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Abstract

Objectives. Analysis of the reception noise immunity of multiple phase shift keying (M-PSK) and quadrature
amplitude modulation (M-QAM) signals has demonstrated a significant reduction in the quality of reception of discrete
information due to the presence of various types of non-fluctuating interference in a radio communication channel
including targeted harmonic interference. Therefore, the development of algorithms for compensating the influence
of such forms of interference is an urgent task. While various methods for combatting this kind of interference, these
vary in terms of their effectiveness. The aim of the present work is to synthesize and analyze the optimal algorithm for
the reception of M-PSK and M-QAM signals with incoherent processing of harmonic interference.

Methods. Various statistical radio engineering and computer simulation methods were used in accordance with
optimal signal reception theory.

Results. Synthesis and analysis of the optimal algorithm for receiving M-PSK and M-QAM signals with incoherent
processing of harmonicinterference were carried out. Inadditionto calculating the correlationintegralsinthereceiver,
it is necessary to form weight coefficients, whose value depends on the correlation of the interference oscillation
(extracted from the received mixture) with a sample of the interference stored in the receiver. The dependences of
the bit error probability on the signal-to-noise ratio, interference detuning, and inaccuracy in setting the frequency
and level of the interference sample in the receiver were obtained. It is shown that the higher the gain in the noise
immunity of reception, the greater the intensity of the harmonic interference.

Conclusions. The synthesized receiver circuit effectively compensates for harmonic interference. However, the
efficiency of its operation depends on the detuning of the harmonic interference relative to the center frequency
of the spectrum of the useful signal. The scheme for incoherent processing of harmonic interference remains
operational even with small (within £10%) inaccuracies in setting the frequency and the level of the interference copy
in the receiver.
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Pe3iome

Llenu. MNpoBeaeHHbIN B paboTax MHOMVX UccnegoBaTenei aHanma nomMexoycTomynBoCcT npuemMa MHOrono3uLm-
OHHbIX cuUrHanoB ¢ pasoBoii (M-OM) n kBagpaTypHO amMnnTygHo moaynsauvel (M-KAM) nokasarn, 4To Ka4ecTBO
npuema OUCKPETHOM MHGOpMaLMN CYLLLECTBEHHO CHUXAETCH NPU HaNNYUK KPOME LLYMOBOW MOMEXU €LLe U He-
GNYKTYaUNOHHbIX MOMEX padHbIX BUAOB B kaHane pagnocssasn. OaHoin 13 Hanbonee onacHbIX SBASETCS NpuLesb-
Has rapMoHMYyeckasi moMmexa, NoaToMy pa3paboTka aropUTMOB KOMMEHCALMN BAVSIHUS Takol NOMexu ABNsSieTcs
akTyanbHoOW 3apadert. CyLlecTBYIOT pasnnyHble MeToabl 60pbObl C TAaKOro poAa MeLlaloWwyMn BO3LENCTBUAMMU,
obnapatwoLime 60onblUern NN MeHbLLen 3dPeKTUBHOCTLIO. Llenblo HacToswen paboThl ABNSETCA CUHTE3 N aHann3
ONTMMaIbHOrO aIropUTMa NpUemMa MHOrono3MLUNOHHbIX curHanoB M-®M 1 M-KAM ¢ HekorepeHTHOI 06paboTKoi
rapMOHMYECKOMN MOMEXMN.

MeToabl. Vicnonb3oBaHbl METOAbl CTATUCTUYECKOW PaAVUOTEXHUKM, TEOPUM ONTUMASIbHOrO MNpuemMa CUrHanoB
1 KOMMbIOTEPHOE MOLENNPOBAHME.

Pe3ynbTaTthbl. BbINONHEH CUHTES M aHaNIN3 ONTUMAsbHOMO afiroPUTMa NprUemMa MHOrONO3MLMOHHbIX CUrHanos M-®M
1 M-KAM ¢ HekorepeHTHo 06paboTkon rapMoHMYeckon nomexm. NMokasaHo, YTO KPOME BbIHMCSIEHUSA KOPPENALN-
OHHbIX UHTErpasnoB B NPUEMHUKE HEOOX0AMMO POPMMPOBATL BECOBbLIE KOIPPULMEHTLI, BEIMYNHA KOTOPbIX 3aBU-
CUT OT CTEMNeHn KOppensiumm noMexoBoro KonebaHus, BblAeNEeHHOro U3 NPUHMMAeMOn CMeCK, C KOMMein NoMexu,
XpaHsLencs B npMemMHuke. MosyyeHbl 3aBUCUMOCTY BEPOSITHOCTU BUTOBOM OLUMOKM OT OTHOLLUEHUSI CUTHAJT/LLUYM,
PacCTPONKM NOMEXM N HETOYHOCTM YCTAHOBKM YaCTOTbl M YPOBHS KOMUM NOMEXM B MPUEMHUKE. [oKazaHo, 4TO Bbl-
WrpbILL B MOMEX0YCTOMYMBOCTU NpuemMa TeM Bhbile, YeM 60JbLUE MHTEHCUBHOCTb FAPMOHNYECKOM MOMEXN.
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BbiBoAbl. CHTE3MPOBAHHAsS CXeMa NPUEMHMKA NO3BONSET OCTATOHHO 3P DEKTMBHO GOPOTLCA C raPMOHUYECKONA
rnomexon. APPeKTNBHOCTb ee paboTbl 3aBUCUT OT PACCTPOMKN raPMOHMUYECKON NOMEXM OTHOCUTENBHO LieHTpasb-
HOI 4aCTOTbl CNekTpa None3Horo curHana. Cxema HeKorepeHTHOM 06paboTkM raPMOHMYECKON MOMEXN COXPaHAET
pPaboToCnOCOOHOCTbL 1 NP HEBONbLLKX (B npeaenax +10%) HETOYHOCTAX YCTAHOBKM YAaCTOThbl M YPOBHS KOMUM MNO-

MeXn B NpUeMHUKe.

KnioueBble cnoea: MHOronosnunoHHas ¢pasoBas Moaynauus, KeaapaTtypHas aMnavTyaHas MOAYNSUNS, rapMOHU-

yeckasi noMmexa, onTMMarsbHbIN npuem, I'IOMeXOyCTOIZ‘-WIBOCTb

e Moctynuna: 02.03.2022 ¢ Jopa6oTaHa: 05.05.2022 ¢ MpuHaTa kK ony6nukoBaHuio: 24.10.2022

Ang uutnpoeanus: Kynukos I".B., 4o Y.T., Jleniox A.A., HryeH B.3. OnTumanbHbIi NpUeM MHOMOMO3ULIMOHHbIX CUrHaN0B
M-DM n M-KAM ¢ HekorepeHTHoIM 06paboTkon rapMoHudeckoi nomexu. Russ. Technol. J. 2023;11(1):41-50. https://

doi.org/10.32362/2500-316X-2023-11-1-41-50

Mpo3payHocTb hpMHAHCOBOW AeATENIbHOCTU: ABTOPbI HE UMEIOT GUHAHCOBOM 3aUHTEPECOBAHHOCTY B MPEeACTaB/EH-

HbIX MaTepunanax nain MmetTogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

Analysis of the noise immunity of receiving
multiple phase shift keying (M-PSK) and quadrature
amplitude modulation (M-QAM) signals demonstrates
a significant deterioration in the quality of receiving
discrete information (up to complete destruction of
communication) due to the presence in addition to
noise of various kinds non-fluctuating interference in
the communication channel [1-10]. This is especially
true in cases where such interference is signal-like, for
example, harmonic [5-7].

There are various methods of dealing with this kind
of interference, which are more or less effective, for
example, those developed in [1, 11-14]. Their technical
implementation can be very complex, as in the case of
the synthesis of optimal algorithms [1], or simpler, as
in [12, 14], but less efficient. The purpose of this work
is to synthesize and analyze the optimal algorithm for
receiving M-PSK and M-QAM signals with incoherent
processing of harmonic interference.

1. ALGORITHM FOR RECEIVING OF M-PSK
AND M-QAM SIGNALS WITH INCOHERENT
PROCESSING OF HARMONIC INTERFERENCE

Consider the optimal reception of M-PSK and
M-QAM signals against the background of white
Gaussian noise n(f) with one-sided power spectral
density N, and harmonic interference

Sint(t’ (pint) = “AOCOS((DintZ + (pint)’ (1)

with relative intensity p, frequency o, , = 2af, ., close
to the useful signal frequency, and random initial phase
@, At the same time, we assume that the initial phase
of the useful signal is known, and the distribution of the
random variable ¢, . is uniform in the range (—=, ]. In
this case, we can speak of incoherent noise processing.

The signal entering the input of the receiver,

X(t) = Sl'(t) + Sim(tﬂ (pjnt) + n(t)a

is a mixture of interference, noise, and M-PSK signal

5;(1) = Ay cos(wgt + @;),

i2m .
(pizﬁ,te(O,Ts],lzo,l, ...,M_l, (2)

or M-QAM signal
s{(t) = A, (Icos wyt — O sin @),

t€(0,T]),i=0,1,...,M—1, 29

where A4y =A4,, =/2E, /T, is the signal amplitude;
E, = kE, is the energy of the channel symbol; £ is the
energy per one bit of information; k = log,M; I, and
0O, are the coefficients that determine the amplitudes of
the quadrature signal components; w, is the carrier
frequency. In the case of M-QAM signal, the energies
and amplitude should be averaged over the ensemble of
signals.

For the sake of simplicity, let us denote the sum of
the signal and interference as

Ssig,int(t’ Ci’ (Pint) - Si(t) + Sint(t’ (Pint)' (3)

Let us specify the a posteriori probability of this
process, and, consequently, the joint a posteriori
probability of the channel symbol C; and phase ¢, , as
follows [15, 16]:

pps [Ssig,int (t’ci’(pint)] = pps(Ci’(Pint) = Kppr (Ci)ppr((pint)x
T, T,

s s

1 g 2
2
N J-Ssig,int @ Ci’(Pint)dt+N J.x(t)ssig,int(t’ci’q)int)dt]'
00 00

xexp[—
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Here, the symbol K denotes the normalization
coefficient, which takes into account all components
that do not contain information about the useful signal
and non-fluctuating noise, while ppr(Cl.) is the a priori
probability of the channel symbol C;, and ppr((pint) =1/2mn.

T,

S

2 —
J- Ssig,int (t’Ci’(Pint )dt =
0
T T

S S
= jsiz(t,ci)dt+ j S (6,0 )l +
0 0
Tq
2 [ 5t C) )8y (1 01 )t =
0
= Es + Eint + 2Ri ((Pint )s
where E.  is the energy of interference packets of
duration T; R(¢;,,) is the correlation coefficient between

the signal and interference.
Hence,

1
pps(cj3(pint) :Kppr(cl)ﬂx

1
xexpl=— = (B, + iy + 2R 9y )]
0

T.
2 S
xexpl—— [ ()8 3g oy (- C> @i ll] =
Ny ’
1 2
=K Py exp[—N—OR,- (@)%
T.
2 S
xexpl—— [ X(1)85q iny (- Cp> @i el
Ny o ’

The coefficient K| includes terms that do not depend
on the value of the symbol C; or the phase ¢, ..

To obtain the a posteriori probability of a discrete
symbol C,, itis necessary to average the value ppS(C ' Qi)
over all possible values of the phase ¢, . Then we
obtain:

1
Pp(C) =Ky 5
Ty
2

T
5 :
x| (xpl Ry Nl [ X054 100 (61 035 AN Ay
n 0

Let us introduce the notation for the integrals that
describe the degree of correlation between the received
process x(7) and signal copies for different values of the
channel symbols C;:

etal.
) I
Jo=r j x(1)s;(1,C; = 0)d,
09
4)
Ty
2
Tt = [ x@s;t,C; = M =D,
09

Assuming that there is a copy of the interference
8;¢(% 0,0 1n the receiver, then the following integrals, in
fact, determine the degree of correlation between it and
the received interference sample, formed by subtracting
the signal copies from the received process x(f):

T.
2 S
ay =~ [ [x(0) = 5,(1,C; = 0)]sip (1,045, el
(5)
2 7-'S
Ay = j [x(6) = 5,(t,C; = M = D)]s (1,010
00

Then, taking into account (1), (3)—(5), a decision-
making algorithm for the value of the channel symbol C,
can be written using the modified Bessel functions / (*)
as follows:

C, = max { ppS(Cl.)} =

l s
= max {exp(J i)Z I exp(a;)d (Pint} =

—T

= max {exp(Ji)Io (Ui)}’

pps(ci =O)>{pps(cj ¢0)‘j¢i}’ iaj:()’ ] M —-1. (6)

The last expression can be written differently:
eXPU(U) > {expI(U)), 4} ©)
or
J,+1In(f(U)) > {Jj+ ln(IO(Uj))|j¢i}, iL,j=0,...M—1

In the case of M-QAM, when comparing the values
to find the maximum max{-}, the decision thresholds
must not be considered as zero, but as equal to the half-
difference of the energies of the corresponding signal
packets.

The arguments of the Bessel functions are formed
using the quadrature components of the quantities
described by expression (5), for example:
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U =|X2+7Y2,

1 1 1

Ty
X;= % J- [x(#) = s; (1, C; )] cos oy zelt,
TO )
Y, = M J' [x(2) —s;(2,C;)]sin w,  tdlt.
N, 0

The decision rule for a channel symbol in the
presence of harmonic interference with a random initial
phase in addition to noise in the communication channel
basically coincides with the decision rule for the receiver
of M-PSK and M-QAM signals against the background
of only white Gaussian noise. However, in addition to
calculating the correlation integrals, it is also necessary to
form weight coefficients for these integrals (in the form
of Bessel functions), the value of which depends on the
degree of correlation between the interference oscillation
extracted from the received mixture x(¢), as well as the
sample copy of the interference stored in the receiver.
The corresponding block diagram of the receiver shown
in Fig. 1 is denoted as follows: 1 — 90° phase shifter;
2 — integrator; 3 — exponent calculation unit; 4 — squaring
unit; 5 —modulus calculation unit; 6 — weight coefficients

formation unit; 7 — maximum selection unit; 8 — circuit
channel symbol estimation; 9 — scheme for generating
weight coefficients; 10 — noise copy generator; 11 — unit
for generating reference oscillations.

As an example, Fig. 1 shows one additional channel;
the rest are constructed in a similar fashion.

2. SIMULATION RESULTS

To evaluate the efficiency of the scheme of incoherent
harmonic interference processing, the simulation of
reception was performed for 2-PSK, 4-PSK (4-QAM),
8-PSK, and 16-QAM signals. The bit error probability
P, was determined depending on the interference
parameters and the receiver settings.

A. Dependence of the bit error probability
on the interference detuning

Modeling of optimal receivers for M-PSK and
M-QAM signals showed the efficiency of the incoherent
interference processing circuit to depend on the detuning
Af;; of the interference frequency relative to the center
frequency of the useful signal spectrum. Figure 2
illustrates the dependence of the bit error probability P,
on the interference detuning Af. 7. at p = 0.5 and the

int” s

I 8 |
! I
! I
! I
- o '
\ s(t, C;=0) A :
| 6= IoUo) |
|

x(t) ! Channel :
] >® 2 3 'Qg ? 7 symbol |
i s{t C;=1) oy :
I | |
! I
! I
! I
! |
! I
! I
! |
! I
! |
! I
! I
! |

Fig. 1. Block diagram of the optimal receiver of M-PSK and M-QAM signals
with incoherent processing of harmonic interference
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Fig. 2. Dependences of the bit error probability on the interference detuning with (1) and without (2) interference processing:
(a) 2-PSK, (b) 4-PSK (4-QAM), (c) 8-PSK, and (d) 16-QAM

signal-to-noise ratio SNR = 7 dB. Here, it can be seen
that the greatest gain in noise immunity is observed at
the detuning Af; 7, = 0.5. Thus, for the 2-PSK signal,
the error probability decreases by 1.3 times, for 4-PSK
(4-QAM)—by 2.5 times, for 8-PSK—by 2.7 times, and
for 16-QAM—by 2.8 times. With targeted interference
(Af; T = 0), the scheme turns out to be inefficient, while
for Af, T, = 1, there is no gain due to the frequency of
the interference coinciding with the frequency of the first
zero of the signal spectrum; hence, it can be seen that such
interference does not affect reception noise immunity.
Let us now carry out a more detailed analysis of the
case when the interference frequency does not coincide
with the center frequency of the useful signal spectrum, and
when, as follows from Fig. 2, the non-coherent interference
processing scheme provides a gain in noise immunity.

B. Dependence of the bit error probability
on the signal-to-noise ratio

Figure 3 shows the dependence of the bit error
probability P, on the signal-to-noise ratio SNR (dB) at
Afi T, = 0.5. The dashed lines correspond to the case
when the incoherent interference processing circuit
is switched on. For comparison, solid lines show the
curves obtained without interference processing.

The positive effect of such processing is clearly
visible: the probability of bit error is significantly
reduced. This is especially noticeable at high interference
intensities p = 0.5 and 0.9. Thus, for p = 0.5 and
P.. = 1072 switching on the scheme of incoherent

eb
interference processing results in an energy gain of no

more than 0.5 dB, for 4-PSK (4-QAM)—about 2 dB,
and for 8-PSK and 16-QAM—more than 5 dB.

Comparison of the efficiency of the synthesized
algorithm with the adaptive algorithm applied in [12, 17]
showed that the optimal signal and interference
processing provides the best noise immunity parameters
over the entire range of interference level changes.

C. Influence of inaccurate setting of the
frequency of the copy of the interference in the
receiver

Algorithm (7)assumes thatthe interference frequency
in the receiver in known as a sample. Naturally, this
assumption is often not fulfilled. Let us consider how the
deviation of the frequency of the copy of the interference
Afipirec. installed in the receiver affects the value of the
error probability P, . Figure 4 shows graphs illustrating
this dependence for different signals at SNR = 7 dB.
Here, the abscissa shows the value Af, , .. T, normalized
to the symbol transmission rate of the useful signal.

Naturally, the interference processing is the most
effective when the frequency of the interference
Mfiiree Ty = 0 is precisely known in the receiver.
Small inaccuracies in the setting of the frequency of
the interference copy Af, ... T, = £0.1 in the receiver
slightly reduce the noise immunity of signal reception;
although this decrease is stronger, the greater the
intensity of the interference, at u = 0.9 and detuning
Mt ree Ts = +0.5; for 2-PSK, the error probability
already increases by a factor of 5, while for 8-PSK, it
decreases by a factor of 7-10.
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_5: L . .
10 0 2 4 6 8 10
(c)

12 5NR, dB

0 2 4 6 8 10 12 SNR, dB

(d)

Fig. 3. Dependences of the bit error probability on the signal-to-noise ratio
atp=0(1),u=0.1(2),u=0.5(3), 1 =0.9 (4): (a) 2-PSK, (b) 4-PSK (4-QAM), (c) 8-PSK, and (d) 16-QAM

eb
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10-3

05 -04 -03 -02 -01 0 01 02 03 04 054

eb
100

102 2 . - :
-05 -04 -03 -02 -0.1 0 0.1 0.2

(c)
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08 .
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intrec.’s
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100

1071+

10_2&/’/
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intrec."s
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Pe b

10,

102 - - )
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1

02 03 04 05ANM,,.T

intrec.’s

(d)

Fig. 4. Influence of the inaccuracy of setting the frequency of the interference copy in the receiver
atu=0.5(1),0n=0.9(2): (a) 2-PSK, (b) 4-PSK (4-QAM), (c) 8-PSK, and (d) 16-QAM

D. Influence of inaccurate setting
of the level of the interference copy
in the receiver

Algorithm (7) assumes that the interference level in
the receiver is known. Let us consider how the deviation
of the level of the copy of the interference Ap, ...,
installed in the receiver, affects the value of the error
probability P, . Figure 5 shows graphs illustrating this

dependence for different signals at SNR = 7 dB and
nominal interference intensity p=0.9.

From Fig. 5, the value of the error probability can be
seen to be minimal at the intensity deviation Ay, . ... =0.
While small inaccuracies in setting the interference copy
level in the receiver Aw, .. = +0.1 reduce the noise
immunity of signal reception slightly, almost the same
(2-3 times) increase in bit error probability is observed
for all signals at Ap, . . ==+0.4.
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4
101 3
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10_3 L 1 1
-0.4 -0.3 -0.2 -0.1

0

0.1 0.2 0.3 0.4 Aty rec.

Fig. 5. Influence of the inaccuracy of setting the level of the interference copy in the receiver for 2-PSK (1),
4-PSK (4-QAM) (2), 8-PSK (3), and 16-QAM (4)

CONCLUSIONS

From the analysis of the data obtained, the following

conclusions can be drawn:

1.

. Savvateev

The noise immunity of reception M-PSK and
M-QAM signals is improved by optimal non-
coherent processing of harmonic interference using
an additional threshold correction circuit in the
receiver’s decision-making unit.

. The efficiency of the circuit depends on the detuning

of the harmonic interference frequency relative to
the center frequency of the useful signal spectrum.
The greatest gain in noise immunity is observed at
the detuning Af, T, = 0.5 (energy gain from 0.5 dB
for 2-PSK to more than 5 dB for 8-PSK and 16-QAM
at u=0.5).
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