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Abstract

Objectives. An urgent task in 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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Pe3iome

LUenun. AktyanbHoM 3aa4eri COBPEMEHHbIX CUCTEM PAAMOCBA3N U TENEBULEHNS SIBNFETCS NOBbILLEHME Ka4eCTBa N KO-
nnyecTBa nepenasaemMon nHdopmaumn. NprMmeHeHrne MHOroMO3ULMOHHBIX CUTHAIOB C aMMINTYAHO-(a30BOoM MaHU-
nynauven (APM) 16-ADM 1 32-ADM B crucTeMax LMbPOBOro CNyTHUKOBOIO TeneBnaeHus ctanaapta DVB-S2 obe-
CMneyunno BO3MOXHOCTb nepeaayn Ha 30% 60sblie AaHHbIX B TEX XE NMOSI0CaxX YacTOT MO CPABHEHMIO C NPeabIayLIUM
ctaHgapTom DVB-S. Takoe yBenmyeHne CKopocTu nepenadm nHdopmaumm onpenennno 6onee xectkme TpedoBaHus
K annapaTtHoMy obecrnedeHunio aTux cuctemM. Jns npuema curHanos APM, kak 1 A1 MHOTUX APYrX CUCTEM, UCMOJTb-
3YIOLLMX KOFepPEeHTHYI0 006pabOoTKy CUrHANOB, BaXHYIO POJib UFPaAET CTabMIbHOCTb PabOThl CUCTEM CUHXPOHU3ALMNN.
Hanunuve norpelHocTer B nx pabote MOXET 3Ha4YMTENIbHO CHU3UTL Ka4eCTBO NpuemMa nHdopmaumn. Lenb paboTtsl —
aHanu3 BANSHUSA NOrpeLHocTer Ga3oBON 1 TaKTOBOM CUHXPOHM3ALMN HA MOMEXOYCTOMYMBOCTL NpUemMa CUrHanos
C aMnanTyaHO-$a30BOM MaHUMYSISALMEN C KONbLEBOW CTPYKTYPOM CUrHA/IbHOrO CO3BE34MS.

MeToabl. Vicnonb3oBaHbl METOAbI CTATUCTUYECKOM PAANOTEXHUKN 1 TEOPUM ONTUMASIBHOIO NpUema CUrHasnoB.
PesynbTaTbl. [IpoBEeAeH aHaNn3 BAVSHUSA NOrpeLHOCTeN HGa30BOM U TaKTOBOW CUHXPOHM3ALMM HA MOMEXOYCTON-
YMBOCTb NpMemMa CUrHanoB C aMnAUTyAHO-(Ha30BON MaHUMNYNALUMEN C KOMbLLEBOW CTPYKTYPOM CUrHASIbHORO CO3BE3-
oms. MonyyeHbl 3aBUCUMOCTN BEPOATHOCTU OUTOBOM OLLMOKN OT BENNYMHBI Pa30BOro CABUIra M CMELLLEHNS TAKTOBbIX
MOMEHTOB. [MpoBefEeHO CpaBHEHNE BIIUSIHUSA MOrPELLHOCTEN CUHXPOHU3ALMN HA KQ4eCTBO Nprema C U3BECTHbIMU
pesynbTaTtaMmn g CUrHanoB C KBaapaTypHOM amnnnTygHom moaynsaumen (KAM).

BbiBOAbI. YCTAHOBNEHO, YTO NPU AOMYCTUMBIX SHEPreTUYEeCKNX notepsx He 6onee 1 ob kputnyeckom hazoBoi No-
rPELLUHOCTbLIO MOXHO CHMTATb BENMUYNHY 2—3 rpayca, a KpuTuieckas TakToBasi MorpeLlHocTsb coctarngeT 3—4%. Ko-
repeHTHbI NpueMHuK curHanos AOM Gonee HyBCTBUTENEH K Ha30BOI MOrPeLIHOCTM OMOPHbLIX KonebGaHuii, 4em aHa-
JIOTMYHBIN NpUeMHUK curHanos KAM, a TakToBble NOrpPeLHOCTU OANHAKOBO CKa3biBAIOTCH Ha Ka4eCTBe npuema aTmnx
CUIHasoB.

KnioueBble cnoea: amnanutygHo-Gasosas MaHUMNyNALUMS, CUHXPOHM3aLuma, da3oBas NnorpeLHoCcTb, TakToBas no-
rPELLUHOCTb, MOMEXOYCTOMYMBOCTb

e Moctynuna: 23.11.2022 ¢ flopa6oTaHa: 14.12.2022 ¢ MpuHaTa k ony6nukosanuio: 03.03.2023

Ans untupoBanusa: Kynukos IM.B., Janr C.X., Kynukos A.l'. BAnsHne norpeLHocTen CUCTEMbI CUHXPOHM3ALMKM Ha No-
MEXOYCTONYMBOCTb MPMEMa CUTHANOB C aMnnanTyaHo-da3oBor MaHunynsuven. Russ. Technol. J. 2023;11(3):30-37.
https://doi.org/10.32362/2500-316X-2023-11-3-30-37

Mpo3payHocTb GUHAHCOBOW AeATEeJNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-
HbIX MaTepuanax uam metogax.

ABTOpbI 3a9BASAIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.
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INTRODUCTION

A remaining challenge in contemporary radio
and television systems consists in improving the
quality and quantity of transmitted information. For
example, multiple amplitude-phase shift keyed (APSK)
16-APSK and 32-APSK signals in the new-generation
DVB-S2 digital satellite television systems can be used
to transmit 30% more data than the previous DVB-S
standard within the same frequency bands! [1]. Such
increases in the information transmission rate have
imposed additional requirements on the hardware
used in these systems. As with other coherent signal
processing systems, the stability of synchronization
systems plays an important role is played in the
reception of APSK signals. The presence of errors
in their operation can significantly reduce the quality
of information reception. The effect of synchronization
errors on the reception noise immunity of multiple
quadrature amplitude modulation (QAM) signals has
been analyzed in previously published works [2—12].
In the present work, a study was made of the effect
of phase and clock synchronization errors on the
reception noise immunity of APSK signals having
a ring signal constellation structure.

CALCULATION PROCEDURE

Let us write a model of an APSK signal in clock
cycle time 7 in the form

5;(1) = 4,

Jhicos(wgr +,), 1€ (0,1, i=0,M -1, (1)
where A4, is the average signal amplitude; o, is the
carrier frequency; r; and @; are quantities determining
the amplitude and phase of the signal, respectively; and
M is the number of the constellation points.

Let us consider the operation of a multichannel
coherent receiver of APSK signals (Fig. 1) [13, 14] in the
presence of white Gaussian noise #(f) with parameters

Ny
<n(t)>=0;<n(t)n(ty)>= 7802 -1),

where N, is the one-sided noise power spectral density,
9 is the delta function, and ¢, and #, are moments of time.

The receiver correlators calculate the convolution
integrals

2 (7, VT
J, = A [ 305 )ty i=0,M ~1 )

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

of the received process x(f) = s,(f) + n(¢) with reference
signals s, ..(7). Comparison of the received J; values
and their combinations with the thresholds set in the
solver (maximum selection unit) allows one to determine
the transmitted channel symbol.

The probability of erroneous reception of any (mth)
channel symbol 1is found under the condition

Jpy > +9,, 1 i#m; i,m=0,M —1, namely,

M-1
Pesmzl_Hp(‘]m_Ji>6mi)|m’ (3)

=

i

where p(J, —J;> 3, )|, is the probability that the output

l
value of the mth correlator is higher than the output value

of any other (ith) correlator, provided that the mth symbol

. Esm _ESi ES av 2 2
was transmitted; J,. = = (r2-r?)=
N, 0 N 0
Ey log, M 2 92N - .. .
= N—(rm — i) is the decision threshold; E, is the
0

average signal energy per 1 bit of information; and ESm
and Esi are the energies of the mth and ith signal

transmissions, respectively; £, is the average energy
of signal transmissions.

The probabilities p(J,, =J,> 6, )|, can be calculated
by determining the statistical characteristics J; of the
distributions of random processes and their linear
combinations—means m,; and variances D, . [15]:

L, —1,>8)|, :1_Q£ ”Zm. }

0(x) = ﬁ [e2a, 4)

where Q(x) is the Q-function.
The bit error probability using the Gray code can
be found from the relation [13]

£ S : (5)
eb log, M

The presence of errors in the generation of reference
signals s (f) causes errors in the calculation
of correlation integrals (2) and, as a result, an increase
in error probabilities (3) and (5).

EFFECT OF THE PHASE ERROR IN THE
REFERENCE OSCILLATION GENERATION UNIT

The phase error s, (¢) of the reference oscillation
generation unit is caused by additional phase shift ¢,
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t=T,
Sretm-1(1) 1
TS
o Ix(t)srefi(t)dt > Channel
’ e Maximum symbol
x(t) Sretil!) T—qp selection unit
—>
TS
e | x5 o (t)clt >
0 t=T,
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f X(8)8,10(t)lt > o
0 t=T,
Srefilf) - Sremm-1(f) T—"
Reference oscillation Clock synchronization
generation unit unit
5 i)
Fig. 1. Flowchart of a multichannel coherent receiver of APSK signals
e.g., due to the nonideality of the characteristics of the 1000
phase-locked loop system:
0000
S (1) = A, 7 cos(wgt + @ +6¢), i=0,M—1 1100
refi 1) = Aay ol +9; +0), 1=U, :
. 0100
Figure 2 presents an example of the effect
of such a shift on the shape of the signal constellation
of'a 16-APSK signal. o o101
In this case, the means m, and variances D, 1111 1101
in expression (4) have the form
0011 0001
E 1011 1001
m,. = %(2%2 cos§—2r, r.cos(q,, —@; — ) —r2 +12),
0 M= 16(4.12)
o E Fig. 2. Change in the signal constellation of a 16-APSK
S av ) ) signal in the presence of phase shift ¢
mi ~ N—O(rm + 177 = 21,1, c08(9,,, = ;).

Calculation of the bit error probability from
formulas (3)—(5) for signals 16-APSK and 32-APSK
gives the following results (Figs. 3 and 4).

Itcanbe seen that, ata small phase shiftof ¢ <7/90 (2°),
the bit error probability decreases insignificantly, but
with an increase in the phase shift, the noise immunity
noticeably deteriorates, and at ¢ > /45 = 4°, the P, value
can increase by an order of magnitude. Calculations show
that, for P, = 107* at ¢ = 1/36 = 5°, this is equivalent

to energy losses of about 2.5 and 3.0 dB at M = 16 and
32, respectively.

A comparison of the results of this work with the
published results [5, 9] for QAM signals shows that,
at the same M, the coherent reception of signals with
the square shape of the signal constellation is somewhat
more resistant to phase errors in reference oscillations
than that of signals with the ring shape of the signal
constellation. For example, at ¢ = n/60 = 3° and
Py = 1074, the energy losses are 1.0 dB and 1.2 dB,
respectively.
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Fig. 3. Dependence of the bit error probability on the signal-to-noise ratio at phase
shift ¢ of reference oscillations for (a) 16-APSK and (b) 32-APSK signals
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Fig. 4. Dependence of the bit error probability on the phase
shift ¢ of reference oscillations at £,/N, = 13 dB

EFFECT OF THE CLOCK OFFSET
IN THE CLOCK SYNCHRONIZATION UNIT

Errors in the clock synchronization unit can lead
to certain clock offset  in the clock cycle time T, which
determines the limits of integration in expression (2).

In this case, the convolution integrals

J =— j x(1)r; cos(wyt + ¢, )dt
Ny :

are calculated at the following parameters of the received
and reference signals:

0 A, 1 cos(wgt +¢;), t € (E,T),
S =
Aavrj cos(wy? + (pj), tell,, T, +¢),

Srofi (H= Aavri cos((not + (pl.),t € (:‘;,TS +&),

where the subscript j refers to the next channel symbol.

In this case, the means m,, and variances D,
in expression (4) take the form

2F
m,. = %Vm (1 - TEJ (r,,, —r;cos(p,, —@,)) +
0 s

2F
_]\;Oav 7 Té(rm cos(¢; = ¢,,) —
S
- rl.cos((pj —-0;)) - -2 (”n21 _”iz)’
NO
2F
_ 2,2
= ﬁ(lﬁm +r —2rmri cos((pm —(Pi))-

Figures 5 and 6 illustrate the dependences of the bit
error probability at various clock offsets.

One can see that a large error in the clock
synchronization system significantly reduces the noise
immunity of reception of APSK signals. For example, for
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Fig. 5. Dependence of the bit error probability on the signal-to-noise ratio at various clock offsets §/T for (a) 16-APSK
and (b) 32-APSK signals
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Fig. 6. Dependence of the bit error probability
on the clock offset §/T  at £, /N, = 13 dB
Py = 107 already at &/T, = 0.05 (or 5%), the equivalent critical phase error can be considered as around
energy loss is about 1.5 and 2.0 dB at M = 16 and 32, 2°-3°.
respectively. 2) The presence of an error in the clock synchronization
A previous similar analysis of QAM signals [5, 9] unit during the coherent reception of APSK signals
showed that clock errors have the same effect on the can also significantly reduce the noise immunity.
reception quality of QAM and APSK signals. At an acceptable energy loss of no more than 1 dB,
the critical clock error can be considered to be 3—4%.
CONCLUSIONS

3) Although a coherent receiver of APSK signals
is more sensitive to phase errors of reference
oscillations than a similar receiver of QAM signals,
clock errors affect the reception quality of these
signals in the same way.

From the obtained results, the following conclusions
can be drawn.

1) The presence of a phase shift of reference oscillations

during the coherent reception of APSK signals can

noticeably deteriorate the noise immunity. At an Authors’ contribution. All authors equally contributed
acceptable energy loss of no more than 1 dB, the  tothe research work.
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