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ABSTRACT Non-orthogonal multiple access principle applied in power domain (power-domain NOMA)
enhances spectrum efficiency and connectivity of mobile communication systems through sharing between
Orthogonal Multiple Access (OMA) and other multiple users. It is the almost main current trend for research
and standards for 5G and beyond. Spectrum sharing generates multi-users interference (Multiple Access
Interference, MAI) which destroys orthogonality in OMA systems. Meanwhile the so-called Successive
Interference Cancellation (SIC) techniques are used to suppress MAI and the Cognitive Radio (CR) principle
(CR-NOMA) for decoding order for multiple users inspired effective SIC algorithms. The CR-NOMA
principle is applied in the present material as well, but with significant changes for SIC design as for Doubly
Selective channels. Due to the above reasons, two original SIC design methods are proposed hereafter
following the CR-NOMA principle. Regarding to it the OMA signal (primary user) is decoded first using
a Chaos-based quasi-optimum Extended Kalman Filter (EKF). The set of “secondary users” (multiusers)
are proposed to be decoded secondly by the following two different methods: Chaos-based EKF filters or,
sequential m hypothesis testing. The proposed approach for SIC design is rather simple, fast and accurate for
practical implementation.

INDEX TERMS Doubly selective channels, interference cancelation, non-linear filtering, orthogonal access.

I. INTRODUCTION
Non-orthogonal Multiple Access (NOMA) is a per-
spective implementation paradigm for 5G and beyond
mobile communication standards and systems (both
for uplink and downlink) in order to improve mobility,
connectivity and spectrum efficiency due to the constantly
growing demand.

One of the main problems that emerge in this regard is how
to mitigate excessive interferences caused by the spectrum
sharing between multiusers and conventional OMA. To sig-
nificantly reduce such kind of Multiple Access Interferences
(MAI) the so-called SIC (Successive Interference Cancella-
tion) approach was recommended (see [1]–[4] and references
therein). Although the successive cancellation method for in-
terference mitigation was, in general, well known for many
years, the SIC approach has been recently at the center of the
attention for both the research community and the industry
professionals. Numerous original proposals have been pub-
lished in order to modify and improve the basic principle of

the sequential nature of SIC applying features and characteris-
tics such as Channel State Information (CSI), details of system
behavior, etc. (see details at [1], [4], etc.). A brief overview of
the works considered as most important [1]–[13] is presented
in the following.

As it can be inferred from [5], [6], the SIC decoding order
based on the CSI turns critical and can have important influ-
ence on the system’s performance.

Authors of [7] and [9] suggest the usage of combined
(OMA/NOMA). In [7] partial-NOMA is introduced in a large
two-user downlink network in order to provide throughput and
reliability. The associated partial overlap controls interference
while still offering spectrum reuse. The nature of the partial
overlap also allows employing receive-filtering to further sup-
press interference. For signal decoding a flexible successive
interference cancellation (FSIC) decoding was proposed and
compared with OMA and NOMA performance.

In [7] a problem to maximize the total throughput con-
strained to a minimum throughput requirement for each user
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was formulated and an algorithm to efficiently find a feasi-
ble resource allocation was proposed. The results show that
partial-NOMA allows greater flexibility in terms of perfor-
mance. Partial-NOMA can also serve users that NOMA can-
not. Different from the proposal made in this work, NOMA
users in [7] cannot support high transmission rate require-
ments.

In [9] an iterative SIC receiver architecture with pilot-
and data-based channel estimation was proposed for efficient
decoding of non-orthogonal superimposed signals. It was
claimed that non-orthogonal superposition concept on top of
OFDMA is a promising technique to improve cell spectral
efficiency. In the cellular case, the SIC multi-user receiver
scheme is well adapted for user signal separation. However,
authors in [9] do not work with high-mobility scenarios that
entail Doubly Selective Channels.

Notice, that almost every proposed SIC technique in the lit-
erature strongly depends on the CSI [13]. However, the usage
of the Channel State Information (CSI) or its modifications
[1], [3], [7], [11] is hardly possible, due to the Doubly Selec-
tive Channels. Contrary to the previous published papers, new
findings reported in this work consider the SIC impairments
mitigation related to double selectivity troubles.

The SIC methods for SISO channels have been extensively
studied and the results are reported in the literature. Never-
theless, 5G and beyond networks have proposed also MIMO
techniques in order to increase capacity. Furthermore, with the
employment of Massive MIMO techniques the usage of CSI
becomes challenging since the number of users goes large [7]–
[13]. In [7] a blind belief propagation (BP) detection was pro-
posed for non-coherent NOMA with massive MIMO, where
the transmitter of each user first performs differential modu-
lation on PSK symbols, and then spreads its symbols using
low-density spreading (LDS); the receiver of the base station
(BS) employs differential demodulation and then detects all
users’ symbols using a blind BP detection without knowledge
of CSI. Strictly speaking this approach is not related to power
domain NOMA, it rather belongs to CDMA-NOMA, but it
was included here because the idea of applying incoherent
transmission is rarely considered in the NOMA design.

The new findings proposed in this paper show that the
use of CR-NOMA principles could be successfully applied to
separate users in different scenarios without any Channel State
Information, corresponding precisely to Incoherent ideology
of NOMA transmission.

Once more it reasonable to stress: careful analysis of the
existing SIC proposals shows that when one wishes to apply
any of them particularly to the rather attractive CR-NOMA,
and its modifications) for NOMA design over Doubly Selec-
tive channels for information transmission from High Speed
Vehicles (HSV) some significant changes and improvements
are required.

It is time to mention, that Doubly Selective Channel is
the typical scenario for information transmission from High
Speed Vehicles (HSV) such as trains, cars, aircrafts, etc. (see,
for example, the case of uplink communication from HSV to
the nearest base station and so on).

As it was shown in [14]–[17] the transmission systems
design over Doubly Selective channels needs to take into
account several main features of such channels:

-Strongly selective and severe (deep) fading in time and
frequency domains.

-Relatively large values of Doppler shifts and Frequency
Offsets.

-Large range of average Signal to Noise Ratio (SNR)
variations at the receiving terminals for all the users, etc.

In order to overcome those harmful channel impairments,
effective principles for the system design were proposed ear-
lier (see [14]–[17] and the references therein) based on the
invariant DPSK-k modulation, virtual trajectories method for
channel orthogonal decomposition, incoherent demodulation
algorithms, etc.

Therefore, the main part of the CR-NOMA proposals cited
above might be hardly possible to adjust to Doubly Selective
channels, for the same reasons that were stated and discussed
in [14], [15], so the SIC design approach needs to be certainly
modified. The principles and possible realizations for this SIC
will be addressed in the following material.

It is opportune to stress here that one of the main limita-
tions of the power-domain NOMA is, that in order to achieve
reasonable performance gain over OMA, the channel condi-
tions for users need to be sufficiently different. The concrete
meaning of this will be illustrated (numerically) in the fol-
lowing. Related practical scenarios of spectrum sharing for
completely different services were already discussed in [1],
[4], etc; note, that mainly they are considered hereafter as
well.

Taking the latter into account, the main idea of the CR-
NOMA, i.e., the OMA (primary signal) is to be decoded
first by the Filter for OMA (FOMA) and then the rest of the
multiusers (secondary users) go for decoding, is introduced
here but with significant differences in the essence and content
for the SIC processing.

For the SIC decoding order of the multi-users two different
approaches are proposed, namely:

-A Chaos- based filtering bank method and
-Multiple sequential hypothesis testing procedure.

It is worth mentioning here that according to the references
(see [1], [4]) and our own study (see below), the OMA signal
and the multiuser signals can be successfully approximated
by means of a Gaussian random process model. Another rea-
son for the Gaussian approximation of the desired signals
at the SIC input is that, Doubly Selective Channels due to
their physical nature (high selectivity in both domains) “shift”
signals (no matter what service they belong to) to an “almost”
Gaussian random process. The latter gives additional “bene-
fits” for the Chaos-based filtering approach [18]–[21] broadly
applied at the block-diagrams of Figs. 1 and 21 which will be
thoroughly explained in the following section.

1Note that the elements of the block-diagrams in Figs. 1 and 2 can be
considered as located in space as they might belong to different services [4].

112 VOLUME 3, 2022



FIGURE 1. SIC processing (classifier) block with application of Filtering
approach.

FIGURE 2. SIC processing (classifier) block with application of Sequential
Hypothesis Testing approach.

For the OMA decoding in both options a Chaos -based
filtering method was chosen. Thus, the idea of SIC processing
algorithms can be illustrated in Figs. 1 and 2.

It can be seen, that the SIC processing is nothing else,
but a pre-processing before the appropriate demodulation of
all the desired signals or services (OMA and multiusers).
This pre-processing SIC device is actually not decoding, but
classifying the OMA signal among the multiuser signals and
then each multiuser among themselves. Thus, it is important to
stress here that the evaluation metrics applied hereafter need
to be chosen in the way to be adequate for classification issues
(see Section IV). All the details for each of the elements of
the block-diagrams in Figs. 1 and 2 will be presented in the
coming sections.

In order to avoid any misleading hereafter it is reasonable
to stress, that in Figs. 1 and 2 the y(t) represents the baseband
aggregated signal at the SIC input!

The paper is organized as follows. Section II is completely
dedicated to Chaos-based filtering algorithms applied both
to the OMA signal and to the set of multiuser interferers.
Section III illustrates the principles of filtering of the OMA
signals in presence of multiusers interference and Additive

Gaussian Noise (AWGN) together with principles of mul-
tiusers filtering as well. The main attention will be stressed on
the high precision of the Chaos-based filtering for decoding
of the OMA signal and the rest of the multi-users by means
of simulation results. Section IV is devoted to the Sequential
Analysis Testing of m hypotheses for multiusers. For the hy-
potheses, each signal of the multiusers will be considered in
the form of the time set of samples of a Gaussian process with
means and variances different for each of the multiusers.

II. SKETCH OF THE CHAOS-BASED FILTERING
ALGORITHMS
A. GENERALITIES
Chaotic signals as models for real physical phenomena are
well known during the last decades (see [18]–[22] and the
fundamental references therein). Particularly for the purpose
of interference mitigation they were applied rather recently
and showed very attractive characteristics regarding filtering
precision and efficient interference mitigation.

As an example, one can consider the processing algorithms
based on chaos filtering for mitigation of Radio Frequency
Interference (RFI) produced by desktops and laptops [22],
[23]. In this regard the attempt to implement the Chaos-
based filtering for OMA and multiusers decoding looks almost
natural.

So, what is the idea? Continuous chaotic signals, applied
hereafter, are generated by deterministic nonlinear systems
(strange attractors) and are described generally by Ordinary
Differential Equations (ODE) of the type:

ẋ = F (x, t ) (1)

where x is an n-dimensional vector of the attractors output
signals, F(�) is a known n-dimensional vector function and
x(t0) = x0 are initial conditions.

In the following three concrete types of attractors will be
applied: Lorenz, Chua and Rossler; their statistical features
are presented in [22]. Thanks to the fundamental ideas of A.
Kolmogorov and M. Born (see references in [18], [21], [22])
the statistical characterization of the deterministic systems (1)
is well established by introducing at (1) a small so-called
white noise process (process noises), which converts the ordi-
nary equation (1) into stochastic differential equation (SDE)
with very “small” elements of diffusion matrix.

Special cases for (1) applied hereafter (in discrete time) are:
Rossler attractor

xk+1 = xk + Ts(−yk − zk )

yk+1 = yk + Ts(xk + 0.2yk )

zk+1 = zk + Ts(0.2 − zk (5.7 − xk )) (2)

Lorenz attractor

xk+1 = xk + Ts(10(xk − yk ))

yk+1 = yk + Ts(28xk − yk + xkzk )

zk+1 = zk + Ts(xkyk − 8
3 zk ) (3)
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Chua attractor

xk+1 = xk + Ts(9.205(yk − V (xk )))

yk+1 = yk + Ts(xk − yk + zk )

zk+1 = zk − Ts(14.3yk ) (4)

where: V (xk ) = m1xk + 1
2 (m0 − m1)[|xk + 1| − |xk − 1|];

m0 = − 1
7 , m0 = 2

7 . At (2)-(4) Ts is the sampling time.
Any component or all of them taken together from equa-

tions (2)-(4) might be considered as a model of the real phys-
ical signal, but in the following only one component from
(2)-(4) will be applied as a model, which is denoted as the
observable component.

Currently the theory and practice of the Chaos-based filter-
ing algorithms for different signals are exhaustively described
in [21], [22], and so there is no sense to repeat it here. Because
of this, in the following only the concrete filtering algorithms
for attractors (2)-(4) will be presented.

The latter was thoroughly investigated at [18], [21]–[23]
and the extraction of the obtained results is as follows:

-With the balance between the filtering accuracy and the
computational complexity, as an “optimum” option the
Extended Kalman Filter (EKF) can be chosen, imple-
mented in the so-called “one-moment” (1MM EKF) or
two-moment (2MM EKF) time fashion.
-Taking into account that both the OMA and the set of
multiusers can be well approximated via Gaussian mod-
els (see also Section III) the Standard (optimum) Kalman
Filter (SKF) can be applied as well, but the relative pref-
erence of the EKF for some scenarios will be explained
below.

Although there is possible to arise some “controversy” here,
it is not the case: everything depends on the “double view”
for the filtering problem formulation: on the nonlinearity of
the Chaotic modeling of the signals on one side; and on the
Gaussian approximation of its first order PDF on the other
side. Note, that the optimality of SKF for strictly Gaussian
stochastic processes described by its Gaussian n-dimensional
PDF, where n→�, or its Linear models is obviously out of
question (details can be found, for example, in [19], [20])

-One-moment time instant (1MM) and two-moment time
instants (2MM) algorithms (see [18], [21] and the refer-
ences therein) differ in filtering accuracy, but they dif-
fer very lightly in terms of computational complexity
and processing time, both being rather “fast”. So, their
implementation depends mainly on the concrete NOMA
transmission system requirements.
-In general, an analytical comparison of the accuracy
between the EKF and the SKF for all cases is difficult to
calculate but taking into account that models (1)–(4) are
deterministic and significantly nonlinear, the accuracy of
the EKF might be better than the accuracy of SKF for this
concrete cases. Reasons for this were “hinted” above and
details can be found at [21].

B. EKF (1MM AND 2MM) ALGORITHMS FOR CHAOTIC
ATTRACTORS (2)-(4)
The aim this sub-section is to present concrete algorithms of
Chaos-based filtering which will be tested in the next sec-
tion in order to choose the appropriate attractor model and
the discrete time algorithm for filtering OMA and multiuser
interferences at Figs. 1 and 2.

The theory of 1MM SKF and EKF is well known and
developed in [19], [20]. Shortly, their aim is to “extract” the
desired signal from the aggregated signal (with noise), whose
model is known a priori and is used to properly “tune” the
filter.

So, here only the correspondent final results will be repro-
duced with the corresponding explanations.

As it follows from [19]–[21] the SKF algorithm for the
observable component (let it be “x” at (1)-(4)) is optimum for
the linear dynamic system in (1) and it consists of two cycles:
prediction and correction:

Prediction

{
x̂−

k+1 = f (x̂+
k )

P−
k = AkP+

k AT
k + Qk

(5)

Correction

⎧⎨
⎩

Gk = P−
k HT

k [HkP−
k HT

k + N0k ]−1

x̂+
k = x̂−

k + Gk[yk − s(x−
k )]

P+
k = P−

k + GkHkP−
k

(6)

The meanings of all parameters at (5), (6) will be explained
a bit later.

The algorithm for EKF 1MM is the same as (5) and (6) but
with a small modification due to its quasi-linearity, as shown
in the following. Thus, it has to be once more stressed that
the SKF is an optimum algorithm for the strongly Gaussian
signals and their linear models and the 1MM EKF algorithm
is quasi-optimum for nonlinear Chaos models of the (2)-(4)
type, so the accuracy of its filtering (in our case in terms of
Normalized Mean Squared error- NMSE) strictly speaking
might be not the highest one, as it is shown in [21], but anyway
it is practically acceptable for the majority of applications.

The 2MM EKF algorithm was proposed recently [18], [21]
and is totally heuristic; besides it is quasi-optimum as well.
The accuracy of the 1MM EKF and 2MM EKF does not
demonstrate completely their “singular” properties as opti-
mum ones (see, [18], [21]), but anyway those algorithms are
accurate, highly efficient and attractive for applications.

In general, one has to notice (see for theory [18], [21]),
that for all attractors (2)-(4) the statistical system dynamics
and the measurement of the state of the system are tied to
the statistically independent so-called “process noises”(the
reason for their introduction was mentioned above) with the
a priori known rather small elements of their covariance ma-
trixes given by N0k and Qk

2 respectively (see also Tables 1
and 2 in the following) and s(�) is a general form for the
desired(filtered) signal. Note, that in further concrete appli-
cations the form s(�) is omitted.

2Introducing those noises according to A. Kolmogorov and M. Born is
fundamental for statistical characterization of the deterministic systems (see
references at [18], [21]).
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TABLE 1 NMSE with SNR Fixed in 15 dB

TABLE 2 NMSE Results for Experiment with NOMA

It is worth to mention here that the latter explains, how the
correction term in filtering algorithms of (6) type is related to
the very small intensities of the process noise and therefore
has a rather small or negligible influence on the Chaos fil-
tering process, leaving “almost” only the prediction part and
providing finally “singular” properties for filtering accuracy
(see below as well).

One has to notice as well, that as all the models (1)-(4) are
presented in the form of the Differential Equations or Differ-
ence Equations, their filtering algorithms are of recurrent type.

Now it is time to define all the parameters at (5), (6): Gk

is the so-called Kalman gain, x̂−
k is the a priori state estimate

in the k-th update cycle, x̂+
k is the a posteriori state estimate

in the k-th update cycle, P−
k , P+

k are respectively the a priori
and the a posteriori error covariance matrix estimates in the
k-th cycle, AK is the fix state transition Matrix (for SKF) or for
the 1MM EKF the linearization matrix (Jacobian) Ak = ∂ f (xk )

∂xk
which denotes “quasi-linearity” for the 1MM EKF.

For the 2MM EKF (see [22]) in (5):

P−
k = AkP+

k (1 − ρ2)AT
k + Qk (7)

where ρ is the correlation coefficient of two-moment adjacent
samples. As it was stated at [19], [20] it’s value have to be
chosen between 07 - 085.

The rest of the equations (5) and (6) remain unchanged and
it can be easily seen that the filtering algorithm in general
is the same [18], [21]. Thus, the processing time (number
of samples) for 1MM EKF and 2MM EKF are almost the
same, but the filtering accuracy might differ. The latter was
illustrated for signals of different physical nature in [18],
[21], where the interested reader can find more details for the
matter.

It is worth mentioning once more here that Chaos-based
filtering algorithms are generally based on Ordinary Differen-
tial Equations (ODE) of chaotic deterministic dynamics and
have a very important and spectacular property, the so-called
“singularity” for their solutions. In other words, the filter’s

FIGURE 3. PDF and autocorrelation for the OFDMA signal.

output (estimate) signal is somehow “tuned” to its a-priori
dynamics (or to its mathematical model) applied in the filter-
ing algorithm in the prediction term. That’s why the filtering
accuracy is high, even for quasi-optimum algorithms and the
filtering fidelity (hereafter, in terms of the Normalized Mean
Square Error, NMSE as a metric theoretically adequate for
filtering accuracy [19], [20]) shows a rather low dependence
to the input SNR, i.e., it demonstrates its singular features (see
also [20]). The latter will be illustrated by means of simulation
results in the next section as well.

III. SIMULATION RESULTS
Simulations presented in this section are dedicated to explain-
ing the Chaos-based filtering for the primary OMA signal
which is modeled hereafter as an OFDMA signal in pres-
ence of NOMA multiuser signals and AWGN channel noise.
Here, the sum of the multiusers is modeled as a sum of
non-orthogonal (NOMA) carriers. Note that as a reference,
the choice of the simulation parameters was made according
to the IEEE802.11.a Standard, where the number of carriers
(at least for OMA) is chosen around 50 and is applied in all
simulations hereafter.

Next, the results of the NOMA filtering in presence of
AWGN will be presented.

One has to notice that the scenario when the multiuser
signals are filtered by the bank of the Chaos-based filters,
where each element belongs to the specific multiuser, actually
might be solved in the same way, assuming (as it is hereafter
done) that the OMA signal is extracted from the input.

The way to simulate OFDMA and NOMA multicarrier
signals is the same: by manipulating the carrier’s central fre-
quencies with constant integers (OFDMA case) or non-integer
constants, say δ= 1.2, (NOMA case), similar to NOMA gen-
eration in the literature (see, [8]).

The set of corresponding signals were processed in order
to obtain their statistical characteristics: PDF and autocorrela-
tion. The results are illustrated in Figs. 3 and 4 that show that
NOMA interference can be considered as Additive Colored
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FIGURE 4. PDF and autocorrelation for the NOMA signal.

FIGURE 5. Filtering scenario.

Gaussian noise, ACGN, (similar models are applied in [1],
[4], etc. and at the next section as well).

In the following we explore how effective the EKF based
non-linear filtering (IMM and 2MM) can be, when it is applied
to OFDMA (OMA) signals under the influence of AWGN and
NOMA interference as shown in Fig. 5.

The same block-diagram might be applied for investigation
of NOMA filtering in presence of AWGN by eliminating the
OFDMA generation at Fig. 5.

First the results of filtering OFDMA in presence of NOMA
interferences and AWGN are presented using EKF algorithm
with 1MM and 2MM estimates for different signal to noise
ratios (SNR), signal to interference ratios (SIR) and interfer-
ence to noise ratios (INR). But previously it has to be verified
what kind of attractors are statistically adequate for OFDMA
and NOMA modeling. After testing the x, y and z components
of the Rossler, Lorenz and Chua Attractors, it was found by
comparing the correspondent statistical characteristics, that
only the x component of the Rossler and Chua attractors could
be used for further modeling and filtering, where the 1MM and
2MM filtering were processed according to algorithms (5)-(7).
The results are presented in Figs. 6 and 7 and in Table 1. The
Q denotes the process noise value from formulas (5) and (7).

FIGURE 6. Signals for INR = 3 dB using Rossler X.

FIGURE 7. Signals for INR = 3 dB using Chua X.

For the 2MM EKF filtering according to formula (7) the
value for the correlation coefficient is ρ = 0.589.

Here Rossler X and Chua X means x-components for both
attractors! It is worth to attract the attention to the results,
presented in Figs. 6 and 7 and the Table 1.

It follows that for the SNR =13-15 dB usually applied in
wireless systems and SIR around the same order, the NMSE
values are less than 5%; which means a rather high quality for
filtering and note, that it actually preserves the 95% of average
power for OMA after its filtering thus, it means that the result-
ing SNR for demodulation of the OMA signal performs with
only 3 dB losses by duplication of the resulting noise power,
which is rather acceptable for SISO systems (and might be for
MIMO as well!). In terms of Noise Immunity the application
of general error-correcting codes could “compensate” those
loses!

The latter sounds very opportunistic for transmission sys-
tems design, taking into account the drastic increase of its
Spectrum Efficiency. Another interesting aspect is related to
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different channels conditions for OMA an NOMA: from Ta-
ble 1 it follows, that applying the Filtering approach for SIC
design, the SIR might be around 9-12 dB, i.e., almost similar
to SNR and this states nothing else but, the possible nu-
merical evaluation of the concept of sufficiently different
channel conditions for users, mentioned above!

The last comment related to this issue is that the results
for OMA Filtering are practically invariant to the attractor
model used as reference for the filtering algorithm design (see
Table 1).

Next, the results of filtering for NOMA signals in pres-
ence of AWGN noise are presented. In contrary to the ex-
periments above (see Figs. 6 and 7), in this segment it is
considered scenarios where the Interference to Noise Ratios is
very small, which illustrates the possible accuracy for filtering
users when, after extracting the OMA signal, NOMA interfer-
ences have to be filtered as well. Table 2 shows the results of
those experiments in terms of the Interference to Noise ratio
(INR) vs Normalized Mean Square Error (NMSE) with the
corresponding Q values.

Once more, it can be seen, that actually the proposed SIC
filtering algorithms (see Figs. 1 and 2) are strictly working not
as a decoder, but as a classifier for OMA and NOMA signals
and when the OMA signal is well filtered (identified), then
the multiuser interference separation or classification might
be evaluated by the probability of classification error Pcl .
The latter obviously affects the final error probability of the
demodulation for all users (Perr).

One of the possible ways of theoretically evaluating Pcl for
multi-user’s classification (or for OMA-multiuser classifica-
tion as well) is applying the so-called DGL, or Chernoff upper
bound in the way [24]:

Pcl ≤ 2m(m − 1)2 exp
{
−n�2

2

}
(8)

where � is the minimum Kullback-Leibler distance (see also
(10)) between “closest” Gaussian distributions of the mul-
tiusers, n is the number of samples and m is the number of
multiusers. For complete OMA-multiusers classification the
total number of “users” is m’= m+1.

If �Perr, Pcl << 1 then it is easy to show that the total
demodulation error P for each signal is:

P ≈ Perr + Pcl (9)

and if practically Pcl ≥Perr, then, approximately Pcl<P<

2Pcl, i.e., it depends mainly on the errors of the multiuser
classification. So, from (9) it follows that minimization of Pcl

is crucial for the noise immunity of the NOMA transmission.
Note, that it is easy to illustrate, that for the Filtering SIC

design the just above comment may not apply: assume that the
Kullback-Leibler distance (metric for evaluating a significant
difference for this scenario!) has the same order as SIR above,
i.e., around “4” and m is around 50, then it is simple to cal-
culate, that the classification error from (8), even as an upper
bound, is much less than the usually considered BER (Perr)
around 10-4-10-6., i.e., it is negligible!.

In this regard the important question for implementation
issues of the Filtering variant of SIC design arises: which
signal has to be filtered first: OMA or multiusers? In the
material presented above it was stated that OMA signal is
filtered first, but in general this is an open question. It must be
thoroughly investigated in the future, meanwhile some recent
simulations show that filtering NOMA interferences first in
order to “clean” the OMA signal (before its filtering) might
be a rather complex issue, but it can give significant benefits
in terms of reducing the NMSE for the OMA signal decoding.

IV. MULTIUSER CLASSIFICATION BY MEANS OF “M”
SEQUENTIAL HYPOTHESES TESTING ALGORITHMS
Due to the sequential character of the multiuser decoding
with SIC algorithms for CR-NOMA, it seems reasonable to
consider a decoding strategy with a similar character, i.e.,
sequential for ”m” hypotheses testing.

Note that the main goal of this Section is exactly to attract
attention to this approach for SIC design. The advantages of
these algorithms for binary testing are well known long ago
from A. Wald [25], but the results of their generalizations for
the case of m hypotheses testing are mainly addressed to its
tiny mathematical problems [24]–[29].

For practical implementation, their solutions are rather
complex except in few special cases. Other options (so- called
“ad-hoc”) so far, are based on heuristic extensions of the
binary test for the case of m hypotheses.

In this regard it was found reasonable to invoke the results
from [29] together with the approach stated in [25] where
the asymptotic approximations for the optimum Bayesian al-
gorithms for hypothesis testing are presented for the case of
small probabilities of decoding errors and an expected rather
long testing time, particularly for low SNR cases. Both those
assumptions seem realistic for SIC design in Doubly Selective
channels, applying the Gaussian statistics as well.

It is pertinent to remind here that for efficient NOMA trans-
mission, as it was commented above, sufficiently different
channel conditions for the users are necessary, (see above).
However, even if channel conditions for OMA and multi-
users are very different, energetically between multi-users
the differences might not be so drastic, i.e., hypotheses for
multiusers only in this sense might be “close”, and therefore
the testing time might be large! So, application of m-ary se-
quential analysis for such kind of scenarios might be rather
opportunistic!

The extractions from the material of [25], [29] for the
asymptotic characteristics of the algorithm are as following:

〈Nk〉 = − log Ak

min
j: j �=k

D( fk, f j )

αk = πkAkγkα =
m−1∑
k=0

πkAkγk (10)

VOLUME 3, 2022 117



KONTOROVICH: COMMENTS ON SIC DESIGN FOR SISO NOMA SYSTEMS OVER DOUBLY

where D( f , g) = ∫
f (x) log f (x)

g(x) dx is the Kullback-Liebler

distance between the PDFs f(x) and g(x); 〈NA〉 = NA is the
average value of the first sample n ≥1 when the decision
for the hypotheses is taken; {π k} a priori probabilities of
hypotheses (k = 1, m); {γ k} and {Ak} are explained in the
following.

In the usual case when the value of the error of the false
alarm for probability for testing - α is a priori predefined, from
(10) it follows:

c = α
m−1∑
k=0

πκ
δk

, δk = min
j: j �=k

D( fk, f j ), Ak = c
δkγk (11)

where 0 ≤ γ k ≤ 1 is tabulated at Table 3.1 in [25] (see also
[29]).

One has to notice, that for SIC design, applying the classi-
fication paradigm for multiusers classification, the predefined
probability of the false alarm is nothing else, but a classifica-
tion error, being usually assumed as a very low value much
less than BER, the main interest for such kind of hypothesis
testing presents a gain on the average time of analysis, i.e.,
how fast this testing is?

The technical gain of any sequential algorithm strongly
depends on the thresholds choice which defines the decision
regions [25], [29]; the data processing algorithm can be co-
herent (incoherent), energy detection, etc. and they are well
known [25].

For the concrete case of Gaussian channels for all mul-
tiusers, where the decoding (classification) problem for mul-
tiusers depends on their SNR, QoS, amplitudes, covariations,
average powers, etc. the formal scenario is as following.

Let k = 0, m − 1 for hypothesis testing {Hk} and x1, x2,
… is a sequence of independent Gaussian random variables
with means {θ k} and variances σ 2

k , which are known a priori
(see also [1], [4]). If {xk} are multiuser amplitudes, the data

processing algorithm is obvious:
n∑

i=0
xi, and the results have to

be compared with the asymptotic thresholds for each “k” as
follows [29]:

n(θk + θk+1)

2
+ log Ak

θk+1 − θk

n(θk + θk+1)

2
− log Ak+1

θk+1 − θk
(12)

where k = 0, m − 1.
It is interesting to express here an impressive issue: these

asymptotic algorithms correspond exactly to the set of simple
binary algorithms: H0 vs H1; H1 vs H2 and so forth. This
coincides totally with the intuitive processing of the m tests
as a straightforward generalization of the binary sequential
test (called “ad-hoc”, see the references in [27]–[29]) that
was known long ago and shown at [29] to be asymptotically
optimum!

Thus, for the Gaussian case the m decoding asymptotic
algorithm is nothing else but a “block” of cells each for the
sequential testing of different binary hypotheses for the mul-
tiusers.

The examples of numerical results, for this testing can be
found at [29], which, for sure, is not reasonable to reproduce
here, show that for such kind of algorithms the number of
samples (time of analysis) can be reduced 2 or 3 times com-
pared to an optimum algorithm with fixed testing time,
so they are relatively fast! The latter follows exactly from
the convergence of the m testing to the (m-1) set of “bi-
nary” algorithms well known several decades ago and proofed
as fast ones, presented first by A. Wald. Therefore, those
algorithms are essential for SIC design for Doubly Selective
channels.

To conclude this section, it is worth mentioning that due
to the asymptotic character of the proposed algorithms, one
has to notice that they might demonstrate robust features to
the multi-user statistics as well; the latter requires further
investigation.

V. CONCLUDING REMARKS AND FUTURE WORK
PROPOSALS
The material presented above is devoted to two original op-
tions for the SIC algorithm design for the power-domain
CR-NOMA information transmission over Doubly Selective
Channels. This type of channels take place at 5G and beyond
for wireless information transmission from HSV terminals,
but not only from them!

It was shown earlier [14]–[17] that it is rather “hard” to
obtain high values for characteristics such as noise immunity
and spectral efficiency for Doubly Selective channels due to
numerous impairments and distortions that take place there.
Application of the power-domain NOMA to improve the spec-
trum efficiency in those channels requires additional efforts
in SIC processing to reduce the influence of the multiuser
interferences.

For application in SISO channels, two possible approaches
have been proposed for multi-user interferences mitigation
through SIC, namely a Chaos-based filtering approach and
an approach based on the m sequential hypotheses testing.
Both of them show several attractive features for applica-
tion over Doubly Selective channels such as high fidelity for
multiuser decoding, possible robustness and reduced decision
time, which allows to recommend them not only for Doubly
Selective channels, but also for the “conventional” channels as
well, besides the large number of already reported algorithms
for them (see [1]–[13] and references therein).

Meanwhile, one has to notice that the complete conclusions
regarding efficiency of the proposed approach for SIC design
for Doubly Selective channels might appear later, when the
number of such proposals starts to be consistent and more
material for comparative analysis will be available.

At the same time, it is worth noticing the existence of
several unsolved problems for SIC design, particularly for
Doubly Selective channels. Among others one can cite the
following:

-The methods proposed here need to be exhaustively
compared against a broad range of impairing features
which exist in Doubly Selective channels.
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-Generalizations of CR-NOMA for MIMO Doubly Se-
lective channels and Massive MIMO. It seems that, al-
though the SIC can be considered as a “pre-processor
block” before the main receiving “unit” (the latter is al-
ready well known [14]–[17]), for applications in SISO
and MIMO over Doubly Selective channels the before
mentioned algorithms might require some modifications.
-The power-domain NOMA paradigm (for example, CR-
NOMA) has to be generalized by means of invariant
methods for incoherent modulation and demodulation
(see [17]).
–It is worth to mention for the future work the possible
applications as well of the user’s grouping to-gether with
the proposed trend for SIC design at NOMA transmis-
sion.

Sure, it is impossible to consider all the problems in the
framework of one single paper and they might be a topic for
further research.
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