
89

UDC 621.002.56 https://doi.org/10.15407/itm2020.02.089
O. V. PYLYPENKO, A. V. DORONIN, N. B. GOREV, I. F. KODZHESPIROVA

TWO-PROBE MEASUREMENTS OF THE DISPLACEMENT OF MECHANICAL
OBJECTS OVER A WIDE RANGE OF THE 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

Розглянуто двозондовий варіант надвисокочастотної інтерферометрії для вимірювання переміщення
механічних об’єктів з невідомим коефіцієнтом відбиття. Ціль роботи полягає в підвищенні точності вимі-
рювання переміщення у широкому діапазоні коефіцієнта відбиття. Одержано залежність похибки вимірю-
вання від міжзондової відстані, довжини зондуючої електромагнітної хвилі у вільному просторі, розміру
широкої стінки хвилевідної секції із зондами та коефіцієнта відбиття об’єкта  з урахуванням відхилення
струмів напівпровідникових детекторів, з’єднаних із зондами, від їхніх теоретичних значень. Зі збільшен-
ням довжини зондуючої електромагнітної хвилі похибка проходить через мінімум для коефіцієнтів від-
биття, близьких до одиниці, і монотонно збільшується для менших коефіцієнтів відбиття. Така поведінка
похибки зумовлена тим, що зі збільшенням довжини зондуючої електромагнітної хвилі та/або зменшен-
ням коефіцієнта відбиття власна похибка двозондових вимірювань зменшується, на той час як похибка,
пов’язана з відхиленням струмів детекторів від їхніх теоретичних значень, збільшується. Запропоновано
методику зменшення похибки. Методика полягає у зміні довжини зондуючої електромагнітної хвилі у
вільному просторі в залежності від виміряного коефіцієнта відбиття. У порівнянні із загальноприйнятим
режимом роботи, запропонована методика дозволяє істотно зменшити похибку для коефіцієнтів відбиття,
близьких до одиниці. На відміну від відомої методики, що використовує фіксоване значення відношення
міжзондової відстані до довжини електромагнітної хвилі у хвилеводі, менше від однієї восьмої, запропо-
нована методика вільна від такого недоліка, як помітне збільшення похибки при досить малих коефіцієн-
тах відбиття. Результати цієї роботи можуть бути використані при розробці мікрохвильових вимірювачів
переміщення для різних класів віброзахисних систем та систем керування технологічними процесами.

Ключові слова: комплексний коефіцієнт відбиття, електричний зонд, надвисокочастотна інтер-
ферометрія, напівпровідниковий детектор, хвилевідна  секція.

Рассмотрен двухзондовый вариант сверхвысокочастотной интерферометрии для измерения переме-
щения механических объектов с неизвестным коэффициентом отражения. Цель работы заключается в
повышении точности измерения перемещения в широком диапазоне коэффициента отражения. Получена
зависимость погрешности измерения от межзондового расстояния, длины зондирующей электромагнит-
ной волны в свободном пространстве, размера широкой стенки волноводной секции с зондами и коэффи-
циента отражения объекта с учетом отклонения токов соединенных с зондами полупроводниковых детек-
торов от их теоретических значений. С увеличением длины зондирующей электромагнитной волны по-
грешность проходит через минимум для коэффициентов отражения, близких к единице, и монотонно уве-
личивается для меньших коэффициентов отражения. Такое поведение погрешности связано с тем, что с
увеличением длины зондирующей электромагнитной волны и/или уменьшением коэффициента отражения
собственная погрешность двухзондовых измерений уменьшается, в то время как погрешность, связанная с
отклонением токов детекторов от их теоретических значений, увеличивается. Предложена методика
уменьшения погрешности. Методика заключается в изменении длины зондирующей электромагнитной
волны в свободном пространстве в зависимости от измеренного коэффициента отражения.  По сравнению
с общепринятым режимом работы, при котором межзондовое расстояние равно одной восьмой длины
электромагнитной волны в волноводе, предложенная методика позволяет значительно уменьшить по-
грешность для коэффициентов отражения, близких к единице. В отличие от существующей методики,
использующей фиксированное значение отношения межзондового расстояния к длине электромагнитной
волны в волноводе, меньшее одной восьмой, предложенная методика свободна от такого недостатка, как
заметное увеличение погрешности при достаточно малых коэффициентах отражения. Результаты данной
работы могут быть использованы при разработке микроволновых измерителей перемещения для различ-
ных классов виброзащитных систем и систем управления технологическими процессами.

Ключевые слова: комплексный коэффициент отражения, электрический зонд, сверхвысокоча-
стотная интерферометрия, полупроводниковый детектор, волноводная секция.

This paper addresses a two-probe implementation of microwave interferometry for measurement of the dis-
placement of a target with an unknown reflection coefficient. The aim of this paper is to improve the measure-
ment accuracy over a wide range of the target reflection coefficient. The measurement error as a function of the
interprobe distance, the free-space operating wavelength, the width of the broad wall of the waveguide section
with the probes, and the target reflection coefficient is analyzed with the inclusion of variations of the currents of
the semiconductor detectors connected to the probes from their theoretical values. As the free-space operating
wavelength increases, the measurement error passes through a minimum for reflection coefficients close to unity
and increases monotonically for smaller reflection coefficients. This behavior of the error is due to the fact that
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with increasing free-space operating wavelength and/or reflection coefficient the inherent error of two-probe
measurements decreases, while the error caused by variations of the detector currents from their theoretical values
increases. A measurement error reduction technique is proposed. The technique consists in changing the free-
space operating wavelength in accordance with the measured reflection coefficient, In comparison with the con-
ventional operating mode, in which the interprobe distance is equal to the one eighth of the guided wavelength,
the proposed technique offers a significant reduction in the measurement error for reflection coefficients close to
unity. As distinct from an existing technique that uses a fixed value of the interprobe distance to guided wave-
length ratio smaller than 1/8, the proposed technique is free from such a drawback as a marked increase in the
measurement error at rather small reflection coefficients. The results reported in this paper may be used in the
development of microwave displacement sensors for various classes of vibration protection and workflow control
systems.

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

Microwave interferometry is an ideal means for displacement measurement in
various engineering applications [1]. This is due to its ability to provide fast non-
contact measurements, applicability to dusty or smoky environments (as distinct
from laser Doppler sensors [2 – 4] or vision-based systems using digital image
processing techniques [5]), and simple hardware implementation. In microwave
interferometry, the displacement of the object under measurement (target) is ex-
tracted from the phase shift between the signal reflected from the target and the
reference signal. At present, this phase shift is usually determined using special
hardware incorporating a power divider and a phase-detecting processor, which is
an analog [6] or a digital [7] quadrature mixer. In doing so, measures have to be
taken to minimize the nonlinear phase response of the quadrature mixer, which is
caused by its phase and amplitude unbalances.

A two-probe displacement measurement technique was proposed in [8]. In that
technique, the quadrature signals needed for the determination of the phase shift
are extracted from the outputs of two probes placed in a waveguide section one
eighth of the guided operating wavelength g apart. In hardware implementation,
that technique is far simpler than conventional techniques based on quadrature
mixing [6, 7]. Its distinctive feature is the possibility of displacement measure-
ment at an unknown reflection coefficient with as few as two probes, while since
the classic text by Tischer [9] three probes have still been used to determine or
eliminate the unknown reflection coefficient [10, 11]. Theoretically, the technique
gives the exact value of the displacement for reflection coefficients (at the location
of the probes) no greater than 21 and in the general case determines it to a
worst-case accuracy of about 4.4% of the free-space operating wavelength. In [12]
it was shown that the measurement error can be reduced by going from the conven-
tional 8g to a shorter interprobe distance. However, decreasing the interprobe
distance increases the error that is due to variations of the detector currents from
their theoretical values, and this error increases with decreasing reflection coeffi-
cient. The aim of this paper is to improve the measurement accuracy over a wide
range of the target reflection coefficient. This aim is achieved by changing the op-
erating wavelength in accordance with the measured reflection coefficient.

Consider two probes, 1 and 2, with square-law semiconductor detectors
placed l apart in a waveguide section between a microwave oscillator and a target
so that probe 2 is closer to the target (Fig. 1).
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Fig. 1

The detector currents 1J and 2J (normalized to their matched-load values)
are [12]

 cos21 2
1 RRJ , (1)

  sin21 2
2 RRJ , (2)






x4 ,




















8
8

2 g

gl
,

where R and  are the magnitude and phase of the unknown complex reflection
coefficient at the location of probe 1 (for simplicity, in the following discussion
the magnitude of the complex reflection coefficient will be referred to as the re-
flection coefficient), x is the distance between the target and probe 1,  is the
free–space operating wavelength, and the term , which is governed by the wave-
guide section and horn antenna geometry and the phase shift caused by the reflec-
tion, does not depend on the distance x.

The guided operating wavelength g is related to the free-space operating

wavelength  as follows:
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where W is the width of the waveguide’s broad wall.
Let  be the free-space operating wavelength such that 8/)( 0 gl . Then

the expression for  as a function of  will be

   
  



















 1
2/1

2/1
2 2

0

2
0

W
W .

Let it be desired to find the displacement )(tx of the target relative to its ini-
tial position )( 0tx from the measured currents )(1 tJ and )(2 tJ . As will be shown
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below, this displacement can be unambiguously determined from the quadrature
signals cos and sin . From Eqs. (1) and (2) we have

R
Ra

2
cos

2
1  , (3)

 



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sin1sin

sin
2

12
R

Raa
, (4)

where 111  Ja , 122  Ja .
Combining the squares of Eqs, (3) and (4) gives the biquadratic equation in R
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This equation has two positive roots. Let 1R and 2R be the greater and the
smaller positive root, respectively. Clearly one of the two roots is extraneous.

Using Eqs. (3) and (4), the absolute term of Eq. (5) may be brought to the
form
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Since the absolute term of a biquadratic equation is the product of its roots,
for the extraneous root extR we have

      212 sin12sincos2  RRRext . (6)

On rearrangement, the expression for extR becomes

   212
010

2 4sin4 RRRRRext  , (7)

where   2sin10 R and 01 arcsin R .

Using Eq. (7), it can be shown that extR and R are compared as follows:
RRext  for   RR01sin  and RRext  for   RR01sin  . Since by

definition 21 RR  , for the reflection coefficient R we have
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First consider the case 0RR  . In this case the condition   RR01sin 
is met at any  , and thus the reflection coefficient R is unambiguously determined
from Eq. (5) as its root 2R , thus allowing cos and sin to be unambiguously
determined from Eqs. (3) and (4). Given cos and sin , the target displacement
can be extracted using the phase unwrapping method, which is a powerful tool to
resolve the phase ambiguity problem in a number of applications [13, 14]. The
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displacement x of the target at time ,nt ...,2,1,0,n from its initial position
)( 0tx can be found by the following phase unwrapping algorithm [15]
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where  and  are the wrapped and the unwrapped phase, respectively.
In the case 0RR  , the root 2R will not always be equal to R , but, as will be

shown below, the displacement can also be determined to sufficient accuracy as-
suming that 2RR  As shown above, the root 2R is extraneous if
  RR01sin  . In terms of the wrapped phase  , this condition becomes

21  ,

Where 121  , 212 2  ,
R
R0

2 arcsin .

In the case 8gl  ( 121 0  R ), we have

24 21



 ,

whence it follows that the angles 1 and 2 are in the third quadrant.
From Eq. (7) it follows that the minimum value of the extraneous root is

  RRRRRRRext  0
212

00
2

min 244 . (12)

Because of this, if the root R2 is less than minextR , it will certainly be equal to

the actual reflection coefficient R. Otherwise, any value between minextR and 1
may be the actual reflection coefficient.
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If the extraneous root extR is taken as the reflection coefficient, Eqs. (3) and
(4) for для cos and sin will give their apparent values, for which in view of
Eqs. (6) and (7) we will have
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Eq. (8) for the determination of the wrapped phase includes the inverse tan-
gent of the ratio  cossin . So consider the function   apapF  cossin ,
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For its derivative with respect to  we have
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Thus the apparent wrapped phase ap is a steadily increasing function of the
actual wrapped phase . Since at the points 1 and 2 the apparent and
the actual phase coincide, this means that the apparent phase also lies between 1

and 2 , i. e., in the third quadrant. Thus the phase error  aper is








 .,)(arctan
2,0,0

)(
21

21
Fer

The phase error )( er has a negative minimum at 133  and a
positive maximum at 134 2  where
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and its maximum value at 4 is
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As can be seen from Eqs. (9) – (11), the displacement error is governed only
by the phase error at the initial and the current measurement point because the in-
termediate points cancel one another. Because of this, the maximum displacement
error will be

 minmaxmax 4 erererx 

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 .

Fig. 2 shows the ratio   maxminmaxmax
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guide (W = 23 mm) and 0 = 3 cm.

0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.00

0.01

0.02

0.03

0.04

0.05

= 1.2

= 1.1

max

R

= 1

Fig. 2

As illustrated, the error maxδ decreases rapidly with increasing . However,
increasing  decreases the ratio gl λ . This, in its turn, increases the contribution
of the error caused by variations of the detector currents from their theoretical val-
ues given by Eqs. (1) and (2) (such variations may be due to the effect of the re-
flecting surface shape and orientation and the antenna radiation pattern on the re-
flected wave, electromagnetic noise, etc.). To demonstrate, let us bring the abso-
lute term of Eq. (5) to the form:
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where J1 and J2 are variations of the detector currents from their theoretical val-
ues J1th and J2th.

As the ratio gl  tends to zero, thth JJ 21  and  sin1 tend to zero too, and

thus the contribution of the current variations J1 and J2 becomes dominating.
Calculations were conducted to find out an advisable value of the ratio 0λ .

In the calculations, the determination of the relative displacement of a target exe-
cuting 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 distance x of the target to probe 1 and the detector currents 1J and 2J
were simulated as
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 TtAxtx  2sin)( 0 ,

 TtA 



 2sin4
0 ,




 0
0

4 x
,

  rARRJ n 1cos21 2
1 ,

   rARRJ n 1sin21 ][ 2
2 ,

where t is the time, A and T are the target vibration amplitude and period, x0 and
0 are the distance x and the phase  at t = 0, An is the noise amplitude, and r is a
random variable uniformly distributed between –1 and 1.

The calculations were conducted for different values of the ratio W , the
ratio 0λ , and the reflection coefficient R at 05.2 A and 02.0nA . To get
the maximum possible error, the initial phase 0 was chosen such that

min0 )( erer  .
Fig. 3 shows the error max versus ratio 0λ for five cycles of vibration at
W 23 mm, 0 3 cm, and different values of the reflection coefficient R. As il-

lustrated, at  21min0RR 0.71 the error passes through a minimum, while at

min0RR  it increases monotonically with 0 . Because of this, the error can be
reduced by operating at 0 if min0RR  and at a longer wavelength if min0RR  .
As follows from Eq. (12), to the range of the actual reflection coefficient R from

min0R to 0.9 (in free-space measurements, the reflection coefficient can hardly
exceed 0.9) there corresponds the range of the measured reflection coefficient (the
root R2) from  9.02 min0R 0.514 to 0.9. So one should switch to an operating
wavelength longer than 0 only if the measured reflection coefficient exceeds
0.514. An advisable value of the ratio 0 may be chosen such that the error max

averaged over the reflection coefficient range of 0.514 to 0.9 is a minimum. For
W 23 mm and 0 3 cm, the advisable ratio 0 is 1.1.
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Fig. 3

In the existing technique [12], an interprobe distance of 10g is used instead
of the conventional 8g in order to reduce the measurement error at reflection
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coefficients close to unity. However, this may increase the measurement error if
the reflection coefficient is rather small. Fig. 4 shows the difference  of the max-
imum  error max for the conventional operating mode  ( 8const gl ) and the
maximum  error max for the proposed technique at W 23 mm, 0 3 cm, and

 0 1.1 and for the existing technique [12] ( 10const gl ). As illustrated,
both techniques significantly reduce the error at reflection coefficients close to
unity; however, the existing technique results in a marked increase in the error at
rather small reflection coefficients, while the proposed technique is free from such
a drawback.

Fig. 5 shows the advisable value of the ratio 0 ,  adv0 , at which the er-
ror max averaged over the reflection coefficient range of 0.514 to 0.9 is a minimum
and the value of this minimum,  minmax , versus the ratio W0 . As can be seen
from the figure, advisable values of the ratios 0 and W0 may be chosen as

 0 1.1 and 4.13.1 0  W .
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Thus, in order to reduce the measurement error in a wide range of the reflec-
tion coefficient, the parameters 0 (the free-space operating wavelength at which

8gl  ) and W (the width of the waveguide section’s broad wall) of a two-probe
displacement meter should satisfy the condition 4.13.1 0  W m, and the free-
space operating wavelength  should switch from 0 to 01.1  if the measured re-
flection coefficient exceeds 0.514.

The proposed method may be used in the development of microwave dis-
placement sensors for various classes of vibration protection and workflow control
systems.
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