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Efficiency Evaluation of a Code Division Multiple Access System Based on a Multilevel Functional 

Model of Performance Indicators 
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.  

 
Introduction.  
Ultra-wideband transmission modes with 

impulse signals form a technical basis for energy-efficient 
wireless access devices with practically implemented 
high-frequency transmitting, receiving and processing 
paths in the 3.1–10.6 GHz and 57–71 GHz bands. The 
possibility of using impulse signals in such modes is 
defined by the IEEE 802.15.4 family of standards [1, 2]. 
For code division multiple access based on complex 
impulse signals, the key property of a signal ensemble is 
the ability to keep a low level of multiple-access 
interference for arbitrary time shifts between signals. In 
[3], ensembles of periodic impulse sequences were 
proposed that meet these requirements. However, the 
signals in such ensembles have different numbers of 
impulses and are therefore unequal in energy.  

To evaluate unequal-energy ensembles, 
equivalent transformations were used in [4, 5]. These 
transformations connect the original ensemble with 
conditional equal-energy ensembles that are equivalent in 
total signal energy. This makes it possible to apply 
analytical relations developed for equal-energy ensembles 
of complex signals to unequal-energy ensembles and to 
use these relations in analysis, comparison and ranking 
tasks. 

The obtained analytical relations make it possible 
to select, compare and rank ensembles by partial 
indicators. Efficiency evaluation of a code division 
multiple access system requires a transition from partial 
indicators to a generalized efficiency estimate of the 
system as a whole. For this purpose, a mathematical 
model is needed.  
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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: 

 
 

 
 

 
 

 
 

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

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

 – ensemble size; 

 – energy of the -th signal of the ensemble, 

; 

 - maximum value, over the ensemble, of 
the squared cross-correlation; 

N – parameter of the power-channel level 
determined by the communication channel model; 

 – 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 
introduce the mapping , which transforms the 
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: 

 

 
 

where  – set of compared variants; 
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 – -th variant, ; 

 – number of variants. 
For the implementation of functional reduction, 

we specify the composition of each variant by levels: 
 

 

, 
 

where  

 – set of parameters of the energy level for 

the -th variant; 

 – set of parameters of the structural level 

for the -th variant; 

 – set of parameters of the power-channel 

level for the -th variant. 
We introduce the functionals of the energy level 

, structural level  and power-channel level 

. The functional of the system level  
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: 

 

 
 
The set of levels whose functionals enter the 

reduced functional is denoted by . The set  

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

For an arbitrary level w from the set , the 

corresponding level functional is denoted by . The 

value  is the result of calculating the functional of 

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

, whose argument is the set : 

 

 
 
where  – reduced functional; 

 – value of the reduced functional for 

variant ; 

 – mapping whose argument is the set 

 and whose value is ; 

 – value of the functional of level  for 

variant ; 

 – set of levels whose functionals enter the 
reduced functional. 

For each variant , we 

calculate the set of values . 

Then, using the selected mapping , we determine 

the value of the reduced functional . 
The algorithm of functional reduction of the set 

of levels of the multilevel functional model for a finite set 
of variants  includes the following steps. 

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

 
 

where  
 – set of compared variants; 

 – -th variant; 

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

may enter the reduced functional: ; 
3) specify the system-level indicator through the 

power-channel level indicator and the parameter vector of 
the system level: 

 

 
 

where  
 – functional of the system level; 

 – performance indicator of the power-
channel level; 

 – vector of parameters that directly enter 
the system level. 

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

 
, 
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where  - set of levels whose functionals may enter 
the reduced functional; 

 - energy, structural and 
power-channel levels, respectively. 

Step 2. For each level w from the set , check 
whether the value of the corresponding functional can 
differ for at least one pair of compared variants: 

1) for each , define the condition :  
 

 
 

where  – condition that determines the presence of 

a difference between values of the functional of level ; 

 – numbers of compared variants; 

 – values of the 

functional of level w for variants  and . 

2) determine the set of levels  whose 

functionals enter  as the set of levels  from  for 

which the condition  is satisfied: 
 

; 
 
3) complete the algorithm without defining  

if the set  is empty:  

  

Step 3. Define the reduced functional  

through the mapping  for the case   
 

. 

 
Step 4. For each variant number 

, calculate the set of values 

 and use the mapping  to 

determine the value : 
 

. 

 
Step 5. Order the variants by the values 

, : 

1) specify the task type: 
, where  – task type: 

minimization or maximization of the values 

, . 
2) build a permutation of variant numbers 

 such that, for 
minimization, the following ordering holds:  

 

 
 

and, for maximization, the following ordering holds: 
 

 
 

where  – permutation of variant numbers; 

 – position number in the ordered sequence, 

; 

 – number of the variant that occupies the 

-th position in the ordered sequence; 

 – variant that occupies the -th 
position in the ordered sequence by the values 

. 
3) take the ordered sequence of variants as the 

result of evaluation: 
 

.  
 
The resulting algorithm determines the levels 

whose functionals take part in the reduced functional, 

forms one numerical estimate  for each 
variant and orders the variants according to the selected 
task type. If, for a certain level, the corresponding 
functional has the same value for all variants from S, this 
level does not affect the ordering and is not included in 

. 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.  

Conclusions. 
 A multilevel functional model of performance 

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 
sequential structure in which the system-level indicator is 
obtained through the power-channel level indicator and 
the parameter vector that enters the system level. 
Functional reduction has been defined as a rule for 
forming a reduced functional by the levels for which, on a 
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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Оцінювання ефективності системи 

множинного доступу з кодовим розділенням на 
основі багаторівневої функціональної моделі 
показників ефективності 

У статті розглянуто задачу оцінювання 
ефективності системи множинного доступу з кодовим 
розділенням, у якій використовуються ансамблі 
різноенергетичних складних сигналів. Метою роботи 
є розроблення процедури оцінювання ефективності 
системи множинного доступу з кодовим розділенням 
на основі багаторівневої функціональної моделі 
показників ефективності з визначенням достатнього 
для розв’язування поставленої задачі складу рівнів 
моделі. У межах викладу багаторівневу 
функціональну модель визначено як упорядковану за 
ступенем узагальнення оцінок ефективності множину 
рівнів, кожному з яких поставлено у відповідність 
функціонали, що визначають показники ефективності.  

Розглянуто енергетичний, структурний, 
потужнісно-канальний та системний рівні моделі, а 
також задано функціональні зв’язки між рівневими 
показниками і функціоналами. Повна модель зберігає 
послідовну структуру, у якій показник кожного 
вищого рівня визначається через показник 
попереднього суміжного рівня та параметри, що 
надходять на поточний рівень. Енергетичний рівень 
пов’язано з параметрами енергетичного складу 
ансамблю, структурний рівень - з параметрами 
взаємної кореляції сигналів, потужнісно-канальний 
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рівень - з відповідним параметром канального рівня, а 
системний рівень - з узагальненням результату 
відповідно до поставленої задачі. Розроблено 
алгоритм функціональної редукції, який для заданої 
множини варіантів визначає множину рівнів, для яких 
існує хоча б одна пара порівнюваних варіантів з 
різними значеннями відповідного рівневого 
функціонала, визначає редукований функціонал і 
впорядковує варіанти за значеннями редукованого 
функціонала відповідно до обраного типу задачі. 
Якщо для певного рівня значення відповідного 
рівневого функціонала однакові для всіх 
порівнюваних варіантів, такий рівень не входить до 
редукованого функціонала. У результаті алгоритм дає 
змогу визначити склад рівнів, функціонали яких 
входять до редукованого функціонала, та склад рівнів, 
для яких на заданій множині варіантів не виявлено 
відмінності значень відповідних рівневих 
функціоналів. Практичне значення результатів 
полягає у можливості виконувати оцінювання 
ефективності, синтез або оптимізацію системи 
множинного доступу з кодовим розділенням за 
значеннями редукованого функціонала, визначеного 
на основі мінімально необхідного складу рівнів для 
заданої множини варіантів. 

Ключові слова: система множинного доступу 
з кодовим розділенням; складний сигнал; показник 
ефективності; багаторівнева функціональна модель; 
функціональна редукція; редукований функціонал; 
енергетичний рівень; структурний рівень; 
потужнісно-канальний рівень; системний рівень. 
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