IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received January 27, 2022, accepted February 16, 2022, date of publication February 28, 2022, date of current version March 10, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3155460

Single- and Multi-Carrier Systems Affected by
Impulsive Noise: Covid-19 View

NIKOLA ROZIC™1, (Member, IEEE), PAOLO BANELLI“2, (Senior Member, IEEE),

AND ANA MARUSIC?

! Department of Electronics and Computing, University of Split (FESB), 21000 Split, Croatia

2Department of Engineering, University of Perugia, 06125 Perugia, Italy

3Center for Evidence-Based Medicine, Department of Research in Biomedicine and Health, University of Split School of Medicine, 21000 Split, Croatia

Corresponding author: Nikola RoZi¢ (nikola.rozic @fesb.hr)

This work was supported in part by the projects “Advanced Communications and Information Systems and Services’” and “Research in

Biomedicine and Health™ at the University of Split, Croatia.

ABSTRACT In this work we present a fully stochastic model of performance analysis of single- and multi-
carrier modulations (SCM and MCM) in communication systems affected by impulsive noise. The key
performance of the model is the symbol error rate (SER), which is fully determined as a function of the
system parameters, including the frame length, symbol power, white noise power, impulsive noise power, and
the probability of the impulse events. We derive closed-form analytical expressions for the systems SER and
compare them with simulation results, showing very good agreement for all the impulsive noise scenarios.
Specifically, we show under which conditions a MCM system performs better than a SCM one, and vice
versa, which can be used to apply an optimal switching policy that minimizes SER. The model developed
for SCM and MCM systems is conceptually applied to the Covid-19 phenomenology and, consequently,
the results obtained for SCM and MCM scenarios are interpreted to inform decision and management
policies of social distancing (lock/roam). Specifically, we also show when the “roam” strategy performs
better than the “lock” strategy, and vice versa, thus enabling the design of an optimal control policy that
minimizes the mortality rate (MR). However, the proposed model for Covid-19, which assumes a similarity
with SCM/MCM systems, may not be easy to be tested in practice in the absence of adequate statistical data.
Therefore, any management decision should not be based (only) on the proposed model adapted to Covid-19,
and necessarily requests the integration of experts opinions.

INDEX TERMS Single-carrier and multi-carrier systems, impulsive noise, symbol error rate, Gaussian

mixture models, Covid-19 conceptual model, decision/management policy.

I. INTRODUCTION

Multicarrier modulations (MCM), and specifically orthogo-
nal frequency-division multiplexing (OFDM) schemes, are
widely employed in most of the wired and wireless communi-
cation systems. Theoretical analysis of the SER performance
for MCM, is an interesting topic in communication systems.
Indeed, although an exact closed-form expression for the
output signal-to-noise ratio (SNR) of such OFDM systems is
available for widely used impulsive noise models, the theo-
retical analysis of the associated symbol error rate (SER) has
recently attracted many researchers due to the every increase
of internet of things (IoT) applications.

The associate editor coordinating the review of this manuscript and

approving it for publication was Kumaradevan Punithakumar

There are a number of motivations for the widespread use
of OFDM, i.e., multicarrier modulation [1], [2]. Among them,
one is certainly the higher resistance of MCM to impul-
sive noise (ImpN) with respect to single-carrier modulations
(SCM) [3], for realistic values of the ImpN and communica-
tion system parameters.

This work summarizes an unified Gaussian Mixture
Model (GMM)-based analytical approach for SER analy-
sis of OFDM systems affected by ImpN. In the first part,
we develop the closed form expressions for the SER of SCM
and MCM systems affected by impulsive noise represented
by GMMs, including Bernoulli-Gaussian (BG), Middleton
Class-A, as well as (approximated) alpha-stable noise. Actu-
ally, for mitigated systems, the residual distortion noise at the
output of a non-linear suppressor should be modelled with a
K-component GMM (K-GMM). However, mitigated systems
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are widely investigated (see e.g. [4] and others), and they are
not in the focus of this work, whose aim is also to show how
the proposed analytical framework can be effectively used for
Covid-19 outbreaks management.

When affected by ImpN, one of the important differences
between MCM and SCM is that every noise impulse that shots
an MCM signal in the time domain, does not affect just an
information symbol, but all the symbols grouped in the MCM
frame, which are coded in the frequency domain. The analysis
presented in this work shows that a MCM system performs
better than a SCM one, specifically when the impulse prob-
ability and the power are not too high. The theoretical SER
performance has been compared with the results obtained by
simulations, showing very good agreement for all realistic
impulsive noise scenarios. Although the paper focuses on
OFDM systems, the presented framework and conclusions
can be easily extended to any other MCM system.

Recently, a number of stochastic models proved to be ade-
quate in information and communication technology (ICT)
disciplines (as well as in other scientific areas, such as eco-
nomics, finance, etc.), have been found to be successful to
also model virus infection events. For example, research
on the propagation of computer viruses in communication
networks featured by a very complex connectivity, have
highly contributed to the understanding of Covid-19 spread-
ing mechanisms [5]. On the other side, GMM has also
received significant attention in modelling the typical tick-
tail temporary behaviour of Covid-19 (e.g., [6]).

The noticeable statistical similarities between a number
of mechanisms in ICT and virology systems, encouraged
researchers to speculate that they may be analysed by using
the same mathematical frameworks. Herein we show how
an accurate analysis of a specific communication system
performance, can be similarly applied to analyze the perfor-
mance of virus outbreaks management, and vice versa, as also
stated in [7], [8]. This way, it is possible to highlight which
decision/management policies can efficiently handle corona
virus threats and, consequently, aid the society to cope with
Covid-19 pandemic challenges, and specifically to keep the
mortality rate (MR) as low as possible.

Specifically, to the best knowledge of the authors, this
work is the very first attempt to apply the SER performance
analysis of modern communications systems to the mortality
rate (MR) “performance” analysis of Covid-19 epidemic.

The contribution of this work includes:

i) a generalized GMM-based unified approach for
prediction of the SER performance in SCM and
MCM (OFDM) communication systems, affected by
arbitrarily distributed ImpN. In addition, the analysis is
significantly extended by varying all the system param-
eters to obtain deeper insight in the differences of the
SER performance for the two competitive SCM/MCM
systems;

ii) anovel approach to model the Covid-19 phenomenology
by adapting the fully stochastic analytical model devel-
oped in i);
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iii) a proposal for Covid-19 decision/management policy
designed according to a minimum mortality rate (MR)
criterion.

The rest of the paper is organized as follows. Section II
discusses related works in the literature and Section III
briefly summarizes SCM/MCM system and noise models.
Section IV presents the performance analysis approach, and
Section V derives SER performance for frequency-flat non-
fading OFDM system affected by K-GMM ImpN, where
AWGN (1-GMM) and 2-GMM [3] are two particular cases.
Numerical and simulation results for SCM/MCM are pre-
sented in Section VI. Section VII conceptually extends the
analysis of SCM and MCM systems affected by ImpN to
a Covid-19 scenario, focusing on the estimation of the MR
based on the extended statistical model. Section VIII pro-
poses detection method, and Section IX highlights the asso-
ciated decision/management policies. Section X discusses
some specific aspects of Covid-19 pandemic and identifies
some possible research directions. Finally, some concluding
remarks are drawn in Section XI.

Il. RELATED WORKS AND STUDIES
A. RELATED WORKS FOR SCM/MCM SCENARIO
The output SNR and SER performance of uncoded and coded
SCM and MCM, affected by impulsive noise, have been
investigated in [3], [9] and [10]. Important results for coded
MCM affected by Bernoulli-Gaussian (BG) and Middleton
Class-A ImpN can be also found in [11], [12], whereas
the effect of alpha-stable noise ImpN has been analysed
in [12], [13], and specific results for power line communi-
cations (PLC) have been presented in [14]-[16]. Other fun-
damental results for the SNR/SER performance limits can be
found in [17]-[19], where the authors derived the achievable
pairwise error probability (PEP) bounds for OFDM systems
affected by impulsive noise represented by a GMM.
Futhermore, performance analysis for MCM/OFDM sys-
tems equipped with impulsive noise suppressors, either for
4G cellular systems (UMTS-LTE), broadcasting (DVBT),
local area networks (WiFi), or PLC, have been derived
in [19]-[24]. Therein, sample-based non-linear suppressors
simply clip, null, or both clip and null the complex enve-
lope of the baseband received signal, when it overpasses
(sub)optimal thresholds designed to maximize the output
SNR. Recently, a significant attention has been given to
some modified schemes targetting either internet of things
applications, e.g., to support the narrowband IoT modes [25],
or to new OFDM-based modulation techniques adapted to fit
stringent low-power constraints [26].

B. RELATED WORKS AND STUDIES FOR COVID-19
SCENARIO

The well known susceptible-infectious-recovered (SIR)
model [27]-[29] is a compartmental infection model, which
assumes tracking of the number of individuals belonging
to S, I, or R compartments. The collected data are plugged
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into the set of ordinary differential equations that model the
dynamic of the pandemic evolution, and possibly forecast its
evolution, in order to estimate the model parameters, also in
the presence of some control actions. Each member of the
population typically progresses from susceptible (S) to the
infectious (I), and at the end to the recovered (R) compart-
ment. The original SIR model evolution is basically determin-
istic, although it can be extended to a statistical framework,
such as in [5], [30], [31], and references therein.

Actually, there are many modifications and extensions of
the SIR model that include births and deaths processes, where
for instance, there is no immunity after recovery, i.e., the
susceptible-infectious-recovered (SIS) model [28], or SIRS
model [31], where recovery after immunity lasts only for a
short period of time, or SEIS and SEIR models [32], where
there is a latent period of the disease where the person is
not infectious (E-Exposed), or the class M for maternally
derived immunity is added, leading to the MSIR model where
infants can be born with immunity. For instance, the authors
in [32] analyse the management strategies of the epidemic
course by using a susceptible-exposed-infectious-recovered
(SEIR) epidemic model, which is defined by four first-order
differential equations, whose parameters are estimated by
real collected data. This way, the model is used to generate
predictions and assess the effectiveness of the control mea-
sures (closures, mobility restrictions, social distancing), in a
sustainability context. Authors in [33] focus on managing the
virus infections by using artificial intelligence (AI) and deep
learning (DL) methods, proposing an integrated approach
to data sources, by means of an user-friendly platform for
physicians and researchers.

For example, authors in [34] consider Covid-19 cases
and mortality data from Feb. to Sept. 2020 and a deter-
ministic SEIR compartmental framework to model possible
trajectories of severely acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) infections to predict the course of
the epidemic and to help planning an effective control strat-
egy. Similarly, the authors in [35] propose a new model
that considers eight stages of infection: susceptible (S),
infected (I), diagnosed (D), ailing (A), recognized (R), threat-
ened (T), healed (H) and extinct (E), termed SIDARTHE. The
SIDARTHE dynamical model uses eight ordinary differential
equations, describing the evolution of the population in each
stage over the analysed time frame. In [36] the authors pro-
pose an integrated detection-estimation-forecasting frame-
work based on tracking of the infection rate and detecting of
the pandemic wave onset, to forecast the pandemic evolution
as quickly as possible, assuming required reliability.

Recently, several studies such as [6] and [37], have demon-
strated that a Gaussian distribution is quite effective to model
the temporal evolution of the daily number of new cases
(deaths, or alternatively infections) due to the COVID-19 pan-
demic disease, providing quantitatively correct descriptions
for the monitored rates in many different countries during a
single wave. Authors in [38] revisited the SIR model by fitting
a GMM to the data in order to describe the differential rate
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of infections. Specifically, they computed the height, width,
and position of the bell-shaped rate showing that the SIR is
captured by the GMM within a finite range of time.

It is also interesting to note that, as discussed in [39],
the virus power, therein called virus grip strength, can be
considered as a powerful predictor of mortality, not only for
elderly people but also for middle-aged and young people.

Today, the most popular statistical model for Covid-19 pre-
diction is based on fitting the collected (prior) data, and it has
been launched by the Institute for Health Metrics and Evalu-
ation (IHME) [40]. Thus, the IHME model does not simulate
the virus growth based on epidemiological assumptions and
differential equations, but just by a least squares (LS) fitting
of the available data on the mortality rate (MR) for a given
geographic area. However, the IHME model, as any other
model, is sensitive to a number of different social distancing
measures, imposed by local and national government, such
as school closures, non-essential business closures (including
bars and restaurants), stay-at-home recommendations, and
travel restrictions, and many other key variables that capture
the time dynamics.

There are also some papers in other research areas such as
ICT, economics, finance, etc., that propose alternative ways to
recount threats and aid the society to cope with the Covid-19
fallbacks. For example, authors in [5], by modelling Internet
as a free-scale network, studied the spreading of computer
viruses in ICT networks exploating percolation theory argu-
ments. Such stochastic epidemic models have been studied in
different networks [6], [32], [38], and are recently applied to
the COVID-19 pandemic [37]. Specifically, research on the
propagation of viruses in computer networks characterized
by a very complex connectivity have highly contributed to
the understanding of the Covid-19 propagation mechanism.

Ill. SYSTEM AND NOISE MODELS

This section focuses on M-QAM single- and multi-carrier
(OFDM) communications over frequency flat (nonfading)
channels, affected by impulsive noise. Thus, we intro-
duce in the following the associated system and noise
models.

A. SYSTEM MODEL

Let’s define s, = [s,400], s4[11, -, s,[L — 1]]" the gth
information symbol to be transmitted on L orthogonal
subcarriers of an OFDM system, as shown in Fig. 1.
Assuming the data {s, [1]},_, on different subcarri-

..... L—1 X
ers are independent, with zero mean and same variance

USZ =E [’sq [l]|2}, the time-domain OFDM symbol x, =

[, 101, x4 [11, -+, x, [L — 1]]" is obtained by x, = F¥s,,
where F; is the L-point unitary discrete Fourier trans-
form (DFT) matrix [2], [41] and (-) is the Hermitian
operator.

In the special case L=1, a multi-carrier modulated (MCM)
system reduces to a single-carrier modulated (SCM)
one.
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FIGURE 1. Conceptual scheme of the OFDM communication system.

B. IMPULSIVE NOISE MODELS

Generally, impulsive noise can be modeled by a K-GMM
[42], whose probability density function (pdf) fy(n) is
expressed by

K-1

> G o), e))

k=0

n(n) =

where {pr}r=0.1,.. k-1, with Zsz_Ol pr = 1, are the probabil-
ities that an impulsive event, with variance akz, is generated
according to the kth Gaussian pdf G(n, okz). The component
k = 0 represents the “white” noise contribution, appearing
with probability po and variance ag, while the other K — 1
components represent the impulsive noise, which appears
with probability p; = Zfz_ll pk = 1 — po and total variance
2 K-1 2
0f = k=1 PkO%-

The reason to choose model (1) are twofold. Firstly,
K-GMM in (1) is a mixture of Gaussian functions, thus ensur-
ing analytical tractability and elegance of calculation, and,
secondly, K-GMM can successfully fit any ImpN distribution
either exactly [43], [44], or approximately [45], [46].

Widely used ImpN models that are given by (1), include
the well known Bernoulli-Gaussian (BG) and the Middleton’s
Class-A models. However, this approach can be obviously
applied to any other noise that is modelled by a K-GMM
including the symmetric alpha-stable (SoS) model [47], [48].

To make exposition easier, in this work we focus on the
simple BG model [3], [19] which corresponds to a 2-GMM
ImpN, where a noise sample is considered either thermal or
impulsive, with probabilities pg and p; = 1—pyg, respectively.
The noise W ~ G(w, og) and the impulse noise I ~ G(i, 012)
are both zero-mean independent Gaussian RVs, resulting in
ImpN with a total variance 01\2, = poog + plalz. The AWGN
case is the even simpler case with K = 1 and pp = 1. How-
ever, for realistic systems, the K-GMM in (1) with K > 2 is
generally important either as a very good approximation of
the Class-A, SaS, or any nonGaussian ImpN distribution.

In this work, an ImpN is simulated by a K-GMM, which
may represent an exact statistical distribution (e.g. BG,
or Class A noise models), or an approximated one, such as
for instance to model an alpha-stable ImpN, or any other
actual process we may deal with. It is important to note that
a K-GMM approximation of an ImpN with heavy-tailed dis-
tributions, such as the alpha-stable ones, can be well approx-
imated only in a constrained amplitude range [47]—[49].
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IV. PERFORMANCE OF SCM AND MICM AFFECTED BY
ImpN

MCM are widely employed in most of the wired and wireless
communication systems for several reasons. Among those,
a reason is certainly their higher resistance to impulsive
noise (ImpN) with respect to SCM [3]. As discussed in
Sect. 1IB, the BG model [3], [19] statistically describes the
outcome of K=2 mutually exclusive events, which are inter-
preted either as “noise” or as an “impulsive noise” .

As already stated, we will focus on 2-GMM, i.e., on the
BG model, because it is both simple and sufficiently rep-
resentative of an ImpN scenario. However, the results we
show in this manuscript can be extended to any K-GMM with
K > 2 leading to exact analytical expression for the SER
of the communication systems impaired by K-GMM ImpN,
thus generalizing the approach proposed in [3]. More detailed
analysis based on the multinomial distribution [50] are also
available in [4]. The simpler BG model is however enough to
draw some general conclusions on the SCM/MCM adaptive
policy to be adopted in a communication scenario and more
importantly to highlight the potential usefulness of the some
analytical framework to address Covid-19 restriction policies.

A. SER PREDICTION FOR 1-GMM (AWGN)

When K = 1, the well known SER formula for M-QAM

square constellations in AWGN channels [1] is expressed by

M1 VM -1

W 0(p) <1 - WBO(P)> ,
@)

where By(p) = Q (,/M 1) and p = 02/0 denotes the
average SNR.

(AWGN) (p) =

B. SER PREDICTION FOR 2-GMM ImpN

The two-component Bernoulli-Gaussian impulsive noise,
as well as its distribution in the frequency domain after FFT
demodulation, together with the associated SER, have been
studied in [3]. Specifically, the pdf of the noise in the fre-
quency domain, for an L-size OFDM frame, can be expressed
by

L-1
7 0= 3 me (n.0?). 3

where w;, [ = 0,1,
factors and al , 1= O
given by

L _
wp = (l)Pll (1—ppt,

of = [ ~Dog +1oF | /L =1L — Do + Inlod/L,
4

and where p; and 012 are the impulse noise probability and
the impulse noise variance, respectively, 002 is the variance of

,L — 1 are the binomial scaling
-, L — 1 are the noise variances
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the Gaussian noise component that appears with a probability
po_l—p],andyo_cro/ y]_ol/a
(AWGN)
Given the SER py for AWGN in (2), the SER for
2-GMM impulsive noise can be expressed by

(2 GMM) __ Z Wlp(AWGN) (5)

where p( WEN) is given by (2) with B = Q ( 3o > and

pr=0p/of =L/Uoyo + liyr), withlo =L — 1, 1y = L.
Note that, under some circumstances, expression (5)canbe
used also as a good approximation for a K-GMM ImpN [20].

V. IMPULSE NOISE DETECTION PROBABILITY

The impulse noise detection problem in SCM/MCM commu-
nication systems is essentially a well known binary hypothe-
ses test [51] where Hy: y ~ py,(y) and Hy: y ~ py,(y), and
py, ") = p OlHo), py, () = p (y|H1) are the conditional
probabilities. The associated maximum a posteriori (MAP)
hypothesis test is expressed by the likelihood ratio

pOIHo) _ pro®) _ Pt
pOIHD)  pr, () <po’
where p9 = p(Hp) and p1 = p(Hp) are the a priori
probabilities.

The MAP test (6) assumes that the Bayes costs of erro-
neously decoding I:IO for H;, and vice versa, are the same,
which however is not the case for the considered impulsive
noise detection problem. This (sub)optimal detection thresh-
old can be easily computed based on the intersection of the
two weighted Rayleigh distributions as expressed by [24]

=pip OGIHY) . (N

Note that the best detection reliability would be obtained
if the noise state information (NSI) is completely available,
which however would correspond to a genie-aided detector
(GAD) [52].

Thus, the threshold A7 can be obtained by the decision
boundary condition, as expressed by

= pipy; O}, ®)

Ly =

6)

pop (yIHo)

Ar = arg {popy, ()
y

where py,(y), i = 0,1 are Rayleigh pdfs with variances
oyzi =204+ crxz, and characterize the received signal y
under hypothesis H;, leading to the closed-form expression

Ar = o, 2(1+Vo)(1+V1)IOg[P0(1+V1)]. ©)
YI— Y0 p1(1+y)

Given the suboptimal threshold A7, the probabilities P{I:IO}
and P{H1}, to correctly decide for Hy or H, are expressed by

Ar 2 2

Py, = /0 Py, (v) dy = exp (—AT/UyO)
* 2 2

Py = /A py; () dy = exp (—Ar/ayl), (10)
T
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FIGURE 2. Comparison of the results for Pcp, and Pgp, obtained by (10)
(denoted by “model”) and by simulation.

where Ar is given by (9), and oyzo =2 (oxz + 002), oy2| =
2 (oxz + 012).

Given the correct detection probabilities Pcp, =
P{H|Hy} = Pj, and Pcp, = P{H\|H} = Py, in (10), the
probabilities of erroneous detection Pgp, and Pgp, simply
follow from Pgp, = 1 — Pcp, and Pgp, = 1 — Pcp,.

Obviously, the reliability of the impulse noise detection
directly depends on all the ImpN parameters. Fig. 2 compares
the theoretical results for Pcp, and Pgp, obtained by (10)
(denoted by “model”’) with those obtained by simulations.
The results show that the probability of the impulse noise
detection highly depends on the SIR and the probability py
of an impulsive event. Specifically, the probability of correct
detection of an impulsive event increases when either SIR
or p decreases, or both. Evidently, the detection can be
considered quite reliable when SIR< —25dB.

VI. SER ANALYSIS

Numerical and simulation results presented in this section
consider the SER performance of SCM/MCM with 4-QAM,
varying the number of subcarriers from L = 1 (i.e., SCM)
up to L = 8192, over nonfading channels affected by BG,
or more generally a K-GMM ImpN. The SER performance
are analyzed for a wide range of parameters of practical
interest, including the SIR, the impulse probability p;, as well
as the “white” SNR defined by the signal-to-‘“white” noise
power ratio axz /‘7»% = 1/y.

Fig. 3 compares the SER performance for SCM (L = 1)
and MCM from L = 4 up to L = 8192, for a 4-QAM
OFDM system, at SNR=25dB and SIRe [—40, 0]dB. The
probability to be hit by an ImpN is p; = 0.001. The results
clearly show that, increasing the number L of subcarriers per
MCM frame, noticeably improves the system performance
for the highest SIR (i.e., SIRe [—20, 0]dB), while conversely,
the MCM system gets worse when SIR gets lower. Increasing
L, it also widen the SIR range where MCM has better SER
than SCM.

Fig. 4 shows the SER of both the SCM and MCM sce-
narios, for several values of SNRe [10, 30]dB, and SIRe
[—60, 0]dB, and the impulse noise probability that is fixed
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FIGURE 3. SER of SCM (L=1) and MCM when Le[4, 8192], for 4-QAM
communications, at SNR=25dB, and SIRe[-40, 0]dB. The probability of
ImpN is p; = 0.001.
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FIGURE 4. Comparison of SER performance for SCM (L=1)and MCM
(L=256). The SNR parameter is considered in range 10 to 30 dB, and the
SIR parameter vary from 0 to —60dB. The probability of ImpN is

p; = 0.001.

to a reasonable low value p; =0.001. Evidently, Fig. 4
confirms that MCM schemes offer better SER performance
with respect to SCM, at relatively higher SIRs (e.g., SIR
> —14dB), with a bigger performance gain for higher SNRs
(e.g., almost 10 times lower SER at SIR = —10dB and
SNR = 25dB). For relatively low SNRs (e.g., SNR < 10dB),
the performance gain of the MCM is negligibly low. On the
contrary, for lower SIRs and higher SNRs, the SER perfor-
mance of SCM is better than those of MCM schemes.

Fig. 5 compares the SER performance of SCM and MCM
schemes, although at a different signal power expressed by
S= O’}%. Actually, we compare the performance for a total
signal power where S=1, and the performance for halved
signal power where S=0.5, with SNRe [10, 30]dB, and SIRe
[—40, 0]dB and the same impulse noise probability of Fig. 4,
thatis p; =0.001. As expected, the negative impact of a lower
signal power is quite evident, since it decreases both SNR and
the SIR, for fixed white noise power N and impulsive power .

The SER performance, and the associated comparison
for SCM and MCM, could be exploited in a cognitive
communication system by designing an adaptive algorithm
that optimizes the overall system performance by smartly
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FIGURE 5. SER versus SIR for 4-QAM OFDM system with L=256
subcarriers affected by BG ImpN at p; = 0.001 with SNR = 10 dB and
25 dB.

switching between MCM and SCM models, possibly taking
into account not only the SER. Actually, it should be also
reminded, that the SER performance can be significantly
improved also by other approaches. First of all, the system
may use very simple impulse noise mitigation techniques, and
secondly, an error-correcting channel-code can be inserted to
decrease the ultimate SER. Nevertheless, in practical com-
munication systems, the analysis we proposed herein for
uncoded SER performance, as detailed in the following sec-
tions, can be usefully exploited during Covid-19 outbreaks,
in order to estimate the MR associated with two different
restriction conditions (lock, roam), and possibly efficient
control policies that minimize the ultimate MR, by switching
among the two conditions.

VIl. SCM/MCM MODEL APPLIED TO COVID-19
PHENOMENOLOGY

We essentially note that there is a phenomenological sim-
ilarity of SCM/MCM systems affected by impulsive noise,
and people affected by virus Covid-19. In this view, the SER
performance of SCM/MCM systems affected by impulsive
noise are conceptually related to the MR performance of
the lock/roam policies for people living in an environment
affected by the infective virus. Both cases are characterized
by a pre-existing pathological condition, which is the erro-
neous decoding induced by AWGN for SCM/MCM and the
typical mortality for the human population. Impulsive noises
and Covid infections are further random events that worsen
the pre-existing pathologies, thus increasing the errors and
the mortality, respectively.

A. THE APPROACH

More specifically, we can distinguish the two following phe-
nomenological conditions that highlight some similarities
between the two different systems and their pathological
states:

1) NO-IMPULSE NOISE/No-COVID VIRUS
In this case we can observe that:

i) the SER performance, without impulsive noise,
depends only on the SNR and it is the same for SCM
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and MCM systems. Consequently, it is not necessary to
employ an SCM/MCM control to minimize the SER;

i) the MR performance, without pandemic impact,
depends only on the person immunity S and comorbid-
ity C, i.e., we may assume it depends only on the person
strength to comorbidity ratio (SCR) and, consequently,
it is not necessary to employ any lock/roam control
policy.

2) IMPULSIVE NOISE/INFECTIVE COVID VIRUS
In this case we observe that:

i) the SER performance of SCM and MCM systems,
affected by impulsive noise, depends not only on the
SNR, but also on the SIR and on the probability of
the impulse p;. This induces different SER in SCM
and MCM, and, consequently, an SCM/MCM control
is required to minimize the SER;

ii) the MR outcome, under pandemic impact, depends not
only on the SCR, but also on the person strength S to
the virus power [ ratio, i.e, on the SIR, and on the
virus attack probability py, which induce a different MR
for “lock” and “‘roam” conditions and, consequently,
a lock/roam control is required to minimize the MR.

Note that without the virus there is also a different MR,

and the control policy is really simple: always “roam”!.
Furthermore, note that when the virus is absent, in contrast to
SCM/MCM in AWGN, the “roam’ policy is characterized by
alower mortality, as we will further motivate in the following.
Based on these similarities we observe that the “perfor-
mance’” of both systems are characterized by environmental
random variables (RVs), which are the result of the superpo-
sition of two independent components. Specifically,

e« in SCM/MCM systems, all the RVs that model
the system condition are zero-mean complex-valued
Gaussian-RVs with (equi-variance) independent real and
imaginary components. Consequently, the magnitude is
a Rayleigh distributed random variable.

o in the Covid-19 case, we assume that the random vari-
ables that model the person conditions are composed
by two independent (additive) components, representing
physical and psychological conditions. Here by simplic-
ity we assume that also in this case the random vari-
able representing the overall population strength could
also be a Rayleigh distributed RV. However, this is not
mandatory and the conceptual model and control policy
can be adapted to any other pdf (see the following
subsection).

We basically assume, that both the SER and the MR perfor-
mance depend on the statistical distribution of the strength of
the underlying quantities, i.e., they depend on the pdf param-
eters, or their moments, such as the power. A more detailed
discussion on the conceptual equivalence of the pdf parame-
ters in the two scenarios is addressed in the next subsection.
In a nutshell, we claim that the analytical framework we
highlighted for communication systems, can also be useful
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to define Covid-19 management policies, such as isolating
(“lock’) people or letting them to freely move (‘‘roam”).
As we will motivate later, roaming or locking corresponds to
preferring MCM rather than SCM in communication systems
impaired by impulsive noise.

Based on this approach, Sect. X presents an adaptive
(sub)optimal decision/management policy for Covid-19 pan-
demics with a goal to minimize MR.

B. COMPARISON OF SCM/MCM AND COVID-19
CONCEPTUAL MODELS

Let’s compare the two conceptual models and, more specif-
ically, the basic mechanisms of the communication system
shown in Fig. 1, with those of the Covid-19 system shown
in Fig. 6. It is important to note that the two models repre-
sent the main elements of a communication or a community
social system, respectively. In the light of our assumption
that the events observed in the two systems have similar
phenomenology, associated to similar basic prevalence of
one among two possible states, we foresee similar outcomes
in terms of ultimate performance, that is SER and MR.
We want anyway to stress that we overlook any virology or
epidemiologic grounded consideration on the virus spread,
and we simply observe the macroscopic final effects, leaving
more specific analysis or micro-modelling on the subject to
multidisciplinary domain-expert teams.

As discussed in subsection IIA, Fig. 1 presents the com-
munication system model using SCM or MCM, which is
affected by an additive white noise W and a superimposed
impulsive noise /. Differently to W, which is a continuous
Gaussian process, the impulsive noise has been modelled as a
Bernoulli-Gaussian process, with a probability p; to generate
an impulsive event at any time epoch. Besides the channel,
the two very important elements of the system in Fig. 1,
are the IFFT and FFT blocks, which enable reliable MCM
communications when a strong impulsive noise is present.
Conversely, when the dominant noise is the AWGN one,
we prefer SCM, where the processing cost associated with
IFFT and FFT boxes is not necessary.

Similarly, Fig. 6 presents a model of a meeting social
system that is possibly affected by some prior illness (comor-
bidity) of the people and by the superimposed spread of
the infective Covid-19 virus. Similarly to SCM/MCM, the
most important elements of the system in Fig. 6 are the
grouping (gathering) and ungrouping (separating) blocks.
The grouping box in Fig. 6, like an IFFT box in Fig. 1, defines
a restricted group of L individuals that, due to the meeting
environment, experience another socialization domain, which
is different from the condition of lonely individuals, and
has a positive impact on the underlying resistance to virus,
when and if they will be exposed to it. Similarly to the FFT
block, that in the communication model A spreads the white
and impulse noises among all the symbols, the ungrouping
box, spreads among the community the individual condi-
tions, including both the comorbidity and the virus, as long
as they are moderate. However, this negative effect, could
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FIGURE 6. Conceptual scheme of the people meeting system (for
Covid-19 scenario).

be compensated by the increased resistance associated with
a higher socialization. Obviously, this spreading effect in
Covid-19 scenario can be only conceptually considered as
equivalent to the actual and physically grounded spreading
effect of FFT in MCM case. The impulse noise and the viral
spreading, are stochastic variables that strictly depend on the
parameters and conditions that model the scenario of interest.
While we almost perfectly know the actual physical model for
communication systems, we assume herein that the overall
effect caused by several simultaneous causes induces a simi-
lar stochastic effect in the Covid-19 meeting system, where
the comorbidity plays the role of the background “‘noise”
that induces the typical mortality, while the infection is a
further detrimental effect to the average health conditions in
the community, characterized by a random distribution.

The communications model A considers the symbol S as
the result of a two-dimensional (i.e., complex-valued) mod-
ulation of the information signal. Similarly, in model B, the
individual strength S is assumed to be summarized by two
independent components, which reflect both a physical and a
psychological/social condition.

In model A, the signal magnitude is denoted by S, and
the associated signal power (variance) USZ by S, respec-
tively. Similarly, in model B, symbol S denotes the person
strength (resilience), and S= 0S2 denotes the person power
(immunity).

The symbol N denotes the total noise magnitude in model
A, with power O’/% denoted by N. In model B, we denote
the person prior illness (caused by other acute and chronic
diseases) magnitude by C, and its power (comorbidity) by
C= og.

Symbol I represents the impulsive noise magnitude in
model A, with power 0’12 denoted by I. Similarly, in model
B, symbol I represents the Covid-19 infective magnitude
(strength), with power denoted by 1= 012.

In this view, the parameters that we introduced so far can
be re-interpreted as follows:

1) the SNR parameter, that represents the signal-to-noise
power ratio in model A, can be associated to the person
power-to-comorbidity power ratio, which we address
by SCR in model B5;

2) the SIR parameter, which defines the signal-to-impulse
noise power ratio in model .4, can be interpreted as
the person-to-virus power ratio, which we consequently
denote as SIR also in model 5.

3) The probability p; in model A corresponds to the prob-
ability that an impulsive source corrupts the signal in
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the channel, and p; is the same for SCM and MCM
scenarios. Similarly, in model B, we denote by p;
the probability of an infective attack generated by a
virus source to an individual, and we assume that py is
the same for “lock” and “‘roam” scenarios, although
this is not strictly necessary. Note however that the
virus source in B, just like the ImpN source in model
A, is something “outside” the communicating room
(channel).

In light of the previous considerations, expression (5)
obtained for model A can be reinterpreted for model 5.
Obviously, for model A, Eq. (5) computes the SER for MCM
when L > 1, while it computes the SER for SCM when
L = 1. Equivalently, when L > 1, Eq. (5) computes the MR
for model B in “roam” scenario, as expressed by

L
MR = p{™ =% “wp{ SN (), (1)
=0
where pg*WGN)(p[), wy and p; are given by (2), (4) and (5),

respectively.

Having in mind that the person strength S consists of two
independent components, due to the equivalence of models .4
and BB, we can use M = 4 in (5), leading to Bo(p) = O (\/p).

and the average SCR p is expressed by p = T with

wo =1 —wi,w; =py,and yp = C/S, y1 = I/S.
Similarly, the MR expression for the “lock™ scenario
where L = 1, is expressed by

MR = pl®) = wop™WN(pg) + w1 pAVN (). (12)

1) ADDITIONAL NOTES

i) In our approach, we assume that the individual age
impacts the comorbidity C, rather than the immunity I.
Thus, we assume that the immunity does not depend
on the age, but on the life conditions, harmony in the
family, working environment, friendly human commu-
nications, social and business success, i.e., to the all that
can significantly affect the individual resilience, that is
the immunity.

ii) the probability p; in model B should not be consid-
ered as the probability of infection, which is typically
tracked in practice [53]. Namely, the roaming model
considered in this work, assumes free meetings and free
communications between people, and all group mem-
bers are expected to be, on average, infected at the same
level (as it happens in MCM systems with impulsive
noise spreading by FFT processing). Thus, p; in our
framework is just the probability of an infective attack,
generated by a virus source.

iii) the frame size L in model A is considered as the fixed
value for which the SER performance is investigated.
However, L can vary as a function of time to fit different
service parameters or environmental conditions. Thus,
L could be generally considered as a random variable
on a long run, and, consequently, the total SER should
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be computed as the weighted average for the given
distribution of L. In model 15, the size L naturally varies
from a roaming condition to another, and consequently
the total MR should be computed as the weighted aver-
age for the given distribution of L.

iv) in model A, the semi-positive magnitudes |X|, |W|
and |/| are Rayleigh distributed, reflecting the high
number of micro-events that could possibly determine
the channel behaviour. This fact, by Central Limit The-
orem arguments induces a Gaussian distribution of the
(complex) random variables that describe the system.
Similarly, we assume that the magnitudes (strengths)
S, C and I in model B are also Rayleigh distributed
reflecting the high complexity of all the possible events
in the human infection by Covid-19 scenario. Unfor-
tunately, an analysis of the statistical distribution of
the Covid-19 infective strength that we postulate in
this manuscript, is not available in the literature. Note
however that, although we assume a Rayleigh distribu-
tion for simplicity, this fact does not affect the overall
conceptual approach: actually, by observing that the
distribution of any semi-positive RV can be approxi-
mated by a Rayleigh scaled mixture model K-RMM
[54], [55]. Similarly to the approximation by K-GMM
of any double-sided RV, it is possible to extend
the results we show herein to any other distribu-
tion, similarly to what it has been done for MCM
systems [4], [56].

C. RELATION OF COVID-19 AND SCM/MCM CONTROL
PROTOCOLS

An individual who is isolated and lives ‘““alone’, or sim-
ply “locked”, should not meet and communicate ‘““face to
face” with other people including his family, colleagues
and friends, while he might communicate at most virtually
(i.e., on-line). Thus, the locked individual will experience a
reduction in almost all beneficial effects induced by social-
ization. However, this individual is not free of the infective
attacks from the virus source(s). Indeed, such ““isolated’” indi-
vidual is sometimes exposed to short meetings with someone
that is really close to him, such as a familiar, or any other per-
son who is visiting him. Thus, this individual is also actually
exposed to spreading of Covid-19, although at a lower extent.
Such, “locked” individuals, in our parallelism, may be con-
ceptually associated to the “information symbols™ in model
A that are separately transmitted through the communication
channel, and are exposed to infection by Covid-19 virus,
with a probability p;. Thus, this scenario resembles the SCM
system, where just a single information symbol is impaired
by an impulsive event. Therefore, for isolated, i.e., “locked”
individuals, we can apply SER performance results in model
A for the SCM scenario, which in the Covid-19 scenario has
to be interpreted as the probability of an extremely serious
infection, or to make it simpler, as a proxy of the ‘“‘mortality
rate” (MR). Let’s also establish that an isolated (locked)
individual would experience a decrease of his power and will
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feel noticeably worse than when the individual was free to
move and meet other people, with a consequent decrease of
the immunity. Such assumptions are widely confirmed by
doctors and psychologists [57].

Conversely, a person who freely “roams’’, has more oppor-
tunities to meet and communicate face-to-face either walking
along the promenade, visiting shopping centers, or being with
friends, in restaurants and coffee bars, etc. Thus, a “roaming”’
person is factually exposed to contacts with very different
individuals and, being in face-to-face communication with
more or less large groups (similarly to the frame of informa-
tion symbols transmitted through the MCM communication
channel), can be attacked by probability p;, and infected by
the Covid-19 virus with a certain infective power. People
meeting other people, share experiences, and the infection as
well. This scenario in model B, can be conceptually related to
a MCM system where all the symbols in a frame are mixed by
the IDFT processing at the transmitter and then sent through
the channel. Therefore, for “roaming” persons, the MR can
be related with the SER performance of model A with an
MCM scenario. It is also important to note that a “‘roaming”
person while meeting other people also improves their body
and spirit, and experience friendship through sharing their
mental power. Persons clearly feel increasing of the power
and feel noticeably better, thus increasing their strength, i.e.,
the immunity.

Understandably, it is not likely that our qualitative analysis
of the “roaming” scenario could be tested in experimental
conditions, differently from the use of MCM in model A,
which can be actually tested in practice. However, the pre-
sented phenomenology helps us to understand why model B
may be considered as conceptually equivalent to model A.

D. REINTERPRETATION OF THE PERFORMANCE RESULTS
FOR SCM/MCM TO COVID-19 SCENARIO

In this subsection, we illustrate the MR performance results
which actually reflect the conceptual duality between model
A for SCM/MCM scenarios, and model B for Covid-19
lock/roam scenarios. Additional notes on the parameters that
control the MR results are given in Sect. X.

Fig. 7 reinterprets Fig. 3 and shows the MR for “lock™
(L = 1) and “roam” scenarios (L = 4 to L = 8192)
for model B, at SCR=25dB and SIR from 0 to —40dB. The
probability of virus attack is p; = 0.001. The results clearly
show that, for higher SIR and L, increasing the number of
people in a meeting, noticeably improves the MR perfor-
mance and conversely, for low SIR, the MR performance
of the ““roam” scenario gets worse with increasing L. This
fact simply confirms, as expected, that locking people in the
absence of a strong pandemic scenario worsens the MR due
to the pandemic detrimental effect of being alone, especially
for elderly people, exactly as it happens in the absence of the
pandemic.

Fig. 8 reinterprets Fig. 4 and illustrates the MR, com-
paring it for “lock” and ‘“‘roam” scenarios. The parameter
SCR is considered in the range [10,30] dB, while the person

25143



IEEE Access

N. RoZi¢ et al.: Single- and Multi-Carrier Systems Affected by Impulsive Noise: Covid-19 View

— %
10! (e 1
102F "roam” p y E
7
(L=4) (VNS "AR— A
c . N eyl
S 10°F - —letf-te——m— —————= )
L~ ? Yo lock” (L=1)
Y / ,‘
10% "roam" .
(L=64) & "roam" (L=256)
BV r /
10% [ fe—/—"roam" (L=1024)
| y *( —"roam" (L=8192)
100 I A i I I I I
0 5 -10 -15 20 -25 -30 35 -40

SIR, dB

FIGURE 7. Comparison of MR performance for “lock” (L=1) and “roam”
(L=4 to L=8192) scenarios, at SCR=25dB, and SIR<[0,—40]dB. The
probability of the infective virus attack is p; = 0.001.

power-to-Covid infective power ratio SIR€[—60,0]dB. The
probability of the virus attack is py = 0.001. Equivalently
to the comments provided for Fig. 4, it is evident that the
“roam” scenario offers better performance than the “lock™
scenario, for higher SCRs and higher SIRs (e.g., SIR>
—14dB), with a performance gain that is higher for higher
SCRs (e.g., about 10 times higher for SIR= —10dB and
SCR = 25dB). For relatively low SCRs (e.g., SCR < 10dB),
which reflect a high comorbidity, the performance gain of
the “roam” scenario is negligible. On the contrary, for lower
SIRs, the “lock™ scenario performs better than the “roam”
scenario.

Fig. 9 actually reinterprets Fig. 5, and compares the MR
performance for the “lock™ and “‘roam” scenarios, as a func-
tion of the different person immunity. Actually, we compare
the MR of persons at a full immunity characterized by S=1,
with the MR for persons with medium immunity associated
with S=0.5. The person strength-to-comorbidity ratio (SCR)
is considered in the range [10,30] dB, and the person-strength
to Covid-19 infective power ratio (SIR) varies in [—40,0] dB.
The probability of an infective event is the same as in Fig. 5,
i.e., py = 0.001. The impact of the decline in immunity is
quite evident, which however is expected, since the lower S
directly decreases both SCR and SIR for a given comorbidity
C and a given virus power 1. Specifically, the results in Fig. 9
show that the decline in immunity from S=1 to S=0.5 results
in a noticeable increase of MR in both (lock and roam) scenar-
ios. The impact of the comorbidity (i.e., SCR) is lower, and
only highly healthy (SCR=25dB), but locked, individuals,
do not experience serious increase of the MR. This somewhat
unexpected result is however a consequence of the fact that
a halved S induces a 3dB decrease of the SCR, leading to
SCR=25-3=22dB, which does not noticeably increase the
MR in locked case.

Differently from Fig. 9, Fig. 10 compares “lock” and
“roam” scenarios for different values of the person strength
(immunity). As discussed in the previous subsection, a locked
person clearly experiences a decrease of strength and feels
noticeably worse, thus resulting in a decrease of immunity.
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On the contrary, roaming persons feel noticeably better, with
a consequent increase of actual immunity. Thus, Fig. 10 com-
pares “lock’ and “roam” strategies where we assumed that
in the “lock™ case the immunity S is halved (i.e., SCR=0.5)
with respect to the “roam” scenario, where we used S=1.
Comparing the analytical results with those in Fig. 9, we note
an additional significant benefit for the “roam” scenario,
especially at low SCRs. For example, when SCR=10dB,
the immunity is S=1 for “roam” individuals and S=0.5 for
“lock” individuals, the roaming scenario shows significant
gain (i.e., 10 fold greater MR reduction or more), with respect
to the locked one. In practice, we may assume that a low SCR
(e.g., 10 dB) is more probably related with elderly people
and, consequently, locking them leads to a higher MR. Thus,
in order to minimize MR, we may be tempted to conclude
that people with high comorbidity, i.e., with low SCR, who
are locked, and consequently loose the natural immunity
relatively fast, should probably be simply unlocked, letting
them to freely move around (“‘roam” scenario), meet friends,
colleagues etc., such that they can reach a full self resistance
“immunity” of S=1.

It is important to note that, due to the assumed
Rayleigh distribution, an immunity-to-Covid-19 infective
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FIGURE 10. The immunity impact to MR for S=0.5 and S=1.0, at SCR=10
and 25 dB for “lock” and “roam” scenarios. The probability of the virus
attack is p; = 0.001. “Roam” results are obtained at L=256.

power ratio (SIR) of —10dB (i.e., the power of Covid-19
infection is ten times higher of the person power), doesn’t
necessarily mean a very dangerous situation for an individual.
This can be explained by the following: i) the actual strength
of an infective single event is defined by the Rayleigh distri-
bution, and ii) the power of an infective event, in the roaming
scenario, is spread over all the persons in the considered
group. The spread effect is basically caused by spontaneously
avoiding the continuous facing with the virus carrier(s), due
to the opportunity to communicate with a number of people
meeting them in walking, moving around or participating in
other social activities.

VIIl. DETECTION PROBABILITY OF INFECTION

As discussed in Sect. V, the key element of noise impulse
detection techniques employed in SCM/MCM systems is the
(sub)optimal threshold, which enables to decide whether the
system is either in state Hy (no impulse) or state H (impulse),
as a classical binary hypothesis testing (HT). The threshold
can be easily computed from (9) and the reliability of the
detection directly depends on the environmental parameters
such as SNR and SIR.

A similar HT can be formulated on the specific strength,
comorbidity and lock-roam condition and for Covid-19,
to decide whether a person is in state Hy (not infected) or in
state H; (infected) according to a detection threshold that can
be computed as in (9), under the assumption we made herein,
or by similar equations for other statistical distributions of the
person strength, comorbidity and virus infectivity. The deci-
sion, and its reliability, directly depends on the SCR and the
SIR parameters. A certain detection unreliability is induced
by the highly similar symptoms of Covid-19 with other dis-
eases included in the comorbidity, which may induce similar
values of any strangth indicator we want to use to asses the
health condition of an individual, just as it may happen to
confuse white noise with impulse noise in SCM/MCM. In a
nutshell, a number of comorbidity symptoms may mask those
for Covid-19, with a higher probability as the virus power
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and the optimal threshold-based detecting probability for two typical
scenarios: 1) SIR= —1dB and 2) SIR= —20dB, at SCR= 25dB and

p; =0.001.

goes lower. For example, Covid-19 and influenza viruses
have a similar disease onset, since they both cause respiratory
problems, characterized by a wide range of severity, span-
ning from asymptomatic to mild and severe symptoms, and
possibly death. The noticeable difference between the two
viruses is the transmission speed. Actually, influenza has a
shorter median incubation period (the time from infection to
appearance of symptoms) and a shorter serial interval (the
time between successive cases) than Covid-19 virus, while
Covid-19 is more infective [58], [59].

Consequently, in Covid-19, infection testing is regularly
used to detect the positivity/negativity to Covid-19 virus
infection of an individual, which can be modeled equiva-
lently to the SCM/MCM case. Therefore, the (sub)optimal
detection threshold can be computed based on the intersec-
tion of the weighted Rayleigh distributions for any given
population average SIR and SCR, as illustrated in Fig. 11
which shows the Rayleigh distributions of § + C, and
S + I for two typical scenarios: 1) SIR = —1dB and
2) SIR = —20dB; at SCR = 25dB and p; = 0.001 with
depicted (sub)optimal detecting thresholds 77 and 7. The
probability of the wrong detection of positivity to Covid-19
diagnosis can be calculated as the cumulative probability of /
to be below the threshold T (coloured areas). Let Pr denote
the cumulative probability of / to be below the threshold 7.
As shown in the figure for the two examples of SIR = —1dB
and SIR = —20dB, the cumulative probability Pr for SIR =
—1dB is about 0.5, and Pr for SIR = —20dB is about 0.05,
respectively. It is reasonable to assume that the missed detec-
tion cases are directly related with the asymptomatic, but
factually positive individuals. It is interesting to notice that,
for any fixed threshold 7', a higher probability Pr obviously
corresponds to a lower virus power I (i.e., higlE SIR), and
vice versa. Consequently, a higher Pr (higher SIR), obviously
leads to a lower MR. Thus, the roaming scenario should be
preferred, when a high value of Pr is estimated by the model.

It can be seen from the figure that it is easy to compute the
percentage of infected and symptomatic persons, as well as of
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the infected but asymptomatic ones, for any set of the param-
eters, including SIR, SCR and p;. Referring to Fig. 11, it is
evident that there is a relatively high percentage of infected
but asymptomatic persons when the infection power is low,
i.e., when the SIR is close or greater than 0 dB. Consequently,
as shown in Fig. 10, when SIR is close to 0dB, the better
strategy is to leave people freely move around (“‘roam’).

A. IMPACT OF THE COMORBIDITY TO COVID-19
INFECTION

Similarly to possible impulse noise event in model A,
an infective attack in model B should not necessarily pro-
duce a pathological effect to an individual, but it could be,
by a certain probability, more or less compensated by some
individual’s comorbidity component(s). This compensating
effect will appear more probably for individuals with high
comorbidity (typically elderly persons). Naturally, the overall
effect of the coronavirus infection is more or less harmful,
and the potential benefit of the mentioned compensation is in
the reduced probability that each virus attack will result in an
infection.

1) MODEL .A CASE

In model A, the compensation (masking) effect appears in
every case when the amplitude of both the impulse noise
components (real, imag) are more or less below the amplitude
of the corresponding white noise components. Consequently,
the magnitude |W + I| is below the magnitude |W|, when
the W and I components have opposite sign. The masking
probability P, = P{|W + I| < |[W|} of such “impulse noise
suppressing”’ events can be computed by

Po = /0 fiw o) fo Siw 1055 Iwhdndw.  (13)

Given |W| and |W + I| Rayleigh distributed, and assum-
ing that the conditional pdf {p(|W + I} w+i1j</w|} can
be approximatively considered also Rayleigh distributed,
expression (13) becomes

2

® w5 W n 5
Py 2/ —e W / ¢ WD dndw, (14)
0 Oy 0 oy t+oj
which admits the closed form solution
2

ow
m= e ea (15)
oj + 20y

Following (15), the maximum healing probability equals
0.5, which is obtained at the limit when 0’12 approaches
zero, i.e., SIR is very high (e.g., 30 dB), however, the case
012 = 0 means that there isn’t any impulse and the com-
pensation benefit disappears. When 012 = o‘%, = 05 (G.e,
SNR=SIR=3dB) the probability P, obtained by (15) is
about 0.3.

2) MODEL B CASE
Fig. 12 reinterprets (15) for the coronavirus model B and plots
the probability P, when SCR spans from 0dB to 30dB, and
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FIGURE 12. Probability of “masking” effect obtained by (15) for SCR

spanning from 0dB to 30dB, and for SIR={20, 10, 0, —10, —20, —30}dB.

Slight discrepancy of the model (15) results and the simulation results is
due to Rayleigh approximation of the conditional density p(|W-+I|).

for SIR values in {20, 3, —3, —10, —20} dB. Obviously, when
the SCR is increases (i.e., the comorbidity is decreases) the
probability Py, is decreasing, and vice versa. For a fixed SCR,
an increase of the SIR (i.e., a decrease of the virus power)
induces an increase of the P,,, and vice versa.

Thus, assuming the statistical model developed for model
A, in the Covid-19 case (model B) the compensation effect
could appear any time the infective attack does not overpass
the comorbidity, and the infective event appears to be more or
less reduced by the individual’s comorbidity. Simultaneously,
although it may seem a bit surprising, the potential infective
event appears to be a ‘“healing” event to the pre-existing
comorbidity, which an individual who avoids Covid-19 and
may probably even feel better. Experts in the virology area
explain this effect by the impact of the influence of viral
antibodies in individuals with high comorbidity [60]. This
“healing” effect is important for an individual who hopefully
will not be exposed to infective events in a future, thus a
“lucky person” will be more or less healthier, due to “lucky”’
meeting with a coronavirus. It could be said that a person
burdened by another disease, through the infective event, may
receive in some cases a sort of “medical treatment” for some
of their comorbidities.

IX. DECISION/MANAGEMENT SYSTEM PROPOSAL

Assuming the knowledge, or estimate, of the virus power
I= 012, the virus probability py, the person power S = osz and
the comorbidity power C = o(%, the results on the predicted
MR can be obtained by expression (11) for the scenario with

L>1byMR= pﬁroam), or by expression (12) when L = 1 by

setting MR = pElOCk). In order to minimize the MR, it can be

concluded that, given p{®* and p*™

model B should work as follows:

, the control policy for

- if p{oR) > paM) Gecide for the “roam” scenario
- if pﬁlOCk) < p§“’am) decide for the “lock™ scenario

VOLUME 10, 2022



N. RoZi¢ et al.: Single- and Multi-Carrier Systems Affected by Impulsive Noise: Covid-19 View

IEEE Access

T T
I l o ¢ k scenario
for "severe ill" people

roam
scenario for
"severe ill" people

Threshold for
"severe ill"
people

% 10 B
i
L
roam 1 10 ¢ k scenario
——
104k scenario for for healthy people

healhy people

| @ lock, SCR=10dB, $=0.5
105k —#— lock, SCR=25dB, $=0.5
Threshold for I | —=—roam, scR=25dB, 5=1.0
healthy" peopl —@— roam, SCR=10dB, S=1.0
0 -5 -10 415 20 -25 -30 -35 -40

SIR, dB

FIGURE 13. Decision/management Covid-19 chart: two almost limit
cases, including the “severely ill"” and the “healthy” subpopulations are
described by two thresholds each, denoting the “lock” (right side) and
“roam” (left side) decisions. The virus attack probability is p; = 0.001.

Given S, C and py, the MR depends on the virus power 1.
If yr = 1/SIR7 denotes the inverse value of the SIR7, that
identifies the decision threshold, and is calculated by

SIRy = arg{pgock) — pgroam)}’ (16)
SIR
where pﬁmam) and pﬁlOCk) are expressed by (11) and (12),
respectively.

Following the concluding remarks on the benefit of MCM
compared to SCM, and vice versa, we note that for Covid-19
the “roam” scenario is characterized by a lower MR than
the “lock” scenario when either the virus power or the virus
probability, are not too high. On the contrary, when the virus
power I and the virus probability p; are both relatively high,
the “lock” scenario performs better than the “‘roam” sce-
nario, i.e. providing the lower MR among the two.

Based on these results, a (sub)optimal decision/
management policy for Covid-19, supported on the criterion
of the minimal MR, is proposed. Since all the parameters,
including S, C, I, and p; can vary by time, countries, regions,
institutions, etc., the proposed decision/management system
can easily adapt to each specific population category.

Fig. 13 interprets the results already shown in Fig. 10 in the
light of the Covid-19 management policy we propose, where
we highlighted the the decision thresholds computed by (16),
for different values of the population SCR parameter.

Specifically, Fig. 13 shows that for very ‘“‘healthy” per-
sons characterized by SCR = 25dB, even a significant
lower immunity of S = 0.5 does not noticeably increase
the MR. However, for “severely ill” persons, such as many
elderly people that are characterized by a high comorbid-
ity (SCR=10dB), a lower immunity of S=0.5 significantly
increases the MR.

The results we show in Fig. 9 and13 are inspired by a
vision that, for “‘severely ill”” persons is reasonable to assume
that the lock (isolation) scenario could induce a lower per-
sonal strength (immunity), such as S=0.5, while the roaming
scenario may favour a maximal natural immunity, such as
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S=1. This could be simply motivated by the fact that the
severely ill persons, and particularly elderly ones, are highly
sensitive to absence or presence of ‘“‘the human touch”. Natu-
rally, this doesn’t mean that the severely ill persons immunity
switches immediately from, e.g., S=1.0 to S=0.5, or vice
versa, although in reality it happens in a relatively short
transient time.

By this perspective, Fig. 13 shows two borderline deci-
sion thresholds, both computed by (16), where one is for
the “healthy”, and the other one is for the “‘severely ill”
population, respectively. The relatively wide gap between
them (greyish part) highlights the SIR value where the control
policy for the minimum MR depends on the actual param-
eters S and C (actually the SCR) for the considered pop-
ulation. It is interesting to note that, differently from the
generally accepted opinion, the decision threshold related to
the population with high comorbidity, suggests the ‘“roam”
scenario even when the virus power I is relatively high
(i.e., with arelatively low SIR), while the corresponding deci-
sion for “healthy” population would be evidently “lock”.
This somewhat unexpected result is, however, a consequence
of the sensitivity of the elderly persons immunity to isolation.

As also shown in Fig. 13, for the “lock” case and relatively
healthy people (SCR=25dB), given a probability of virus
attacks of p; = 0.001, the mortality rate is about 0.75py
and it is almost independent of the virus power, i.e., the SIR.
Obviously, the policy based on the minimization of the MR
suggests that the locked scenario should be switched to the
roaming scenario if SIR > —13dB.

For people with relatively low person power-to-
comorbidity ratio, such as SCR = 10dB, the mortality rate is
about 25 - 1073 in the locked scenario, almost independently
of the SIR. However, for the roaming scenario and SIR >
—18dB, the minimization of the MR suggests to switch from
the locked to the roaming scenario, in order to significantly
reduce the MR, e.g. MR= 2.5 - 103 at SIR = —10dB, and
MR= 1.5- 1073 at SIR = 0dB.

It should be noticed that the decision policy proposed
in this work, relies on the parameters including the person
power (immunity) S, the comorbidity power C, the virus
power I, and the probability of the virus attack p;. Thus,
our approach differs from those based on the reproduction
numbers Ry and Ry (see [61] and [62]). Just as it happens with
the probability of an impulsive noise in model A, the p; in
model B does not refer to the probability that the virus passes
from an individual to another, but it refers to the probability
that a person is exposed to an infective attack generated by
the virus source. Thus, probability p; should be considered
the same regardless to “‘roam” or “lock” scenario. Some
remarks on the possibility to measure of S, C, I and p; are
given in Sect. X.

A. DECISION MAKING BASED ON INTEGRATION OF
INFORMATION

In order to increase the reliability of the decision process, and
consequently taking decisions at lower risk, thresholds-based
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detection in Fig. 13 can be integrated with the area experts
opinions. For example, an expert opinion could be that a
“roam” decision should be actually preferred because the
“lock™ would certainly lead to the ruin of many (small)
businesses, and consequently to an increase of the MR for
other reasons rather than Covid-19. In this sense, and other
which are not considered herein, model B resembles model
A (see the last paragraph in Sect. VI) where, in realistic
conditions not modeled by our framework, a MCM scheme
may perform better than SCM, even more than what it was
anticipated.

To integrate such an auxiliary information in the model,
it is necessary to resort to a so called soft-information i.e.,
to merge different pairs (x;, r;), of decision x; and its reliability
ri, in an expression that maximizes the (Bayesian) posterior
probability (MAP) of correct decision policy.

Assuming  independent  soft data  (x, rp), (x2,
), -+ ,---(xg, rx), the MAP estimate Xp4p is defined as
the mean of the weighted values x; [63]

K
o —1 TkXk
fyiap = Sk (a7

K
Dkt Tk

Assuming Gaussian distributed information sources x; €
g (Mk, okz), the source reliability, or Fisher information, can
be defined as the inverse value of the variance, i.e., ry =
1/07 163]. Then the reliability rvap and variance &y ,p of
the estimate xpap would be

Ko

rMAP=Z_29

k=1 Gk

oo 1
and Oyap = —%——- (18)

K
D=1 ﬁ
k
Given (17), the decision policy which should minimize the
MR, works as follows:

- if xmap < yr decide for the “roam” scenario;

- if xmap > yr decide for the “lock” scenario;
where yr = 1/SIR7 is given by (16).

Here, symbols x; represent independent (mean) estimates
of the 4y = 1/SIR. Note that when x; represents an
index (percentual) value, the MAP estimate has to be defined
as the geometric mean instead of the arithmetic mean. Inde-
pendent information sources are the most convenient case.
For correlated sources, an expression for the MAP estimate
can be found in [64].

B. MAP DECISION EXAMPLE

Let’s assume the management team to be focused on a spe-
cific population, either located in a specific country or a cer-
tain region, a town, etc. Let’s also assume that the team wants
to take decisions not only by means of the decision policy
we described for model B, but it prefers to take a Bayesian
MAP decision by using (17), which enables them to include
also opinions of independent experts. An expert opinion is
preferred to be expressed in an extremely simple form like,
“in my opinion I suggest “roam” with 95 % confidence”,
or possibly another one ““in my opinion I suggest “lock” with
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FIGURE 14. An example of the decision making based on the Bayesian
integration of the model result and the two experts opinions.

70 % confidence” , etc. Based on the experts opinion, it is easy
to compute the reliability of the opinion assuming a Gaussian
distribution for each test statistic.

Fig. 14 shows an example of exploiting a Bayesian MAP
decision by using (17), where the soft data provided by
model B is integrated with opinions provided by two inde-
pendent experts. For considered estimators, including model
B, expert I and expert II, Fig. 14 shows pdf's of the corre-
sponding Gaussians pdf's for estimates whose modes are xi,
x> and x3, respectively.

Let’s assume that the coronavirus monitoring system
for the considered population provides S=1, SCR=25dB,
SIR= —10dB (i.e., I=10), and p; = 0.001. Thus, the
decision threshold for model B associated with these val-
ues can be computed from (16), leading to yr = 20,
i.e., SIRy = —13dB.

Assuming the confidence (see e.g. [63]) for the model B
estimate is +5%, then the corresponding Gaussian pdf of
the estimate is depicted on Fig. 14 with the mode at y; =
x1 = 10, (i.e., SIR=0.1). Regarding the threshold yr =
20 it corresponds to about 99.8% confidence for “roam”,
and only 0.2% for the “lock™ decision. The confidence for
experts opinions are obtained by the expert I with 95 %
confidence, and by the expert II with 30 % confidence for
“roam” scenario, which results to y; = xo =17 and y; = x3
~23, respectively. As shown in Fig. 14, the Bayesian decision
XMaP ~16 obtained by (17) results in “roam” decision with
about 99.5 % confidence. Thus, although expert II suggests
the “lock” decision with 70% confidence, in a contrast to
B and expert I, Bayesian decision is “roam” with negligible
risk.

X. SOME REMARKS

In model A the SER results depend on p; (the probability
of the impulsive event), the SIR (signal-power to impulse-
noise-power ratio), as well as on the SNR (signal-power to
the ““white’’-noise-power ratio). Equivalently, the MR results
for model B depend on p; (probability of the virus attack) and
the SIR (person power to virus power ratio) as well as on the
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SCR (person power to comorbidity power ratio). Obviously,
both models are similarly structured, and all the parameters
are Rayleigh distributed, since all related RVs are composed
of the two mutually independent components for .4 represent
the magnitude of complex-valued RV which, while for model
B they represent the real random variables associated with
physical and psychological/social conditions.

A. MORE ON THE MR PREDICTION

In order to confidently estimate the MR by the proposed
model B, it is enough to confidently estimate the model
parameters py, SIR and SCR. Although this could be sub-
optimal, we may think to separately estimate the population
parameters including S and C, as well as the coronavirus
parameters including the virus power I and the virus attack
probability p;, for the considered population. This could be
a more efficient and reliable approach, with respect to the
usual methods employed for Covid-19, which are based on
tracking of the reproduction factors and the prediction of the
pandemic wave. Note, however, that all the parameters that
are necessary for the MR prediction, including SCR, SIR and
pr, which should be clinically and epidemiologically identi-
fied by virology and epidemiology experts. Simple methods
to estimate the model A parameters, based on practical real
field measurements can be found in [45], [65]. Similarly,
guided by the assumed equivalence, real field (clinical and
epidemiological) measurements have to be used to clearly
define and estimate the latent parameters in model 5.

Assuming that model 5, obtained by reinterpreting the
SCM/MCM model A, can be proven by experts to be suffi-
ciently accurate and meaningful, the results shown in sections
VIL - X. may be considered as statistically predicted results
of the MR. It would be obviously interesting to compare these
analytical results, as well as the effectiveness of the proposed
control strategy, on real life scenarios in a sufficiently long
and dynamically controlled (lock/roam) period.

Based on the last observations, it should be clear that the
specific results, as well as the decision/management chart
for Covid-19 scenario presented in this work, should be
exclusively considered as a hopefully interesting and intrigu-
ing new point of view to virologists and Covid-19 domain-
experts, but should not be used in any case as an ‘““instruction
booklet” for any decision/management policy for Covid-19.

Finally, note that, for simplicity, in this paper we used
2-GMM impulsive noise in model .4, which we successively
re-interpreted for the Covid-19 case. However, we remind
that the SCM/MCM systems A is more effectively described
by the more general K-GMM model of the impulsive noise.
Similarly, for Covid-19, influenza, and its mutations, a more
general K-GMM model can be used to obtain a better fit to
reality. Actually, in this case each virus mutation could play
the role of a single Gaussian component among K — 1 ones.
It is important to note that Gaussian mixtures or Rayleigh
mixtures, expressed by K-GMM or K-RMM, can represent
any nonGaussian distributions of virus variants and related
parameters, either exactly or with a good approximation.
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B. REMARKS ON COVID-19 HEALING AND VACCINATION
To further extend the approach presented in Sect. VII A,
i.e., assuming that the models SCM/MCM and Covid-19
are conceptually equivalent, we may also think that the
ImpN mitigation techniques and analysis, classically derived
for communication systems, could mimic Covid-19 treat-
ments, as well as channel coding techniques and analysis
could mimic a Covid-19 vaccination campaign. As shown
in [19], [24], simple mitigation techniques, based on the
ImpN detection threshold (9), such as blanking, clipping or
Bayesian attenuation, significantly improve the system per-
formance, by maximizing the output signal-to-noise ratio,
and consequently by minimizing the SER [4]. Besides that,
channel coding [66], [67] can be implemented by intro-
ducing redundancy in the signal or symbol space, which
can additionally improve the system performance in opti-
mal or sub-optimal ways. Such codes span from multidi-
mensional M-QAM symbols, block codes and convolutional
codes, up to more sophisticated and almost optimal low den-
sity parity check (LDPC) codes [68].

Thus, any realistic communication system working in an
impulsive environment, could apply only ImpN mitigation to
minimize the SER [4], [20]. However, if the obtained SER is
not sufficiently low, the systems might also use some kind of
additional (redundant) channel coding [69]. Actually, in an
impulsive environment, it is not reasonable to use only chan-
nel coding, since the coding redundancy is optimized to the
AWGN channels, and consequently such a redundancy is not
efficiently exploited in channel affected by ImpN [18], [70].
Itis important to note that, due to the unsufficient redundancy,
the decoder generates its own (internal) errors which results
in even worse SER performance [66], [67].

The benefit of using ImpN mitigation in SCM/MCM sys-
tems can be briefly explained by the following:

i) the total power of the mitigated ImpN is reduced [19],
[24], and the noise distribution approximates more or
less a Gaussian distribution [4], which can significantly
reduce the SER,

ii) since the mitigated impulsive noise can be approx-
imately considered as a white noise, if necessary,
aredundant coding can be efficiently applied to further
reduce the SER.

Translating these considerations this to the Covid-19 sce-
nario, we may conclude the following:

1) healing of “significantly infected individuals™ notice-
ably reduces the spreading of an infective virus over
the population, thus directly reducing the mortality
rate (MR),

2) the “healed” population, which comprises healed ““sig-
nificantly infected individuals’, can be approximately
considered as a “Covid-19-free”” population, with the
MR that is relatively acceptably low. However, if neces-
sary, vaccination (like for influenza) can be additionally
applied to further reduce the MR. Note that the findings
in model A would suggest, if such a re-interpretation is
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correct, that vaccination itself, without previous treat-
ment of (highly) infected individuals, could result in an
even worse MR.

Obviously, the healing treatment, as well as the thresh-
old (criterion) to detect those “highly infected individuals”
that should undergo the treatment, are expected to be consid-
ered by experts.

XI. CONCLUSION

We compared SER performance of SCM and MCM commu-
nication systems affected by impulsive noise for unmitigated
scenario. The results show that MCM performs better than
SCM systems, when the probability and power of the impulse
noise are not too high. This conclusion can be found a bit
surprising since, in single carrier systems, an impulse will
impact just a single symbol, whereas in MCM the impact of
the impulse is spread over all the data symbols. Assuming
that Covid-19 conceptually performs in a similar way, we
may conclude that the “roam” scenario will result in a lower
MR than the “lock” scenario, in situations when either the
probability of a virus attack or the virus power are not too
high. Conversely, when both the probability of the virus
attack and the virus power are relatively high, the “lock”
scenario performs better than the “roam” scenario. Based
on these results, an adaptive optimal decision/management
policy, supported by the criterion of a minimal MR, is pre-
sented. The proposed policy relies on a binary ‘“‘roam/lock”
decision test, with an optimal threshold that is set to guarantee
the minimal MR.

Following the above-mentioned findings, an optimal
Covid-19 control policy should not necessarily assume that
the isolation of individuals (e.g., lockdown) implies a priori
the minimal MR. Conversely, as it happens in the absence
of a pandemic, the “roam” scenario (normal living) should
be assumed as the one that potentially guarantees the lower
MR, as long as the pandemic parameters are below a certain
threshold. Then, when the threshold is violated, the control
system has to switch to the “lock™ scenario. Furthermore,
the number of infected individuals should not be necessarily
considered as the indicator of the virus power; it may be more
safely identified by the percentage of infected people that
suffer serious consequences. Actually, the prediction of the
MR and the decision/management policy, should be based
on the measured Covid-19 parameters, including the virus
power, the probability of the virus attacks, as well as the
immunity and the comorbidity power.

The last subsection in this work highlighted some aspects
based on the reinterpretation of the SER results in mitigated
and encoded SCM/MCM systems. These results may inspire
some future work that could come-up with a more elaborated
analysis of the SER and, along the line of the proposed con-
ceptual similarity, of the MR results. Future research direc-
tions may also consider pseudoperiodic (bursty) impulsive
(virus) attacks, modelled by a two-state Markov-Gaussian
process, and the associated decision/management policy
chart.
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