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Pesiome

Llenun. AKTyanbHOM 3aaa4er COBPEMEHHbIX CUCTEM PAAMOCBA3M U TENEBUAEHNSA ABNSETCS NOBbILLEHWE Ka4eCTBa 1 KO-
nunyectBa nepenasaemomn nHpopmaumu. NprumMmeHeHrne MHOronoO3MLIMOHHbLIX CUrHANOB C aMMINTYAHO-(a30BON MaHU-
nynaupein (AOM) 16-ADM 1 32-ADM B cuctemax UMGPOBOro CryTHMKOBOIO TeneBnaeHus ctangapta DVB-S2 obe-
Cneyunno BO3MOXHOCTb nepenayun Ha 30% 60sbLUe AaHHbIX B TEX XE M0JI0CaX YacTOT NO CPABHEHMIO C NpeablayLLInM
ctaHgapTom DVB-S. Takoe yBenmyeHne cKopocTu nepeaayn nHdopmaumv onpenenmno 6onee xecrtkme TpedoBaHms
K annapaTtHoMy o6ecrnedyeHunio aTux cuctem. Jns npuema curHanos AOM, kak 1 A5t MHOMMX APYrMX CUCTEM, UCMOJIb-
3YIOLLNX KOFEPEHTHYIO 00pabOoTKy CUrHANOB, BaXKHYIO POJib UrPaeT CTabuIbHOCTb PabOoTbl CUCTEM CUHXPOHU3ALNN.
Hanunyme norpelHocTelr B x paboTe MOXET 3Ha4YUTENIbHO CHU3UTb Ka4eCTBO npuemMa nHdopmaumn. Liens paboTsl —
aHanm3 BAUSHUA NOrpeLlHOCTeN (pa3oBOM N TaKTOBOM CUHXPOHU3ALMN Ha NMOMEXOYCTOMYMBOCTL NPpUEMA CUrHaIOB
C aMnAnTyaHO-da30BOM MaHUNYNISALMEN C KONbLLEBOW CTPYKTYPOM CUrHA/IbHOrO CO3BE3MS.

MeToabl. /Icnonb30BaHbl METOAbI CTATUCTUYECKOM PAANOTEXHUKN 1 TEOPUM ONTUMASIbHOMO Npuema CUrHasoB.
PesynbTaTtbl. [1poBeAeH aHaNn3 BAUSHUA NOrpeLlHocTen Ga3oBOM 1 TaKTOBOW CUHXPOHM3ALMM HA MOMEXOYCTON-
YMBOCTb NPMEMA CUrHANOB C aMNANUTYAHO-(Ga30BOM MaHUMYNALUMEN C KOSbLLEBOW CTPYKTYPOI CUrHANIbHOIO CO3BE3-
ovs. NMonyyeHbl 3aBUCUMOCTN BEPOATHOCTM OUTOBOI OLLMOKN OT BENMYMHBI HA30BOr0 CABUIra M CMELLLEHWSI TAKTOBbIX
MOMeHTOB. MpoBefeHO CpaBHEHNE BAUSHUA NOrPELLUHOCTEN CUHXPOHU3ALMN HA Ka4eCTBO Npuema C M3BECTHbIMU
pesynbTatamMmn 4jig CUrHanoB C KBaapaTypHoOn amnnnTtyaHom moaynsaumen (KAM).

BbiBOAbI. YCTAHOBMIEHO, YTO NPW OOMYCTUMbIX SHEPreTUYEeCKMX NoTepsx He 6onee 1 ob kpuTnyeckom GasoBoi No-
rPELLUHOCTLIO MOXHO CHMTATb BENMYMHY 2—3 rpaayca, a KpUTnieckas TakToBas MNorpeLlHocTb coctaBngeT 3—4%. Ko-
repeHTHbI NpueMHKK curHanos AOM Gonee YyBCTBUTENEH K HDAa30BOM NMOrPEeLLIHOCTY OMOPHbIX KonieGaHuin, 4em aHa-
JIOMMYHBIN NPUEMHUK curHanos KAM, a TakTOBble NOrpeLHOCTN OAMHAKOBO CKa3bliBalOTCA HA Ka4eCTBE Npuema aTmx
CUrHasos.
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Mpo3payHocTb GpUHAHCOBOMN AEeATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPEACTaBNEH-
HbIX MaTepuanax uin meToaax.
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RESEARCH ARTICLE

Effect of synchronization system errors
on the reception noise immunity
of amplitude-phase shift keyed signals

Gennady V. Kulikov : @,
Xuan Khang Dang 1,
Alexey G. Kulikov 2

" MIREA - Russian Technological University, Moscow, 119454 Russia
2 CGF, Moscow, 105082 Russia
@ Corresponding author, e-mail: kulikov@mirea.ru

Abstract

Objectives. An urgenttaskin the context of modern radio and television systems is to improve the quality and quantity
of transmitted information. For example, the use of multiple amplitude-phase shift keyed (APSK) signals—16-APSK
and 32-APSK—in digital satellite television systems of the Digital Video Broadcasting—Satellite2 (DVB-S2) standard
made it possible to transmit 30% more data in the same frequency bands in comparison with the previous DVB-S
standard. Such increases in information transmission rates impose more stringent requirements on hardware.
An important role in the reception of APSK signals, as well as the signals of other coherent signal processing
systems, is played by the stability of synchronization systems. The presence of operational errors can significantly
reduce the quality of information reception. The aim of the present work was to analyze the effect of phase and clock
synchronization errors on the reception noise immunity of APSK signals with a ring signal constellation structure.
Methods. The study used statistical radio engineering methods informed by optimal signal reception theory.
Results. The effect of phase and clock synchronization errors on the reception noise immunity of APSK signals having
a signal constellation ring structure is analyzed. The dependencies of the bit error probability on the magnitude of the
phase shift and the clock offset were characterized. The effect of synchronization errors on reception quality were
compared with the known results for quadrature amplitude modulation (QAM) signals.

Conclusions. At an acceptable energy loss of no more than 1 dB, the critical phase error can be considered
as 2°-3°, while the critical clock error is 3—-4%. A coherent receiver of APSK signals is more sensitive to the phase
error of reference oscillations than a similar receiver of QAM signals, whereas clock errors have the same effect
on the reception quality of these signals.
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BBEOAEHUE

[loBbllIeHNe KauecTBa W KOJIMYECTBAa IepeaaBae-
MOM mH(MOpMAIUN SBISICTCS AKTYaIbHOW 3aladei Juist
COBPEMEHHBIX CHCTEM paJUOCBA3M M TEJIEBHICHHUA.
Tak, TpUMEHEHNUE MHOTOTIO3UITUOHHBIX CUTHAJIOB C aM-
WIUTYAHO-(pa3oBoi Manumysinueir (AOM) 16-AOM
u 32-A®M B cuctemax HOBOTO IMOKOJCHHS CTaHAAapTa
CIyTHMKOBOTO TesieBuaeHus: DVB-S2 no3Bonuio nepe-
nasath Ha 30% OobIIe JAHHBIX B TEX JKE MIOJI0CAX YaCTOT
110 CPaBHEHMIO ¢ TIpebIAy UM cTanaaptrom DVB-S! [1].
Takoe yBemuueHHE CKOPOCTH Mepeaadr HH(opMarm
orpenenuio 0ojee )KecTkue TpeOOBaHMS K arnapaTHO-
My 00eCIIeUueHHIO 3TUX CUcTeM. [ mpreMa CHrHaioB
A®M, Kak U A MHOTUX JPYTHUX CHCTEM, UCIOJb3YIO-
IIUX KOTEPEHTHYI0 00pab0TKy CHTHAIIOB, BaXKHYIO POIIb
Urpaer cTadMJIBHOCTh pabOThl CUCTEM CHUHXPOHMU3ALIUU.
Hanwnuue nmorpermmocteii B X padoTe MOXKET 3HAIUTEIhb-
HO CHHU3UTH Ka4eCTBO Mpuema nHpopmanuun. B [2-12]
MIPOAHATM3UPOBAHO BIMSIHAE TIOTPEITHOCTEH CHHXPOHU-
3alMU Ha NTOMEXOYCTOHYMBOCTh IpHUeMa MHOTOIO3HLH-
OHHBIX CHTHAJIOB C KBAaJPAaTHOH (OPMOM CHUTHAIBHOTO
co3Be3nus (curaansl KAM). B nanHoii ctarbe ipoBe/ieH
aHAJIM3 BIMSHUS TOTPEINHOCTEH (ha30BOW M TaKTOBOW
CHUHXPOHM3ALUU Ha TIOMEXOYCTOMYMBOCTh IPUEMA CHUT-
HAJIOB C aMIUTATYTHO-(a30BO MaHUIYIISAIIUEH C KOJIbLIe-
BOH CTPYKTYpOIi CUTHAJILHOTO CO3BE3AMS.

METOAOUKA PACHETA

Mounens curnaina AOM Ha JIUTEILHOCTH TaKTOBO-
ro uatepsana T, ( 3a/1a]IUM CIIE/TYFOLIUM obpazom:

S;(1)= Acprl. cos(wyt +¢;), 1€ (0, T.],i=0, M -1, (1)

e A4 op ~ CPEIHSS AMILTUTY/IA CHTHATIA; (0 — HECYIIIAst 4acTo-
Ta; 7; M (, — BENIMMMHBI, ONPE/IENISIONIME aMILTUTYIy U (hasy
CUTHAJIBbHOM MOCBUTKH; M — MO3UIIMOHHOCTh CUTHAA.
PaboTty MHOTOKAaHAIEHOTO KOTEPEHTHOTO MIPUEMHHKA
A®DM-curnanos (puc. 1) [13, 14] paccmoTpum npu Ha-
JIMYUH OEJI0TO TayCCOBCKOTO mIyMa 71(f) ¢ mapaMeTpaMu:

NO
<n(t)>=0;<n(t)n(ty)>= 7602 -1),

I DVB. https://www.dvb.org/standards/dvb-s2x. Jlata o6pa-
menns 20.12.2022. / Accessed December 20, 2022.

r11e N, — OTHOCTOPOHHSIs CIEKTPaIbHas IJIOTHOCTH MOIIHO-
CTH 1IyMa; O — NENBTa-PyHKIKS, £, £, — MOMEHTBI BDEMEHH.

Koppensitopsl MpueMHHKa BBIYUCIISIFOT MHTErPAJIbl
CBEPTKH

2 T . N2 1
J, = o jos xX(1)sy,, (D)dt, i =0,M —1 2)

IPUHUMAEMOTO nponecca x() = s,(f) + n(f) ¢ onopHbIMH
curHanamu s (¢). CpaBHEHHE TONYYECHHBIX 3HAYCHUM
J; ¥ X KOMOMHALMH € TOPOTaMH, 3aJI0KEHHBIMH B Pella-
fo1eM ycTpoiicTe (O0ke BEIOOpA MakCHMyMa), TI03BO-
JISIET ONIPEJENIUTh NIEpelaBacMblil KaHaIbHbIH CUMBOIL.
BeposTHOCTh 011IMOOYHOTO IIpHemMa J1to00ro m-ro
KaHaJbHOTO CHMBOJIa HAXOJUTCS MpPH YCIOBHU

Jp > +9,, 1 izm; i,m=0,M -1, aumenno:

M-1
Pesmzl_Hp(Jm_Ji>8mi)|m’ (3)

i=0

mi

e p(J,, —J;>6,,)|,, — BEPOATHOCTH TOTO, YTO BBIXOIHOE
3HAYEHHE M-TO KOPPEISITOpa OOJIbIIe BRIXOAHOTO 3HAYe-
HUs JTI000T0 JPYroro i-ro KOppessitopa Mpu yCIOBUH,

E -E
o _ Sm Si _
4TO0 IepedaBaics m-ii cumBonm; O, = —"———=
NO
E E, log, M

sc g

=—L(2-r)= —b =2 (r2 —r?) — nopor mpuHs-
NO NO

TUst pemenus. 30ech E, — CpelHss dHEprus CUrHaa,
npuxojsmiascs Ha 1 OuT HMHpOpMaIMH; Esm , Esi -
SHEPIUM m-U U i-i CUTHAJIBHBIX IIOCBUIOK; EScp — cpexn-
Hee 3HAUCHUE SHEPIUU CUTHAJIBHBIX TOCBLIOK.
Beposthoctu p(J,, —J; > §,, )|, MOXKHO paccuuTars,
OIIPEENUB CTATUCTUYECKUE XAPAKTEPUCTUKH pacpesie-
JIEHMH CITy4alHbIX IPOLECCOB J; U MX JIMHEHHBIX KOMOH-

HaLII/Iﬁ — MAaT€MaTH4YCCKHEC OXXKHAAaHHA mml. 1 JUCIICPpCUr
D, [15]:

m_ .

I —1.>8) =1-0| =i |

Uy, =1;>8))|,, 2o
0= [ 0

s
X

e O(x) — 310 O-QyHKITHS.
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\ 4

TS
j X(8)S g4 (D)t
0

t=T,
SonM—1(t) :
TS
. [ x5 (D)t il KaHanbHbiii
° il Bnok Beibopa cvmeon
(t ’
X(t) Soru( ) T—« MakcnmMmyma
—
TS
e | x5y (t)cit >
0 t= Ts
[ SE—
TS
f X(8)S,mo(t)dlt > o
0 t=T,
Soni( f) Sonm-1 (1) L"

Bnok dopmmpoBaHns
OMOpPHbIX kKonebaHwui

A

Bnok TakToBOW
CUHXPOHM3aLMK

?

Puc. 1. CTpyKTypHas cxemMa MHOroKaHaslbHOro KorepeHTHoro npuemHuka AQOM-curHanos

[ HaXOKICHUS BEPOATHOCTH OWUTOBOW OIIMOKU
MIPU UCTIOJI30BAaHUM KOAMPOBaHUS [pest MOKHO BOC-
TIOJIb30BaThCs COOTHOIIeHHEM [ 13]:

P

s

P, =—=—
b log, M

¢ (%)
Hammuwe morpemHocteld B pOpMUPOBAHUH OIOP-
HBIX CUTHAJIOB S _(f) BBI3BIBAET IIOTPEIIHOCTH B BHIYHMC-
JICHHH KOPPEISIIUOHHBIX WHTETPaNioB (2) M, KaK ciel-
CTBUE, YBEeIIMUeHHE BeposiTHOCTEH ommnOok (3) u (5).

BJINSIHUE ®A30OBOMN NOrPELLHOCTU
BJIOKA ®OPMUPOBAHU4A
OMNOPHbIX KOJIEBAHUW

dazoBass MOTPEIIHOCTh OJ0Ka  (OPMUPOBAHUS
ONOPHBIX KOJIEOaHuii s (f) BbI3BaHA JIOTIONHUTEIBLHBIM
(ha30BBIM CABHTOM ¢, HapHMeEp, 32 CUET HEHUICATIHHO-
CTH XapaKTEePUCTUK CUCTEMbI aBTONOACTPOHKU:

Soni (D)= Acp’”i cos(wyt +@; + ), i=0,M 1.

[Ipumep BAMSHHUA Takoro ciaBura Ha (opmy cur-
HaJBLHOTO CO3Be3aus [JIsg curHaja 16-ADPM mokaszaH
Ha puc. 2.

B sToM cnydae maremarMuecKHe OXHMIAHMA M,
v jucnepcuu D, ., BXo#sAmue B (4), UIMEIOT BUIL

__E%cp

mml

2 2 2
(2r; cos o —2r, 1, cos(@,, —¢; =) —r; +717),
0

2F
=—L (2 412 =21 r.cos(, — ;).
No

D

1010 1000

0010 0000

1110 1100

0110 g~/ 0100

0101

0111

1111 1101

0011 0001

1011 1001

M= 16(4.12)

Puc. 2. VIameHeHune curHanbHoro cossesansa 16-AOM
npw Hann4um $as3oBoro casura ¢

Pacder BeposTHOCTH OHUTOBOW OIIMOKH 1O (HOpMY-
nam (3)—(5) nynst curHanoB 16-A®M u 32-ADOM naer
CIeyIONINe pe3yabTarkl (puc. 3, 4).
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Puc. 3. 3aBMCMMOCTb BEPOATHOCTM OUTOBOM OLLMOKMK
OT OTHOLUEHUS CUrHan/wym npu ¢asosom casure ¢
OrnopHbIX konebaHwuii: (a) 16-ADM; (6) 32-ADM

,8 L A A L L A A L L i
0 /180 n/90 w60 /45 /36 /30 Tw/1802u45 ©20 /18

Puc. 4. 3aBMCUMOCTb BEPOSITHOCTM BUTOBOI OLLIMOKM
OT $a30BOro caBura onopHbIx konebaHui
¢ (E,/Ny=13 0b)

Bugno, yro mpm Hammumm HeOoIBIIOTO (a3oBo-
ro casura ¢ < /90 (2 rpagyca) BEpOSTHOCTh OHTOBOM
OIMMOKH CHIDKACTCS HE3HAYWTENFHO, HO MO0 MEpe €ro
YBEIMUYECHUSI IOMEXOYCTOMYUMBOCTh 3aMETHO  yXYI-
WaeTcs, U npu ¢ > /45 = 4° penmuuuna P, MOXET

YBEJIIMYUTHCSA Ha MOPSIOK. PacdyeThl Moka3bIBaloT, 4TO
s Py = 10% mpu ¢ = /36 = 5° 9TO IKBHBAIEHTHO
JHEPTEeTUYECKUM TOTepsiM oKojo 2.5 nb, ecnu M = 16,
u 3.0 nb, ecu M = 32.

CpaBHeHHE TOJYYECHHBIX PE3YJbTaTOB C PE3yib-
TataMu, TOJy4YeHHBIMH B [5, 9] ana curnanoB KAM,
MOKa3bIBa€T, 4YTO MPH OAMHAKOBOH TO3ULMOHHOCTH
KOTEPEHTHBIN TIPHUEM CUTHAJIOB C KBaJpaTHOW (hopmoii
CUTHAJIBHOTO CO3BE3/IMsI HECKOJBbKO OoJiee yCTOHYMB
K (ha30BBIM MOTPEITHOCTSAM OTIOPHBIX KOJICOAHUH, YeM
JUIS CUTHAJIOB C KoublieBoil (hopmoii. Tak, Hampumep,
npu ¢ = /60 =3°u Py = 104 sHepreTHYECKHE TTOTEPH
cocrapisiioT 1.0 1b m 1.2 1B, cooTBETCTBEHHO.

BJINAHUE CMELLEHUA TAKTOBbIX MOMEHTOB
B BJIOKE TAKTOBO CUHXPOHU3ALUMN

[TorpemHOCTH B paboTe 6JI0Ka TAKTOBOKH CHHXPOHH-
3alUH MOTYT IPHBOIUTH K CIBUTY HA HEKOTOPOE 3HAUE-
HUE & BO BPEMEHH TAKTOBBIX MMITYJIbCOB, OMPEIEIISIO-
WX TIPEIeIbl MHTErpUpOBaHus B (2).

B sTOM ciiyuyae BBIYMCIICHHE HHTETPATIOB CBEPTKU

I+8
J; = i j x(1)r; cos(wyt + ¢, )dt
N, :

OCYIIECTBIISIETCA CO CIENYIOIUMU ITapaMeTpaMu IMpH-
HUMAaeMbIX U OMOPHBIX CUTHAJIOB:

Acpri cos(wyt +¢;), 1€ (E,T),
s(t) =

Acprj cos(wy? + 9, ), te[T,, T, + &),

Somi (D) = Acpri cos(oy +¢;),1 € (&, T, +¢),

IJIe UHACKC j OTHOCUTCS K COCEIHEMY KaHAJIbHOMY CHUM-
BOJLY.
B orom cnyuae maremaruveckue OKUIAHUS M,

W JUCTIEPCUA Dml., BXOJAIIHE B (4), MPUMYT BHI:

E
_Tsop g
M = NO T 1= (l’m—l"iCOS((pm—(pl.))+
s
2F
sep &
+——r,—=(r, cos(¢;, —¢,)—
Ny T, O O
E
_”}'COS((P]'_(Pi))_%(VIi—Ifiz),
0
2F
0

3aBUCHMOCTH BEPOSITHOCTH OMTOBOW OIIMOKH MPH
Pa3IUYHBIX 3HAUYCHHUSX TAKTOBOTO CMEIICHUSI IOKA3aHbI
Ha puc. 5 u 6.
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100
1072
104 1
3
Q.
106
108 1
1010 : ; ‘ ' : :
4 6 8 10 12 14 16 18
Eo/Ny
100
10~1 |
102
Qo
a® 1073
1074 | |—¥&/T,=0 :\
| |=--&T,=0.01 |
1075 | |=—- £/T,=0.03
........ "E/T3=005
10-6 ‘ : ‘ ‘ ‘ :
4 6 8 10 12 14 16 18
Eo/N,
(6)

Puc. 5. 3aBUcMMOCTb BEPOSITHOCTM GUTOBO OLLNOKM
OT OTHOLUEHMWS CUTHAI/LLIYM NPU CMELLLEHMM TaKTOBbIX
MOMeHTOB &/T: (a) 16-ADM; (6) 32-APM

Bunno, yto Gosibliasi MOrpemIHOCTb CUCTEMBI TaK-
TOBOM CHHXPOHHU3ALIMM 3aMETHO CHM)KAeT ITOMEXO-
YCTOWYUBOCTh mnpuema curHajgoB ADM. Tak, mis
Py = 104 ysxe npu &/T . = 0.05 (umm 5%) oxBUBaNEHT-
HBIE SHEPreTUYECKUE MOTEPU COCTABIISIIOT OKoJIo 1.5 b,
ectu M =16, u 2.0 nb, ecnu M = 32.

AHaJOrMYHbIN aHaJIU3 JUIsl CUTHAJIOB C KBajaparyp-
HOM aMILTUTYTHOM MOy ISIIIUEH, BHIIIOJTHEHHBIHN B [5, 9],
MoKa3aJl, 4YTO TAKTOBbIE MOTPELIHOCTH OJAMHAKOBO CKa-
3BIBAIOTCS HAa KauecTBe Ipuema cursanoB KAM u AOM.
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SAKJTIOMEHUE

Ha ocHoBe mosyueHHBIX pe3yJabTaToOB MOMKHO Clie-
JIaTh CIACAYIOMINE BHIBOBL.

1. Hanuuue (a3oBoro ciasura OMOPHBIX KOJCOAHHMA
IpU KOTEPEHTHOM mpueme curragos AOM mo-
JKET MPUBECTU K 3aMETHOMY YXYIIIEHUIO TOMEXO-
yCTOWYMBOCTH. [Ipy TOMYCTUMBIX SHEPTETUYECKUX
norepsx He 6onee 1 1b kpuTHUecKoit (pa3zoBoi Mo-
TPEHIHOCTHI0 MOXKHO CUHTATh BEIMUYUHY 2-3 Trpa-
nyca.

2. Hanmuue morpemrHocTd B pabore O10ka TaKTOBOI
CHUHXPOHHU3ALUK IPU KOTEPEHTHOM IpHUEME CUTHa-
0B ADM Takke MOXKET 3aMETHO CHU3UTh ITOMEXO-
ycTOMUuBOCTh. [IpyU TOMyCTUMBIX 3HEPreTUYECKUX
notepsix He Ooznee 1 1b KpUTHUECKOIT TAKTOBOM IMO-
TPELIHOCTHI0 MOKHO CUMTATh BeIUUuHy 3—4%.

3. KorepentHslit mpuemHuk curtaioB ADM Oomnee
YyBCTBHUTENICH K ()a30BOM MOTPEITHOCTH OMOPHBIX
KONeOaHui, ueM aHaTOTUYHBIN MPUEMHUK CUTHAJIOB
KAM, a TakTOBBIE MOTPENTHOCTH OJJUHAKOBO CKa3bI-
BAIOTCS HAa KQUECTBE MPHEMA STUX CUTHAJIOB.

Bxnap aBTOopoB. BCce aBTOpbl B pPaBHOM CTeneHu
BHEC/IN CBOI BKNa, B UCCnenoBaTenbekyo paboTy.

Authors’ contribution. All authors equally contributed
to the research work.

REFERENCES

1. Minoli D. Innovations in satellite communications
and satellite technology: The industry implications of
DVB-S2X, High Throughput Satellites, Ultra HD, M2M,
and IP. New York: John Wiley & Sons; 2015. 448 p. ISBN
978-1-118-98408-6

Russian Technological Journal. 2023;11(3):30-37

35



Effect of synchronization system errors on the reception noise
immunity of amplitude-phase shift keyed signals

Gennady V. Kulikov,
Xuan Khang Dang, Alexey G. Kulikov

10.

11.

12.

13.

14.

. Capumenko H.B. TlomexoycTOHUMBOCTb KOTEpEHTHO-

rO MpHeMa MHOTOMO3UIMOHHBIX curHanoB KAM n ®M
opu HeujeandbHOW CUHXpoHU3auuu. HMugopmayuonno-
ynpasasrowue cucmemnl. 2010;1(44):53-63.

. Apremenko A.A., Manbue A.A., Pyonos A.E. Buus-

HHUE HETOYHOCTH OIIEHMBAHHMs (a3bl HECYIIEH Ha BepOsIT-
HOCTh OuTOBBIX OmIMOOK B M-KAM cucremax nepenayuu
NaHHBIX. Becmuux Huoicecopoockozco  ynusepcumema
um. HU. Jlobauesckozo. 2007;2:81-87.

. Kymukos I'.B., Ban 3ynr H. Bnusiaue norpemrHocreit cuu-

XPOHH3AINH Ha TOMEXOYCTOHIMBOCTH KOTEPEHTHOTO TPH-
ema curaanoB M-OM. Russ. Technol. J.2019;7(5):47-61.
https://doi.org/10.32362/2500-316X-2019-7-5-47-61

. Kymukos I'B., Jlemox A.A., baranos E.B. Bnusuue

norpemHocTeil  ga3oBol M TaKTOBOW CHUHXPOHM3A-
MM Ha TOMEXOYyCTOWYMBOCTh KOTEPEHTHOTO IIpHeMa
CUTHAJIOB C KBaApaTypHOIl aMIUINTyAHOW MOAys-
uueit. Russ. Technol. J. 2021;9(2):35-43. https://doi.
org/10.32362/2500-316X-2021-9-2-35-43

. JloBous B.T., CesprokoB A.E. Biusaue kaduectBa (pyHK-

LIMOHUPOBAHUSI CUCTEMbl TAKTOBOW CHHXPOHHU3AIMM Ha
rnomMexoyctonunBocTh npueMa KAM-curnanos. Terexom-
myHuxayuu. 2016;4:43-47.

. Saeedi-Sourck H., Sadri S., Wu Y., Bergmans J.W.M.,

Farhang-Boroujeny B. Sensitivity analysis of offset QAM
multicarrier systems to residual carrier frequency and
timing offsets. Signal Process. 2011;91(7):1604-1612.
https://doi.org/10.1016/j.sigpro.2010.12.019

. Chung W., Kim B., Choi M., Nam H., Yu H., Choi S.,

Hong D. Synchronization error in QAM-based FBMC
system. In: 2014 I[EEE Military Communications
Conference. 2014. P. 699-705. https://doi.org/10.1109/
MILCOM.2014.122

. Kulikov G.V., Van Dung N., Kulagin V.P., Lelyukh A.A.

Influence of synchronization errors on the noise immunity
of receiving multi-position M-PSK and M-QAM
signals. In: 2020 Systems of Signal Synchronization,
Generating and Processing in Telecommunications
(SYNCHROINFO). 2020:9166034. https://doi.
org/10.1109/SYNCHROINF049631.2020.9166034

Teng K., Zhang Y., Yuan X., Liu Q. Implementation of
a novel M-QAM OFDM timing synchronization method
with FSO RoF system. In: 2019 7th International
Conference on Information, Communication and Networks
(ICICN). 2019. P. 48-52. https://doi.org/10.1109/
ICICN.2019.8834953

Huang Y., Song Q., Wang S., Jamalipour A. Symbol
error rate analysis for M-QAM modulated physical-
layer network coding with phase errors. In: 2012
IEEE 23rd International Symposium on Personal,
Indoor and Mobile Radio Communications —
(PIMRC). 2012. P. 2003-2008. https://doi.org/10.1109/
PIMRC.2012.6362683

Matta M., Cardarilli G.C., Di Nunzio L., Fazzolari R.
A reinforcement learning-based QAM/PSK symbol
synchronizer. In: /[EEE Access. 2019;7:124147-124157.
https://doi.org/10.1109/ACCESS.2019.2938390
Proakis J.G. Digital communications.
McGraw-Hill; 2001. 1002 p.

Fuqin Xiong. Digital modulation techniques. 2nd ed.
Boston, London: Artech House; 2006. 1039 p.

4th  ed.

10.

11.

12.

13.

. Savishchenko N.V. Noise

immunity of coherent
reception of multi-position QAM and PSK signals in
the case of non-ideal synchronization. Informatsionno-
upravlyayushchie sistemy = Information and Control
Systems. 2010;1(44):53—63 (in Russ.).

. Artemenko A.A., Maltsev A.A., Rubtsov A.E. Effect

of the carrier-phase estimation error on the bit-error
rate in M-QAM data transmission systems. Vestnik
Nizhegorodskogo universiteta im. N.I. Lobachevskogo =
Vestnik of Lobachevsky University of Nizhny Novgorod.
2007;2:81-87 (in Russ.).

. Kulikov G.V., Van Dung N. Influence of synchronization

errors on the noise immunity of coherent reception
of M-PSK signals. Russ. Technol. J. 2019:;7(5):
47-61 (in Russ.). https://doi.org/10.32362/2500-316X-2019-
7-5-47-61

. Kulikov G.V., Lelyukh A.A., Batalov E.V. Influence

of phase and clock synchronization errors on the noise
immunity of coherent reception of signals with quadrature
amplitude modulation. Russ. Technol. J. 2021;9(2):
35-43 (in Russ.). https://doi.org/10.32362/2500-316X-
2021-9-2-35-43

. Dovbnya V.G., Sevryukov A.E. Influence of performance

quality of clock synchronization system on noise
immunity of QAM signal reception. Telekommunikatsii =
Telecommunications. 2016;4:43—47 (in Russ.).

. Saeedi-Sourck H., Sadri S., Wu Y., Bergmans J.W.M.,

Farhang-Boroujeny B. Sensitivity analysis of offset QAM
multicarrier systems to residual carrier frequency and
timing offsets. Signal Process. 2011;91(7):1604—1612.
https://doi.org/10.1016/j.sigpro.2010.12.019

. Chung W., Kim B., Choi M., Nam H., Yu H., Choi S.,

Hong D. Synchronization error in QAM-based FBMC
system. In: 2014 IEEE Military Communications
Conference. 2014. P. 699-705. https://doi.org/10.1109/
MILCOM.2014.122

. Kulikov G.V,, Van Dung N., Kulagin V.P,, Lelyukh A.A.

Influence of synchronization errors on the noise immunity
of receiving multi-position M-PSK and M-QAM
signals. In: 2020 Systems of Signal Synchronization,
Generating and Processing in Telecommunications
(SYNCHROINFO). 2020:9166034. https://doi.org/10.1109/
SYNCHROINFO49631.2020.9166034

Teng K., Zhang Y., Yuan X., Liu Q. Implementation of
a novel M-QAM OFDM timing synchronization method
with FSO RoF system. In: 2019 7th International
Conference on Information, Communication and Networks
(ICICN). 2019. P. 48-52. https://doi.org/10.1109/
ICICN.2019.8834953

Huang Y., Song Q., Wang S., Jamalipour A. Symbol
error rate analysis for M-QAM modulated physical-layer
network coding with phase errors. In: 2012 IEEE 23rd
International Symposium on Personal, Indoor and Mobile
Radio Communications — (PIMRC). 2012. P. 2003-2008.
https://doi.org/10.1109/PIMRC.2012.6362683

Matta M., Cardarilli G.C., Di Nunzio L., Fazzolari R.
A reinforcement learning-based QAM/PSK symbol
synchronizer. In: /[EEE Access. 2019;7:124147-124157.
https://doi.org/10.1109/ACCESS.2019.2938390
Proakis J.G. Digital communications.
McGraw-Hill; 2001. 1002 p.

4th  ed.

36

Russian Technological Journal. 2023;11(3):30-37


https://www.elibrary.ru/item.asp?id=13085174
https://www.elibrary.ru/item.asp?id=13085174
https://www.elibrary.ru/item.asp?id=13085174
https://www.elibrary.ru/contents.asp?id=33389441
https://www.elibrary.ru/contents.asp?id=33389441
https://www.elibrary.ru/item.asp?id=11748220
https://www.elibrary.ru/item.asp?id=11748220
https://www.elibrary.ru/item.asp?id=11748220
https://www.elibrary.ru/item.asp?id=11748220
https://doi.org/10.32362/2500-316X-2019-7-5-47-61
https://doi.org/10.32362/2500-316X-2021-9-2-35-43
https://doi.org/10.32362/2500-316X-2021-9-2-35-43
file:///C:\Users\user\AppData\Local\Temp\Rar$DIa9668.10223\Signal Process
https://doi.org/10.1016/j.sigpro.2010.12.019
https://doi.org/10.1109/MILCOM.2014.122
https://doi.org/10.1109/MILCOM.2014.122
https://doi.org/10.1109/SYNCHROINFO49631.2020.9166034
https://doi.org/10.1109/SYNCHROINFO49631.2020.9166034
https://doi.org/10.1109/ICICN.2019.8834953
https://doi.org/10.1109/ICICN.2019.8834953
https://doi.org/10.1109/PIMRC.2012.6362683
https://doi.org/10.1109/PIMRC.2012.6362683
https://doi.org/10.1109/ACCESS.2019.2938390
https://doi.org/10.32362/2500-316X-2019-7-5-47-61
https://doi.org/10.32362/2500-316X-2019-7-5-47-61
https://doi.org/10.32362/2500-316X-2021-9-2-35-43
https://doi.org/10.32362/2500-316X-2021-9-2-35-43
https://doi.org/10.1016/j.sigpro.2010.12.019
https://doi.org/10.1109/MILCOM.2014.122
https://doi.org/10.1109/MILCOM.2014.122
https://doi.org/10.1109/SYNCHROINFO49631.2020.9166034
https://doi.org/10.1109/SYNCHROINFO49631.2020.9166034
https://doi.org/10.1109/ICICN.2019.8834953
https://doi.org/10.1109/ICICN.2019.8834953
https://doi.org/10.1109/PIMRC.2012.6362683
https://doi.org/10.1109/ACCESS.2019.2938390

BnnsgHne norpeLiHocTen CMCTEMbI CUHXPOHU3ALMN HA MOMEXOYCTOMHYMBOCTb [.B. Kynukos,

rnpuema CUrHasaoB C aMnanTyaHO-(ha30BON MaHUNynsLMen C.X. OaHr, A.T'. Kynukos
15. TuxonoB B.M. Cmamucmuueckas paouomexuuxa. 2-e 14. Fuqin Xiong. Digital modulation techniques. 2nd ed.
u31., iepepad. u gon. M.: Pagno u cBsi3b; 1982. 624 c. Boston, London: Artech House; 2006. 1039 p.

15. Tikhonov V.I. Statisticheskaya radiotekhnika (Statistical
radio engineering). 2nd ed. Moscow: Radio i svyaz’;
1982. 624 p. (in Russ.).

06 aBTOpPax

Kynukoe Fl'eHHapgun BaneHTnHoBMY, 4.7.H., npodeccop, kadeapa pagmoanekTPOHHbIX CUCTEM N KOMMIEKCOB
WHcTuTyTa pagnoanekTpoHnku n nidpopmatrkm @reQy BO «MUPI3A — Poccrninckmii TEXHONOMMYECKNA YHUBEPCUTET»
(119454, Poccus, Mocka, np-T BepHaackoro, a. 78). E-mail: kulikov@mirea.ru. Scopus Author ID 36930533000,
SPIN-kog PUHL, 2844-8073, http://orcid.org/0000-0001-7964-6653

Aanr CyaH XaHr, acnupaHT, kadenpa pagnoasiekTPOHHbIX CUCTEM U KOMMNNEKCOB MHCTUTYTa paanoanekTpoHu-
k1 1 nupopmatmkm Pre0y BO «MUPI3A - Poccuiickunia TexHonormyeckuii yHmsepceuteT» (119454, Poccusi, Mockaa,
np-T BepHaackoro, a. 78). E-mail: dangxuankhang147@gmail.com. https://orcid.org/0000-0002-3372-7172

KynukoB Anekcei FleHHagbeBu4, coTpyaHuK komnaHum CGF (105082, Poccus, MockBa, BakyHuHckas ynmua,
n. 73, ctp.1). E-mail: onemoreuser@yandex.ru. https://orcid.org/0000-0002-8241-9619

About the authors

Gennady V. Kulikov, Dr. Sci. (Eng.), Professor, Department of Radio Electronic Systems and Complexes,
Institute of Radio Electronics and Informatics, MIREA — Russian Technological University (78, Vernadskogo pr.,
Moscow, 119454 Russia). E-mail: kulikov@mirea.ru. Scopus Author ID 36930533000, RSCI SPIN-code 2844-8073,
http://orcid.org/0000-0001-7964-6653

Xuan Khang Dang, Postgraduate Student, Department of Radio Electronic Systems and Complexes, Institute of
Radio Electronics and Informatics, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow, 119454
Russia). E-mail: dangxuankhang147@gmail.com. https://orcid.org/0000-0002-3372-7172

Alexey G. Kulikov, CGF employee (73/1, Bakuninskaya ul., Moscow, 105082 Russia). E-mail: onemoreuser@yandex.ru.
https://orcid.org/0000-0002-8241-9619

Russian Technological Journal. 2023;11(3):30-37
37


mailto:kulikov@mirea.ru
http://orcid.org/0000-0001-7964-6653
mailto:dangxuankhang147@gmail.com
https://orcid.org/0000-0002-3372-7172 
mailto:onemoreuser@yandex.ru
https://orcid.org/0000-0002-8241-9619
mailto:kulikov@mirea.ru
http://orcid.org/0000-0001-7964-6653
mailto:dangxuankhang147@gmail.com
https://orcid.org/0000-0002-3372-7172 
mailto:onemoreuser@yandex.ru
https://orcid.org/0000-0002-8241-9619

