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THEORETICAL FOUNDATIONS OF EQUIVALENT TRANSFORMATION
OF UNEQUAL-ENERGY COMPLEX SIGNAL ENSEMBLES FOR CODE DIVISION
MULTIPLE ACCESS SYSTEMS

Introduction

Ultra-wideband access systems with pulse signals
create a technical basis for the development of
wireless systems with restrictions on energy consum-
ption, electromagnetic compatibility, and operation in
high-frequency bands [1, 2]. A promising direction in
the development of ultra-wideband access systems is
the transition to code division multiple access based
on ensembles of complex pulse signals. In [3, 4],
ensembles of unequal-energy complex pulse signals
are considered, which are capable of providing a
limited level of multiple access interference under
arbitrary time shifts. In contrast to equal-energy
signal ensembles, for which the relations for
efficiency evaluation mostly have a simple form
suitable for application, the efficiency evaluation of
unequal-energy complex signal ensembles usually
requires the use of the corresponding relations in
general forms. Therefore, the development of the
theoretical foundations of the equivalent transforma-
tion of unequal-energy complex signal ensembles is
relevant, under which the relations for their efficiency
evaluation can be reduced to a form similar to that of
the equal-energy case.

Analysis of recent research and publications

In code division multiple access systems, the
relation between the levels of useful signal, multiple
access interference, and noise is determined through
the signal-to-interference-plus-noise ratio (SINR) [5—
8]. In energy form, SINR as the ratio of useful signal
energy to the sum of multiple access interference
energy E;; and noise for the i-th user SINR; is
determined by the relation:

L
2
— (max)
Ep;= 2 E (RTY,
j=1,j#i
where E; — useful signal energy of the i-th user;
E; ; — multiple access interference energy for the i-th
user; Ey ; —noise energy for the i-th user; E; — energy
of the j-th interfering signal; Rgnax) — maximum
cross-correlation value for the pair of signals i and j;
L — signal ensemble volume.

In the equal-energy case, after normalization of
signal energies to a unit value, the upper estimate of
multiple access interference energy E I(;-nax) determi-
ned through the maximum ensemble value of the
squared cross-correlation R2,,,:

EXM) = (L — DR% -

Then we can write:

1
SINR; = ,
! (L - 1)R72nax + EN,i

or, using the approximation L — 1 = Lif L > 1:

SINR; 2 ———.
LRmax + EN,i

For ensembles of equal-energy signals, after
normalization, the component of the SINR denomi-
nator that determines the effect of multiple access
interference takes the form of the product
(L—1)R2,,. The value L — 1 determines the
normalized total energy of all interfering signals and
therefore is the energy component of the product. The
value R?,,, is the correlation component of the pro-
duct and characterizes the structure of the ensemble
signals. For unequal-energy complex signal ensem-
bles, the component of the SINR denominator that
determines the effect of multiple access interference
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cannot be exactly reduced to the form of the equal-
energy case, because the signal energies of the
ensemble enter the terms of the sum in the expression
for E;; as unequal factors. At the same time, a
possible way to apply the form of a product of energy
and structural components to unequal-energy
complex signal ensembles is to use an approximation
based on separate accounting of the structural and
energy properties of the ensemble. Thus, to preserve
the product form characteristic of the equal-energy
case, it is necessary to determine a method for
approximate reduction of the set of signal energies of
the ensemble to a scalar value that can serve as the
energy component.

Since the difference between signal energies of the
ensemble forms nonuniformity of their distribution,
further analysis of the energy component should be
performed on the basis of a mathematical apparatus
in which the nonuniformity of a finite set of nonne-
gative values is characterized through the relations
between the sum of the values, the sum of their
squares, the mean value, and the variance [9, 10],
as well as through concentration measures [11-15].

Problem Statement

The problem consists in the need to obtain an
SINR estimate for an unequal-energy complex signal
ensemble in the form of a relation obtained for the
equal-energy case by approximately representing the
component of the SINR denominator that determines
the effect of multiple access interference as a product
of two numerical values, namely the energy and
correlation components, whose value determines the
normalized multiple access interference energy in the
equal-energy case. For such a representation, it is
necessary to determine a method for approximate
reduction of the set of signal energies of the ensemble
to a scalar value that can serve as the energy
component, whereas the correlation component can
be the result of approximate reduction of the squared
cross-correlations of the ensemble to the maximum
ensemble value. In this work, the method for
approximate reduction of the set of signal energies of
the ensemble to a scalar value that can serve as the
energy component determines the equivalent
transformation of an unequal-energy complex signal
ensemble into an equal-energy signal ensemble.

The purpose of the article

The purpose of the article is to develop the
theoretical foundations of the equivalent transforma-
tion of unequal-energy complex signal ensembles for
code division multiple access systems, which
provides the reduction of the relations for their
efficiency evaluation to a form similar to that of the
equal-energy case by approximately representing the
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component of the SINR denominator that determines
the effect of multiple access interference as a product
of energy and correlation components.

Summary of the main material

To pass from the set of signal energies of the
ensemble to a scalar energy component, let us
consider the form of the Cauchy-Bunyakovsky
inequality normalized by the ensemble volume [10]:

L 2 L
1 1 )
(zEEi) <7 B
i=1 i=1

The variance of the signal energies of the
ensemble 6% is equal to the difference between the
right-hand and left-hand sides of the normalized
Cauchy—Bunyakovsky inequality:

1% TN
i=1 i=1

The mean value of the squared signal energies,
that is, the right-hand side of the Cauchy—
Bunyakovsky inequality, is always greater than or
equal to the square of the mean value of the signal
energies, that is, the left-hand side of this inequality.
Equality is achieved only for equal-energy signal
ensembles, for which 6% = 0.

For further analysis, the total signal energy of the
ensemble will be regarded as its energy resource,
which does not change under approximate reduction
of the set of signal energies of the ensemble to a scalar
value. Therefore, only cases of redistribution of
energies between the signals of the ensemble will be
considered further, when the total signal energy of the
ensemble is constant.

Thus, for a given ensemble, the square of the mean
signal energy is determined by the total signal energy
of the ensemble and its volume, whereas the mean
value of the squared signal energies is determined by
the signal energy distribution of the ensemble.
Therefore, the variance of the signal energies of the
ensemble reflects the deviation of the signal energy
distribution of the ensemble from the equal-energy
case. Any nonuniformity of the signal energy distri-
bution leads to violation of equality between the
right-hand and left-hand sides of the Cauchy—
Bunyakovsky inequality due to an increase in the
mean value of the squared signal energies relative to
the square of their mean energy.

Next, let us pass to the non-normalized form of the
Cauchy—Bunyakovsky inequality by multiplying the
left-hand and right-hand sides of the normalized
inequality by the ensemble volume L:

L 2 L
(Z Ei> <L 2 EZ.
1 i=1

i=
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It follows from the last relation that, for
unchanged total energy of the ensemble and
unchanged ensemble volume, the sum of squared
signal energies cannot be less than (¥r_, E;)?/L,
and equality is achieved only for the equal-
energy case. Therefore, the value (XX, E;)?/L
determines the value of the sum of squared signal
energies corresponding to the equal-energy case
under unchanged total energy of the ensemble
and unchanged ensemble volume.

The relation for the variance of the signal energies
of the ensemble can also be written through non-
normalized values:

L L 2
L F.
LG%: E EL-Z——(ZL_; l) .
i=1

When 6% = 0, we have the equal-energy case, for
which

L
Y g - )’
S L
=1

When 6% # 0, we have the unequal-energy case,
for which
L 2
(X Ei)
i=1

Thus, in the non-normalized form, the value L0,25
determines the excess of the sum of squared signal
energies over the value corresponding to the equal-
energy case.

For further analysis, let us pass from absolute
energies to normalized energy values and, for each
signal E;, introduce the share of its energy p; in the
total energy of the ensemble Ey;:

pi = g—; i=1,..,L Xipi =1,
where Es — total signal energy of the ensemble;
Ey = %:1Ei-

Since the values p; = E;/Es, are normalized
shares of signal energies and satisfy the condition
Yk . pi =1, further analysis should be performed
through the sum of squares of these shares kg, which,
after substitution of the expression for p;, takes the
form

L L 2 L 2

KEzszZ:Z( LEl > = izt Fi 5

i=1 \2j=1 B (T Eo)

The dimensionless value kg is a quadratic measure
of concentration of the signal energies of the
ensemble, hereinafter concentration [11-15], which
is determined only by the signal energy distribution
of the ensemble and does not change when all
energies are multiplied by a common coefficient. For

an equal-energy signal ensemble, the concentration
Ky takes its minimum value, and when all energy is
concentrated in one signal, it takes its maximum
value.

Now let us pass from the concentration kg to a
value that directly reflects the deviation of the
distribution of energy shares from the equal-energy
case. For an equal-energy signal ensemble, all energy
shares are identical and equal to 1/L, which gives
zero deviation for the normalized distribution of
shares. Therefore, the variance of the normalized
signal energy shares 012, is determined relative to the

equal-energy case:

L 2
, 1 1
b=12(n-7)-
i=1

For an equal-energy signal ensemble, all shares
coincide with the value 1/L, so o = 0. For an
unequal-energy signal ensemble, the signal energy
distribution becomes nonuniform, the shares deviate
from the value 1/L, and therefore 0?, increases. Thus,
the variance 0?, reflects the measure of deviation of
the distribution of energy shares from the equal-
energy case.

Let us establish the relation between the variance
0?, and the concentration Kz in order to separate the
property of deviation of the distribution of shares
from the equal-energy case from the property of
energy concentration in individual signals of the
ensemble. To do this, expand the square in the
relation for 0?, and use the normalization condition

for the shares YF_, p; = 1:

L

1 1

b= )0
i=1

after which we substitute
the relation

L p? = xg and obtain

2o _1

p L L2’
which shows that, for a given ensemble volume L, the
variance of the normalized shares 0?, and the
concentration kg are related one-to-one. In this case,
the variance 0?, characterizes the deviation of the
distribution of shares from the equal-energy case,
whereas the concentration ky characterizes the degree
of energy concentration in individual signals of the
ensemble. Thus, the same nonuniformity of the
energy distribution can be represented either in the
form of variance or in the form of concentration.
Solving the last relation with respect to kg, we can

write
1

kg = Lo + o

© 0. Zhuchenko, H. Shubina, 2026



208 Science-based technologies Vol. 2(70), 2026

ISSN 2075-0781 (Print), ISSN 2310-5461 (Online)

Thus, the values kp and 022, reflect the same
property of nonuniformity of the energy distribution,
but in different mathematical forms. The value 022,
expresses the nonuniformity of the energy distribu-
tion through the squares of deviations of the energy
shares from the equal-energy case and is therefore a
measure of deviation of the distribution from the
uniform one, whereas the value kg expresses this
nonuniformity through the sum of squares of the
energy shares and is therefore a measure of
concentration of the signal energy distribution of the
ensemble.

For further consideration of the energy compo-
nent, not only the one-to-one relation between k5 and
0?, is essential, but also the meaning of the increase in
kg under reduction of the set of signal energies of the
ensemble to a scalar value. Since, in an unequal-
energy ensemble, signal energies enter the sum of
multiple access interference energy as unequal energy
factors, the increase in k; means that the distribution
of the total energy of the ensemble shifts toward
signals with higher energies, whereas the contribution
of signals with lower energies to the total multiple
access interference energy relatively decreases. Due
to such redistribution, it is the signals with higher
energies that begin to determine the main contribution
to the total multiple access interference energy and,
accordingly, to the energy component. Therefore, the
increase in kg corresponds to strengthening of the
signal dominance effect in the formation of the
energy component, and the value kg should be
interpreted as a scalar measure of manifestation of
this effect.

After this interpretation of the concentration kg,
let us establish the bounds of its possible values. In
the equal-energy case, dominance is absent, so kg
takes its minimum value 1/L.

As dominance increases, the value ky increases,
and in the limiting case, when the entire total energy
belongs to one signal, it takes the value 1.

Thus, the variance 0?, interprets the nonuniformity
of the energy distribution as a measure of deviation
from the equal-energy case, whereas the concentra-
tion kg interprets the same nonuniformity as a
measure of dominance of signals with higher ener-
gies. To establish the bounds of kg, apply the
Cauchy—Bunyakovsky inequality to the normalized
energy shares. Since Y'-_, p; = 1, the inequality gives

the estimate
1 L
<

i=1

After substituting Y'¥_; p? = kg, we obtain
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1 <
L=
where equality is achieved only for the equal-energy
case, when all signal energies are identical. Thus, the
lower bound of concentration corresponds to the
minimum possible nonuniformity of the energy
distribution in the ensemble.

The upper bound of the concentration kg is found
from the conditions 0 < p; < 1, which hold for each
normalized energy share. Taking into account that the
square of each share does not exceed the value of the
share itself, we have the upper bound of concentration

P! SYimpi=Lxp <1,
which corresponds to full concentration of the entire
energy resource in one signal of the ensemble.
Combining the lower and upper bounds, we obtain

the full range of variation of the concentration kg for
an ensemble of volume L:

1< <1
[Skp =1

Thus, the lower bound of concentration corres-
ponds to the equal-energy case, when energy is
distributed equally among all signals, whereas the
upper bound corresponds to concentration of the
entire energy resource in one signal of the ensemble.
As the concentration k increases, the nonuniformity
of the energy distribution in the ensemble increases.

Now let us pass to the value xz?, inverse to the
concentration Kg:

-1 _
K™ =—,
Kg

for which the bounds of values are obtained from the
previously established bounds for the concentration k:

1< <1
[SKe=l

Since kg > 0, when passing to the inverse value,
the inequality is reversed, and therefore we have

1<xz'<L.

The lower bound for k5! corresponds to the case
of full concentration of the total signal energy of the
ensemble in one signal, when kg = 1 and therefore
k51 = 1. The upper bound corresponds to the equal-
energy case, when k; = 1/L and therefore k5 = L.
Thus, the bounds of the value x5! follow from the
previously established bounds of the direct value k.

It should also be noted that the product of the
values kg and ;! is equal to one:

KgKg® = 1,
which expresses their reciprocal nature.

To represent the nonuniformity of the energy
distribution relative to the equal-energy case, let us
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normalize kz and k5! by the values that they take in
the equal-energy case, respectively 1/L and L:

KE _
L Lxg,
kgt 1
L Lxg

as a result, we obtain relations for normalized
concentration measures, the values of which are equal
to one for the equal-energy case:

Kp _ T B
UL (s E)' /L

K& (B E)/L
L i=1 Ef

For unchanged total energy of the ensemble and
unchanged ensemble volume, an increase in
nonuniformity of the signal energies of the ensemble
leads to an increase in the value Y%_; E?. Therefore,
the normalized value of the concentration measure
increases relative to one, whereas the normalized
inverse value decreases relative to one.

To introduce a dimensionless second-order measure
of nonuniformity, use the square of the coefficient of
variation of the signal energies of the ensemble CZ,
which is the variance normalized by the square of the
mean energy and therefore does not depend on the
absolute energy level and expresses only the nonuni-
formity of the signal energy distribution:

L
1
Hg = ZZ E;,
=1
1 L L
ok =7 ) (Bi—up)?* =1 ) EF =i,
i=1 i=1
ZL EZ 12L EZ
CZ _% L 1% _ L ~i=1"i _
v 2 2 2 ’
HE HE HE

where 0% — variance of the signal energies of the
ensemble; Ly — mean value of the signal energies of
the ensemble; CZ — square of the coefficient of
variation of the signal energies of the ensemble.

Let us write the expression for the square of the
mean signal energy of the ensemble uZ and obtain the
value CZ determined directly through the signal

energies:
L 2 2
2 _ 1 E _ (Zf:lEl)
E=\TLE) =T

i=1
Y E? L Ez

C-E— L =1 S — L Z =1
Gors) GRS

where the factor multiplied by L contains the
expression that coincides with the right-hand side of
the relation for xg:

L E?
1E

(S, B’
therefore CZ2 = Lxg — 1.
From the obtained relation CZ = Lkz — 1 the

dimensionless forms normalized relative to the equal-
energy case directly follow:

= Kg,

Kg
1/L_LKE—1+63,
kgt 1 1
L Lxg 1+C%

the first of which, for the case of unequal-energy
signal ensembles, when C2 > 0, will be greater than
one, Lxgy = 1 + C2, and the second will be less than
one, 1/(1 + C2); for the case of equal-energy signal
ensembles, when C2 = 0, these values will be equal
to one.

Thus, the dimensionless forms obtained above
represent the deviation of the energy component from
the equal-energy case, which allows the result of
reducing the set of signal energies of the ensemble to
a scalar value to be considered as an equivalent
transformation under which the form of the product
of the energy and correlation components, character-
ristic of the equal-energy case, is preserved.

Conclusions

The theoretical foundations of the equivalent
transformation of unequal-energy complex signal
ensembles for code division multiple access systems
have been developed, which provide the reduction of
the relations for efficiency evaluation to a form
similar to that of the equal-energy case. An approxi-
mate transformation of an unequal-energy complex
signal ensemble into a notional equal-energy complex
signal ensemble equivalent in terms of the total signal
energy has been determined. This transformation
transfers the effect of nonuniform signal energy
distribution on multiple access interference into a
change in the volume of the equal-energy signal
ensemble at a constant value of the maximum
ensemble cross-correlation by means of approximate
reduction of the set of signal energies to the scalar
value of the volume of the equivalent equal-energy
complex signal ensemble. To implement the
equivalent transformation, two interrelated variants
of approximate scalar reduction of the set of signal
energies of the ensemble to a scalar value based on
mutually  reciprocal  concentration = measures
normalized to the equal-energy value have been
proposed. These variants have opposite effects on the
change in the volume of the equivalent equal-energy
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complex signal ensemble and thereby define two
different interpretations of the effect of multiple
access interference on users with the lowest and
highest signal energies, which directly corresponds to
different degrees of manifestation of the signal
dominance effect.
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TEOPETUYHI OCHOBMU EKBIBAJIEHTHOI'O IEPETBOPEHHSA AHCAMBJIIB
PIBHOEHEPI'ETUYHUX CKJIAJHUX CUT'HAJIB JJIs1 CUCTEM MHOKUHHOT' O

JOCTYILY 3 KOJOBUM PO3AIJIEHHAM

Ilepcnekmuenum HANPAMOM PO3GUMKY HAOUUPOKOCMY208UX CUCHEM OOCMYNY € nepexio 00 3aCmOoCy8aHHs
MHOMNCUHHO20 OOCMYNY 3 KOOOBUM PO30LNEHHAM HA OCHOBI AHCAMONI8 IMNYIbCHUX DI3HOEHepeemUYHUX CKIAAOHUX
cuenanie. Ha 8iominy 6i0 ancamonie pigHoeHep2emutHUX CUZHALB, 01 AKUX CNIBEIOHOUEHHA 018 OYIHKU eqheKmUBHOCMI
Maomes NnepesadcHo npocmy @opmy, npudamuy OJid 3ACMOCY8AHHA, OYIHKA epekmuenocmi pisHoeHepeemuiHux
aHCcamobnie CKIAOHUX CUSHANIB, AK NPABULO, NOMPeOYE BUKOPUCIAHHS 8I0NOBIOHUX CNIBBIOHOUEHb ) 3A2ANIbHUX (POPMAX.
Y ecmammi pospobneno meopemuuni 0cHo8U eK8IBANIEHMHO20 NePemBOPEeHHA AHCAMOI8 PISHOEHEPLeMUUHUX CKIAOHUX
CUSHANI8 cucmem MHOJICUHHO20 OOCIYNY 3 KOOOBUM PO3OLIEHHAM, W0 3a0e3neuyioms npueedeHts: CniegioHouLeHb Ois
oyinku ix eghexmuenocmi 00 Gopmu, noOi6HOI 00 hopmu pisHOeHepeemuyHo020 6UnaoKy. Busnaueno uabnudicene
nepemeoperis AHCamoIIo PI3HOEHEeP2EMUYHUX CKIAOHUX CUSHATNIE 6 YMOGHUL aHCAMOIb PIBHOCHEP2ETNUYHUX CKAAOHUX
CUSHATIB, eKBIBANCHMHULL 3 CYMAPHOIO eHep2Icio CUSHATIB, SIKe NePEeHOCUMb 6NIUE HEPIGHOMIPHOCMI PO3NOOLILY eHepeiil
CUCHANI8 HA 30600U MHONICUHHOZ0 OOCMYNY V 3MIHY 00’ €My aHCaMONIO DI6HOEHEePeMUYHUX CKAAOHUX CUSHANIE Npu
cmanit 8eIUYUHI MAKCUMANLHOL 83AE€MHOL KOpensyii ancamomo wWisixom HaAOIUNCEHO20 36€0€HHs CYKYNHOCMI eHepeiil
CUSHATIB 00 CKANAPHOL 8eIUHUHU 00'€EMY eKBI8AIEHMHO20 AHCAMOIIO PIBHOCHEP2EMUYHUX CKAAOHUX CUSHATIB, HACTIOKOM
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K020 € NPUBEOeHHsl CNiBBIOHOWEHb OISl OYIHKU eheKMUBHOCI aHCamOie Pi3HOEHEPeeMUYHUX CKAAOHUX CUSHANI8 00
opmu, nodionoi 00 Gopmu pisnoenepeemuunux CKIAOHUX CucHAmig. [ peanizayii eKeiealeHmHo20 nepemeopenHs
3aNPONOHOBAHO 08d B3AEMONOS A3AHI BAPIAHMU HADIUNCEHO20 CKANAPHO20 38€0€HHA CYKYNHOCMI eHepeili CUSHATI8
aHcamobnio 00 CKANAPHOI 8eIUYUHU HA OCHOBI HOPMOBAHUX OO0 PIBHOEHEeP2eMUYHO20 3HAYEHHS 83AEMO0OEPHEeHUX Mip
KOHYenmpayii, AKi Maromes NpOMUIEHCHUN 6NIUE HA 3MIHY 00’€MY eKBIBAIEeHMHO20 AHCAMONIO PIGHOeHep2emMUUHUX
CKAAOHUX CUSHANI8 i mum 3a0aroms 08I pi3Hi iHmepnpemayii 6NaU8y 3a8a0 MHONCUHHO20 OOCMYNY HA KOPUCMYBAYI8 3
HAUMeHWUMY [ HAUOLIbWUMU eHePIIIMU CUSHANIB, W0 0e3n0cepednbo Gi0N06i0ae PisHOMY CHYNEHIO Nposigy eghexmy
OOMIHYBAHHSL CUCHAIS.

KnioyoBi cnoBa: 3aBagn MHOXWHHOTO [OCTYMY, €Hepria CurHasny, ekBiBaneHTHe MepeTBOPEeHHs, KOHLeHTpauis,
cMCTEMa MHOXMHHOIO AOCTYny 3 KOZOBMM PO3LINEHHsIM, pPi3HOEHepreTMyHWn aHcambnb CknagHWx curHanis,
piBHOEHepPreTU4HNI aHcaMbnb CKNagHUX curHanis.

Zhuchenko O., Shubina H.
THEORETICAL FOUNDATIONS OF EQUIVALENT TRANSFORMATION OF UNEQUAL-
ENERGY COMPLEX SIGNAL ENSEMBLES FOR CODE DIVISION MULTIPLE ACCESS
SYSTEMS

A promising direction in the development of ultra-wideband access systems is the transition to code division multiple
access based on ensembles of unequal-energy complex pulse signals. In contrast to equal-energy signal ensembles, for
which the relations for efficiency evaluation mostly have a simple form suitable for application, the efficiency evaluation
of unequal-energy complex signal ensembles usually requires the use of the corresponding relations in general forms.
The article develops the theoretical foundations of the equivalent transformation of unequal-energy complex signal
ensembles for code division multiple access systems, which provide the reduction of the relations for efficiency evaluation
to a form similar to that of the equal-energy case. An approximate transformation of an unequal-energy complex signal
ensemble into an equivalent equal-energy complex signal ensemble, equivalent in terms of the total signal energy, is
determined. This transformation represents the effect of nonuniform signal energy distribution on multiple access
interference through a change in the volume of the equivalent equal-energy complex signal ensemble at a constant value
of the maximum ensemble cross-correlation. This is achieved by the approximate reduction of the set of signal energies
to a scalar value of the volume of the equivalent equal-energy complex signal ensemble, which results in reducing the
relations for efficiency evaluation of unequal-energy complex signal ensembles to a form similar to that of equal-energy
complex signal ensembles. To implement the equivalent transformation, two interrelated variants of approximate scalar
reduction of the set of signal energies of the ensemble to a scalar value are proposed. These variants are based on a
concentration measure and its inverse concentration normalized to the equal-energy value. They have opposite effects on
the change in the volume of the equivalent equal-energy complex signal ensemble and thereby define two different
interpretations of the effect of multiple access interference on users with the lowest and highest signal energies, which
directly corresponds to different degrees of manifestation of the signal dominance effect.

Keywords: multiple access interference; signal energy; equivalent transformation; concentration; code division multiple access
system; unequal-energy complex signal ensemble; equal-energy complex signal ensemble.
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