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Мета цієї  роботи полягає у виборі зондового методу вимірювання переміщення, який може бути
модифікований з тим, щоб урахувати коефіцієнт відбиття рупорної антени, нехтування яким може бути
неприпустимим при достатньо великій відстані міх антеною й контрольованим об’єктом. Розглянуто чо-
тири методи: однозондовий метод, в якому проблема фазової невизначеності вирішується за допомогою
використання того, що переміщення та швидкість  об’єкта є неперервними функціями часу; двозондовий
метод, в якому швидкість об’єкта визначається за допомогою диференціювання струмів детекторів і потім
інтегрується для визначення переміщення; двозондовий метод, в якому струми детекторів диференцію-
ються двічі для виключення невідомого коефіцієнта відбиття об’єкта; двозондовий метод, в якому пере-
міщення об’єкта  визначається з квадратурних сигналів за допомогою методу розгортання фази. У резуль-
таті обрано останній метод. У цьому методі модуль і нерозгорнута фаза комплексного коефіцієнта відбит-
тя об’єкта визначаються теоретично точно для модуля коефіцієнта відбиття, що не перевищує 2-1/2. Тому
він дозволяє визначити комплексний коефіцієнт відбиття рупорної антени на кінці хвилевідної секцій із
зондами, модуль якого досить малий, зі струмів детекторів при роботі антени на узгоджене навантаження.
Підхід, що лежить в основі обраного методу, дозволив виразити квадратурні сигнали, що містять інфор-
мацію про відстань до об’єкта, через струми детекторів, відомий комплексний коефіцієнт відбиття рупор-
ної антени й невідомий модуль комплексного коефіцієнта відбиття об’єкта та отримати рівняння для ви-
значення останнього. Отримані результати можуть бути основою для розробки зондових методів визна-
чення переміщення з урахуванням коефіцієнта відбиття рупорної антени.

Цель данной работы заключается в выборе зондового метода измерения перемещения, который мо-
жет быть модифицирован с тем, чтобы учесть коэффициент отражения рупорной антенны, пренебрежение
которым может оказаться недопустимым при достаточно большом расстоянии между антенной и контро-
лируемым объектом. Рассмотрены четыре метода: однозондовый метод, в котором проблема фазовой
неопределенности решается с помощью использования того, что перемещение и скорость объекта явля-
ются непрерывными функциями времени; двухзондовый метод, в котором скорость объекта определяется
c помощью дифференцирования токов детекторов и перемещение находится интегрированием скорости;
двухзондовый метод, в котором токи детекторов дифференцируются дважды для исключения неизвестно-
го модуля коэффициента отражения объекта; двухзондовый метод, в котором перемещение объекта опре-
деляется из квадратурных сигналов с использованием метода развертывания фазы. В результате выбран
последний метод. В этом методе модуль и неразвернутая фаза комплексного коэффициента отражения
объекта определяются теоретически точно для модуля коэффициента отражения, не превосходящего 2-1/2.
Поэтому он позволяет определить комплексный коэффициент отражения рупорной антенны на конце
волноводной секции с зондами, модуль которого достаточно мал, из токов детекторов при работе антенны
на согласованную нагрузку.  Подход, лежащий в основе выбранного метода, позволил выразить квадра-
турные сигналы, содержащие информацию о расстоянии до объекта, через токи детекторов, известный
комплексный коэффициент отражения рупорной антенны и неизвестный модуль комплексного коэффици-
ента отражения объекта и получить уравнение для определения последнего. Полученные результаты могут
послужить основой для разработки зондовых методов измерения перемещения с учетом коэффициента
отражения рупорной антенны.

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 2-1/2. 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
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where t is the time, 0 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 0t  may be taken as the initial value )(0x . To unambiguously determine )(tx
at 0t , 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 )(tx  and velocity
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)(tx (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

1
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where minJ and maxJ 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 g/8 apart where g 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 x is
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
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where 1J is the normalized current of the detector connected to probe 1, and 2J 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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t

dtxx
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 g/8 apart, the target velocity is expressed in terms of
the first and the second detector current derivatives as follows:
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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

.cos RRJ 21 2

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 g/8 apart without differentiation of the detector currents. In that
method, the quadrature signals sin and cos , 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:
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Given sin  and cos , the displacement x  of the target at time
,nt ...,2,1,0,n relative to its initial position )( 0tx  is determined using the fol-

lowing phase unwrapping algorithm [14]
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where  and   are the wrapped and the unwrapped phase, respectively.
Eqs. (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
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This equation has two positive roots:
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One of these roots is extraneous. As shown in [12], the extraneous root Rext is
given by the expression
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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 R2 at any phase of the target reflection coefficient in the case where R
satisfies the condition

2
1

R . (11)
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In the case 21R , the magnitude of the target reflection coefficient is
given by the root R2 at the following values of the wrapped phase  of the target
reflection coefficient

Rleft 2
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At rightleft  , the magnitude of the target reflection coefficient is giv-
en by the greater root R1.

As can be seen from the aforesaid, the root R2 gives the actual magnitude of
the target reflection coefficient in a far wider range of R and  than the root R1

does. Because of this, in the method proposed in [12] and [13] the root R2 is taken
as the magnitude of the target reflection coefficient. The maximum value of the
error introduced in the case where the root R2 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 Eqs. (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 g/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

 zjjzjj
a

zj
in eReeeReEE a   (12)
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where Ein is the incident wave amplitude, j is the imaginary unit,  = 2/g is the
propagation constant, z is the coordinate along the waveguide section reckoned
from probe 1 towards the horn antenna, and Ra and a  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

EkEEkI  2
  

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

 zjjzjj
a

zj
in eReeeReEE a   . (14)

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

  )cos()cos( zRRRRREkI aaaaain 2221 222

)cos( zR aa  22 . (15)

It follows from Eq. (15) that the current J1 of the detector connected to probe
1 (z = 0) and the current J2 of the detector connected to probe 2 (z = g/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

,coscos)cos(  RRRRRRJ aaaaa 2221 22
1 (16)

 sinsin)cos( RRRRRRJ aaaaa 2221 22
2 . (17)

Eqs. (12) and (13) may be rearranged as follows:

  ,sinsin2coscos12 aRRRR aaaa  (18)

bRR  sin2cos2 (19)

where

,cos 2
1 21 aaa RRJa    .sincos aaaRJJb  221

Solving Eqs. (18) and (19) for the quadrature signals sin and cos yields
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Combining the squares of Eqs. (20) and (21) gives the following biquadratic
equation in the unknown magnitude R of the target reflection coefficient
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Given R, the quadrature signals can be found from Eqs. (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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