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MeTa uiei poboTn nonsrae y BMOGOPI 30HLOBOTO METOAY BUMIpIOBAHHS MEPEMILLEHHS, SKUA MOXe ByTu
MOAMMDIKOBaHWIA 3 TUM, 06 ypaxyBaTu KOediLieHT BigOWTTS PYNOPHOI aHTEHW, HEXTYBaHHS SKUM MOXe 6yTu
HEMpUMYyCTVMUM MPU AOCTaTHbO BENWKIV BiACTaHI MiX aHTEHOO i KOHTPO/bOBAaHUM 06’€KTOM. PO3rnsHyTO Yo-
TVPU METOAMW: OLHO30HA0BUIA MeTOf, B SKOMY npobnema (ha3oBOi HeBM3HAYEHOCTi BMPILLYETLCS 3a [OMOMOro
BUKOPUCTaHHA TOrO, L0 MepeMillieHHs Ta LWBMAKICTb 06’eKTa € HenepepBHUMY (YHKLIAMU Yacy; ABO30OHA0BUI
METO[, B IKOMY LUBUAKICTb 06’€KTa BU3HAYAETLCS 3a AOMOMOIOH AudepeHL,itoBaHHS CTPYMIB AETEKTOPIB i MOTIM
IHTErpyeTbeca AN BU3HAYEHHS MepeMillleHHs; ABO30OHAOBUIA METOA, B AKOMY CTPYMMW LeTeKTOpiB AudepeHLiito-
HOTbCA ABIYi AN BUK/KOUEHHS HEBIZOMOro KoedilieHTa BifbuTTs 06’€KTa; ABO30HAOBUIA METOA, B IKOMY Mnepe-
MilLieHHs 06’eKTa BU3HAYaETbCA 3 KBAAPATYPHUX CUrHaMIB 3a JOMOMOrOK METOAY PO3ropTaHHs asn. Y pesynb-
TaTi 06paHO OCTaHHili MeToA. Y LibOMy MeToZi MOAY/b | HEpO3ropHyTa hasa KOMMIEKCHOro KoedilieHTa BifgouT-
TA 00’€KTa BU3HAYal0TbCs TEOPETUYHO TOYHO AN MOAYNs KoedilieHTa BigbuTTA, WO He NepeBuLLYye 212 Tomy
BiH [J03BO/ISIE BU3HAYMTY KOMM/IEKCHMWIA KOEDILlieHT BifOUTTS pyNnoOpHOT aHTEHW Ha KiHLi XBUIEBIAHOT CeKUii i3
30H4aMu, MOAYy b SKOTO JOCUTL Manuid, 3i CTPYMIB AETEKTOPIB Npy po6OTi aHTEHWN Ha Y3roAKeHe HaBaH TaXEHHS.
Migxig, Wwo nexxmTs B OCHOBI 06paHOro MeTofy, 03BO/IMB BUPa3UTW KBaApaTypHi CUTHaMW, L0 MICTATb iHop-
MaLito Npo BigcTaHb [0 06°eKTa, Yepes CTPYMU LETEKTOPIB, BiAOMMWIA KOMNNEKCHWI KoediLieHT BifdUTTS pynop-
HOI aHTeHW 11 HeBifOMUIA MOAY b KOMMIEKCHOTO KoedillieHTa BifOMTTS 06’€KTa Ta OTPUMATY PIBHAHHA 415 BU-
3HaYeHHs O0CTaHHbOro. OTpUMaHi pesynbTaTu MOXyTb 6YTVW OCHOBOK A5 PO3POOKM 30HAOBMX METOAIB BU3Ha-
YeHHS NnepeMmiLLeHHs 3 ypaxyBaHHAM KoeqilieHTa BiA6UTTS pyrnopHOT aHTEeHW.

Llenb faHHOI pa6oTbl 3aKMKOUAETCs B BbIGOPE 30HA0BOTO METOZAA M3MEPEHNS NEPEMELLLEHUS, KOTOPbIA MO-
XET 6bITb MOANMNLMPOBAH C TeM, YTOObI YYeCTb KO3(MULMEHT OTPXKEHNS PYNOPHOI aHTeHHbI, MpeHebpeXxxeHne
KOTOPbIM MOXET 0Ka3aTbCs HeZOMyCTUMbIM NPY JOCTATOYHO GOMBLLOM PACCTOSIHAWM MEXZY aHTEHHOI 1 KOHTPO-
NNpYyeMbIM 06BEKTOM. PacCMOTpPeHbl YeTbipe MeTofa: OAHO30HAOBbI METOA, B KOTOPOM npobnema (ha3oBoii
HEOoNpeLeNeHHOCTU PeLIaeTcs ¢ MOMOLLBIO UCMO/b30BaHUs TOTO, YTO NEpeMeLLeHe U CKOpPOCTb 06beKTa ABNSA-
t0TCS HenpepbIBHbIMW (QYHKLMAMU BPEMEHU; ABYX30HA0BbI METOZ, B KOTOPOM CKOPOCTb 06bEKTa ornpegensercs
C MOMOLLBH AndhepeHLMPOBaHNSA TOKOB AETEKTOPOB U MEpeMeLLEHNe HaXOAUTCS UHTErPUPOBAHMEM CKOPOCTH;
[BYX30H/0BbI METOf, B KOTOPOM TOKM AETEKTOPOB AnddepeHLpYyOTCa ABXAbI A1 NCKIIOUEHNS HEN3BECTHO-
ro MOAyNs Ko3(h(MLMeHTa OTPaXKEHNS 06BbEKTA; ABYX30HAOBbIA METOS, B KOTOPOM NepeMeLLieHne 06beKTa onpe-
JenseTcs U3 KBafpaTypHbIX CUTHAIOB C UCMOMb30BaHWEM MeToda pasBepTbiBaHMs (asbl. B pesynbTaTe BbiGpaH
nocnefHuii Metod. B 3TOM MeTode MOAYNb U HepasBepHyTas (dasa KOMMIEKCHOr0 Ko3ah(uLMEHTa OTPaXKEHNS
06LeKTa OnpeaenstoTca TEOPETUUECKI TOYHO ANS MOAYNs KO3thLMEHTa OTPaKeHWs, He npeBocxoasiLero 2772,
Mo3TOMy OH NO3BOMSIET OMPEAENNTb KOMMNEKCHbIA KOSMMULIMEHT OTPaXKeHUs PYNOPHOM aHTEHHbI Ha KOHLE
BO/THOBOZJHOV CeKLM C 30HAaMM, MOAY/b KOTOPOro fOCTAaTOMHO MaJl, U3 TOKOB AETEKTOPOB MpK paboTe aHTeHHbI
Ha COTNacoBaHHYy Harpysky. [1OfXOA, Nexalinii B 0CHOBE BbIGPAHHOTO MeTOAa, MO3BOMAMA BbIPa3nTh KBagpa-
TYpHble CUrHa/Ibl, COfjepXaLe MHAOPMaLio 0 pacCTORHUM [0 06bEKTa, Yepes TOKW [EeTeKTOPOB, W3BECTHBINA
KOMM/IEKCHBIV KO3(MULMEHT OTPAXKEHUS PYMOPHOI aHTEHHbBI U HEU3BECTHBIV MOAYNb KOMMIEKCHOTO KO3dduLm-
eHTa OTpaxeHUs 06bekTa 1 NOYYMTh YpaBHEHWE A4S OnpeaeneHns nocnegHero. MonyyeHHble pesynbTaTbl MOMYT
MOCMYXWUTb OCHOBOW fN1s PaspaGOTKW 30HAOBbLIX METOZLOB U3MEPEHUs MEepeMELLEHUs C YYETOM KO3((uLmMeHTa
OTPXeHWS PYNOPHOI aHTEHHBI.

The aim of this work is to choose a probe method for displacement measurement that could be modified to
account for the horn antenna reflection coefficient, which can hardly be neglected if the target—antenna distance is
large enough. Four methods were considered: a single-probe method in which the phase ambiguity problem is
resolved by using the fact that the target displacement and velocity are continuous time functions, a two-probe
method in which the target velocity is determined by differentiation of the detector currents and then integrated to
give the displacement, a two-probe method in which the detector currents are differentiated twice to exclude the
unknown magnitude of the target reflection coefficient, and a two-probe method in which the target displacement
is determined from the quadrature signals using a phase unwrapping technique; as a result, the last-named method
was chosen. That method determines the magnitude and the wrapped phase of the complex reflection coefficient
of the target theoretically exactly for reflection coefficient magnitudes no greater than 272, Because of this, the
chosen method allows one to determine the complex reflection coefficient of the horn antenna at the end of the
waveguide section with the probes, whose magnitude is rather small, from the detector currents measured with the
horn antenna operating into a matched load. The approach underlying the chosen method made it possible to
express the quadrature signals, which contain information on the distance to the target, in terms of the detector
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currents, the known complex reflection coefficient of the horn antenna, and the unknown magnitude of the com-
plex reflection coefficient of the target and to derive an equation in the last-named. The results obtained may serve
as a basis for the development of probe techniques for displacement measurement with due account for the horn
antenna reflection coefficient.

Keywords: complex reflection coefficient, displacement, electric probe, horn
antenna, semiconductor detector, waveguide section.

The solution of current problems in the dynamics of space hardware, power
engineering, and transport systems calls for methods to measure the displacement
and velocity of mechanical objects. At present, microwave interferometry is wide-
ly used in the determination of these motion parameters [1]. This is due to fact that
measurements by microwave interferometry are instantaneous, need no mechanical
contact with the target, and can be made in dusty or smoky environments. In the
last-named regard, microwave interferometry compares favorably with laser Dop-
pler sensors [2-4] or vision-based systems using digital image processing tech-
niques [5]. Microwave interferometry features a simple hardware implementation,
and this is especially true for its probe version, which does not require such special
devices as, for example, an analog [6] or a digital [7] quadrature mixer. In existing
probe methods, it is assumed that only two electromagnetic waves interfere in the
waveguide section where the probes are placed: the wave incident on the target
and the wave reflected from the target. This assumption neglects the electromag-
netic wave reflected from the horn antenna at the end of the waveguide section.
This neglect is justified if the reflection coefficient of the target is far greater than
that of the horn antenna. However, the target refection coefficient, which is de-
fined as the ratio of the amplitude of the wave reflected from the target to the inci-
dent wave amplitude, depends on the distance between the target and the antenna
aperture, and it may become rather small if this distance is large enough. In the
case where the reflection coefficient of the target is comparable with that of the
horn antenna, neglecting the latter may result in a sizeable error in displacement
determination. The aim of this paper is to choose a probe method for displacement
measurement that could be modified to account for the horn antenna reflection co-
efficient.

In [8] and [9], a single-probe displacement method was proposed. The method
is based on the following expression for the distance X between the target and the
probe

A 1 A
x(t) =+2%arccos—|J (1) =1 = R?[+ 20 (2n +1), n=0,+1,+2,... 1
(6= Sarccos_|4() |+ %2@n+1) (1)

where t is the time, A, is the free-space operating wavelength, R is the magnitude
of the target reflection coefficient, and J is the current of semiconductor detector
connected to the probe normalized to its value in the case where there is no re-
flected wave (this value must be determined before displacement measurements; to
do this, a matched load may be connected to the end of the waveguide section).
When determining the relative displacement, any value of x given by Eq. (1)
at t =0 may be taken as the initial value x(0). To unambiguously determine x(t)

at t>0, i.e., to choose the sign of the first term and the number n in the second
term, use is made of the fact that the target coordinate x(t) and velocity
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x(t) (here and in the following, a dot denotes time differentiation) are continuous

time functions.

The method determines the magnitude of the relative displacement, but cannot
determine its direction. Besides, the magnitude R of the target reflection coeffi-
cient, which appears in Eq. (1), is assumed to be constant and is determined prior
to displacement measurements as follows: the target is moved relative to the an-
tenna, the detector current is measured in doing so, and the reflection coefficient
magnitude is found as

_ Jmax/Jmin -1
\/Jmax/Jmin +1

where J,,;, and J..are the minimum and the maximum normalized detector

current, respectively.

However, the magnitude of the target reflection coefficient depends on the
distance between the target and the antenna aperture, and the reflection coefficient
magnitude vs. distance relationship may exhibit sizeable oscillations due to multi-
ple reflections between the target and the antenna. Besides, because the minimum
and the maximum detector current, from which the reflection coefficient magni-
tude is found, can only be determined by moving the target, the method does not
allow one to measure the reflection coefficient of the horn antenna fixed at the end
of the waveguide section.

To determine both the displacement magnitude and the displacement direc-
tion, at least two probes are needed. In what follows, the consideration will be re-
stricted to the case of two probes because the use of as few as two probes allows
one to simplify the design of the waveguide section, simplify its manufacture due
to the fact that only one interprobe distance must be held to permitted strict toler-
ances, and alleviate the parasitic effect of multiple reflections between the probes.

The method proposed in [10] uses two probes placed A,/8 apart where A, is
the guided operating wavelength (here and in the following, the probe situated far-
ther from the antenna and the probe situated closer to the antenna will be referred
to as probe 1 and probe 2, respectively). In that method, the target velocity Xxis
determined first, and then the target displacement is found by integrating the ve-
locity. The target velocity is expressed in terms of the detector currents and their
time derivatives as follows

)

ro(1+RYJ;
41+ R? —J,(1+ RF]

, ‘1+R2—J2(1+R)2‘2‘1+R2—J1(1+R)2‘

_ %(+RPJ,
4n[1+R? - J,(1+RY]

, ‘1+R2—J2(1+R)2‘<‘1+R2—J1(1+R)2‘

where J, is the normalized current of the detector connected to probe 1, and J, is

the normalized current of the detector connected to probe 2.
Given the velocity X, the target displacement relative to the target position at
t =0 is determined by integrating the velocity over the time
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Ax = det .
0

The magnitude of the target reflection coefficient is also assumed to be con-
stant and has to be determined prior to displacement measurements from Eq. (2).

In the method proposed in [11], the magnitude of the target reflection coeffi-
cient is eliminated by double differentiation of the detector currents. In the case of
two probes 1 and 2 placed Ay/8 apart, the target velocity is expressed in terms of
the first and the second detector current derivatives as follows:

0, J2+J2=0,
XFhodehZIdz 2 g3 o,
4n g2 4 J3

However, in that method the target reflection coefficient magnitude is as-
sumed to be constant too. Besides, the detector currents may have a sizeable noise
component. Because of this, double differentiation may introduce a large error.

All the methods considered above, both the single-probe one and the two-
probe ones, cannot determine the reflection coefficient of the horn antenna and
depend on the following relationship between the normalized detector current J
and the magnitude R and phase  of the complex reflection coefficient of the tar-
get at the location of the probe connected to the semiconductor detector

J=1+R%+2Rcosy .

This relationship is derived in the assumption that the only reflected wave in
the waveguide section where the probes are placed is the wave reflected from the
target, i.e., in the assumption that the wave reflected from the horn antenna is ig-
nored. Because of this, the above-considered methods cannot be used in the case
where the reflection coefficient of the target is comparable with that of the horn
antenna.

The method proposed in [12] and [13] determines the displacement using two
probes placed A4/8 apart without differentiation of the detector currents. In that
method, the quadrature signals siny and cosy , which contain information on

the distance to the target, are expressed in terms of the normalized detector cur-
rents and the magnitude R of the target reflection coefficient as follows:

R =Y

COS\V:%, (3)
4 p2

sinwz%, 4)

Given siny and cosy, the displacement Ax of the target at time
t,, n=0,1,2,..., relative to its initial position x(ty) is determined using the fol-
lowing phase unwrapping algorithm [14]
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arctan SMVUn) it )20, cosy(t,) > 0,
cosy(t,)
o(t,) = arctanM +m, cosy(t,)<O0, (5)
cosy(t,)
arctanM +2m, siny(t,) <0, cosy(t,) =0,
cosy(t,)
A(P(tn) = (P(tn) - (P(tn—1) ) (6)
0, n=0,
0(t,) =1 6(t,_1) + Ae(t,), |A(P(tn)| <m, n=12.., (7)

0(t,_1) +Ao(t,) —2msgn[Ae(t,)], |Ae(t,)|>m, n=1,2,..,

Ax(tn)=;‘—ie(t,,), n=0,12,., (8)

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

Egs. (3) and (4) contain the unknown magnitude R of the target reflection co-
efficient. Combining the squares of these equations and using the basic trigono-
metric identity gives the following biquadratic equation in R

(Jl _1)2 + (Jz _1)2 —
5 =

R'—(J,+J,)R* + 0. 9)

This equation has two positive roots:

_ 1/2
. J1+J2+\/(~u+J2)2_<J1—1>2+(J2—1)1
1 )

2 4 2
. 5 2
R, — J1+J2_\/(J1+J2)2_(J1—1) +(Jp-1) (10)
272 4 2 '

One of these roots is extraneous. As shown in [12], the extraneous root Rey is
given by the expression

1/2
Ry = {Rz +2J§Rsin(w +§J +2} .

The analysis made in [12] using this expression for the extraneous root
showed that the magnitude R of the target reflection coefficient is given by the
smaller root R, at any phase of the target reflection coefficient in the case where R
satisfies the condition

Rs%. (11)
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In the case R>1/\/§, the magnitude of the target reflection coefficient is

given by the root R, at the following values of the wrapped phase ¢ of the target
reflection coefficient

3n 1

V2R

Tn—arcsinL = Qright SQ<2m.

V2R

At @it <O <@rign: » the magnitude of the target reflection coefficient is giv-

en by the greater root R;.

As can be seen from the aforesaid, the root R, gives the actual magnitude of
the target reflection coefficient in a far wider range of R and ¢ than the root R
does. Because of this, in the method proposed in [12] and [13] the root R, is taken
as the magnitude of the target reflection coefficient. The maximum value of the
error introduced in the case where the root R, is extraneous is about 4.4 % of the
free-space operating wavelength.

The magnitude of the complex reflection coefficient of a horn antenna usually
does not exceed 0.1. Because of this, in the case where the only reflected wave in
the waveguide section is the wave reflected from the horn antenna, the condition
of (11) is certainly satisfied (technically, this case may be implemented, for exam-
ple, with the horn antenna operating into a matched load). So the method proposed
in [12] and [13] allows one to determine the magnitude and wrapped phase of the
horn antenna reflection coefficient from Egs. (3), (4), and (10).

It should be noted at this point that the traditional method for the determina-
tion of the complex reflection coefficient involves the use of vector reflectometers,
which are rather sophisticated devices, such as:

— matched 12-port measuring transducer [15], which requires special calibra-
tion methods and means [16];

— six-port vector analyzer, whose output signals are processed using the prin-
ciple of holography with three reference signals and Tikhonov’s regularization
[17];

— two-channel two-detector slotted-waveguide transducer [18], in which the
determination of the reflection coefficient phase calls for measurements at two
frequencies close to each other.

So the determination of the antenna reflection coefficient by the two-probe
method proposed in [12] and [13] is far simpler in terms of both hardware imple-
mentation and measuring data processing. Notice that since the classic text by
Tischer [19] it has been universally believed that at least three probes are needed
to determine or eliminate the unknown reflection coefficient [20, 21].

Consider two probes with semiconductor detectors placed A4/8 apart in a
waveguide section between a microwave oscillator and a target. The waveguide
section has a horn antenna at its end facing the target. Three electromagnetic
waves will interfere with one another in the waveguide section: the incident wave
generated by the microwave oscillator, the wave reflected from the target, and the
wave reflected from the antenna. The resulting electric field amplitude E will be

E=E, (6" + R,e+e7 + Re/Ve7) (12)
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where Ej, is the incident wave amplitude, j is the imaginary unit, y = 2n/A4 is the
propagation constant, z is the coordinate along the waveguide section reckoned
from probe 1 towards the horn antenna, and R, and y, are the magnitude and the
phase of the horn antenna reflection coefficient, which can be measured as de-
scribed above.

For a square-law semiconductor detector, the detector current | is proportional
to the squared magnitude of the electric field amplitude

| =KE? =kEE (13)

where Kk is a proportionality factor, and the bar denotes complex conjugation.
The complex conjugate amplitude E is

E=E,le7 +R,e7V:e/ + Re1Ve/") | (14)

The following expression for the detector current | results from Egs. (12) to
(14):

| =KE,, 2[1+ RZ + R? + 2R, Reos(y — y,) + 2R, cos(y, —2y2) +

+2R, cos(y, —2y2)] . (15)

It follows from Eq. (15) that the current J; of the detector connected to probe
1 (z=0) and the current J, of the detector connected to probe 2 (z = A4/8) normal-
ized to their values in the absence of reflected waves (these values have to be de-
termined prior to displacement measurements, for example, using a matched load
at the end of the waveguide section) will be

Ji =1+ R2+ R* +2R,Rcos(y —y,) +2R, cosy, +2Rcosy,  (16)

Jo =1+ R%2 + R? +2R,Rcos(y —y,) + 2R, siny, +2Rsiny . (17)

Egs. (12) and (13) may be rearranged as follows:
2R(1+ R, cosy, )cosy +2RR, siny, siny = a, (18)
2Rcosy —2Rsiny =b (19)

where
a=J;—1-2R,cosy, —R2, b=J;—J, —2R,(cosy, —siny, ).
Solving Egs. (18) and (19) for the quadrature signals siny and cosy yields

A,-R?
cos\y = , 20
V=" rg (20)
_ A, - R? 1)
SNy =——
Y= "oRB

where

91



Ay =a+bR,siny,, A, =a-b(1+R,cosy,),

B=1 +J§Rasin(wa+§j.

Combining the squares of Egs. (20) and (21) gives the following biquadratic
equation in the unknown magnitude R of the target reflection coefficient

A? + A2

R - R2(2B2+ Ay + Ay )+ ) (22)

Given R, the quadrature signals can be found from Egs. (20) and (21), and
then the target displacement can be found using the phase unwrapping algorithm of
(5) to (8).

Since squaring was used in the derivation of Eq. (22), this equation may have
extraneous roots. Because of this, to answer the question which root of this equa-
tion gives the actual magnitude of the target reflection coefficient, an analysis of
its roots is needed. Such an analysis may be made using the approach employed in
the analysis of the roots of Eq. (9) and described in [12].

So the two-probe displacement measurement method proposed in [12] and
[13] allows one to determine the horn antenna reflection coefficient. The approach
underlying this method has made it possible to express the quadrature signals,
which contain information on the distance to the target, in terms of the detector
currents, the known reflection coefficient of the horn antenna, and the unknown
magnitude of the target reflection coefficient and to derive an equation in the last-
named. The results obtained may form a basis for the development of probe tech-
niques for displacement measurement with doe account for the horn antenna re-
flection coefficient.
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