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Mera wi€i poboTH mossirae y BUOOpI 30HIOBOrO METOAY BHUMIPIOBAHHS MEPEMILICHHS, KU MOXe OyTH
MoaudikoBaHHI 3 THUM, OO0 ypaxyBaTH KOe(]iL[ieHT BiIOUTTS PYNOPHOI aHTEHU, HEXTYBAHHS SIKHM MOXe OyTu
HEMPUITyCTUMUM IIPH JOCTaTHBO BENHKIH BiICTaHI MiX aHTEHOIO i KOHTPOJILOBAHHM 00’€KTOM. Po3risiHyTo 4o-
THPH METOJH: OXHO30HJOBHI METOX, B SKOMY IpoOiemMa (a30Boi HEBU3HAUCHOCTI BHPILIYETHCS 3a JOIIOMOIOIO
BHUKOPHUCTAHHsI TOTO, LIO MEPEeMIIleHHs Ta MBUIKICTh 00’€KTa € HenepepBHUMU (DYHKLISIMU Yacy; TBO30OHIOBHIT
METOJI, B IKOMY IIBHIKICT 00’€KTa BU3HAYAETHCS 3a JIOIMOMOTOI0 AU(EpeHIIIIOBaHHS CTPYMiB JETEKTOPIB 1 MOTIM
IHTErpyeThesl Ui BU3HAYCHHS IEPEMIIeHHs; TBO30HIOBHI METOJ, B SKOMY CTPYMH IETEKTOPIiB IudepeHLio-
FOTBCSI JIBiYl /IS BUKJIIOYCHHS HEBIiIOMOro KoeQillieHTa BiIOMTTS 00’€KTa; IBO30HAOBUN METOI, B SKOMY Iepe-
MillleHHs 00°€KTa BU3HAYAETHCS 3 KBaJIPATypPHUX CUTHAIIB 32 JOIOMOTOK0 METOIY po3ropraHHs dasu. Y pesyinb-
TaTi 0OpaHO OCTaHHIH MeToX. Y IIbOMY METOAI MOJXYJIb i HEpO3ropHyTa (pa3za KOMIUIEKCHOTO Koe(ilieHTa BiTOHUT-
T4 00°€KTa BU3HAYAIOTHCSA TEOPETHYHO TOYHO I MOAYJA KoedilieHTa Bin6uTTA, mo He mepeBuurye 2°Y2, Tomy
BiH JIO3BOJISIE BU3HAYHTH KOMIUICKCHHH Koe(ilieHT BIIOWTTS PYNOPHOI aHTEHU Ha KiHIi XBHJIEBiIHOI cekuiil i3
30HAaMH1, MOAYJIb SIKOTO JOCHTh MAJIH, 31 CTPyMIB JETEKTOPIB MpH POOOTI AHTEHU HA Y3TOKEHE HABAHTAKCHHS.
Tliaxin, oo JeXUTh B OCHOBI 0OpPaHOTO METOAY, J03BOJIMB BUPA3UTH KBAJAPATYPHI CUTHAIH, 110 MiCTATh iH(OP-
Mauiio mpo BiACTaHb 10 00’€KTa, Yepe3 CTPYMH JETEKTOPIB, BIIOMII KOMIUIEKCHHN KOeilli€HT BiIOUTTS pymop-
HOI aHTeHU U HEeBITOMHH MOIYJIb KOMIUIEKCHOIO KoedillicHTa BiIOUTTS 00’€KTa Ta OTPHMATH PiBHSHHS IS BHU-
3HAYCHHS OCTaHHBOTrO. OTpHMaHi pe3yabTATH MOXYTh OyTH OCHOBOIO Ul PO3POOKH 30HIOBHX METOMIB BH3HA-
YEeHHsI IePeMIIlIeHHs 3 ypaxyBaHHIM Koe(ilieHTa BiIOUTTS pyHOpHOI aHTEHH.

Llenb maHHO#M pabOTHI 3aKIFOYAETCS B BEIOOPE 30HIOBOTO METOA M3MEPEHHS IIepEMENIEeHNs, KOTOPhI Mo-
JKeT ObITh MOIUGHUIIMPOBAH C TEM, YTOOBI yuecTh KOA(QDHIIHMEHT OTPAKEHHUsI PYIIOPHOIT aHTEHHBI, IPEHEOpEKeHIE
KOTOPBIM MOXET OKa3aThCsl HEIOIYCTHMBIM IIPU JOCTATOYHO OOJIBIIOM PACCTOSHUM MEX/y aHTEHHOH M KOHTpO-
JIHpyeMbIM 0OBEKTOM. PaccMOTpeHbI 4YeThipe MEeTOIa: OZHO30HIOBBIH METOA, B KOTOPOM mpobiema (ha3oBoit
HEOMPE/IETIEHHOCTN PEIIAeTCs C MOMOIIBIO NCTIONIB30BAHMS TOTO, YTO NEpPeMeIeHHe ¥ CKOPOCTh OOBEKTa SIBIIs-
IOTCSI HETIPEPBIBHBIMU (DYHKI[MSIMH BPEMEHH; ABYX30HAOBBIH METOM, B KOTOPOM CKOPOCTh 0OBEKTa OMpe/IesieTcst
C moMoIpo u(HEpeHIINPOBaHNS TOKOB JETEKTOPOB M NepeMeIeHie HaXOAUTCS WHTErPUPOBAHNEM CKOPOCTH;
JIByX30HJIOBBIif METO/I, B KOTOPOM TOKH AETEKTOPOB MU(HEPEHINPYIOTCS BAXK/BI ULl HCKITIOUCHHS] HEU3BECTHO-
TO MOZYIIst KO3(p(HIMEHTa OTpaXKeH!s 00BEKTa; JIBYX30HIOBBIH METOI, B KOTOPOM IepeMeIlleHre 00beKTa ompe-
JIeISIeTCsl U3 KBaJPAaTypHBIX CHTHAOB C MCIIONB30BaHHEM METOZa pasBepThiBaHus (as3el. B pesynbrate BhIOpan
rocieiHAH MeTox. B aToM Mertone Monynb M Hepa3BepHyTas (a3za KOMIUIEKCHOTO KO3((HIMEHTa OTpaKeHHs
00BEKTa OMPENIENAIOTCS TEOPETUIECKH TOYHO JUIsl MOAYIIs KOd(QHIMEeHTa OTpaKeHus, He peBocxoasiero 2-12,
ITosTOMy OH TO3BOMNSET OMpENENUTh KOMIUIEKCHBIH KO()(UIMEHT OTpakeHWsI PYHNOPHOI aHTEHHBI Ha KOHIIE
BOJIHOBOJIHOM CEKLUHM C 30HaMHU, MO/ KOTOPOTO JOCTATOYHO MaJjl, 3 TOKOB JIETEKTOPOB MPH PaboTe aHTECHHEI
Ha COTJIACOBaHHYIO Harpy3Ky. Iloaxox, nexamuii B OCHOBE BEIOPAaHHOTO METOJIa, TTO3BOJIMI BEIPA3HTh KBaJpa-
TYpPHBIC CHTHAJBI, COAEpIKAIMe MHQOPMAINIO O PACCTOSHUH [0 OOBEKTA, Yepe3 TOKH ACTCKTOPOB, W3BECTHBIH
KOMIIIEKCHBII KO3(Q(UIIMEHT OTpaXKeHNs PYIIOPHOH aHTEHHBI M HEM3BECTHBIN MOJTYITh KOMILIEKCHOTO KO3 dHIIH-
€HTa OTPaXXCHHUs 00BEKTA H MOIY4UTh yPaBHEHHE IS ONpeeneHus nocneaHero. [lomydeHHbIe pe3ynbTaTbl MOTYT
TIOCITY’KHTh OCHOBOH JUIsi pa3pabOTKM 30HJOBEIX METOJOB M3MEPEHHUs TepPEMENIeHNs C ydeToM Kod(QuiienTa
OTPaXXCHHS PYHOPHOIT aHTCHHBI.

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 242, 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-
nigues [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

o 1 21 Ao
X(t)=t—arccos—|J(t)-1-R“|+—=(2n+1) n=0,1t1,+2,.. 1
(©) =+ 2arccos__[30) [+ 22 +1) (1)

where t is the time, Ao 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/‘]min -1
\/Jmax/Jmin +1

where J i, and  Jacare 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 Ay/8 apart where Aq 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 xis
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

)

Ao(l+R)P I,
4m[1+R%*-J,(1+R

a ‘1+ RZ-J,(1+ R)Z‘z‘u RZ-J,(1+ R)Z‘

. a[+RPI,
An{1+R%-J;(1+RY]

[+ R?-3,(L+ RP| <1+ R? - 3,0+ RY|

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 = j'th .
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 A4/8 apart, the target velocity is expressed in terms of
the first and the second detector current derivatives as follows:

0, J2+J2=0

X1k dodimdids g2 520
A j24+33

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 y 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 A¢/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:

J;-1-R?
cosy =————, 3
v >R 3)

. J,-1-R?
siny =—4———. 4
v R (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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siny(t,)

arctan , siny(t,) =0, cosy(t,) =0,

cosy(t,)
o(t,) = arctanM +m, cosy(t,)<0, 5)
cosy(ty)
arctanM +2m, sinwy(t,) <0, cosy(t,) >0,
cosw(t,)
Ap(ty) =o(th) —o(th 1), (6)
0, n=0,
0(tn) =10ty _1) +Ao(t,), |Ao(t,)|<m n=12, .., (7

0(th_1) + Ao(t,) —2msgn[Ae(t,)], |Ae(t,)|>m n=1,2,..,

Ax(tn)zi—;e(tn), 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

R4—(J1+J2)R2+(Jl_l)z—;(‘lz_l)z=0. ©)

This equation has two positive roots:

_ 12
o Jl+J2+J(J1+J2Y(J1—1)2+(J2—1)2}
1~ )

2 4 2
r > > 1/2
n 31+32_\/(31+32)2_(31—1) +(3,-1) )
? 2 4 2 '

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

12
Rext = {RZ +2\/§Rsin(\|/ + %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/ V2, 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
0< Q< Qpeft = raresin—,

V2R

—n—arcsiniz it SQOL27.
2 Pright =@

V2R

At Qiert <@ <@rign: - the magnitude of the target reflection coefficient is giv-

en by the greater root Rs.

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 Ry
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,&V2e 17 1+ Relvei72) (12)
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where E;, is the incident wave amplitude, j is the imaginary unit, y = 2n/Aq is the
propagation constant, z is the coordinate along the waveguide section reckoned
from probe 1 towards the horn antenna, and Ra and ya 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 I is proportional
to the squared magnitude of the electric field amplitude

| =k|E[® =kEE (13)
where k is a proportionality factor, and the bar denotes complex conjugation.
The complex conjugate amplitude E is
E =Ein (e‘”z +R,e Ve 4 Re‘j‘“e”z) . (14)

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

| =K|E;, \2[1+ R2 + R2 + 2R Rcos(y — v, ) + 2R, cos(y, — 2yZ) +

+2R, cos(y, —2y2)] . (15)

It follows from Eqg. (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

J; =1+ RZ +R% + 2R Rcos(y —y,) + 2R, cosy, + 2Rcosy,  (16)

J, =1+R2+R?+2R,Rcos(y —y,) +2R,siny, +2Rsiny . (17)
Egs. (12) and (13) may be rearranged as follows:

2R(1+ R, cosy, )cosy +2RR_sin y, sin y = 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?
cosy = , 20
Y= "oRrRB (20)
_ A, -R? 1)
sny =———
Y= "orB

where
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A =a+bR;siny,, A, =a—-b(l+R,cosy,),

B =l+\/§Rasin(wa +§].

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 + A, + A, J+ =0. (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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