to develop a technique
that would allow one to verify that method by comparing the measured displacement vs. time relationship of a
moving target with the actual one without recourse to complex photorecording equipment. This aim is achieved
by the target being put in motion using a crank mechanism so that the actual target displacement can be calculat-
ed from the crank radius and arm length, the crank rotation period, and the crank angle at the initial time. The
experiments described in this paper have verified the above-mentioned two-probe displacement measurement
method, thus confirming that the displacement can be determined from probe measurements at an unknown re-
flection coefficient using as few as two probes. At an operating wavelength of 3 cm, a target double amplitude of
10 cm and 15 cm, and a target vibration frequency of about 2 Hz, the method allows one to determine the instan-
taneous 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 filtering, smoothing, etc. In comparison with conventional three-
probe measurements, the reduction in the number of probes simplifies the design and manufacture of the measur-
ing waveguide section and alleviates the problem of interprobe interference. The simple hardware implementation
of the above-mentioned displacement measurement method allows one to use it in the development of motion
sensors to measure the displacement of space debris objects onboard a dedicated spacecraft for space debris re-
moval.
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Microwave interferometry is an ideal means for displacement measurement in
various engineering applications [1]. This is due to its ability to provide fast non-
contact measurements, applicability to dusty or smoky environments (as distinct
from laser Doppler sensors [2 — 4] or vision-based systems using digital image
processing techniques [5]), and simple hardware implementation. In microwave
interferometry, the displacement of the object under measurement (target) is ex-
tracted from the phase shift between the signal reflected from the target and the
reference signal. Recently, a two-probe displacement measurement method based
on microwave interferometry was proposed [6]. In that method, the quadrature sig-
nals needed for the determination of the phase shift are extracted from the outputs
of two probes placed in a waveguide section one eighth of the guided operating
wavelength 2 apart. In hardware implementation, the method is far simpler than

conventional techniques based on quadrature mixing [7, 8], which need special
hardware incorporating a power divider and a phase-detecting processor (an analog
[7] or a digital [8] quadrature mixer) and face the problem of minimization of the
nonlinear phase response of the quadrature mixer arising from its phase and ampli-
tude unbalances. A distinctive feature of the method proposed in [6] is the possi-
bility of displacement measurement at an unknown reflection coefficient with as
few as two probes, while since the classic text by Tischer [9] it has been universal-
ly believed that at least three probes are needed to determine or eliminate the un-
known reflection coefficient. Theoretically, the method gives the exact value of the
displacement for reflection coefficients (at the location of the probes) no greater

than ]/ J2 and in the general case determines it to a worst-case accuracy of about

4.4 % of the operating wavelength.

In [6], the method was verified by comparing the measured target double am-
plitude with the actual one. Clearly it is of much more interest to verify the method
by comparing the measured displacement vs. time relationship of a moving target
with the actual one. The aim of this paper is to develop a technique that would al-
low one to do this without recourse to complex photorecording equipment.

This aim may be achieved using a target put in motion by a crank mechanism
as shown in Fig. 1.
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As can be seen from Fig. 1, the displacement Ax of the target at time t relative
to its initial position at t =0 is

AX (t) = OA((r0)— OA[g,, ()] (1)

(2)

OA((Pcr) = \/Lir - Rgr Sin2 Per — Rcr COS @, '



2nt
Qcr (t) = Q¢+ ? (3)

where ¢¢ is the crank angle, ocro 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, Rer
is the crank radius, and T is the rotation period.

As can be seen from Egs. (1) to (3), the displacement is a periodical time
function with a period equal to T. The derivative of Ax with respect to the time is

dAx 2r| RZsing,, cos¢ : 2n OA-R_, sin¢
=R o a2 Pa e R sing, |= . (4

dt T {12 -RZsin’g, T L% -RZsin® ¢,

For convenience, define t' =t + ¢ ,T /2x. It follows from Eq. (4) that the de-
rivative becomes zero at t'=nT/2, n=0,+1,+2,..., and it changes its sign from
positive to negative and from negative to positive at t'=mT, m=0, +1,+2,..., and
at t'=(k+2/2)T, k=0,+1,+2,..., respectively. Because of this, the function Ax(t)
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.

It follows from the aforesaid that the initial phase @0 may be determined
from the measured dependence Ax(t) as follows

2nt,
T
where t; is the time at which the measured dependence Ax(t) shows its first maxi-

mum (the procedure of finding T and t; from the measured dependence Ax(t) is
illustrated in Fig. 2).

Pero=— (5)
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Fig. 2
In view of Eq. (5), the expression of (3) for . (t) becomes
2n(t -t,)
—
Given T and ty, the actual target displacement can be calculated from Egs. (1),
(2), and (6) and compared with the measured one.

Py (t) = (6)



However, T and t; can be determined from the measured time dependence of
the displacement only approximately. Because of this, the displacement
measurement error, i. . the difference of the measured displacement and the actual
one may be found by the following algorithm.

1. From the measured time dependence of the target displacement Ax(t),
estimate 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 Tap and tiap, respectively).

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

"~ Map — lap *

3. For each pair (T, t1), calculate the target displacement at each time point
from Egs. (1), (2), and (6).

4. For each time point, calculate the displacement measurement error AXer as
the difference of the measured displacement Ax(t) and the calculated displacement
AXc(1).

5. Find the maximum value |AXerlmax Of the displacement error magnitude for
the given pair (T, t1).

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

7. For T=Tax and 11 = tiaer, calculate the target displacement at each time
point from Egs. (1), (2), and (6).

8. Run Step 4 to find the actual displacement measurement error Axer.

To verify the method proposed in [6] by the above algorithm, the displacement
of a target (a brass disc or a brass square) put into a reciprocal motion by an
electrically driven crank mechanism was measured. The target vibration frequency
was controlled by the voltage across the driving motor. The target vibration
amplitude was controlled by varying the crank radius.

The measuring setup comprised a microwave oscillator, a circulator with a
dummy load, a waveguide section with two probes installed therein and two
semiconductor 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
personal computer. A schematic of the setup is shown in Fig.3. The
electromagnetic wave generated by the oscillator passes through the circulator,
enters the waveguide section, is emitted by the horn antenna, reaches the target,
and reflects therefrom. The reflected wave passes through the horn antenna, enters
the waveguide section, and is directed by the circulator to the dummy load. The
electromagnetic wave generated by the microwave oscillator and the wave
reflected from the target interfere in the waveguide section to form a standing
wave, whose amplitude is measured with the electrical probes and the
semiconductor detectors connected thereto. The amplifiers amplify the detector
currents, and the amplified currents arrive at the analog-to-digital convertor, which
converts them into digital signals. From the digital signals, the personal computer
determinates the relative displacement of the target by the method proposed in [6].
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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 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 [6] and the actual target displacement Axac: found by the algorithm de-
scribed 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.
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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
difference of the measured displacement Ax and the actual displacement AXac
versus the time and the apparent reflection coefficient ra, versus the target
displacement Ax, from the position closest to the antenna for Experiments 1, 2, and
3, respectively. The apparent reflection coefficient rap is defined as the smaller
positive root of the biquadratic equation that relates the actual reflection
coefficient of the target rac to the currents of the semiconductor detectors [6]. As
shown in [6], rap coincides with ry if the latter is no greater than ]/\/Ezo,707;

otherwise, rap may not be equal to rac. If rap # rac, the displacement is determined
with an error, which, however, does not exceed 4.4 % of the free-space operating
wavelength.
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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
1.0 mm in Experiment 2, and 3.3 mm and 1.1 mm in Experiment 3. In Experiments
1 and 2, the apparent reflection coefficient varied between 0.04 and 0.066 and be-

tween 0.12 and 0.58, respectively, i. e. it was less than J/\/E ~0.707. Because of

this, in those experiments the smaller positive root of the biquadratic equation 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 an-
tenna, noise, etc. In Experiment 3, the apparent reflection coefficient varied be-
tween 0.2 and 0.76, i. e. at some of the measurement points the smaller positive
root of the biquadratic equation 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 proposed in [6] performs well for a minimum antenna—target
distance of 5 cm too, while the standing-wave radar proposed in [10] fails to oper-
ate at distances less than 14 cm due to positional interference between the target
and the antenna.

So the experiments described in this paper have verified the two-probe dis-
placement measurement method proposed in [6], thus confirming that the dis-
placement can be determined from probe measurements at an unknown reflection
coefficient using as few as two probes. In comparison with conventional three-
probe measurements [11], the reduction in the number of probes simplifies the de-
sign and manufacture of the measuring waveguide section and alleviates the prob-
lem of interprobe interference. The simple hardware implementation of the above-
mentioned displacement measurement method allows one to use it in the devel-
opment of motion sensors to measure the displacement of space debris objects
onboard a dedicated spacecraft for space debris removal [12].
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