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Abstract. The characteristics of a code division multiple access system significantly depend on
the choice of an ensemble of complex signals. The structure of the complex signals in the ensemble is
taken into account through the cross-correlation of the signals and the signal energies in the ratio of
useful signal energy to the total energy of multiple-access interference and noise. For ensembles of
equal-energy complex signals, the available efficiency indicators make it possible to estimate the
influence of the ensemble on multiple-access interference without separately taking into account the
signal energy distribution, since the signals can be normalized to unit energy. For ensembles of
unequal-energy complex signals, the signal energy distribution affects the level of multiple-access
interference together with the cross-correlation of the signals. The purpose of the article is to
substantiate the requirements for the structural efficiency indicator of ensembles of unequal-energy
complex signals in code division multiple access systems on the basis of analysis of multiple-access
interference energy and the ratio of useful signal energy to the total energy of multiple-access
interference and noise. It is established that, for assessing complex signal ensembles, it is appropriate
to distinguish between indicators through which the ratio of useful signal energy to the total energy
of multiple-access interference and noise can be expressed directly and general squared-correlation
functionals that do not provide such a direct expression. For equal-energy ensembles, the assessment
of structural efficiency can be reduced to the cross-correlations of the signals, and the structural
efficiency indicator can be the product of the signal ensemble size and the square of the maximum
ensemble-wide value of cross-correlation. For unequal-energy ensembles, the total energy of
multiple-access interference is not reduced to a form analogous to the equal-energy case, because it
is simultaneously affected by the cross-correlations of the signals and by the nonuniform distribution
of their energies. Taking into account the analysis performed, the following requirements should be
imposed on the structural efficiency indicator of unequal-energy complex signal ensembles: the
indicator should be related to the signal-to-interference-plus-noise ratio, be sensitive to unfavorable
cases of multiple-access interference realization, and be suitable for ranking and comparing unequal-
energy complex signal ensembles of different sizes, while remaining consistent with the equal-energy
limiting case.
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Anomauia. Xapaxmepucmuku cucmemu MHONCUHHO20 OOCMYNY 3 KOOOBUM PO3OLIeHHAM
icmomuo 3anexcams 8i0 8UOOPY ancamono cKiaoHux cuenanie. Cmpykmypa CKIAOHUX CUSHANI8
aHcamono 8pax0B8aHa uepes3 3AEMHY KOPEIAYito CUSHANI8 MA eHepeli CUCHAI8 ) 6IOHOWEHHT eHepail
KOPUCHO20 CUSHANY 00 CYMAPHOI eHepeii 3a8a0 MHOMCUHHO20 Oocmyny i wymy. [na ancamobnis
pieHoeHepeemudHUX CKIAOHUX CUSHANIB HASABH] NOKASHUKU eDeKMUBHOCTIT 0aiomb 3MO2Y OYIHI08AMU
BNIUE AHCAMONIO HA 3A68A0U MHOMCUHHO20 OOCMYNY 6e3 OKPeMO20 8PAXYBAHHA PO3NOOILYy eHepeii
CUCHANIB Yepe3 MOJNCIUBICMb IX HOPMYB8aHHA 00 OOUHUYHOI eHepeil. Jlna  awmcamonie
PI3HOeHepeeMUYHUX CKIAOHUX CUSHANIE PO3NOOLL eHepeil CUSHANI8 6NIUBAE HA PIBeHb 3A8d0
MHOJNCUHHO20 OOCMYNY PA3OM i3 83AEMHOI0 KOpeayieto cueHanie. Memoro cmammi € 00IpyHmMy8aHHsA
BUMO2 U000 NOKAZHUKA CMPYKMYPHOI epeKmueHoCmi aHcamobnié pizHOeHepeemuiyHux CKIAOHUX
CUCHANIB cUCMEM MHOICUHHO20 OOCMYNY 3 KOOOBUM PO30LIEHHAM HA OCHOBI aHANI3y eHepeii 3a8a0
MHONCUHHO20 OOCMYNY MA BIOHOUIEHHSI eHep2ii KOPUCHO20 CUSHANYy 00 CYMApHOI eHepeii 3a6ao
MHOJCUHHO20 O00CMYny 1 wymy. YCmaHo8leHo, wo, OYIHIOWYU aHCaMONi CKIAOHUX CUSHANIS,
OOYINIbHO PO3PI3HAMU NOKAZHUKU, Yepe3 SIKI 8IOHOUWEHHS eHepeii KOPUCHO20 CUSHANY 00 CYMAapHOL
eHepaii 3a8a0 MHONCUHHO20 OOCMYNY | WyMy Modxce Oymu eupaicene 6e3nocepeonsvo, i KopensayiliHi
@yHKyionanu 3a2anvHoi K8aOpamuyHoi Kopenayii, AKi makozo 6e3nocepeonbo2o BUPANCEHHS He
3abe3neyyroms. i pieHoeHepeemUudHUX aHCAMONIE OYIHIOBAHHA CMPYKMYPHOI edexmuenocmi
Modxce Oymu 36e0eH0 00 83AEMHUX KOPENAYIU CUSHANIB, A NOKAZHUKOM CMPYKMYPHOI eghekmuenocmi
Modice bymu 000ymox 00'emy ancamobnro cucHanie Ha Keaopam MAKCUMANbHO20 3d aHcamobiem
3HAUeHHs1 B3AEMHOI Kopenayii. [[ns pi3HOeHepeemuuHux aHcamonie cymapHa eHepeisi 3aeao
MHOJICUHHO20 OOCMYNY He 36e0eHa 00 opMu, aHAN02IYHOI PIBHOEHeP2eMUYHOMY 6UNAOKY, OCKIIbKU
Ha Hei 0OHOYACHO BNAUBAIOMb B3AEMHI KOPENAYll CUCHANI8 [ HepPIBHOMIPHICMb PO3NOOILY IXHIX
eHepeiti. 3 Ypaxy8awHAM Npo6edeHo20 aHaunizy 00 NOKA3HUKA CMPYKMYpHoi eghekmusHocmi
ancamonie pizHOeHepeeMUYHUX CKAAOHUX CUSHANIE OOYLIbHO BUCYHYMU MAKI GUMO2U. NOKA3HUK
NOBUHEH Mamu 36 S130K i3 GIOHOUWIEHHAM eHep2ii KOPUCHO20 CUSHANY 00 CYyMapHoi eHepeii 3a6a0
MHONACUHHO20 OOCMYNY | wymy, Oymu 4ymiausum 00 HeCnpusmiueux eunaokxie peanizayii 3a6ao
MHOJNCUHHO20 OOCMYNY | Oymu NpuoamHum OJisl PAHICYBAHHS | NOPIGHAHHS DI3HOEHeP2eMmUYHUX
aHcamonié CKIAOHUX CUCHANIB PI3HO20 00°'eMy 3i 30epedceHHAM KOPEeKmMHO20 nepexody 00
PIiBHOEHep2emuyH020 2PaHUUHO20 BUNAOK) .

Knrouoei cnoea: noxaznux cmpykmypuoi egekmusHocmi, aHcamOIb pi3HOeHep2emudHux
CKIAOHUX CUSHANIB, CUCMEMA MHONCUHHO20 OOCMYNY 3 KOOOBUM PO3OLIEHHAM, 380U MHONCUHHO2O
00CMyny, 83A€EMHA KOPeNAYis, 3a2albHa K8AOPAMUYHa KOpensyisl.

Relevance of the research topic. A such signals and the simplification of high-
promising direction in the development of code frequency paths form the technical basis for the
division multiple access systems is the energy efficiency of these systems. In [1],
transition to high-frequency ranges, the ensembles of periodic impulse sequences are
introduction of ultra-wideband access modes, proposed that provide a low level of multiple-
and the strengthening of requirements for access interference under arbitrary time shifts
energy  efficiency and electromagnetic between signals, which is an important factor
compatibility. The implementation of energy- for the practical implementation of
efficient code division multiple access systems asynchronous operation of a multiple access
in high-frequency ranges can be provided by system. For impulse complex signal ensembles,
using ensembles of impulse complex signals, unequal signal energy may arise from different
which make it possible to build high-frequency numbers of impulses in individual signals [1].
signal receiving, transmitting, and processing The available evaluation indicators are mainly
paths according to simplified schemes suitable associated with the equal-energy case.
for mass production. The impulse nature of
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Therefore, substantiating the
requirements for a structural efficiency
indicator of constructively unequal-energy
impulse complex signal ensembles, which
reflects their structural-energy properties and is
suitable for selecting, comparing, and ranking
constructively unequal-energy complex signal
ensembles, is a relevant task.

Introduction. The characteristics of a
code division multiple access system
significantly depend on the selected complex
signal ensemble. The ensemble determines the
structure of complex signals, the maximum
number of users through the ensemble size, and
the maximum level of multiple-access
interference to one user from all signals of other
users. Therefore, before introducing a structural
efficiency indicator, it is necessary to relate the
structural properties of the ensemble to the
energy of multiple-access interference.

For equal-energy complex signal
ensembles, available efficiency indicators make
it possible to assess the influence of the
ensemble on multiple-access interference
without separately taking into account the
distribution of signal energies, due to the
possibility of normalizing them to unit energy.
For unequal-energy complex signal ensembles,
the distribution of signal energies affects the
level of multiple-access interference together
with the cross-correlation of signals. Therefore,
before defining a structural efficiency indicator
for such signal ensembles, it is necessary to
substantiate the requirements for an indicator
that must take into account the structural-
energy properties of the ensemble.

Analysis of recent research and
publications. The characteristics of a code
division multiple access system significantly
depend on the selected complex signal
ensemble, which determines the structure of
complex signals as a set of signal components,
their parameters, their placement on the time
axis within the signal duration, the maximum
number of users through the ensemble size, and
the maximum level of multiple-access
interference to one user from all other user
signals, that is, intrasystem interference. The

structure of the complex signals in the ensemble
directly determines the level of multiple-access
interference and is taken into account through
signal correlation and signal energies in the
ratio of useful signal energy to the total energy
of multiple-access interference and noise
(SINR) [2-5, 8, 9].

Since noise is not taken into account
when synthesizing complex signal ensembles,
ranking them, and selecting them, the task
arises of determining the influence of signal
ensembles on the characteristics of a code
division multiple access system, which in this
paper will be referred to as the efficiency
assessment of complex signal ensembles.

Without noise, the ratio of useful signal
energy to interference energy can be expressed
through cross-correlations of signals or through
the maximum cross-correlation value over the
ensemble [2-5, 7-12]. Ensemble-wide squared-
correlation functionals do not directly express
the ratio for an individual user in the general
case [12, 14, 17].

For equal-energy signals, signal energies
can be normalized or treated as a common
factor; therefore, correlation quantities become
the main variables of comparison [2-5, 7-13,
15, 16]. For such signals, their energies are not
independent distinguishing quantities due to
their equality and the possibility of
normalization by a common value. In this case,
comparison can be reduced to cross-
correlations of signal pairs or to their maximum
value over the ensemble [2-5, 7, 11, 12]. The
Welch bound gives a theoretical lower level of
possible cross-correlation for a given ensemble
size and signal-space dimension, but it does not
select a concrete structurally specified
ensemble [7, 11-13, 15, 16].

In contrast to the equal-energy case, the
energies of an unequal-energy signal ensemble
are significant quantities in the assessment of
ensemble efficiency, because the components
of multiple-access interference energy are
products of signal energies and squared cross-
correlations. Because signal energies are
unequal, this sum cannot be reduced to one
common energy factor. Unequal user energies

36ipHuxk HaykoBux npaub YKpAY3T, 2026, Bun. 216



30ipHUK HAYKOBHUX Npanb Y KPaiHCHKOI0 AeP:KAaBHOI0 YHIBEPCUTETY 3aJi3HUYHOI0 TPAHCIIOPTY

are usually associated with propagation
conditions, near-far effect, power control, or
user power constraints [3-6, 18-20].
Structurally determined energy distribution is a
different case. Thus, unequal energy caused by
the signal structure requires a separate
formulation within the present assessment task.

Squared-correlation functionals
characterize the ensemble as a whole [12, 14,
17]. These functionals depend on the full set of
cross-correlations in the ensemble. They cannot
be replaced by only the maximum correlation
value without losing the ensemble-wide
meaning. For equal-energy ensembles, total
squared correlation (TSC) is a theoretical
correlation criterion connected with the Welch
bound [7, 12-14]. For weighted formulations,
total weighted squared correlation can be used
as an auxiliary ensemble-wide comparison
quantity [14, 17].

The analysis covers equal-energy signal
sets, correlation bounds, total weighted squared
correlation, and  unequal-power  cases.
However, for structurally unequal-energy
complex signal ensembles, a separate
formulation of requirements remains necessary.

Defining the purpose and objectives of
the research. The purpose of the article is to
substantiate the requirements for a structural
efficiency indicator of unequal-energy complex
signal ensembles in code division multiple
access systems on the basis of analysis of
multiple-access interference energy and the
ratio of useful signal energy to the total energy
of multiple-access interference and noise. The
objectives corresponding to this purpose are to
analyze the expression for multiple-access
interference energy for equal-energy and
unequal-energy signal ensembles, to clarify the
role of squared-correlation functionals, and to
formulate requirements for the structural
efficiency indicator of unequal-energy complex
signal ensembles.

The main part of the research. For
further analysis, we will use the general model
of correlation reception in a code division
multiple access system [2-5, 8, 9]. For the

signal of the i-th user, we define the sample at
the receiver output in the energy form E ;:

L

ue 3o

Jj=1,j

R(max) +Eyi

where E; — energy of the useful signal of the
i-thuser,i=1,..,L;

Ej - energy of the j-th signal of the
ensemble, j =1, ...,L,j # i;

Rl.(}”ax) cross-correlation value of
signals i and j for the ensemble,
Ri(}”a")=maxRij[r], Ri[t] -  cross-

T

correlation value of signals i and j at mutual
time shift t;

Ey ; — noise energy for the i-th user;

L — size of the signal ensemble, which
determines the maximum number of users of
the system.

The cross-correlation R;;[t] for the pair
of signals i and j, j # i, at the mutual time shift
T is defined as [2-5, 10-12]

Xk Si[k]Sj[k — 1]
Ri [T] = )
/ EE;

where s;[k] —sample of signal i at time instant
k;

sj[k — t] — sample of signal j shifted by
T relative to time instant k;

T — mutual time shift between signals i
andj,j #i.

It should be emphasized that the set of
cross-correlation values of signals i and j for
the ensemble as a whole is determined by the
maximum value of R;;[t] for this pair of signals
over the mutual time shift:

Ri(]{nax) = mf[x R;j [T].

For i = j, the quantity R;;[t] defines the
autocorrelation of the i-th signal. For zero
mutual time shift between the i-th signal and its
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reference copy in the receiver, we have
R;;[0] =1. Cases for which R; #1 are
associated with nonideal signal synchronization
in the receiver and are not considered in this
paper.

In the expression for E ;, the second term
is the total energy of multiple-access
interference, or intrasystem interference, MAI
(Multiple Access Interference) for the i-th user
E; ; from the signals of the j-th users, j # i:

5 ()

Each term of the expression for Ej; is
determined by the product of the energy of the
j-th interfering signal and the square of the

L
(max) _
EI,i =

j=1,j#i

After defining the total energy of all
signals of the ensemble as Ey = Yk_, Ej, We
obtain

EI(,TinaX) = RTZnax(EZ - Ei)-

(max)

The obtained relation for E; ;™ specifies
a value that the multiple- access interference
energy E;; cannot exceed. Thus, for unequal-
energy signal ensembles, the upper estimate of

the multiple-access interference energy E,("i"“x)

depends on the largest squared cross-
correlation over the ensemble R2,,, and on the
total energy of all interfering signals (Es — E;).

For an equal-energy signal ensemble
Ei=Ej=1,..,L, the multiple-access
interference energy MAI for the i-th user is
determined by the product of the signal energy
and the sum of squared cross-correlations of the
i-th signal with all other ensemble signals:

Z E. (R (max)

cross-correlation value of the i-th and j-th

2
signals, EJ-(RL.(}””)) . If for the unequal-energy
signal ensemble as a whole we set

2
R2,,, = max (Ri(max)) )
ijizj\ Y

then for each term in the expression for Ej;,
which corresponds to each pair of signals and
contains the energy multiplier Ej;, the following
inequality holds:

2
E(RT)" < EiRan.
As a result, for the total multiple-access

interference energy E;;, we obtain the upper
estimate E.7"*;

)’ < R Z E;
j=1,j#i
L
E;=E z (Ri(}nax))
j=1,j#i
In this case, the multiple-access

interference energy no longer depends on the
individual energy values of the signals of
separate users, because these energies are
identical for all signals of the ensemble.
Therefore, differences in the values of E;; for
different users are determined not by separate
signal energies but by the sum of cross-
correlation values of the signal of the i-th user
with the signals of all other users.

If for the equal-energy signal ensemble as
a whole we set

RZ,., = max (R(max)) )
ijizj\ Y

then for each term in the expression for Ej;,
which corresponds to each pair of signals and
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contains the same multiplier E, the following
inequality holds:

E(Jrel.(}"‘”‘))2 < ER%,,.

L

(max) _ (max) 2
Eme) = z (Rl.j )

j=Tji

As a result, we have the upper estimate
EX'  for the total multiple-access
interference energy:

L
SE Y Rha

Jj=1,j=*i

EI(,Tinax) = (L - 1)ERanax'

which is determined by the signal energy of the
ensemble E, the number of interfering signals
L — 1, and the largest squared cross-correlation
over the ensemble RZ,,..

The obtained estimates E{*** can be

used for assessing the efficiency of signal
ensembles, their ranking, and their comparison.
For equal-energy signal ensembles with the
same values of E and L, the comparison is
simplified and can be reduced to the value
RZ,., because the energy multiplier is common
for all ensemble signals. For unequal-energy

signal ensembles, the estimate £ can also

be used for ranking and comparison; however,
together with the quantity RZ,,, the
distribution of energies among the ensemble
signals must also be taken into account.

It should be noted that, unlike an equal-
energy signal ensemble, where the common

energy multiplier is factored outside the
summation sign and the reduction is performed
to the sum of squared cross-correlations, in the
unequal-energy case each term contains its own
energy multiplier. Therefore, a common
multiplier cannot be separated in the sum, and
the expression for E;; for an unequal-energy
signal ensemble is not obtained by direct
analogy with the equal-energy case.

Next, we give the expression for the ratio
of the useful signal energy of the i-th user to the
total energy of multiple-access interference and
noise, SINR; [2-5, 8, 9]:

E;

i+ ENi

SINIQ =
E;;

After substituting the general relation for
E; ;, we obtain

SINR Ei !
i 2 - E. 2 E..
L (max) L ‘j (max) N,i
f=1,j%i Ej (Rij ) + En,i 2j=1,j¢i_i(Rij ) tE
We consider the effect of signal the multiple-access interference  energy

dominance in an unequal-energy ensemble.
From the expression for SINR;, it follows that
the contributions of interfering signals to the
denominator are determined by the ratios of
their energies to the energy of the useful signal
E;/E;, weighted by squared cross-correlations.
At equal or close values of cross-correlations,

increases as the energy of the interfering signal
increases. Therefore, the most critical influence
of the dominance effect appears for users with
lower useful-signal energies, for which the
decrease in SINR; will be larger than for users
with higher useful-signal energies.
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To separate the influence of noise, we set
Ey; = 0. Then SINR; will be determined only
by the relative energy contributions of the

E;

interfering signals and their correlation
multipliers:

1

(Eni=0) _
SINR, =

L
Jj=1,j=*i

For an equal-energy signal ensemble,
when E;=E; =E,j=1,..,Lj#i all
relative  energy  contributions in  the
denominator take the wunit value. Then

SINRi(EN'FO) depends only on the sum of

squared cross-correlations of the i-th signal
with all other signals of the ensemble:

1
51:1']_# (Ri(;nax))z.

To pass to the worst-case estimate in an
equal-energy ensemble, we use the fact that in
the sum the square of the maximum cross-
correlation value for each term does not exceed
ernax:

(Eni=0) _
SINR; =

L

z (max) < (L - 1)Rmax

j=1,j#i

In this case, the largest denominator in the

expression for SINREENFO) corresponds to its
smallest value. Therefore, the upper estimate
for the sum of squared cross-correlations is
reduced to a scalar estimate of the worst case
SINR i

(ENI 0) 1
SINR —
min (L - 1)Rmax
Thus, the  quantity SINREITI‘ =0)

determines SINR at Ey ; = 0 for the worst case
for an equal-energy ensemble through the
number of interfering signals and the square of
the largest cross-correlation value.

S S )

L
j=1,]¢LE

For L > 1, the difference between L — 1
and L is relatively small, and therefore the
further transition is performed through the
approximation (L — 1)R2,,, =~ LR2,,,:

1
SINREN=0)

"0 LRy

This makes it possible to obtain a
simplified convenient form for determining

SINR(EN‘"O). It should be noted that

min

SINR(EN‘ 0) is a scalar and is determined by the

min

product of such structural characteristics of the
signals as the ensemble size L and the
maximum squared cross-correlation value over
the ensemble R2,,. Therefore, the product
LR?,,, can be used as a structural efficiency
indicator of an equal-energy ensemble, because
it simultaneously takes into account the number
of signals in the ensemble and the worst
correlation case. Unlike indicators determined
only by cross-correlations of signals, the
quantity LR2,,, remains sensitive to changes in
the ensemble size. Therefore, it can be used to
compare ensembles of different sizes according
to the worst case of multiple-access interference
realization. Thus, we introduce the structural
efficiency indicator of an equal-energy
ensemble vy as

Ystr = LRanax-

R(ENI 0)

min

Then the expression for SIN
takes the form
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) 1
SINREN=0)

min
Ystr

Thus, the indicator vy, is inversely
related to the worst-case SINR value in the
absence of noise. As the value of y, increases,

the value of SINR( Ni=o) decreases; as it

min
decreases, the value of SINRSm’f;‘z") increases.
Therefore, v, can be used for ranking and
comparing equal-energy ensembles according
to the worst-case interference effect.

Next, we consider another ensemble-
wide correlation characteristic: the TSC
functional [12, 14-17]. Unlike vy, which is
directly related to the worst value of

SINREITI‘"O), the TSC functional for equal-
energy signals takes into account both cross-
correlations and autocorrelations of the signal

ensemble:

L L
TSC = :E::E: (max)

i=1j=1

For normalized autocorrelation terms, we
2
have (Rl.(imax)) = 1, therefore

L L

TSC =L+ z z R(m‘”‘)

i=1j=1,j#i

In this form, the constant part of the
functional is formed by the autocorrelation
terms, and the variable part is formed by the set
of squared cross-correlations. Therefore, for a
fixed ensemble size L, the change in TSC is
determined by the change in the value of the
sum of cross-correlations.

At the same time, SINR; in the general
case cannot be expressed directly through the
TSC functional, because SINR; is determined
by correlation contributions for the i-th signal,
whereas the TSC functional accumulates such
contributions over the whole ensemble.
Therefore, the TSC functional should be treated
as an auxiliary ensemble-wide correlation

characteristic rather than as a direct worst-case
interference indicator.

Thus, the indicator vy, and the TSC
functional characterize different properties of
the signal ensemble. The indicator vy, sets the
scalar of the worst case and is directly related to
the worst value of SINR; therefore, it can be
used as a structural efficiency indicator of an
equal-energy ensemble.

The TSC functional characterizes the
overall correlation property of the ensemble as
awhole. Therefore, for equal-energy ensembles
it can be used as a theoretical correlation
criterion, and for unequal-energy ensembles it
can be used as an auxiliary comparison
indicator in weighted forms. At the same time,
the TSC functional cannot directly replace the
indicator vy, because it takes into account
pairwise contributions for the entire ensemble
rather than for one maximally unfavorable
interaction mode. Thus, the main part
establishes the analytical basis for the
requirements: the structural indicator should be
related to the worst-case interference energy,
while TSC remains an auxiliary ensemble-wide
correlation characteristic.

Conclusions. The analysis performed
shows that quantities directly related to the
useful-signal-to-interference-and-noise  ratio
should be used as the basis for assessing the
worst interference case, while total squared
correlation and its weighted forms should be
used as auxiliary ensemble-wide correlation
characteristics.

For equal-energy complex signal
ensembles, structural efficiency assessment can
be reduced to cross-correlations of ensemble
signals. For this case, the product of the
ensemble size and the square of the maximum
cross-correlation value over the ensemble is
proposed as the structural efficiency indicator.
This indicator determines the worst case for
SINR without taking noise into account and can
be used for ranking and comparing ensembles
of different sizes.

For unequal-energy complex signal
ensembles, the  total multiple-access
interference energy cannot be reduced to a form
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analogous to the equal-energy case. Because of
this, the wvalue of the multiple-access
interference energy is simultaneously affected
by cross-correlations of signals and by the
nonuniform distribution of their energies. As a
result, a structural efficiency indicator for
unequal-energy ensembles cannot be obtained
by direct transfer of the equal-energy form.

be imposed on the structural efficiency
indicator of unequal-energy complex signal
ensembles: the indicator should be related to
SINR, be sensitive to unfavorable cases of
multiple-access interference realization, and be
suitable for ranking and comparing unequal-
energy complex signal ensembles of different
sizes, while remaining consistent with the

Taking into account the analysis
performed, the following requirements should

equal-energy limiting case.
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