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Y Uil cTaTTi po3rnsgaeTbca Npobnema BUMIPIOBaHHS MepeMillieHHs 3a [OMOMOrol HaJBMCOKOYACTOTHOI
iHTepdepomeTpii Npy HeBigoMoOMy KoediLieHTi BifOYTTA 06’eKTa Y BUMAAKY, KONW Leli KoedilieHT BigoutTs €
NOpIiBHAHNUM 3 KOoedhiLlieHTOM BIifOUTTA aHTeHW. MeTa Ljiel cTaTTi nonsrae B TOMy, 106 3anponoHyBaTW 4BO30H-
[OBWIA METOZ, BUMIpIOBaHHS MepeMilLeHHs], L0 BpaxoBye KOeiLieHT BiA6WUTTA aHTeHW. Lia meTa gocsaraetbes
BUKOPUCTaHHAM BUpas3iB A1 KBafpaTypHUX CUrHaniB i PiBHAHHA BiIAHOCHO HEBILOMOro Mofyns KoediuieHTa
BIfOMTTA 06’€KTa, 3anucaHuX 418 BUNAAKY BiAMIHHOFO Bif Hyns KoediuieHTa Big6uTTa aHTeHW. Hesigomuii
Mogay/b KoegiljieHTa BigoUTTA 06’eKTa NMPUIAHATO PiBHUM MEHLLOMY 0AaTHOMY KOPEHHO LibOr0 PiBHAHHA. HAKLLO
Mogay/b KoeghiljieHTa BifOUTTS 06’eKTa MEHLUNIA Bif AEAKOI KPUTUYHOT BEMMUMHW, LLO 3a/1eXWTb Bif KoedillieHTa
BiOMTTA aHTeHWU, TO TEOPETUYHO MEPEMILLEHHSA BU3HAYAETLCA TOYHO; Y MPOTUNEXHOMY BUMNaAKy NoXuoka Bu-
3HaYeHHSs NepeMilLieHHs! He nepeBULLIYE AeKiNbKOX BIACOTKIB Bif AOBXWMHW XBWAI 30HAYHOHOTO €NeKTPOMArHiTHO-
ro BUNPOMIiHIOBaHHS Y BiJlbHOMY NPOCTOPI. Y 3a/1eXHOCTI Bif (ha3n KoediLieHTa BiAOMTTA aHTEHN NOX1OKa MoXe
6yTV 6iNbLIOK ab0 MEHLUO, HiX Y BiACYTHOCTI BifOUTTA Bif aHTEHW, KOMM MaKCUMa/lbHO MOX/MBa NOXMGKa
cknafae 6nm3bko 4,4 % Bif JOBXMHW XBUNI 30HAYHOUOrO €/1eKTPOMarHiTHOro BUMPOMIHIOBAHHSA Y BiflbHOMY
npocTopi. [ns nepeBipkx 3anponoHOBaHOro MeToAy 6yn0 NMpoBeAeHO MOAENIOBAaHHS BU3HAYEHHS MepeMilLeHHs
06°€eKTa, L0 34iMCHIOE rapMOHIYHI KoNMBaHHS. [py LbOMY BifXUNEHHS CTPYMiB JETEKTOPIB Bif iXHiX TeopeTuny-
HUX 3HaueHb MOZEeNtoBa/IoCcs BUMAAKOBMM CTPYMOBMM LUYMOM. Pe3ynbTaTn MOAENtoBaHHs MOKasytoTb, L0 He-
ypaxyBaHHs KoediLlieHTa BiiOUTTS aHTEHW Y BUMA/KY, KONW BiH € MOPiBHAHUM 3 KOediL,ieHTOM BigbnTTa 06’€KTa,
MOXXE MPU3BECTW A0 NOSABU 3HAYHOT MOXMOKMW. 3anponoHOBaHWIA Y Liiil CTaTTi 4BO30OHA0BWIA METOA BUMIPHOBaHHA
nepemiLLeHHA MOXe OYTW BUKOPUCTaHUM MpY po3po6LLi MiIKPOXBU/IbOBKX AaTUMKIB NepemiLLleHHS.

KntoyoBi cnosa: KOMMNEKCHWIA KoediLlieHT BigbUT TS, NepemilleHHs, eneKTPUYHWIA 30H4, MIKPOXBUIbOBA
iHTepthepoMeTpisi, HANiBNPOBIAHNKOBUIA e TEKTOP, XBUNLOBIAHA CEKLif.

B fjaHHOI cTaTbe paccMaTpuBaeTcs npobiemMa M3MepeHns NepeMeLLeHNs C MOMOLLbIO CBEPXBbLICOKOYACTOT-
HOV UHTEP(EPOMETPUM MPY HEM3BECTHOM KOI((ULIMEHTE OTPaXKEHWS 0BbEKTA B Cyyae, KOraa 3ToT Koadduum-
€HT OTPaXKEHWA CPaBHWUM C KOIMMULIMEHTOM OTPaXKEHWS aHTeHHbI. Llenb AaHHON CTaTbM 3akNo4aeTcs B TOM,
4TO6bI NPEANOXUTL ABYX30HAO0BbIA METOA M3MEPEHNS NEPEMELLEHNS, YUMTBIBAIOLLNIA KOIMMULIMEHT OTPaXKEHNS
aHTeHHbIl. 3Ta LeNb JOCTUraeTCa 1CMOb30BaHNEM BbIPOKEHWIA ANA KBaAPaTYPHbLIX CUTHA0B U YpaBHEHWS OTHO-
CWTENbHO HEW3BECTHOrO MOAYNS KOI((ULMEHTA OTPXKEHUSI 06BEKTA, 3aNMCaHHbIX ANs Cy4as OTIMYHOMO OT
Hyns Koa(huLyeHTa OTPaXKeHNs aHTeHHbI. Hen3BeCTHbI MOAYNb KOIP(ULMEHTA OTPaXKEHUS 0ObeKTa NPUHSAT
PaBHbIM MeHbLLEMY MOMOXUTENLHOMY KOPHIO 3TOT0 YpaBHeHWs. Ecn Mogynb KO3th(hnLmeHTa OTPaXeHUs 06beK-
Ta MeHblUe HEKOTOPOU KPUTWUYECKONW BEMMYMHDI, 3aBUCALLENA OT KOIP(ULMEHTA OTPaXKEHNS aHTEHHbI, TO Teope-
TUYECKU MepeMeLLieHre 06bEKTa ONpPeAensieTCss TOYHO; B NPOTUBHOM Crly4ae OLUMGKa ONpefeneHuns nepemeLLeHus
He NPeBbILLIAET HECKO/bKNX MPOLEHTOB OT A/MHbI BOMHbI 30HAVPYIOLLETO 3/1eKTPOMAarHUTHOIO N3My4YeHNs B CBO-
60HOM MpocTpaHCTBe. B 3aBMCUMOCTM OT (hasbl KOI(P(ULIMEHTA OTPAKEHWS aHTEHHbI OLUMOKA MOXET 6biTb
60nbLUe UM MeHbLLE, YeM B Cly4ae OTCYTCTBUSA OTPaXKEHUS OT aHTEHHbI, KOr4a MakCMMabHO BO3MOXHaA OLLING-
Ka COCTaBnseT okono 4,4 % OT [/MHbI BOMHbI 30HAMPYHOLLErO 3N1EKTPOMArHATHOTO M3NyYeHUs B CBOGOLHOM
npocTpaHcTBe. [ NpoBEpPKU NPeaIoKeHHOro MeToAa 6bi10 NMPOBEAEHO MOAENMPOBaHME ONpeaeneHns 0THOCK-
TENbHOTO MepeMelLeHns 06beKTa, COBEPLUAILLEro rapMOHUYecKMe KoneGaHus. Mpo 3TOM OTKIOHEHUS TOKOB
[IeTEKTOPOB OT WX TEOPETUYECKUX 3HAYEHUIA MOAEIMPOBAINCH CYYaiiHbIM TOKOBBIM LLYMOM. Pe3y/nbTaTbl MOfe-
JIMPOBaHNS MOKA3bIBAIOT, UTO HEYYEeT KO3((ULMEHTA OTPAXKEHNS aHTEHHbI B C/ly4ae, KOrJa OH CPaBHWUM C Ko3d-
(OULMEHTOM OTPaXXeHWUs 06bekTa, MOXET MPUBECTU K MOSBNEHWIO 3HAYUTENbHOW OWMOKWN. TpeanoXeHHbIA B
[laHHOIA CTaTbe BYX30HAOBbI METOA U3MEPEHUs NepeMeLLEHNst MOXKET GbITb UCMONb30BaH NpU pa3paGoTKe MUK-
POBOJTHOBbIX AaTUMNKOB MepeMeLLeHus.

KntoueBble CoOBa: KOMMNEKCHbIN KOID(ULMEHT OTpPadKeHWs!, NepeMeLLieHne, aNeKTPUYECKUii 30HA, MUK-
POBONHOBast MHTEPHEPOMETPUSI, NONYNPOBOAHNKOBbI AeTEKTOP, BOMHOBOAHAS CEKLMS.

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 A4 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

v ;,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-
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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]

4nx
v » +0
where Ly 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 ¢ relative to its initial position
x(ty) 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( n) COS\V(tn)-HT v ( n)< 1
arctan siny(t,) +2m, siny(t,) <0, cosy(t,) >0,
cosy(t,)
A(P(tn) = (P(tn) - (P(tn—1 ) ) (2)
0, n=0,
0(t,) =<0(t,_1) + Ap(t,), |A<p(t,,)| <w, n=12,.., 3)

0(t_1) + Ap(t,) —2nsgn[Ae(t,)], [Ae(t,)|>m n=1,2,..,

Ax(tn)zi—ie(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
81A maxfmax /Ao 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?

Sin\vzw“ (5)
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A-R>
CosSy = ———1[]

2RB
Ay =a+bR,siny,, A,=a-bl+ R,cosvy,), (6)
B=1+2R, sin(\ya +§J 0 (7

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

where J; 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),
Ra and wa 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, Egs. (5) and (6) will remain valid if J, and J; are replaced with |E1/E,-n |2

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

the location of probe 1, E; is the resulting electric filed amplitude at the location of
probe 2, and Ein 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,, and cosy, can be determined as follows:

2

v
R :[J10+Jzo _\/(JerJzo)2 (o _1)2+(J20 -1)?
a 2 4 2 '

Jio=1=Ra Gy J0=1-Re
! a

Cos =
Ya=""5R, °R,

where Jio and Joo are the currents J;and J, at R = 0, i. e., in the case where the on-

ly reflected wave in the waveguide section is the wave reflected from the horn an-

tenna. 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]:

2 2

R - R2(2B2 + A+ A, )+ AT A2 g (8)

This biquadratic equation has two positive roots

p_lg AtA, (g AtA) _A+A
' 2 2 2

12
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12

R lg AtA g AtA ©OAL+ A
? 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 y using Egs.
(5) and (6)

2 2
%:RZ{R2+2x/§BRsin(W+2)+ZBZ} ©)

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 +242BR sin(\p +%j+ 232} .

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

sin[ + E) > B
RAYRNCTS
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 Eq. (1) can be determined
from Eqgs. (5) and (6).

In the case B/(\/ER) <l,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(\y + Ej < __B
4 V2R’
or, in terms of the wrapped phase,

[0) —3—ﬂ+arcsini <@ <—7T—arcsini =@
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 sinyap and coSyap

sin _Az—Rgxt__Rcosw+B,
Yer 2RextB Rext -
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A-R:,  Rsiny+B
cosy,, = =- :

ZRB R

ext

ext

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

arctani, F>0,F, >0,
F
2

Pop = arctangﬂr, F, <0, (10)

2

arctani+ 2n, F, <0, F, >0,
2

Fi =—(Rcosy + B)=—(Rcos¢+ B), (11)

F, =—(Rsiny +B) =—(Rsinp+B). (12)

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

APer =Pgp — .

Since at ¢ =¢; and ¢ =¢, the apparent wrapped phase coincides with the
actual one, A@g (9;) =A@ (¢,)=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 Eg. (7)
that B lies between 1-0.14/2 =0.8586 and 1+0.14/2 =1.1414. Since R<1,
it follows from Egs. (10) to (12) that F,(@=5n/4)=F,(p=5n/4)<0, and thus
(Pap((P = 575/4): 5m/4.

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

R’ +3J2BR sin((p+2j+ 2B?

8A(per - _ (13)
o (Rcosg+B) +(Rsing+B)

Between ¢, = 3r/4+arcsin(B/~2R) and ¢, = 7n/4—arcsin(B/+2R),
this derivative has zeros at the points

2 2
0, :3_n+arcsinM'
4 3BR
2
P, =— —arcsn\/_(R +B8° )
4 3BR
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is positive on the interval (¢4, @, ) and is negative on the intervals [¢,, ¢,) and
(92, 9,], Because of this, the function A@, (p) has a negative minimum at
¢ =4 and a positive maximum at ¢ =@, .
In the variable o = @ —5mn/4, Eq. (13) becomes
. 3
R?+32BR sm(oc +2"]+ 2B

2
oA,

oo

B?+R?+BR sin(Zoc +725j

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

COAQ, (),
A@gr (1) = J‘q;e#()da

On rearrangements, we have

Ay (cr) = JA(Per(a J' A(per( OL) ‘[ A(Per(OL) o = —Agy (~a) .

So the function A, (o) is odd, i. e., the function Ag,,(¢) is antisymmetric
about the point ¢ =5n/4. Since the points ¢=¢, and @=¢, are symmetric
about ¢ =5m/4, the negative minimum reached at =, and the positive maxi-
mum  reached  at ¢=0, are  equal in  magnitude.  Since
Ao, (¢,) = Ap,, (51t/4) = A, (9,) =0 and OAo,,/0¢ is positive on the inter-
val (94,9, ) and negative on the intervals [¢;,¢) and (5, o, ], the function
Ao (@) is negative on the interval (o,,5n/4) and positive on the interval
(51/4, @,).

From Eqgs. (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
= 2_0 A(per ((PZ)
T

For the derivative of Ag,, with respectto R, we have
V2Bsin o+ 3n
OAQ,, _ 4
oR  (Rcosp+BY +(Rsing+ BY

A
AXer max 4_0 [A(per ((PZ) - A(per ((Pl)]'
T

This derivative is negative on the interval (@,, 57/4) where Ag,, is negative,
and it is positive on the interval (5r/4, @, ) where Ag,, is positive. Because of
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this, at a fixed ¢ the phase error increases in magnitude with R, and thus the
maximum phase error is attained at R=1.

AX Iy

er max 0
0.09
0.08-
0.07- B=1(R=0)
0.06-

0.05 &

0.04

003 —_R= N

0.02-

0.01- R=07 \
\ \

0.00 ] T T T T T T T T T T T
0.85 0.90 0.95 1.00 1.05 1.10 115 B

Fig. 2

R =1 (worst-case error)

Worst-case error at Ra: 0

Fig. 2 shows AX,, ..c/A, as a 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) 11 0
and the detector currents J4 and J, were simulated as

Ji =g (14+ Apr), (15)
Jo=doy (1+A,r), (16)0]
iy =Jo +2R, cosy, +2Rcosy
Jom =Jg +2R,siny, +2Rsiny

4AX(t)

Jo=1+R2+ R* +2R,Rcos(y —y,), W =yq+ 5
0

where t is the time, A and T are the target vibration amplitude and period,
Jim and J,y, are the theoretical values of the detector currents [12], y is the
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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:
accounted for

002d ., ., Ut ignored

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

Fig. 3

The calculations were conducted for different values of the target reflection
magnitude R at A, =3 cm, A=2.5%,, y,=7/2, R, =0.05 vy, =5n/4, and
A, =0.015. The target displacement was determined from the detector currents

given by Egs. (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 Ax,,, 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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