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At present, the transfer of information is an integral part of technologies that are actively
developing in the framework of the process called the Fourth Industrial Revolution. In this,
space-satellite, satellite and other mobile wireless communication systems play an increasingly
important role. Almost all of them include multiple access, which means a method of common
resource division of the communication channel between subscribers (each mobile station has
the ability to use a satellite retransmitter or the base station of a mobile wireless communication
system to transmit its signals regardless of the operation of another station). Multiple-access
communication systems are used for digital radio and television broadcasting in high-speed
communication lines, in wireless local area networks, for data transmission in the microwave range,
and also for communication with various mobile partners. In the radio transmitting and receiving
paths of communication systems with multiple access, multiple signals are used (the sum of the
power of the subscriber signals) with very complex types of digital envelope modulation, so they
use wide working bands. With an increase in the quality of information transmission in mobile
wireless communication systems, there are special requirements for powerful amplification
systems (PAS) of receiving-transmitting tracts, which must have high efficiency and high output
power, required bandwidth, network capacity, and linearity of message transmission channels. To
achieve maximum efficiency in the PAS, the operating point of its amplifying element should be
near the saturation region, on the main nonlinearity of the transfer characteristic. When multiple
signals are introduced simultaneously into the PAS, it generates unfiltered intermodulation
harmonics (IH). Intermodulation harmonics are formed due to the nonlinearity of the amplitude
characteristics and the unevenness of phase-amplitude characteristics and due to the need to work
with the highest efficiency of the PAS, which requires a shift of the operating point to the saturation
thresholds of their amplifying elements. This, in turn, causes the appearance of IH. Since the
harmonic oscillations IH actually represent noise for neighboring communication channels and
are not theoretically filtered, an equalizer (otherwise an optimizer) of characteristics, is needed to
reduce the level of these interferences in the output (Raman) spectrum of the PAS.
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B HacTosi1ee BpeMs Mepefadya MHGOPMALUU SBJISETCS HEOThEMJIEMOM YaCThIO TEXHOIOTHUH,
aKTHBHO Pa3BMUBAIOLMXCA B paMKax MpolLecca, Ha3blBaeMoro YeTBepTOX MPOMBIIIJIEHHON PEeBO-
Jonuei. B 3ToM Bcé 60JIBLIYIO POJIb UTPAIOT COYTHUKO-KOCMUYECKHEe, CIYTHUKOBBIE U IpyTHE
[O/IBMKHbIE CHUCTEMBbI 6ECIPOBOAHON KOMMyHUKaMU. [lo4TH BCce OHU BKJIIOYAKOT B cebsl MHO-
»KeCTBEHHBIN JocTyn (multiple access), moa KOTOpPbIM MOHMMAETCS COoco6 paszeseHUs 0b1e-
ro pecypca KaHaJja CBsI3U Me/y aboHeHTaMM (KakJasi MOOHWJIbHAsl CTaHLUS UMEeT BO3MOX-
HOCTb I0JIb30BaThCs PETPAHCIATOPOM CITYTHUKA UJIU 6a30BOU CTAHIMEHN MOJABUKHOU CUCTEMbI
6ecipoBOAHON KOMMYHHUKALUU AJIs1 epe/iladyy CBOUX CUI'HAJIOB HE3AaBMCHMO OT paboThl JIpyron
craHiuu). CBSI3HbIE CUCTEMbI C MHOXKECTBEHHBIM JJOCTYIIOM UCIOJb3YIOTCSA A1 LUPpPOBOro pa-
JIO- U TeJIeBelaHNs B BbICOKOCKOPOCTHBIX JIMHUSX CBSI3H, B 6€CNIPOBO/IHBIX JIOKAJIbHbBIX CETSX,
15 epefiadn JaHHbIX B CBY-arana3oHe, a Takke [/11 CBA3U € pa3/IMYHBIMU MO/ BMXKHBIMU Nap-
THepaMU. B pajnonepenanmux U pajuonprueMHbIX TPAKTaX CBA3HbBIX CUCTEM C MHOXKeCTBEHHBIM
JIOCTYIIOM UCIOJIb3YIOTCS MHOXKECTBEHHBIE CUT'HAJIbI (CyMMa MOLHOCTEH CUTHAJIOB abOHEHTOB)
C BeCbMa CJI0)KHBIMHU BUAaMU LUPPOBON MOAYJASILUU OrMOa0Iel, TO3TOMY B HUX IPUMEHSIOT
HUpoKUe pabouue nosiockl. C MOBBIIIEHMEM KauecTBa Nepejadyd MHPOpMaALUU B MOJBUIKHBIX
cucteMax 6ecIpoBOAHON KOMMYHHUKALMM UMEIOT MeCTO 0Ccobble Tpe6GOBaHHS K MOLIHBIM yCH-
auTenbHbIM cucteMaM (MYC) npueMo-nepeariiux TPaKTOB, KOTOPbIe JOIKHbI 06J1a/1aTh Bbl-
cokuM KII/l v 60/1b1110¥ BBIXOJHOW MOIHOCTbIO, TPEGYEMBIMH IIUPOKOTIOJIOCHOCTHI0, EMKOCThIO
CeTH Y JIMHEWHOCTHIO KaHAJIOB Mepeiadyu Coo0IeHu. [y JOCTHKEHUSI MaKCUMaJIbHOU 3 dek-
TUBHOCTH B MYC pa6oyasi ToUKa €ro yCUJMTEJNbHOTO 3JIeMeHTa J0JIXKHA HAaXOAUTbCSA BOJIM3U
006J1aCTH HACbIILleHHs], HA OCHOBHOM KPHBOJIMHEHHOCTH NepelaTOYHOHN XapaKTepUucTUukU. Korga
MHOXXECTBEHHbBIE CUTHAJ/Ibl BBOAATCS ofAHOBpeMeHHO B MYC, oH reHepupyeT HeQUIbTpyeMble
rapMoHUKH HHTepMoayasanuu (intermodulation harmonics; anrs. IH). FTapMoHUKH UHTEpMOAY-
JISIAU 06pasyoTcs BCAeCTBHE HEJIMHEMHOCTH aMIIMTYHbIX XapaKTEPHUCTUK U HEPABHOMeEp-
HOCTH $a30-aMIIUTYAHBIX XapaKTEPUCTUK U HEOOXOAMMOCTH paboTaTh C HanboJiee BHICOKUM
KIIJ MYC, uto u TpebyeT cAaBura paboyeid TOYKH K MOPOTraM HACBIIEHHUS HUX YCHUJIUTENbHbIX
3JIeMEeHTOB. JTO B CBOIO OYepe/ib U BhI3bIBaeT noganieHue [H. [lockonbKy rapMoHUYecKne KoJie-

Poccnrickmit TexHoIormaecknui XxypHait. 2019;7(6):96-105
97



Analysis of the Raman spectrum of high-power amplifiers of wireless communication systems

6anus IH dakTHyecku npescTaB/sIOT COO0H 1IyM JAJis COCE/JHUX KAaHAJIOB CBSI3U U TeOpeTHYe-
CKU He QUIBTPyeMbl, HEOOXOUM BbIpaBHUBATEJb (MHA4Ye ONTUMU3ATOP) XapaKTEPUCTHUK JJis
yMeHbLIEeHUs] YPOBHS 3TUX IOMeX B BBIXOJAHOM (KOMOMHaLHOHHOM) ciiekTpe MYC.

Kawouyesvle c108a: cvicTeMbl CBSI3U, TPYNIIOBbIe CUTHAJIbI, aMIJINTYAHbIE XapaKTepPUCTU-
KU, aJlallTUBHbIe MaTeMaTHUYeCKHUe MOJlesld, MOJleJIMpOBaHNe, F/APMOHUKU UHTEPMOAYJIALMH,
KOPpeKLUs XapaKTEPUCTUK HeJIMHENHDBIX CUCTEM.

Jna yumuposanusn: Nguyen Minh Tuong, Nefedov V.I., Kozlovsky [.V., Malafeev A. V., Selenya K.A., Mirolyubova
N.A. Analysis of the Raman spectrum of high-power amplifiers of wireless communication systems. Poccutickuii mex-
nonoeuueckuti xcypran. 2019;7(6):96-105. https://doi.org/10.32362/2500-316X-2019-7-6-96-105

he aim of this work is to solve the problems of increasing the output power and efficiency

of powerful amplification systems (PAS), as well as increasing the capacity and expanding
the bandwidth of communication systems with multiple access of mobile stations of subscribers.
All this is achieved by optimizing the characteristics of the PAS, which leads to a sharp decrease
in the intermodulation harmonics (IH) power, and as a result — the actual recovery (return) of
useful energy.

In theory and practice, there is a statistical relationship between the parameters of the input
and output multiple signals of a nonlinear dynamic system. That is why we can apply the
adaptive linearization method for these non-linear microwave (UHF) power amplifiers in order
to analyze and calculate the output Raman spectrum.

Nonlinear distortions (ND), including IHs, are caused by the generation of new harmonic
components in the spectrum of the useful signal. The input of the PAS does not contain these
components, and they are associated exclusively with the presence of curved sections “below” (noise
area) and “above” (distortion area), in particular, on the amplitude characteristics (AC) (Fig. 1) [1-3].
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Fig 1. Real amplitude characteristic of the PAS.

The appearance of ND, and in particular IHs, in the transceiver paths of a mobile satellite,
space-satellite, and terrestrial communication systems with multiple access to mobile wireless
communication stations leads to a situation where, in addition to useful signal power limited
due to internal relatively small noise (noise area of the actual PAS), a new threshold power level
appears in the distortion area. In these areas, there is a violation of the linear dependence of the
real part of the transmission coefficient, i.e., of the dependence of the output signal power on
the level of the input oscillation.
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The method of adaptive optimization of the characteristics of a nonlinear PAS is based
on the artificial replacement of the nonlinear conversion of multiple amplified signals with
equivalent linear transformations [1-3], while the nonlinear element of the PAS is replaced
by a linear equivalent, and the nonlinear AC is replaced by a linear one. As a result of such a
replacement, the PAS is linearized, which makes it possible to use methods of studying linear
dynamic systems for it. Then, IHs are automatically compensated according to the results of
calculations obtained on the basis of computer mathematics (CM) using the adaptive digital-tax
equalizer of characteristics.

So, IHs arise in transceivers as a result of simultaneous action, in the simplest case, of two
test harmonics with radiation frequencies f, and f, on its nonlinear amplifying element. IHs
are in the working band of useful signals. It is theoretically and practically impossible to filter
them out. Therefore, they are undesirable. Most dangerous are third-order IHs, the harmonics of
intermodulation at frequencies (2f, —f,) and (2f, — f,). In a real environment, it is very difficult
to distinguish IHs from useful signals and interference from another, unauthorized radio station
operating in a communication system [1-3].

Today, the functions of transcendental type, such as cylindrical functions of the first kind
[3—6], are widely used as mathematical apparatus for calculating. They provide fast and correct
convergence of the solutions of a number of mathematical, physical and technical problems
describing many physical processes accompanied by constant loss of the internal energy for
a nonlinear dynamical system (for example, losses in the PAS due to emerging IHs). These
functions can be somehow reduced to widely known transcendental functions.

Cylindrical functions, as a class of transcendental functions, are solutions of the Bessel
differential equation [3-7]:

2
x? dxg}+x2:+(x2—v2)y:0, (1)

where the parameter v is the order taking complex (arbitrary) values.
We expand equation (1) in a power series near the point x = 0:

© ¢ 1\h 2n+v
J=3 CD 050 o

= nT(n+v+1)’

where I' (n + v + 1) is the gamma function widely known in mathematics. (It was introduced by
Leonard Euler, and it owes its designation to Legendre).
According to relation (2), any term of the power series expansion

e
Jp, (v.1,7)= eTJ.cos[ﬂ,gv) (1 —e 7 )singp - wp} do. (3)
0

where /IIEV) are the roots of the equation.

Poccnrickmit TexHoIormaecknui XxypHait. 2019;7(6):96-105
99



Analysis of the Raman spectrum of high-power amplifiers of wireless communication systems

In accordance with formula (2), the initial term of the series expansion

x) 1
= =] —=. 4
ao—(zj > “)

Similarly, each term in the expression (2) can be calculated as

~(=D(0.5x)’
ay =ay, —k(n I (5)

Note that compared with geometric cosine and sine functions that behave identically on
the entire numerical axis and are periodic functions with a period of oscillations of 27, changes
in functions (3) for large values of the variable x gradually degenerate and tend to zero [6-9].

It should be noted that the asymptotic period of their oscillations tends to the classical value
2n. For example, for small values of the index x of functions (3), even for variable X > §, the
interval between roots becomes equal to w. For sufficiently large values of the argument x, the
asymptotic expansion is used:

Jv(x):\/%cos(x—OlSz—O.Swz). (6)

An important feature of expressions (6) is that they, given by the relation J, (ﬂ,ﬁv)x),
form a complete orthogonal system of functions that allows us to represent different analytic
functions in the form of infinite series of products

f(x)= i el (A x). (7)
m=1

On the basis of the above assumptions, one can represent the orthogonal Bessel functions
of the first kind in numerical form using the integrals (3) [7-9]:

-yt

J(v,ty) = GTICOS(/I,EV)(I —e)sing - vco)dco- 8)
0

Nowadays, the direct application of functions (8), as well as their decomposition into
orthogonal systems, is one of the promising directions in solving real practical problems and
constructing reliable mathematical models of amplifying PAS included in the transceiver paths
of mobile and satellite communication systems with multiple access.

Analysis of nonlinear transformations on the basis of transcendental functions. Let one
harmonic voltage component u(¢) be supplied to the input of the PAS. The relationship between
the current and the acting voltage can be written as

i= flu(t)]. ©)
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The input voltage u(z) usually consists of a bias voltage U, and a harmonic u_= U coswt,
so, in the PAS i = AU, + U _cosot).

Then we expand the last dependence of the output current into the Taylor series in the
following form [7-9]:

" 1d"f(x "
el () = Zn f( ) (10)
Substituting the values u_= U coswt into (9) we have
i=exp| U, cosmti f(Uy). (11)
® dU,

Expanding expression (11) in the Laurent series, substituting functions (3) into it and
bringing the function /' (U,) under the differentiation sign we obtain [10-14]:

2m
d”" f(Uy) , 2
i= Z 2m ' 2m U(’Jm +
(12)
2m+p
+Z Z d J( O)szcospcot.

s oo 22m+p 1(m+p)'m' dU, 2m+p

Relation (12) obtained as a result of simple mathematical transformations determines
the complete Raman spectrum of the output current of a nonlinear element (in this case, the
powerful output transistor of the PAS) and allows us to calculate almost every component of
the Raman spectrum at the output of the transmitting amplifier path. Let us represent the voltage
acting on the input of the PAS by the sum of the constant component and the harmonics of the
group signal:

K
u=U, +ZU(DS CoOS Ol , (13)
s=1

wheres =1, 2, ..., K.
Then, in trigonometric form, expression (12) can be represented as follows [5, 6, 8-10]:

i ﬁzOEdU ]f(UO)+

duU,
(14)

S TAC

1=l pa=hy pr=hy | s=1

) f(UO)COS£p10)1 + i J_rps(ns)t,

du, §=2

where the lower limits for summing indices in the sums /2 , 4, ... &, are selected on the basis of the condition

k
2 h =

s=1
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Expression (14) defines all components of the output current, and each of them is easily
calculated using Bessel functions of the first kind of the p-order [2, 7, 11-15]. On the basis of
these results, a method for adaptive alignment of nonlinear PAS with a common envelope of
amplified multiple signals was developed (Fig. 2).

Figure 2 shows that the transfer AC of the PAS in the gain range is almost linear. A similar
change accompanies the IH-3 characteristic. This means that the adaptive linearization scheme
sharply reduced the level of all IHs transforming their power into useful multiple signals.

So, IHs arise in transmitters as a result of simultaneous exposure to at least two signals with
frequencies f, and f,.
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= | | | -T-1
400 P T |
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Fig. 2. Amplitude characteristics of the PAS without linearization
and with linearization.

In a real environment, it is very difficult to distinguish IH from signals from another,
unauthorized station.

The object of the influence of signals with frequencies f, and f, is the PAS at the output of
the transmitter.

IHs are in the working band. It is practically impossible to filter them out. Therefore, they
are undesirable. Most dangerous are third-order IHs, the harmonics at frequencies (2f, - f,) and
(2f,—1,), where f, and /] are the two most significant spectral test components of the input signal
(for example, the carrier and side harmonics, the first and second harmonics and etc.).

Conclusion

A modern method for correcting the transfer characteristic of powerful amplification systems
is analyzed. It is established that the method of approximating the transfer characteristics by
Bessel functions can be quite effective for studying nonlinear PAS when amplifying multiple
signals in wireless communication systems.
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