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The paper presents a new algorithm with linear time complexity, which depends
only on the effective channel memory and the number of crosstalk sources, for
estimating the resolution time and capacity of a frequency-selective communica-
tion channel using a linear receiver and signals with duopolar multi-position pulse
amplitude modulation. The main limitation of the presented method is that it can
only be used for the case when the durations of channel symbols of the informa-
tion and interfering signals are the same and the start times of their transmission
coincide. From a practical point of view, this method can be used in the analysis
of high-speed wired data transmission interfaces in which information is trans-
mitted simultaneously and in parallel over several communication lines that are
located sufficiently close to each other. The key features of this method are: 1) a
constant number of equations equal to |, required to be solved to estimate the
largest settling time; 2) a linear dependence of the number of equation terms on
the effective memory and the number of crosstalk sources; 3) a new, more accu-
rate procedure for estimating the effective channel memory, which allows for
simultaneous determination of the resolution time and low boundary capacity
estimation; 4) new set of assessments that allows to estimate requirements for
symbol synchronization subsystems; 5) new method for estimating the required
minimum signal-to-noise ratio.
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Introduction

Nowadays, transformation of society into an information one
leads to an exponential growth in the volume of transmitted infor-
mation [1-4]. While this growth over the last decade has been
driven largely by wireless communications systems [5-8], with the
advent of data centers in the field of artificial intelligence, there
has been a shift in priorities to wired broadband communications
systems [9-12]. This is due in particular to the fact that different
varieties of such systems are used to ensure the exchange of data
between computing devices, sensors and information processing
devices [13-15]:

It should be noted that the dilemma faced by developers of this
class of systems is that the desire to reduce the bit energy while
simultaneously increasing the data transfer rate, on the one hand,
reduces the impact of crosstalk, and on the other hand, complicates
the signal-noise environment.

Taking into account this fact and that at present the methods
of channel equalization are becoming increasingly widespread, for
which the issues of the influence of noise on the quality of the
restored message at the channel output are quite acute in the con-
struction of such systems, the issue of finding an optimal solution
lying between the selection of optimal pre-distortion and optimal
signal-noise environment is extremely relevant.

Therefore, it becomes obvious that it is necessary to perform
an appropriate analysis that would allow us to determine the opti-
mal set of parameters, which, on the one hand, would ensure opti-
mal values for noise immunity, and, on the other hand, reduce the
influence of crosstalk and intersymbol interference to the required
level.

Nowadays such analysis is carried out by means of probabilis-
tic model that utilizes cyclostationary signals [10-12], which was
produced in the middle of the 20th century [16, 17]. The model
itself directly extracts an information signal from a stationary ran-
dom process and it’s widely used to describe noise, by estimating
number parameters of signal statistical characteristics that have a
repetition period [11]. In a similar way, this approach can be used
to analyze crosstalk interference during signal transmission over
adjacent transmission lines, caused by the presence of interwire
capacitive connections between them [9, 13, 18, 19], since the the-
ory of LTI is also applicable in this case.

However, an analysis of recent papers in this area [9-11, 20]
points to a number of significant limitations of existing methods,
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the main one is the non-polynomial computational complexity
when analytical methods are used, impossibility of obtaining the
solutions in the case when electromagnetic parameters of the lin-
ear path for the information and interfering signals are different;
the lack of analytical methods that allow the number of sources of
crosstalk to be taken into account is greater than 2.

Based on the above, it becomes obvious that it is relevant to
create a new class of methods for estimating the parameters of sig-
nal integrity analysis for various implementations of signal recep-
tion and processing methods in wired broadband communication
systems [21-24]. It is advisable to solve this problem based on the
methods of the resolution time theory [14, 15, 25, 27, 28] due to
their extremely low computational complexity.

The aim of this study is producing analytical method with ex-
tremely low computational complexity for estimating the main pa-
rameters of a wired baseband broadband telecommunications sys-
tem operating with PAM-n-signals under the influence of cross-
talk within the framework of the resolution time theory.

The main limitation of the developed method is that it can only
be used for the case when the durations of channel symbols of the
information and interfering signals are the same and the start times
of their transmission coincide.

1. Problem Statement

The following peculiarities of real broadband communication
systems would be taken into account:

1. Before the moment of time at which the observed process at
the output of the frequency-selective channel (FSC) it is non-sta-
tionary process, which imposes additional requirements for sym-
bol synchronization subsystem.

2. Primary impact of crosstalk source is taken into account.

3. The adverse effects of crosstalk can be represented as the
interfering signal transmission through an LTI system, which pa-
rameters characterize the parasitic relationships between transmis-
sion lines at the point of signal receiving

1.1 Math model
Taking into account the peculiarities mentioned above, the

model of the studied real FSC can be presented as a structural di-
agram (Fig. 1).

1
+
1

Amplifer  Sampler - Decision a'{)
g Device

Fig. 1. Block diagram of a considered FSC
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The dispersive characteristics of the real channel, through
which the information PAM-nq-signal is transmitted, are deter-
mined by the information FSC (InFSC) in the presented block di-
agram in Fig. 1. The i crosstalk on PAM-n¢-signal is produced
by parasitic interconnections between the communication lines,
through one of which the PAM-nq-signal and through the other the
i-th interfering PAM-n;-signal are transmitted, respectively. Tak-
ing into account the results of paper [9], in the receive end the
impaction on PAM-no-signal the i crosstalk can be represented
as a convolution of the impulse response of LTI that presented the
i interfering frequency selective channel (IfFSC) produced by par-
asitic interconnections, and PAM-n;-signal.

The shaper in the InFSC generates information PAM-no-sig-
nal, which can be represented as follows

Z gsh . r 1) ) (1)
under the following sequence impaction on its input
a(r)=) M3(t—(r-1)r,)- 2

At the same time shaper in the i- IfFSC generates PAM-n;-sig-
nal, which can be represented as follows

1n1 2147 rgsh

under the following sequence impaction on its input

e O

/

B.(1)=D_4,8(t=(r-1)1,)- ()

r=l1

Here 8(1‘) is Dirac delta function; gg, (t) and gy, (Z) are

partial pulses at the output of shapers in the InFSC and i-IfFSC

produced by 8(1) acting on their inputs, respectively; 1, is a
symbol time duration for PAM-n¢- and PAM-n;- signal; M, e M
and 4, ,

€ A; are amplitudes of " pulse of PAM-n,- signal and

PAM-n;- signal, respectively; i € 1, N ; N is sources of interfer-
ing PAM-signals; / is number of channel symbols in transmitted
sequence.

The values of signal constellation (SC) of PAM-no- signal M
is defined in the following way:

M={M,, }k"zl =My, = (ko =l / 2|~ 0.5(1= g mod 2)) AM ko = 1,1y}

)

and for PAM-#n;- signal as follows
A= {As%-,i }kl::l - {Asck,i = (ki =l /2= 0.5(1=n, mOdz))AAstf ki = 1’_”’}
(6)
Here AM and A4 are step between the closest values of

the SC elements of PAM-no- and PAM-n;- signals, respectively;
n, mod 2 is remainder from division #n, by 2.

e

It is obvious that the following conditions are also met true for
the greatest absolute values of considered SC M, and 4, -

=M,

max >

A‘maxi ’

~|M,,

SC]

‘ASCLI-

()

4.,

To achieve the capacity lower bound Gray code is used and
assertion is made that each value of the channel symbol in the se-
quences does not depend on the values of the preceding symbols
and takes on any of the values of the signal constellation used with
equal probability according to the papers [14, 15, 25].

The process at the input of amplifier on the receive end can be
presented in the following form using the results obtained in pa-
pers [9, 19, 13]:

55 (1) = Koy (5in (£) % 1 () +

iklosi (Lii (1) %y (1)) +n(2) =

N
+Zklos,-1$ut.i(l)+n(t)=
Zklos Z i z

= kloso sc,>ut (t)

—klosOZMP (t=(r-1)t

r=1

~1)5,)+n(1)
®)

Here * is convolution operation; P(¢) and I;(¢) are the re-
sponses of InFSC and i-IfFSC on partial pulse &shy (t) and
o, (¢), respectively; n(t) is additive white noise (AWN);
Kios, 18 losses introduced by the propagation medium that defines
InFSC; klos,- is losses introduced by the propagation medium that

defines i-IfFSC; hy(¢) and h;(r) are impulse responses of

InFSC and i-IfFSC, respectively.

Parameters of additive white noise [26] are defined as fol-
lows:

— the power spectrum

_ NO/Z’ |f|£fmax;
NI )‘{ 0, 11> foms: ©)

— he correlation function

Ry (3)= N, —S‘“(Z‘t’;m“) , (10)
where f,,. =1/1,.
Bach ™ cross-section of 7(¢) is a random variable 7, with
PDF [26] is

o, (nj):(c Zn)_l exp(—O.S(nj/c)z), (11)

where G =4/Nyf, .« is standard deviation of a random variable
n;.

The gain of adaptive amplifier k, =k, k,, is adjusted before

the transmission start so that the following relationships are met true
[25]

T-Comm Towm 19. #8-2025



ELECTRONICS. RADIO ENGINEERING

k, =k -1 in the information sequence for given permissible settling error
o0 (12) A [25]. Here t and T are the symbol durations

at which the k-th transparency window starts and ends for the ™
symbol, respectively; S, is a number of “transparency” windows

(13) for the d-th symbol.

WSty i w.endy i
max gg, (¢)
ky, = max P(r)

1if max gg, ()< max P(z).

if max gg, (¢)>max P(¢);

w

w
2. The resolution time 7., = {Tw.stk} v {Tw.endk }k X . Here

According the last expressions, the observed process at the am-
plifier output has the following form T

k=1

and t are the channel symbol durations at which the

WSty
k" “transparency” window starts and ends for any d-th channel
symbol in the transmitted information sequence when condition

> d>G+1 is met true; G is effective memory of the considered

w.endy

Samp(l)=kASE(t)=kA2sc')ut +kAzklos out.i t)+kAn(t)=

i N
_ z M, P’ (r=1)t ) ZA' I.’(t—(r—l)r ) +n'(t) FSC [25]; W is a number of “transparency” windows;
o P The resolution time 7., estimation is based on the validity of
(14) the transposition principle for considered FSC, due to which the
where P’(t ~(r-1) ) =k, P(t ~(r-1)t ) : statement |T| < ¢, is met true based on the following rule
2 s)?
L= (r=1)t) =knkios, 1; (£ = (r=1)7,)s n'(t)=kyn(2)- e, = true if (7 # @) A (max|T| <&, )
The signal on the input of decision device can be represented Fre false if (T = @) (max|T| > ares) (19)
as follows:
i where |T| = {|t||t € T} . Here T'is a set, which is defined in the
t):Z;S(t—]rs)samp ((] -1)7, +ATS) (15) following way
=
w w
Here AT € (O;TS) is the shift in the retrieving moment of the Tt =t _ {ATW'S% }k:I U{Atwendk }k i res | = et |
~ ‘res setgy)
transmitted symbol in the sequence, caused by the instability of the o D if [tres | # ety [
sampler and can also be represented as follows (20)
AT, +AT] ifd <G +1 ere | [ ¢ cardinalit: A
AT, = ere || . || is a set cardinality; At =1 -1
AT, + AT, ifd > G +1 (16) WSt st TWStG L
A’cw.endk = Tw.endk - Tw.endGH k > tsetG+1 = tsetd ‘d:G+1 :

where AT, and AT, are the optimal time shift for retrieving

The set of symbol durations T, that determines the resolution

information about " channel symbol for the following conditions res

d<G+1 and d>G +1, respectively; AT, is a centered ran- ~ time ., with precision & can be defined as follows:

u AT

dom variable with respect to AT, opt -

opty
T,

res

The recovering of the channel symbol values in the sequence for = {T <R| (SA )+A< QA) (On <0.5AM ) A (O — 0.5AM )} =

PAM-ny-signal on the receiving end is performed in accordance sy
with the following rule Ul et i wendonns |
k=1
MreCd =Mp|p:pv’ (17) (21)
where

o (d75) Mp|; d =1,/ is number

where
pleln:f(p.d)= m1n Sx (t,)=max Set((G+1) ) = maxx
of the recovering channel symbol. . (22
The reconstructed information sequence at the receive end has x|ka, S:)ut G +1)1, )+ kAZ:kk,S ou“ G +1)1, ) Mgy
the form
! . .
, Here O, is a parameter that characterizes the degree of non-
0L(l‘):z]‘/[rec 5(1‘ ) T A o - .
(18) ideality quantization of the decision device;

A=k, cF! (1-BERxlog, ny) is an absolute value of the

1.2 Estimations iy )
anomalous measurement error [25]; F' () is inverse function for

In this paper following estimations are used to assessment the  the CDF of the standard normal PD law [25]; A ( . ) is settling
signal integrity:
1. The greatest settling time
Sy Sy
fer, = {Tw.st ik }k=1 U{Tw.end ik }k=1 for the d™ channel symbol

erTor.
It should be noted that S, (tset oul ) =Apy, where A is per-

missible settling error [25].

—
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3. Optimal time shift AT,

opt
d™ channel symbol within the following condition d > G +1 is
true at which minimum settling error is achieved

for retrieving information about

AT, =

opt argmin = x

fshG 41 (TW~5‘G+1,1 )

’
><{SA (tw»ﬁcﬂ,l gy (tw»51c+1,1 )’ G+ 1)

S;\ (Tw,stc+l,1 ’tShG+1 (tW-StGH,l ),G + 1) < QA}
(23)

and optimal time shift AT, within the following condition

opty
d <G+1 is true

AT,

opt, = argmin

— ’
- {SA (TW.StGH,l ’tshd (TW‘StGH’l )’ d)‘ X
Ishy tw.stG+1’1)
/
XSA (TW‘StG_H’] ’tShd (TW~StG+1,1 )’d) < QA}
(24)
Here £, (TW-StG+l,1 ) and fg . (TW~StG+1,1 ) are time shifts
relative to the transmission start of the received d™ and (G + 1) -

th channel symbols in sequence at symbol duration Ty .

respectively
S\ (K,k,d) =max

At (d+1)| =

N
= max |y, Sty (A + 1)+ D gy i (dx+1) =M,
i=l
(25)

5. The permissible time shift 7 is a time shift relative to

h.pm
the transmission start of the received channel symbol, which is
defined in the following way:

e in case of analysis of considered process at the input of
adaptive amplifier is made when it becomes cyclostationary
(d>2G+1)

T.

shpm — l

sh.pmg. (TW-StGH,l ) (26)

e in the case analysis of considered process at the input of
adaptive amplifier is made when it is a mixture of nonstationary
and cyclostationary process

7—;h.pm = ngn({tsh.pmd (Tw.stGH,l )‘ d=1,G+ 1}) , (27

where fg, o0 (Tw.st Gl ) =min {Tsh (Tw.st Gl )} and Ty, is ob-

tained by solving the following equation

! —_—
SA (TW.StGHJ ’Tsh (Tw.stGH’l )’d) - Apm

6. The largest spread of optimal time shifts for retrieving in-
formation

‘AT;)ptd - ATopt
max

del,G+1 ATy

(28)

-_—

The minimum required signal-to-noise ratio (SNR) for given
BER value at which lower bound capacity estimation is achieved
for given BER value when the optimal time shift for retrieving

information AT, isused and t, =1,

Min SNR = max g
d (29)

Here g ={Min SNR;|d =1,G+1}; Min SNR, is determined

based on the use of the results of paper [25] as follows

Min SNR, =10log,, P (41 er Alip) -
(k40)
}10 2
nLZ(|Msck _A;nax (O’d’AY:)pt)) (30)
=10log;, —*=! 5
A
F™'(1- BERxlog, nO)J
where
RS 2
Pmm (dTW.stl + AT;)p ) = n_Z(|Msck - A;nax (O’d’AT;)pt ))

0 =1

is mean minimum power of signal at the @ channel symbol value
retrieving moment; the maximum value of settling error at optimal
time shift AT, . for retrieving information about ¢ channel sym-

opt
bol
Al (0., AT, ) = maxx
N
X kAz S:)ut (dTW.stl + AT(')pt ) + kA zklos,- [(;ut.i (d’tw.stl + ATc')pt ) - Md

i=1

Taking into account that A+A’ (0, d,AT,, ) =Q, the final

expression for Min SNR,; will take the form

F7'(1- BERxlog, ny) 1
X

Min SNR, =20log
‘ 0 QA - A;nalx (O’d’ATopt) \/%

31)

~ Ay (0,d,AT, ))2

)
) quMw
k=1

7. The minimum SNR Min SNR(p) in the presence of the

maximum feducial symbol sampler instability p = Af; / Tyt at

the symbol duration 7, =1, and optimal time shift AT, for
retrieving information about channel symbol, here Af,  is tem-

poral instability of the sampler. Taking into account the results of
paper [25] Min SNR( p) is defined as follows

Min SNR(p)=maxgq’',

(p) = maxg (32)
here ¢'= {Min SNR(p,d)|d =1,G+ 1} ; Min SNR (p,d) is deter-
mined based on the use of the results of paper [22] and taking into
account that A+A! (y,d AT, ) =(, as follows

opt

T-Comm Towm 19. #8-2025



Min SNR (p,d) =

M

sck

=120log,,

F'(1- BERxlog, np) \/ZO:[

(QA maXAmax(*—p’d’AT;)pl))\/% k=1

if (Anpx ~Plwsy 2 O) (mix Alnax (+P d,AT, pt)< QA) (Anpt T PTwsty < Twsy )a

(33)

2
max Amax (+P, d= AT(‘)pt )J

where

A;'nax (+p’ d AT;)pt + AT;)pt pTw.stl ) +

) max‘kAzs(’,ut(dr

w.sty

+kAzklos out.i ( Tw.stl + ATopt + pTW-Stl )_Md :

8. The attenuation SA4 for information signal at the output of
the considered FSC, caused by the incomplete amplitude settling
of the partial signal pulse due its short duration and transient pro-
cesses. SA is determined by the following relationship

SA4=-20log)q (ky, )- (34)
9. Lower bound capacity estimation
Ci(n9)= log, n, (35)
w.sty

where 1T, 1., is a symbol time duration at which the 1*

"transparency” window starts.

10. Auxiliary lower bound capacity estimation that taking into
account nonstationary nature of considered process (14) until the
it becomes cyclostationary process in the case when the data rate
is significantly exceeds the Faster Than Nyquist rate

1

oy logan (36)
e {{TW-SH }U {TW'Std’l }d=1 }

1.3. The List of Problems to be Solved

Ca (”o) =

Analyzing the mathematical model of a composite FSC pre-
sented in the previous section of this paper and taking into account
the goal of this paper, the following problems that need to be
solved to achieve it should be formulated:

1) An equation that allows calculating the greatest settling
time for the information parameter of PAM-no-signal at the output
of the adaptive amplifier for a transmitted information sequence
with an arbitrary number of symbols in the presence of crosstalk
should be obtained.

2) An expression that allows calculating the maximum settling
error at the output of the adaptive amplifier for arbitrary time shift
for considered symbol duration for given number of symbols in
information sequence in the presence of crosstalk should be ob-
tained. An equation that allows calculating the permissible time
shift for given value of symbol duration for the information pa-
rameter of PAM-ny-signal at the output of the adaptive amplifier
for a transmitted information sequence with an arbitrary number
of symbols in the presence of crosstalk should be obtained.

T-Comm Vol.l9. #8-2025
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3) The method for effective memory estimation in the pres-
ence of crosstalk should be obtained for considered channel math
model.

4) Develop an algorithm to estimating the main parameters of
the system presented in Section 1.2 of this paper, operating in the
frequency-selective communication channel under consideration.

2. The Problem Solutions
2.1 The solution of 1% problem

Let’s obtain an expression that allows to estimate the amplitude
largest settling time for the d-th channel symbol of the PAM-n(-
signal at the output of the considered FSC with a symbol duration

Ts = tsetd :
First of all, we obtain an expression that allows to estimate the
settling error Ay, (d T ) for the d-th channel symbol without taking

into account the influence of the AWN and influence of sampler
instability AT, = 0 and channel symbol duration 1, . To do this,
lets transform the expression (14) using the following substitutions:
l=d, t=Ity =drg, s, (d'c) (de):Md"‘Aset(de)'

As aresult, we get
Md +Aset (dTS) =

= i{M,P'(dts —(r—l)rs)+ i/]i’rllf(drs —(r —l)rs)} =

r=1 i=1

_Z|:Mrf;d ZAl rItrd :| (37)

where P (t,)=P/((d—r+1)t,) 1, 4(t.) =L ((d —r+1)z,).
From equality (37) follows expression for the d-th channel
symbol settling error Ay, (dt,)

Ma.

set(d‘c) MrPrd ZAn’zrd :| Md=

ZAH*[trd :|
ZAZ dltdd

The next step of 1% problem solution is the following equation
to be solved

L

I
M
—_ x

MrPrd

(38)

r=1

+Md[Pdd

max |A

set (dtsetd )‘ Apm > (39)

where the maximization is made over all combination of channel
symbols values in transmitted information sequence.
Obviously, to solve this equation it is necessary to analyze the

expression |A

set (dtset )‘ for extrema, taking into account the fol-

lowing condition 7, ~<oo. To do this, we solve the following

system using expression (38) and substitution T, = Lo,

—
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0|Agt (dtsetd )‘/8M1 — Ry (lse.td ) =0

0 Aset setd /8Md =0 Pd—l,d (lsetd ) =0

0| A e (dt /aA Y et Pry(te,)=1 | (40)
set setf 1,1 Il,l,d (tsetd ) =0

el Jfotva=o]

Analyzing system (40) we can assert that the extrema exists
only for boundary values of SCs due to the fact that considered
system has no solutions.

Using the obtained results and approach presented in [14,15]
let’s modify the equality (39) To do this, first we represent the

expression |Ag (d‘c ) as follows:
set (d‘f )
N d
ZlF( zy zld )+F (Md (Pdd ) le ( llrllrd )+
2= =
81 (15)20

+ZF( 23 zzd )+F (Md Pdd(T

=1 ih=1r=1
S_(15)<0

=‘S+ (Ts)+S_(‘ES)‘

(41)

Here 7 (1)< sn(sn(s)+1):  (x)~sen(sen(x) 1)
sgn(x) is a signum function; d'=d"=d .
equality (41) taking

= var; M ;o =var; My = var; 4, .

into  account

=var; 4, .

Analysis  of
M _ =var; M

2

allows to assert that Vt,,Vd :|A

wt (A7) |—> max is met true if

one of the following conditions should be correct:

(S+ (t,)—> max) A (S_ (1,)= 0) :
(5:(:)=0)(ls- (=)

The values of term elements of the polynomial in expression
(35) at which the above conditions are achieved are presented in
Table 1.

(42)

|—>max). (43)

Table 1

Values of term elements in expression (41) at which conditions
(42) and (43) are meet true

Considered The element values at which conditions are meet true
term elements
of the polyno- condition (42) condition (43)
mial in (41) variant 1 variant 2 variant 1 variant 2
i A A
ASCU' Scn,«,i ASC]J SCni’l—
Ai2 s

) ZZF (Alzrlzrd )=

= var

M, M M
M SCq Scno SCy SCnO
2

M,
f)zl,d (TS)
1)22,d (TS)

Pd,d' (TS ) - 1
<0 20 >0 <0
Py g (‘cs ) -1
‘[il,l‘,d (TS )
Iiz,r,d (Ts )
Taking into account (7) the expression for A, (dt,)takes
the following form
d
A (d7) = max|ASet {Z | Pya(ty)- 1)| +
=1
N d
+2Amax Z Ii,r,d (Ts)
i=1 r=1
(44)
Taking into account expression (44) the -equality
max| Ay (dte,, )‘ — A will take the form
d-1
:Mmax( Pr,d (tsetd )""—‘(Pd,d (tsetd)_l)UJr
r=l . (45

+2Amax Z\

2.2 The solution of 2" problem

setd ‘

To solve the 2" problem, the expression for settling error
Aget (dr +ig, ( )) for the d-th channel symbol with symbol

SW

€ UI:TW-Std,k $Tendg 4 } should be obtained.
k=1

To do this, we transform the equality (14) using the following
l=d+1, t:dT; +tshd(‘r; ))

(dr +ig, (T ( )) (dr +ig, (T ( )):Md +Aset(d’l: +tshd( ))
After simplifications we obtain the following expression:

d-1
Sl’ld (T;d )) = ZMVE",d+1 (T;d 5tshd (T;d )) +
r=1
+M, |:Pd’,d+1 (Téd slshy, (T; )) - 1} + My Fian (Téd >lshy, (Téd )) +

d+l1
tshd (T;d ))

+ZZA’ r]l'r d+1(

i=l r=1

duration 1’
Sd

substitutions

Aget (dT

>

(46)
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where P’ d+1( T, lsh, (‘t;d )) =P'([d —r+1]‘c;d +ig, (T;d )),
]i,,r,d+1 (T;d ’tshd (T;d )) = Ii'([d —r+ I]T;d + lShd (T;d )) '

The next step of 2" problem solution is the following equality
with the following restrictions to be solved

set (d’l: + tsh.pmd (T;d ))| = Apm
(47)

! ' _
ax (ded + Lh pmy (rsd )) =max A

Here the maximization is made over all combination of chan-
nel symbols values in transmitted information sequence.
Obviously, to solve this equation it is necessary to analyze the

set (dr

fyhpmy (r;d ) <. To do this, we solve the following system using

expression |A

Lshpmy (r;d ))‘ for extrema in the condition

expression (46) and substitution 7, (r;d )z Lh pm, (r; y )

’ ! ’
R,dﬂ (Tsd >Lshpmy (Tsd )) =0

8| (4T, +tinpm, (%, ))| /aM1 -
: P1d+1( »Lshpmy Td))=0
0 Aset (dt;d + tsh,pmd T;d ‘/aMdH =0 Pd d+1 ( shpmd "-' g )) 1
=
O|Aget (d'E shpmd T ‘/aAll =0 By d+1( »Lsh pmg (Td)) 0
Illd+1( shpmd ) 0
0 Aset (dT;d + tsh.pmd T;d ‘/aAN,dJrl =0

b pmy (‘t;d )) =0
(48)

Analyzing the system (48) we can assert that the extrema exists
only for boundary values of SCs due to the fact that considered
system has no solutions. Taking into account this fact and the ap-
proach presented in the papers [14,15], lets obtain an expression

r ’
IN,d+l,d+l (Tsd

for 44, o, (r;d) estimation. Firstly, we will represent

Aset(d +tshd( : )) as follows:

g (5 =[5 (5t ()4 (5, ()

(49)

At (dr

where

Si(rs fag (% )) ZIZ_;F( Zld“( tShd(T;”’)))+

+F+ (Ma'l |:Pc},d1+1 (T;d ’tShd (T;d )) B lj|)

N d+l

+F+ (Md+1Pd'+1,d1+1( Sd’ shd (T ))) ZZF ( lr 7 rd+1( Sd ’tshd (T;d )))a

i=l r=1

s (Tsd’ Shd( )) ZZZ:_IF (Mz2 . d+l( Shd( )))+

+F (Mdz (Pd,,dz-#l (T;d »lshy (T;d )) - 1))

N d+l
!
+F_ (Md+lPd+1,d2+1 (

=1 r=1

: T—
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Here d, =d, =d .

Considering that the structure of equality (49) repeats the
structure of expression (41), we come to the conclusion that the

(T;d )) has the following form

d-1
[Z\P,;,M (% tong ()] +
k=1
#(Phaa (5 b, (r;d )) -1)
‘Pd+l d+1 ( sd shd ( sd ))‘) zAmax z r,d+1 (Téd 7tshd (T;d ))‘

(50)

expression for A (dr;d +ig,,

A1‘1‘12!)( (d’r;d + tShd (T;d )) = Mmax

As aresult, the equality A (d-:;d + Ly pm, (T;d )) =A,, can

be transformed to the following

Lsh.pmy (T;d ) =minTg, (T;d ); (51)

where T, (r'

Sd

) is the solution of the following equality

) CEACH T

k=1

\(P;,dﬂ(r;d,z;h(r;d))—l | TP IR NCE) | PR

d+l1
! !
ir,d+1 (tsd ’Tsh (Tsd ))‘ = Apm

+Z A, Z

2.3 The solution of 3" problem

Let’s determine the impact of each of the symbols of the se-
quence on the received one. Obviously, data transmission process,
which is described by expression (14), can be qualitatively char-
acterized by the following stages:

1% stage is time interval between two moments, when data
transmission starts and when the process at the input of the adap-
tive amplifier becomes a cyclostationary process.

2" stage is time interval between two moments, when the pro-
cess at the input of the adaptive amplifier becomes a cyclostation-
ary process and when transmission ends.

It should be noted that until the considered process becomes
cyclostationary, two types of transient processes will be observed
at the input of amplifier: the 1% type is associated with the process
of information parameter settling during each channel symbol
transmission in the sequence, and the 2™ type manifests itself as a
process of amplitudes partial pulses settling, which determines the
absence of cyclo-stationarity of the observed process, its comple-
tion determines the transition to cyclostationarity of the observed
process.

Based on the above, it becomes obvious that effective memory
estimation should be carried out using the assessment of the sta-
bility of the amplitude parameters of partial pulses in the transmit-
ted sequence at the output of the considered FSC. Due to the fact
that the main parameter for quality estimation of the system's op-
eration is the capacity, then in accordance with its definition we
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will consider the transmission process when number of channel
symbols in sequence / — oo .
To solve this problem let us consider the following expression

/
111)12) Z:l|:Ml j1+1})l ]1+ll +Z i1 jy+1 zl j1+11( ):| ’
n=

(53)

which was obtained utilizing the expression (37) by using the

right side of it and following modifications:d =/, [ — o}
r= l - jl +1 .

According previous results [14,15] the following relation will
be valid

I N
lim Zl:Ml—j1+IB—j1+1,l(Ts)+zAi,lj1+11i,1—j1+1,l(1:s )} S

[—>o| 4
J1=1 i=1
llj1+ll( )

Ji=1 :l

< lim ZUMI leHPI J1+11 Z‘A’I i+l
(54)

[—>©

The following inequality is meet true for any partial sum of

first v element of a given series

\4

Zl:M _Jl+1P_J1+1v ZAIV 1v—]1+1v ):| <
Q=1
Z‘A’V —ji+l

1=l :|

<Z|:‘MV —h+1 11+1V lV j1+lv( )
(55).

Expressions (54) and (55) reach their greatest values
when  the  following condition is  meet true

Vi, :|Ml—j1+1|=|Mv—j1+1 = Ay jia =|Ai,v—j1+1|=Amax,- - So,
the estimation rule for dependence effective memory estimation

max °

on the symbol duration é(rs) can be represented as follows

i
G(rs)znﬂn{G’(‘cS):Oﬂh;rg{Z;[ max|P-/1+11
=

G(tg)+

Z{ max|P (ts)—k+2,G(x, +1

k=1

l J—jp -+, l

"

(56)

tGTS )-k+2,G'(x5) +1( )

i

where ¢ is the channel symbol amplitude characteristics settling
accuracy in the case where the values of channel symbols take the
SCs greatest values.

In the case when the considered series can be replaced by its

partial sum of G'(Ts ) +1 channel symbols with accuracy € at a

given value of symbol duration T, the observed output process

is cyclostationary one.

Taking into account that the speed of 1% type transient pro-
cesses depends on ratios of channel symbols amplitudes, the fur-
ther simplification of expression (56) will be done using the

-_—

following substitutions: M ..

onland 4, on
sult we get

! N
- ] . Arnax;
G(Ts)=mm{G (Ts):0<}LmL 1['3 i ( )*;—M;x Lo (TS)H_
Gx)

Z [|P (t5)-k+2.G' rs+l( )

A,
+ Z 1 /(e )k 12,6/ (x;)41 (1)

]SS
leX ’

(57

Let’s represent the series in expression (57) by its partial sum
and remainder, which can be represented as follows:

1 l > Amax
llml:2|g_./l+l;l (TS) +ZM |Itl /1+ll( ):l
J1=1

I—
* i=1

_Rh+Z|PI ,1+11 ZAmax
-1

A=l
where R, is series obtained by discarding the first # terms of con-

., (58)

L, —ji+L (Ts)

sidered series.
The final expression for estimating G’(‘cs) has the following

Ui

§-o
(Ts) + M ‘Ii,G'(xs)—lerZ,G’(rs)Jrl (Ts) se
i=] *7 max

(59

Interrelation identification between the parameter € and the
accuracy of the resolution time estimate &..s would be considered
in the next section of this paper.

form:

h
G(x,) =min{G’(1:s) 0<R, +Z{|}3 (T

2=l

| il— jl+11

G(t)+

“ Fo(eg) 2.6

A=l

3. Algorithm for System Quality Estimation

This section presents algorithms for estimating the resolution
time and parameters for assessing the quality of the system's oper-
ation based on it.

3.1 Algorithm for estimation resolution time algorithm
in the presence of crosstalk

1% step. Input is proceeded for the initial parameters which are:
SCs configurations; partial pulses g, (¢)and Zan, (¢); impulses
pulse of InFSC and i-IfFSC 4, (¢) and h,(¢); BER; variance of
noise o ; parameter Q; resolution time estimation accuracy &res;
gain of adaptive amplifier k, .

2" step. The permissible settling error A,y 1s calculated ac-

cording the following expression

Apn =0p —A=0, —kyoF ' (1- BERxlog, ny).  (60)
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3" step. The largest settling time estimation 7, ,, s calculated k= S.c ~6up : (62)
by solution the equation (45) with numerical method with accuracy C-D
€res for the fourth symbol (d, =4) of PAM-n-signal and PAM-n;- b = C6.p — D6 63)
signal modulating information sequence, that follows from the re- ‘ ¢C-D

sults of paper [14,15,25].

. . . . where 6.~ and 6., are attenuation coefficients for C-th and
4t step. The value of ¢ is estimated according to the following ¢ b

rule D-th term of c-th type of majorizing series, respectively. It should
e=min{e, ;e }, be noted that C,DeH={h|heN*} ,C>D and C =10 and D=3.
gl = n}in|smax (T, ) — Spax (T L e )|, 61) The rules for 6, calculations presented in table 2 and 3, here H

is H-th term of c-th type of majorizing series.

el =min|s, . (7. ) = Spax (72 — €15 )|- ) )
T | (7 = S (7 = B )| For each type of series, the parameter o, = k.h. + b, is re-

where T — { }Sw 7 { }Sw ) constructed based on the obtained results.
+ 7 Pwsta, PR Twendy, r=l In table 3 the following definitions: S, is the number of max-
dr VoA . . . . ’
S (- )= Z{ Py (. )| +ZM_1 i, (- )U ima of the following expression for given value of H; U (TMKi )
r=1 i=1

is a punctured neighborhood of the point Ty 34 >Hand g <30

5t step. Parameters for three types (¢ =1;_3) of majorizing
series (see Table 2) are estimated using the following expressions

Table 2
Majorizing series, expressions for estimating attenuation coefficients and the number of elements
of the sum to provide a given estimate of the residuals of the series [14, 15]
Parameter 1"type series (c=1) 2"type series (c=2) 3"type series (c=3)
M . .. OO o0 0 00
eg;)rr;:;ng ;u,h (x,)= Zexp -0y, ) 2 “2h ZGth exp(—o,,%, ) thuM(xx):Zl(l+c3hxs)exp(—c3hxs)
! 1 R k
R Pl m(Rhlkle) ﬁ | +W_y (R, Ky, exp( ))+b_2+1 c | 24 W (Rh3k3x exp )+§+1
he 1= T e A &
Xk k s 2 3% 3
. 5, = nEn - W (-Ey) s LWL Ey exp(-1)]
cH ~(H ~ 3H — -
Tg ) ‘C(SH) rgH)
W, is omega function with branch -1
Table 3
Algorithm for &, ,b,. estimation
CFSC impulse response hasn’t damped oscillations during settling process
Amax, . Amax, A A, ,
Ey = —H+1q( )‘ z tq—H+1q( (H))‘ = S x ‘P—H+1q Lig- H+1q (%) +ZM_ Ii,q—H+1,q(’~'s) #0
i=1 s j=1 17 max

5 €| Twstg,. 1 §3Tw,cnddr 1

CFSC impulse response has damped oscillations during settling process

(1)) e (1) 501
- =(H i = L =(H) _ =
Ey = Pq—H+1,q (rs ) +ZM Ii,q—H+l,q (ts ) 3 Ty =maxTy;
i=1 max
’ r_
TMK[ €T T = |:Tw.stdr’1 ’3Tw.enddr’sw j|’

T =

(‘v’t;' € U(rMK’ )JA(T: ct)

N Am N Am
" ax; " ax . _1Q
1Pyt (20)] + SV Ligoming (7)< Pq—H+1,q(TMK,. )‘Jf 2:—M Ii,q—ml,q(TMK,. )‘ K =15y
i=1 "' max i=1 "' max

=
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6™ step. The selection optimal series type Cop is made using

t

following expression, which is obtained using the results of papers
[16,21]

arg@iniﬁqch(; if (B =H, )r(c=¢),

cel;3 g=1

max {uché (Tcomp ) - HPI'—héJrl,l' (Tcomp )‘ +

cel' Teomp

N

copt = +Z Amax,-
— M
i=1

max

N
_|:‘Pl'hé +1,0" (TCOmp )‘ + Z ]A‘;Haxi

i=1 7" max

arg min [

Ii,l —he+LI" (Tcomp )‘:|uché (T;:omp ) -

Ii,l'—héJrl,l' (Tcomp )‘:| > 0}

if (hé = I, )/\(c;tc]).;

(64)

: ) =(dr)).
where 8, is Kronecker delta; T, €|:Tw.stdr7]:'ts 2aF

qc

! : 3 ’ . s : : _
I'=arg rl%m zq=16qchq ; h, is calculated using the following ex
c.el;

pression

Lres = {hc'|Vq € [hc’,l,) (ucq (T;:omp ) - |:‘Pl'—q+l,l' (T;:omp )‘ +

N J—
+Zl% Ii,l'—q+l,l' (Tcomp )‘:| > 0};0 =13 (69

max

Here u,, is g-th term c-th type series. / '<30;

7% step. G(rs) is estimated utilizing (59) with assumption

Rh :R;‘)pt :QES and h = hAcopt : Here Qg € [0’ 1’ 0’01] ’ h

is cal-
Copt

Copt

culacted based on the given value R using the expressions for
Copt

h. , presented in Table 2.

Then, the effective memory is estimated using the following
expression

é[min(tsetd )}—1, if GA[min(tsetd‘ )}—1251,,

d, 1, if@[min(tsetd ):|—1<d,. (66)
8t step. Based on the effective memory estimation G, the

resolution time 7, =7, . ~and lower bound capacity estimation

are calculated by solution the equation (45) and utilizing expres-
sion (35) and (36) for given values of BER and G.

3.2 Algorithm system quality parameters estimations
in the presence of crosstalk

For the initial parameters which are: SCs configurations; given
value of BER; variance of noise o ; parameter 0, ; gain of adap-

tive amplifier k, ; resolution time ¢, ; effective memory G;

res

feducial symbol sampler instability p the algorithm for symbol

synchronization parameters estimation can be presented in the
form of the following steps:

1* step. For channel symbol duration T, = Tovs, permissible
time shift 7}
(51), solving equality (52).

hpm 18 calculated using expressions (26) or (27) and

2" step. For channel symbol duration T, =T optimal time

shift AT, and AT

w.st;

ot Ar€ calculated using expressions (23) and

(24), respectively, using expression (50) and Ty, .. -

3t step. The largest spread of optimal time shifts for retrieving
information SSpr using expression (28) is made.

4 step. For given value of gain of adaptive amplifier k, The

attenuation SA caused by the incomplete amplitude settling of the
partial signal pulse due its short duration and transient processes is
estimated utilizing expression (34).

5"step. Min SNR and Min SNR( p) are estimated using ex-
pressions (32) and (33).

Conclusion

In this paper, a method with ultra-low computational complex-
ity has been developed for low bound capacity estimation and sig-
nal integrity for broadband telecommunication system with PAM-
n-signals functioning in the presence of crosstalk. The number of
equations that need to be solved to determine the resolution time
does not depend on the number of discrete states in the signal con-
stellations and linearly depends on the number of crosstalk sources
and the effective channel memory.

The main limitation of developed method is that it can only be
used for the case when the durations of channel symbols of the
information and interfering signals are the same and the start times
of their transmission coincide.
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AHHOTauusa

B cratbe npeAcTaBneH HOBbIM ANrOPUTM C JIMHEMHOM BPEMEHHOM CIOXKHOCTbIO AJIA OLIEHKM Pa3peLUatoLLero BPEMEHU U HUXKHEN TpaHuLibl MPOMYCKHOM
CMOcOBHOCTN HaCTOTHO-CENEKTUBHOIO KaHamna CBA3M, 3aBUCALLIEN TONbKO OT 3Ha4eHNA 3PdEKTUBHOM NaMATH KaHaIa M YMCIa UCTOYHUKOB MEPEKPECTHbIX MOMEX,
MpY UCMONb30BAHUMN JIMHEMHOTO MPUEMHUKA U ABYXMOMAPHBIX MHOTOMO3ULIMOHHBIX aMMIMTYAHO-UMMYSIbCHbIX CUrHanoB. OCHOBHbIM OFpaHMYeHWEM MeToaa
ABNAETCA TO, YTO OH MPUMEHWUM TOMLKO ANA Cry4as, KOTAA ASIMTENbHOCTU KaHaslbHbIX CUMBOJIOB MH(OPMALWMIOHHOTO M MELLAIOLLErO CUTHAIOB OAMHAKOBbI, A
MOMEHTbI BPEMEHM Hayasa ux nepegdayqv coBnagator. C MpaKTUYECKOM TOYKM 3PEHWA AaHHbIM METOZ MOXET ObiTb WMCMONb30BaH MPU aHanuse
BbICOKOCKOPOCTHbIX MPOBOAHbLIX MHTEPENCOB NepeAayn AaHHbIX, B KOTOPbIX MHPOPMaLMA MepefaeTcs OAHOBPEMEHHO W MapaeNibHO MO HECKOMbKUM
JIMHWAM CBA3M, PaCMONOXXEHHbIM JOCTAaTO4YHO 6nm3Kko Apyr K Apyry. KntoueBbiMM 0coGeHHOCTAMU JaHHOTO MeToAa ABNAOTCA: |) MOCTOAHHOE YUCIO ypaBHEHUH,
paBHoe |, HeobxoanMMOoe ANA OLEHKMU HaUBOMbLIEro BpEMEHN YCTaHOBMIEHWS; 2) SIMHENHAA 3aBUCKMOCTb YMC/A HSIEHOB YpaBHeHWsA OT 3 deKTUBHOM NaMATh U
KONMYECTBA UCTOYHUKOB MEPEKPECTHbIX MoMeX; 3) HoBas, 6onee TouYHas mpouedypa OLeHKU 3PPEKTUBHOM MaMATH KaHasa, Mo3BOMAOLLIAA OAHOBPEMEHHO
OMpEeAenATb BPEMA Pa3peLleHus U MPOMYCKHYIO CMOCOBHOCTb; 4) HOBbIV HABOP OLIEHOK, MO3BONAIOLLMI OLEHUTL TPEBOBaHNA K MOACUCTEMAM CUHXPOHU3ALMM
CUMBOJIOB; 5) HOBbIV METOZ, OLIEHKU TPeByeMOro MUHMMANIbHOTO OTHOLLIEHUA CUFHAN/LLYM.

Knioqeeble cnoea: MCU, paspewiarowiee epems, nponyckHas cnocobHocmb, meopus paspewiarowsezo spemenu, AVMIM-n-cueHanbl, anzopumm c JIUHEUHOU 8bIYUCIUMESbHOL CIIOXKHOCTMbIO,
nepekpécmHble nomexu
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