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The article considers the problem of evaluating the efficiency of a code division multiple access system that
uses ensembles of unequal-energy complex signals. The purpose of the work is to develop an efficiency evaluation
procedure for a code division multiple access system based on a multilevel functional model of performance indicators
with determination of the set of model levels sufficient for the stated task. The multilevel functional model is treated as
a set of levels ordered by the degree of generalization of efficiency estimates. Each level is associated with functionals
that determine the corresponding performance indicators. The model includes energy, structural, power-channel and
system levels. The energy level is related to the energy composition of the signal ensemble, the structural level is related
to mutual-correlation parameters of the signals, the power-channel level is related to the corresponding channel-level
parameter, and the system level is related to the final estimate for the stated task. The full model keeps a sequential
structure: the indicator of each upper level is determined through the indicator of the previous adjacent level and the
parameters that enter the current level. This prevents the system-level indicator from being mixed with the reduced
functional used for comparison of variants. The procedure uses functional reduction to determine which level
functionals must take part in the reduced functional for a given finite set of compared variants. For each level under
consideration, the procedure checks whether there is at least one pair of variants for which the value of the
corresponding level functional differs. If all variants have the same value of a level functional, that level does not enter
the reduced functional for the considered task. If at least one level satisfies the difference condition, the reduced
functional is formed by the mapping that transforms the values of the sufficient level functionals into one numerical
efficiency estimate for each variant. The obtained numerical estimates are then used to order the variants according to
the selected type of task, minimization or maximization. The practical value of the result is that efficiency evaluation,
synthesis or optimization of a code division multiple access system can be performed by the values of the reduced
functional, while the full multilevel model remains sequential and the comparison uses only the set of levels that is
sufficient for the stated task and the given set of variants.

Keywords: code division multiple access system; complex signal; performance indicator; multilevel functional
model; functional reduction; reduced functional; energy level; structural level; power-channel level; system level.
To  evaluate unequal-energy  ensembles,

Introduction. equivalent transformations were used in [4, 5]. These

Ultra-wideband  transmission  modes with  transformations connect the original ensemble with

impulse signals form a technical basis for energy-efficient conditignal equal-energy .ensembles .that are equivalent in
wireless access devices with practically implemented —total §1gnal energy. This makes it possible to apply
high-frequency transmitting, receiving and processing analytical relapons developed for equal-energy ensembles
paths in the 3.1-10.6 GHz and 57-71 GHz bands. The ~©f complex signals to unequal-energy ensembles and to
possibility of using impulse signals in such modes is  US€ these relations in analysis, comparison and ranking
defined by the IEEE 802.15.4 family of standards [1, 2].  tasks. ) ) . . .
For code division multiple access based on complex The obtained analytical relations make it p0551ble
impulse signals, the key property of a signal ensemble is 10 .select, comparc and rank ensembles by .P{ll’tflal
the ability to keep a low level of multiple-access 1nd19at0rs. Efficiency evalqatlon of a code d1V1519n
interference for arbitrary time shifts between signals. In mu}tlple access system requires a transition from partial
[3], ensembles of periodic impulse sequences were indicators to a generallzed.efﬁcwncy estimate of .the
proposed that meet these requirements. However, the System as a whole. For this purpose, a mathematical
signals in such ensembles have different numbers of model is needed.

impulses and are therefore unequal in energy.
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This model must define the set of indicators,
their distribution by levels of consideration,
the relations between indicators and the rule for obtaining
the final estimate.

The analysis of publications [6—19] showed that
mathematical models used to obtain the corresponding
estimates or indicators are defined by the task, input data,
application conditions and required result, and have
common features: decomposition of a system or a task
into elements, subsystems and relations between elements
and subsystems; definition of functions of elements and
subsystems; definition of inputs, outputs and states of
elements or subsystems; definition of levels of a
hierarchical structure, subtasks or functions; aggregation
of partial results to obtain a system estimate; aggregation
of elements and subsystems into the system as a whole;
simplification of the task through decomposition, model
reduction, reduction of task dimensionality, use of simpler
models and replacement of level functions by their
approximations. An approach to evaluating performance
indicators of a code division multiple access system based
on a multilevel functional model and using the theoretical
apparatus of system and functional analysis [20-22] was
considered in [23, 24]. The use of a multilevel functional
model requires determination of the set of levels needed
for the stated task of efficiency evaluation, synthesis or
optimization. This leads to the need to determine the
model levels whose functionals give different values for
the compared variants and must take part in forming the
estimate.

The purpose of the article is to develop an
efficiency evaluation procedure for a code division
multiple access system based on a multilevel functional
model of performance indicators with determination of
the set of model levels sufficient for solving the stated
task.

Discussion of the problem.

A multilevel functional model of performance
indicators of a code division multiple access system is
defined as a set of levels ordered by the degree of
generalization of efficiency estimates. Each level is
assigned functionals that determine the corresponding
performance indicators. The considered multilevel
functional model includes the energy, structural, power-
channel and system levels. The functional relations of the
multilevel model are determined by the following
relations:

Pen = Fen((Ey, By, -, L), L),
Pstr = Fstr(Pens L, ernax)»

Pcup = Feup(Pstr, N),

Psys = Fsys(Pcup, Csys),

PEN» PSTRa PCHPﬂ PSYS — performance

indicators of the energy, structural, power-channel and
system levels, respectively;

where

FEN’ FSTR, FCHPﬂ FSYS — functionals of the

energy, structural, power-channel and system levels,
respectively;

L| — ensemble size;
ﬂ — energy of the @—th signal of the ensemble,
i =12, ..,L

2 .
Rmax - maximum value, over the ensemble, of

the squared cross-correlation;
N — parameter of the power-channel level
determined by the communication channel model;

CSYS — vector of parameters that directly enter

the system level.

The energy level reflects the energy composition
of the signal ensemble. The structural level reflects the
correlation properties of the ensemble. The power-
channel level takes into account the influence of the
communication channel model. The system level gives
the final estimate according to the stated task.

In practical use of the model, not every level
necessarily affects the result of comparison of the
variants. If the values of the functional of a certain level
are the same for all compared variants, then this level
does not affect their ordering. In this case, it is sufficient
to use only those levels whose functionals give different
values for at least one pair of variants.

Functional reduction of the set of model levels
will mean the rule for forming a reduced functional by
those levels whose functionals give different values for
the compared variants. This rule does not change the
sequential structure of the full four-level model. It only
determines the set of levels whose functionals take part in
the reduced numerical estimate for the stated task.

A functional formed by this rule will be called
the reduced functional. The value of this functional is
used as one numerical estimate for comparing and ranking
the variants.

To determine the reduced functional, we

cbred’

values of the functionals of sufficient levels into one
numerical efficiency estimate for comparing the variants.
The reduced functional defines the comparison rule for
the variants and does not change the sequential relations
of the full four-level model.

Consider a finite set of variants of system
construction, signal ensemble construction or parameter
selection:

S = {x(l),x(Z), ___’x(K)}

introduce the mapping which transforms the

where

g — set of compared variants;
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x(k)—@—th variant, k = 1, ...,K;

g — number of variants.

For the implementation of functional reduction,
we specify the composition of each variant by levels:

— (+® (K k
) = (xEN X1 xc(H)P)»

k=1,..,K,

where

(k
KEN

the @—th variant;

k
ngI){ — set of parameters of the structural level

— set of parameters of the energy level for

for the

-th variant;

(K

XcHp| — set of parameters of the power-channel

level for the w—th variant.
We introduce the functionals of the energy level

FSTR and power-channel level

The functional of the system level

FEN’ structural level

F CHP} F SYS
determines the system-level indicator through the power-
channel level indicator and the parameter vector of the
system level.

For the levels whose functionals may enter the
reduced functional, we introduce the set:

W = {EN,STR,CHP}

The set of levels whose functionals enter the
reduced functional is denoted by Wred~ The set Wred

includes the levels from W for which the value of the
corresponding level functional differs for at least one pair

of variants from the set D|.
For an arbitrary level w from the set , the
corresponding level functional is denoted by . The

value Fw (x ) is the result of calculating the functional of

level M for variant @ For a variant @, the value of the
reduced functional is determined through the mapping

@ .. 4> whose argument is the set (Fw (x ))WEW :
red|

Fred(x) = CI)red ((FW(x))WEWred)'

where Fred —reduced functional;

Fred (x ) — value of the reduced functional for

variant {X;

q)red — mapping whose argument is the set

(FW (x ) )WEWred and whose value is [Fl.oq (x ) ;

FW (x) — value of the functional of level @ for

variant {X|;

Wred — set of levels whose functionals enter the

reduced functional.

xB k=1,..,K. we
(Fw(x(k)))

Then, using the selected mapping cbred’ we determine

For each wvariant

calculate the set of values

WEW eq

the value of the reduced functional Fred (x (k) )

The algorithm of functional reduction of the set
of levels of the multilevel functional model for a finite set

of variants P| includes the following steps.

Step 1. Define the initial data:
1) specify the set of compared variants:

S ={x®,x®,  x®]}

where

S| set of compared variants;
X (k) - @—th variant;

g — number of variants.
2) specify the set of functionals of the levels that

may enter the reduced functional: {FEN , FSTR , FCHP};

3) specify the system-level indicator through the
power-channel level indicator and the parameter vector of
the system level:

Psys = Fsys(Pcup, Csys),

where

FSYS — functional of the system level;

PCHP — performance indicator of the power-

channel level;

CSYS — vector of parameters that directly enter

the system level.
4) specify the set of levels whose functionals
may enter the reduced functional:

W = {EN,STR,CHP},
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where M - set of levels whose functionals may enter D _ specify the task type:
the reduced functional; opt € {mln, max}, where 0Pt - task type:
EN. STR. CHP - energy, structural and minimization or maximization of the values
) 4 >
power-channel levels, respectively. Fred (x (k)), k=1,..,K|
Step 2. For each level w from the set , check 2) build a permutation of variant numbers

whether the value of the corresponding functional can |07 {1 , e, K } - {1 , o, K }‘ such  that, for
differ for at least one pair of compared variants:

1) for each W € W], define the condition :

minimization, the following ordering holds:

Froa (1)) < Frog (x@)) < 1ot < Fro (x(00)),

R,:3ABE{1,..,K},A# B:F,(x®) # F,(x®)

and, for maximization, the following ordering holds:

where @ — condition that determines the presence of Fred(x(cu))) > F.og (x(c(z))) > > Fred(x (c(K))),
a difference between values of the functional of level @;

A, B| - numbers of compared variants; where — permutation of variant numbers;
F,, (x(A) )’ E, ( x(B)) _ values of the J| — position number in the ordered sequence,
=1,..,K;
functional of level w for variants [X (4) and X (B) . J L

o (]) — number of the variant that occupies the

2) determine the set of levels Wred whose

-th position in the ordered sequence;
functionals enter Fred as the set of levels M from for ﬁ P - q
X (G(J )) — variant that occupies the E—th

osition in the ordered sequence by the values

(k) —

W,eq = {w € W:R,,}: Frea(x®), k=1, ..,K
3) take the ordered sequence of variants as the

result of evaluation:

which the condition BW is satisfied:

3) complete the algorithm without defining Fred

if the set Wred is empty: x(o-(l)) x(o-(z)) x(o-(K))
, ) e .
Wred =0
Step 3. Define the reduced functional Fred The resulting algorithm determines the levels

whose functionals take part in the reduced functional,

through the mapping % for the case Wred * ¢ forms one numerical estimate Fred (x (k)) for each

variant and orders the variants according to the selected

I d(x) = d( F (x) ) task type. If, for a certain level, the corresponding
re re ( v )WEWred functional has the same value for all variants from S, this

level does not affect the ordering and is not included in
Step 4. For each  wvariant number W.
red

k = 1,...,K| calculate the set of values

. Thus, the procedure keeps the sequential structure

of the full multilevel model and uses only the levels that

are sufficient for comparing the variants in the stated task.
Fw (x (k)) and use the mapping (P d to - e
WEW re Conclusions.
red - -
5 A multilevel functional model of performance
determine the value Fred (x ): indicators for a code division multiple access system has

been considered with the separation of energy, structural,
power-channel and system levels. The full model keeps a

Fre d ( x (k)) = q)re d (( Fw (x (k))) ) sequential structure in which the system-level indicator is
WEW eq obtained through the power-channel level indicator and

the parameter vector that enters the system level.

Step 5. Order the variants by the values Funcjcional reduction has been defined as a mle for

®) forming a reduced functional by the levels for which, on a

F red (x ), k = 1; ey K: given set of compared variants, at least one pair of
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variants has different values of the corresponding level
functional. The proposed efficiency evaluation procedure
determines the set of model levels sufficient for the stated
task, forms the reduced functional using this set and
orders the variants by the values of the reduced functional
according to the selected task type. The practical value of
the results is that the multilevel functional model together
with the functional reduction procedure makes it possible
to compare variants of code division multiple access
systems using the set of model levels sufficient for the
stated task, without replacing the sequential structure of
the full model.
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OuinroBaHHs edexTUBHOCTI CHCTEMH
MHOKMHHOTO JOCTYNY 3 KOJOBMM PO3/JiJIeHHSIM Ha
OCHOBI OaraTopiBHeBOi (QyHKHiIOHAJIBLHOI MopeJi
NMOKA3HUKIB e()eKTUBHOCTI

Y crarri po3rIsIHYTO 3ajady  OLIHIOBAaHHS
e(eKTUBHOCTI CHCTEMH MHOXXHHHOTO JIOCTYILY 3 KOJIOBHM
PO3IUICHHSAM, Y SKiH BHKOPHCTOBYIOTHCS —aHcamOIi
PI3HOCHEPreTHYHUX CKIIAQJAHUX CUTHaJiB. MeToro poboTH
€ PO3pOOJICHHS TPOIEAYPH OLIHIOBAHHS CHEKTHBHOCTI
CHUCTEMH MHO>KHHHOTO JOCTYITy 3 KOJOBHM PO3JUICHHAM
Ha OCHOBI OararopiBHeBOi (QYHKIIOHAJIBHOI Mozei
MTOKA3HUKIB €(EeKTHBHOCTI 3 BH3HAYCHHSM JOCTATHHOTO
JUI pO3B’sI3yBaHHS MOCTABJIEHOI 3a7ayi CKJIaxy piBHIB
MOJIETTi. v MexKax BUKJIAy GaraTtopiBHEBY
(YHKIIIOHAJIbHY MOJICNIb BU3HAYEHO SIK YIOPSIKOBaHY 3a
CTYIICHEM y3arajJbHEHHS OI[IHOK €()eKTHBHOCTI MHOXXHHY
PiBHIB, KOXKHOMY 3 SKHX TIOCTAaBIICHO Y BIiIIOBIIHICTH
(YHKITIOHAJIH, 1110 BU3HAYAIOTH TOKa3HUKN €(DEKTHBHOCTI.

PosrnsHyTO  €HepreTMuHuil,  CTPYKTYpHHI,
MTOTYKHICHO-KAaHAJFHUIA Ta CHUCTEMHUH pPIiBHI Momenmi, a
TAaKOX 3aJaHo (YHKIIOHAJIbHI 3B’SI3KM MiX PIBHEBUMH
MoKa3HUKaMu 1 ¢pyHKnioHanamu. [ToBHa Mozens 30epirae
MOCHIZIOBHY CTPYKTYpY, Y SKii TOKa3HHK KOXHOTO
BUIIOTO  piBHS  BU3HA4Yae€Tbcs  4Yepe3  IOKAa3HHUK
MIOTIEPETHBOT0 CYMDKHOTO DIBHS Ta NapaMeTpH, IIo
HaJIXOJIATh HAa MOTOYHHUM piBeHb. EHepreTnynuii piBeHs
MOB’SI3aHO 3 TapaMeTpaMH EHEPreTHYHOrO  CKIAIy
aHcaMOJI0, CTPYKTYpPHHH piBeHb - 3 TapaMeTpamu
B3a€MHOI KOpEJsLii CHUTHAIIB, MOTYXHICHO-KaHAJIBHUN
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PiBEHB - 3 BiIIOBIAHUM MTapaMeTPOM KaHaJIBHOTO PiBHS, a
CHUCTEMHHH piBeHb - 3 Yy3arajJlbHEHHSIM pe3yJbTaTy
BIIMIOBITHO 110 TOCTaBIeHOi 3amaui. Po3pobieHo
anropuT™ (PYHKI[IOHANBEHOI peAyKIlii, SKUH Js 3adaHol
MHO)XMHH BapiaHTiB BU3HaYa€ MHOXKUHY PIBHIB, JUISl SIKUX
icHye xoua O oJHa mHapa ITOpPiBHIOBaHHMX BapiaHTIB 3
pi3HUMU 3HAYEHHSAMU BIJMIOBITHOTO  PIBHEBOTO
¢yHKIiOHaNIa, BU3HAYA€ peIyKOBaHWH (yHKIiOHAN 1
BIIOPSIIKOBYE BapiaHTH 3a 3HAYCHHSAMH PEIYKOBAHOTO
¢yHKIIOHaNIa BINOBIIHO A0 0OpaHOrO THIY 3ajadi.
Skmo 7S TEeBHOrO piBHS 3HAYEHHS BiANOBIAHOTO
piBHEBOTO ¢dyHKIOHAMA OJIHAKOB1 IS BCIX
MOPIBHIOBAaHWX BAapiaHTIB, TAKMH PIiBEHb HE BXOAWUTH 1O
penykoBaHoro (pyHKLIOHaANA. Y pe3ynbTarTi alropuT™ JIae
3MOTY BH3HAUUTH CKJIaJ piBHIB, (YHKIIOHAIM SKHX
BXOJISITh JIO PEYKOBAaHOTO (D)YHKITIOHAJIA, TA CKIIAJ PIBHIB,
JUTSL SIKAX Ha 3aJlaHiii MHOXKWMHI BapiaHTiB HE BHSBICHO

BIIMIHHOCTI 3HA4YECHb BIAITOBIIHUX piBHEBHUX
¢ynkmionaniB.  IlpakThdne  3Ha4YeHHS  pe3yJbTATIB
MOJISITa€ Y  MOXIMBOCTI  BUKOHYBATH  OI[IHIOBAHHS
e(pCeKTHUBHOCTI, CHHTE3 ab0 ONTHMI3aIlif0 CHCTCMH

MHOXXKMHHOTO JIOCTYITy 3 KOJOBHMM pO3IUICHHSIM 32
3HAUYEHHAMH pEIyKOBaHOTO (YHKI[iOHalla, BU3HAYECHOTO
Ha OCHOBI MiHIMaJbHO HEOOXIJHOTO CKIIQAy PiBHIB IS
3a71aHOi MHOJKHHH BapiaHTiB.

KirouoBi cioBa: cucremMa MHO>KHHHOTO JIOCTYITY
3 KOJOBHM PO3JIUICHHAM; CKJIQJHHHA CHTHAJT; IMOKAa3HUK
edekTuBHOCTI; OaraTopiBHEeBa (YHKI[IOHaJbHA MOJIEIb;
(GyHKIIOHATIbHA PEIYKIis; peAyKOBaHMH (YHKIIIOHAI;
CHEepreTHYHUH piBeHB; CTPYKTYPHHH piBeHB;
MOTYXXHICHO-KaHAIbHUN PiBE€Hb; CHCTEMHHH PiBEHb.
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