UDC 621.002.56 https://doi.org/10.15407/itm2019.03.088

O. V. PYLYPENKO, A. V. DORONIN, N. B. GOREV,
I. F. KODZHESPIROVA

TWO-PROBE MEASUREMENTS OF THE DISPLACEMENT OF AN OBJECT
WITH ACCOUNT FOR THE ANTENNA REFLECTION COEFFICIENT

Institute of Technical Mechanics
of the National Academy of Sciences of Ukraine and the State Space Agency of Ukraine,
15 Leshko-Popel St., Dnipro 49005, Ukraine; e-mail: ifk56 @ukr.net

V miit cTaTTi po3mIsmacThes MpoblieMa BUMIPIOBaHHS INEPEMIIIEHHS 33 JOIOMOTOI0 HaJBHCOKOYACTOTHOT
iHTephepoMeTpii MpH HEeBiAOMOMY KOedilieHTi BiIOyTTs 00’€KTa y BHOAJIKY, KOIU Lel KoedilieHT BiTOUTTS €
MOPIBHSHUM 3 KOe(]illi€eHTOM BiJOWTTS aHTEHH. MeTa 1i€i cTaTTi mojsrae B TOMy, 00 3alpONOHYBAaTH JIBO30H-
JIOBHI METOJ BHMIPIOBAHHS MEPEMIICHHs, IO BpaxoBye KoedilieHT BimOWTTS anteHH. Lls mera mocsraerbcst
BUKOPUCTAHHAM BHpAa3iB U KBaJpaTypHUX CHIHAIIB i PiBHAHHS BiJHOCHO HEBiZOMOTo MOAmyis KoedilieHTa
BIIOUTTs1 00’€KTa, 3aMHCAHUX Ui BHOAJKY BIAMIHHOrO Bix Hyis koediuieHTa BinOuTTs aHTenu. Hesimomuit
MOAyNb KoedilieHTa BiIOUTTS 00’ €KTa NPUHHATO PiBHUM MEHIIOMY JHOJATHOMY KOPEHIO IIbOTO PiBHSAHHS. SIKIIO
Moayib KoedirieHTa BifOUTTS 00’ €KTa MEHIUUH Bil JEAKOI KPUTUYHOI BEIHYHHY, IO 3AJISKUTD Bix KoedilieHTa
BIIOHUTTSl aHTEHH, TO TCOPETHYHO MEPEMIIIEHHS BU3HAYAETHCS TOYHO; Y NMPOTHISKHOMY BHIAJKYy ITOXHOKa BH-
3HAYCHHS MIEPEMILICHHS HE MEePEBHILYE ICKITbKOX BiJCOTKIB BiJ JOBXXHHU XBHJII 30HAYIOUOTrO €IEKTPOMArHITHO-
IO BUIIPOMIHIOBaHHS y BUIBHOMY ITpocTopi. Y 3anexHocTi BiJ (a3u koedimieHTa BiTOUTTS aHTEHN TOXHOKa MOXeE
Oyt GinbuIO0 a00 MEHIIOI, HiX Y BiICYTHOCTI BIZOWTTS BiJ aHTEHH, KOJM MAKCHMAJIbHO MOXJIHBA MOXHOKA
cknafae O6mu3pko 4,4 % Bixm DOBXKHMHHM XBHJIL 30HIYIOUOTO €JIEKTPOMArHITHOTO BUIIPOMIHIOBaHHS y BLIBHOMY
npocropi. [l nepeBipky 3anpornoHOBaHOTO METOy OyJIO MPOBELCHO MOJECIIOBAHHS BU3HAYCHHS IEpPEMilllCHHS
00’eKTa, 1o 3xiiicHIOE TapMOHIUHI KonuBaHHS. [Ipu bOMY BIIXWJICHHS CTPYMIB AETEKTOPIB Bi IXHIX TeopeTnd-
HHMX 3HAYCHb MOJEIIOBAJIOCS BUIAJKOBUM CTPYMOBHM IIyMOM. Pe3yJbTaTH MOJETIOBAHHS MOKa3ylOTh, IO He-
ypaxyBaHHs Koe(illieHTa BiIOUTTS aHTEHU Y BUIIAJIKY, KOJIM BiH € MOPIBHAHUM 3 KOe(illieHTOM BiJOUTTS 00’ €KTa,
MOJKE TIPU3BECTH 10 MOSBU 3HAYHOI OXHOKH. 3apOnOHOBAHHUN y Liif CTATTI JBO30HAOBUIT METOA BUMipPIOBAHHS
NepeMilleHHs] MO)Ke OyTH BUKOPHCTAaHUM IIPH PO3pOOIi MiKPOXBHIEOBUX JATYHKIB IIEPEMiICHHS.

Knrouosi cnosa: xomniexcnui xoegiyicnm i00ummsi, nepemiyens, eleKmpuiHull 30H0, MiKpOXGUIbO8A
iHmepgepomempis, HaAniENPOBIOHUKOBUL OeMeKMOp, X8UNbOBIOHA CEKYIs.

B naHHOIl cTaThe paccMaTpPUBAETCA NPOOIEMa H3MEPEHHs TIePEMEIEHHS C IIOMOIIBIO CBEPXBBICOKOYACTOT-
HOW MHTEp(EpOMETPHH TIPH HEN3BECTHOM KO3 (HIMEHTE OTpaXKeHNs 00BEKTa B CiTydae, KOrjaa 3ToT Kodduun-
€HT OTPa)KEHHs CPAaBHUM C KOI(DGUIHEHTOM OTpa)KeHHs aHTeHHbI. llenb JaHHOW CTAaTBM 3aKIIOYAETCS B TOM,
4TOOBI PEIOKHUT JIBYX30HOBBII METO/l N3MEPEHNUS TIEPEMENIEHNs, YIUTHIBAIOIINK KOdQPUINEHT OTpaxkeHus
aHTEHHBI. OTa 11eJb JOCTUTACTCs UCTIONb30BAHUEM BBIPAXKEHMIT ISl KBaJpaTypHbIX CHTHAJIOB M yPaBHEHMs OTHO-
CHTENBHO HEM3BECTHOTO MOJYJs KO3(p(HIMEHTa OTpakeHHs] 00BEeKTa, 3alMCaHHBIX Ul Cllydas OTIMYHOTO OT
Hys1s1 KoddduImenTa oTpaxkeHus: aHTeHHbl. HensBecTHbIH Momynb KOd(pGdHUIHEHTa OTpaKeHHsT 00BEKTa MPUHST
PaBHBIM MEHBIIEMY TTOJIOXKUTENFHOMY KOPHIO 3TOTr0 ypaBHeHus. Eciu Monyie xos¢durmenTa otpaxkeHus o0bek-
Ta MEHbIIEe HEKOTOPOH KPHTHYECKOH BEIMYHMHBI, 3aBUCALICH OT KO3((OUIHEHTa OTPaXKeHUsI aHTEHHBI, TO Teope-
THYECKH TIepeMeIieHe 00bEKTa ONpeJIeNsIeTCsl TOUHO; B MPOTUBHOM CITydae ONIMOKa ONpeIeIeH s TTepeMelIeH s
HE TPEeBBINIACT HECKOJIbKHX IPOILEHTOB OT JUIMHBI BOJHBI 30HAHPYIOIIEr0 3EKTPOMArHUTHOTO H3JIyYEHHs B CBO-
6o1HOM TpocTpaHcTBE. B 3aBmcmmocTH oT a3kl kKo3pdHIMeHTa OTpaXKeHHs aHTEHHBI ONIMOKa MOXET OBITh
GoIblle WM MEHbIIE, YeM B CIydae OTCYTCTBHS OTPAXKEHHS OT aHTEHHBI, KOI1a MAaKCHMaJIbHO BO3MOXHAs OMIHO-
Ka cocTaBisieT okoyo 4,4 % OT JUIMHBI BOJHBI 30HMPYIONIETO 3JIEKTPOMATHUTHOTO M3IydEHHs B CBOOOIHOM
npocTpaHcTBe. JIIs MPOBEpKH MPEI0KEeHHOr0 MeTo/ia ObLIO IPOBEACHO MOJEINPOBAHHE ONPEIENEHNs] OTHOCH-
TEITBFHOTO TEpEeMEIeHNs] 00BEKTa, COBEPINAIONIETO TrapMOHHYEcKHe KoiebaHus. [Ipo 3TOM OTKIOHEHHS TOKOB
JIETEKTOPOB OT HX TEOPETUYECKHX 3HAUCHUH MOIEIMPOBAIUCH CIIyYaiHBIM TOKOBBIM LIyMOM. Pe3ynbTaThl Mose-
JIMPOBAHHS ITOKA3bIBAIOT, YTO HEydeT Kod(UIMeHTa OTpaXKeHHs aHTEHHEI B ClTydae, KOTla OH CPaBHHUM € KO3 (-
(UIHEHTOM OTpaXkeHUsI 0OBEKTa, MOXKET IPHBECTH K MOSABICHHIO 3HAYUTENbHOH OmHOKH. IIpennoxeHHbIH B
JIAHHO# CTaThe JBYX30HJOBBII METOJ] N3MEPEHNUsI TIEPEMEIEHNS] MOJKET OBITh MCIIONB30BaH MPH pa3pabOTKe MHK-
POBOJIHOBBIX JATYHKOB II€PEMEILCHHUS.

Knioueguvie cnosa: xomniexcnoiii kospduyuenm ompadcenus, nepemeuyenue, 2NeKMpUecKuil 30H0, MUK-
POBONIHO8AS uHmMeEpPepOoMempisl, NOIYNPOBOOHUKOBbIL 0eMeKMOp, B0IHOBOOHAS CEKYUA.

This paper addresses the problem of displacement measurement by microwave interferometry at an
unknown target reflection coefficient in the case where that reflection coefficient is comparable with the reflection
coefficient of the antenna. The aim of this paper is to propose a two-probe displacement measurement method that
would account for the antenna reflection coefficient. This aim is achieved by using expressions for the quadrature
signals and an equation in the unknown magnitude of the target reflection coefficient written for the case of a
nonzero antenna reflection coefficient. The unknown magnitude of the target reflection coefficient is taken to be
equal to the smaller positive root of that equation. If the magnitude of the target reflection coefficient is smaller
than a critical value, which depends on the antenna reflection coefficient, then, theoretically, the target
displacement is determined exactly; otherwise, the displacement determination error does not exceed several
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percent of the free-space operating wavelength. Depending on the phase of the antenna reflection coefficient, the
error may be greater or smaller than in the case of a zero antenna reflection coefficient where the worst-case error
is about 4.4 % of the free-space operating wavelength. To verify the proposed method, the determination of the
relative displacement of a target executing a harmonic vibratory motion was simulated. In doing so, variations of
the detector currents from their theoretical values were modeled by random current noise. The simulation results
show that ignoring the reflection coefficient of the antenna when it is comparable with that of the target may
introduce a sizeable error. The two-probe displacement measurement method proposed in this paper may be used
in the development of microwave displacement sensors.

Keywords: complex reflection coefficient, displacement, electrical probe, microwave interferometry, semi-
conductor detector, waveguide section.

Microwave interferometry is an ideal means for motion sensing in various en-
gineering applications [1]. In terms of implementation simplicity, its probe version
is especially attractive because it does not require such special devices as, for ex-
ample, an analog [2] or a digital [3] quadrature mixer. In probe measurements, in-
formation on the distance to the target is contained in the phase of the target reflec-
tion coefficient. At least three probes are needed for the unknown reflection coef-
ficient to be determined unambiguously [4 — 6]. However, a two-probe displace-
ment determination measurement method was proposed in [7] and verified by ex-
periment in [8]. The method relies on the fact that for two probes the bias error in
displacement determination is only introduced for target reflection coefficient
magnitudes greater than 2-*2 and does not exceed 4.4 % of the free-space operating
wavelength in the general case [7]. The method assumes that there is no reflection
from the antenna, i. e. the only reflected wave that propagates in the waveguide
section is the wave reflected from the target. However, this assumption obviously
ceases to be true in the case where target and the antenna reflection coefficients
are comparable. This paper presents a two-probe displacement measurement
method that accounts for the antenna reflection coefficient.

Consider two probes, 1 and 2, with square-law semiconductor detectors placed
one eighth of the guided operating wavelength Aq apart in a waveguide section be-
tween a microwave oscillator and a target so that probe 1 is farther from the target
(Fig. 1).

Target

Probe/ Detector 1  Probe / Detector 2
Microwave orn
Oscillator ; & Antenna

4 ;,ngS v

incident wave

wave reflected from the target

wave reflected from the antenna

' Waveguide Section

Fig. 1

The waveguide section has a horn antenna at its end, which emits the electro-
magnetic wave generated by the microwave oscillator (the incident wave) and re-

89



ceives the wave reflected from the target. Before the incident wave reaches the
target and is reflected therefrom, part of it will be reflected from the horn antenna.
Because of this, three electromagnetic waves will interfere with one another in the
waveguide section: the incident wave, the wave reflected from the target, and the
wave reflected from the antenna.

Information on the distance x between the target and probe 1 is contained in
the phase of the complex reflection coefficient of the target, which may be repre-
sented as follows [9, 10]

47X
v » +¢
where Ao 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.
The displacement Ax of the target at time t relative to its initial position
X(tp) can be unambiguously determined from the quadrature signals siny and

cosy using the following phase unwrapping algorithm [11]

arctan M siny(t,) >0, cosy(t,) =0,
cosy(t,)
siny(t,)
t,) =<arctan ———=+m, cosy(t,) <0, 1
o(t,) cosy(t,) T w(t,) (1)
arctan siny(t,) +2m, siny(t,) <0, cosy(t,) >0,
cosy(t,)
Ap(th) = o(tn) = ¢(tq-1) (2)
0, n=0,
O(tn) =16(ta1) +Ap(tn). |Ae(ty)[<m n=12.., (3)

0(ty_1) + Aoty ) —2msgn[Ao(t,)], [Ae(t,)|>m n=1,2,..,

Ax(tn):%e(tn), n=0,12,., (4)

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

In the assumption of harmonic vibration of the target, for this algorithm to be
applicable the sampling frequency of the detector currents must be no lower than
8mA maxfmax/*o Where A, and f,,., are the target vibration maximum ampli-
tude and frequency, respectively [7].

In the case of a nonzero antenna reflection coefficient, the quadrature signals
are given by the following expressions [12]:

A, —R?

siny=—o——— ] 5
V="rg (5)
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AR’

cosSy = ———[]
2RB
A, =a+bR,siny,, A, =a—bl+R,cosy,), (6)
B:1+\/§Rasin(wa+gjm (7)

a=J;-1-2R,cosy, —R2, b=J;-J,-2R,(cosy, —siny,)

where Jy and J; are the current of the detector connected to probe 1 and the current
of the detector connected to probe 2 normalized to their values in the absence of
reflected waves (these values have to be determined prior to displacement meas-
urements, for example, using a matched load at the end of the waveguide section),
R, and . are the magnitude and the phase of the antenna reflection coefficient,
and R is the magnitude of the target reflection coefficient. For non-square-law de-

tectors, Eqgs. (5) and (6) will remain valid if J; and J, are replaced with |E1/Ein |2

and |E2/Ein|2, respectively, where E; is the resulting electric filed amplitude at

the location of probe 1, £ is the resulting electric filed amplitude at the location of

probe 2, and E;, is the incident wave amplitude. The ratios |E; /E;,| and |E;/E;,|

can be determined from the detector currents and the detector calibration curves.
As shown in [12], R, siny 4, and cosy, can be determined as follows:

2

v
R — \]10+J20_\/(~]10+~]20)2_(310_1)2+(Jzo_1)2
a 2 4 2 ’

_Jp-1-R¥ . Jp-1-RZ
CoSy, = 2R, , Siny, = 2R,

where Jio and Joo are the currents J;and J; at R = 0, i. e., in the case where the only
reflected wave in the waveguide section is the wave reflected from the horn anten-
na. Technically, the case R = 0 may be implemented, for example, with the horn
antenna operating into a matched load.

The unknown magnitude R of the target reflection coefficient satisfies the fol-
lowing equation [12]:

)+ AZ + A2

R* —R2(282+A1+A2 =0. (8)

This biquadratic equation has two positive roots

y
2
R=Bz+—A1+A2+ BZ+A1+A2 —A12+A22
! 2 2 2

2
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2
R gz AtA (ge, AtA) AT A
2 2 2 2

One of these roots is obviously extraneous. To identify the extraneous posi-
tive root, let us express the absolute term of Eq. (8) in terms of R and  using Eqgs.
(5) and (6)

2 2
AL+ A — R R?+ 24/2BRsin| w + = |+ 2B? |. 9)
2 YT

On the one hand, the square root of the absolute term of a biquadratic equa-
tion with real roots is equal to the product of its positive roots; on the other
hand, R is a positive root of the biquadratic equation of (8). Because of this, it
follows from Eq. (9) that the other positive root of Eq. (8), which is its extrane-
ous positive root, is

1/2
R, = {RZ +2+/2BRsin (‘“g)* 252} .

The extraneous root will be greater than or equal to R if

sin( + EJ > __B
V7%)7 2R
This condition will always be satisfied if B/(\/ER) >1,i.e. R< B/\/E. Be-

cause of this, for R < B/ V2 the magnitude R of the target reflection coefficient
will be given by the smaller positive root R, at any value of y. With a knowledge
of R, the quadrature signals siny and cosy appearing in Eg. (1) can be determined
from Egs. (5) and (6).

In the case B/(\/ER) <1l,i.e. R> B/\/E the root R, will not always be
equal to R. However, as will be shown below, in this case the displacement can
also be determined to reasonable accuracy if the root R, is taken as the reflection

coefficient magnitude. The root R, will be extraneous when
sin(\p+zj< B ;
4) 2R
or, in terms of the wrapped phase,
0 = %TnJrarcsin B <p< %—arcsin B8 o, .

V2R J2R

If the root R, is taken as the reflection coefficient magnitude when it is ex-

traneous, then the expressions of (5) and (6) for siny and cosy will give their
apparent values sinya, and coswyap
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sin _AZ_Rgxt__RCOS\V+BD
\Vap 2ReXtB Rext

A~R%,  Rshy+B

CcOoS = = ,
Yo =R B R

ext

ext

which, in their turn, on substitution into Eq. (1) will give the apparent wrapped
phase o,, (here, it is accounted for the fact that cosy =cos¢ and siny =sine)

arctan i, F,>0F, =0,
F
2

0,4, =1qarctan %+ n, F, <0, (10)
2

arctan 5+ 2n, K <0,F, >0,
2

F, =—(Rcosy +B)=—(Rcosp+B), (11)

F, =—(Rsin y+B) =—(Rsin ¢+ B). (12)

The phase error Ae,, introduced when the root R, is taken as the reflection
coefficient magnitude in the case where this root is extraneous will be

AQer =Pap — .

Since at o=@, and ¢ =¢, the apparent wrapped phase coincides with the
actual one, A@g (¢)=Apg (9,)=0. The phase error is also equal to zero at
¢ =5mn/4 . This can be demonstrated as follows. Since the magnitude R, of the
antenna reflection coefficient usually does not exceed 0.1, it follows from Eq. (7)
that B lies between 1-0.14/2 =0.8586 and 1+0.1v2 =1.1414. Since R<1,
it follows from Egs. (10) to (12) that Fy(¢=5n/4)=F,(¢=5r/4)<0, and thus
(pap((p =5n/4)=5n/4.

For the derivative of A, with respectto ¢, we have

2R? +3v2BRssin| ¢+~ | +2B2

OAg 4

CA— N —. (13)
o0 (Rcose+B) +(Rsin ¢+ B)

Between ¢, = 3m/4+arcsin( B/v2R) and ¢, =7n/4—arcsin(B/v2R),
this derivative has zeros at the points

3n _ J2(R*+B?)
¢, =— +arcsin ———-,
4 3BR
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n V2(R? +B?)
¢, =——arcsin ———,
4 3BR
is positive on the interval (¢4, @, ) and is negative on the intervals [¢;, ¢, ) and
(95,0, ], Because of this, the function Ag, (9) has a negative minimum at
¢ =, and a positive maximum at ¢ =0, .
In the variable oo = @—5m/4, Eqg. (13) becomes
2R? +3V2BR sin[ o+ T | + 282
Ay, _ 2

oa.

BZ+R2+BRsin[2a+’2“j

This derivative is even in o. Since the function Agg, () is zero at o =0, it
may be represented as

er( ) jaA(per(a)d

On rearrangements, we have

Ay (cr) = IaA@er(a)d ' J‘ A(Per( OL) J'aAq;erl(q)d "= Ay (~c1) .
0

0

So the function A, () is odd, i. e., the function A, () is antisymmetric
about the point ¢ =>5m/4. Since the points ¢=¢, and ¢=¢, are symmetric
about ¢ =5m/4, the negative minimum reached at ¢ =¢, and the positive maxi-
mum  reached at 0=0, are  equal in  magnitude.  Since
Ao, (9,) = Ao, (5r/4) = Ap,, (9,) =0 and JA@,, /0@ is positive on the inter-
val (o1, ¢, ) and negative on the intervals [¢;, ;) and (., o, ], the function
A¢e () is negative on the interval (¢,,5m/4) and positive on the interval
(51/4, ¢, ).

From Egs. (1) to (4) it follows that the displacement error is governed only by
the phase error at the initial and the current measurement point because the errors

at the intermediate points cancel one another. Because of this, at a fixed R the
maximum possible error in displacement determination will be

A

A
AX er max = 4 0 [A(per ((pz) A(per ((pl)] O A(Per ((PZ)
T 27

For the derivative of Ap,, with respectto R, we have
. 3n
V2Bsin| ¢+ =~
OAQy _ *T

oR  (Rcoso+BY +(Rsino+B)
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This derivative is negative on the interval (,, 5/4) where Agg, is negative,

and it is positive on the interval (5m/4, @, ) where A, is positive. Because of
this, at a fixed ¢ the phase error increases in magnitude with R, and thus the
maximum phase error is attained at R=1.

AX /A

er max 0

0.09

0.08 ] R =1 (worst-case error)

0.07 4 B=1(R=0)
0.06 -

Worst-case error at Ra: 0

0.05] “\R=0

0.04

0.03 R=0.8

0.02
4 \

0.00 T T T T T T T T T T T

0.85 0.90 0.95 1.00 1.05 1.10 1.15 B

Fig. 2

Fig. 2 shows AX,, . /Ao as @ function of B. As illustrated, in free-space

measurements (R < 1) the displacement can be determined to a few percent of the
operating wavelength if the root R, is taken as the magnitude of the target reflec-

tion coefficient. It can also be seen from Fig. 2 that the error decreases with B. Be-
cause of this, at B >1 the error is smaller than in the absence of reflection from
the antenna (B =0) provided that the antenna reflection coefficient is accounted
for.

To verify the proposed method, the determination of the relative displacement
of a target executing a harmonic vibratory motion was simulated. In doing so, vari-
ations of the detector currents from their theoretical values were modeled by ran-
dom current noise. The relative displacement Ax of the target from its initial posi-
tion was simulated as

AX(t) = Asin(2nt/T) 00 0

and the detector currents J; and J, were simulated as
Jp=J1n @+ Apr), (15)
J, =do, @+ ALr), (16)0]

J1 =Jo +2R, cosy, +2Rcosy,
Jon =Jo +2R, SNy, +2Rsiny,

N 4mAX(t)

Jo=1+R2+R?+2R,Rcos(y—y,), W=y, -
0
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where t is the time, A and T are the target vibration amplitude and period,
Jin and J,y, are the theoretical values of the detector currents [12], vy is the

phase v at t =0, A, is the noise amplitude, and r is a random variable uni-
formly distributed between -1 and 1.

antenna reflection coefficient:
AX_ (mm) accounted for
er - - R
------ ignored

00 02 04 06 08 10 12 14 16 18 20 t/T

The calculations were conducted for different values of the target reflection
magnitude R at %, =3 cm, A=2.5%y, W, =71/2, R, =0.05, y, =5n/4, and
A, =0.015. The target displacement was determined from the detector currents

given by Eqgs. (15) and (16) with the antenna reflection coefficient both accounted
for (the proposed method) and ignored (the method of [7]). Fig. 3 shows the dis-
placement error Axg,, i. €., the difference of the displacement found from the de-

tector currents and the actual displacement given by Eq. (14). As illustrated, when
the reflection coefficient of the target is comparable with that of the antenna, ig-
noring the latter may result in a sizeable error.

The proposed method may be used in the development of microwave
displacement sensors, especially in cases where the sensor—target distance is large
enough for the target reflection coefficient to be comparable with the antenna one.

This work was funded by the Ukrainian Budget Program “Support of the De-
velopment of Priority Lines of Research” (KPKVK 6541230).
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