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METHOD FOR DETERMINING PHASE SHIFT
USING TWO-PHASE INTERPOLATION TRANSFORMATION

This study focuses on a method for accurately determining the phase shift between two harmonic signals. The
proposed technique compares the waveform of the combined signal, which is obtained by applying a two-phase
interpolation transformation, with a set of predefined reference functions. This study aims to develop a method
for accurately measuring the phase shift between two harmonic signals to reduce the measurement errors
caused by phase asymmetry in signal transmission channels and minimize the costs associated with parameter
control. The sources of error in the proposed measurement method are identified and addressed. The task in-
volves setting up the measurement objective to determine the phase shift between two harmonic signals. This
section presents the analyses of known methods for measuring phase shifts using of analog-to-digital conver-
sion. The next step involves selecting indicators and criteria to determine how closely the investigated signal
matches the reference function. Then, we propose the synthesis of an algorithm to find the extremum of the sum
of squares deviations for the set of reference functions and the investigated signal, relying on the golden ratio
method. Finally, the paper will analyze possible sources of error that could affect the measurement outcome.
The methods used are the following: methodology for conducting digital signal processing and measuring er-
ror estimation, numerical methods for extremum search, and methodology for single-factor experiments. The
following results were obtained. A proposed compensation method for measuring phase shift is based on com-
paring the shape of the normalized signal, which is obtained as a result of the summation of harmonic signals
after their semiperiodical transformation, with a set of normalized reference functions synthesized by computa-
tional means. A list of measurement and auxiliary operations, which should be ideally conducted to implement
this measurement method, has been determined. An analysis of the components of measurement errors was
conducted. Conclusions. The scientific novelty of the obtained results lies in the following: a method for meas-
uring the phase shift of a signal has been developed, which, in our opinion, should be classified as a compen-
satory measurement method. This will significantly reduce the error component caused by the phase asymmetry
of signal transmission channels and reduce the costs of controlling parameters (up to 10%) without decreasing
the quality of control; a list of the measuring and auxiliary operations necessary for the implementation of the
proposed measurement method has been identified; sources of errors have been determined.

Keywords: harmonic signal; measurement; compensatory method; phase shift; error; extremum.

conducting tests by comparing the obtained technical
characteristics during the tests with the corresponding

Introduction

Motivation. Contemporary conflicts and geopolit-
ical challenges highlight the importance of developing
new and improving existing weapons and military
equipment models for the Armed Forces of Ukraine and
other military formations that are part of Ukraine's de-
fense forces, to ensure national security. An important
component of equipping Ukraine's defense forces is
acquiring weaponry samples from our state's partner
nations. According to [1], the decision on the admissi-
bility of the supply of the newest weapons developed
and manufactured by Ukraine's military-industrial com-
plex or received from partners not part of the North
Atlantic Treaty Organization (NATO) is made based on

values specified in normative and technical documents
for the experimental sample (technical specifications,
technical assignments, operational documentation, etc.).

Among the crucial indicators in developing the
newest military equipment for the Ukrainian DF are
high demands on operational and reliability characteris-
tics. The most promising way to improve these charac-
teristics is the application of modern diagnostic systems
that incorporate state-of-the-art technologies, computer
and telecommunications equipment, artificial intelli-
gence technologies, and new approaches and methods
for diagnosing the technical state. [2, 3]. It is necessary
to use intelligent diagnostic systems [4, 5] and advanced
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high-precision measurement methods to reduce the time
and improve the quality of control, with the further
possibility of predicting the technical conditions of
weapons and military equipment.

One of the important procedures for testing and di-
agnosing complex technical systems is measuring the
physical quantities that characterize their parameters.

For example, when testing and operating un-
manned aircraft systems to intercept air targets, it be-
comes necessary to measure accelerations and angles,
the time delays of receiving and transmitting control
channels and data transmission, and determine the dis-
tances to objects. The methods for measuring these
values are based on the use of the phase shift between
two harmonic signals as an intermediate value.

When developing and manufacturing the latest
special wheeled military equipment, such as the BTR-
4E, an important parameter is the strength of hulls.
During the production of experimental or serial samples,
the physical-chemical properties of materials and the
quality of the sheets joining are measured during the
input control of the components and user acceptance
testing of the samples as a whole.

One of the most important characteristics of small
arms, artillery, and rocket-artillery weapons is the de-
gree of wear of the barrel (such as guides), its strength,
the gunpowder condition, the degree of wear of metal,
and protective coatings. The decision on the possibility
of extending the service life is made based on the ac-
ceptance tests of a certain batch of products, considering
the conditions of their previous operation.

The measurement of the above characteristics of
small arms, artillery, and rocket-artillery weapons, and
wheeled and tracked military equipment is based on
non-destructive testing methods. Non-destructive testing
methods include radiography, ultrasonic flaw detection,
and magnetic resonance research methods. The measur-
ing systems that implement these measurement methods
widely use methods based on the phase shift measure-
ment.

Structure of the article. An analysis of known
methods for determining the stage shift was conducted;
it was found that compensation methods and the method
of changing the stage shift into other quantities, such as
voltage, time interval, and geometric parameters of the
oscillographic images of the studied signals are current-
ly widely used. The disadvantages of the known meth-
ods, which significantly affect the quality of measuring
control, are determined. Based on this analysis, the aim
of this research was set.

In Section 1, “Methodology of the research”, the
methodological basis for solving the measurement prob-
lem of determining a phase shift using the signal ob-
tained by summing two-harmonic signals, after conduct-

ing a two-phase interpolation transformation using the
compensation method, is determined.

In Section 2, “Problem formulation”, the procedure
for obtaining the signal by summing two-harmonic
signals after conducting a two-phase interpolation trans-
formation is described, offering the following: to use a
normalized vector of instantaneous values to its average
value for determining the phase shift; a set of vectors of
reference standard normalized functions as a benchmark
measure of the phase shift; and to use the method of the
least squares as a determining method of the degree of
the coincidence.

In Section 3, “Optimization”, an algorithm for de-
termining the phase shift by the compensation method
with the use of the golden ratio method is developed.

Section 4, “Results and Discussion”, contains a list
of measuring and additional operations necessary to
implement the propone method for determining the
phase shift. Sources of errors in the proposed method of
determination are determined.

The article is concluded by the conclusions, which
highlight the main scientific and technical results and
outline directions for further research in this area.

State of the art. At present, phase-measurement
methods are employed in various fields, including radar
and radio navigation, aviation and space technology,
geodesy, mechanical engineering, communications, and
non-destructive testing [6, 7]. The transformation of
various physical quantities and their values into the
phase shift of two harmonic signals facilitates a simple
execution procedure and achieves a high degree of accu-
racy. Methods for converting physical quantities into the
phase shift of two harmonic signals have moved beyond
traditional applications and are frequently used in exper-
imental physics, radiophysics, non-destructive testing,
experimental medicine, and cutting-edge science and
technology fields during research [8, 9]. Phase meas-
urement methods and information-measurement systems
created based on these methods allow solving many
scientific and technical tasks related to the accurate
measurement of distances, time intervals, and angles
and analysis of signal field characteristics of different
physical natures (electromagnetic, optical, acoustic).

In solving specific practical tasks, there arises the
need to measure phase shifts in a frequency range from
infra-low to ultra-high frequencies, in the presence of
noise and interference across a wide dynamic range of
amplitudes of the studied signals.

In measuring harmonic signals, concepts such as
phase, initial phase, phase shift, and time delay are used.
Currently, the greatest interest in phase measurements is
determining the phase shift. As indicated in [10], ac-
cording to existing normative documents, the phase shift
is understood as the modulus of the difference between
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the initial phases of the frequencies of two harmonic
signals.

Thus, in our opinion, the scientific and technical
task of improving existing and developing prospective
methods for measuring phase shifts is quite relevant.

The complete classification of the methods for
measuring phase shifts was presented in the study [11].

Based on the principle of measuring the phase
shift, compensatory methods and methods for convert-
ing the phase shift into other quantities, such as voltage,
time interval, and geometric parameters of the oscillo-
graphic images of the studied signals, are distinguished.

The compensatory measurement method is based
on balancing (compensating) the phase shift between
two harmonic signals, i.e., reducing the phase shift of
the signals to zero by adjusting the phase of one or both
signals using a controlled measuring phase shifter (or
phase shift measure) [11, 12]. Measurements were con-
ducted at fixed intermediate frequencies to ensure the
correct operation of the phase shifter and the phase
drop-indication system of the signals. This method pro-
vides high measurement accuracy, which is close to the
accuracy of phase shifter measurements.

The method of conversion into intermediate quan-
tities allows determining the phase shift of signals after
their previous conversion into another intermediate
quantity, for example, voltage, current, displacement of
the oscilloscope electron beam, and time interval. The
main known methods of implementing this method are
described below.

The additive method of signal voltage processing
[11, 13] is based on the vector addition of signals. In the
case of adding harmonic signals, a signal is obtained
whose amplitude depends on the amplitude of the input
signals and the phase shift between them. Because the
phase-shift value is obtained from the measurement
results of the amplitudes of the three-harmonic signals,
this method is sometimes called the "three-voltmeter
method."

To simplify the process of measuring the phase
shift by adding voltages, a procedure for automatic
adjustment of the input signal levels [14] was imple-
mented. Then, the amplitude of the output signal de-
pends exclusively on the magnitude of the phase shift.

The multiplicative method of signal processing
(voltage multiplication method) [11, 15] is based on the
fact that the multiplication of two-harmonic signals can
produce a signal containing a constant component, the
value of which depends on the amplitude values of the
input signals and the phase shift between them, as well
as a harmonic component. As with the voltage addition
method, to simplify the process of measuring the phase
shift, the automatic adjustment of the signal levels was
performed.

When using the oscillographic method, as shown
in the works [11, 16], the measured phase shift magni-
tude is determined by the nature and shape of the oscil-
lograms. Phase shift measurement using the oscillo-
graphic method is carried out using a linear or sinusoi-
dal sweep.

When measuring the phase shift of two-harmonic
signals using a linear sweep, it is necessary to use a
multichannel oscilloscope. When measuring the phase
shift by a sinusoidal sweep, one of the measured signals
is fed to the horizontal deflection channel, and the other
signal is fed to the vertical deflection channel. Based on
the action of these signals, an interference figure will
appear on the screen, namely, an ellipse, whose axes are
rotated by a certain angle relative to the horizontal and
vertical axes of the screen. The magnitude of the phase
shift is determined by measuring the dimensions of the
ellipse edges.

The method for converting the phase shift of sig-
nals into a time interval is described in [24, 25]. The
phase shift of signals is uniquely determined by the time
delay between them. Determining the time delay be-
tween characteristic points of the signals, for example,
between moments of zero-level crossing when the signs
of the signal derivatives match, allows reducing the
process of measuring phase shifts to the determination
of time intervals based on the known frequency or peri-
od values of the input signals.

Considering the points mentioned, the following
disadvantages can be attributed to the known methods:

—significant impact on the measurement accuracy
of the phase shift due to error components caused by the
phase asymmetry of the signal transmission channels;

—the presence of two channels for conducting ana-
log-to-digital conversion of input signals, necessitating
mutual synchronization of clock generators for each
channel;

—considerable effect on the measurement accuracy
of the phase shift due to external and internal noise;

—nonlinearity of the calibration characteristic.

The aim of the work. To propose methodological
principles for using the composite signal obtained by
summing two harmonic signals, after conducting a two-
half-period transformation, to measure the phase shift
between them. To consider the possibility of implement-
ing a compensation method for determining the phase
shift using the indicated signal.

The proposed approach for determining the phase
shift will reduce the component of deviation caused by
the metrological characteristics of the multi-valued
measure by 10...15% compared to known compensation
methods for determining the phase shift from one hand.
Additionallynaly, it will reduce the costs of creating and
maintaining such measurement systems by 5...7%.
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Compared to known measurement systems for de-
termining the phase shift that implement amplitude-time
analog-to-digital signal conversion, the measurement
deviation for determining the phase shift can be reduced
to 5% by shortening the length of the measurement
channel. Moreover, the costs for creating and
maintaining the metrological system can be reduced by
up to 10% by using a single amplitude-time analog-to-
digital converter.

Overall, the proposed approach for implementing
the compensation method for phase-shift measurements
enhances the effectiveness of diagnosing weaponry and
military equipment by ensuring a specified level of
parameter control reliability and reducing the cost of
measurement equipment in intelligent diagnostic
systems.

1. Methodology of the research

To address the proposed measurement task, it is
suggested to use a signal obtained by summing two
harmonic signals that have a phase shift relative to each
other. The use of this signal ensures a significant reduc-
tion in the measurement error component caused by the
asymmetry of the signal transmission channels.

This measurement method is based on the use of a
single-factor experimental design and, in our view, can
be classified as a compensatory method for measuring
phase shifts.

As an informational parameter concerning the
magnitude of the phase shift, the shape of the signal
obtained because of summing two harmonic signals
after their two-half-period transformation is used. For
this purpose, an amplitude-time analog-to-digital con-
version of the indicated signal is carried out, and a vec-
tor of instantaneous values is formed. To improve the
sensitivity of the measurement method, it is proposed to
normalize the obtained vector to the average value.

As a multifaceted measure of the phase shift, a set
of normalized vectors of reference standard functions is
used, assuming equality of the amplitudes of harmonic
functions for the entire set of phase shift values between
them, which are synthesized by computational means.
The use of this approach allows, on the one hand, to
solve the measurement task and, on the other hand, to
significantly simplify the algorithm for its resolution.

The magnitude of the phase shift is proposed to be
determined by comparing the normalized vector of the
signal with a set of vectors of reference standard nor-
malized functions.

As a criterion for matching the obtained vector af-
ter analog-to-digital conversion with vectors of refer-
ence standard functions, it is proposed to use the mini-
mal value of the sum of squares of discrepancies be-
tween them.

An algorithm was developed to find the minimal
discrepancy value of the sum of squares between the
vectors to be compared using the golden ratio method.

2. Problem formulation

Let's consider in more detail the procedure of con-
ducting the measurement and a list of operations that are
appropriate for measuring the phase shift between two
harmonic signals using a two-half-period transfor-
mation.

To achieve increased accuracy in measuring the
phase shift, it may be necessary to carry out auxiliary
operations, such as the instrumental filtering of input
signals, to reduce the impact of interference, the pres-
ence of which is due to the influence of external factors
and their amplification, to the level at which the ampli-
tudes of the signals differ by no more than 20%, to im-
prove the sensitivity of measuring the magnitude of the
phase shift of the input harmonic signals.

After completing the above procedures, it can be
asserted that there exist two harmonic signals u, (t) i
u, (t), which have a phase shift relative to each other
equal to A, which belongs to the interval from 0 to 2.

Given that phase shift measurements are relative
measurements, let us express the changes in the signals
Uy (t) i uy(t), in the form:

u, (t) = Up,, cos( 2xft), 1)
u, (t) = Uy, cos( 2nft + Ag), (2

where. Uy, Uy, - signal amplitude u, (t) and u,(t)
accordingly;
f= % - the frequency of the signals;
T - the period of signal repetition.
A time diagram for these signals u, (t) i u,(t), that
have a certain phase shift relative to each other by an
angle Ao u is shown in Fig. 1a and Fig. 1b.

=1
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Fig. 1la. Time diagram of the signal u, (t)
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Fig. 1b. Time diagram of the signal u, (t)

After completing the above procedures, the signals
u, (t) i u,(t) are fed into two-half-period converters.
The outputs of the converters provide the following
signals:

W () = luy (9] = [Upyy cos(2nf),  (3)
ul () = luy ()] = |Up, cos(2aft + Ag)|,  (4)

A time diagram of these signals is shown in
Fig. 2, aand Fig. 2, b.
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Fig. 2a Time diagram of signals uj (t)
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Fig. 2b Time diagram of signals ué ®)

Summing u{(t) i ué(t) we will obtain the signal
ué(t), the time diagram of which is shown in Fig. 3:

Furthermore is described by the following rela-
tionship:

Uimin=Uzmin
Upmin + =522 0+

+ (U/ _ Ulmin+U2min) X

1max 2
x sin(f; ,t)
fort; <t<t,

Uzmin=U1imin
P

+ (U/ _ Uzmin+U1min) X

2max 2

ul(t) =+ ®)

x sin(f, 1 t)
\ for t, <t<ty

where U, i, and U, — points of discontinuity of the
function in the interval from 0 to g;

A .
Ulmax = (U1 + Upz) cosT‘p — local maximum on

the time interval t, , = T(1 — %"’ ;

. A .
Ubmax = (Umg + Upny) sm7(p — local maximum on
. . A
the time interval t, , = T;“’;

fi2 =i - frequency of the signal on the inter-

val t; ,;
f,, = i - frequency of the signal on the inter-
val t, ;.
U
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Fig. 3 Time diagram of signals ué(t)

t

The signal ué(t) is input into an analog-to-digital
converter that converts the amplitude to time. In this
context, we assume that the amplitude-time conversion
begins under the condition u, (t) = 0 when transitioning
from a negative value to a positive value and ends under
the condition u, (t) = 0 when moving from a positive
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value to a negative value. In this case, the minimum
number of samples is selected considering the maxi-
mum portion of the signal and the Nyquist frequency.
After performing the specified operation, according to
[10], the signal ul(t) il be represented by the vector
uy 4(t;) with instantaneous values corresponding to
specific moments in time t;.

uf4(t) = (Uy, Uy, Uy Up), (6)

where U; — instantaneous values of the signal ué (t) at
the i-th moment in time, obtained as a result of analog-
to-digital conversion;

n — the number of counts received during the ana-
log-to-digital conversion of the signal ué(t) in the inter-
val from O to %

The vector uy,(t;) is fed into the computing de-
vice.

In the computing device, using the known values
of the sampling frequency f4 and the number of samples
n the period of the signal ué(t) is determined by the
following expression:

T2=§=%=an. @

To reduce computational operations and simplify
the procedure for determining A, it is reasonable to
transition for ug 4(t;)) = (U;,Uy,... U;... U,) from time
samples to phase samples of the signal uy 4 (¢;). Then,
given the known value of Ty the phase discretization
step Ay is determined as

_ At2n

Agp = T (8)

To reduce the methodological component of the
measurement error, it is proposed to normalize the in-
stantaneous values of the signal uy 4(¢;) to the average

value Uémid, which can be determined using the follow-

ing relationship:

Ufmia = 2 211 Ui ©)

mid — , &i=1

Then the normalized function uy, 4, (¢;) will have
the following form:

u,Z dn((pi) =
U U; U
=< T s ey ): (10)
UZmid UZmid UZmid
= U Uzp---Uig---Upn)

Given that the amplitudes of the signals u, (t) and
u, (t) are close, the function of the total signal obtained
after performing a half-wave conversion under the con-
dition of equal amplitudes U, is proposed as the refer-
ence function uy . (¢;) according to the phase samples

Ue.min + (Uelmax - Ue.min) X

cn((1-22) ")

for 0 < @; <m—Ag@
Ue.min + (UeZmax - Ue.min) X

[ (be\ 7t
xsin((22) " (o1 - (m - 89)))
for m—Ap<@;<m

ul. (@) = ¢ (11)

where U, min = Upe Sin A — the discontinuity points of
the reference function in the interval from 0 to m;

Ueimax = 2Upe c0s(2A@) — the maximum value of
the  reference  function over the interval
0 < @;<m—Ag;

Uermax = 2Upe sin(2A¢) — the maximum value of
the  reference  function over the interval
m—Ap < @; <.

After performing the calculation for each value of
@;, With a certain value of phase shift Ap and normaliz-
ing to the average value of the reference function, we
obtain the vector of the normalized reference function

U (@) = (U Uzero Vg Up). (12)
Then, taking into account the above, the task of de-
termining the phase shift of the harmonic signals u, (t)

and u, (t) can be formulated as follows: from the entire

set of normalized reference functions uéen((pi) select
such, j-th function

uéenj((pi) = (Uyej Uzejr- - Uieje- - Unej)s
which most fully corresponds to the normalized signal

u,Z dn ((Pi) = (Ul.nt Uz Uipe - Un.n) (13)
The method of least squares (MLS), thanks to its
wide range of applications, occupies a unique place
among mathematical statistics methods. The MLS plays
a particularly important role in solving measurement
tasks. The task of the MLS is to estimate the patterns
observed against the background of random fluctuations
and to use this estimation for further calculations, in
particular, to approximate the measured quantities.
Based on the fact that the amplitude-time conver-

sion of the signal ué(t) is conducted by a single analog-

to-digital converter, under the same conditions, it can be
asserted that the root mean square deviation of the error
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in determining the instantaneous values U; of the signal
ué (t) is constant (oy, = constfori = 1...n). Then, the
instantaneous values U; are considered equally precise
measurements.

As a parameter for the degree of match between
the normalized signal uy 4, (¢;) and the j —th normal-
ized reference function uéenj (@), by MLS, we use the

sum of the squares of discrepancies for the i-th elements
of the corresponding characteristics:

S[ulz an (@), uéen]‘ (‘Pi)] =2 (Uin - Ui.e.j)2 (14

Given the above remark, let's define the measure-
ment task of determining the phase shift Ap of signals
u, (t) and u, (t) as follows: from the entire set of refer-
ence phase shift functions, we choose such a j-th func-

tion uéenj (y), that will ensure the minimum value of

the deviation sum of squares between the discrete nor-
malized signal uy 4, (¢;) and it, namely

S [UIZ an (@1, Uéenj (‘Pi)] =

= Z(Ui.n - Ui.e.j)z — min
i1

(15)

3. Optimization

From the description of the measurement task, this
task involves searching for the minimum value of the
sum of the deviations of squares. These problems can be
solved either analytically or numerically.

An analysis of known software tools [17, 18],
which are widely used today, shows that they use nu-
merical methods to find the extremum.

In turn, numerical methods for finding the function
extremum can be divided into gradient methods, sec-
ond-derivative methods, and direct methods.

As a rule, when solving the problem of searching
for an extremum using gradient methods and second-
derivative methods, they achieve faster convergence
than when using direct methods.

However, applying methods that use derivatives to
solve this task is difficult because of the functional
dependence of the function under study.

Direct methods do not require the following condi-
tions of regularity and continuity of the function under
study and the existence of a derivative.

The analysis of the change in the deviation sum of
squares' values when determining the phase shift shows
that this function is quasi-convex [19, 20].

To determine which reference function ensures the
minimum deviation of the sum of squares, we use the

golden ratio method. The choice of this method com-
pared to known methods, such as the dichotomous
method, is due to its fewer iterations.

The proposed algorithm for determining A¢ using
the golden ratio method is outlined below:

Preliminary stage.

Determine the acceptable final length of uncertain-
ty L.

The selection of the minimum value of this indica-
tor is supposed to be conducted based on the require-
ments for the measurement task's error margin, taking
into account the precision characteristics of the tech-
nical means involved in the process of analog-to-digital
conversion of the signal and additional operations, and
the rounding errors during calculations [21, 22].

As evident from the conditions for conducting the
phase shift measurement and the list of operations for
converting the input harmonic signals u, (t) and u,(t)
the initial uncertainty interval is equal to [0, z[ radians.

The length of the new uncertainty interval for the
first iteration is determined by the following rela-
tion [23]:

(16)
(A7)

Appyy =(1—0)-m,
Ag, =a-m,

where o — a coefficient that lies in the interval
O0<a<l1.

For conducting calculations, it is recommended
a=0.618.

Calculate the deviation of the sum of squares
S11 U5 an (@1), Woors (1) ] between the vector uf 4, (;)
and the reference function ugem.(cpi), assuming the
phase shift is equal to Ag,; and the value
Sul[u'zdn((Pi)'uéenul((Pi)] assuming the phase shift is
equal to Ag,,; using equations (11) and (14).

Lets calculate Sy [ufan (@), User (@] and
Sul[u’Zdn((pi),uéenul((pi)], assuming k = 1 and move
to the main stage.

Main stage.
Step 1. If Appx — A,y <1, then stop and accept
that the value of the phase shift equals

App 1 —AP, i
Ap = —

(18)

where Ag_, — is the start of the uncertainty interval at
the k-th iteration;

Ag, . —is the end of the uncertainty interval at the
k-th iteration.

Otherwise, if



Radioelectronic systems

103

S11[U5 4n (@0, Wy (@))] <

, (19)
< Sul [uz dn ((pi): uéenul ((pl)]
proceed to step 3. If
Skl [u’Z dn ((pi)' uéen)ﬂ ("pl)] = (20)
= Sul [u’Z dn ((pi)' uéenul ((pl)]
then proceed to step 2.
Step 2. Determine:
A®, er1y = AP, o
APy (k1) = AP 1)
AQy k1) = AP0

AQ (k41) = Alak + (AP 11y = AP, 1, 1))-

Calculate Sy sy [u’Z an (@), ugenu(kﬂ) ((Pi)] and
proceed to step 4.

Step 3. Determine:

AQ, er1y = AP, 0
AQy 1) = Ay o0
AQ er1y = AP, s (22)

AGy a1y = APy uqy T (1= 0) X
X (AP 1y = APy (141

Calculate Sj 1) [u'z an(@i), ugen)\(kﬂ) ((Pi)] and
proceed to step 4.

Step 4. Replace k with k+ 1 and proceed to
step 1.

4. Results and Discussion

Based on the above, the following sequence of
auxiliary and measuring operations is proposed, which
implements the proposed method for measuring the
phase shift:

1 — filtering of input signals u, (t) and u, (t) to re-
duce the impact of external noise,

2 —amplification of input signals u, (t) and u, (t),

3 — conducting a two-half-period conversion of in-
put signals u, (t) and u, (t),

4 — summing of the signals after conducting two-
half-period conversion of input signals u, (t) and u, (t),

5 — generating the start and end signals of the ana-
log-to-digital conversion operation,

6 — performing analog-to-digital conversion of the
signal obtained because of summing the signals after
conducting the two-half-period conversion of input
signals u, (t) and u, (t),

7 — synthesis of a set of reference functions

8 — calculation of period and average value of sig-
nal under study

9 — conducting the normalization of the vector of
instantaneous values of the signal,

10 — conducting a comparison of the normalized
vector of instantaneous values with the reference func-
tion to determine the degree of non-coincidence,

11 — Determining the direction of change of the
reference function and a new search interval for the
phase-shift value.

12 — an indication of the determined phase-shift
values of the input signals u, (t) and u, (t).

The main components of error in the proposed
measurement method include an error component
caused by amplitude-time conversion; an error compo-
nent due to the formation of the start and end of ampli-
tude-time conversion; the influence of external noises
and noises from the measuring device's internal envi-
ronment; an error in rounding when searching for the
minimum deviation value of the sum of squares; and an
error caused by the discreteness of generating reference
functions.

Based on the fact that the use of two-half-period
transformation to solve the measurement problem of
determining the phase shift is a fairly new direction in
the field of phase measurement, the main task of this
work is to offer a methodological approach to determin-
ing the phase shift using this transformation, which can
be used in the construction of information-measuring
systems.

In the work [16], the possibility of using the two-
half-period transformation of harmonic signals to de-
termine the phase shift was considered. However, a
significant disadvantage of oscillographic measurement
methods is the need for visual reading. This drawback
does not allow the use of the proposed method in infor-
mation-measuring systems without additional modifica-
tions.

Let's conduct a comparative analysis of the known
methods for implementing the compensation method for
measuring with the proposed method. The main
measuring operations implemented in known methods
of the compensation measurement technique involve the
generation of a phase shift using a multi-valued phase
shift measure and the indication of the phase signal
alignment, provided that one of the signals has passed
through a reference phase shifter. These measurement
operations are the main sources of deviations in the
known methods of implementing the compensation
measurement technique.
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The proposed phase-shift measurement method
uses a set of functions, synthesized by a computational
device, as a reference set of phase shifts with the
coincidence indicator implemented virtually. Based on
the characteristics of well-known software packages
widely used for modeling, such as Mathcad, MATLAB,
and Electronics Workbench, it is known that they can
perform calculations with precisions of up to 16 digits.
From the above, it can be concluded that the total
deviation in determining the phase shift will decrease by
10...15 % compared to known compensation methods
for determining the phase shift, while the costs of
creating and maintaining measurement systems will be
reduced by %.

In the case of comparing the proposed method for
determining the phase shift with methods such as the
additive signal voltage processing method, the multipli-
cative signal processing method, and Hilbert transform
phase meters, it can be stated that the measurement
deviation will decrease to 5 %, and the costs for creating
and maintaining the measurement system will be re-
duced by 5...10 %. This conclusion is based on the fact
that the above methods require the operation of auto-
matic signal-level adjustment for each measurement
channel. This operation significantly complicates the
measurement channels and introduces a component of
deviation due to phase mismatches in the signal trans-
mission channels, as well as the need for synchroniza-
tion of the analog-to-digital conversion operation for
each measurement channel. The proposed method does
not require automatic signal level adjustment, and the
phase-shift value information is transmitted by a single
signal.

The disadvantages of the proposed method of im-
plementing the compensation measurement method
include that the phase-shift measurement range is within
[0, [ radians, limited frequency range is limited, which
will be determined by the characteristics of the two-
half-period converter.

Further research, in our opinion, should be aimed
at synthesizing a mathematical model for the error esti-
mation of the phase shift, offering an algorithm for
determining the length of the uncertainty interval for the
first iteration, taking into account the characteristics of

the signal ué(t), and synthesizing a methodology for
calculating the requirements for filtering input signals
u; (t) i u,(t), analog-to-digital conversion, computer
technology, and software.

After carrying out the above work, it is advisable
to conduct computational experiments using simulation
modeling, for example, in the MATLAB and Electronics
Workbench packages to determine the correctness (ade-
quacy) of the offered models and the feasibility and type
of use of digital filtering of the vector of instantaneous
values uy 4(t;) as when influencing a measuring system

for electromagnetic interference from the outside, as
well as simulating internal noise.

The use of this measurement method is planned for
monitoring the parameters (time delays) of leading
communication lines in data transmission systems.

Conclusions

A method has been proposed for determining the
phase shift between two harmonic signals, which is
based on comparing the shape of the normalized signal
resulting from the summation of the harmonic signals
after performing their double-half-period transformation
with a set of standardized reference functions synthe-
sized by computational means.

As a criterion for matching the shapes of the inves-
tigative signal and reference function, the proposed
method uses the minimum deviation value of the sum of
squares between them. To address this task, an algo-
rithm for finding the extremum of the deviation value of
the sum of squares for a set of reference functions and
the investigated signal is proposed based on the golden
ratio method.

Compared to existing methods based on analog-
digital amplitude-time conversion, this method can:
reduce the error component caused by the phase asym-
metry of the signal transmission channels, thanks to
shortening their length; substantially lowering the re-
quirements for the quality of the automatic gain control
operation of input signals; synthesize a single analog-
digital conversion channel for the signal under analysis
instead of two, thereby obviating the need for synchro-
nizing analog-digital conversion for each signal pro-
cessing channel; and significantly cut costs involved in
creating a multi-value phase shift reference by using a
set of reference functions synthesized by a computa-
tional device.

The main sources of errors in this method for
measuring the phase shift were identified. Future work
will be dedicated to the synthesis of a mathematical
model of measurement error and verify the obtained
results using a physical model.

The adoption of the proposed principle for deter-
mining phase shifts will significantly reduce the com-
plexity of measuring systems due to the simplification
of circuit solutions. This, in turn, will allow for the
saving of material resources for controlling the technical
characteristics of electronic computing equipment and
its components (about 10%) during the testing phases of
development and manufacturing of a sample without
compromising the quality of control. Moreover, this
method can be considered as a methodological basis for
creating diagnostic systems and measuring characteris-
tics during the operation of complex technical systems.



Radioelectronic systems

105

Contributions of authors:  conceptualization,
methodology — Sergiy Gubin, Sergiy Tyshko, formula-
tion of tasks, analysis — Sergiy Tyshko, Ihor Dovhyi,
methodology development, verification — Sergiy
Gubin, Sergiy Tyshko, Ihor Dovhyi, writing — original
draft preparation — Sergiy Bezmenov, Emma
Chimbanga.

Conflict of Interest. The authors declare that they
have no conflict of interest concerning this research,
whether financial, personal, authorship, or otherwise,
that could affect the research and its results presented in
this paper.

Financing. This study was conducted without fi-
nancial support.

Use of Artificial Intelligence. The authors con-
firm that they did not use artificial intelligence technol-
ogies in their work.

All authors have read and agreed with the pub-
lished version of this manuscript.

References

1. Zhang, L., & Morton, Y. GPS Carrier Phase
Spectrum Estimation for lonospheric Scintillation Stud-
ies. Navigation, 2013, vol. 60, iss. 2, pp. 113-122.
DOI: 10.1002/navi.33.

2. Prokofiev, T. A., Ivanchenko, A. V., & Gna-
tushenko, V. V. Luminescent Analysis of ZnS:Mn Sin-
gle-Crystal Lattice Changes During Plastic Defor-
mation. Journal of Applied Spectroscopy, 2019, vol. 86,
pp. 213-219. DOI: 10.1007/s10812-019-00802-8.

3. Klymovych, O., Hrabchak, V., Lavrut, O.,
Lavrut, T., Lytvyn, V., & Vysotska, V. The Diagnostics
Methods for Modern Communication Tools in the
Armed Forces of Ukraine Based on Neural Network
Approach. CEUR Workshop Proceedings, 2020, vol.
2631, pp. 198-208.

4. Nastakalov, A. R. The assess the fault-tolerance,
efficiency and performance of military field local net-
work topology. Advanced Information Systems, 2021,
vol. 5 no. 3, pp. 81-85 DOI: 10.20998/2522-
9052.2021.3.11.

5. Talibov, A., & Guliyev, B. A method for as-
sessing the military-economic indicators with the pur-
pose of locating a logistics center for redeploying
troops. Advanced Information Systems, 2021, vol. 5, no.
2, pp. 152-158. DOI: 10.20998/2522-9052.2021.2.23.

6. Bohdal, L., Kukietka, L., Legutko, S., Patyk, R.,
& Radchenko, A. M. Modeling and Experimental Re-
search of Shear-Slitting of AA6111-T4 Aluminum Al-

loy Sheet. Materials, 2020, vol. 13, iss. 14, article no.
3175. DOI: 10.3390/ma13143175.

7. Ebrahimi, A., (ed.). Advances in Modelling and
Control of Wind and Hydrogenerators. IntechOpen,
2020. 200 p. DOI: 10.5772/intechopen.77988.

8. Pliushch, O., Vyshnivskyi, V., & Berezovska,
Y. Robust telecommunication channel with parameters
changing on a frame-by-frame basis. Advanced Infor-
mation Systems, 2020, vol. 4, no. 3, pp. 62-69. DOI:
10.20998/2522-9052.2020.3.07.

9. Peleshchak, R., Lytvyn, V., Kholodna, N.,
Peleshchak, V., & Vysotska, I. Two-stage AES encryp-
tion method based on stochastic error of a neural net-
work. 2022 IEEE 16th International Conference on
Advanced Trends in Radioelectronics, Telecommunica-
tions and Computer Engineering (TCSET), 2022,
pp. 381-385. DOI: 10.1109/TCSET55632.2022.
9766991.

10. Pliushch, O., Vyshnivskyi, V., & Berezovska,
Y. Robust telecommunication channel with parameters
changing on a frame-by-frame basis. Advanced Infor-
mation Systems, 2020, vol. 4, no. 3, pp. 62-69. DOI:
10.20998/2522-9052.2020.3.07.

11. Kuts, Yu. V., & Shcherbak, L. M Statystychna
fazometriya [Statistical phasometry]. Ternopil's'kyy
derzhavnyy tekhnichnyy universytet Publ., 2009. 383 p.
Available at: http://elartu.tntu.edu.ua/handle/
123456789/5217. (In Ukrainian).

12. Duan, M., Jin, Y., Xu, C., Xu, X., zhy, C.,, &
Chen, E. Phase-shifting profilometry for the robust 3-D
shape measurement of moving objects. Optics Express,
2019, wvol. 27, iss. 16, pp. 22100-22115. DOI:
10.1364/0OE.27.022100.

13. Balakier, K., Fice, M. J., Ponnampalam, L.,
Seeds, A. J., & Renaud, C. C. Monolithically Integrated
Optical Phase Lock Loop for Microwave Photonics.
Journal Lightwave Technol, 2014, vol. 32, iss. 20, pp.
3893-3900. DOI: 10.1109 / JLT.2014.2317941.

14. Kuts, Y., Protasov, A., Lysenko, I., Dugin, O.,
Bliznuk, O., & Uchanin, V. Using Multidifferential
Transducer for Pulsed Eddy Current Object Inspection.
2017 IEEE First Ukraine Conference on Electrical and
Computer Engineering (UKRCON), 2017, pp. 826-829.
DOI: 10.1109/UKRCON.2017.8100361.

15. Bonavolonta, F., D’Apuzzo, M., Liccardo, A.,
& Miele, G. Harmonic and interharmonic measurements
through a compressed sampling approach. Measure-
ment, 2016, wvol. 77, pp. 1-15. DOL:
10.1016/j.measurement. 2015.08.022.

16. Hubyn, S. V., Tyshko, S. A., Zabula, O. E., &
Chernychenko, Yu. N. Ostsylohrafichnyi metod vymiri-
uvannia fazovoho zsuvu na bazi dvonapivperiodnoho
peretvorennia [Oscilographic method of measuring
phase shift based on two-half-period transformation].


https://doi.org/10.1002/navi.33
https://doi.org/10.1007/s10812-019-00802-8
https://doi.org/10.20998/2522-9052.2021.3.11
https://doi.org/10.20998/2522-9052.2021.3.11
https://doi.org/10.20998/2522-9052.2021.2.23
https://doi.org/10.3390/ma13143175
https://ideas.repec.org/b/ito/pbooks/6237.html
https://ideas.repec.org/b/ito/pbooks/6237.html
https://doi.org/10.5772/intechopen.77988
https://doi.org/10.20998/2522-9052.2020.3.07
https://doi.org/10.1109/TCSET55632.2022.9766991
https://doi.org/10.1109/TCSET55632.2022.9766991
https://doi.org/10.20998/2522-9052.2020.3.07
http://elartu.tntu.edu.ua/handle/123456789/5217
http://elartu.tntu.edu.ua/handle/123456789/5217
https://doi.org/10.1364/OE.27.022100
https://doi.org/10.1109/JLT.2014.2317941
https://doi.org/10.1109/UKRCON.2017.8100361
https://doi.org/10.1016/j.measurement.2015.08.022

106

Radioelectronic and Computer Systems, 2024, no. 3(111)

ISSN 1814-4225 (print)
ISSN 2663-2012 (online)

Radioelectronic and computer systems, 2019, vol. 4, pp.
47-54. DOI: 10.32620/reks.2019.4.05. (In Ukrainian).

17. Serhieiev, A., Krivoshapka, A., Isakov, O., Ly-
senko, V., Moskalenko, V., & Burdin, S. Mathematical
and physical basis for developing a simulator for towing
and pulling of wheeled and tracked machines. Advanced
Information Systems, 2021, vol. 5, no. 4, pp. 135-139.
DOI: 10.20998/2522-9052.2021.4.18.

18. Skolnik. M. 1. Radar Handbook. Third Edition.
The McGraw-Hill Companies, 2008. 1328 p.
ISBN: 9780071485470.

19. Ullah, R., Ullah, S., Almadhor, A., Alwageed,
H. S., Al-Atawi, A. A, Ren, J., & Chen, S. A High-
Capacity Optical Metro Access Network: Efficiently
Recovering Fiber Failures with Robust Switching and
Centralized Optical Line Terminal. Sensors, 2024, vol.
24, iss. 4, article no. 1074. DOI: 10.3390/s24041074.

20. Xu, R., Pan, Z., Han, Y., Zheng, W., & Wu, S.
Surface Properties of Global Land Surface Micro-wave
Emissivity Derived from FY-3D/MWRI Meas-
urements. Sensors, 2023, vol. 23, iss. 12, article no.
5534. DOI: 10.3390/s23125534 .

21. Munoz-Martin, J. F., Rodriguez-Alvarez, N.,
Bosch-Lluis, X., & Oudrhiri, K. Effective Surface

ture Retrievals. Remote Sensing, 2023, vol. 15, iss. 8,
article no. 2013. DOI: 10.3390/rs15082013.

22. Volokitina, 1. E., Denissova, A. l., Volokitin,
A. V., Fedorova, T. D., & Lavrinyuk, D. N. Application
of Cryogenic Technologies in Deformation Processing
of Metals. Progress in Physics of Metals, 2024, vol. 25,
iss. 1, pp. 161-194. DOI: 10.15407/ufm.25.01.161.

23. Kuznietsov, O., Kolomiitsev, O., Nos, I,
Biesova, O., & Krykhovetskyi, H. Proposals to improve
the information capabilities of coastal-based radar sta-
tions for surveillance of surface and air objects. Ad-
vanced Information Systems, 2024, vol. 8, no. 1, pp. 48-
56. DOI: 10.20998/2522-9052.2024.1.06.

24. Wang, Y., Gong, X., & Hu, B. Seismic Data
Reconstruction Using a Phase-Shift-Plus-Interpolation-
Based Apex-Shifted Hyperbolic Radon
Transform. Remote Sensing, 2024, vol. 16, iss. 7, article
no. 1114. DOI: 10.3390/rs16071114.

25. Tang, T., Wang, P., Chen, J., Yao, H., Ren, Z.,
Zhao, P., & Zeng, H. A Two-Step Phase Compensation-
Based Imaging Method for GNSS-Based Bistatic SAR:
Extraction and Compensation of lonospheric Phase
Scintillation. Remote Sensing, 2024, vol. 16, iss. 13,
article no. 2345. DOI: 10.3390/rs16132345.

Roughness Impact in Polarimetric GNSS-R Soil Mois-

Received 29.05.2024, Accepted 20.08.2024

METOJ BUSHAYEHHS ®A30BOI'O 3CYBY 3 BUKOPUCTAHHAM
JABOXHAHNIBIIEPIOAHOI'O IEPETBOPEHHSA

C. B. I'yoin, C. O. Tuwko, C. O. Be3menos,
1L A. Jloeeuii, E. K. Yumbanza

IIpeameToM BUBYEHHS B CTATTI € METOJ BUMIpPIOBaHHs (Pa30BOr0 3CyBY JIBOX TapMOHIMHUX CHTHAJIB, B OCHOBI
SIKOTO JISKUTh TOPIBHSHHS ()OPMH CUTHAITY OTPUMAHOTO IIISIXOM MiJICYMYBAHHSI MICJIsl POBENICHHS 1X JIBOXHAITIBIIE-
PIOIHOTO MEPETBOPEHHS 3 HA0OpOM eTanoHHUX (yHKIiH. MeTorw € po3podka MeToxy BUMIpIOBaHHS (pa30BOro 3cyBy
JIBOX TapMOHIYHUX CHTHANIB, IO JIO3BOMUTH 3HU3UTH CKIIAJ0BY MOXUOKH BHMIPIOBaHHs, OOyMOBIEHY (Hha30BOIO
HECHMETPIEI0 KaHAIB Mepeavyi CUrHANIB, Ta 3MEHIIUTh BUTPATH HA MPOBEICHHS KOHTPOIS MapaMeTpiB, BU3HAUCH-
HS JDKepesa IOXMOOK 3alpOllOHOBAHOTO METONY BHUMIpIOBaHHS. 3aBJaHHsI: MOCTAHOBKA BHUMIpIOBAJIBHOI 3aj1aui
BU3Ha4YeHHs (Ha30BOr0 3CYBY JIBOX MAPMOHIMHHMX CHTHAJIB; aHAJI3 BIIOMHX METO/IB BUMIpIOBaHHs (ha30BOr0O 3CyBY
HA MiJCTaBi BUKOPUCTAHHS aHAIOrO-II(POBOTro MepeTBOpEHH; BUOip ITOKA3HUKIB Ta KPUTEPiI0 BU3HAYCHHS CTYIIe-
HIO 30iry JOCTIKYyBaHOTO CHUTHAITY 3 €TaJOHHOK (DYHKII€I0; CHHTE3 alTOPUTMY 3HAXOMKEHHS EKCTPEMYMY 3aJIeK-
HOCTI 3HAYEHHS BiIXWJICHHS CYMH KBAJpaTiB ISl MHOXHHH €TAJIOHHMX (PYHKIIH Ta IOCTIIKYyBaHOTO CHUTHATY Ha
OCHOBi METOJy 30JI0TOTO MIEPETHHY; aHalli3 [Keped OXUOOK. BHKOpHCTOBYBaHUME METOAAMM €: METOAOJOTIS TPo-
Be/leHHs1 U(POBOI 0OPOOKH CHUTHAIIB Ta OLIHKKA MOXHOOK BHUMIPIOBAHHS, YMCIOBI METOAU TOLIYKY €KCTPEMYMY,
METOONOrisT OAHO(aKTOpHOrO ekcrepuMeHTy. OTpuMaHi Taki pe3yJbraTH. 3anporoOHOBAHUI KOMIIEHCAIHUI
METOJ BUMIpIOBaHHS ()a30BOr0 3CYBY, B OCHOBI SIKOT'O JISKUTBH MOPIiBHAHHS (POPMH HOPMOBAHOT'O CUTHAIY, OTpHMa-
HOTO B PE3YNbTaTi CKIAJaHHS TApMOHIYHAX CHTHAJIB IiCIs TPOBEACHHS iX ITBOXHAIIIBIICPiOTHOTO TIEPETBOPEHHS Ta
Ha0Opy HOPMOBAHUX €TANIOHHUX (PYHKIIH, CHHTE30BaHMUX OOYHCIIOBAIEHUME 3aco0aMu. Br3Ha4eHO meperik BUMi-
PIOBANBHUX Ta JOMOMIDKHUX OMEpalliif, mo IOMiIbHO BUKOHATH JJIs peali3allii JaHoro MeToxy BuMiproBaHHs. [Ipo-
BEICHO aHAaJi3 CKJIAJOBUX MOXHOOK BUMiproBaHHS. BucHoBKH. HaykoBa HOBM3HA OTpUMAaHHUX PE3YIBTATIB MOIATAE B
HACTYITHOMY: PO3pPOOJICHO METON BUMIpIOBaHHS (Pa30BOTO 3CyBY CHTHAIY, SIKHM Ha HAII MOINIA[ JOLUTHHO BiTHECTH
IO KOMITEHCAIIHHOTO METOAY BUMIPIOBAaHHS, IO JO3BOIMUTH CYTTEBO 3HU3WUTH CKIIAZOBY MOXHOKH, O0OyMOBIEHY
(ha30BOIO0 HECUMETPIEIO KAHAIIB Mepefavi CUTHAJIB Ta 3HU3UTH BUTPATH Ha TPOBENCHHS KOHTPOIIO MapaMeTpiB (10
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10 %) 6e3 3HMKEHHS SKOCTI BUKOHAHHSI KOHTPOIIIO; BU3HAYEHO MepesliKk BUMIPIOBAIBHHX Ta JIOMIOMIKHUX OTIEparii,
HEeOoOXiHUX /ISl peajizamii 3aporroHOBaHOTO METOY BUMiPIOBAaHHSI; BU3HAUYCH] JHKEpelia TIOXHOOK.
Kuro4oBi cjioBa: rapMOHIHHWI CUTHA; BUMIPIOBaHHS; KOMITCHCAIIIHHII MeTox; (pa30BHI 3CyB; TOXUOKA; €KC-

TPEMYM.
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