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The object of this study is the process of receiv-
ing multidimensional signals formed on the basis of
high-order phase-difference modulation of the data
transmission system.

The development of mobile networks of the next
generations is accompanied by increased require-
ments for the speed, reliability, and noise immunity
of information transmission. Existing modulation
methods provide an increase in the speed of infor-
mation transmission by reducing noise immunity
and increasing the spectral width of the signal. The
general unsolved problem is the lack of an effective
method for forming a multidimensional signal of the
nth multiplicity and receiving it based on high-order
phase-difference modulation, capable of improving
the efficiency of these parameters.

The work proposes a method that makes it pos-
sible to form a three-dimensional multi-position
signal 3D AFM-32, which uses three independent
parameters — amplitude, phase, and time. A feature
of the result is that noise immunity is ensured with-
out increasing the spectral width of the signal, but
due to three-dimensional formatting, which increas-
es the distance between signal points by 50%.

A coherent reception algorithm has been devel-
oped that provides accurate signal recovery even in
the presence of phase or frequency disturbances. It is
shown that the reception efficiency is achieved at an
averaging interval of not less than M = 20, at which
the system demonstrates an error probability at the
level of SER<10°® at Eb/NO = 17.4 dB. This makes it
possible to obtain an energy gain of 2-3 dB compared
to QAM-32 and classical AFM.

The proposed approach is invariant to phase
shifts due to the first and second order phase differ-
ences, which eliminates ambiguities during recep-
tion. 3D AFM-32 demonstrated higher noise immuni-
ty compared to QAM-16/32 and AFM-16/32 under the
same conditions. The results could be used in 5G/6G
networks, in particular in adaptive OFDM systems,
autonomous transport, and telemetry
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1. Introduction

The development of modern telecommunications tech-
nologies is rapidly moving towards the next generations of
mobile networks, such as 5G and 6G, which imposes funda-
mentally new requirements on the quality, speed, and noise
immunity of information transmission. Under the conditions
of the mass distribution of devices that use large volumes of
multimedia data, as well as the widespread implementation
of the Internet of Things, the load on radio channels is in-
creasing, which requires the implementation of highly effi-
cient methods of transmitting and receiving signals.

One of the current scientific problems is the development
of new methods for receiving multidimensional signals using
high-order phase-difference modulation. Scientific research
into this area is important due to its potential to provide
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increased resistance of signals to noise and interference,
without compromising the spectral width of the signal. This
is especially important for modern conditions, where the
spectral resource is limited, and the requirements for the
reliability and accuracy of signal transmission are constantly
increasing.

The relevance of this topic is emphasized by the fact that
classical modulation methods, such as QAM, demonstrate
significant limitations when increasing the modulation or-
der, in particular, reducing noise immunity. Therefore, the
results of research aimed at devising and improving new
methods of multidimensional phase-difference modulation
are extremely necessary for practice. They can enable effec-
tive information transmission under conditions of high inter-
ference, characteristic of new generation mobile networks,
in particular in the field of autonomous transport, telemetry,




adaptive OFDM systems, and other promising areas of mod-
ern telecommunication technologies.

2. Literature review and problem statement

Work [1] reports the results of experimental measure-
ments in the indoor environment for the frequency rang-
es 0f 0.6-1.9 GHz and 100-300 GHz, which are promising
for 5G and 6G systems. However, from the point of view of
multidimensional signal reception, the work does not present
an analysis of the influence of communication channels on
the accuracy of receiving a modulated signal. In particular,
it does not examine how delays, phase shifts, and multipath
effects affect the probability of error when using phase-dif-
ference schemes. There is no data on the interaction of sig-
nal propagation parameters with demodulation algorithms,
which limits the possibility of using the obtained models
for calculating the receiver under interference and unstable
phase conditions. The reason for these limitations is the ob-
jective focus of the study on the physical transmission level,
in particular, on the parameters of the environment, without
involving digital signal processing problems.

Unlike the previous work, in [2], a thorough analysis
of communication channel models and signal propagation
conditions in fifth-generation networks was carried out.
However, the paper does not investigate the reception of com-
plex modulated signals. And no mathematical or algorithmic
approaches are presented to reduce the probability of error or
compensate for channels with high delay/dispersion, which
is critically important for the reception of multidimensional
signals. This limits the application of the research results in
the tasks of ensuring interference-resistant communication
at the physical level. The main reason is the focus of the work
on macro-level aspects of the functioning of 5G networks,
without a deep dive into the issues of digital signal processing
and optimization of receiving circuits.

In [3], a number of OFDM multiplexing formats were
analyzed, which were considered in the context of fifth-gen-
eration networks. The paper does not address the issue of
coherent reception of multidimensional signals with high-or-
der phase-difference modulation. The issue of invariance to
frequency perturbations or phase jumps is not considered
from the point of view of signal configuration formation in
three-dimensional space, which is critically important for
mobile networks with high dynamics. The main reason is
the focus of the study on system-wide modulation formats ap-
proved by 3GPP, without detailing the reception algorithms
or analyzing complex phase formats.

Work [4] considers the problem of synchronization in
5G under conditions of low signal-to-noise ratio. However, it
leaves unresolved the applied issues related to the process-
ing of high-order multidimensional signals in the context of
resistance to phase shifts and the influence of interference
on the probability of error. This requires further research, in
particular in the context of coherent reception. The reason
for this limitation is that the research was conducted without
detailing the algorithms for receiving signals that go beyond
the scope of classical modulations.

Despite the significant contribution to the formation of
classical OFDM systems, study [5] leaves important questions
open. A mathematical model for estimating interchannel
interference in data transmission systems using OFDM sig-
nals was proposed, and the dependence of the interchannel

interference magnitude on the parameters of the guard
interval, the number of subcarriers, and the number of pre-
vious receptions was established. However, the problems of
receiving a multidimensional signal remain unresolved. The
main reason for this is that the model built does not cover
the influence of phase distortions, which are characteristic
of systems with high spectral efficiency and a complex mul-
tipath channel structure.

In [6], second-order phase-difference modulation is con-
sidered. However, despite the detailed study of reception
algorithms, the paper does not consider the issue of multidi-
mensional signal reception. In particular, in cases where sig-
nals are transmitted in a complex multichannel environment
with a high level of interference and phase fluctuations. Also,
criteria for minimizing the probability of error for complex
phase spaces of signal states, which is relevant for 5G and
6G systems, are not presented. The reasons for this are the
objective limitations of the study on classical two- and four-
phase schemes, as well as the emphasis on autocorrelation
demodulators with reduced implementation complexity.

As is known, the maximum possible speed is ensured by
increasing the number of signal positions and reducing the
duration of the packet.

It should be noted that increasing the signal positions
leads to a decrease in noise immunity.

In the process of implementing the latest generation of
mobile network technologies, it is necessary to create ul-
tra-dense networks characterized by maximum information
transfer speed, minimal delay, high reliability, and resistance
to random signal disturbances.

Mobile networks with such properties enable the provi-
sion of high-quality broadband services.

Scientific sources, in particular works [7, 8] consider in
detail methods for increasing the data transfer speed, which
is achieved by increasing the signal modulation rate.

However, despite the theoretical novelty, work [7] does
not investigate the issue of coherent reception of multidimen-
sional signals. This is especially true for cases with high-or-
der phase-difference modulations. This limits the practical
application of the presented solutions in real mobile environ-
ments with unstable phase and frequency shifts. The main
reason for this is the focus of the research on the generation
of index structures and bandwidth analysis, without focusing
on the mathematical aspects of reception and minimizing the
probability of error in phase-sensitive environments. In [8],
modern modulation methods are reported, among which spe-
cial attention is paid to increasing spectral efficiency. This is
achieved by using high-order modulation schemes (64-QAM,
256-QAM) in combination with pulse shaping and subband
filtering methods. However, the issue of implementing such
approaches in three-dimensional signals is not considered.
No analytical models or criteria for receiving such signals are
given, in particular from the point of view of minimizing the
probability of error or compensating for phase fluctuations.
The reasons for this are the objective focus of the study on
macro-level parameters of modulation formats for 5G, as
well as the subjective limitation of the selected topic without
a detailed analysis of the receiving path for complex phase
schemes.

In turn, studies [9,10] proposed new approaches to
improving the noise immunity of transmission systems,
which are implemented through the use of multidimensional
signals. These methods make it possible to achieve greater
signal resistance to external interference while ensuring



more efficient information transmission under difficult com-
munication channel conditions.

In [9], the study was conducted on the basis of ideal
coherent reception. No formal theoretical justification of the
proposed metric is given — neither from the point of view
of information theory, nor in comparison with ML/MAP
solutions. Multipath effects, time dispersion, or receiver
mobility are not taken into account, which reduces the
practical significance of the results for the conditions of
modern mobile communications. There are no analytical
solutions to the criteria for minimizing the probability of er-
ror, as well as adaptive reception algorithms for receiving a
multidimensional signal using high-order phase-difference
modulation. The reason for this is the focus of the study
on two-dimensional polar structures in the signal space
without generalization to complex multidimensional and
dynamic models taking into account temporal or spatial
changes, as well as the limitations of the analytical appara-
tus regarding the combined effect of phase and multiplica-
tive interference in the channel.

n [10], promising methods based on index modulation
are implemented, which cover several domains (frequency,
time, spatial, phase) in order to increase the efficiency of in-
formation transmission. The proposed methods demonstrate
high spectral efficiency and the ability to adapt to channel
conditions. At the same time, the work does not solve the
issue of forming a multidimensional n-th multiplicity signal
and receiving based on high-order phase-difference modula-
tion, in particular in conditions of phase shifts and noise. No
analysis of the probability of reception error is given, and no
algorithms are presented that make it possible to implement
noise-resistant reception. The reason for this is the authors’
focus on the transmitter structure and modulation architec-
ture, without delving into the complex problems of phase-re-
sistant reception in a multidimensional signal space.

Our review of the literature [1-10] reveals the limitations
of known methods of receiving multidimensional signals
in mobile networks of the next generations. Thus, the gen-
eral unsolved problem is the lack of an effective method of
forming a multidimensional signal of n-th multiplicity and
receiving it based on high-order phase difference modula-
tion (the information is the phase difference between the
packets, which ensures invariance to phase jumps). Such a
method should provide high noise immunity by increasing
the distance between the signal points without expanding the
spectral width of the signal.

3. The aim and objectives of the study

The purpose of our study is to devise a method for gener-
ating a multidimensional n-fold signal and receiving it based
on high-order phase-difference modulation. This allows for
significant improvement in noise immunity characteristics in
next-generation data transmission systems without increas-
ing the spectral width of the signal.

To achieve this goal, it is necessary to solve the following
problems:

- to synthesize a multidimensional signal formed using
three information parameters — amplitude, phase, and time
of n-fold multiplicity, in order to ensure an increase in the
distance between signal points and reduce the probability
of signal transmission errors without expanding the spectral
width of the signal based on the minimization criterion. The

components are information parameters — amplitude, phase,
and 32-position phase-difference modulation;

- to develop an algorithm for receiving a multidimension-
al signal using high-order phase-difference modulation;

- to assess the noise immunity of the method for receiving
a multidimensional signal using high-order phase-difference
modulation, which would make it possible to obtain accurate
indicators of its reliability under conditions of various noise
and interference influences.

4. The study materials and methods

The object of our study is the process of receiving mul-
tidimensional signals formed on the basis of high-order
phase-difference modulation of the data transmission sys-
tem.

The principal hypothesis of the study assumes that the
use of high-order phase-difference modulation could signifi-
cantly reduce the probability of signal reception errors. Thus,
it is possible to ensure increased efficiency and reliability of
information transmission in channels with a limited signal-
to-noise ratio.

The following conditions and simplifications were adopt-
ed in the study:

—-modeling was performed with the assumption of the
presence of additive white Gaussian noise;

- the study was limited to the most common orders of
phase-difference modulation;

—idealized signal propagation conditions were consid-
ered, which make it possible to isolate the influence of mod-
ulation characteristics.

The theoretical basis of the study was the methods of
invariance theory, information theory, optimization theory,
and potential noise immunity theory. These methods make
it possible to develop a signal reception algorithm, determine
the theoretical limits of modulation efficiency, and establish
the relationship between the energy parameters of signals
and the probability of error.

When forming a three-dimensional signal, a minimization
criterion was used, which makes it possible to ensure the effi-
ciency of symbol recognition in the presence of interference.

To experimentally confirm the proposed theoretical propo-
sitions, the simulation modeling method was used. The experi-
mental part of the study was implemented using the MATLAB
mathematical modeling package (MathWorks, USA), which
made it possible to conduct a series of simulation experiments
and construct the corresponding graphical dependences.

The experimental data processing procedure included a
series of simulation experiments, during which the process
of transmitting signals with high-order phase-difference
modulation in a channel with additive white Gaussian noise
was simulated. The experiments were carried out at different
values of the averaging interval (M =1, 5, 10, 20, 100) to
determine the influence of this parameter on the accuracy of
signal reception. The error probability was determined statis-
tically based on independent implementations of experiments
for each value of the signal/noise ratio.

The reliability of the results obtained was assessed by cal-
culating confidence intervals with a significance level of 0.9,
which made it possible to determine the required sample
size to achieve the specified accuracy indicators. Plots of the
dependence of error probability on the signal/noise ratio for
different modeling conditions were constructed. A compar-



ison was made with known modulation schemes (QAM-16,
QAM-32, AFM-16, AFM-32), which made it possible to clear-
ly demonstrate the advantages of the proposed method.

The key indicators of the effectiveness of the devised
method were determined as the probability of error in signal
reception, the reliability of information transmission, and the
energy characteristics of signals depending on the level of in-
terference in the communication channel. It was these indica-
tors that allowed for a comprehensive assessment of the effec-
tiveness of the proposed methods and made it possible to draw
conclusions about the feasibility of their practical application.

5. Results of devising a method for forming a
multidimensional signal of n-th multiplicity and
receiving it based on high-order phase-difference

modulation

5.1. Synthesis of a three-dimensional signal with thir-
ty-two-position high-order phase-difference modulation

In the context of increasing requirements for noise im-
munity and data transmission efficiency in mobile networks
of the next generations, there is a need to synthesize a new
type of multidimensional signal. The results of such synthesis
should provide invariance to phase and frequency distur-
bances without expanding the signal spectrum. To increase
the speed, it is necessary to increase the modulation multi-
plicity, but at the same time the noise immunity decreases.
The task is to devise a method for forming a three-dimen-
sional signal using high-order phase-difference modulation,
where information is encoded through three independent
parameters — amplitude, phase, and time. It is necessary to
ensure an increase in the distance between signal points in
three-dimensional space in order to increase the equivalent
signal energy and achieve maximum noise immunity when
using 32-position modulation. The synthesis of a multidimen-
sional (three-dimensional) signal with thirty-two-position
phase-difference modulation of high orders is proposed.

In modern mobile networks, two-dimensional 32-position
OFDM signals with phase-difference modulation are used. In
these signals, the information parameters are amplitude and
phase, and the phase difference is determined between two
packets. An example of such signals is shown in Fig. 1.

The signal points are placed on the two circles in such a
way as to provide maximum equivalent energy.

The concept of the order of signal phase differences is con-
sidered as follows: suppose there are a series of signals trans-
mitted through a harmonic FM with different initial phases

¢0’¢1’¢2"'¢n—1’¢’¢n+1' @

To conduct the analysis, we form phase differences
between each pair of neighboring signals, which makes it
possible to identify patterns and characteristics of changes
in phase differences during signal transmission. This makes
it possible to assess signal stability, determine the impact of
interference on the phase characteristic, and ensure more ac-
curate synchronization in information transmission systems

Al0=0,-0,,
A0=9,-9,,
A,0=0,-0,,,
Ai0=0,, =0,

@

Fig. 1. 32-bit phase-difference modulation (PDM) signal

The phase differences specified in expression (2) are
first-order differences since they are obtained by subtracting
the phases of adjacent packets from the original sequence
(1) once. This is explained by the index 1 in the notation of
the difference operator A. The expression A,¢ denotes the
first-order phase difference between n and (n-1) packets
of the signal. Like the original phases, the sequence of these
differences changes in time during signal transmission, re-
flecting their dynamic nature

AL),AL9,ALD,..., AL 0,AL0,AL 0. 3)

Using this sequence of numbers, new differences can be
formed by applying the same rule that was used to obtain
differences (2) from the original phase sequence (1)

ATo=A10—Ag0,

Aiq):A;d)—Aiq), @
Ao=A,0-4, 0,

Ar,0=A,.,0-A0.

The phase differences given in expression (4) are sec-
ond-order differences since they are calculated from the orig-
inal phase sequence (1) by double subtraction. This means
that each such difference is the result of applying the phase
subtraction operation of adjacent packets twice, which makes
it possible to derive a more complex relationship between
the signal phases. This process is reflected through index 2
in the notation of the difference calculation operator A. The
sequence of such second-order phase differences is a time
sequence similar to sequences (1) and (3), which changes
during signal transmission

A2, A20,A20,..., A% 6,A20,A2 0. )

The process of calculating phase differences can be con-
tinued for the third and subsequent orders, which makes it
possible to obtain more complex dependences between the
signal phases. Each subsequent phase difference is defined
as the difference between the two previous phase differences,
which adds another level of abstraction and makes it possible



to more accurately model the behavior of the signal under
transmission conditions through channels with interference
or noise. This approach can be used for a deeper analysis of
synchronization and noise immunity of signals. All stages of
the formation of phase differences of higher orders are illus-
trated in Table 1, where each element of the table is defined
as the difference between two neighboring elements from the
row above [11].

the second order. In this method, the information parameter
is the second-order phase difference, which is calculated
from three signal packets. Owing to this approach, the
system becomes insensitive to changes in the initial phase
and frequency shifts, since for 2nd-order phase-difference
modulation only the difference between the phases is import-
ant, and not their absolute values. This makes it possible to
significantly increase the noise immunity of the system since

changes in the initial phase and frequency shifts do not

Table 1 affect the transmission of information
Formation of high-order phase differences
Order k Alk¢ Af¢ Ajk¢ Af¢ A5k¢ A5k¢ Afl(b = A:lq) - A:l—lq) = (q)n - ¢n—l ) - (q)n—l - ¢n—2 ) = (8)
k=1 | o-0, | ¢.-0 | o.-0. | -0 | o-0, |99 =0,-20,,+9,,.
k=2 |49-A9| A9-A0 | A9-A9 | Ap-49 | 49-49 | -

; T ; : S 42 From equation (8) it follows that the initial phase of
k=3 \40-A 0| Ag-A¢|A9-Ap| L9-A¢ - - the next n-th signal packet transmitted through the com-
k=4 |Lp-Lp| Lp- L9 | Lp- A _ _ _ munication channel is determined by the phase difference

. 1. " between the two previous packets. This expression is the
k=5 |Lo-49 4¢9-49 N - - - result of using the first or second order phase difference
k=6 |L£9-ALp _ _ _ _ _ modulation algorithm, depending on the specific modifi-

First-order phase-difference modulation (FDM-1) is a
method of forming a phase-modulated signal in which infor-
mation is transmitted through first-order phase differences
between the initial phases of adjacent packets. In this meth-

cation of the system, where the initial phase of the next

packet depends on the values of the previous phases and
information parameters. This approach makes it possible to
effectively transmit information through the signal phase,
minimizing the impact of noise and external interference

od, the information parameter is the phase difference be- 0, =Af[¢+2(1),H -0, )
tween two consecutive signal packets, which allows informa-
tion to be modulated by changing the phase between Alg
them, thereby providing the necessary variability for Z2,| Jo=Ag o + A¢n= T [ N 4
data transmission in communication systems
T 3 Tl J L Tl M
Ad=0,-0,, 6) ransmitter - Receiver
a

which means that the initial phase of each subsequent
n-th packet entering the communication channel is 4 4 N
determined using the first-order phase differences —2» J,=Al —> + i T iy > - >
calculated between the previous packets. That is, the T_ J L _T .
initial phase of the n-th packet is calculated based on Transmitter AT T2 T2 An.—l¢
the phase of the previous packet and the value of the i Receiver
phase difference between them, which ensures the b

correct recovery of the transmitted signal and main-
tenance of the phase structure during transmission
through the communication channel

9,=0,., +AL0. @)

Expressions (6), (7) describe the general algorithm for
forming and processing a phase-modulated signal in the
FRM-1 system, which is illustrated by the diagram in Fig. 2, a.
On the transmitting side, each discrete symbol J,, corresponds
to a certain value of the first-order phase shiftA! ¢. Next, using
a delay device for one packet and a summing block, according
to formula (7), the initial phase of the next n-th packet trans-
mitted through the channel in the period Ty is determined.
On the receiver side, after fixing the initial phases of two
consecutive packets, using a delay element and a subtraction
device, the phase difference is calculated A:l(b, which is then
identified as the transmitted symbol.

Second-order phase-difference modulation (2nd-order
phase-difference modulation) is a method of forming a
phase-modulated signal when information is transmitted
through the values of the differences in the initial phases of

Fig. 2. Block diagram of the formation and processing of a phase-

modulated signal: @ — first order; b — second order

The initial phase of the next n-th packet can be represent-
ed in a similar form as in equation (7), using two recurrence
relations

= Al X
{(bn ¢n—1+ nq) (10)

A;¢=A;_l¢+Az¢}'

The device for forming the initial phases of signal pack-
ets at FDM-2, implementing algorithm (10), includes two
series-connected phase shapers according to FDM-1. Each of
these shapers is responsible for generating the initial phase
for its corresponding packet, using the previous phase and
the first-order phase difference. The first shaper calculates
the initial phase for the first packet based on the initial phase
and the phase difference, while the second shaper uses the
calculated phase of the previous packet to determine the



phase of the next one. Such a structure allows for modula-
tion with high-order phase differences, increasing the noise
immunity and efficiency of information transmission in sys-
tems with FDM-2.

The system operation algorithm assumes that at each
stage of signal formation, the calculation of phase differences
occurs, which are connected to the previous phases through
the corresponding operations. This makes it possible to take
into account both the initial phases and their changes during
the transmission process.

The signal processing device consists of two sequential
first-order phase difference calculators (Fig. 2, b). This makes
it possible to correctly calculate the difference between the
phases of the previous and current packets, using predefined
initial phases to obtain second-order differences.

Such a processing structure allows for coherent reception
of signals with second-order phase-difference modulation,
ensuring accuracy in restoring the transmitted signal.

Invariance is one of the main properties of FDM-1 and
FDM-2, which means the ability of the system to maintain
stability under the influence of external factors, such as noise or
changes in the parameters of the communication channel. This
suggests that certain characteristics of the system remain un-
changed even when changes occur under external conditions,
for example, in the initial phase or frequency of the signal.

In the case of FDM-1, invariance consists in preserving
the phase differences between neighboring packets, despite
possible changes in the initial phase of the signal. This al-
lows for efficient information transmission even if the initial
phase of the signal is unknown at the receiving end.

For FDM-2, invariance extends not only to the initial
phase, but also to frequency shifts of the carrier signal. This
allows the system to remain insensitive to frequency changes,
which makes it even more resistant to interference [12, 13],
maintaining reliability and transmission accuracy even un-
der conditions of frequency fluctuations.

Due to these properties, FDM-1 and FDM-2 operate effec-
tively under complex and variable communication channel
conditions, which makes them ideal for use in systems with
high requirements for noise immunity.

The FDM-1 avoids ambiguity at the demodulator output
that may arise due to uncertainty in the initial phase of the
received signal. This is achieved by keeping the first-order
phase difference invariant during the transformation, which
adds an arbitrary common initial phase to the signal phases
corresponding to the (n - 1)-th n-th packets. For example, if an
arbitrary unknown value ¢ is added to the phases ¢, and
¢, then the phase difference between these (n - 1)-th and n-th
packets will remain unchanged from such a transformation

A,0=(0,+0,)—(0,, +0,)=0,-0,, =invar,. (€8))

Thus, the transformation that adds the same fixed phase to
each packet does not change the first-order phase difference,
which allows for accurate identification of information even in
the case of uncertainty in the initial phase of the signal.

FDM-1 has the important property of invariance to the
initial phase of the signal. One of the main advantages of
this method is that the invariance is preserved regardless
of the technique for receiving the signal. For incoherent
and autocorrelation reception, information about the initial
phase is not needed at all, while coherent reception requires
only knowledge of it with a certain accuracy that depends
on the modulation rate. For example, for single-shot FDM 1,

an accuracy of within 180° is sufficient, which is easily
achieved. The implementation of modems using FDM-1 and
providing invariance to the initial phase is relatively simple,
as demonstrated earlier. Incoherent demodulators for signals
with FDM-1 can be considered absolutely invariant since they
are not sensitive to the initial phase of the signal. Unlike abso-
lute phase modulation, which requires accurate information
about the initial phase, FDM-2 allows for efficient reception of
signals even in the absence of this information. In this context,
FDM-1 is less versatile, since its invariance is limited only to
the initial phase, while FDM-2 offers additional resistance to
changes in the carrier frequency. This makes FDM-2 more
reliable for use under conditions of frequency instability in
the communication channel, providing a high level of noise
immunity and accuracy of information transmission.

FDM-2 signals, like FDM-1, can be received by various
methods, such as coherent, incoherent, or autocorrelation.
However, the frequency invariance property is realized only in
autocorrelation reception, since coherent and incoherent meth-
ods require an exact carrier frequency for correct operation. One
of the key advantages of FDM-2 is its higher noise immunity
compared to FDM-1 during incoherent reception. In addition,
during coherent reception at a known frequency, the noise im-
munity of FDM-2 is equivalent to FDM-1, which makes it more
stable and versatile under various communication conditions.

The algorithm for receiving a multidimensional signal
with a high-order phase difference takes into account the
guard interval duration parameter, which adds a time dimen-
sion and converts the signal into a three-dimensional one.
The location of the 32-position signal in multidimensional
space doubles the distance between the signal points, which
in equivalent form corresponds to an increase in the efficien-
cy of signal transmission under noise conditions.

For the general case of digital transmission with m-po-
sition signals of arbitrary amplitudes aj, a,, ..., a5, and initial
phases @i, @, ..., @, the phase difference between the three
packets is determined by the differential coding function.
The information parameter is precisely this phase difference.
The reception of the three-dimensional signal Si(¢) is carried
out by selecting the i-th signal variant if for all j#i the follow-
ing inequality holds

JLxto)=s (< [x(0)-s e a

where x(f) is the received signal, T is the duration of the inte-
gration interval.

Note that for each signal variant, the value of the guard
interval in time At or At, is taken into account. Thus, a third
parameter is introduced, which complements the other two:
the amplitude of the signal variant and the phase.

Thus

i:argmin-T[[x(t)—Si(t)]2 dt. 13)

For further calculations, the third parameter z is intro-
duced into the reception algorithm, which is determined by
changing the guard interval time. Let us consider the system
in the three-dimensional space of a multi-position signal. The
coordinates of the thirty-two-position signal are determined
through the amplitude z, which in three-dimensional space
corresponds to the distance from the initial reference point
to a specific signal position. In such a coordinate system, the



full hemispherical angle corresponds to the angle between the
z axis and the vector directed from the origin to the signal point
P, and the same range describes the angle between the x axis
and this same vector, which lies on the xy plane and connects
the origin with the point P. Thus, a 32-position signal is formed
in three-dimensional space. To further determine the algorithm
for receiving a multi-dimensional 32-position signal, a transition
is made from spherical coordinates to Cartesian coordinates.
Then

X,; =T,;CO8Q, Sin 6,
Yo =T, Sin@, sin®, . (14)
Zy; =Ty, COS P, g6,

Then the acceptance algorithm will be determined by the
amplitude

i:argminz’[((x0 —xl.)+(yo —yj)+(z0 —Zj))z}dt.

The input values Xy, yo, Zo are determined by processing
the current packet. Let the coordinates of the received signal
on the nth packet be denoted as xg, yo, Zo-

A plot is constructed with 32 evenly spaced signal
points in a spherical coordinate system (Fig.3). This
corresponds to a 32-position multidimensional signal in
modulation systems.

1s)

Fig. 3. Arrangement of 32 signal points in a spherical
coordinate system

To ensure the calculation of projections of all variants of a
multi-position three-dimensional signal at the reception, it is
necessary to synchronize the variants of the received signal be-
tween transmission and reception. To determine the estimates
of projections of a multi-position signal at the reception x;, y;, 7,
the method of reduction and averaging of projections of the
received signal is used.

The first variant of the signal x;, y;, z; is chosen as the
averaged values, to which other variants of the received
signal will be converted during its correction in accor-
dance with the information message. In the case when

the signal x(f), received within N parcels, includes the
component S;(f) superimposed on Gaussian noise, then the
plausible estimates of these quantities x;, y;, z; are deter-
mined as follows

I
:anz‘;xorz’
1 16)
N;yOn’ s
I
:an:‘;zorz’

where X, Yon, Zon are determined by the values of projections
on the interval of the nth packet, and the tilde above x;, yj, z;
indicates that these are estimates. The estimates determined
from formula (16) are unbiased and effective.

To form the projections necessary for constructing al-
gorithm (15), effective and unbiased estimates were used,
which ensure the accuracy and correspondence of the signal
parameters. In this context, a notation was introduced that
makes it possible to create projections for any signal variants
that are part of the algorithm, as follows

wt+¢ a, sin(wt+¢, )dt =

7/

aQ

sin wt+q)1+A¢ )a sin (wt +¢, )dr =

.T
0
T
Ja,
0
B T

cosAd)Jal sin (wt +¢,)Q, sin(wt -+, )dt +
0

a,
=4 . =
% +sinA(])jJ’Q1 sin (wt +¢, ) a, sin(wt +0¢, )dt

L 0
B T
q cosAq)j!:alsin(wt+¢1)aosin(wt+¢0)dt— .

T
1 —sinAq)jJ'al sin (wt +¢, )a, cos(wt +¢, )dt
0

Q

a—’(x cosA¢, -y, sinAg, ) a7)

Similarly, the projections y; and z; are determined.

To ensure coherent reception of a multi-position AFM
signal, a special synchronization signal is used. This syn-
chronization signal precedes the transmission of informa-
tion packets and serves to determine the projections onto a
reference oscillation with an arbitrary initial phase. Accord-
ing to formula (16), estimates of the projections of the first
signal variant X, J,, Z,, are calculated, and according
to formula (17), estimates for all m signal variants are cal-
culated. Then, the obtained values are substituted into al-
gorithm (15). This provides systematization of information
packets in OFDM systems, allowing for efficient processing
of multi-channel signals and ensuring high accuracy of their
decoding. Such an approach is important for achieving high
noise immunity under real communication conditions.

Due to this, the algorithm makes it possible to precisely
adjust the initial phase of the signal, which is critically im-
portant for coherent signal processing [14]. Thus, the rela-
tionship and algorithm (15) form a comprehensive approach
to coherent processing. This significantly improves noise
immunity and signal decoding accuracy in complex commu-
nication channels. This approach enables high efficiency even
in the presence of noise and interference.



To increase the noise immunity of the system, it is
necessary to increase the equivalent energy of the signals,
which involves increasing the distance between neighbor-
ing signal points. For this purpose, a signal formatting
method is proposed that uses three information param-
eters: amplitude, phase, and time. Such a signal, built in
three dimensions, is called three-dimensional or spherical
OFDM, since the signal points are located in spherical
space. The distance between the signal points in this
case will be 1.5 times higher than for a signal formed in
two-dimensional space. By forming a multi-position signal
in a sphere, maximum noise immunity to white noise is

5.2. Development of a multidimensional signal ren
ception algorithm using high-order phase-difference
modulation

A reception algorithm has been developed that can pro-
cess signals in spherical space, taking into account ampli-
tude, phase, and time shifts, which would ensure invariance
to the initial phase and frequency shift, high accuracy, and
noise immunity of reception (Fig. 4). It is necessary to ensure
the adaptability of the algorithm to channel conditions based
on the minimization criterion in a wide range of noise levels.
The main idea is to process a signal formed using three infor-
mation parameters: amplitude, phase, and time, taking into
account high-order phase-difference modulation.

achieved.
( Start

v
Detection of informational signal parameters within
the guard interval over time

v

Detection of amplitude and phase 2
v

Evaluation of boundaries in the signal space 3

¥

Comparison of distances between the received signal and
reference variants from the first group (1-16), within 4
integration interval 1

v

Selection of the signal with the smallest distance 5

v

Comparison of distances between the received signal and
reference variants from the second group (17-32), within 6
integration interval 2

¥

Selection of the signal with the smallest distance 7

v

Comparison of signals with the smallest distances
from the first and second groups

¥

Adjustment of the decision based on the signal
with the smallest distance

v

Final decision 10

11
Synchronization based Yes
on the pilot signal

Y Y

Signal correction operations based 12 Averaging over several 14
on the selected solution reference packets

¥ v
Averaging of signal coordinates
based on previous packets all signal variants

Fig. 4. Block diagram of the algorithm for receiving a three-dimensional multiposition signal

Projection calculation for
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It is assumed that the proposed algorithm should be invari-
ant to the initial phase and frequency shift, while ensuring the
maximum possible noise immunity and adaptive matching with
the channel parameters. The development of such an algorithm
is a key step in creating reliable reception schemes for 5G and
6G mobile networks.

A step-by-step description of the algorithm is given:

1-3: Initial measurements. At the initial stage, key param-
eters of the received signal are measured. First, the time guard
interval boundary is determined, which corresponds to the
coordinate z; in the three-dimensional signal space. Then, the
amplitude and phase of the signal are measured, which specify
the coordinates x; and yj, respectively. The final stage of this part
is to determine the boundaries in the signal space necessary for
further comparison with the reference variants.

4-7: Comparison with signal variants. The received signal
is compared with known reference signals, which are divided
into two separate groups. Each of the groups (the first - signals
1-16, the second - signals 17-32) is processed using a separate
integration interval. This makes it possible to adapt the recep-
tion to different transmission conditions. Within each group,
the signal variant that has the smallest distance to the received
one is determined, taking into account the Euclidean or scalar
similarity measure.

8-10: Decision making. After one closest signal has been de-
termined from each group, these two signals are compared with
each other. The option that has a smaller distance to the received
signal is chosen. This signal is recognized as the most probable,
that is, the system makes the final decision about which signal
was transmitted.

11-15: Synchronization and refinement. Further process-
ing depends on whether synchronization with the pilot signal
is possible. If such synchronization is available, averaging is
performed over several packets to increase accuracy, after
which projections of all possible reference signals are calculated
according to established formulas. If synchronization is not
possible, a decision is made in favor of the closest signal, and this
signal is used as a reference for further reception. In particular,
for correction and averaging (of signal parameters over several
packets to reduce the influence of noise and obtain effective esti-
mates of three-dimensional coordinates) in subsequent packets.

Based on the described algorithm (Fig. 4), a simulation of
the operation of a three-dimensional multi-position signal re-
ception system with phase-difference modulation was carried
out. The purpose of the simulation is to assess the efficiency of
the reception algorithm under noise conditions, check the noise
immunity depending on the averaging parameters, and also
compare it with theoretically achievable characteristics. Below
is a simulation modeling of the efficiency of 3D AFM-32 in com-
parison with other methods.

Signal processing algorithms using amplitude-phase and
amplitude-differential-phase modulation have demonstrated
high efficiency in multi-channel systems that use orthogonal
channel signals. The process of separating such signals is based
on calculating the received signal into a pair of mutually per-
pendicular reference harmonics with an arbitrary initial phase.
This approach allows for accurate signal separation, which sig-
nificantly improves noise immunity and transmission efficiency
in multi-channel communication.

In OFDM systems, the reference oscillations of all channels
are usually synthesized from the same frequency, while the ini-
tial phases of the signals may have unsynchronized shifts or low
correlation [15]. This makes the controlled phase adjustment
methods ineffective [16].

The proposed algorithm for coherent reception in three-di-
mensional signal space (Fig. 4) avoids the need to accurately
fix the absolute phase of the signal, which is characteristic
of traditional phase modulation. Instead, phase difference
relations are used that are invariant to the initial phase and
frequency shift.

5. 3. Assessing the noise immunity of a multidimeni
sional signal reception method

To confirm the reliability of the proposed method, it is
necessary to determine the probability of an error during
information transmission. Based on simulation modeling, it
is necessary to calculate the noise immunity of the system.
That is, calculate the dependence of the error probability on
the ratio of signal energy to the spectral density of the in-
terference power at different signal parameters. The results
should make it possible to determine the reception param-
eters for practical implementation in the new generation
mobile networks.

In order to evaluate the algorithm proposed in the
work, calculations of projections of the multi-position 3D
AFM-32 signal for different averaging intervals (M =1, 5,
10, 20, 100) were performed. The results are represented on
the plot of the dependence of error probability on the signal-
to-noise ratio (Fig. 5). The first curve shows the maximum
possible noise immunity of the system under conditions of
strict coherent reception. Curve 2 (M = 100) demonstrates
the closest to theoretical noise immunity, while smaller
averaging intervals (M < 20) show significantly lower signal
reception accuracy.

The simulation results showed that to achieve maximum
noise immunity, it is necessary to use an averaging interval
of at least M = 20. This value provides coherent reception
efficiency close to the ideal case.

The results of simulation experiments for an OFDM
modem with incoherent reception are also presented. The
data (Fig. 5, curve 7) show the real noise immunity of the
system under conditions close to practical ones.

Separately, an assessment of the required sample size was
carried out to achieve the specified error probability intervals
(formula >), which made it possible to determine the parame-
ters for further research and practical application.

When assessing the required sample size, the results giv-
en should be taken into account. For each value of Q and a
specified confidence level probability §, it is possible to deter}
mine the region where the error probability (Per,) and its em-
pirical value (P;m). are located. The plot in Fig. 5 shows the
curves limiting these regions for different values of Q for a
specified confidence level § = 0.9. For example, at P;m =0.1
to ensure the interval [0.09-0.11], the required sample size
is200. For P, =0.07 and the interval [0.065-0.075], a

erorr

sample size is needed. In generél(l), the sample size should be

determined from formula 7n2——.
erorr

The result in plots (Fig. 5) confirms the energy advan-
tage of coherent methods of receiving multi-position signals,
which is achieved due to the improved signal system and the
developed algorithm.

Comparison of curves 2 and 6 (Fig.5) shows that the
energy gain is 3 dB. To achieve real noise immunity, which
is as close as possible to the potential one, it is necessary
to ensure a minimum averaging interval M = 20. This will
ensure a high level of noise immunity during coherent signal
processing.
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Fig. 5. Dependence of error probability on signal-to-noise ratio in the 3D AFM-32 multi-position signal system

In order to fully analyze the effectiveness of the proposed sys-
tem with a multidimensional 3D AFM-32 signal, it is advisable
to compare it with typical modulation methods used in modern
mobile networks. For this purpose, Fig. 6 shows the results of
modeling noise immunity for systems with coherent reception
of QAM-32 signals depending on the averaging interval. The ob-
tained curves make it possible not only to illustrate the nature of
the influence of parameter M on the reception accuracy but also
compare the overall level of noise immunity of QAM-32 with the
corresponding characteristics of the proposed 3D AFM-32. This
makes it possible to establish that only under conditions of a suf-
ficient averaging interval (M>20) both systems demonstrate an
approach to the potential theoretical limit; however, 3D AFM-32
provides increased noise immunity due to three-dimensional
signal formatting. Thus, the inclusion of Fig. 6 makes it pos-
sible to objectively confirm the advantages of the developed
system over existing modulation schemes and justify its feasi-
bility for use in mobile networks of the next generations. The
designations of the curves correspond to the previous figure.

The result of the two plots (Fig. 5, 6) shows that the 3D
AFM 32 system provides a lower probability of error over the
entire range of signal-to-noise values at the same averaging
intervals. In particular, at M = 20, which is a practically achiev-
able interval for coherent reception, the difference between the
curves is about 2-3 dB in favor of 3D AFM-32. This indicates
better energy efficiency and higher noise immunity compared
to the traditional QAM-32 scheme. Such an assessment is im-
portant for determining the efficiency of the system under real
conditions when disturbances or errors may occur in the process
of signal transmission.

In both cases, the actual noise immunity approaches the
potential one only if the number of averaged packets is not

less than 20. This emphasizes the importance of choosing
the correct averaging interval to achieve maximum system
efficiency, as well as to reduce errors in signal reception,
which is critically important under conditions of a noisy en-
vironment and interference. The specified choice of interval
M determines the balance between the accuracy of estimates
and the speed of the system’s response to changing commu-
nication conditions.

To clearly illustrate the effectiveness of the proposed
three-dimensional phase-difference modulation of high orders
(3D AFM-32), a simulation of comparison with the AFM and
QAM modulation schemes is performed in the work. The inclu-
sion of these figures provides an illustration of the effectiveness
of the developed algorithm (Fig. 4), which is important for
substantiating its feasibility under the conditions of modern and
promising mobile communications.

Fig. 7 illustrates the dependence of symbol error probability
on the signal-to-noise ratio for three types of phase-difference
modulation: AFM-16, AFM-32, and the proposed 3D AFM-32.
At the SER = 1078 level, it is seen that the system with 3D AFM-
32 ensures the achievement of the required noise immunity at
Ep/Nog~17.4 dB, which is = 1.8 dB more effective than in the
case of AFM-16 (= 19.2 dB), and at the same time significantly
outperforms AFM-32, which does not reach the specified SER
level even at E;,/Ny>21 dB.

Fig. 8 shows a graphical comparison of the noise immunity
of 3D AFM-32 with traditional quadrature amplitude modula-
tions QAM-16 and QAM-32. At the SER = 10°® level, the system
with three-dimensional modulation achieves the required re-
ception accuracy at Ep/Ny~ 17.4 dB, which provides an energy
gain of about 1 dB compared to QAM-16 and more than 3.5 dB
compared to QAM-32.
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This confirms the advantage of the proposed
three-dimensional OFDM method, which allows for
maximum information transmission speed, high reli-
ability, and invariance to random signal disturbances.

6. Discussion of results based on studying the
effectiveness of the multidimensional signal
reception algorithm

A three-dimensional signal with thirty-two-po-
sition phase-difference modulation of high orders
(3D AFM-32) has been synthesized, which simultane-
ously uses three independent information parameters:
amplitude, phase, and time. The peculiarity of this
signal is that the signal points are not located in a
plane, as in classical QAM or two-dimensional AFM
systems. They are located on the surface of a sphere,
which makes it possible to increase the distance be-
tween points with an unchanged signal energy level.

To improve noise immunity, it is necessary to
increase the equivalent energy, which involves in-
creasing the distance between neighboring signal
points. For this purpose, a signal formatting method
is proposed that uses three information parameters:
amplitude, phase, and time. Such a signal, built in
three dimensions, will be called three-dimensional or
spherical OFDM, since the signal points are located in
spherical space.

The distance between signal points in this case
will be 50% higher than for a signal generated in
two-dimensional space.

Having formed a multi-position signal in the
sphere, we achieve maximum noise immunity to
white noise.

As is known, the use of phase-difference modu-
lation allows the information transmission system
to be insensitive to phase jumps. It is shown that the
use of high-multiplicity phase-difference modulation
ensures the system’s insensitivity to frequency jumps.

The choice of three information parameters (am-
plitude, phase, and time), according to expres-
sions (14), (15), provided an increase in the distance
between signal points by 50% compared to traditional
two-dimensional phase-difference modulation (Fig. 1).
Due to such a geometric configuration (Fig. 3), the
distance between signal points increases on average
by 50% compared to two-dimensional AFM, which
is confirmed by both analytical calculations and
graphical visualization. This, in turn, provides a sig-
nificant increase in the equivalent signal energy and
a decrease in the probability of error. Fig. 2 confirms
that it is the use of such an approach that ensures
invariance to the initial phase and frequency shifts
of the signal. This becomes possible due to the use
of first- and second-order phase differences (formu-
las (2), (4)), which ensure invariance to the initial
phase and frequency shifts (Table 1).

An algorithm for coherent reception of a three-di-
mensional multi-position signal based on high-order
phase-difference modulation has been developed. The
algorithm takes into account three coordinate compo-
nents, amplitude, phase, and time shift (which reflects
the duration of the guard interval), which allows for



accurate localization of the signal point in the spherical sig-
nal space (Fig. 4).

The decision-making is based on the estimation of the
scalar distance between the received signal and all possible ref-
erence signals (formulas (15) to (17)). The proposed approach
ensures invariance to the initial phase and frequency pertur-
bations. This is achieved by calculating the first and second
order phase differences (formulas (2), (4), (8), (10)), which do
not change under the influence of phase instabilities.

The key feature of the algorithm is its adaptability. It
makes it possible to compare signals in different groups of
variants (signals 1-16 and 17-32) and averaging the estimates
using the parameter M (as shown in Fig. 5). The algorithm
also provides the possibility of synchronization using pilot
signals. As a result, high-precision reception is ensured even
in the presence of noise and intersymbol interference.

The proposed algorithm for receiving a three-dimen-
sional signal S;(f) enables the selection of the correct signal
variant if condition (12) is satisfied for all other variants. The
calculations of the first and second order phase differences,
the results of which are given in formulas (2), (4), made it pos-
sible to determine the patterns and characteristics of changes
in phase differences during the signal transmission process.
This makes it possible to determine the received signal with
high accuracy under conditions of noise and interference.

A quantitative assessment of the noise immunity of
the transmission system based on a three-dimensional
multi-position signal with high-order phase-difference mod-
ulation (3D AFM-32) has been performed. For this purpose,
simulation modeling methods were used, the results of which
are shown in Fig. 5-8.

The simulation results showed that to achieve maximum
noise immunity, it is necessary to use an averaging interval
of not less than M = 20. This value provides the efficiency of
coherent reception, close to the ideal case.

The result in plots (Fig. 5) confirms the energy advan-
tage of coherent methods of receiving multi-position signals,
which is achieved owing to the improved signal system and
the developed algorithm.

A comparison of curves 2 and 6 (Fig. 5) shows that the
energy gain is 3 dB. To achieve real noise immunity, which
is as close as possible to the potential one, it is necessary to
provide a minimum averaging interval of M = 20. This will
provide a high level of noise immunity during coherent signal
processing.

It is shown that the use of a reception algorithm with an
averaging interval of M > 20 provides a reduction in the error
probability to the level of 1078 at E,/Ny= 17.4 dB. This exceeds
the efficiency of traditional modulation methods such as
QAM-32 (=20.9 dB) and even QAM-16 (= 18.4 dB), as illustrats
ed in Fig. 8. According to Fig. 7, 3D AFM-32 also significantly
outperforms classical two-dimensional phase difference mod-
ulation schemes (AFM-16, AFM-32). Thus, the efficiency of 3D
AFM-32 approaches the efficiency of QAM-16.

In addition, it has been found that increasing the averag-
ing interval makes it possible to bring the real system char-
acteristics closer to the theoretically achievable limit. The
use of three information parameters (amplitude, phase, time)
provides an expansion of the signal space without increasing
the spectrum width.

Unlike works [1, 2], which focus mainly on the characa
teristics of communication channels and signal propagation
without analyzing multidimensional modulation schemes,
our study proposes a method that takes into account high-order

phase-difference modulation and multidimensionality of the
signal (formulas (2), (4), (8), Fig. 1, 3). This provided a significant
increase in noise immunity and signal reception accuracy.

Compared with studies [3-5], which consider the issues
of multiplexing and interchannel interference in traditional
OFDM and QAM schemes without taking into account high-or-
der phase shifts, the proposed method has shown significant
advantages in the stability of signal reception due to the use
of first- and second-order phase differences ((6), (7), (9), Fig. 2).

In [6], only two-dimensional signals with second-order
phase-difference modulation were considered in detail. Our
method provides an additional increase in the distance be-
tween signal points due to three-dimensional signal format-
ting (formulas (14), (15), Fig. 3).

Unlike the index modulation methods reported in [7, 10],
the proposed method has ensured invariance to phase and
frequency shifts due to the use of phase difference relations
and adaptive reception algorithms ((16), (17), Fig. 4), which
is important for practical application under the conditions of
next-generation mobile networks.

In [8, 9], attention was paid to modulation schemes with
high spectral efficiency and digital systems with significant
phase noise, but the issue of multidimensionality of the sig-
nal and phase-difference modulation of high orders was not
resolved. The proposed method successfully resolved these
issues and demonstrated significant energy efficiency and
reduced error probability (Fig. 5-8). Thus, unlike existing ap-
proaches, our method makes it possible to take into account
phase shifts of the first and second orders. It also provides
invariance to frequency deformations and adaptive signal
processing under conditions of white noise and interference.

The results of tour study prove that the stated scientific
problem of the lack of an effective method for forming a mul-
tidimensional signal of n-th multiplicity and receiving based
on phase-difference modulation of high orders has been
solved. The proposed method makes it possible to fill the
existing scientific niche and increase the reliability of data
transmission in 5G/6G mobile networks without increasing
the signal spectrum width.

However, some limitations of the study should be noted,
including the idealized simulation conditions. Real mobile
networks may be characterized by additional factors, such
as rapidly changing signal propagation conditions, nonlinear
distortions, and interference, which may affect the accuracy
of the estimates of our results.

The main drawback is the lack of practical implementation
of the prototype in a hardware environment and verification of
the power consumption of the developed algorithm. In addition,
there is no complete optimization of the time parameters under
the dynamic mode of switching between signal groups.

Further research should be directed to experimental
verification of the proposed method under actual operating
conditions of mobile networks, as well as to the development
of adaptive algorithms that could allow for even more precise
adjustment of signal parameters taking into account dynamic
changes in the communication channel.

7. Conclusions

1. A multidimensional signal has been synthesized by
using three information parameters — amplitude, phase,
and time of thirty-two-position phase-difference modula-
tion 3D FM-32). This provided an increase in the distance



between signal points by 50% and, accordingly, a decrease in
the probability of signal transmission error without expand-
ing the spectral width of the signal.

2. An algorithm for coherent reception of a three-dimenm
sional signal has been developed, which adaptively responds
to changes in the parameters of the communication channel,
which was confirmed by the simulation results. Our study
showed that under reception conditions (averaging interval
of at least 20) the proposed method provides an energy gain
of up to 3.5 dB compared to traditional modulation methods,
such as QAM-32, with an error probability level of 1075,

3.The conducted noise immunity assessment confirmed
that the proposed transmission system with 3D AFM-32 demon-
strates a significant energy gain — up to 3.5dB - compared to
QAM-32 at an error probability level of 1078. A feature of our
result is that noise immunity is ensured without increasing
the spectral width of the signal, but due to three-dimensional
formatting, which increases the distance between signal points
by 50%. Unlike known methods, achieving maximum efficiency
requires a minimum averaging interval (M > 20), which ensures
proximity to the potential theoretical limit. This is explained by
the use of high-order phase-difference modulation in combina-
tion with a coherent reception algorithm capable of adapting to
changes in the communication channel.
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