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ASSESSMENT OF STRUCTURAL EFFICIENCY OF UNEQUAL-ENERGY COMPLEX
SIGNAL ENSEMBLES IN ULTRA-WIDEBAND CODE-DIVISION MULTIPLE ACCESS
SYSTEMS

Zhuchenko O. Assessment of Structural Efficiency of Unequal-Energy Complex Signal Ensembles in Ultra-
Wideband Code-Division Multiple Access Systems. Selecting unequal-energy complex-signal ensembles for ultra-wideband code-
division multiple-access systems requires evaluating their structural efficiency with respect to multiple-access interference. Exact
comparison based on individual interference energies requires calculations for every user, resulting in quadratic computational
complexity with increasing ensemble size. This paper proposes a structural efficiency metric defined as the product of the structural
equivalent ensemble size and the squared maximum cross-correlation within the ensemble. Based on this metric, a method is developed
for comparing and ranking unequal-energy complex-signal ensembles of different sizes without calculating individual multiple-access
interference energies. The proposed method is evaluated against the maximum individual normalized multiple-access interference
energy and the normalized energy-weighted Total Squared Correlation functional. For ensembles of the same size, both methods show
almost complete agreement with the individual interference-based comparison. For ensembles of different sizes, the proposed metric
agrees with the reference comparison substantially more often than the normalized energy-weighted Total Squared Correlation
functional. The proposed method has linear computational complexity, compared with quadratic complexity for both reference
approaches. The results demonstrate that the structural equivalent ensemble size combined with the maximum cross-correlation
provides an efficient conservative metric for comparing, ranking, and selecting unequal-energy complex-signal ensembles.

Keywords: structural efficiency; unequal-energy complex signals; structural equivalent ensemble size; multiple-access

interference; code-division multiple access; ensemble ranking.

Kydenko O. C. Oninka cTpyKTYpHOI edeKTHBHOCTI aHCamMOJiB pi3HOEHePreTHYHHUX CKJIAJHHX CHTHATIB
HAJIIMPOKOCMYIOBHX CHCTeM MHOKHHHOIO JOCTYNY 3 KOAOBHM po3aileHHsM. BuGip ancamOmiB pi3HOEHEpPreTHIHHX
CKJIQJIHUX CUTHAJIB JUIS HAAIIMPOKOCMYTOBUX CHCTEM MHOXKHHHOTO JIOCTYITy 3 KOZOBHAM PO3IIICHHSIM HOTpeOye OLiHIOBAHHS iX
CTPYKTYpHOI e(heKTUBHOCTI 3 ypaxyBaHHIM 3aBaj]] MHOKHHHOTO OCTYITy. TOYHE MOPIiBHSIHHS HAa OCHOBI 1HAWBIAyaTbHUX €HEPrii
3aBaJl MOTpeOye PO3PaxyHKIB Ui KOXKHOTO KOPHUCTyBada, IO 3yMOBIIOE KBAJpaTWYHy OOUYMCIIOBAIBHY CKIIAOHICTD 3i
30iTbIeHHSIM 00’ eMy aHcaMOmi0. Y poOOTi 3aIpPONOHOBAHO ITOKA3HUK CTPYKTYPHOI €()eKTHBHOCTI, BU3HAYEHHH SIK JOOYTOK
CTPYKTYPHOTO €KBIBaJICHTHOTO 00’e€My aHCaMOIIO Ta KBaJpaTa MAaKCHMaJIbHOTO 3HAUEHHS B3a€MHOI Kopemsii B ancam6mi. Ha
OCHOBI IIbOTO TTOKA3HHKA PO3POOJICHO METOJ MOPIBHSIHHS Ta PAHKyBAaHHS aHCAMOJIIB Pi3HOCHEPTeTHYHUX CKIAJHUX CHUTHANTIB
pi3HOro 06’ €My 63 00UHCIICHHS IHAUBI Ty aTbHIX CHEPTii 3aBa MHOKHHHOT'O IOCTYITy. 3aIIpONOHOBAHII METOJI OIIHEHO HIITXOM
MOPIBHSHHS 3 HAaHOUIBIINM 3HAYEHHSAM iHAWBITyaJbHOI HOPMOBAHOI €HEprii 3aBaj MHOKHHHOTO JOCTYIly Ta HOPMOBAHUM
€HEepreTHYHO-3BKECHNM (DYHKITIOHAIOM 3arajbHOi KBaJpaTH4HOI Kopessmii. [l ancamOiiB ogHakoBoro 06’eMy o0MIBa METOIH
JIEMOHCTPYIOTh NPAKTHIHO HMOBHHMI 30ir 13 pe3yabTaTaMy HOPIBHAHHA 32 IHAWBILyaIbHUMH 3aBagaMu. [ aHcaMOmiB pizHOTO
00’€eMy 3aIpOIIOHOBAHMH MMOKA3HUK 3HAYHO YACTIIIE Y3TOKY€ETHCS 3 Pe3yJIbTaTaMH CTAIOHHOTO IOPIBHSHHS, HIXK HOPMOBaHUIT
€HEepreTHYHO-3BKEHNH (PyHKIIIOHAT 3aragbHOI KBaJIPAaTHIHOI KOPEIALii. 3alpolIOHOBAaHUH METOJ] Ma€ JIHIHHY O0UHCITIOBATIBHY
CKJIQIHICTh HOPIBHAHO 3 KBaJPAaTHIHOIO CKJIAJHICTIO 000X €TaJOHHUX MiAXOXiB. Pe3ympraTn minTBEp/IKYIOTH, IO CTPYKTYPHUI
€KBIBAJICHTHUH 00°€M y NO€JHAHHI 3 MAaKCHMaJIbHIM 3HAUCHHSIM B3a€MHOI KOpeJAIii 3a0e3mnedye eeKTHBHIHA KOHCEPBATHBHUH
TIOKA3HUK I TIOPIBHAHHS, PaH)KyBaHHS Ta BHOOPY aHCAMOIIB Pi3HOCHEPT€THIHUX CKIQIHUX CUTHANIB.

KonrouoBi cioBa: cTpykTypHa e(heKTHBHICTD; PI3HOCHEPTeTHYHI CKIAIHI CUTHAIN; CTPYKTYPHUH €KBIBAICHTHHI 00’ €M;
3aBall MHOJKHHHOTO JOCTYILY; MHO>KHHHUH JOCTYII 3 KOZOBHM PO3ALICHHSIM; PAH)KyBaHHS aHCAMOJIiB.

Statement of a scientific problem.

The performance of code-division multiple-access systems depends significantly on the choice of a
complex-signal ensemble. The ensemble determines the signal structure, including the set of signal
components, their parameters and positions 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
experienced by one user from all other users. The structure of the complex signals directly affects multiple-
access interference and is characterized by signal correlations and energies [1-4].

A promising approach to the development of code-division multiple-access systems is the use of
pulsed complex-signal ensembles with minimal energy interaction. Such ensembles can be represented as
complex time-division signal ensembles with a periodic structure, which more completely reflects their
properties. A characteristic feature of these ensembles is their inherently unequal signal energies resulting
from different numbers of pulses at the same individual pulse duration [5-8].

For equal-energy complex-signal ensembles, the effect of ensemble structure on multiple-access
interference is determined by the ensemble size and cross-correlations between signals. For unequal-energy
complex-signal ensembles, multiple-access interference depends on both cross-correlations and signal
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energies. Therefore, when evaluating the efficiency of unequal-energy complex-signal ensembles, the
nonuniform distribution of signal energies represents an additional factor affecting multiple-access
interference and, consequently, ensemble efficiency metrics.

The development of ultra-wideband code-division multiple-access systems requires a structural
efficiency metric that provides a numerical measure of the effect of complex-signal ensemble structure on
multiple-access interference, particularly for comparing, ranking, and selecting unequal-energy complex-
signal ensembles.

Research analysis.

The basic principles of code-division multiple access relate multiple-access interference to user
signal energies and cross-correlations between signals in the ensemble [1-4]. For unequal-energy complex-
signal ensembles, the total multiple-access interference (MAI) energy depends simultaneously on signal
cross-correlations and the nonuniform distribution of signal energies.

Based on the analysis of existing efficiency metrics for complex-signal ensembles, including the
Total Squared Correlation (TSC) functional and its weighted variants [10—12], the following requirements
for a structural efficiency metric were formulated in [9]: it should be related to the Signal-to-Interference-
plus-Noise Ratio (SINR), be sensitive to unfavorable MAI conditions, and enable ranking and comparison
of both equal- and unequal-energy complex-signal ensembles of different sizes.

For equal-energy complex-signal ensembles, structural efficiency can be evaluated using the cross-
correlations between ensemble signals. For such ensembles, an appropriate structural efficiency metric is
the product of the ensemble size, which provides an approximate estimate of the normalized total energy
of interfering signals, and the squared maximum cross-correlation within the ensemble [9].

In [13, 14], an equivalent transformation of an unequal-energy complex-signal ensemble into a
hypothetical equal-energy ensemble with preserved total signal energy was proposed. The set of signal
energies is approximately reduced to a scalar quantity termed the structural equivalent ensemble size, whose
numerical value represents an approximate estimate of the normalized total energy of interfering signals.
Thus, the structural equivalent ensemble size allows efficiency metrics developed for equal-energy
complex-signal ensembles to be extended to unequal-energy ensembles.

The purpose of this study. This study aims to define a structural efficiency metric for unequal-
energy complex-signal ensembles based on the structural equivalent ensemble size and the maximum cross-
correlation within the ensemble, and to develop a corresponding method for evaluating the structural
efficiency of signal ensembles.

Presentation of the main material and substantiation of the obtained research results. In the
absence of noise Ey; = 0, the general expression for SINR is given by:

Ej
Epi

SINR(™=0) = (1)

The individual multiple-access interference energy E;; is determined by the set of interfering-user
signal energies and the corresponding cross-correlation values within the ensemble:

2
Ei =51 s E (Ri(}nax)) (2)

For an equal-energy complex-signal ensemble E; = E,j = 1, ..., L, the multiple-access interference
energy for the i-th user is determined as:

2

Ei =EX5q jui (Ri(]r-nax)) - (3)

In this case, the multiple-access interference energy E;; no longer depends on the individual signal

energies of particular users, since all signals in the ensemble have the same energy.
If, for the equal-energy signal ensemble as a whole, we assume:
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2
Riax = max (RTY, @)

we obtain an upper bound E I(?wx) on the total multiple-access interference energy:

ES™ = (L — 1)ERx. (5)

This bound is determined by the ensemble signal energy E, the number of interfering signals L — 1,
and the maximum squared cross-correlation RZ,,, within the ensemble. For an equal-energy complex-

signal ensemble, in the absence of noise and using the upper bound E I('rinax)

obtain the following estimate SINR(Ew:=0) .

on the interference energy, we

- 1 1
SINR(EN:=0) = SINR,pin = T (6)

where Y, — the structural efficiency metric of the ensemble is defined as:
Yoo = (L — 1)R72nax- (7

For sufficiently large ensemble sizes L >> 1, the difference between the corresponding ensemble-size
terms L — 1 and L is relatively small. Therefore L — 1 = L, the approximation used in the following
expression is acceptable:

Ystr = Lernaxv )]
After applying this approximation, the expression for the structural efficiency estimate becomes:

SINR(EN:=0) = SINR,;, = yi 9)

str

For unequal-energy complex-signal ensembles, we introduce a normalized quantity by dividing the
individual multiple-access interference energy by the signal energy of the i-th user:

L [ p(max) 2
Epi Zj=1.1':»ti}“':1(Rij )

Ystrj = = = . (10)

Ej Ej

We then use an upper bound on the individual multiple-access interference energy for the i-th user
. (max),
of an unequal-energy complex-signal ensemble E;; < E; ;™

Eme) = R2 (B — Ey). (11)

Since the signal energy of the i-th user is positive, normalization of the upper bound preserves the
direction of the inequality:

Epi (Ex—Eyp)

Ystr,i = E_Iir Ygrr,llaX) = ernax EEi y Vst < Yg:}iax)l (12)
(Ex—E})

YStr,i < ernax ):E- . (13)

i

Thus, for an unequal-energy complex-signal ensemble, the structural efficiency quantity y,,.; for an
individual user represents the ratio of multiple-access interference energy to the signal energy of that user,
while the right-hand side of the inequality provides its upper bound in terms of the maximum cross-
correlation within the ensemble. In the absence of noise Ey; = 0, this quantity is the reciprocal of the

corresponding SINR(EN.i=0),
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E; 1
EI,i Ystr,i.

SINR(™=0) = (14)

Since the SINR and the individual structural efficiency quantity are reciprocal in the absence of noise,

the minimum SINR among all users SINRS&FO) corresponds to the maximum value of the structural

efficiency quantity v ;. Therefore, the structural efficiency metric of the ensemble is determined by the
worst-case user.

Vstr = MAX Yo (15)
In the absence of noise, the minimum SINR is thus determined by the reciprocal of the ensemble
structural efficiency metric.

SINREN™) = i £ = L

min 1<i<L EI,i Ystr.

(16)

For an equal-energy complex-signal ensemble, E; = E,i = 1, ..., L , the total energy of the ensemble
signals is Ey = Yk_; Ex = LE, and the right-hand side of the estimate yy,; < RZ,4(Esx — E;)/E; takes
the same value for all users:

Ex—E; Es—E; LE—E
ernax ):Ei = ernax EEl- = REnaxT = R72nax(L - 1. (17)

Therefore, the estimate of vy, ; takes the form:
Ystri < Rhax(L = 1). (18)

Since the right-hand side of the inequality Yy ; < RZqx (L — 1) does not depend on the user index,
the maximum value of vy ; over all users defines a conservative structural efficiency metric for an equal-
energy complex-signal ensemble:

Ysr = (L — DR, (19)

or, using the approximation L — 1 = L for L > 1 :
Ystr = LRanax- (20)

The structural equivalent ensemble size ng) is introduced as the effective number of equal-energy

signals that replaces the energy-related component L in the structural efficiency metric for an unequal-
energy complex-signal ensemble:

() _ 2 Zi=. B
b = E Gty @D

For an equal-energy complex-signal ensemble, the structural equivalent ensemble size ng) coincides
with the size of the original ensemble L . As the nonuniformity of the signal energy distribution increases,
the structural equivalent ensemble size Lg) increases monotonically.

For an unequal-energy complex-signal ensemble, the structural efficiency metric is defined by
replacing the energy-related component L with the structural equivalent ensemble size Lg;) while retaining
the correlation-related component R2, . :
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VS = L8 Régx. (22)
Based on the proposed structural efficiency metric yg) , an algorithm for evaluating the structural
efficiency of unequal-energy complex-signal ensembles is developed.

For each of the M signal ensembles being compared, s = 1, ..., M , the required input data include
the ensemble size L , the set of signal energies Ejg, i = 1, ..., Lg, the value of R2,4 s, or the corresponding
data required for its exact calculation or approximate estimation.

The steps of the algorithm for evaluating the structural efficiency of unequal-energy complex-signal
ensembles, which can be used for selecting, comparing, or ranking signal ensembles, are given below.

Step 1. Specify the input data:

1. number of signal ensembles being compared M;

2. index of the ensemble being compared s = 1, ..., M;

3. ensemble size Lg;

4. set of signal energies E; 5, i = 1, ..., Lg;

5. squared maximum cross-correlation of the ensemble R2Z,, s, or the corresponding ensemble
parameters required for its calculation or approximate estimation.

Step 2. Determine the squared maximum cross-correlation for each signal ensemble R34y ¢, S =
1,..,M:

2
ernax,s = max (Ri(jrjr;ax)) . (23)

1<i<j<Lg

For complex time-division signal ensembles with a periodic structure, the squared maximum cross-
correlation R,y s is determined by the pair of signals with the minimum product of their energies:

1
R2 =— 24
max,s min Eis'Ejs ( )
1<i<jsLg !

Step 3. Calculate the structural equivalent ensemble size for each signal ensemble:
i, Els
L) = [ =Ets (25)
(Ziil E i,S)

The quantity ng‘)s reflects the increase in multiple-access interference energy experienced by users

with the lowest signal energies due to the dominance effect of users with higher signal energies.
Step 4. Calculate the structural efficiency metric for each signal ensemble:

Yo = L Ras. (26)

+

str,s

The quantity y provides a conservative estimate of the structural efficiency of the ensemble

gg)s accounts for the nonuniform distribution of signal

energies within the ensemble and reflects the increase in multiple-access interference for users with lower
signal energies, while R,Znax,S represents the worst-case cross-correlation within the complex-signal
ensemble.

because the structural equivalent ensemble size L

+

Step 5. Compare, select, or rank the ensembles according to the structural efficiency metric vy, 5,

s =1, ..., M, by arranging the metric values for the M ensembles being compared in ascending order:

1. set of structural efficiency metric values Vs(t: S), s =1,...,M, before ordering:

+) (CIRNCD] +) .
Ystr,l' "t ystr,s' ystr,s+1' "t ystr,M'

2. set of structural efficiency metric values Vs(t: S)m arranged in ascending order:
(+) ) L&) (+)

ystr,sl == ystr,sm - ystr,sm 1 — s ystr,sM'
+
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where sy, is the original index of the ensemble that occupies the m -th position after ordering;
+)

m is the ensemble position after ordering in ascending order of the structural efficiency metric g, g ,

m=1,..,M.

The ensemble with index s, whose structural efficiency metric (+)

ystr,sl
1 in the ascending ordered set, is the best according to the structural efficiency metric. The ensemble with

. . +
index s,; , whose metric value ys(tr 5)

to the structural efficiency metric.

occupies the first positionm =

4, occupies the last positionm = M in this set, is the worst according

+

str,Sm

If the elements of the ordered sequence at positions m and m + 1 satisfy the equality y
+)

Ystr,sm
metric.

Step 6. Output the results:

1. the sequence of ensemble indices arranged in ascending order of the structural efficiency metric:

o then the ensembles with indices s,,, and s,,, 1 are equivalent according to the structural efficiency

S 0 Smy Sm+1r - SMm
2. the set of structural efficiency metric values arranged in ascending order:

) +) +) +)
ystr,sl =" S Ystr,sm = ystr,sm+1 S S Ystr,sM'

Next, the ensemble ranking results obtained using the structural efficiency metric will be compared
with those obtained using the ratio of individual multiple-access interference energy to useful signal energy.
For each ensemble, the individual multiple-access interference energies E;; i =1,..,L and the

corresponding quantities Yg; = f will be calculated. The numerical estimate of ensemble structural
L

efficiency based on the direct calculation of individual multiple-access interference energies is defined as
the maximum of the individual values vy, = max Y-
<i< ’

Additionally, the ensembles will be corni);;red using the normalized energy-weighted Total Squared
Correlation functional TSC ¢

TSCg

1 @l L (max)\?
TSCepwt = E2 = E_)%Zi:l ijlEl' Ej (Rij ) :

@27

For further comparison of the ensembles, three estimates are used:

1. The estimate based on the maximum individual relative level of multiple-access interference v,
obtained after calculating the individual multiple-access interference energies E;; and the corresponding
quantities Ystri = EI,i/Ei;

2. The estimate based on the structural efficiency metric Yg;) = ng)ernax ;

3. The estimate based on the normalized energy-weighted Total Squared Correlation functional
Tscenwt .
For all three estimates, a lower numerical value corresponds to a better ensemble.

For complex time-division signals with a periodic structure, Figs. 1-3 present the results of ensemble
+)

comparison using the estimate y,, the structural efficiency metric yg,~,

weighted functional TSC,yy With Y = LRZ, 4y -
For each pair of ensembles, the comparison result based on the individual multiple-access

interference energies was determined first. For the same pair, the comparison results based on the structural

efficiency metric ygg) and the normalized energy-weighted functional TSC,,,,; were then determined.

Finally, it was checked whether the result obtained by each of these two methods agreed with the reference
result.
The following events were considered in the comparison.

and the normalized energy-

¢ and TSC.pwi both agreed

str
with the result obtained using y,,. Event 2 corresponded to the case in which the result obtained using yg; )

agreed with the result obtained using vy,, whereas the result obtained using TSC,,,; differed. Event 3
corresponded to the case in which the result obtained using TSC,,,,; agreed with the result obtained using

Event 1 corresponded to the case in which the results obtained using y

Ystr» Whereas the result obtained using ygg) differed. Event 4 corresponded to the case in which the results
) and TSCpwi differed from the result obtained using y,.

str

obtained using both y
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€))

str

The advantage of the structural efficiency metric y

comparison result obtained using ygg) agreed with that based on the individual multiple-access interference

energies, whereas the result obtained using TSC,,,; did not. The frequencies of all four events were then
calculated for the entire set of ensemble pairs.

Figure 1 shows the event frequencies for pairs of ensembles of the same size. Complete enumeration
was performed for ensemble sizes from 2 to 76 signals. Event 1 dominated with a frequency of 96.45%,
indicating almost complete agreement of both methods with the comparison based on individual multiple-
access interference energies for ensembles of the same size. The frequency of Event 2 was 3.55%, whereas
Events 3 and 4 were practically absent in this case. This result can be explained by the fact that, for
ensembles of the same size, the same number of interfering signals is considered for each useful signal, and
the number of signal pairs for which cross-correlations are determined is identical in both ensembles.
Therefore, the difference between energy-weighted averaging and selecting the maximum individual value

corresponded to Event 2, since in this case the

is minor. Under these conditions, the structural efficiency metric based on ng) showed a slight advantage

when the comparison result depended on individual maximum values whose influence was not fully
captured by the averaging metric.

100 96,45% B2 Advantage of v (event 2: y§) MATCH / TSCenwe MISM.)
EN 80 All ensemble pairs
> N Ensemble size: 2-76 signals.
e Pairs: 70300.
Y 60 M(fhod advantage
8 Yotr = Lé‘(:)Rr%ax:
= 3,55%, (2497 event-2 cases).
= 404
C
o
>
w20
3.55% 0,00% 0,00%
0 B 1 T T
Ve 1 TSCent ) 2 TSCewe &) 3 TSCenx ) 4 TSCenm
MATCH MATCH MATCH MISM. MISM. MATCH MISM. MISM.

Complete event group for ensemble comparison
Figure 1 — Frequencies of the complete set of events when comparing the results for pairs of ensembles of

the same size obtained using the structural efficiency metric ygg) and the normalized weighted functional
Tscenwta Wlth Ystr = Lernax~

Figure 2 shows the event frequencies for pairs of ensembles of different sizes. Complete enumeration
was performed for ensemble sizes from 2 to 76 signals. Event 2 dominated with a frequency of 72.79%,
whereas Event 1 had a frequency of 26.56%, and Events 3 and 4 accounted for 0.19% and 0.46%,
respectively. This distribution shows that, when comparing ensembles of different sizes, the structural
efficiency metric reproduced the comparison result based on individual multiple-access interference
energies considerably more often than TSC, ..

The reason is that the TSC,,, functional contains an energy-weighted double sum over all signal
pairs. When the ensemble size changes, the number of terms, the set of signal pairs, and the result of energy-
weighted averaging also change. Therefore, the value of TSC,,,,,; may produce a comparison result different
from that obtained using yg, , where the maximum individual value vy, ; is used for each ensemble. In
€D)

contrast, the structural efficiency metric y,

accounts for energy nonuniformity through the structural

equivalent ensemble size ng) while retaining the effect of the maximum cross-correlation R,

Figure 3 shows the event frequencies for the complete set of ensemble pairs, including pairs of both
equal and different sizes. The event distribution was very similar to that for pairs of different sizes: Event
2 accounted for 71.59%, Event 1 for 27.77%, while Events 3 and 4 remained at 0.19% and 0.45%,
respectively. Thus, the overall advantage of the structural efficiency metric was primarily observed when
comparing ensembles of different sizes, because in this case the energy-weighted averaging used in TSC¢
did not reproduce the comparison results based on individual multiple-access interference energies.
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100 B2 Advantage of v (event 2: y§) MATCH / TSCepnwe MISM.)
X All ensemble pai
pairs
= 807 72,79% Ensemble size: 2-76 signals.
e Pairs: 3989510.
Y 604 M(E)thod advantage
g Ystr = Lt(e;)ernax:
= 72,79%, (2903900 event-2 cases).
o 40+
[
o
>
w 20 -
0,19% 0,46%
0 T I I
Ve 1 TSCewe ) o TSCenw Ve 3 TSCews Y 4 TSCenm
MATCH MATCH MATCH MISM. MISM. MATCH MISM. MISM.

Complete event group for ensemble comparison

Figure 2 — Frequencies of the complete set of events when comparing the results for pairs of

ensembles of different sizes obtained using the structural efficiency metric ygg)

energy-weighted functional TSCypyy, With Vg = LR2, 45

and the normalized

100 - B2 Advantage of v (event 2: y{) MATCH / TSCenwt MISM.)
EX All ensemble pairs
> 801 71,59% Ensemble size: 2-76 signals.
e Pairs: 4059810.
8 60- M(S)thod advzantage
g E Ystr = Lt(e;)Rmax'
= 40 71,59%, (2906397 event-2 cases).
1= 27,77%
o
g K
L 20 -
K 0,19% 0,45%
0 = T T
v&) 1 TSCenmt ve) 2 TSCemt v& 3 TSCenmt & a4 TSCenmt
MATCH MATCH MATCH MISM. MISM. MATCH MISM. MISM.

Complete event group for ensemble comparison
Figure 3 — Frequencies of the complete set of events when comparing the results for pairs of ensembles of
both the same and different sizes obtained using the structural efficiency metric ygg ) and the normalized
energy-weighted functional TSCypyy, With Vg = LR2, 45

The results presented in Figs. 1-3 confirm that the structural efficiency metric based on the structural
equivalent ensemble size reproduces the results of comparing ensembles of different sizes based on
individual multiple-access interference energies considerably better than the normalized energy-weighted
Total Squared Correlation functional.

The computational complexity of ensemble comparison using Y, TSCgpwi> and yg; ) is estimated as
follows. For comparison using Y, , the computational complexity is 0(L?) because, for each of the L
signals in the ensemble, the individual multiple-access interference energy is calculated as a sum of
contributions from L — 1 interfering signals, after which the maximum value of y.; is selected. For
comparison using the normalized energy-weighted Total Squared Correlation functional TSC,, , the
computational complexity is also O(L?) because its calculation involves a complete double sum over all
signal pairs and therefore requires the full set of autocorrelation and cross-correlation values, whose total

number for an ensemble of size L is L.
+)

« - the computational complexity is O(L) because

For the proposed structural efficiency metric y
calculating ng) requires summation of the signal energies and their squares, while RZ,,, is treated as a

previously determined or separately estimated quantity.
Thus, the computational complexity advantage of the proposed method over comparison using g,
and TSC,y1 is:
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or?) _
o =L (28)

At the same time, compared with the normalized energy-weighted Total Squared Correlation
functional TSC,,,, the proposed structural efficiency evaluation method provides a higher agreement rate
with the comparison results obtained using Y., particularly when ensembles of different sizes are
compared.

Conclusions. The developed method for evaluating the structural efficiency of complex-signal
ensembles uses a structural efficiency metric defined as the product of the structural equivalent ensemble
size and the squared maximum cross-correlation within the ensemble. It provides agreement with the
evaluation results for equal-energy complex-signal ensembles, a higher agreement rate with the results
based on the maximum individual normalized multiple-access interference energy, and lower
computational complexity. The computational complexity advantage of the developed algorithm over
ensemble comparison based on individual normalized multiple-access interference energies or the
normalized energy-weighted Total Squared Correlation functional is estimated as L, i.e., it increases
linearly with the ensemble size when the maximum cross-correlation is known or estimated separately.
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