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Abstract

Objectives. At the present time, amplitude-phase shift keyed (APSK) signals are actively used in satellite
communication systems. In particular, they are applied in systems which operate in a limited radio frequency
spectrum with increased data transmission quality requirements. Such systems use multi-channel type receivers
with maximum likelihood decision on the received symbol (correlation receiver) or quadrature type receivers. The
noise immunity of these receivers is directly dependent on the quality of the formation of reference oscillations.
These oscillations are reference signals for correlation receivers and in-phase and quadrature components for
quadrature receivers. The aim of the work is to analyze the influence of the amplitude and phase parameter spread
of the in-phase and quadrature channels on the noise immunity of receiving APSK signals with a circular shape of the
signal constellation.

Methods. Methods of statistical radio engineering, theory of optimal signal reception, and computer simulation are
used.

Results. The study established the characteristics of noise immunity of the APSK signal reception depending on
the spread of parameters of the quadrature converter. The theoretical calculations were confirmed by the results
of modeling the transmission of APSK signals in a Gaussian communication channel. A comparison with systems
using quadrature amplitude modulation (QAM) was carried out, in order to assess system stability in the presence of
spread parameters among other similar systems.

Conclusions. The studies enabled us to conclude that an imbalance of the quadrature reference oscillations can
lead to a significant decrease in the noise immunity of radio systems using APSK signals. The minimum energy loss
due to imbalance of quadrature reference oscillations is achieved when the imbalance value is less than 10% in
amplitude and 2°-3° in phase. The amplitude imbalance of quadrature reference oscillations when receiving QAM
signals is more pronounced than in the case of APSK signals. The phase imbalance affects approximately the same.

Keywords: amplitude-phase shift keying, quadrature channels, amplitude imbalance, phase imbalance, bit error
probability
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Pesiome

Llenu. B HacTosiLEee BPEMS CUIHATTbI C aMIUTYAHO-da30Bol Manunynsunein (APOM) akTMBHO UCMONb3YOTCH B CU-
CTeMax CNyTHUKOBOW CBA3U 1, 0COOEHHO, B CUCTEMAX, PabOoTaloLLMX B YCIOBUSX OFPAHNYEHHOCTN CNEKTPa pPaamo-
4aCTOT C NMOBbILLIEHHbIMY TPEOOBAHMSMU K KQYECTBY Nepenayun AaHHbIX. B 9Tnx cuctemax npuMeHsoTCa NPUEMHNKA
MHOIOK@HaIbHOIro TMNa C NPUHATUEM PELLEHUS O MPUHUMAEMOM CUMBOJIE MO MakCMMyMy NpaBaonoaobus (koppe-
JIFUMOHHBIN MPUEMHUK) UNU MPUEMHUKN KBAAPATYPHOro Tvna. [MoMexoyCToOn4YnMBOCTb 3TUX MPUEMHMKOB HANPSMYIO
3aBUCUT OT KayecTBa GOPMUPOBAHNS OMOPHbIX KONebaHni: Ans KOPPENAUNOHHbIX MPUEMHUKOB — STAIOHHbIX CUT-
HanoB, a Ans KBaApaTypPHbIX MPUEMHUKOB — CMHMA3HOM 1 KBaapaTypHOW cocTtaBngaowmx. Lenb paboTel — aHanm3a
BNSIHMS pa3bpoca aMnanTyaAHbIX U Ha30BbIX NAPAMETPOB CMHMA3HOr0 1 KBAAPATYPHOrO KaHasna Ha MOMEXOYCTOM-
4YMBOCTb Npuema curHanos AOM ¢ kpyroBoi GOpMoi CUrHaNIbHOrO CO3BE3ANS.

MeTopapl. Micnonb30BaHbl MeTOLbl CTAaTUCTUYECKOWN PAANOTEXHUKN, TEOPUM OMTUMANIBHOMO NPUeMa CUrHaI0B U KOM-
NbIOTEPHOI0 MOAENINPOBAHUS.

PesynbTatbl. [Tony4yeHbl XapakTepucTUKL MOMEXOYCTONYMBOCTY nprema curHanos AOM B 3aBMCMMOCTU OT pas-
Opoca napamMeTpoB KBaApaTypHOro npeobpasosartens. TeopeTndeckme pacyeTbl NOATBEPXAEHbI pe3ynbTatamu
VMUTaLMOHHOIrO MOAEeNMpoBaHus npu nepegade AOM-curHanoB B rayCCOBCKOM kaHase cBa3u. [MpoBengHo cpas-
HEeHne C cucTteMamm, UCMNoJb3YLLMMN CUMHAbI C KBaapaTypHOW aMnnnTyaHon moaynsauven (KAM).

BbiBoabl. [poBeaeHHbIE MCCNEeNOBaHNS MOKa3anu, Y4To pa3banaHc KBaapaTypHbIX OMOPHbIX KONEOaHUA MOXET
NPUBECTU K CYLLLECTBEHHOMY CHUXEHWIO MOMEXOYCTONYMBOCTM PaaNoCUCTEM, NCNOoNb3yowmx AOM-curHansl. Mu-
HUManbHbIE SHEPreTMYeckMe NnoTepn 13-3a pasbanaHca KBaapaTypHbIX OMOPHbIX KonebaHui OCTUralrTcs npu
3Ha4vyeHun pasbanaHca meHee 10% no amnnntyge n 2°-3° no pasze. AMNINTYOHbIN pasdbanaHc KBaapaTypHbIX Ornop-
HbIX KofiebaHuin nNpu npuemMe curHanos KAM ckasbiBaeTcsl cuibHee, Yem npu npueme curHanos AOM. dazoBbliit
pasbanaHc ckadbiBaeTcsa NPUOAN3UTENBHO OANHAKOBO.

KnioueBble cnoBa: amnantygHo-dasoBas MaHUNynsauus, KBaapaTypHble KaHasbl, aMianTyaHbI pasbanaHe, da-

30Bblli pasbanaHc, BepOSTHOCTb GUTOBOW OLLIMOKMN
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npO3pa'~lHOCTb d)VIHaHCOBOVI AeaTesibHOCTU: ABTOpr HEe UMeloT ¢I/IHaHCOBOI7I 3anHTEepPeCcoBaHHOCTW B npeacTaB/ieH-

HbIX MaTepunanax nin metogax.

ABTOpbI 3a9BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Many external and internal factors are used to
determine the noise immunity of radio information
transmission systems. External factors include radio
wave propagation conditions and interference of various
origins. Internal factors are operation validity and the
stability of technical characteristics of devices included
in the system.

In [1-4], the principles of construction and some
specific features of implementation of digital television
systems according to DVB! standards are considered.
In the case of enhanced-definition television or high-
definition television, high-speed types of modulation
are used. These include: quadrature amplitude
modulation (QAM) used in DVB-T and DVB-C [2, 4];

I DVB. https://www.dvb.org/standards. Accessed May 22,

and amplitude-phase shift keying (APSK) with
circular signal constellation used in DVB-S2 [1, 3].
Receivers of QAM and APSK signals can be designed
according to two basic schemes: multichannel type
with decision making relating to the received symbol
based on maximum likelihood (Fig. 1); and quadrature
type (Fig. 2). The noise immunity characteristics
are the same for both schemes. An important part
of the receivers is the module generating reference
oscillations: in-phase and quadrature components,
shifted in phase by 90°. Any inaccurate operation
of this circuit would cause the loss of orthogonality.
This can result in errors while defining the transmitted
symbols and, consequently, the reduced noise immunity
of the information transmission system. The influence
of errors in the scheme for generating quadrature
reference oscillation on the reception of QAM signals

2023. is studied in [5-12].
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Fig. 1. Structural diagram of the multichannel coherent receiver
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Fig. 2. Structural diagram of the quadrature demodulator

The aim of the paper is to evaluate the influence of
amplitude and phase imbalance of quadrature reference
oscillations when receiving APSK signals with circular
signal constellation. The problem may be resolved in
two ways: by the methods of statistical radio engineering
using theoretical calculations of the bit error probability
of a multichannel receiver; and by simulation modeling
of a quadrature receiver.

METHODOLOGY FOR CALCULATING
BIT ERROR PROBABILITY

Let us represent the APSK signal in the following
quadrature form:

5;(1) = Ar; cos(wyt + ;) = A(1; cos oyt — O; sin i),
te(0.7,],i=0,M -1,

where ¢is time; [, = 1, cos ¢; O, =1, sin @; A is the signal
amplitude average; o, is carrier frequency; r; and ¢, are
values determining the amplitude and phase of a signal
element; T is the channel symbol duration; and M is
signal positioning.

Let us assume that the signal reception occurs
against the background of white Gaussian noise n(¢)
with the following parameters:

<n(t)>=0, <n(t)n(t,)>= %8(5 -1),

where N, is the noise power spectral density, d is delta
function, 7, and 7, are time instants.
Then the signal-to-noise ratio is the following:

E, /Ny = E./(Nylog,M) = 4T /(2N,log,M),

where E is the average energy per symbol (assuming all
symbols have the similar probability of occurrence), and
E, is the average bit energy.

The multichannel receiver correlators (Fig. 1)
compute convolution integrals:
2 T ey
Ji=r jo X(t),op (1)1, i = 0,M —1 2)
0

of the input process x(¢) = s (f) + n(f) with the reference signals
s A0, and ideally, s ¢ (1) = A ([coswyt — Osinogl),
with the amplitude of the reference signal 4, .= 4.

We set the amplitude and phase imbalance values for
quadrature reference oscillations through the amplitude
coefficient ¢ and the phase shift 0 in one of the channels,
as follows:

Sper () = A(Lcoswyt — aQ;sin(wt + 0)). 3)

In order to calculate the error probability, the
methods described in [13, 14] are used. According to
them, the error probability for receiving any mth channel
symbol is equal to

My

M-1 © i
-1-11 1—Q£\/D—J 0= e 2

where m, . are the mathematical expectations and D, . are
the dispersions of linear combinations of processes (2).

Calculating and averaging all i # m; i,m=0,M —1
combinations enables us to find the error probability
average for symbol reception and then the bit error
probability when using Gray coding [15], as follows:

P, =P /log,M.

Russian Technological Journal. 2024;12(1):59-68

62



Influence of quadrature transformation imbalance

Gennady V. Kulikov,

on the noise immunity of signal reception with amplitude-phase shift keying Xuan Kh. Dang

Start j

v

Initial data input

v

Generating bit sequence

Y

Generating APSK modulation parameters
(A, @)

Y

v

Generating APSK signals Generating demodulator
s(t) = Acos(wyt + @;) parameters

v

1,Q

Generating white Gaussian noise
communication channel
x(t) = s(t) + n(t)

Y

Y

Calculating correlation
for in-phase channel

Calculating correlation
for quadrature channel

x(t)cos(wyt)dt

x
Il
o

Y =—a[ x(t)sin(wyt +0)dt

T

0

\ 4

Value calculation

min( (-X)+(Q; —Y)ZJ

A

Y

v
Generating received sequences
v
Calculating bit error probability
v
End j

Fig. 3. Algorithm for simulation modeling of the APSK signal transmission system in a Gaussian noise channel

In (4), m,; and D, . with allowance for (1) and (3)

are defined as follows:

2F
— S 2 2 _
m,. = 1~ €os“ @,
0

= 1,1, €08 @, cOsQ; —ar,, sin(0— @, )x

222
. . m I
x (1, sin@, —rsing;)— 3 ,

2F 2
D, = NS ((rm cosQ,, —rl.coscpl.) +
0

By . N2
+a (rm sing,, —rl.sm(pl.) -

- 2asin9(rm cosQ,, — 71 cos<pl.)><

X (rm sing,, —7;sin (pl.)).

©)

(6)

In order to verify theoretical results, a simulation
model of the APSK signal transmission system in
a Gaussian noise channel. This includes quadrature
converter modules with the possibility of introducing
amplitude a, and developing phase 6 imbalances. The
modeling algorithm is shown in Fig. 3.

CALCULATION AND STIMULATION RESULTS

Influence of the amplitude imbalance of
quadrature channels

The calculations assume that there is no phase
imbalance, 6 = 0. In this case Egs. (5) and (6) take the
following form:

2F

=" -
m,; = N (rm cos ¢, (1, cos@, —r, cosQ;)+
0

S22
+ar, sing (r sing —rsing,)—-"21—
m myxm m 1 1 2 >
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2F 2
D,. = NS ((rm cosQ,, —r; coscpi) +
0

) . L2
+a (rmsm(pm—rl.sm(pi) .

The dependencies of bit error probability on the
amplitude imbalance at £, /N, = 13 dB for 16-APSK and
32-APSK signals are shown in Fig. 4. The dependencies
of the bit error probability on the signal-to-noise ratio
at fixed values a are shown in Fig. 5. Note that the case
a =1 stands for the absence of imbalance.
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Fig. 4. Dependencies of the bit error probability
on the amplitude imbalance of quadrature channels

It can be seen that in the case of both signals, low
amplitude imbalance of quadrature channels +10%
affects the information reception quality insignificantly.
This value may be considered acceptable. In particular,
at Py = 1073 and a = 1.1, energy losses would not
exceed 0.5 dB. At an amplitude imbalance of 20%
(a = 0.8 and 1.2), the bit error probability increases by
an order of magnitude. Greater imbalance (a = 1.5) is
unacceptable and results in the reception failure. This
is due to the fact that the bit error probability increases
by several orders of magnitude while energy losses
increase by 8—-10 dB.

It should be also noted that the difference in the
results for multichannel (theoretical calculation)
and quadrature (simulation modeling) receivers is
insignificant, thus indicating approximately the same
stability of schemes against the amplitude imbalance
of quadratures.

Influence of phase imbalance
of quadrature channels

During the calculations it was assumed that there
is no amplitude unbalance: @ = 1. In this case, Egs. (5)
and (6) take the form:
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Fig. 5. Dependencies of the bit error probability on
signal-to-noise ratio at amplitude imbalance
of quadrature channels:
(a) for 16-APSK, (b) for 32-APSK
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The dependencies of the bit error probability
on phase imbalance 0 at ratio E/N, = 13 dB for
16-APSK and 32-APSK signals are shown in Fig. 6.
The dependencies of the bit error probability on the
signal-to-noise ratio at fixed values of phase imbalance
are shown in Fig. 7.

10~ ¢

1072 |
G
o 1073

1074 |

—— Theoretical
10-5 f|--- Simulation
0 0.05 0.10 0.15 0.20 0.25
6, rad

Fig. 6. Dependencies of the bit error probability
on phase imbalance of quadrature channels

At phase imbalance 0 = 0.1 rad (~5°) for P, = 1073,
energy losses of 2 dB for M = 16 and 3 dB for M = 32
can be observed. With the imbalance increasing up to
0.15 rad (~8°), the losses are 4.5 dB or more. In the case
of signals 16-APSK and 32-APSK, a phase imbalance
of quadrature channels no more than 0.03—0.05 rad, i.e.,
2°-3° can be considered acceptable. This can be judged
by the graphs given in Fig. 5.

COMPARISON OF RESULTS
FOR QAM AND APSK SIGNALS

The comparative dependencies of the probability
P, on the amplitude imbalance coefficient a of
quadrature channels for APSK and QAM signal
receivers of the same positioning [2] are shown in
Fig. 8. As can be seen, in the ideal case (¢ = 1) QAM
signal has slightly better noise immunity. However,
the steeper slope of graphs in the region 0.7 <a < 1.3
indicates a greater sensitivity of QAM receiver against
the amplitude imbalance value.

It follows from Fig. 9 that the influence of phase
imbalance of quadrature channels on the reception
of APSK and QAM signals [5] is approximately
equal.
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Fig. 7. Dependencies of the bit error probability
on the signal-to-noise ratio at phase imbalance
in quadrature channels: (a) for 16-APSK, (b) for 32-APSK
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Fig. 8. Dependencies of the bit error probability

on amplitude imbalance for APSK and QAM signals
(E,/Ny=13 dB)
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Peb

10.

11.

12.

CONCLUSIONS

107'f ' Thus, the results allow the following conclusions to
be drawn:

1. The amplitude and phase imbalance of quadrature
reference oscillations when receiving APSK signals,
as well as QAM signals, may result in the significant
decrease in noise immunity.

2. The acceptable value of amplitude imbalance for
APSK receiver may be considered as +10%.

3. The acceptable value of phase imbalance for APSK

receiver may be considered as 2°-3°.

. The amplitude imbalance of quadrature reference

: ‘ . . ] oscillations when receiving QAM signals affects

0 0.05 0.10 0.15 0.20 0.25 more than that while receiving APSK signals. Phase
8, rad imbalances are nearly the same.

1072 ¢

10°8

104

107° F[__ ApsK ] 4
--- QAM

Fig. 9. Dependencies of the bit error probability Authors’ contributions
on phase imbalance of quadrature channels G.V. Kulikov—the research idea, consultations on the

for APSK and QAM signals (E,/N, = 13 dB) issues of conducting all stages of the study.
X.Kh. Dang—making calculations, processing of results.
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