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Abstract

Objectives. Multi-position amplitude-phase shift keying (APSK) with a ring-shaped signal constellation is one of the
most effective ways for transmitting discrete information in satellite systems. The use of APSK is regulated by several
standards. The main are DVB-S2 and VSAT which define both the modulation parameters, and the parameters of the
signal constellations. The aim of the paper is to determine the best constellations of 16-APSK and 32-APSK, and provide
a minimum BER for cases when the communication channel, along with noise, contains non-fluctuating interference.
Methods. Methods of statistical radio engineering, the theory of optimal signal reception, and computer modeling
were used.

Results. The optimization of ring-shaped constellations of 16-APSK and 32-APSK signals is attained by changing
the distribution of points along the radius and phase for a case in which the communication channel, along with noise,
contains non-fluctuating interference: frequency-shift keyed, retransmitted, phase-shift keyed, and harmonic ones.
The best constellations of 16-APSK and 32-APSK are determined, and a minimum bit error rate is provided.
Conclusions. In order to improve the quality of communication in information transmission systems in the presence
of non-fluctuating interference, the existing constellations 16-APSK (4, 12) and 32-APSK (4, 12, 16) can be used
by changing the ratios between the radii of circles 2.5 for 16-APSK and 2.5/3.9 for 32-APSK. Due to the more
efficient use of signal power, the use of constellations with a zero-amplitude point for 16-APSK allows reception
noise immunity to be increased. For example, when using constellation (1, 5, 10), the energy gain compared to the
standard constellation (4, 12) can reach 1 dB.
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Pe3iome

LUenn. MHorono3uuyoHHas amnnntyaHo-dasosas MaHunynauusa (APM) ¢ KonbLEBON GOPMON CUMHaNbHbLIX CO-
3Be3aU1lh ABNSIeTCS OOHUM 13 Hanbonee aPPeKTUBHBLIX CMOCOOOB Nepenayn GUCKPETHOM NHOopMaLMmM B CIYTHN-
KOBbIX cuctemMax. MpumeHeHne AMGM pernameHTUpPyeTCcs HECKOJIbKUMW CTaHAAPTaMm, OCHOBHLIMU 13 KOTOPbIX SIB-
naTca DVB-S2 n VSAT. OHu onpenensioT napaMeTpbl MOAYNSALMA, a Takke NapamMeTpPbl CUrHANIbHbIX CO3BE3ANINA.
Llenb ctatbn — onpeaenexnne Hamny4dwmx cossesamini 16-APM n 32-ADM, obecneymBaloLLX MUHUMYM BEPOSITHO-
CTV BUTOBOW OWNGKM O CNyYaeB, KOrAa B KaHasie CBA3M Hapsiay C LWYMOBOM NPUCYTCTBYIOT MOMEXM HednykTya-
LLMOHHOIO BNAaA.

MeTopapl. VIcnonb30BaHbl METOAbI CTATUCTUYECKOWN PAANOTEXHUKN, TEOPUM ONTUMANBLHOMO NPMEMA CUMHANO0B U KOM-
MbIOTEPHOro MOAENNPOBAHMS.

Pe3ynbTaTbl. PACCMOTPEHLI CMOCOOLI M MPOoBeAeHa ONTUMN3aLMa CO3BE3aNM KonbLEeBOo GopMbl curHanoB 16-AOM
1 32-ADM nameHeHreM pacnpeneneHms To4ek no pagnycy u dase ons cnydasl, korga B kaHane CBA3u Hapsay C Ly-
MOBOW MPUCYTCTBYIOT MOMEXN HEDTYKTYaLMOHHOIO BUAA: YaCTOTHO-MaHUMyIMPOBaHHasA, peTpaHcanpoBaHHas, da-
30MaHUNyIMPOBaHHas, rapmoHuyeckas. OnpeneneHsl Hanny4dwne co3eedams 16-AOM n 32-ADM, obecneuymBato-
Lme MUHUMYM BEPOSTHOCTM OMTOBOM OLLIMOKU.

BbiBoAabl. 119 ynydlweHns kayectsa CBA3M B cUCTeMax nepenaydn nHoopmauumm rnpu Hanminm HednykTyauoHHbIX
MoMex MOXHO UCMOb30BaThb CYLLECTBYOLIME co3Be3ansa 16-APM (4, 12) n 32-ADM (4, 12, 16) c UISMEHEeHNEM COOT-
HOLLEHUIA MeXay paanycamMm okpyxxHocTen 2.5 ana 16-ADdM n 2.5/3.9 ona 32-APM. 3a cueT 60nee ahpPeKTUBHOrO
MCMOJIb30BaHUSA MOLLIHOCTW CUrHana NpuMeHeHne co3Be3amnii ¢ TOHYKOW C HyneBo amnnntyaon ana 16-AXPM no3so-
naeT 0obuTtbCs yBennmyeHns NnoMexoycTomunBocT npruema. Hanpumep, B cnydae npumeHeHuns cosse3aus (1, 5, 10)
3HEPreTUYeCcKNii BIMIPbILL MO CPAaBHEHMIO CO CTaHAAPTHLIM co3Be3anem (4, 12) moxeT nocturatb 1 ab.

KnioueBblie cnoBa: amnantygHo-$pazoBasg MaHMNyAaums, CUrHanbHOE co3Besane, HednykKTyauioOHHbIE MOMEXU,

MOMEXOYCTOMYNBOCTb, BEPOATHOCTb OUTOBOI OLLVOKN

* Moctynuna: 25.12.2023 » flopa6oTaHa: 11.07.2024 ¢ MpuHaTa kK ony6nukoeaHuio: 11.11.2024

Ansa untupoBanua: Kynukos I'.B., JaHr C.X., Jlenox A.A. ONnTumMmM3aums CO3BE3ANIM CUTHANOB C aMNanTyaHO-da30BoM
MaHUNynaumMen B kaHanax cBadum ¢ HepyKTyaumoHHbIMU nomexamn. Russian Technological Journal. 2025;13(1):76—88.

https://doi.org/10.32362/2500-316X-2025-13-1-76-88, https://elibrary.ru/OQHKMM

npospaqucn: cbvmaucoaoﬁ AeaTesibHOCTU: ABTOpr He nMetoT d)IAHaHCOBOP’I 3anHTEepPeCOBaHHOCTW B NpeacTaBiieH-

HbIX MaTepunanax nnm MetTogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

Russian Technological Journal. 2025;13(1):76-88

1


mailto:kulikov@mirea.ru
https://doi.org/10.32362/2500-316X-2025-13-1-76-88
https://elibrary.ru/OQHKMM

Optimization of signal constellations with amplitude-phase shift keying
in communication channels with non-fluctuating interference

Gennady V. Kulikov,
Dang Xuan Khang, Andrey A. Lelyukh

INTRODUCTION

Multi-position  amplitude  and  phase-shift
keying (APSK) is one of the most effective methods for
data transmission in satellite systems with limited and
expensive access to the communication channel [1-3]. It
allows the capacity of the radio channel to be increased
when compared to the binary manipulation. It also
provides good noise immunity and thus high efficiency
of using the frequency resource.

There are several standards which use APSK
modulation for satellite communications including
DVB-S2! (the second generation of digital satellite
television broadcasting) [3, 4] and VSAT (a very-small-
aperture terminal) [3, 5]. These standards specify modulation
parameters such as the type of signal constellations, signal-
to-noise ratio (SNR), data rate, inter alia.

In the light of the growing needs for high-speed
data transmission and increased noise immunity of
communication systems, optimizing APSK signal
constellation formats is quite important since this
optimal format allows the radio spectrum efficiency
to be increased and data transmission quality to be
enhanced. This is particularly important in satellite
communications and in communication systems which
operate over long distances.

Numerous studies on noise immunity of
communication systems with APSK consider signal
reception against various noises [6—11] and in channels
with non-linearity [12—15].

This paper discusses methods for optimizing
16-APSK and 32-APSK ring-shaped signal constellations
by changing the distribution of points over radius and
phase for the scenario with non-fluctuating interference
present in the communication channel along with noise.
The paper aims to determine the best 16-APSK and
32-APSK constellations which ensure minimum bit
error rate (BER).

CALCULATION METHODS

The model for APSK signal has the following form:
s; (1) = Ar. cos(wyt + ¢;),t € (O,TS],i =0,M -1, (1)

wherein 4=/2E_ /T, is the average amplitude of the
signal; E, = E,log,M is the average energy of channel
symbol; E, is the average energy per bit of information;
®, is carrier frequency; 7, and @, are values specifying
the amplitude and phase of the signaling element; T is
the symbol duration time; M is the signal positionality;
and ¢ is time.

I DVB. https://www.dvb.org/standards/dvb-s2x. Accessed
November 11, 2023.

The constellation format may be optimized
by estimating the probability of incorrect signal
reception, i.e., by searching for the minimum of the
function describing the dependence of the BER P, on
constellation parameters. The methodology required for
calculating BER is given in [16], while [16—-19] offer
details of the calculations of statistical characteristics
of random process distributions in the optimal receiver
solver, such as mathematical expectations, m, ;, and
variances, D, ., for different combinations of symbols
in the presence of different types of non-fluctuating
interference and noise interference at power spectral
density N,. These characteristics depend on various
parameters of signals and interference. In particular,
these include:

e exposure to phase-shift keyed interference [17]:

St () = uAa s cos[(wgt + Aoy, )+ i ],
IE((]—l) nt’J nt]’ 1N1nt’

wherein p is relative (in amplitude) interference
intensity, a; ==l is random symbol of interference,
@, is its random initial phase, N,  is relative channel
velocity of interference, and 7, , = T/N, ., Aw,
interference detuning,

ES
m,; = A 2r,.[r,, —1; cos(@,, — ¢;
0

int

N. . —1 .
x 28I, ;‘3 a;cos(y(2j + 1)+ @y —@,,)]—

2
- Z int ™ a cos(¥(2j+ D)+, — (pl.)},
A(n T, sin
1nt S( ) — y
N int
e exposure to the  frequency-shift  keyed

interference [18]:

St (8) = pd cos[(w, +a .Awd + Amim )+ 0515
te((j-DT, nt’J 1nt lNlnt’

wherein Aw,, is interference deviation,

ES 2 2
mi :N_(rm T _2rmri COS((Pm —9;

0 0

N, sin
)y T 2RI cos(x(2) = 1)+ Gy = 9,)] -
Nint y 3)
D+ e — @)1,
B (ajAmd + Aoy, )T, ‘

2N. ’
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e exposure to the retransmitted interference [19]:

pdr, cos(wy(t —1) + @, + @5 ), 0<2 <,
S 1) =
int (1) pndr; cos(wg (1 = 1) +@; + @y ), T<t < T,

wherein 1 is the interference delay,

S

Es 2 2 2
m,; = V[O’m + 17 =2r, 1 cos(@,, —¢;)]+ ur;, X

0 0

T
X F[Vm cos(P; + P —(pm) - cos((pint +¢, —(pl.)] + 4

S

2E T
+—pwr, | I=— |, cos @, — % cos((pint O, —O; )]
Ny T

e exposure to harmonic interference [16]:

Sint (t)y=p4 cos[(u)o + Aw; ¢ )+ Oint 1,

Es 2 2
m,; = F[O.S(Vm + 17 =2, 1.c08(Q,, — ;) +
0

sin(Ao, T / 2)( ( )
——————(cosn(r, cosQ_—r.coSQ.)—
Ao, T, /2 T O3 Py 1 EOS s )

nt’s
— sinn(r, sin@,, — 7 sing;))],
n= A(")inth /2+ Pint-
For all interference types, the variances of all
random processes being studied herein are determined
by the following equation:

2Es 2 2
D,;= N, (1 + 17 =2r,7; cos((pm -¢,)] (6)

The following parameters are assumed for the
example calculations: SNR is E,/N,, = 13 dB, relative
(in amplitude) interference intensity is 0.1 < p < 0.3,
interference detuning is Aw, , = 0, while phase-shift
keyed and frequency-shift keyed interferences have
a relative channel velocity N, , = 2; for frequency-
shift keyed interference, the reduced deviation
is AoyT, = 6 and relative delay of retransmitted

interference is /7, = 0.5.

OPTIMIZING THE CONSTELLATION FORMAT
FOR 16-APSK

The 16-APSK signal constellation (4, 12). The
16-APSK signal constellation (4, 12) has two levels
of signaling element amplitudes (Fig. 1): 4, = r/4,
and 4, = r,A. The relation is expressed through
coefficient k: 4, = kA, and two energy levels £ and
E,, respectively. Since constellation symbols have
on average the same frequency of occurrence when

transmitting information, the average symbol energy
can be determined by averaging over the signaling
constellation, as follows:

A? 1
1 A 1
=— L T 4+12k2)== 42T (1 +3K2).
6 2 ¢ )= AT )
Hence,
2 2k
A =—  f A =— Yy (7)
1
V1+3k2 V1+3k2

%———~‘1goo
0010 \oooo

»
——t+——1100
1110 \X//\
0110 0100
(A *'
| |
\ ] oo

\
0111\ 1111\\_ //1101 /

0011\\

e |
1011 1001

M=16 (4, 12)
Fig. 1. 16-APSK signal constellation (4, 12)

Substituting (7) into (2)—(6) with allowance for (1)
and methodology [16], BER dependencies on coefficient
k can be obtained (Fig. 2).

The graphs show that in the presence of
noise interference alone, BER minimum for the
constellation format (4, 12) can be observed at
k = 2.5. It shifts to a higher & value in the presence
of non-fluctuating interference with high intensity in
the radio channel.

Conventional 16-APSK constellations, such as
(4, 12) in DVB-S2 and VSAT systems or (8, 8) in some
other systems, have non-uniform energy distribution
between points of different levels. The use of a zero-
amplitude point in the center of the constellation can
reduce this energy difference. The more uniform the
energy distribution among points, the more efficiently
the bandwidth can be utilized. In this case, the number
of transmitted points in the constellation is reduced
rather than the number of symbols, i.e., the information
transmission rate is not reduced.

16-APSK  signal  constellations (1,4, 11)
and (1, 5, 10). We consider two types of 16-APSK
constellation format: (1, 4, 11) and (1, 5, 10). In the
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With phase-shift keyed interference

With frequency-shift keyed interference
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Without interference; = = = n=0.1; === nu=0.2; = p=0.3
Fig. 2. Dependencies of BER on coefficient k for the 16-APSK constellation format (4, 12)
at different types of interference
(1, 4, 11) configuration, there is 1 point with zero Thus, for configuration (1, 5, 10) (Fig. 3b), the

amplitude 4, = 0 in the center of the constellation,
4 points with amplitude 4, in the first (small) circle,
and 11 points with amplitude 4, = k4, in the large
circle (Fig. 3a). Similar to (7), we determine the relations
for 4, and 4;:

AZ
E:

1
s 7TS:E(E1+4E2 +11E3):

A3 . 43 5
=0+——=T (4+11k*)=—=T.(4+11k*).
16 2 s( ) 32 s )

A=04y = 4=

Jasiig?’

4kA

NPT

following may be obtained:

A2 1
ES :7]—; :E(El +5E2 +10E3) =

1 A3 A2
=0+— 2T (5+10k2)=2T (5+10k2),
16 2 s ) 32 s )

R L B

s+10k2” 7 se10k2

Figure 4 shows dependencies of BER on coefficient &
while receiving 16-APSK signals when applying the
constellation format (1, 4, 11) for different types of
interference.

Figure 5 shows similar results for the 16-APSK
format (1, 5, 10).
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Fig. 3. 16-APSK signal constellations (1, 4, 11) and (1, 5, 10)

With phase-shift keyed interference
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Fig. 4. Dependencies of BER on coefficient k for the 16-APSK constellation format (1, 4, 11)
at different types of interference
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With phase-shift keyed interference

With frequency-shift keyed interference
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Fig. 5. Dependencies of BER on coefficient k for the 16-APSK constellation format (1, 5, 10)
at different types of interference

The graphs show that the use of 16-APSK formats
(1, 4, 11) and (1, 5, 10) yields some increase in noise
immunity at the optimal value of coefficient £ compared
to format (4, 12). It can also be noted that with increasing
relative interference intensity p, the optimal value of
k shifts to a higher value.

For comparison, Table 1 summarizes the optimal
values of coefficients & for different formats, at which
the BER is minimized.

Figure 6 shows the calculation results for the
reception noise immunity of 16-APSK signals with
formats (1, 4, 11) and (1, 5, 10). It also shows the

optimized constellation (4, 12) (at 4, =2.54,) compared
to the standard version (4, 12) (at 4, = 2.74,) used in
the DVB-S2 standard, when received against different
types of interference with relative intensity p = 0.16.
The average energies for all formats are assumed to be
similar.

The advantage of format (1, 5, 10) over other
types of constellations is evident. The energy gain in
this case reaches 1 dB. When using format (1, 4, 11),
some increase in noise immunity is also observed when
compared to the optimal constellation (4, 12). However,
it is small.
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Table 1. Optimal values of coefficients k

M=16
Format n 0o lo1l02]03 100 Without interference
Frequency-shift keyed 2 2 2 |21
Retransmitted 2 2 |121]22 )
1,4, 11 | k - 1072 1
Phase-shift keyed 2 2 [ 21|23
Harmonic 2 2 2.1 23
1074} i
Frequency-shift keyed 2 2 2 2 3
a
Retransmitted 2 2 2 |21
1,510 | k - 106} 1
Phase-shift keyed 2 2 2 |21
Harmonic 2 2 2 |21
N 1 -8 L i
Frequency-shift keyed 25125125125 0
Retransmitted 25126 (27|29 ;
4,12 |k - 10-10 ‘ ‘ ‘ : ‘ ‘
Phase-shift keyed 2512512526 4 6 8 10 12 14 16 18
Harmonic 2525|2526 Ex/No
(a)
100 With phase-shift keyed interference 100 With frequency-shift keyed interference
10721
102t 0
G 3
Q a 1074}
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I I I 1 I 1 10-8 1 1 L L L L
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Ep/Ny Ep/Ny
(b) (c)
With retransmitted interference 00 With harmonic interference
1072+ 1
1072 ¢ 3
g 107 [
Q Q
1074 ¢ E
1076 ¢ 3
1076 ¢ ;
10-8 . . . . . . | 1 . | ! ;
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
E,/N, E,/Ny
(d) (e)
e M16=1,4, 11; Ay = 2A,; == M16=1,5,10; A, = 2A; = = = M16 =4, 12; A, = 2.54,; M16=4,12; A, = 2.7A,

Fig. 6. Dependencies of BER on SNR for different constellation formats under different types of interference
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OPTIMIZING THE CONSTELLATION FORMAT
FOR 32-APSK

The 32-APSK (4, 12, 16) signal constellation
(Fig. 7) has 3 circles with amplitude ratios 4, = k,A4, and
Ay = kyA, and three energy levels E|, E,, and E;,
respectively. The amplitude ratios can be calculated in
a similar way to that of M = 16. The average symbol
energy may be written, as follows:

A2 1
ES :TTS 25(4E1 +12E2 +16E3):
—A12T1 3k2 + 4k2
—E S( + 5 + 3).
Hence,
4 224 ) 22k, A
1~ T = > 2 R
J1+3k3 +4k3 J1+3k3 + 4k2

22k, 4

1433 +4k3 .

The dependence of BER on coefficients k, and
ky appears as a surface in the three-dimensional
coordinate system. Figure 8 shows an example at SNR
E,/N, = 13 dB and the absence of interference. In this
case, minimum P, value is achieved for k, = 2.5 and
ky=3.9.

The optimal values of coefficients k, and k5 at which
the BER is minimal in the presence of different types of
interference are given in Table 2.

1.5

01011

M=32(4,12,16)
Fig. 7. 32-APSK signal constellation (4, 12, 16)

It follows from Table 2 that the optimal values of these
ratios increase with increasing interference intensity.
Thus, if in the presence of noise interference only (u =0),
the optimal ratios are 4, = 2.54, and 45 = 3.94, then for
p = 0.3, average ratios 4, = 2.654, and 4, = 5.24, are
recommended.

Figure 9 shows the results of noise immunity
calculation for 32-APSK format (4, = 2.54, and
Ay = 3.94,) when compared to the format used in
DVB-S2 standard (4, = 2.644, and 4, = 4.644,) under
different types of interference. The average energies
for both formats are assumed to be similar. It can be
observed that BER is slightly reduced in all cases, and
the energy gain at 107 < Py < 107 is about 1 dB.

Fig. 8. Dependence of BER on k, and k; coefficients
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Table 2. Optimal values of coefficients k, and k;

M=32
Format : Without interference
M 0 01 | 02 | 03 10° ' ' ’ ‘ '
Frequency- 10-1¢
shifi keyed 2.5/3.9(2.5/3.9(2.5/4.0|2.6/4.4
-2 E
Retransmitted | 2.5/3.9 [2.5/3.92.6/4.5{2.6/4.8 10
4,12, 16| kyfky s
-shi 107°¢
Phase-shift 1) 53912530(26/44|2560 8
keyed Q
- 1074
Harmonic 2.5/3.9(2.5/4.0|2.6/4.4| 3/6.0
1075¢
10°6¢
4 6 8 10 12 14 16 18
Ep/Ny
(a)
100 With phase-shift keyed interference With frequency-shift keyed interference
T T T T T T 100 T T T T T T
1077} 3 101
10_2 E| 1 0—2 F
tlg 0_8
103 1 1073
107 : 1074
10_5 L 1 I I I 1075 L 1
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Ep/Ny Ep/Ny
(b) (c)
100 With retransmitted interference With harmonic interference
: - ; : 100 : - - .
10_1 3 10_1 L
10’2 1 0—2 3
o® o
10_3 1 0—3 3
104 1074
1075 L L L L L L L 1 L L L L
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Ep/No Ep/Ny
(d) (e)
—== M32; A, = 2.5A,; Ay = 3.9A,; —— MB32; A, = 2.64A; Ay = 4.64A,

Fig. 9. Dependencies of BER on SNR for suggested amplitude ratios
and standard ratios of DVB-S2 standard at different interference types
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CONCLUSIONS 2. Due to the more efficient use of the signal power,
applying constellations with a zero-amplitude point
The following conclusions can be drawn as a result to 16-APSK allows reception noise immunity to be
of this study: increased. For example, using constellation (1, 5, 10)
1. The quality of communication in information with aratio of 4, =24, the power gain over standard
transmission systems in the presence of non- constellation (4, 12) can be up to 1 dB.

[a—

10.

11.

12.

13.

14.

15.

16.

fl ing interf f 1 i i
uctuating interference of low intensity can be Authors’ contributions
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