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30H0BI BYMIpIOBaHHS NePeMiLLeHHs MexaHiYHWX 06’€KTIB € BeNbMU NpVMBab/MBMMU 3 TOUKM 30pYy MpOC-
TOTW anapaTHOT peanisauii. Ha Leii Yac 3aranbHOBXVBaHOID MiXX30HAOBOI BiACTaHHIO € OfjHa BiCbMa [JOBXWHU
XBUNI €eKTPOMarHiTHOro BMMNPOMiHIOBaHHS Yy XBuneBogi. MNpakTuuHa peanisais Liei MiXX30HA0BOI BigcTaHi 3
BWCOKWUM CTyMeHeM TOYHOCTi MOXe GYTU CKNafHOoM 3afauyeto, 0cob6/MBO B MiNiMETPOBOMY [ianasoHi AOBXWH
XBUnb. OfHaK y niTepaTypi TakoX BigOMi METOAM, L0 BUKOPUCTOBYIOTb [OBI/IbHY MDK30HAOBY BifCcTaHb. ToMy
3afja4y MOXKHa 3BECTU [0 BM3HAYeHHA (PaKTWYHOT MiX30HAOBOI BifCTaHi. Y Wi CTaTTi NPOMOHYETLCA NPOCTUIA
METOZ, BU3HAYeHHS (haKTWYHOI MiDK30HAOBOI BiACTaHi 3a JOMOMOrOK efleKTPUYHUX BUMIPIOBaHb 3 BUKOPUCTAH-
HIM KOPOTKO3aMUKaNbHOro TOMNOKa. Y LibOMY METOAi MiXK30HAOBa BificTaHb 3HaX0AWTLCA 3i CTPYMIB HaniBmpo-
BiJHUKOBMX [ETEKTOPIB, 3’€4HaHMX i3 30HAamMW. CnoyaTKy KOpPOTKO3aMUKaibHUIA TOMOK YCTAHOBMIOETHCA Tak,
06 CTPYM 30HAA, AaNbLUOro BifJ TOMOKA (#asbHLOr0 30HAA) AOCAraB MaKCUMyMy, i BUMIPIOETLCA CTPYM 30HAa,
67mK40ro Ao Tonoka (6MKHBOro 30HAR). MoTiM KOPOTKO3aMMKalbHWIA TOMOK BIABOAUTLCA Aani Bif 30HAIB, AOKM
CTPYM Ja/ibHbOr0 30H/Aa He CTaHe PiBHUM MiBCYMi Or0 MakCUMabHOTO i MiHIManbHOrO 3HaueHb, i 3HOBY BUMI-
PHOETLCA CTPYM G/IMKHBOTO 30HAA. 3 LUX BUMIPIOBaHb 3HAXOAATbCS TPUFOHOMETPUYHI (YHKLIT, 4O apryMeHTy
AKUX BXOAWTb BifHOLLEHHA MDX30HAO0BOI BifCTaHi [0 JOBXWHW XBWU/I €NeKTPOMarHiTHOro BUMPOMIHIOBaHHA Y
XBUNeBogi. MiXX30HAOBY BiACTaHb MOXHA OfHO3HAYHO BU3HAYNTM 3 LUX TPUFOHOMETPUYHMX PYHKLili 32 YMOBY,
LLI0 TOYHICTb YCTAHOBKM MDX30HA0BOT BiICTaHi He BUXOAWTb 3a MeXi OAHIEl YeTBEpTOl JOBXKUHU XBUI €NeKTPO-
MarHiTHOrO BUNPOMIHIOBaHHSA Y XBWIEBOAI, LLO 3BMYaliHO Mae Micle Ha npakTuui. MeTod moxe 6yTu Bukopuc-
TaHUM NPV BUrOTOB/IEHHI MiKPOXBW/IbOBUX AAaTUMKIB NepeMilLeHHS.

KntoyoBi cfioBa: KOMNAEKCHWIA KoeqiLieHT Bi6WTTH, NepeMiLLieHHs, eNeKTPUYHUI 30H4, MiKPOXBUIbOBA
iHTepdepomMeTpis, HaNiBNPOBIAHNKOBUIA e TEKTOP.

Probe measurements of the displacement of mechanical objects by microwave interferometry are highly at-
tractive in terms of hardware implementation simplicity. At present, the commonly used interprobe distance is one
eighth of the guided operating wavelength. Implementing this interprobe distance with a high degree of accuracy
may be a challenge, especially in the millimeter-wave band. However, probe methods that use an arbitrary inter-
probe distance are reported in the literature too. Because of this, the problem may be reduced to determining the
actual interprobe distance. This paper presents a simple method for the determination of the actual interprobe
distance by electrical measurements with the use of a short-circuiting piston. In this method, the interprobe dis-
tance is extracted from the currents of the semiconductor detectors connected to the probes. First, the short-
circuiting piston is positioned so that the current of the probe that is farther from piston (the far probe) is a maxi-
mum, and the current of the probe that is closer to the piston (the near probe) is measured. Then the short-
circuiting piston is moved away from the probes until the current of the far probe becomes equal to the half-sum
of its maximum and minimum values, and the current of the near probe is measured again. From these measure-
ments, trigonometric functions whose argument includes the ratio of the interprobe distance to the guided operat-
ing wavelength are found. The interprobe distance can be determined unambiguously from these trigonometric
functions provided that the interprobe distance accuracy is within one fourth of the guided operating wavelength,
which is usually met in actual practice. The method may be used in the manufacturing of microwave displacement
Sensors.

Keywords: complex reflection coefficient, displacement, electrical probe, interprobe distance, microwave
interferometry, semiconductor detector.

Microwave measurements are widely used in the determination of various pa-
rameters such as distance, displacement, speed, dielectric permittivity, etc. In par-
ticular, microwave interferometry is an ideal means in terms of the development of
motion sensors [1]. This is due to its ability to provide fast noncontact measure-
ments and its applicability to dusty or smoky environments (as distinct from laser
Doppler sensors [2-4] or vision-based systems using digital image processing
techniques [5]). An important advantage over radar methods (both traditional pulse
ones and recently developed continuous-wave step-frequency ones [6, 7]) is its
simple hardware 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 complex reflection coefficient. In terms of hardware implementation simplici-

© 0. V. Pylypenko, A. V. Doronin, N. B. Gorev, |. F. Kodzhespirova, 2021
TexH. MexaHika. — 2021. — Ne 1. 77



ty, probe methods are highly attractive [8, 9]. This is due to the fact that in probe
methods the phase of the complex reflection coefficient can be extracted from the
currents of the semiconductor detectors connected to probes placed in a waveguide
section without recourse to special hardware, such as a power divider and a phase-
detecting processor [10, 11], a phase-shift modulator and a balanced mixer [12], etc.

At present, the commonly used interprobe distance is one eighth of the guided
operating wavelength Aq. Providing this interprobe distance with a high degree of
accuracy may be a challenge, especially in the millimeter-wave band. However,
expressions that relate the phase of the complex reflection coefficient to the detec-
tor currents in the case of an arbitrary interprobe distance in the neighborhood of
Ag/8 are reported in the literature too [13, 14]. Because of this, the problem may
be reduced to determining the actual interprobe distance. This paper presents a
simple method for the determination of the actual interprobe distance by electrical
measurements.

Consider two probes 1 and 2 connected to square-law semiconductor detectors.
The probes are placed distance | apart in a waveguide section between a microwave
oscillator and a short-circuiting piston, probe 2 being closer to the piston (Fig. 1).

ProbeDetector 1 ProbeDetector 2

g J 5
Cirulator w w
with a dummy ]
load Short-circuiting
N, :
Microwave B
oscillator )
Waveguide
section
]
Fig. 1

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)

47l
J2:1+R2+2RCOS[W—TJ. 2)
9
The phase  is related to the distance x between the probe 1 and the short-

circuiting piston as

4nx
y="—-+0
Mg

where ¢ is the phase shift caused by the reflection.
Let it be desired to find the interprobe distance | from the detector currents J,
and J,. The reflection coefficient magnitude R appearing in the expressions for

the detector currents can be determined from Eq. (1) as follows. The maximum and
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minimum values of the current J, are attained at cosy =1 and cosy =-1, re-
spectively. They are

Iy =1+RZ+2R=(1+R)?,
2 2
Jymin =1+R?—2R=(1-R)".
Dividing J, .. by J, .., Yields
1-R — Jlmin
1+R Jimax
whence

Rzl_\/Jlmin/‘]lmax . (3)
1_\/ ‘]lmin/‘]lmax
|

For cos(\y . appearing in Eq. (2), we have
9

cos| y —4—71:'} = coswcos4—n|+sin \|fsin4—7EI
kg kg kg

Hence, Eq. (2) takes the form

J,=1+R? +2R{coswcos4—nl+sin \|/sin4—7CI .
0 9

Let x be a position of the short-circuiting piston at which J, =J

max1 1max *
Then
CoOSY (X 0g) =1,
siny(x_..,)=0.
Because of this,
3,y (Xyag) =1+ R% + 2Rcos M
A
g
whence we get
J(x...)—1-R?
COS4—TCI= 2( maxl) ) (4)

g 2R

Let x,, be the first new position of the short-circuiting piston farther from the
probes at which cosy =0. From Eqg. (1) it follows that this point can be deter-

mined as the first point on the right of x__ , at which

J,(Xgy) =1+ RZ.
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As the short-circuiting piston moves to the right from x__ .,
while siny increases. Because of this, at X =Xx,, siny =1, and thus

J,(Xop) =1+ R2+2Rsini—n|

g

cosy decreases,

whence we get

2
Sin4—n|= J,(Xe)—1-R .

(®)
. 2R
From Egs. (4) and (5) it follows:
4—nls\|/| =¢p+2nn, n=0,£1+2, .., (6)
A
g
where the wrapped phase ¢ is
siny, i
arctan , Siny, 2 0, cosy, = 0,
cosy,
siny,
¢ =-arctan +m, cosy, <0, @)
cosy,
Sin\yI .
arctan + 27, siny, < 0, cosy, = 0.
cosy,

Let lo be the setting value of the interprobe distance and Al be the setting accu-
racy. Then
lp—Al<I<I;+Al,

and thus
4n(l, — Al 4n(l, + Al
MS({)+2T{HSM. (8)
Mg g
From Eq. (8) it follows that the integer n satisfies the condition
2(1, — Al 2(1, + Al
minEM_ignSM_iEam ) 9)
g 2n Ay 2n &

The integer n is determined from Eqg. (9) unambiguously if the following con-
dition is met

_a

Anax ~ Amin = A <l

g

Thus, for the integer n to be determined unambiguously from the detector cur-
rents, the interprobe distance setting accuracy must not exceed a quarter of the
guided operating wavelength. This condition is usually satisfied because the
commonly used interprobe distance is one eighth of the guided wavelength.

Given the integer n, the refined interprove distance |is found from Eq. (6) as

| :k—g((p+2nn). (10)
4
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Hence the interprobe distance | may be found by the following algorithm.

1. Moving the short-circuiting piston, determine the minimum detector current
Jimin and the maximum detector current Jimax.

2. Find the reflection coefficient magnitude R by Eq. (3).

3. Position the short-circuiting piston so that the current J; is a maximum and
measure the current J,.

4. Find cos4rcl/kg from Eq. (4).

5. Move the short-circuiting piston away from the probes until the current J; be-
comes equal to 1+ R?, or to half-sum of Jimin and Jimex, and measure the current Js.

6. Find sin4xl/2 , from Eq. (5).

7. Find the wrapped phase ¢ from Eq. (7).

8. Find the integer n such that the condition of (9) is satisfied.

9. Find the interprobe distance from Eqg. (10).

If displacement measurements are to be conducted at the same wavelength at
which the interprobe distance is determined, Steps 7 to 9 may be omitted because
the interprobe distance appears in the expressions for the complex reflection coef-
ficient as sin 47'C|/7\.g and cos4rcl/kg )

Fig. 2 shows the detector currents J; and Jz versus the ratio x/xg calculated at
I/kg =0.1, R=0.95, and ¢ =m. The currents were calculated with the addition of

a noise component:
J1:(1+ R2+2Rcosw)(1+ Ar), (11)

9

J, =[1+ R2+2Rcos[\p—i—7ﬂﬂ(l+ Anr) (12)

where A is the noise amplitude, and r is a random variable uniformly distributed
between —1 and 1. The noise amplitude was put equal to 0.01.
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The ratio I/}bg found from the data in Fig. 2 is 0.1008, which is in close
agreement with its actual value (0.1).

Calculations were conducted to estimate the effect of the interprobe distance
accuracy on the accuracy of displacement determination by the two-probe tech-
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nique reported in [15]. In the calculations, use was made of the actual reflection
coefficient magnitude measured in an experiment [16]. In the experiment, the dis-
placement of a brass disc of diameter 126 mm put into motion by a crank mecha-
nism was measured at a free-space operating wavelength of 3 cm, the disc double
amplitude was 10 c¢cm, the minimum distance to the antenna was 15 cm, and the
interprobe distance was A¢/8. Fig. 3 shows this reflection coefficient magnitude as
a function of the disc displacement Ax from the position closest to the antenna.
The oscillations observed in the figure are due to multiple reflections between the
antenna and the target.
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The time dependence of the target displacement was simulated as
Ax = Asin[@ —Bj +A
T 2

where t is the time and A and T are the target oscillation amplitude and the target
oscillation period, which were put equal to 5 cm and 0.5 sec, respectively.

The detector currents were simulated by Egs. (11) and (12) with a noise am-
plitude A, equal to 0.05. The free-space operating wavelength was put equal to
3 cm. The setting value of the interprobe distance was xg /8, its actual value was

kg /10 , and its refined value was 0.10087\.9 .
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Fig. 4 shows the displacement error ¢ in the case where the displacement is
determined using the setting value of the interprobe distance (kg/8) and its re-

fined value (0.10087Lg ), while its actual value is xg/1o . As can be seen from the

figure, the use of the refined value of the interprobe distance offers a significant
reduction in the displacement error.

The proposed method may be used in the manufacturing of microwave dis-
placement sensors.
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