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METHODOLOGY OF EQUIVALENT TRANSFORMATIONS OF UNEQUAL-ENERGY
COMPLEX SIGNAL ENSEMBLES IN CODE-DIVISION MULTIPLE ACCESS SYSTEMS

Zhuchenko O., Panchenko S., Lysechko V., Indyk S. Methodology of Equivalent Transformations of Unequal-
Energy Complex Signal Ensembles in Code-Division Multiple Access Systems. The paper develops a methodology of
equivalent transformations for ensembles of complex signals with unequal energies in code-division multiple access (CDMA)
systems. The relevance of this study arises from the limited applicability of classical equal-energy ensemble models to the analysis
of CDMA systems under conditions of user energy heterogeneity. The proposed approach is based on preserving the total ensemble
energy and its correlation structure, while transferring the effect of non-uniform signal energy distribution into scalar equivalence
parameters. Within this framework, structural and energy equivalent transformations are introduced, forming a dual pair of
equivalent volumes that ensure a consistent reproduction of the level of multiple-access interference for unequal-energy ensembles.
It is shown that the proposed equivalent volumes retain the physical meaning of well-known correlation-based performance criteria
and enable the use of analytical relations derived for equal-energy models without modification. The results of experimental
modelling confirm the validity of the equivalent transformations and the adequacy of interference reproduction for various
scenarios of energy heterogeneity. The obtained results can be employed for the analysis, comparison, and optimisation of signal
ensembles in CDMA systems under conditions of non-uniform user energy distribution.

Keywords: ensembles of complex signals; unequal-energy signals; equivalent transformations; CDMA; multiple-access
interference.

Kyuenko O.C., [Ianuenxo C.B., JIuceuxo B.IL., Inguk C.B. MeTono.0risi eKBiBajJeHTHHX NepeTBOPeHb aHCAMO.TiB
piZHOEHepPreTHYHUX CKJIAJHUX CHTHAJIB CHCTEM MHOKMHHOTO JOCTYNY 3 KOJOBHM po3aijlieHHAM. B crarti po3pobieHo
METO/I0JIOTIIO €KBIBAICHTHHX IIEPETBOPEHB aHCAMOJIIB PI3HOCHEPTeTHIHIX CKJIAJHUX CUTHAJIB Y CHCTEMaX MHOKHHHOTO JOCTYITY
3 KOJOBUM PO3AUICHHSAM. AKTYaJbHICTh JOCTI/KCHHS 3yMOBIICHA OOMEXKEHOI0 3aCTOCOBHICTIO KJIACHYHHUX MOJETeH
piBHOeHepreTnuHUX aHcamOmiB must aHamisy cucteM CDMA B yMoBax €HEpreTHYHOI HEOAHOPITHOCTI KOPHCTYBadiB.
3anponoHOBaHMH MiAXiJ IPYHTYETHCS Ha 30€peKeHH] CyMapHOI eHeprii Ta KOPEIALiifHOI CTPYKTYpH aHCaMOIIO 3 IEPEHECEHHIM
BIUTUBY HEPIBHOMIPHOTO PO3MOALTY €HEpriii CUTHAJIB y CKaJSIPHI apaMeTpH eKBIBaJIEHTHOCTI. Y MeXaX JOCIIHKEHHS BBEICHO
CTPYKTYpHE Ta €HEpreTHIHE CKBIBAICHTHI IEPETBOPEHHS, SIKi (JOPMYIOTH IyalbHy Mapy eKBiBaJIEHTHHX 00’e€MiB i 3a0e3MedyioTh
Y3TO[DKEHE BIATBOPEHHS PIBHS BHYTPINIHBOCHCTEMHHX 3aBaj MHOXHWHHOTO JOCTYIy IS PI3HOCHEPTeTHIHMX aHCaMOIiB.
[Nokazano, 110 3aNPOIIOHOBAHI €KBIBAIICHTHI 00’ €MH 30epiratoTs (hi3uIHMI 3MICT BITOMUX KOPEISIIHHNX KPUTEPiiB epeKTHBHOCTI
Ta JO3BOJIIIOTH 3aCTOCOBYBATH AHAJITHUYHI CIIiBBIIHOIICHHS PIBHOGHEPreTWYHHWX Mojenel 6e3 ix momudikarii. Pesymprati
EKCIIePUMEHTAIIFHOTO MOJICIIIOBAHHS ITATBEPAMIN KOPEKTHICTh EKBIBaJEHTHUX IICPETBOPEHb 1 aIEKBATHICTh BiATBOPEHHS
3aBa0BOi OOCTAHOBKY IS Pi3HHUX CIEHAPIiB eHepreTHYHOI HeoqHOopinHoCTi. OTpuMaHi pe3yIbTaTd MOXYTh OyTH BUKOPUCTaHI
JUTSL aHANi3y, TMOPIBHSHHS Ta ONTUMI3aIlil aHCaMOJiB CHTHAIB y CHCTEMaX MHOXKMHHOTO JOCTYIy 3 KOJOBHM DPO3IUICHHSIM B
YMOBaxX HEPiBHOMIPHOTO €HEPTeTHIHOTO PO3HNOALTY KOPHCTYBAUiB.

KnrouoBi cioBa: ancamOmi CKIaJHUX CUTHAJTIB; PI3HOCHEPTeTHYHI CHUTHANH; €KBiBaJeHTHI meperBopeHHs; CDMA;
BHYTPIIIHBOCHCTEMHI 3aBaIH.

Statement of a scientific problem.

In code-division multiple access (CDMA) systems, the efficiency of signal reception is determined
by the combined effect of the correlation properties of the signal ensemble and the distribution of energy
among users. In the classical formulation, the analysis of such systems is performed for equal-energy
ensembles of complex signals, for which closed-form analytical relationships have been obtained between
the correlation structure of the ensemble and the level of internal multiple-access interference (MAI).
Within this framework, the structural characteristics of the ensemble are consistently linked to integral
performance criteria, thereby ensuring an unambiguous interpretation of the analysis results.

The transition to unequal-energy signal ensembles fundamentally alters the conditions under which
MALI is formed. For a fixed correlation structure, a non-uniform distribution of energy among user signals
leads to a dominance effect, whereby the contributions of individual signals to multiple-access interference
increase in proportion to their energies weighted by the squares of the mutual correlation coefficients. As a
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result, higher-energy signals generate dominant MAI components, which has the most critical impact on
users with lower useful signal energy. Consequently, energy non-uniformity constitutes a distinct class of
ensemble parameters that cannot be reduced to correlation characteristics and cannot be adequately
accounted for within standard equal-energy models.

The direct application of analytical relationships derived for equal-energy ensembles to unequal-
energy cases, without additional coordination, leads to methodologically inconsistent estimates, since the
known formulations lack a parameter that explicitly captures the effect of energy non-uniformity without
altering the underlying dependencies. At the same time, non-uniform energy distribution gives rise to
energy unfairness as an independent ensemble property, which cannot be correctly represented solely
through structural correlation measures. In view of this, a scientific problem arises concerning the
development of a coherent theoretical and methodological framework that would enable the transfer of
established analytical relationships and performance criteria of equal-energy ensembles to unequal-energy
and structurally heterogeneous ensembles without changing their physical meaning.

Research analysis.

An analysis of the literature indicates that the problem of the impact of non-uniform signal energy
distribution in code-division multiple access (CDMA) systems has been addressed within several
interrelated research directions. Classical studies on CDMA analysis, in particular the statistical-mechanics
approach presented in [1, 2], are focused on large-system analysis, sequence optimisation, and multiuser
detector design under the assumption of equal-energy or statistically homogeneous ensembles.
Contemporary methods for forming ensembles of complex signals with prescribed structural properties
enable control of the correlation structure at different levels of detail; however, in these studies energy
heterogeneity is not generalised into scalar parameters suitable for analytical equivalencing [3]. While these
works have established fundamental analytical techniques, they largely fail to disentangle the influence of
correlation structure from that of energy non-uniformity.

The problem of unequal user powers is explicitly addressed in [4], where the concept of the “dirty
user problem” is introduced for downlink DS-CDMA systems. The authors demonstrate that the dominance
of higher-power signals leads to a severe degradation in reception quality for weaker users. At the same
time, the proposed solutions are mainly confined to numerical analysis and power optimisation procedures,
without a formalised alignment with classical correlation-based models.

A number of studies [5, 6] are devoted to energy-efficient power control and joint transmitter—
receiver optimisation in CDMA systems. In these works, energy non-uniformity is treated as a controllable
optimisation variable; however, it is not introduced as an independent structural characteristic of the signal
ensemble. A similar approach can be observed in applied studies of CDMA-based communication channels
[7], where the emphasis is placed on capacity and interference robustness, but without a unified invariant
measure of energy heterogeneity.

Recent investigations of non-orthogonal multiple access (NOMA) systems [8—10] further confirm
the relevance of energy non-uniformity and the dominance of higher-power users. Although these studies
extend beyond the classical CDMA framework, they reveal a common trend: non-uniform energy
distribution has a critical impact on internal system interference and requires dedicated descriptive methods.
A limitation of these approaches lies in their strong dependence on specific scenarios and power allocation
algorithms, which complicates the transfer of results across different models.

Thus, existing studies either focus on equal-energy models or consider unequal user powers solely
within optimisation frameworks. A coherent methodological apparatus that would preserve the physical
meaning of classical correlation-based performance criteria while consistently accounting for energy
heterogeneity is still lacking. This logically substantiates the need for the development of a methodology
of equivalent transformations for unequal-energy ensembles of complex signals, as proposed in this paper,
which bridges the gap between classical analytical models and the practical conditions of energy unfairness
in CDMA systems.

The purpose of this study is to develop a methodology of equivalent transformations for ensembles
of unequal-energy complex signals, which makes it possible to reduce the multidimensional distribution of
user signal energies to a set of consistent scalar equivalence parameters and to ensure the correct application
of well-known correlation-based performance criteria in code-division multiple access (CDMA) systems.
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Presentation of the main material and substantiation of the obtained research results.

Let us consider an ensemble of complex signals in a code-division multiple access system consisting
of L user signals. Within a discrete-time model, each signal is represented by a normalised complex
sequence with an individual energy E;, i = 1,2,...,L; = 1,2,...,L. The collection of signals forms an
ensemble whose correlation structure is defined by the matrix of mutual correlations of the normalised
signals. In the subsequent analysis, the correlation structure of the ensemble is assumed to be fixed, while
the differences between ensembles are determined exclusively by the distribution of energies among the
user signals.

To describe internal multiple-access interference (MAI), a quadratic correlation model is employed,
within which the contribution of the i-th signal to the interference is determined by its energy and by the
squares of the mutual correlation coefficients with the other signals of the ensemble.

Let a set of non-negative quantities be given E ,i=1,...,L, not all of which are zero. We define a

scalar quantity that quantitatively characterises the non-uniformity of the distribution of these values and is
invariant with respect to uniform scaling E, > cE, for ¢>(0. Such a quantity is required as a mathematical

carrier of the dominance effect among the individual components.

We construct measures of dispersion and concentration for the set E; and establish their interrelation.
Let u, denote the mean value of the quantities, aé — their variance, and Cf — the squared coefficient of
variation. Then:

7 =liE. azleL:(E.—,u ) =% (1)
E L = i> YV F L — i E) > v /,lé ‘

Under this formulation, both the total and individual multiple-access interference depend not only on
the correlation structure but also on the energy distribution E;, which becomes critical in the case of

unequal-energy ensembles. The squared coefficient of variation CV2 represents a dimensionless quadratic
measure of non-uniformity of the set E,, consistently linking the first moment E, and the second moment

L
Y E.
i=1
In order to eliminate dependence on the energy scale under the transformation E; > cE, for ¢>0,

normalisation by the total energy is performed and a quadratic measure of concentration of the normalised
shares is introduced as the sum of the squares of the normalised energy fractions:

2

L
E.
Kp=> | |- )
i=1 Ej
=1

J

The admissible range of values of this quantity lies within the interval % <k, <l

The lower bound x, =1/ L corresponds to the uniform energy distribution, whereas the upper bound
k. =1 represents the limiting case of complete dominance of a single component.
Let us fix the relationship between the variational and concentration-based representations of non-

uniformity as

C’ =Lk, -1. 3)

This relationship shows that C? and x, are mutually one-to-one representations of the same non-
p v E y p

uniformity property for a given L. The variational form Cv2 is physically transparent for interpretation,

© XKyuenko O.C., [Tanuenko C.B., JIuceuko B.II., Innuk C.B.



Hayxosuiti srcypuan "Komi 1oTepHO-1HTETpOBaHi TEXHOJIOTIi: 0CBiTa, HAyKa, BAPOOHHULITBO"
340 Jhywk, 2026. Bunyck Ne 62

while the concentration form x . is more convenient for further transformations, as it is directly related to

quadratic sums of the normalised energy fractions.

As the basic condition for equivalent transformations, we impose the requirement of invariance of
the total energy of the signal ensembles, since it defines the overall energy resource, which must remain
unchanged under equivalencing. Under this condition, the differences between the original ensemble and
its conditional equivalent are determined solely by the redistribution of energy among the signals.

Let us now consider the original multiple-access interference model and the issue of structural
consistency:

2

; “4)

L
2
E, =E{|Iz‘| }z ]Z E; IR, (Ti/)
J=Lg#
where, F, , —the energy of multiple-access interference for the i-th user;

I, —the interference component at the output of the correlation receiver matched to the i-th signal;

E; —the energy of the j-th user;

R, (Z'l.j ) — the mutual correlation coefficient between the normalised signals at a relative delay 7,;

L — the number of signals in the ensemble.

Here, the relative delays 7; are assumed to be statistically independent and wide-sense stationary

random variables, which ensures the validity of the averaged correlation-based interference representation.
For an unequal-energy ensemble, the expression for E,, explicitly includes the weighting factors

E;. As aresult, the structural correlation-based estimate of multiple-access interference can no longer be

uniquely determined solely by the correlation matrix, since the energy distribution introduces an additional,
independent degree of freedom.
We therefore introduce the structural equivalent volume of an unequal-energy ensemble, denoted by

L(;c'l), as the conditional equivalent number of signals in an equal-energy ensemble. This quantity is defined

through the dispersion of signal energies and serves as a scalar representation of energy non-uniformity.
LY =L(1+C}), L) =Lk (%)

As the degree of energy non-uniformity increases, the value of L(e(:) also increases. Within the

adopted quadratic interference model, this growth reflects an increase in the integral estimates of internal
multiple-access interference, which is equivalent to an increase in the effective number of equal-energy
interfering signals while preserving the total ensemble energy. For a conditional equal-energy ensemble

consisting of L;’ signals with identical energy Ee(;) =L(—f), equivalence in terms of total energy can be
eq
expressed as:

E
HpE) g T
LJE =L, 7o E;. (6)
€q
Thus, the transition to an equivalent ensemble preserves the total energy of the original ensemble,

while the non-uniformity of the energy distribution is transferred into the scalar parameter L(e:']). To

determine the bounds of the quantity L(;l), two limiting cases are considered:

— uniform distribution of signal energies:

E =...=E,, then E_1 and k —i 1 2—1 then L(”—Lz-l—L' (7)
1 L° Ez L E e L La eq L >
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— concentration of the total ensemble energy in a single signal:
E =E,,E,=...=E, =0,7omi x,=11a L) =L, ®)

Accordingly, the bounds of L < L(;;) < I’ are realised for two extreme energy distributions: the lower

bound corresponds to a uniform distribution of signal energies (the best-case scenario), which is equivalent
to an equal-energy ensemble, whereas the upper bound corresponds to the concentration of the total
ensemble energy in a single signal (the worst-case scenario).

Thus, equivalent transformations are proposed as a formalised tool for reconciling different levels of
description of signal ensembles, namely the structural and the energy-related levels. This approach enables
unequal-energy ensembles to be analysed within the parameter space of conditional equal-energy objects,
thereby establishing a unified basis for comparison, ranking, and optimisation of ensembles subject to
constraints on internal multiple-access interference. The introduced equivalence conditions provide a
methodological foundation for the subsequent development of specific implementations of equivalent
transformations and corresponding scalar indicators suitable for the practical analysis of code-division
multiple access systems.

Experimental modelling.

A comparison was carried out between the individual multiple-access interference (MAI) energies
of the original unequal-energy ensemble of time-division complex signals with a periodic structure and
those of its structural equal-energy equivalent. The analysis was performed for a representative set of signal
energies using an exact calculation based on the matrix of squared maximum normalised mutual correlation
coefficients.

The consistency of the exact calculation of individual MAI was evaluated by means of the relative

difference Aij.) between the threshold value E©

1. and the corresponding interference energy £, ;:

E(+) — L(e:rl) (Lgl) B 1) A(+) — El(jtl)n' _EI,i E(+) — (L B I)EZ (9)
1,thr E S0 E 4 > ~thr L(+) L(H _1 .
z 1,i eq ( eq )

The analytical expression for the relative difference of the individual MAI A(,:.) is obtained. It makes

it possible to directly trace its dependence on energy non-uniformity through C?, provided that the

threshold value E\,

applicable to time-division signals is employed:

is expressed explicitly in terms of Cf and that the exact expression for E,,

- :Lg)(m_1):(1+cf)(L(1+cf)—1)’E” _L-1 (10)
: E; Hg ’ E

a2 B =By E, .(1+C”2)(L(1+C”2)_1)—1. (11)
’ EI,i L-1 Hg

Expressions (9) — (11) compare the interference levels in a threshold-based sense, which is typical
for MAI analysis in CDMA systems and allows relative equivalence assessment of different signal
ensembles.

The structural equivalent transformation technique, interpreted as a transition from a non-uniform to
a uniform energy distribution under a fixed total energy resource, was validated for an ensemble specified
by the set {2,3,5,7,11}.

Figure 1 illustrates the distribution of signal energies: (a) the original unequal-energy ensemble and
(b) the equal-energy equivalent ensemble with L(e;) rounded up to the nearest integer. The figure

demonstrates the preservation of the total energy E; and the replacement of the non-uniform set E; by the
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uniform value E e(;) For the reference example, E, =28 and L(e? = 6,63, which yields Ee(;) =4,22; after

rounding, L{)) =7.

Different energy ensemble Structurally equivalent ensemble
i 11,00 =
S 10 104
<] ]
>'\ 4 o
g0 &1 7,00 87
[} . ]
8 6] 6
— 7 5,00 ]
g 1 422 422 422 422 422 422 422
= 4 3,00 4] = BE
] ] s e
3 e = B
1 1 , s
o LA oL eyt L
1 2 3 3 2 3 4 5 6 7
Signal number (user) Signal number (user)

Fig. 1 — Signal energy distributions: (a) unequal-energy ensemble (L=5);
(b) equal-energy equivalent ensemble (L(;l) =7)

Figure 2 presents the lower and upper bounds of the structural equivalent volume L(e;) and its values
for a set of initial unequal-energy ensembles A1 — A10. The figure shows that the value of L(e;) for each

ensemble lies within the admissible range defined by the bounds. For ensemble A7, a value of L(e(:) =6,63

is observed, which exceeds L and reflects an increase in the structural parameter due to the presence of
energy non-uniformity.

Upper limit: 25

B M
=] (%3]
1

—
(%]

O T T T O T T O N
(3.5,7.11,13}
(11,13,17,19,23}
{13.,17,19,23,29}
{2,3,5,7.11}

—
L=
[ =)
w
nn
mJ
w
L
=
w
v
=
—

5';3 5,81 5,51 5,33 5,36 5,26
e ool o T T P et -
Lower limit: 5

] 1
Al A2 A3 Ad A5 AB A7 AB A9 AlOD
Ensemble number

Structural equivalent volume
of the number of signals

L%,
1

Fig. 2 — Bounds of the structural equivalent volume L(e;) for the set of initial unequal-energy ensembles
Al—-AlOatL=5

Figure 3 illustrates the dependence of L") on the squared coefficient of variation of the energies, C>
g p eq q g v

for the set of ensembles A1 — A10 of equal size. The figure demonstrates a consistent relationship between
the measure of energy dispersion C and the structural parameter Li;): as Cv2 increases, L(;l) also increases.

This provides a compact reconciliation of two descriptions of energy non-uniformity E; and justifies the
interpretation of L(;C'l) as a parameter that reflects the degree of energy heterogeneity without requiring a

component-wise description of the set E; .
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Fig. 3 — Dependence of the quantity L.’ on C; for ensembles Al — A10 (L=5)

The results of calculating the individual MAI energy for the original ensemble using the exact
computation (Fig. 4) reveal a separation of users with respect to the threshold level: one signal produces
MALI above the threshold, one is located close to the threshold, and the remaining signals lie below it. The

normalised relative difference A(,;.) provides a quantitative measure of the deviation of each user’s MAI
from the threshold. The obtained range of A([:,), from —33.3% to 267%, should be interpreted as a measure

of individual MAI non-uniformity relative to the equal-energy representation: the sign indicates the side of
the threshold, while the magnitude characterises the degree of deviation from it.

2,50
] 2,00
L
= ]
< ] .. .
:; 1,50 1,33 Individual energy of MAI equivalent ensemble
= I sy T
5 ]
= 13 0,80
S : o o
3 0,50 3 25553 0,36
- Fotelelelele e tule e e '
. 4 e
] R - -
E -33,29 % +0,07 % +66,78 % +266,92 %
0 7 LT e e e e rey
T . e . Py T
1 2 3 5

Signal number (user)

Fig. 4 — Individual MAI obtained by exact calculation using the full matrix of mutual correlations

It should be noted that, in the exact calculation, the individual MAI energy is a decreasing function
of the energy of the corresponding signal. Consequently, the upper bound of the individual MALI is attained
for the signal with the minimum energy in the set, whereas the lower bound corresponds to the signal with
the maximum energy. In the approximate calculation, where the off-diagonal correlation coefficients are
replaced by a single maximum value, the individual MAI becomes a linear function of the difference
between the total ensemble energy and the signal energy. As a result, the upper bound again corresponds
to the minimum signal energy, and the lower bound to the maximum signal energy. The difference from
the exact case lies in the scaling of these bounds by a common factor determined by the adopted correlation
approximation.

Figure 5 presents the individual MAI energy values for the original ensemble obtained under the
approximate calculation (with a separate bar for each user), together with the level of the conditional
equivalent user acting as a threshold in the MAI domain (shown by a horizontal dashed line). A narrowing
of the range of relative differences with respect to the threshold is observed in comparison with the exact
calculation, which is consistent with the change in the structure of the MAI dependence on signal energies
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in the approximate model. For this example, the range of relative differences with respect to the threshold
in the MAI domain extends from —8.62% to 39.76%.
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Fig. 5 — Individual MAI obtained by approximate calculation using the maximum mutual correlation
value

The set of Figures 1-5 demonstrates that the structural parameter L") consistently reflects the degree
g p eq y g

of energy non-uniformity, while threshold-based comparison in the MAI domain yields identical grouping
and ranking for both the exact and approximate calculations in the reference example. This ensures an
unambiguous interpretation of the numerical results.

At the same time, the obtained results indicate that the proposed methodology of equivalent
transformations is applicable not only to the analysis of internal multiple-access interference, but also to
the solution of energy balancing problems among users in unequal-energy ensembles. As the degree of
energy non-uniformity increases, the contribution of the group of weaker signals to the total ensemble
energy may become negligible, which leads to a degradation in their reception efficiency and to a violation
of energy fairness within the system.

The use of the equivalent parameter Li;) , with L(e;) ="', introduced within the framework of the

(—) criterion, makes it possible to replace the multidimensional energy distribution E, with a single scalar

parameter without loss of meaning in threshold-based MAI comparison. The difference between the exact
and approximate evaluation modes manifests itself only in the numerical scale of deviations and does not
affect the qualitative conclusions regarding the comparison and ranking of ensembles.

Thus, the proposed dual system of equivalent volumes establishes a unified parametric basis for the
analysis, comparison, and optimisation of unequal-energy signal ensembles in code-division multiple
access systems. It enables diverse scenarios of energy heterogeneity to be reduced to a consistent formalised
description and ensures methodological continuity with classical models of equal-energy ensembles.

Conclusions and prospects for further research.

The paper develops and substantiates a methodology of equivalent transformations for ensembles
of unequal-energy complex signals in code-division multiple access (CDMA) systems, which enables the
consistent incorporation of non-uniform signal energy distribution without modifying the fundamental
analytical relationships derived for equal-energy ensembles. The proposed approach is based on preserving
the total ensemble energy and the correlation structure, while transferring the effect of energy heterogeneity
into scalar parameters of equivalence.

Within the proposed methodology, structural and energy equivalent transformations are introduced,

forming a dual pair of equivalent volumes L") and L. These provide alternative yet mutually consistent
g p q o eq p y y

means of describing the impact of signal energy non-uniformity on the level of internal multiple-access
interference. The results of experimental modelling confirm the validity of the equivalence concept and the
adequacy of interference representation for various scenarios of energy heterogeneity.

The obtained results establish a foundation for the generalised analysis, comparison, and optimisation
of signal ensembles in CDMA systems under conditions of energy unfairness. Future research directions
include extending the proposed methodology to adaptive and multi-rate multiple-access systems,
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accounting for the temporal variability of energy parameters, and integrating equivalent transformations
into optimal power allocation procedures and signal ensemble synthesis.
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