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Abstract. Two-dimensional digital modulations require coherent detection to eliminate phase
uncertainty. The main problem is that it is necessary to exactly match the frequencies and initial phases of
the carrier and reference oscillations in the two processing channels and the phase difference in the
subchannels at exactly 1/ 2. This article proposes a joint algorithm for clock recovery and phase adjustment
of the reference oscillator of a two-dimensional digital modulation demodulator. If there is a delay in the
beginning of the pulse, at the moment of transition from one channel symbol to another there will be a phase
jump equal to the phase difference of the transmitted channel symbols. To determine the transition from one
channel symbol to another, it is necessary to clearly define the moment of the jump. To do this, it is
necessary to form a signal for the difference in phase values across the sampling interval. At the time of a
phase jump, a single, substantially non-zero jump will be observed. The moment of the jump will determine
the beginning of the channel symbol. The error of the start pulse adjustment will not exceed the sampling
interval. Algorithm adjustment of the reference generator. The proposed algorithm is intended to use for
determining the phase @o of the intermediate results of the clock recovery system. Sampling of values is
performed within certain limits of the channel symbol and averaging is performed. Then it is necessary to
introduce a correction of the phase value taking into account the clock adjustment. The proposed algorithm
eliminates the mutual effects on the results of the estimates of the delay and phase adjustment. That is, the
phase increment due to the delay in the channel does not affect the result of evaluating the phase increment
due to the mismatch between the phases of the carrier and reference oscillations, despite the fact that the
adjustment is made by phase error.

Key words: two-dimensional digital modulation, coherent detection, phase adjustment, clock
recovery.

AHoTauif. binblwicTe cuctem 3B'sI3Ky i MOBMNEHHS Ha CbOrogHi € undposmmMu. MNpu LbOMy HanbinbL
nowmpeHumn metogamu mogynsuii € ®M-M i KAM-M sk Haibinblw 3aBagoCTilKi i cnekTpanbHO edeKTUBHI.
[BoBUMIpHI UMMPOBI  MOAYNAUiT  ONA  YCyHEHHS HeBM3HA4YeHOCTi asu BuMarawTb KOFepeHTHOro
aetekTyBaHHs. OcHOBHa npobrnema nonsirae B TOMy, LLO HeOOXigHWIA TOYHUIA 36ir 4acToT i novaTkoBux das
HEeCcy4mx i OMOPHUX KONMMBaHb y OBOX KaHanax obpobku i BigMiHHOCTI a3 y nigkaHanax TOYHO Ha TI/2.
I[cHytouMin Ha cborogHi MeTod KBafapaTypHOro [AeTeKTyBaHHS [O3BOSSE MPOBOAMTU  KOrepeHTHe
AEeTEeKTyBaHHS 3a YMOBUW OOHOBMMIPHOI MOAYyNALii i HEBIQ'EMHUX 3Ha4YeHb moayrntooyoro curHany (AM-M). B
JaHin cTaTTi 3anponoHOBaHO CriflbHUW anropuTM TakTOBOI CUMHXPOHi3auil i NiACTpOOBaHHA ha3n OnopHOro
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reHepatopa AemMmoaynaTopa ABOBUMIPHMX LMPOBUX MOAyNAuid. AKWwo mae Micue 3aTpumka noyaTky
iMMNyrnbCcy, B MOMEHT NMEPEXOAY Bif OQHOIO KaHanbHOro CMMBOSY OO iHWOro, Oyae cnoctepiratucst cTpnbok
dasn piBHUA pi3HUL (a3 nepedaHMx KaHanbHUX cumBONiB. [ns BM3Ha4eHHs nepexody Big OAHOro
KaHanbHOrO CUMBOSlY OO iHLWOro HeoOXiAHO YiTKO BM3HAYUMTU MOMEHT cTpubka. [Ons uboro HeobxigHo
copmyBaTU CUrHarM Pi3HMLI 3HA4YeHb dpasu Yepes iHTepBan AMCKpeTM3alii. Y MOMeHT cTpubka dasu Oyae
cnocrtepiraTMcs OOMHUYHWIA, iICTOTHO BIAMITHWIA Big Hynsi cTpubok. MomeHT cTpubka i Gyae BusHayatu
noyaToK KaHanbHoro cumeony. MNMoxubka MigCTporBaHHS Mo4vaTKy iMNynbCy He NepeBuvLlyBaTMME iHTepBan
auckpetmaadii.  AnropuTtM  MiACTPOKOBaHHS  OMOPHOrO  reHepartopa.  3anporoHOBaHWA  anropuTMm
nepenbavaloTe BMKOPUCTOBYBATU ANA BU3HAYEHHS a3y Qo NPOMIDKHUX pe3ynbTaTiB poboTn cuctemu
TaKTOBOI CMHXPOHi3aLii. Bubipka 3HayeHb MPOBOAMTBCSA B MEBHUX MeXax KaHanbHOro CUMBOMY, i
NpOBOANTLCA ycepenHeHHs. MoTiM HeobXigHO BBECTU KOPEKLi0 3HA4YeHHS (ha3un 3 ypaxyBaHHSIM TaKTOBOIro
NiACTPOOBaHHS. Y 3anpornoHOBaAHOMY anropuUTMi YCYHEHI B3aEMHI BMMMBU Ha pe3yrbTaTh OLiHOK 3aTPUMKW i
nigcTpotoBaHHA hasn. TobTo Habir ha3m 3a paxyHOK 3aTPUMKM B KaHani He BNAMBAE Ha pe3ynbTaT OLiHKM
Habiry dasn 3a paxyHOK He3biry a3 Hecy4yoro W OMOPHOro KOMMBaHb, He3BaXawuyn Ha Te, Lo
NigCTPOOBaHHSA BiabyBaeTbCA 32 MOMMUITKOK (hasu.

KnroyoBi cnoBa: ABOBUMIPHI LIMCPPpOBI MOAYsLi, KOrepeHTHe AeTeKTyBaHHS, NiACTPOBaHHS dhasu,
TakToBa CUHXPOHIi3aLlis.

AHHOTauuA. [IBymepHble UUMPOBbIE MOOYNAUMM ANA YCTpPaHEeHUst HeonpeaeneHHocTn asbl
TpebyloT KorepeHTHOro getektnpoBaHus. OCHOBHasi NpobrnemMa COCTOUT B TOM, YTO HEOOXOAMMO TO4YHOE
COBMafeHne 4acToT M HauvarnbHbIX (a3 HeCyLMX M OMOpPHbIX KonebaHum B ABYyX KaHanax obpaboTtku u
pa3nuumsa a3 B NoAkaHanax To4HO Ha TI/2. B gaHHOWM cTaTbe NpeanoXXeH COBMECTHbIN anropuTM TaKTOBOW
CYHXpOHM3aLMM W NOACTPOMKM (pa3bl OMOPHOrO reHepatopa AemMoayndatopa ABYMEpPHbIX LMGpOoBbIX
mMoaynsaumin. Ecnv nmeeTt mMecTo 3agepkka Hadana umnyrnbca, B MOMEHT nepexofa OT OHOro KaHarbHOro
cMMBoOna K gpyromy, byget Habnogatbca ckadek dasbl paBHbIM pasHOCTU ¢pa3 nepedaHHbIX KaHanbHbIX
cMMBONOB. [ns onpegeneHus nepexoga OT OAHOMO KaHanbHOro CUMBOMA K APYroMy HeobXxooumo 4eTKO
onpenenMTb MOMEHT ckadka. [ns atoro Heobxoammo cdopmMuMpoBaTb CUrHam pPasHOCTM 3HaYeHun asbl
Yyepe3 UHTepBan Auckpetusauun. B MoMeHT ckayka dasbl OygeT HabnogaTbCsl €4UHUYHBIN, CYLLECTBEHHO
OTNIMYMMbIA  OT Hyns ckadek. MoMeHT ckadka m OyaeT onpefenaTb Hayano KaHarbHOro CuMMBONA.
MorpelHOCTE MOACTPOVKM Havana uMnyrnbca He OyaeT npeBbllaTb MHTEpPBan AMCKpeTM3aunn. ANropuTtm
NOACTPOMKN OMOPHOrOo reHepaTopa. [lpednoXeHHbIn anroputM npeanonaraeT UCMNONb30oBaHWE Ans
onpegeneHns asbl Qo MNPOMEXYTOUHbLIX pPe3ynbTaToB paboTbl CUCTEMbI TAKTOBOW CUMHXPOHM3ALUUN.
Bbibopka 3Ha4YeHU NpoM3BOAUTCS B OnpedenieHHbIX rpaHuLax kaHanbHOro cCMMBOIa, 3aTeM NPOM3BOAUTCS
ycpeaHeHue. [lanee He06X0OMMO BBECTM KOPPEKUMIO 3HAYeHUs dhasbl C y4ETOM TaKTOBOMW MOACTpoOviku. B
NpeanoXKeHHOM anropuTMe YCTpaHeHbl B3avMHbIE BIIMSIHUA Ha pe3ynbTaTbl OLEHOK 3aepXXKU U NOACTPONKA
dasbl. To ecTb Haber gasbl 3a CHET 3a4epPXKKU B KaHane He BMNMSET Ha pe3ynbTaT oueHkn Habera ¢hasbl 3a
cYyeT HecoBnageHus a3 HecyLero u onopHoro konebaHum, HECMOTPS Ha TO, YTO NOACTPOMKA NPOUCXOANT
no owmndbke casbl.

KnioueBble cnosa: OBYMEpHble LI,I/ICprBbIe Mmoayndauun, KorepeHTtHoe [OeTeKTUpoBaHUue,
FIO,EI,CTpOVIKa d)a3b|, TaKToBadA CMHXPOHU3aLnA.

Most communication and broadcasting systems today are digital. At the same time, the most
common modulation methods are MPSK and MQAM as the most noise-immune and spectrally
effective. These modulation methods for their demodulation require coherent detection. For these
purposes, so-called quadrature detection is often used.

Quadrature detection problems. The use of quadrature detection creates certain difficulties.
The main problem is that you need an exact match between the frequencies and the initial phases of
the carrier and reference oscillations. This will be achieved only with the exact equality of the
frequencies and initial phases of the reference oscillations with the frequencies and initial phases of
the carrier oscillations in the two processing channels and the difference between their phases
exactly on n/2. In fact, this ideal condition is unattainable. The currently existing quadrature
detection method allows coherent detection under the condition of one-dimensional modulation and
non-negative values of the modulating signal (MASK) [1]. MASK modulation has low noise
immunity and therefore does not find widespread use in communication and broadcasting systems.

The purpose of this article is to solve the problem of coherent detection by quadrature
detector of digital modulation signals, whose coordinate channel symbols can acquire negative
values.
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Quadrature representation of the received two-dimensional signal z(¢). The signal at the
output of the Gaussian channel will be mathematically described [2]:

z(t) = (a, (¢ + 1) A(t) + n, () cos(2nf, (¢ + T) + @, ) + (a, (¢ + T)A(t) + n, () sin(2nfy (1 + 1) +9,), (1)
where ac(f) and ay(¢) — coordinates of channel symbols;
A(t) — envelope of channel symbols with a spectrum root of the Nyquist spectrum;
n(t) and ny(t) — quadrature components AWGN;
fo — carrier frequency;
T — channel propagation delay;
@o — phase increment in the channel.

As can be seen from Formula (1), to ensure coherent detection, it is necessary to take into
account not only the phase increment in the channel, but also the phase increment due to
propagation delay. Eliminating the phase increment due to the propagation delay is possible by
ensuring accurate clock recovery.

Clock recovery algorithm. To ensure clock recovery, signals from the outputs of the
quadrature splitter are proposed to be sampled at intervals 7,<<7. Calculating the values of the
phase on each subsequent clock cycle, it is necessary to subtract the phase increment corresponding
to the delay. Thus, we obtain a series of phase values calculated by the following algorithm:

v, (0) = arcsin 4 , (2)
a0 +a )
v, (7,) = arcsin a(T) =2nf,T.,
Ja @)+ )
v, (27,) = arcsin 4.Q1) —2mnf, 2T,
Jaz(r)+a@r)

y.(T') = arcsin a.(T) —2nf,T .
V@l (1) +a(7)

With the right choice of the beginning of the pulse, the phase of the signal yi will be almost
uniform within the clock interval. Minor phase fluctuations due to noise will be observed. If there is
a delay in the beginning of the pulse, at the moment of transition from one channel symbol to
another there will be a phase jump equal to the phase difference of the transmitted channel symbols.
To determine the transition from one channel symbol to another, it is necessary to clearly define the
moment of the jump. To do this, it is necessary to form a signal for the difference in phase values
across the sampling interval. At the time of a phase jump, a single, substantially non-zero jump will
be observed. The moment of the jump will determine the beginning of the channel symbol. The
error of the start pulse adjustment will not exceed the sampling interval. The scheme that
implements this algorithm is shown in Fig. 1.
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Figure 1 — Clock recovery scheme

Algorithm adjustment of the reference generator. The proposed algorithm is intended to be
used for determining the phase @o the intermediate results of the clock recovery system, namely the
values y;. Sampling of values is performed within certain limits of the channel symbol and
averaging is performed. Then it is necessary to introduce a correction of the phase value taking into
account the clock adjustment, namely, to add the obtained result to the phase increment due to the
propagation delay 2nnTs, where n7; clock delay defined. Next, the area of ownership is determined

¢, € ¢, and determined @o, as difference @, =@, —¢,. The resulting value is used to adjust the
reference oscillator. The scheme that implements this algorithm is shown in Fig. 2.

Phase averaging over N values reduces the effect of phase fluctuations due to phase noise.
To ensure accurate system operation in conditions of significant phase change in the channel, a
preamble is needed, consisting of some sequence of channel symbols known on the receiving side.
In the future, the system adjusts the phase difference of the received channel symbol and the phase
reference value closest to the received value.

138 Oryabinskaya O.A., Rozenvasser D.M.
Coherent detection of two-dimensional digital modulation signals



Hayxkogi npani OHA3 im. O.C. Ilonosa, 2018, Ne 2

—X }
>< e = @y

cos(mfot+@)

—‘G b CIG

@) +(@a,)
31t/2
| sin(mfot+Q)
v
X T,
> e . @)y
s il
. a, |
NICAYENCAY
1
v ~
+ arcsin( 9s il
N AN AL

A

2T[ﬁ)l T

27Tﬁ)l’l T

Figure 2 — Scheme reference oscillator adjustment .
De cation,

squaring, division at one clock interval), the proposed algorithms are still ettective in terms of the
use of computational power. This is due to the fact that the results obtained are used to provide two
types of synchronization at once. In the phase adjustment and clock recovery algorithms, mutual
effects are eliminated, despite the fact that the adjustment is carried out by phase error.
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