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SYNTHESIS OF ADAPTIVE ALGORITHM OF COMPENSATION
OF NONLINEAR DISTORTIONS OF RADIO DEVICES

As part of the article the scientifically grounded synthesis of the algorithm of adaptive compensation of nonlin-
ear distortion (ACNLD) of radio devices based on the use of the mathematical apparatus of a theory of nonlinear
analysis (Voltaire series). Actual speed and accuracy of adaptation were determined by choosing the optimal value
of transmission coefficient. Some actual causes of limitation of dynamic range and appearance of internal noises of
radio equipment were established. The estimation of ACNLD noise influence on its efficiency was carried out, and

also the influence of signal component of the reference input ACNLD on radio quality indicators.
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Introduction

In order to increase the quality indicators of on-
board radio local systems (OBRLS) of remote sensing
of the Earth (RSE), on the basis of substantiation and
application of adaptive methods of extending the linear
dynamic range of their radio receiving devices (RRD), it
is necessary to synthesize an adaptive method of inhibi-
tion of nonlinear distortions in radio devices (RD).

For this purpose, it is advisable to bring the condi-
tions of this problem in line with the classical statement
of the problem of adaptive compensation of interference
in linear RRD [1, 2]. Well-known linear adaptive com-
pensators can be characterized by the presence of main
and reference inputs that receive a mixture of useful
signal with noise and interference respectively [1]. At
the same time, the obstacle in the reference input is
correlated only with the signal of interference from the
main input and statistically non-interconnected (or less
correlated) with a useful signal.

The purpose of the article: is the development of
scientifically grounded device of adaptive compensation
of nonlinear distortions of RD.

The main part

For the utilization of mathematic apparatus of the
theory of adaptive systems [1, 3] with the aim of the
formation of a task of adaptive compensation of non-
linear distortions, conditionally imagine an exit and
input of one-dimensional RD according to the quality of
the main and reference inputs of non-linear adaptive
compensator. Mentioned inputs we will further call
adaptive compensators of non-linear distortions
(ACNLD) [1].

To study the physical opportunity of implementa-
tion and development of a scientifically grounded design
of the ACNLD in relation to the problem of extending the
linear dynamic range of RRD OBRLS, we will conduct
an analysis of some qualitative characteristics of ACNLD

constructed on the basis of real "noisy" elements with
imperfect parameters.

Dynamic properties of adaptive compensators can
be characterized by a long time adaptation (rearrange-
ment) of adaptive filters t. In accordance with [4] it can
be shown that usually rearrangement takes place under
the exponential law. The time of adaptation of the
ACNLD is determined by the following expression

k.m
T =—, 1
ACNLD =7 1o (1
where P, — power compensation of nonlinear

distortion; k., — coefficient of proportionality.

Another major characteristic of the quality of
adaptive compensators is the accuracy of adaptation,
which is limited by gradient estimation errorsc;, as
well as compensation errors due to the delay of the
adaptation filter rebuild @, . For ACNLDs, these errors

can be determined, respectively, with formulas men-
tioned below [5]
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where G, o, —respectively, medium quadratic error

min
(MQE) of nonlinear distortions and the minimum MQE
of adaptation, which is realized in the case of optimal
construction of adaptive filters;

kol» k

Consequently, the speed and precision of the
ACNLD adaptation that are necessary for a particular
task can be ensured by the appropriate choice of p
transmission coefficient of circle feedback (F) [6].
However, expressions (2) and (3) impose some
contradictory requirements to the p value. Therefore,
the highest quality of adaptation (that is, a minimal total

o2 — coefficients of proportionality.
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error oy = o; +, =min) can be provided by choosing
the optimal value of u, which can be found by the way
of equating the right-hand sides of expressions (2) and
(3) and can be determined by the formula [6]

2
koﬁcn

Hopt =4 71— ™
P 4k0)1 Smin Pn

Actually, the achievable values of time of
adaptation of t© of ACNLD are usually situated in the
range from units and tens of ns to units of ms, which is
usually sufficient for OBRLSs [6]. Therefore, in the
process of developing the ACNLD, the main attention
must be paid to the provision of specified requirements
for the accuracy of ACNLD [6].

In well-known works devoted to the study of the
influence of nonideal elements of adaptive
compensators on the quality of their work, they were
mainly taken into account only by errors in the
implementation of the ratio of mathematical operations
[7]. Tt is shown, in particular, that integration errors
have a significant impact. Concerning ACNLD, the
error of integration in the k channel leads to a
compensation error, which is determined by the
following formula [6, 7]:

lim Wy (t)=Hy +AH,,

t—o0

where AH; — the error is proportional to the error of
integration.

Consequently, the requirements for the accuracy of
the mathematical operations of the ACNLD elements
must be set based on the maximum permissible, for this
task, error of compensation of nonlinear distortions in
the RRD OBRLS.

In the process of studying the effectiveness of
adaptive compensators, as a rule, the effect of only
external non-correlated influences is not the ideal
optimal adaptive filter (Wiener filter) [8]. However, all
real radio elements are "noisy", which causes the
relevance of the analysis of the influence of internal
noise ACNLD on its effectiveness [8], then we
introduce the following notation [6]:

“Pno/ “Pao
VOSinp - A i Vopinp - Pn ’

where Py — power of internal noises of the RD at its
output (on the "main" input of the ACNLD);
P,o — the power of the internal noise of the

ACNLD itself, listed on its input (on the main input of
the ACNLD).

As an indicator of the efficiency of the real
ACNLD, that is "noisy", we will choose the value

where P, — power of signal component of the RD’s

output signal; P, P'rl — the power of nonlinear
distortions on the "main" input and output of the
ACNLD, which is compensated, respectively.

internal noises Py

correlated with the input and output signals of the
ACNLD, then the expression for its efficiency coincides
with the formula of the efficiency of linear adaptive
compensators, subject to the influence on their inputs of
external uncorrelated signals [6, 8], that is,

|:V05in +1J[vopin +1}
0= p p
v

Since and P,, are not
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Expression (5) allows evaluating the effect of
internal noise of the ACNLD on its efficiency
numerically. It is seen that the internal noise of the
ACNLD does not lead to a decrease in the quality of the
functioning of the RD [3]. In cases where the internal
noise of the ACNLD exceeds to the level of non-linear
suppressive distortions, the value ® =1 that is physically
equivalent to the automatic shutdown of the ACNLD and,
accordingly, the autonomous mode of the RD.

It should be noted that taking into account the
unessentialnesses of parameters of elements of adaptive
compensators, in the general case are not limited to an
analysis of the influence of the errors of the execution of
functional mathematical operations. Significant influence
on the qualitative characteristics of adaptive compensators
performs inevitable nonlinear properties of real elements
[8]. This is of particular importance for ACNLD, which are
directly intended to suppress nonlinear distortions in the
RD. Given the insufficient degree of study of these issues
in the well-known literature, it is necessary to analyze the
influence of nonlinearities of the AC of real elements of the
ACNLD on qualitative characteristics. To do this, we
represent the output signals of real devices, having reduced
to the k-th degree, the amplifier of the feedback circle and
the multipliers of adaptive filters in the form of Voltaire's
series [9].

(Xk)+ =[31x+[32x2 +...+[3kxk +., (6)
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(ue)", (v1)" (v2)"5 ()"~ output
signals of real k-th power reduction devices, feedback -
amplifier, k-th adaptive first multiplier, second k-th
adaptive filter multiplier (k adaptive filter), respectively;

Bi, Wi i» Bijs b — NLTF of specified elements of the

ACNLD, respectlvely.

Nonlinearities of the AC of the amplifier of the
circle of feedback lead to a limitation of the upper limit
of the dynamic range at the exit of the ACNLD ¢

where (x;)"

max
[9]. The permissible level of nonlinear distortion in the
amplifier of the circle of feedback can be determined
from the given upper level of the dynamic range at the
output of the ACNLD, for the narrow band amplifier we
have, for the broadband amplifier

1
|M3| S
|8maxz|

for a broadband amplifier

o] <

€

p| maxz|

, (10)
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where k, — the coefficient, which determines the
correlation between the admissible levels of nonlinear
distortions of the second and third orders (0< k,<1) and
depends on the width of the bandwidth of the amplifier
of the circle of feedback. The nonlinear properties of the
device in the k-th degree lead to a distortion of the
output k-th adaptive filter [6]. It follows from (10) that

(Wi (1)" = Wie () + AW, (1) =
© (1D
> [Biwi(1)]
i=1,i%k
where [B; W (-)]— HII® t -th degree.
It’s necessary to mention that a member

Bk +2W, () defines the limits of the dynamic range of
the ACNLD at its entrance; constituent 3; W) (-) causes
distortion of the output signal of the j-th (adjacent)
channel of the ACNLD; the component [, W, (-) leads
to distortion of the useful component of the output
RD, BiWi ()

increase the internal noise of the

signal of the
(i#k,k+2,n,j)

ACNLD [5].
Additional noise level can be found as [§]

components

ANA =Y > BLWi(0)X (12)

i i=l,izk

where 1 — is a number of a channel ACNLD;

[311, — HII® 1-th degree in the mechanism of

reduction in the I-th degree of the 1 channel ACNLD.

An error introduced in the k-th channel of the
ACNLD at the expense of its other channels is defined
as following [10]

AWk Z Blk W] (l 3)

1#k,n

It also follows from the expression that the upper
limit of its range at the input of the ACNLD Xmax
(according to non-linear distortions of the k-order),
taking into account the influence of all its channels,
depends on the AW"k(t), which is determined from the
ratio of this form

AW (t Z B, Wi (14)

I#n

You can determine the requirements for the
nonlinearity (k+2)-th order of the reduction devices in
the degree

H (O

m
Z Blk+2 <

1=1, 1#n

(15)
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To evaluate the distortion of the signal component

of the output signal of the RD, we define the signal /

noise ratio at the ACNLD Poinp reference input as

follows

poinp

16
ZB]WI (1o

1=1, I#n

El

Z Br, Wi ()X

1=1, I#n

Then the signal / noise ratio at the output is equal

1
Pout =
Oinp

(17)

Accordingly, the distortion of the signal
component of the output signal of the RD at the output
of the ACNLD can be defined as

poinp
g=—1"020

p 0os inp
where Posiny signal / noise ratio at the output of the
RD, which is determined in this case by the formula

Z (HxXy)

k=1, k#n

(18)

posinp
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The signal component in the reference input of the
ACNLD also causes a change in the nonlinear distortion
spectrum that is compensated

(19)

{SY}outp = {SY}osinp p01’np p01’np ’
where {SY}outp ASy},s  — the spectrum of nonlinear
inp

distortions, which are compensated for the output of the
ACNLD and the output of the RD, respectively.
Formulas (17) and (19) allow numerically estimate the
effect of the signal component in the ACNLD reference
input on its qualitative characteristics. The requirements
for the level of non-linear distortions of the n-th order
can be determined from the maximum allowable value

Pojppd * then

|Bn| < poinpd .

It can be shown that the requirements for the level
of nonlinear distortion of the multiplier of adaptive
filters are substantially lower than the corresponding
requirements for the nonlinearities of the AC of the
reduction devices in degree [11]. Given the fact that it is
most convenient to implement step-by-step devices on
the basis of a multiplier [12], there are all grounds for
ensuring that the requirements for the level of nonlinear
distortions of all multipliers are the same and meet the
requirements that are presented to the reduction devices
in the degree.

The results obtained above can be used not only
for the ACNLD, but also for the analysis of qualitative
characteristics of a wide class of adaptive and self-
adjusting systems, taking into account internal noise and
nonlinear properties of their elements [11].

Regarding the tasks, we will use the results of the
study of the characteristics of the accuracy and dynamic
characteristics of the real ACNLD for the development
of scientifically based methodology for their design in
order to expand the linear dynamic range RRD OBRLS.

Let the linear dynamic range of RP be equal

D, = Dlinp =

’
max
’
min

!
Ymax

!

(20)

=20lg = Diguyp =20 lg ,

min
where [Xinin| [Yiin| (Xinax | [Yiax|) — lower (upper)
limit of the dynamic range of the RD to the input and
output, respectively.

Assume that you need to expand the dynamic
range of the RD to a value D > D;, where

X
D=Dinp =201g # =
min (21)
Y,
= Doutp =20 lg % ,
min

X

Ymax
! .
min

max
! .
min

~

>1. (22)

Designing the ACNLD is advisable to start with
the choice of an adder, the dynamic range Dy of which

should be at least D, that is Dy > D, and, moreover

|82 min S|Yr'r1ir1|;|82 max Z|Ymax| .

(|82 max ) — lower (upper) limit of the

adder band (subtraction device).
Determine the requirements for the accurate

where |82 min

integrity of Aint. Since non-linear distortions of the k-th
order are practically and appropriately suppressed only
with the accuracy to nonlinear distortions of higher
(first-order (k+2)-th) orders, then for the cascades of the
RRD of the OBRLS [5, 6]:

Ay 1< AHy z <|Hs],
and for coherent detectors and frequency converters
[14]

Let’s find the requirements for the parameters of
the assembly devices in the degree and multiplier of the
ACNLD. Given the one-channel ACNLD, from the
expressions (21) and (26), one can determine the

permissible nonlinearity factor of the multiplier in case
of amplifying cascades of the RRD of the OBRLS [13]

2
1

X

Pojppd 3 well as for coherent detectors and frequency

H;

il =] =[os] < 7

555

converters [5, 7]

2
1

——5 Po, > (23)
X
where 1=i+j=2; (ij) #(11); X, — amplitude of the
reference signal (the signal of the heterodyne).

The requirements for the admissible nonlinearity
of the AC amplifier of feedback range can be given
from the required value

Hj,

Bl =] =[os] < 1

Y

max|s|8

max3a,zl| = |82max| :

In this case, the transfer coefficient of the amplifier
of the feedback circle must be found from the required
accuracy and speed of adaptation for the given task [4].

In some cases, the optimal value gy =gy

lies in the range from 0.1 to 10, and for cascades
Hiopt <1, and for final and transformation cascades

Miopt 21 [6, 9.
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Consequently, we get an expression for Voltaire's
kernels in operator form

H(p) = (24)

p+UcK(p)
As can be seen from formula (24), internal noise
must not exceed the level of compensated nonlinear
distortion [7]. In order not to render unreasonably
overestimated requirements to the fluctuation
characteristics of the elements of the ACNLD, it is

necessary to ensure that the conditions [4, 6]
|X¥nin

| < [Xinax

max

”
min

ACNLD. The required dynamic range of the ACNLD
D, can be determined from the inequality [4, 6]

where |X | - the lower limit of dynamic range of the

D, > D-D;. As aresult, there is an important practical

conclusion that, for the construction of the ACNLD,
with the task of extending the linear dynamic range of
the RRD OBRLS, there is no need for silent elements
with ideal parameters and those that cannot be
physically realized.

Conclusions

It is established, that a synthesized adaptive
method of compensation of non-linear disfigurations
can be physically realized on the basis of distinguished
radio elements. Final and authentic conclusion about the
practical realization and the ability of AKHC to work,
and also their real qualitative characteristics and
opportunities can be made on the basis of experimental
confirmation of the main results of the theoretic analysis
of accuracy and dynamic characteristics of non-linear
adaptive compensators.
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Penensent: 1-p TexH. Hayk, npogecop C. B. Kozenkos, [lep-
KaBHUH yHIBepcUTeT TelleKoMyHikauii, Kuis.

CUHTE3 AQAINTUBHOI'O AITTOPUTMY KOM NEHCALIT
HENIHIKHIX CNOTBOPEHb PALIONPUCTPOIB

O.B. lledep

Y pamxax cmammi npogedenuil naykoeo o6IpyHmogaHull Cunmes aicopummy a0anmueHoi KOMNencayii HeriHiiHuxX cno-
meopenv (AKHC) padionpucmpois na ochogi UKOPUCMAHHS MAMeMamuyHo20 anapamy meopii HeniHilino2co ananisy (psaoie
Bonvmepa). Busnauena peanvha weuoKicmov i mouHicmv aoanmayii wiisixom eubopy onmumanbHo2o 3HaveHHs Koegiyicnma
nepeoaui. Bcmanosneni paxmuuni npununu oomedicents OuHamMiuno2o 0ianazona ma nosieu 6HYMpPIuHIX uymie padionpucmpois.
Ilpogeodena oyinka eniugy wymie AKHC na epexmugnicmo ii pobomu, a maxodic 6niué cueHanbHoi CKiado8oi 8 ONOpHomy 6x00i
AKHC na nokaznuxu akocmi padionpucmpois.

Knrouogi cnosa: padionpucmpiii, adanmuena Komnencayis, neniniiine CROMBOPeHHs, eHympiwni wiymu, psaou Borbmepa,
OUHAMIYHI XAPAKMEPUCTHUKU.

CUHTE3 AOAMTUBHOIO ANITOPUTMA KOMMNEHCALIUN
HENMMHEWUHbBIX NCKAXXEHUXA PAOUOYCTPOUCTB

A.B. llledpep

B pamkax cmambu nposeden Hayuyno 000CHOBAHHbII CUHMES aneOPUMMA A0ANMUBHOU KOMNEHCAYUU HEeNUHEHbIX UCKAdCe-
nuit (AKHH) paouoycmpoiicme na ochoge ucnons308anus MameMamui4ecko2o annapama meopuu HeluHelnoeo anaiusa (psaooe
Bonvmeppa). Onpedenena peanvhas ckopocms u MOYHOCHb A0ANMAYUY nymem 6bl00pa ONMUMALbHO20 3HAYEHUs KOIPPuyue-
HmMa nepedayu. Ycmanosnenvl GakmuyecKue nputuHbl 02PaAHUYEHUs OUHAMUYECKO20 OUANA30HA U NOABNEHUS GHYMPEHHUX ULy~
M08 paduoobopyoosanus. Ilposedena oyenxa enuanus wymos AKHU na s¢ppexmusnocmo ee pabomol, a maxaice gausnue cue-
HanvHoll cocmasisiiowell 6 onoprom 6xooe AKHH na nokazamenu kawecmaa paouoooopy0o8anus.

Knrouesvie cnosa: paouoycmpoiicmeo, adanmuenas KOMREHCAYus, HeNUHeUHOe UCKAdCeHUe, GHYMPEHHUEe WyMbl, PAObl
Bonvmeppa, ounamuueckue xapakmepucmuku.
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