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Introduction: The operation of radio lines in the decameter range, as a rule, occurs in a complex interference environment, 
characterized by the presence of fast and slow fading. Therefore, one of the most relevant areas of research in this subject area is 
the development of new technical solutions aimed at improving the noise immunity of reception. Purpose: Development of signals 
with permuted frequency modulation that allow detecting single errors at the physical level by selecting combinations of subcarriers 
of each character in accordance with the alphabet of the code with a constant weight. Results: Theoretical aspects of formation 
of the permutation signals with frequency modulation, the choice manipulating code to select subcarriers within a signal symbol, 
presents an analytical approach for the derivation of the generalized expression evaluation of noise immunity of the developed 
signals of permutation modulation in a channel with variable parameters in incoherent processing, we obtained the estimation of the 
values of probability of bit error for new signals in comparison with the known results. Practical relevance: The developed signal with 
permuted frequency modulation is proposed to be used in decameter radio communication systems operating in a narrow frequency 
band in the ionospheric channel. Discussion: Further research is associated with optimization of decision-making procedures for 
demodulating the developed signals, as well as the search for effective ways to encode signals with permuted frequency modulation 
at the physical level, allowing to increase the data transfer rate while maintaining the noise immunity of reception.
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Introduction

Decameter radio systems operating in the iono-
spheric channel are characterized by slow fading. 
These fading are associated with the simultane-
ous reception of the direct and reflected beam. The 
main cause of fading is the passage of a reflected or 
scattered signal along several paths with different 
delay times [1].

In the case of slow fading, the waveform remains 
constant, but its power and phase change. This 
leads to a significant decrease in the quality of re-
ception, although to a lesser extent than as a result 
of the effects of fast and selective fading, which sig-
nificantly change the signal shape [2].

In practice, one of the main ways to eliminate 
intersymbol interference that occurs when radio 
waves pass in a fading ionospheric channel is to in-
crease the chip duration. But this leads to a signifi-
cant decrease in the bit rate, therefore, as a solution 
to this problem, it is proposed to use signals gener-
ated on the basis of permutation frequency modula-
tion (PFM) [3]. 

The PFM methodology and various aspects of its 
application have been sufficiently studied [4–13]. 
Including the properties of PFM signals were in-
vestigated by Russian scientists [4, 8, 11, 13]. So, in 
[11], the following features of PFM are highlighted, 
which made it possible to consider it as a promising 
direction for radio communication systems in the 
decameter range:

— each PFM signal symbol has the same energy;
— demodulation of messages is carried out at the 

stage of detecting signal symbols of the code word;
— the PFM implementation guarantees the same 

error probability when receiving any codewords 
from the allowed alphabet.

It is important to note that PFM, with relative-
ly simple signal processing algorithms, provides a 
sufficiently high transmission rate while maintain-
ing acceptable noise immunity.

Taking these circumstances into account, this 
article presents the results of a study of the noise im-
munity of signals developed in [4], with their inco-
herent processing in a channel with variable param-
eters. The peculiarity of the developed PFM signals 
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is that in them the choice of the current combination 
of subcarriers for each symbol is carried out in ac-
cordance with the alphabet determined by the code 
with constant weight, which makes it possible to de-
tect single errors already at the physical level [8].

Theoretical aspects of the formation 
of signals of permutation frequency 
modulation for radio communication 
systems in the decameter range

In general, PFM signals can be viewed as a kind 
of Multiple Frequency Shift Keying (FM-m), where 
m is the number of frequency positions for subcar-
riers.

The synthesis of PFM-m/k signals can be carried 
out in accordance with the expression
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Here si(t) are harmonics per m subcarriers with-
in the signal bandwidth; A is a vector of dimension 
m, the elements of which are “0” and “1”, and “1” 
indicates the active subchannel on the duration of 
the signal element (the number of units of vector A 
is determined by the value k), the number “0” — on 
the passive one.

In contrast to multi-position frequency shift 
keying, in which each signal symbol is determined 
by the position of only one subcarrier in a given 
frequency band, in PFM it is formed by choosing 
a certain combination of several subcarriers, total 
number k, where k  [1; m/2] (here  is the integer 
division operation). The use of permutation modu-
lation can significantly expand the alphabet, and 
thereby increase the transmission rate. So, if the 
signals of multi-frequency modulation FM-m infor-
mation bit rate Rb is related to the symbol rate Rs by 
the following relationship [2]:

 2log ,b sR R m       (2)

then for PFM-m/k signals the specified connection 
will be as follows:
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To clarify the essence of this feature, in Fig. 1 is a 
three-dimensional diagram showing the dependence 
of the distribution of bits per symbol B(m), on the 
number of frequency positions m, on the duration of 
the signal element for a different value of k, which 
determines the number of involved subcarriers (ac-
tive subchannels), in accordance with the expression
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The analysis presented in Fig. 1 of the result 
shows that in relation to decameter communication 
channels, for which, as a rule, signal structures 
with a dimension of more than 16 are not used [14], 
a significant gain occurs in the case when the pa-
rameter k in its value approaches m. It should be 
borne in mind that an increase in k leads to a sig-
nificant decrease in the energy falling on each of 
the subcarriers. This ultimately degrades the noise 
immunity of transmissions based on РFM signals 
[8, 13].

Therefore, a compromise is needed between the 
ratio of k and m.

Thus, the analysis of the ALE 2G standard (au-
tomatic installation of the 2nd generation channel) 
[15] shows that for radio communication systems in 
the decameter range, the choice of eight-position 
frequency-shift keying signals (FM-8 signals) with 
a bandwidth of about 2 kHz is justified. This sig-
nal provides a symbol rate of 125 baud. The indi-
cated value is confirmed by the long-term practice 
of message transmission via the ionospheric chan-
nel (channel with variable parameters). Therefore, 
when choosing the value of m for transmission with 
РFM signals, it is advisable to focus on the frequen-
cy band determined by the symbol rate in the range 
from 100 to 250 baud.

The diagram obtained in the course of the study, 
shown in Fig. 1, clearly illustrates the obviousness 
of the choice with the total number of subchannels 
m  8, the parameter value k  3. The expediency 
of such a choice is due to the fact that in this case, 
each symbol of the PFM-7/3 signal will provide the 
transmission of five bits, with a slight decrease in 
energy indicators attributable to recalculation for 
each active subcarrier.
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  Fig. 1. Dependence of dimension symbol on the num-
ber of frequency positions m, for a different number of 
active subcarriers k
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The choice of the manipulating code 
for the formation of signals PFM-7/3

For efficient transmission of information, the 
choice of active subcarriers on the chip duration 
must be determined in accordance with a given al-
phabet. The capacity (size) of the alphabet will be 
determined by the values m  8 and k  3, in ac-
cordance with the following combination formula 
[8]
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According to formula (5), for the indicated val-
ues of m and k, the capacity of the alphabet will 
be 35 elements. Moreover, for a seven-digit sym-
bol, the number of elements of the alphabet is 27  
 128. The analysis of existing codes in [4] showed 
the advisability of choosing for the indicated com-
binations of the International Telegraph Alphabet 
(ITA) with a constant weight of the ITA-3. The 
choice of this code is due to its properties, which 
make it possible to detect an error in a code com-
bination if the odd parity of the units contained in 
it is violated. Exceptions are situations that result 
in offset errors. The occurrence of these errors is 
associated with the mutual transition of the al-
lowed “0” to “1” and vice versa, the allowed “1” to 
“0”. Such errors lead to the combination allowed 
for the alphabet. But it should be borne in mind 
that the combination obtained in this case does not 
correspond to the combination transmitted by the 
received symbol.

Thus, the use of ITA-3 for coding subcarriers 
will allow, even before demodulation, to inform the 
recipient about the presence of an error in the re-
ceived symbol, based on the results of evaluating 
the odd parity violation of active subchannels. This 
circumstance emphasizes the originality of the 
solution associated with the choice of the ITA-3 code 
for encoding the signal symbols PFM-7/3.

Evaluation of the noise immunity 
of the PFM-7/3 signals in the channel 
with variable parameters 
with incoherent processing

In [9], the following expression was proposed for 
calculating the error probability for PFM signals 
under the conditions of their incoherent demodula-
tion:
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Here u is the root-mean-square voltage of the 
signal in the channel;  is the root-mean-square 
noise voltage in the channel; z is the accepted im-
plementation of the signal in noise.

It should be noted that expression (6) has a rath-
er complex analytical representation for its in-
terpretation and modeling, therefore, a different 
approach is proposed to substantiate the formula 
for evaluating the noise immunity of the PFM-7/3 
signals with their incoherent processing. In par-
ticular, in Fig. 2 shows the spectra of the signals 
PFM-2/1 |FPFM-2/1(f)| (frequency telegraphy) and 
PFM-7/3 |FPFM-7/3(f)|.

With regard to orthogonal systems with an ac-
tive pause, with incoherent reception in a channel 
with variable parameters, the probability of a sym-
bolic error is determined using the expression:
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Here h2 is the average ratio of the signal energy 
to the power spectral density of the noise (interfer-
ence). 

Next, we recalculate the probability of a symbol-
ic error into a bit error
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Now, in the interest of obtaining an expression 
for estimating the potential noise immunity of a 
signal with an orthogonal permutable frequency 
modulation of the PFM-m/k, formed by coding ac-
tive subcarriers with a constant weight code at the 
physical level, it is necessary to consider the inde-
pendent reception of k active tones on the signal 
chip duration. In this case, it is necessary to take 
into account that the energy of each of the tone os-
cillations at its own sub-frequency will decrease k 
times. Moreover, the signal symbol will be correctly 
identified only if each of the tonal fluctuations is 
reliably received. This is possible only if the condi-
tion
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Condition (9) can be interpreted in such a way 
that correct reception is possible only when the av-
erage level of each of the k active tonal oscillations 
exceeds the average value of the signal level togeth-
er with interference within the passive subchannels 
[16], for which, according to formula (1), the ele-
ment of vector A is “0”. For further derivation of 
the required expression, we turn to the concept of 
the probability of error-free reception, which is the 
inverse for Ps:

 0 1 .sP P    (10)

Taking into account the assumptions made, the 
expression for calculating the probability of sym-
bolic error for a channel with variable parameters 
will be as follows:
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However, formula (11) does not take into account 
the fact that if the first tone waveform can be re-
ceived on any of the m possible subchannels in the 
passband, then for the second tone waveform on the 
duration of the same symbol, only m – 1 subchan-
nels in within the same bandwidth, etc.

Taking into account the additions made, we 
transform expression (11) to the form:
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Now, to recalculate the probability of a symbolic 
error into a bit error, consider the formation of al-
lowed combinations when encoding with a code with 
a constant weight (k, m). Note that a binary number 
will be associated with each allowed combination, 
and the number of such binary numbers L will not 
exceed the size of the allowed alphabet. Therefore, 
the number of used alphabet combinations is calcu-
lated by the formula
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And then, taking into account formulas (12) 
and (13), we obtain the resulting expression for 
calculating the bit error probability of orthogonal 
signals with permutational frequency modulation, 
encoded with a constant weight code at the physi-
cal layer. The expression is valid for the conditions 
of incoherent reception in a channel with variable 
parameters (ionospheric channel in the decameter 
range):
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According to expression (14), the decision on the 
transmitted symbol is made at the k maximum levels 
in the passbands of the corresponding tones. That is, 
in the received signal symbol, the position of k active 
subcarriers will correspond to the allowed constant 
weight code combination, which is k. This will allow 
implementing the property of the code to detect er-

  Fig. 2. Functions of envelope spectra of signals of transmissions of permutation manipulation on symbol duration 
within the limited channel
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rors at the stage of signal reception. Only the result-
ing offset errors will not be detected.

In Figures 3, a and b show graphs of the depend-
ence of the bit error probability for signals with 
permutable frequency modulation.

Analysis of the results presented in the form of 
graphs in Fig. 3 allows us to conclude that the use 
of signals PFM-7/3 leads to a decrease in the sym-
bol rate, but at the same time the bit rate increas-
es to 1105 bits per second. But precisely due to the 
decrease in the symbol rate from 775 to 221 baud 
compared to FM-2 signals in the 3100 Hz frequency 
band, the influence of intersymbol interference on 
the transmitted signal will no longer be so signifi-
cant. The price for this is a loss in energy efficiency 
(up to 10–12 dB).

However, it should be borne in mind that if the 
achievement of energy performance in decameter 
radio communication systems can be achieved by 
selecting the optimal operating frequencies and 
increasing the power of the transmitters, then it is 
almost impossible to avoid problems with intersym-
bol interference, which leads to a sharp increase in 
the probability of error above the permissible at the 
symbol rate of 775 baud.

Conclusion

The physical simplicity of the formation and pro-
cessing of signals of permutable frequency modula-
tion makes them very interesting for practical use in 
radio communication systems of the decameter range.

In particular, the proposed PFM-7/3 signals, 
encoded by the ITA-3 code, make it possible to ad-
ditionally detect symbolic errors at the physical 
level, which, according to the authors, will further 
increase the noise immunity of reception.

Another interesting aspect is seen in the appli-
cation of correcting codes for subcarrier manipula-
tion as well as wavelet signals.

The signals with permutational frequency mod-
ulation, formed on the basis of codes with constant 
weight, in a channel with variable parameters are in-
ferior in noise immunity to signals of multi-position 
frequency modulation. This is due to the fact that the 
transmitter power is evenly distributed between the 
passbands of the active sub-frequencies in accord-
ance with the given coding. But the loss in the energy 
aspect, in a sense, is compensated by the properties 
of higher spectral efficiency, which makes it possible 
to increase the number of bits per symbol.

In radio communication systems operating in 
ionospheric channels with multipath propagation, 
signals with permutational frequency modulation 
can serve as a good alternative to signals generated 
on the basis of technology with orthogonal frequen-
cy multiplexing of channels.

The authors associate further research with the 
search for optimal decision-making criteria when 
demodulating PFM signals.
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Применение сигналов перестановочной частотной модуляции, манипулированных кодом с постоянным весом, 
для повышения помехоустойчивости радиосвязи декаметрового диапазона 
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Введение: работа радиолиний декаметрового диапазона, как правило, происходит в сложной помеховой обстановке, характе-
ризующейся наличием быстрых и медленных замираний. Поэтому актуальным исследованием в данной предметной области яв-
ляется разработка новых технических решений, направленных на повышение помехоустойчивости приема. Цель: разработка сиг-
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налов с перестановочной частотной модуляцией, позволяющих на физическом уровне обнаруживать единичные ошибки за счет 
выбора сочетаний поднесущих каждого символа в соответствии с алфавитом кода с постоянным весом. Результаты: рассмотрены 
теоретические аспекты формирования сигналов с перестановочной частотной модуляцией; обоснован выбор манипулирующего 
кода для выбора поднесущих в пределах сигнального символа; представлен аналитический подход к выводу обобщенного выраже-
ния оценки помехоустойчивости разработанных сигналов перестановочной модуляции в канале с переменными параметрами при 
некогерентной обработке; приведены графики оценки значений вероятности битовой ошибки для новых сигналов в сравнении с 
известными результатами. Практическая значимость: разработанный сигнал с перестановочной частотной модуляцией предла-
гается использовать в системах декаметровой радиосвязи, работающих в узкой полосе частот в ионосферном канале. Обсуждение: 
дальнейшие исследования авторы связывают с оптимизацией процедур принятия решения при демодуляции разработанных сиг-
налов, а также с поиском эффективных способов кодирования сигналов с перестановочной частотной модуляцией на физическом 
уровне, позволяющих повысить скорость передачи данных при сохранении помехоустойчивости приема.

Ключевые слова — перестановочная частотная модуляция, манипуляция кодом с постоянным весом, декаметровая радио-
связь, помехоустойчивость, вероятность битовой ошибки, некогерентная обработка сигналов, медленные замирания.
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