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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

SpEM-m/h (1) =% 3 s,()®A. (1)
i=1

Here s,(¢) 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 x| 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 R, is related to the symbol rate R by
the following relationship [2]:

Ry = Ry x| logym ], )

then for PFM-m/k signals the specified connection
will be as follows:

_ E|_ m!
R, =R, xLlogz ch =R, x[logz —kx(m—k)xJ' 3)

To clarify the essence of this feature, in Fig. 1isa
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 &, which
determines the number of involved subcarriers (ac-
tive subchannels), in accordance with the expression

B Fig. 1. Dependence of dimension symbol on the num-
ber of frequency positions m, for a different number of
active subcarriers &

!
B(m) = [logz —k!(n’f; k)!J. @

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 PFM signals
[8, 13].

Therefore, a compromise is needed between the
ratio of £ 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
PFM 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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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]

ko m!
= i -yt ®

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:

o sz m—k
PPFM :J‘ 1- l—exp —2 X
0 20

X

2
_uN2 dz. 6)
{Z ﬂ "

Here u is the root-mean-square voltage of the
signal in the channel; o 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 |Fppyro /1(f)| (frequency telegraphy) and
PFM-7/3 |Fppy./5(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:

1
P, = Z( y™ep j———. )
nh +n+1

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

Pb :__PS' (8)

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 &
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

2 K
he - P 9
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B Fig. 2. Functions of envelope spectra of signals of transmissions of permutation manipulation on symbol duration

within the limited channel

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 P,:

Py=1-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:

m-1 1
P=1-[1-Y (-)"cp 1 —

— n
n=1 == +n+1
k

(11

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:

= n+ln 1
(_ 1) Cm—s 2
1

—+n+1
k

k
P=1-]]|1- . (12)
s=1

n=

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

Llog 2 Cr’”

L=2 (13)

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):

Ps:L/zx
L-1
k m-s 1
< 1-T] 1—2(—1)"*10,’;,32— . (14
s=1 n=1 ——+n+1
k

According to expression (14), the decision on the
transmitted symbol is made at the £ maximum levels
in the passbands of the corresponding tones. That is,
in the received signal symbol, the position of % 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-
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B Fig. 3. Dependence of the bit error probability on the ratio of bit energy to noise density (a) and of signal power to
noise power (b) for FM-2 (PFM-2/1) and PFM-7/3 signals in a channel with variable parameters for incoherent reception

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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pusyiomeiica HamuuneM OBICTPHIX U MeJJIeHHBIX 3aMupanuii. [fosToMy aKTyaabHBIM HCCIeLOBaHUEM B JaHHOI IpeAMeTHOI 00acTy AB-
JfgeTcsa pa3paboTKa HOBBIX TEXHUUECKUX PellleHn, HallpaBJIeHHBIX HA ITOBBIIIIeHNE IOMeX0ycToiunBocTu npruema. Ileas: paspaboTka cur-
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HAJIOB C II€PECTAHOBOYHOU YaCTOTHON MOZYJIAIMEH, IO3BOIAIONIINX Ha (PU3UUECKOM YPOBHE O0OHAPY KUBATH €AUHUYHEIE OIITNOKY 3a CUET
BBIOOpA COUETAHUI MIOLHECYIIUX KaK/IOT0 CUMBOJIA B COOTBETCTBUY C aI()aBUTOM KOJa C IOCTOAHHBIM BecoM. Pe3yabraThl: pacCMOTPEHbI
TeopeTUUeCKUe acIeKThl ()OPMUPOBAHUA CUTHAJIOB C II€PECTAHOBOYHOM YAaCTOTHOIN MOZRYJIAIMeH; 000CHOBAH BHIOOD MaHUIIYJIHPYIOIIETO
KOJa IJIs BBIOOpA MOAHECYIINX B IIPe/iesiaX CUIHAJIHHOTO CHMBOJIA; IPECTABJIEH AaHATUTHIECKUI IT0[XO/ K BEIBOAY 0000IIIEHHOT'O BEIpasKe-
HUS OI[€HKY IOMEXO0YCTONYNBOCTH Pa3pab0TaHHBIX CUI'HAJIOB IePECTAHOBOYHON MOLYJIAIIMY B KaHAJIE C IePeMeHHLIMY [TapaMeTpaMu Ipu
HEKOTIepPeHTHOI 00paboTKe; MPUBeAeHbI rPa(UKY OIeHKY 3HAUYEHU BEPOATHOCTHU OUTOBOI OIMTUOKY JJI HOBBIX CUT'HAJIOB B CDABHEHUU C
UBBECTHHIMU pesyiabraraMu. IIpakTudyeckas 3HAUNMOCTH: Pa3PabOTAHHBIN CUTHAJ C II€PECTAHOBOYHOM YACTOTHOM MOLYIALMeEl Ipesia-
raeTcs UCIO0JIB30BATh B CHCTEMAaX JeKaMeTPOBOM PafoCBA3Y, paboTAIUX B Y3KOH II0JI0Ce YaCTOT B HOHOC(epHOM KaHate. O6cyxaeHue:
MasbHEHIINE NCCIeJOBAHUSA aBTOPHI CBASHIBAIOT C ONITUMU3AIMEN TPOLeAYD IPUHATAA PEIIEHUA IIPU AeMOAY AN Paspab0TaHHbBIX CUT-
HAJIOB, & TAKKe C ITOUCKOM 9(pPeKTUBHBIX CII0COO0B KOAUPOBAHMUSA CUI'HAJIOB C II€PECTAHOBOUHOM YaCTOTHOM MORYIAIMel Ha (PU3TIECKOM
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YBAXXAEMbIE ABTOPbI!

Hayunasa snexTpoHHas 6ubamorexa (HIB) mpomosmkaer paboTy mo peaamsanuu IPOeKTa
SCIENCE INDEX. Ilocse Toro xax Bel saperucrpupyerech Ha caiite HIB (http://elibrary.ru/
defaultx.asp), 6yzer cosmana Bara inunasi cTpaHUYKA, COIEPIKAHNE KOTOPOM COCTABAT HE TOJBKO
Baru mepcoHaibHBIE JaHHBIE, HO U IIEPeUYeHDb BCeX BaIllnx ImeuaTHBLIX TPY/A0B, IMEIUXCa B 6ase
nauueix HOB, BKIOUas quccepTaiiii, IaTeHThl U Te3UChI K KOH(PEPeHIIUAM, a TaKKe CPABHUTEIb-
Hble mHAeKCH murtuposauus: PUHIL (Poccuiickuil MHAEKC HAYYHOrO IIUTUPOBAHUs), h (MHIEKC
Xwupira) or Web of Science u h ot Scopus. ITocie cospauust 6a3oBoro BapuanTa Baimeil mepcoHab-
HOM cTpaHUILI BEI MOIyYnTe KO HOCTYIIA, KOTOPBLINA IO3BOJIUT BaM pefakTupoBaTh MHGOPMAIILIO,
moMorasi co3aBaTh MaKCUMaJbHO O0bEeKTUBHYIO KapTuHy Baleil HayYHO! aKTUBHOCTHU U ITUTHU-
poBaHusa Bamux TpynoB.
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