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PosrnsagaeTbes 3afada ekcnepyMeHTa bHOT NepeBipKy HeLLOAaBHO 3anponoHOBaHOM0 [JBO30HA0BOr0 MeTO-
[ia BUMIpIOBaHHS MepeMmilLieHHs Ha OCHOBI HafBVCOKOYaCcTOTHOI iHTepthepomeTpii. MeToto Liei poboTn € po3pob-
Ka MeToAVKW, L0 [03BOMSAE MPOBECTW MEPeBipKYy LibOro MeToAa LUMSXOM MOPIBHAHHA BUMIPAHOI 1 (hakTUYHOI
4aCcoBOI 3a/1XXHOCTI NepeMilLieHHs 06’€KTa, L0 pyxaeTbesl, 63 BUKOPUCTaHHS CKMafHOro 06nafHaHHa ans oTo-
peecTpau,ii. Lis MeTa focaraeTbCs TUM, LLO 06’€KT MPUBOAWTLCA A0 PYXY 3a JOMOMOrOK KPUBOLLMMHO-LIATYHHOIO
MexaHi3My, TaK Lo (hakTUYHe nepeMmillieHHs 06°€KTa MOXHa po3paxyBaTh 3a pagdiycoM i OBXWHOK nneya Kpu-
BOLLMNA, NepiogoM 0bepTaHHs KPMBOLLIMMNA Ta KyTOM NOBOPOTY KPMBOLLMMA Y MOYaTKOBUA MOMEHT Yacy. Onuca-
Hi B LIl po6OTi eKcrepnMeHTV NiATBEPAUAN NpaLe3AaTHICTb BULLEBKA3aHOMo ABO30HA0BOr0 METOAa BUMIpPHOBaH-
HA NepeMilLieHHs, TUM caMyUM NiATBEPAMBLLN, L0 419 BUMIPIOBAHHSA NePeMiLLeHHs MpPu HeBiZOMOMY KOe(iLieHTi
BifOWTTA [OCTaTHBO ABOX 30HAIB. [MpW [OBXWHI XBUAI 30HAYIOHOrO €eKTPOMArHiTHOro BUNPOMiHIOBaHHS 3 CM,
po3maci KonmBaHb 06’ekTa 10 cm i 15 cm i yacToTi KonmBaHb 06°ekTa 6/1M3bKO 2 Il Liei MeTof [03BONSE BU3HA-
YUTU MUTTEBE 3HAYEHHS MEPEMILLEHHS 3 MAKCUMa/IbHOKO MOXMOKOK 6/13bKO 3 MM i cepeaHbOK MOXMOKO 6/1mn-
3bko 1 MM 6e3 6yab-gKoi nonepeHbLOT 06POOKK AaHMX BUMIpHOBaHb, TaKoi SK (inbTpallisi, 3rnagpKyBaHHs TOLLO.
Y NOpiBHAHHI i3 3aranbHOMPUAHATUMU TPU3OHLOBUMU BUMIPIOBAHHAMM 3MEHLLEHHS KiflbKOCTI 30HAIB [03BONSE
CMPOCTUTK KOHCTPYKLitO 1 BUrOTOBNEHHS XBMEBIAHOT CeKLiT, @ TakoX MocnabuTy NapasuTHUI edheKT nepe.ij-
6MTTIB MiX 30HAamK. [MpocToTa anapaTHOI peaniayii MeToga A03BO/SE BUKOPUCTATM i0ro npy pospobui 6opTo-
BMX fAaBadiB [/11 BUMIpIOBaHHS MepeMillieHHs 06’€KTiB KOCMIYHOrO CMITTS BiJHOCHO KOCMiYHOrO anapata Ans
BUAAIEHHA KOCMIYHOTO CMITTA.

PaccmaTpumBaeTcs 3afava aKCnepyMeHTaIbHOM NPOBEPKY HeJaBHO NPeANOXKEHHOr0 BYX30HA0BOr0 MeToAa
M3MEpEHNS NepPEMELLIEHNS Ha OCHOBE CBEPXBbICOKOUACTOTHOM MHTepdhepoMeTpum. Lienbio faHHOM cTaTbm ABNSET-
€A pa3paboTka METOAMKM, MO3BOASAIOLLENA MPOBECTU MPOBEPKY 3TOM0 METOAAa MyTeM CPaBHEHWS U3MEPEHHON 1
(haKTWNUecKoii BPEMEHHOI 3aBMCMMOCTY MEPEMELLEHNS [BUDKYLLErocs 06bekTa 6e3 MCMonb30BaHUs CNOXHOIO
o6opyaoBaHus 4n1a hoToperncTpaummn. JaHHas Lenb JOCTUraeTcs Tem, YTO 0OBEKT MPUBOAWTCA B [BVDKEHME C
MOMOLLbH KPUBOLLMIMHO-LIATYHHOTO MEXaHU3Ma, Tak YTO (hakTU4YeckKoe repemeLlieHne 06beKkTa MOXHO paccuu-
TaTb MO paguycy W AAvHe nneva KpUBOLLMNA, Nepuody BpalleHVs KpMBOLIMMA W YTy NOBOPOTa KpMBOLIMMA B
Haya/lbHbIA MOMEHT BpemMeHU. OnucaHHble B JaHHOW paboTe 3KCMepUMEHTbI MOATBEPANN paboTOCNOCO6GHOCTL
BbILLEYKA3aHHOI0 [BYX30HA0BOr0 MeTofa U3MepPeHNs NepeMeLLeHns, TeM caMbiM NOATBEPAMB, UTO 4Ns U3Mepe-
HWS NepeMeLLEHNS MPU HEU3BECTHOM KO3((MLIMEHTE OTPaXEHNS! AOCTATOMHO ABYX 30HAOB. [MpW AnMHE BOMHbI
30HAVPYIOLLErO 3MEKTPOMArHUTHOIO M3MyYeHns 3 cM, pa3maxe KonebaHwii obbekta 10 cm 1 15 cm u yacToTe
Kone6aHuii 06beKTa 0Koso 2 'Ly, 3TOT MeTOZ NO3BONSET ONPeAeNUTL MTHOBEHHOE 3Ha4YeHUE NepeMeLLEHNS 06bEK-
Ta C MaKCVMasibHOW MOrpeLIHOCTbIO OKONO 3 MM 1 CPeAHen NOrpeLLHOCTbi0 0KoMo 1 MM 6e3 Kakoii-nnbo npeaga-
puTenbHO 06paboTKN faHHbIX U3MEPEHWIA, TaKoi Kak (unbTpaums, CriaxusaHue u T. n. Mo cpaBHeHWO ¢ 06-
LENPUHATLIMA  TPEX30HAOBLIMW M3MEPEHUAMMW YMEHbLLEHWE KONMMYEeCTBA 30HAOB MO3BOMSET YNPOCUTb KOHCT-
PYKLMIO 1 U3rOTOBNEHME BOHOBOAHOM CEKLMM U 0CMabnTb NapasvTHbIN 3(heKT NepeoTpaKeHuidi Mexay 30Haa-
mu. MpocToTa annapaTHoOl peann3auum MeTofa No3BONSET UCMO/b30BaTb ero Npu paspaboTke 6OPTOBbLIX faTuM-
KOB [/11 N3MEePeHns nepemeLLieHnst 06BbEKTOB KOCMUYECKOrO Mycopa OTHOCMTE/IbHO KOCMUYECKOr0 arnaparta A/
yAaneHys KOMUYeCKoro 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 calcu-
lated 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 univer-
sally believed that at least three probes are needed to determine or eliminate the
unknown reflection coefficient. Theoretically, the method gives the exact value of
the displacement for reflection coefficients (at the location of the probes) no

greater than ]/ V2 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(0cr0)~ OAlpe, (¢)] (1)
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where @ is the crank angle, @ 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. (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
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For convenience, define t'=t +¢,,T/2n . 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+1/2)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 pe-
riod 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 j ..o 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).
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Fig. 2
In view of Eq. (5), the expression of (3) for @ (t) becomes

0, (=28, ©

Given T and ty, the actual target displacement can be calculated from Egs. (1),
(2), and (6) and compared with the measured one.



However, T and t; can be determined from the measured time dependence of
the displacement only approximately. Because of this, the displacement measure-
ment error, i. e. 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), 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 T,, and ty4,, respectively).

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

*~ Hap lap *

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

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

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

6. Find the pair (T, t;) such that |AXer|max IS @ minimum and take these values
of T and t; as the actual values T,y and t;.¢ Of the crank rotation period T and the
time t;.

7. For T=Tyy and 1ty = tya, 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 AXe.

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 ampli-
tude 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 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. 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 elec-
tromagnetic 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 Ax, 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 Ex-
periment 1, 1.1 mm in Experiment 2, and 0.2 mm in Experiment 3.

Figs. 7 to 9 show the displacement measurement error Axe, equal to the differ-
ence of the measured displacement Ax and the actual displacement Ax, versus the
time and the apparent reflection coefficient ry, versus the target displacement Ax,
from the position closest to the antenna for Experiments 1, 2, and 3, respectively.
The apparent reflection coefficient ry, is defined as the smaller positive root of the
biquadratic equation that relates the actual reflection coefficient of the target ry to
the currents of the semiconductor detectors [6]. As shown in [6], ra, coincides with
I If the latter is no greater than 1/\/§z 0,707; otherwise, ry, may not be equal to

Fact. If rap # Tat, 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 ]/\/Ezo.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 on-
board a dedicated spacecraft for space debris removal [12].
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