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Abstract

Objectives. Phase-shift keyed (PSK) signals are widely used in many telecommunication, communication, and
cellular information transmission systems. Phase-shift keying provides a higher noise immunity than amplitude and
frequency modulations do. An increase in the modulation order of such a signal leads not only to an increase in its
spectral efficiency, but also to a certain decrease in the noise immunity of reception. To ensure a high noise immunity
of reception of multiple phase-shift keyed (MPSK) signals, a demodulator should provide the coherence of the
reference oscillation with the carrier. Ignorance of the frequency and phase of the received signal leads to significant
energy losses. The purpose of this work was to synthesize and analyze algorithms for receiving MPSK signals with
phase fluctuations caused by changes in the carrier frequency due to the Doppler effect against the background of
white Gaussian noise.

Methods. The problem was solved using the apparatus of optimal nonlinear filtering and methods of statistical radio
engineering.

Results. A demodulator was synthesized, which includes two interconnected units. One of them is a discrete symbol
estimation unit, at the output of which a decision on the received symbol is issued, and the other is a phase-lock
circuit. Analytical expressions were derived to estimate the characteristics of the receiver noise immunity as functions
of the signal-to-noise ratio and fluctuation parameters. It was shown that the synthesized quasi-coherent algorithm
compensates well for the MPSK signal phase fluctuations caused by the instability of the master oscillator and the
Doppler effect.

Conclusions. Comparison of the results of this work with results obtained in the case of the absence of fluctuations
in the initial phase showed that, at a high relative speed of the transmitter and the receiver (satellite radio channel),
the energy loss is no more than 1 dB, and at lower speeds of the objects, it is about 0.2 dB and less.
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Pe3iome

Uenu. CurHanel ¢ ¢pasoBoi maHunynsumen (PM) LIMPOKO MPUMEHSIOTCS BO MHOMMX TENEKOMMYHUKALMOHHbIX,
CBSA3HbIX M COTOBbIX CUCTEMAx nepenayn nHdopmaumn. Mo cpaBHEHMIO C aMMAUTYAHON 1 YaCTOTHOM MaHUNYAUM-
eli npumeHeHne AM obecneunBaeT 6onee BbICOKYIO MOMEXOYCTOMYMBOCTb. YBENYEHNEe NO3ULMOHHOCTU Takoro
CuUrHana NpMBOAUT K NOBbLILLEHWUIO ero CnekTpasibHoM ad@PEKTUBHOCTU, HO B TO Xe BPEMS K HEKOTOPOMY CHUXEHMIO
NMOMexoyCTONYMBOCTU npuema. Ona obecrnedyeHns BbICOKOM MOMEXOYCTOMYNMBOCTY NPU NpuemMe MHOMOMO3ULMOH-
HbIX curHanos (M-®M) B aemoaynsaTope TpebyeTcs o6ecnedmTb KOrepeHTHOCTb ONMOPHOro KoIeGaHUs C HeCYLLIEN.
Hes3HaHve 4acToTbl 1 dasbl NPUHUMAEMOrO CUrHana NPMBOANT K CYLLLECTBEHHbIM 3HepreTnieckum notepsam. Liens
paboThbl — CUHTE3 N aHaANN3 aNIrOPUTMOB NpremMa curHanos M-®M c dnykTyaumsamm dasbl, BbI3BaHHLIMU U3MEHEHM -
SAIMU €ero HecylLen 4acToThl, CBs3aHHbIMU ¢ 3addekToM Jonnepa, Ha poHe Benoro rayCCoBCKOro Lyma.

MeToabl. 3agaya pellaeTcs ¢ NPMMEHEHNEM annapaTa ONTUMasbHON HENMHENHON GunbTpaumm n METOLOB CTaTU-
CTUYECKOWN PaaMOTEXHUKN.

PesynbTatbl. CUHTE3NPOBAH AEMOLYNATOP, BKIOYAOLWMIA B cebs B3aUMOCBA3aHHble 610K OLEHKM AUCKPETHOro
CUMBONA, Ha BbIXOAE KOTOPOro BblAAETCH PELUEHME O NMPUHMMAEMOM CUMBOJE, 1 610K Ga30BO aBTONOACTPOMKM
4acTOoTbl. [TONy4eHbl aHANMUTUYECKNE BbIPAXEHUS, MO3BONSIOLLME OLEHUTb XapakTePUCTUKM MOMEXOYCTONYNBOCTU
NPUEeMHMKa B 3aBUCUMOCTM OT OTHOLLEHUSI CUTHAJT/LIYM U NapamMeTpoB GnykTyaumin. NokasaHo, 4TO CUHTE3NPOBaH-
Hbll1 KBA3VMIKOrE€PEHTHbIV aNIFOPUTM XOPOLUO KOMMNEHCUPYET dnykTyaumm ¢asbl curHana M-®M, Bbi3BaHHblE HECTa-
OGUNBLHOCTbLIO 33aI0LLEN0 reHepaTopa 1 A0MNIEPOBCKMM 3D EKTOM.

BbiBoabl. CpaBHEHWE NOMYYEHHbIX PE3YNbTATOB C pe3ynbTaTtaMu B Cllydae 0TCYTCTBUS QIIYKTyaLmy HauasibHOM asbl, Mokadbl-
BaET, YTO IHEPrETUYECKUIA MPOUTPBILL MPY GONBLLOK OTHOCUTENBHOM CKOPOCTM ABUXEHUS NepeaaTynka v npuemMHuKa (cnyT-
HVKOBbI pafimokaHan) coctaBnsieT He 6onee 1 ab, NPy MeHbLUMX CKOPOCTSX ABUXEHNS 06bekToB — okono 0.2 ob 1 meHee.

Kniouesble cnoBa: MHOronosnumoHHaa dasosasd MaHunynauusa, apdekt [onnepa, ontumasnbHad HelnHenHas
dunbTpaumsa, NOMEXOYCTONYMBOCTb, BEPOATHOCTb OUTOBOM OLLNGKU

e Moctynuna: 08.10.2021 » fopa6oTaHa: 15.10.2021 ¢ MpuHaTa K ony6nukoBaHuio: 22.12.2021

Ana uutuposBaHusa: Kynukos I.B., o Y.T., YcmaHoB P.P. OntumanbHas HenuHenHas ounbTpaums curHanos M-OM
npy HaNNYMK OOMJIEPOBCKOr0 CMeLLEHMs YacToTbl. Russ. Technol. J. 2022;10(1):41-49. https://doi.org/10.32362/2500-
316X-2022-10-1-41-49

Mpo3spayHocTb PUHAHCOBON AEATENbHOCTU: HMKTO U3 aBTOPOB He nMeeT PUHAHCOBOW 3aMHTEPECOBaHHOCTU B
npencTasBfieHHbIX MaTepuanax nnn MeToaax.

ABTOpbLI 3a9BNSI0T 06 OTCYTCTBUN KOHONNKTA MHTEPECOB.

INTRODUCTION receiver, in which the reference oscillation is frequency- and
phase-locked with the carrier frequency oscillation [3]. The

One of the most known classes of complex signals used  absence of information on the phase of the received signal

widely in digital information transmission systems are multiple
phase-shift keyed (MPSK) signals [1, 2]. In so modulated
signals, the phase of the carrier changes stepwise, depending on
the transmitted signal. The maximum gain in noise immunity
in reception of such signals is reached by using a coherent

inevitably leads to losses of noise immunity [4—9]. This can be
caused by the instability of the frequency of the basic oscillator,
the Doppler shift of the signal carrier frequency, and others. In
these cases, the problem of signal reception is solved using the
apparatus of optimal nonlinear filtering [10—16].
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The purpose of this work was to develop an
algorithm of reception of MPSK signals based on optimal
nonlinear filtering theory in the presence of a Doppler
frequency shift and to estimate the noise immunity of the
synthesized quasi-coherent receiver.

SYNTHESIS OF AN ALGORITHM
OF THE OPTIMAL NONLINEAR FILTERING
OF MPSK SIGNALS

Letthereceived signal be the sum of two components:

x(1) = 55(Cy. 1, 9) + n(0); 1 € (0, kT];
C,=1{Cy, ..., il (1

where SZ(C o &> @) is an MPSK signal with random initial
phase ¢ that, in the kth digit-time slot, has the form

5, (Cp =1,1,0) = Ay cos(wyf + @; + ),

27

L (2)
¢ :V,te((k—l)T,kT],zzO,M—l;

i

and n(?) is a noise interference with parameters

N,
(n())=0;(n(t)n(ty)) = 706@2 —1). 3)

We assume that the random initial phase ¢ of the
signal is determined by the instability ¢ (¢) of the ba-
sic oscillator and the Doppler shift of the signal carrier
frequency [10]:

t
(1) = [(0(1) = 0 )dT+ ¢y (0).
0

The processes w(f) and ¢(7) can be described by the
system of the stochastic differential equations [11]

('p=oo—030+n(p ),
mo , (4)

O =—0,(0—0))+n, (1),

where a  is the Doppler frequency fluctuation spectrum
band; and Mo (t) and ny(7) are mutually independent
processes with delta-function correlation, zero means,
and single-sided spectral densities NV, - and N, re-
spectively.

The mixed a posteriori probability density of
sZ(Ck, t, 9)is

Pps(t Cps @) =w, (1, @) po(t, Cilo)
where wps(t, ©) is the a posteriori probability density of

the parameter ¢, and pps(t, C,lo) is the conditional (on ¢)
a posteriori probability of the vector C,.

The conditional a posteriori probability of
pps(t, C,lo) is found from the equation [12]

pps (tsck |(P) =
= Pp (CL O {F(1.CL.o) ~ (F.O)}, (5

where

k
F(1,C,9)= Y, F;(1,.C;,9),

j=1
2
Fy(6.C1.0) = x5y (Cot.0) (6)
M-1M-1 M-1

(Ft,on=>Y > .Y F(1,C1,0)pp (1,C |0).

C=0C,=0 C;=0

We assume that the a priori probabilities of the val-
ues of the channel symbols for MPSK are equal and are
1/M. If it is also taken into account that the probabilities
of the transition of a symbol from one state to another
are also equal, then the solution of Eq. (5) at time = kT
can be represented as

ko JT
explY, [ F(.C;.C,.0)dr]
J=1(-nT

B Kk JT '
YexplY, | Fi(t.C;.C;.0)d]
C,  JElG-OT

)

The a posteriori probability of the value of the
symbol C, is determined by averaging relation (7) over
M possible values C|, C,, ..., C;_ under the assumption
of a good quality of the signal reception. As a result, the
symbols received before the time 1= (k — 1) T are replaced
by their estimated values, and the terms independent of
C}, can be combined into coefficient K. This coefficient
will contain all the time history, which allows one to
simplify relation (7):

T
expl [ F, (6.C;..@)dr]

— 0
=K 7

M-1 '
>, expl[ £ (6.Cp )]
Ck:0 0

A channel symbol estimation rule is found from the
condition of maximum of the a posteriori probability at
time ¢ = T:

(Cy=1) = max{p, (T, C; | o)} (8)
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Let us introduce the notation

T
Jo =] F(6.C, =0,9)dt,
0
©)
T
Jypo = | F(t.C = M =1,¢)dt,
0

where the integrands are determined from expressions (6).
Rule (8) can be written differently, using the
monotonicity of the exponential function:

(C, = i) = max(J)). (10)

Transformation of integrals (9) using expressions
(1)—(3) gives

T
2
Jo=r [x(0)s, (0.C; = 0.9)d:
09

(11)

T
2
Jy1= A [x(0)s5,(1.C, = M =1, ¢)a.
0

The structure of channel symbol estimation of a
receiver that implements algorithm (10) is classical for
MPSK signals and is characteristic of reception against
the background of white Gaussian noise [1, 2]. This
receiver is a multichannel correlator, which determines
the degree of similarity between the received process
x(7) and the reference signals corresponding to all the
possible values of the channel symbol C,.

Equations of the optimal nonlinear filtering of the
random quantities ¢ and ® are derived by the Gaussian
approximation of their a posteriori probability densities
[13, 14]. Equations for the expected values (marked with
asterisks *) in the steady state form the system

P =" -0, + Ky, <F >,
09 ¢ (12)

.k

. .
O =-0,(0 -0+ Km(p <F, >0

and the a posteriori variances of the approximating
distributions can be found from the relations

2
1
§N<Pmo+2 K<Pw+(K<P(PJ . <Fk>q)(p =0,

2
1
EN‘*’+[ K(pw J - <k > 00 =20, Ky, =0, (13)

K. .-o. -K  + K - K

o) ® 0w o0 ow <F; Z 00 =0,

A(Fy(1,0")) (R (1,0")

and
* expJ,
< Fk(l,(p ) > = Fk(t,Ck = O,@)F'i‘
2 expJ;
i=0
expJ, J,

1 exp
Tt B (.G = 2,9)

M-1
Z expJ; 2 expJ;
i=0 i=0

expJ

M-1
2 expJ;
i=0

+F . (4,C, =1,9)

+ .+ F0,C =M-1,9)

In view of expressions (6),

2 M1 .. expJ;
<Fk >¢=N—A(;)x(t);) s]lg(tsck =10 )1\4—1—1’
=

2 expJ;
=0
here,
_ ds (.G = i,o") _
do*
=—A, sin(0yf + @, +¢").

sP(t,C, =1,9")

At a high signal-to-noise ratio, the latter expressions
can be simplified. If the parity and symmetry of the
constellation diagram of the MPSK signal are also taken
into account, then,

24, M/2-1
<Fj >g= (1) > sp(t,C, =i,0")thJ,.
0 i=0

Making statistical averaging and assuming that, in
the steady-state mode, at small filtering error,
cos(@—¢") =1,
we obtain

<Fk >(p(p =

2 2
—;L(chﬂ]. (14)

N, 2N,

Solving the system of Egs. (13) gives [11]

o, (Vi+2G+L-1)

Kop == ’

<Fk >q)(p

o, (1+G-VI+2G+L)

Koy == , (15)

< Fk >(p(p

0 VI+2G+L(1+G-\1+2G+L)

[0]0] ’
< Fk >(P(p
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where
—r < 2N
B N(pmo <Fk >(p(p AO Ormo AOZT
L=— 1+ th R
201, 4N00c0)2 2N,
N_+o 2N
G= |-——2 Fm s =
2(Xm4 ()
AZ(N, + 02N, ) 27
= o 1+t 0"
4Ny, 2N, )

Thus, algorithms (12) of filtrating of the random
phase of the signal in the presence of a Doppler frequen-
cy shift have the form

S. K+K t
9" =54 ITDX()X

where S is the transconductance of the control element

2K(p(p
(CE) in the phase-lock channel, K= ,
NyS
2K 1 d
K2:$’ T,=—, and D=—.
NySo, Oy, dt

Figure 1 presents the circuit diagram of the receiver
in which interrelated algorithms (10), (11), and (16) are
implemented. The synthesized receiver contains two
main units: a channel symbol estimator, a phase-lock
unit of reference oscillator O, and cross couplings
between them. The phase-lock unit includes a
proportionally integrating filter with transfer function

K, + The linear branch of the filter tracks

2
1+T,D
phase fluctuations. The second (integrating) component
of the filter tracks frequency fluctuations. The
integration time constant should be chosen depending

M/2-1 on the average rate of frequency change due to the
X z sfg(t,Ck =i,(p*)th Jis (16) Doppler effect.
i=0
e s Discrete symbol estimator |
5,(.C.=00) 'o[ W
3 Maximum
1\} ® j selection Chant?ell
Ny 5.(.C =L¢) T 2 r—1 circuit Symbo

x()

(S ——

5, (t,C,=M-10")

,,,,,,,,,,,

5.(0.C, =i.0").i=01 M-1]01 [0

[50]

CE1

S

Signal phase-lock circuit

Fig. 1. Circuit diagram of a quasi-coherent receiver of an MPSK signal
in a presence of a Doppler frequency shift
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ANALYSIS OF THE NOISE IMMUNITY
OF THE SYNTHESIZED RECEIVER

Let us analyze the noise immunity of the synthesized
quasi-coherent receiver of MPSK signals using a pub-
lished procedure [7]. The symbol and bit error probabil-
ities P, and P, ., respectively, which are conditional on
the phases ¢ and ¢" and the frequency o, can be found

(d)

by algorithm (10) using the symmetry of the constella-
tion diagram (e.g., provided that the transmitted signal
has a phase of ¢, = 0 (2)):

M-1
Re=1=T1 pJy=7;>0),,
i=1

P.= Pse/logzM,

100 T I i o :
= g ::;7“*::‘::t::’t e
. = ] 10
o 1 0_4
o
ol
1076
10-8
-10 ‘ ‘
10 2 ' 6 |
SNR, dB
100 @
10-2 a ‘\
~\~,\~\5
o 1 074
Ee)
Q.
106 \
N\
10-8 :
-10 ‘ | ‘ ‘
10 2 ' 6 12
SN R! ds
1 00 75 1 00: T 7;
| : 3
- -3 0T
8 1 02 T >"-»<\\ 8 1 0_27
Q [ \%\ ) | ‘
108 - ™S 103 :
: \ :
1 04 7 1 0_4 \\\
: ‘ ‘ | | 10-5! . ‘ ‘ ‘
0 2 4 6 8 10 12 0 2 4 6 8 ° ’
T SNR, dB
(c)
&
1071 1071 = ;;\;\\\\ ‘
g | ~—_
Q | ~>\\\\,-
10-2 102 =
-3 ‘ ‘ ‘ | ‘ ‘ ‘ ‘
10 0 2 4 6 8 10 12 10 0 2 4 6 ° ’ 12
: R, dB SN R, dB

Fig. 2. Dependences of the bit error probability (P,.) on the signal-to-noise (SNR) ratio
atM=(a) 2, (b)4,(c)8,and (d) 16
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where

- m;
pUy=J; >0 =1-®

\/Hi b

1 T—tz/z
e dt.
V21 .

O(x) =

Using expressions (1)—(3) and (11), we obtain
my=(Jy—J;)=
2E

[cos(@— ¢ )(1—cos (i2/M)) —

0
—sin(¢— ¢")sin(i2n/M)],

D —4ES 1 21/ M
i_N_( —cos(i2m/ M)).

0

To obtain the unconditional probabilities, including
the bit error probability, the corresponding expressions
should be averaged under the assumption that the a
posteriori probability density of the random phase ¢ is
Gaussian:

_(o=¢")?
1 2K
e

W) =——= e
IZnK(p(p

In such an averaging, one can use the approximate
formula [14]

<m.>
on
-] — ¢

<p(Jy—J;>0)>

where [17]

2F 2T K
<m >=— 1 - cos =~ -exp -
N, M 2

The a posteriori phase variance K_qxp is found from
the first of expressions (15) and depends on both the
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