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Useful transmitted information when using digital transmission sys-
tems with quadrature amplitude shift keying lies in the change in the
amplitude and phase of the signal. This circumstance causes signifi-
cantly higher requirements for the magnitude of destabilizing factors,
namely the phase noise of signal packages at the input of the demodu-
lating device of signals with quadrature amplitude keying, which affect
the useful signal, resulting in a decrease in the reliability of reception.
In this article, we restrict ourselves to considering the requirements
for short-term frequency stability of synthesizers of digital transmis-
sion lines, which use signals of multi-position quadrature-amplitude
keying in conjunction with quasi-coherent reception. The carrier wave
is extracted on the receiving side directly with the help of a carrier
recovery device from the received QAM signal by demodulating it, fol-
lowed by narrow-band filtering. The phase-locked loop in this case
functions as a narrow-band tunable filter for extracting the carrier
wave. An increase in the quality of demodulation and signal filtering
processes leads to a decrease in the phase fluctuation of the restored
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carrier, a decrease in the level of additive noise, and a decrease in the
magnitude of energy losses when using quasi-coherent reception com-
pared to the ideal one, which requires the complete absence of a phase
error of the selected reference signal. Such an approximation of the
noise immunity of real coherent QAM demodulators to the theoreti-
cal one limits the phase noise of the signal at the demodulator input,
which is associated with the non-ideal operation of frequency synthe-
sizers on the transmitting and receiving sides of digital communication
lines. The research methods used in the article are based on the theo-
ries of potential noise immunity, demodulator synchronization, and
phase locked loop systems. For the carrier recovery device, the noise
band value was chosen in the range from to (where T - is the symbol
duration), since with the indicated ratios, the distribution law of the
phase error can be considered normal. It was assumed in the work that
the devices for automatic gain control and clock synchronization in the
radio receiving system function ideally, and the frequency response of
the channel corresponds to the Nyquist condition.
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Introduction

The presence of phase noise in the input signal of the coher-
ent demodulator requires the bandwidth of the carrier recovery
device to be extended to be able to track the phase of the selected
carrier behind the fluctuations in the phase of the input signal.
Otherwise, a dynamic phase error appears in the scheme of co-
herent detection of QAM signals, the signal-to-noise ratio at the
output of the coherent detector decreases and, as a result, the
reliability of information reception.

The research methods used in the article are based on the the-
ories of potential noise immunity, demodulator synchronization,
phase-locked frequency systems.

The article presents the developed analytical model, on the
basis of which, by an iterative method in the MathCAD 11 envi-
ronment, graphs of the equivalent energy losses are plotted, re-
spectively, on the integral relative frequency instability and the
power spectral density of the phase noise of the heterodyne oscil-
lations, normalized when detuned from the carrier by 10 kHz.
The calculation was carried out for a local oscillator frequency of
10 GHz and a typical distribution profile of the power spectral
density of its phase noise.

From the obtained results, it would be fair to say that the
permissible level of equivalent energy losses (from 0,2 to 0,3 dB)
is ensured at values of the integral relative frequency instability
of 3-107; 1,5:107; 7-10%; 3-10® and the power spectral density
of phase noise is not more than minus 85, 91, 97 and 103 dBW /
Hz for signals with modulation types QAM-16, QAM-64, QAM-
256 and QAM-1024, respectively. When calculating, it was as-
sumed that the integral relative frequency instability and the
spectral power density of the phase noise of the received signal
and the reference generator of the carrier recovery device are
significantly lower than that of the oscillation synthesizer of het-
erodynes. If we assume that the parameters under consideration
for the master oscillator of the carrier oscillation and the synthe-
sizer of the local oscillator are comparable, then the requirements
should be doubled (for the power spectral density of phase noise —
by 3 dB) [1-4].

Thus, the analytical model developed in the article and the
obtained graphical dependences allow us to assess the degree of
influence of the integral relative instability of frequency and
spectral power density of phase noise of oscillation of hetero-
dynes on the noise immunity of receiving multi-position signals
with quadrature amplitude modulation, as well as theoretically
substantiate the requirements for the quality of functioning of
oscillator synthesizers of heterodynes of radio receiving systems
of digital communication lines [5-6].

Materials and methods of research

An integral indicator of the quality of functioning of oscilla-
tion synthesizers of heterodynes, which have the most significant
impact on the noise immunity of radio receiving systems, is the
integral relative instability of frequency and spectral power den-
sity of phase noise (fluctuations) of the generated oscillations.

The main requirements for a heterodyne are the following:
generation of the required frequency and tuning it in a given
range, high stability of the generator oscillation frequency, ensur-
ing the necessary amplitude of the output voltage, constancy of
the amplitude of the generated oscillations, the minimum level of
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higher harmonics in the output voltage, minimizing the level of
intrinsic noise, eliminating the microphone effect associated with
a change in the frequency of the output signal due to vibrations.

With coherent reception, the frequency drift and partially
phase fluctuations of the oscillation of the heterodynes are moni-
tored, and, consequently, compensated by the carrier recovery
device (CRD) in the signal demodulator.

In the works [7, 8], the requirements for the quality of oscilla-
tions of heterodynes, taking into account the functioning of the
CRD, are considered in relation to simple types of modulation —
two-position phase manipulation, and for signals with quadrature
amplitude modulation — without such consideration. The purpose
of the article is to evaluate the influence of the quality of func-
tioning of synthesizers of heterodyne oscillations on the noise
immunity of signal reception systems with high positional quad-
rature amplitude modulation.

To assess the influence of the quality of heterodyning, taking
into account the functioning of the CRD, we use expression 1 [6]

R = [ R (he)w)do: M

“wL
where Pb (h, (p) — conditional probability of a bit error;

W((p) — density function of phase difference distribution;

vy, =arcctg(L—1);

L — the number of amplitude levels of the quadrature compo-
nents of the M-positional QAM signal, equal /M , if the multi-

plicity of the signal is log,M — even, and /1,125M , if it is odd

[91.
To calculate the conditional probability of a bit error, we use
the expression 2 [10]

1
Pb(h,(P):WgLZIZeI‘fCX @
2 r

1,5h?

x{ M1 [l+(| —1D(1—cos@)+ rsin(p]},

where — additional error function;

2 o0
erfc(y) = ——- [ exp(—x*)dx
NS
h? = E — signal-to-noise ratio (the ratio of the average energy
NO

of the symbol E to the one-way spectral power density of
Gaussian noise N );

r=—(L-1,«(L-3),...,(L-1); I =—«L-2),«L-4),....(L-2).

Let us determine the statistical parameters of the tracking er-
ror of the carrier phase of the input signal. To do this, we present
the block diagram of the CRD (Fig. 1).
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Fig. 1. Structural diagram of a carrier recovery device:
PD — phase discriminator; SMD — sampling-memorizing device;
F — filter; AG — adjustable generator
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Let us write the output signal of the SMD device &(t, ¢) in the
form

e(t,9) = AS [9,(9) +&(L.0)] ©)

Where A — the average value of the amplitude of the input sig-
nal at the time of the decision;

S =1lim dg(®)| — PD transmission coefficient at signal-
9 hoo d(P ~
=0
to-noise ratio h — oo;
g(e) — discriminatory characteristics of the PD;

g,(0)=9(p)/ Sg —normalized discriminatory characteristic of

the PD;
&(t,) — equivalent additive Gaussian interference with pow-

er spectral density
S.(Q) = h.(9)[sin(QT/2)/ QT /2] ; )

hg (¢) - fluctuation characteristic of PD [11].
Then the signal at the filter output Z(t,p) and the instantane-

ous frequency of the adjustable generator (), in the operator

form, respectively, will have the following form:
2(t,9) = AS,K(P)[9,(0) + &L, 9)]5 )
2(t,9) = AS,K(P)[9,(0) + (L. 9)] (©)

where K(p) — transmission coefficient of the CRD filter;

p= g — differentiation operator;
dt

®,,, 00, — respectively median value of the frequency of

free oscillations and the integral frequency instability of the ad-
justable CRD generator;
@, —phase fluctuations of the adjustable CRD generator;

S = SgSV — transmission coefficient CRD with open feed-
back at h — o0;
S, — the transmission coefficient of the adjustable generator.

Considering that the instantanecous frequency difference of
the input and output CRD signal is the derivative of their phase
difference, i.e. O; — o, = pe, we write the basic CRD equa-

tion in the form [12]
AS e
0=05 -, —?{K<p)[gn<<p)+a<t,cp)]—vo}’

where o, = @; — o, — instantaneous CRD input frequency;

@, Wg
ceived signal and the oscillation synthesizer of the heterodyne;
Qs = @; — @y — phase fluctuations of the CRD input signal;

— instantaneous frequencies of the respectively re-

¢r, Py — phase fluctuations of the respectively received sig-

nal and oscillation of the heterodyne.
The normalized initial frequency detuning is determined by
the expression 8

Yo =0, / AS ®)

where Q)| = @, (1 +0m; ) — 0z, (1+3mg) —®, (1 +dm,) —
initial frequency detuning — initial frequency detuning;
®r,, Oy, — Median values of frequencies of the respectively

received signal and the oscillation synthesizer of the heterodyne;
dw;, Oy, — integral relative frequency instabilities of the re-

spectively received signal and the oscillation synthesizer of the
heterodyne.

The functional scheme of the CRD described by equation (7),
is shown in Figure 2.

-0

Fig. 2. Functional diagram of a carrier recovery device

Ideally, CRD can be represented as a linear phase synchroni-
zation system (PSS) of the second order, for which the discrimi-
native, fluctuation, and transfer characteristics are described re-
spectively by the following expressions:

9(p) =S,0: ©)

h.(p)=N,/S;A* =T /S;h*; (10)
ASK(p)

H (o= ASh . (1)

o(P) p+ ASK(p)

For such a CRD, the solution of equation (7) in operator form
will have the form

ASK(p)
p+ ASK(p)

o
? = ASK(p)

&t )
(12)

AS
(@s —¢y To j -
p
or

p=[1- H¢(p)](<ps -y +%}— H,(p)Ete) (13

and a steady-state phase error in the absence of noise [13] —

m(szO:QO/AS- (14)

The analysis of the expression (13) shows that the resulting
phase error consists of the following components:

— phase fluctuations of the received signal, the oscillation
synthesizer of the heterodynes and the tuned CRD generator, the
spectrum of which is beyond the CRD bandwidth;

— initial frequency detuning;

— component, caused by additive noise in the CRD band-
width.

As a result, the variance of the CRD phase error can be de-

termined by the expression 15
1 T/2 ) ) 1 T/2 ) )
o ! 1= H,(©) ST(Q)dQ+2—n ! 1= H,©Q) S;(@da+

2 _
GQ—
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(15)
where ST (Q), SR(Q)aSv Q) - spectral power densities of

phase noise of the master generator of the carrier of the transmit-
ting path of the digital communication line (DCL), the oscillation
synthesizer of hetero-dynes and the adjustable CRD generator;
H o (Q) —complex transfer characteristic of CRD;

1 TR
B =— J' ‘H (Q)‘de — one-way noise band of CRD.
2y

In CRD, a proportionally integrating filter (PIF) is most often
used as a filter, the scheme of which is shown in Figure 3 [14,
15].

Jisl

Usx. Usnix.

R2 1, =(R+R,)C
T, = R,C
—_—C

1

Fig. 3. Scheme of proportionally integrating filter

Such PIF has a transfer characteristic of the form

_1+172p’
I+1,p

K(p) (16)

where 14, 1, — filter time constants.
The coefficient of proportionality of the PIF F =1, / T, <<1.

Transfer characteristic for CRD with PIF for the case when
Tz'E‘S >>1, what takes place in real communication systems,

will have the form [16]

r+1
TN a7
H,(p)= ' —
r+1 1{r+1 2
I+—p+—|— | P
4B, r[4B,j
where
r=4¢" =1,FAS; (18)
B~ L; (19)
4r,

QZ — damping (attenuation) coefficient.

The expression (14) for the static phase error taking into ac-
count (18) and (19) can be written as follows

m _R 1+1].
? 4B, r

For CRD, the value of the noise band BI is selected, as a
rule, in the range from (), 001/T to 0, 02/T , the PIF proportion-
ality coefficient Fo — from 0,02 to 0,1, and the optimal value

(20)
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ropt is approximately equal to 7 ((=1,32) [11, 16]. With the spec-
ified ratios between the noise band B, and the signal band

BS = 1/T , the phase error distribution law can be assumed to be

Gaussian with a distribution density function of the form

(o-m,)" |

2,

1)

1
= - €X]
wW(p) o o p

Results and discussions

Figures 4 and 5 show the dependences of equivalent energy
losses, respectively, on the integral relative instability of the fre-
quency and spectral power density of phase noise oscillations of
heterodynes, normalized during detuning from the carrier at 10
kHz, obtained by iterative method in MathCAD 11 using the ex-
pressions (1), (2), (15), (20), (21). The calculation was carried
out for the clock frequency of the 1 MHz signal, typical values of
the CRD (BI =0,01 /T , FO =0,05) parameters, the oscillation

frequency of the 10 GHz heterodyne and the typical distribution
profile of the spectral power density of its phase noise with the
following slope characteristics in the tuning range: from 1 to 10
kHz — 5 dB/decade; from 1 to 100 kHz — 10 dB/decade; from
100 kHz to 1 MHz — 20 dB/decade; more than 1 MHz — 0
dB/decade (Fig. 6).
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Fig. 4. Dependence of equivalent energy losses upon reception on the
integrated instability of the oscillation frequency of the local oscillators
for signals: a — QAM-16; b — QAM-64; ¢ — QAM-256; d — QAM-1024
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Fig. 6. Typical profile of the distribution of the spectral power density
of phase noise, normalized to the value at the offset from the carrier
at 10 kHz

In the calculation, it was assumed that the integral relative fre-
quency instability and the spectral power density of the phase
noise of the received signal and the CRD reference oscillator are
significantly lower than those of the heterodyne oscillation synthe-
sizer. If we assume that the parameters under consideration for the
master oscillator of the carrier wave and the synthesizer of hetero-
dyne oscillations are commensurate, then the requirements should
be doubled (for the spectral power density of phase noise — by
3 dB).

Conclusion

From the analysis of the obtained dependencies, it follows
that the permissible level of equivalent energy losses (from 0,2 to
0,3 dB) is provided for the values of the integral relative fre-
quency instability 3-107; 1,5:1077; 7-10'%; 310 and the spectral
power density of phase noise is no more than minus 85, 91, 97
and 103 dBW/Hz for signals with modulation types QAM-16,
QAM-64, QAM-256 and QAM-1024, respectively.

The developed analytical model and the obtained graphical
dependences make it possible to assess the degree of influence of
the integral relative frequency instability and the spectral power
density of the phase noise of heterodyne oscillations on the noise
immunity of receiving multi-position QAM-signals, as well as
theoretically substantiate the requirements for the quality of
functioning of oscillation synthesizers of heterodynes of radio
receiving systems of digital communication lines.
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AHHOTauusa

MonezHas nepefasaemas uHGOPMaLMA NMpY UCMONb3OBAHUM LIMPPOBLIX CUCTEM MEpefadn C KBaApaTypHON aMMIUTYAHON MaHMNynALumMen KpoeTcs B UaMe-
HEHUM aMNANTYAHbIX U $Ha30BbIX MOCLIOK curHana. [JaHHoe 0bCTOATENLCTBO OOYCNaBNMBAET CyLLLECTBEHHO Honee BbicOkMe TpeboBaHMA K BENUYUHE fec-
TabunuanpytoLmx $akTopoB, a UMEHHO (Pa30BbIX LLYMOB CUrHaIbHbIX MOCBITOK HAa BXOAE AEeMOAYNMPYIOLLEro yCTPOMCTBA CUrHAIOB C KBaZpaTypHOW aMn-
NUTYAHOWM MaHWUMyNALMEN, BIUAIOLLMX HA MOJME3HbIA CUrHas, Pe3y/ibTaTOM Hero ABMAETCA CHWXKEHWE JOCTOBEPHOCTU MNpuéMa. B JaHHOI cTaTbe orpaHnymM-
CA paccMOTpeHWeM TpeboBaHWit K KpaTKOBPEMEHHOM CTaBUIbHOCTM YacTOThbl CUHTE3aTOPOB LMGPOBLIX NIMHUIA Nepefayu, B KOTOPbIX UCMONb3YHOTCA CUTHA-
Jibl MHOTOMO3ULMOHHOM KBaApaTypHO-aMMINUTYAHOW MaHUMYNALMM B COBOKYMHOCTM C KBAa3UKOrepeHTHbIM npueMoM. Hecyliee konebaHue Bbiaenserca Ha
NMPUEMHOMN CTOPOHE HEMOCPEACTBEHHO C MOMOLLbIO YCTPOMCTBA BOCCTAHOBMIEHUA HeCyLen u3 npuHuMaemMoro KAM-curHana nyteM ero AeMoaynsaumu, ¢ no-
cnepytollen yskonosniocHoin punbtpaumeit. Cuctema ¢asoBoit aBTONOACTPONKMN HacTOTbl B AaHHOM cilyHae PyHKLMOHMPYET KaK y3KOMOJIOCHbIN NepecTpa-
MBaeMbIit GUILTP BbigenieHnsa Hecylero konebanus. PocT kadyecta npoueccos AeMoaynaumm U GUNbTPaLMMU CUrHama NPUBOAUT K YMEHbLUEHUIO (IlyKTya-
Lmn asbl BOCCTAHOBSIEHHOM HECYLLIEN, CHUXKEHUIO YPOBHA aAAUTUBHOTO LUYMA, YMEHBLUEHWIO BEMIMYMHBI SHEPreTUYECKMX NOTEPb MPY UCMOMb30BaHNN KBA-
3UKOTrE€PEHTHOro MPUéMa MO CPABHEHUIO C UAEAsbHBIM, TPEBYIOLLMM NOMHOrO OTCYTCTBUA (ha30BOM OLIMGKM BbIAENEHHOrO onopHoro curHana. MopobHoe
NpubAMKeHNe NOMeXOyCTOMYMBOCTU pearbHbIX KOrepeHTHbIX AeMoaynaTopos KAM-curHanoe K TeopeTMHeckoin orpaHnymBaet ¢asoBbiii LYM CUrHana Ha
BXOZE AEMOAYNATOPA, CBA3AHHbIN C HEMAEANIbHOCTbIO PabOThbl CUHTE3aTOPOB 4acTOThl HA MEpeAatoLeil U MPUEMHON CTOPOHAX LdPOBbLIX NMHUIA CBA3N.
MeTtoabl UccneaoBaHWs, UCMONb3yeMble B CTaTbe, 6a3npyOTCA HA OCHOBAX TEOPUIN MOTEHLMATIbHOM MOMEXOYCTOMYMBOCTU, CUHXPOHU3ALMU AEMOAYNATO-
pOB, cucTeM a3oBOV AaBTOMOACTPOMKM HacTOTbl. [lns yCTPOMCTBAa BOCCTAHOBMIEHUA HECYLLEW 3HAYEHUEe LLIYMOBOM MOMOChI BbIGMpanock B AuarnasoHe oT
0,001/Tpo 0,02/T (rae T - AUTENbHOCTL CMMBONA), TaK Kak MPU yKa3aHHbIX COOTHOLLEHUAX 3aKOH pacnpeferneHns $hasoBoi OLMGKU MOXKHO CHUTATb HOP-
ManbHbIM. B paboTte nonaranock, YTO yCTPOMCTBA aBTOMATUHECKOM PErySIMPOBKM YCUIEHWA U TaKTOBOM CUHXPOHWU3ALMW B PaZUONpUEMHON cucTeMe yHK-
LIMOHUPYIOT MAEaNIbHO, A YaCTOTHAA XapaKTEPUCTMKA KaHaa COOTBETCTBYET ycnosuto Haikeuncra.

Knioqeeblie cnoea: uugpossie cucmembi ceA3u, keadpamypHas amnaumyoHas mMoOyaauus, UHMezpaabHAA OMHOCUMESbHAA HeCmabuabHOCMb
yacmomsl, CUHMe3amopbl KosebaHul 2zemepoduHOs, CneKMpasbHAA NIOMHOCMb MOULHOCMU (hA306bIX WYMOS, NOMEHUUAIbHAA NOMEXOYCMOUYUS0CMb.
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