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Abstract— We investigate the performance of a dual-hop inter-
vehicular communications (IVC) system with relay selection
strategy. We assume a generalized fading channel model, known
as cascaded Rayleigh (also called n*Rayleigh), which involves
the product of » independent Rayleigh random variables. This
channel model provides a realistic description of IVC, in contrast
to the conventional Rayleigh fading assumption, which is more
suitable for cellular networks. Unlike existing works, which
mainly consider double-Rayleigh fading channels (i.e, n = 2);
our system model considers the general cascading order n,
for which we derive an approximate analytic solution for the
outage probability under the considered scenario. Also, in this
study we propose a machine learning-based power allocation
scheme to improve the link reliability in IVC. The analytical and
simulation results show that both selective decode-and-forward
(S-DF) and amplify-and-forward (S-AF) relaying schemes have
the same diversity order in the high signal-to-noise ratio regime.
In addition, our results indicate that machine learning algorithms
can play a central role in selecting the best relay and allocation
of transmission power.

Index Terms—n*Rayleigh distributions, machine learning.

I. INTRODUCTION

HE realization of inter-vehicular communications (IVC)

is very challenging in practice and existing solutions,
for example, from cellular and ad-hoc networks may not be
applicable, which is mainly due to the dynamic nature of
wireless links and the involved mobility patterns. In general,
mobile-to-mobile (M2M) fading channels often exhibit greater
dynamics and more severe fading than fixed-to-mobile (F2M)
cellular radio channels, which are mostly limited to the classi-
cal Rayleigh or Nakagami-m distribution (i.e., n = 1), where
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Fig. 1. Multiple-scattering model for M2M channels (where several factors
can contribute to generate n*Rayleigh fading channels between two vehicles,
e.g., when i) d > r, ii) there are n AF relays between the transmitter and
receiver (i.e., n+2 local groups of scatterers), or iii) propagation paths exist).

the stationary base station has high elevation antennas and
is relatively free from local scatterers [1]. Therefore, it is
important to utilize a realistic channel model that characterizes
the statistical properties of M2Mchannels such as n*Rayleigh
distribution [2]. In IVC, both transmitter and receiver are in
motion, and typically have the same antenna height, resulting
in two or more small-scale fading processes generated by
independent groups of local scatterers around the two mobile
terminals [3] (see for example Fig.l1, where multiple scat-
tering is taken place between the transmitter and receiver,
and all propagation paths travel through the same narrow
pipe called keyhole channels). Such stochastic processes are
widely encountered in dense urban and forest environments
where local scattering objects such as buildings, vehicles,
street corners, road signs, tunnels, hallways, bridges, trees
and mountains, obstruct a direct radio wave path between
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two vehicles leading to nonline- of-sight (NLOS) propagation
paths [4]. Depending on the type of an obstructing surface,
the transmitted radio signal may undergo reflection, diffrac-
tion, or scattering, resulting in fast or slow fading, which
in turn leads to deterioration of link reliability (e.g., high
outage probability and low data rate), an increase in the
number of connection drops, and a decrease in battery life.
However, there are other forms for the keyholes in a realistic
environment that arise in multi-hop amplify-and-forward (AF)
relay networks [5], [6]. The AF relaying system basically
works as a keyhole when it amplifies the received signal; in a
sense that the amplitude of the received signal is a product
of n*Rayleigh random variables (e.g., the double-Rayleigh
signal amplitude in F2M scenarios [7]). A similar behaviour
can also be found when two rings of local scatterers around a
transmitter and a receiver are separated by a large distance and
the radio wave passes through the keyhole channels [8]. The
n*Rayleigh channel model is classified as a multi-scattering
channel model, in which the “keyholel” contributions are
summed together to give a generalization of a single scat-
tering (Rayleigh) model [3].

II. RELATED WORK

In [9] and [10], M2M channel statistics were discussed,
such as the probability density function (PDF) and the
cumulative distribution function (CDF) of the product of
n*Rayleigh random variables. In [11], experimental results
in different communication environments have shown that if
several small-scale fading processes are multiplied together,
the worse-than Rayleigh fading model is generated. In [12],
multiple-input multiple-output (MIMO) antenna systems were
investigated through n*Rayleigh fading channels. The study
concluded that when the distance separation between the
transmitter and the receiver is much greater than the ring radii
around the two terminals, a double-Rayleigh model (n = 2)
is considered instead of a single-Rayleigh model. For M2M
channel modelling, [13] characterized M2M channels in the
5-GHz band through measurement-calibrated ray-tracing mod-
els (e.g., the path loss, shadow fading, and delay spread of the
channel) and showed agreement with measured results in the
literature for all these channel characteristics. The ray-tracing
approach is generally computationally intensive and sacrifices
accuracy if computational complexity is reduced [14]. In [15],
channel statistics, such as the time-variant space correlation
functions, and corresponding Doppler power spectral density,
were studied for three-dimensional non-stationary geometric
models for M2M communications. The study showed that the
analytic results are consistent with measured data. Although
the geometric models can be used to accurately simulate the
M2M scattering channels, they are very complex and require
numerous parameter selections for the specific environment
of interest [16]. Another recent study has been implemented
in MIMO systems and antenna selection via n*Rayleigh
fading channels [17], where the IVC systems achieve good
cost-performance trade-off when the number of RF chains

'Here we define the keyhole as a multiplier between two fading processes,
resulting in a received signal amplitude that is a product of n Rayleigh random
variables [5], e.g., double-Rayleigh fading [8].
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(e.g., digital-to-analog and analog-to-digital converters) is
limited. [18] presented an information-theoretic analysis of
a point-to-point MIMO link affected by Rayleigh fading
and multiple scattering, under perfect channel state informa-
tion (CSI) at the receiver. The study analysed the sum-rate
performance when the zero-forcing and mean-squared error
receivers are adopted and suggested that the linear receivers
are not well-suited for multi-fold scattering. Several studies
have reported that cooperative communications through mul-
tiple Rayleigh fading channels can improve the link reliability
when traffic density is high [6], [19]. Relay selection has been
studied extensively in the literature, see, e.g., [20]-[22] and
the references therein. However, current results are limited
to Rayleigh fading channel assumption (i.e., n = 1). A few
studies have discussed cooperative communications with the
relay selection strategy via double Rayleigh fading channels
(i.e., n = 2); see, e.g., [23] and [24],where the maximum
achievable diversity order is equivalent to the number of relays.
In order to understand the full potential of cooperative diver-
sity in IVC, an in-depth analysis of the system performance
under a realistic channel model is required. To this end,
we investigate the IVC systems with several relay selection
strategies, such as the selective decode-and-forward (S-DF)
and amplify-and-forward (S-AF) relaying with the n*Rayleigh
distribution, which to the best of our knowledge, have not been
studied before. Therefore, it is the aim of this work to fill this
research gap. Specifically, our main contributions through this
work can be summarized as follows:

« We introduce new approximate analytical expressions but
accurate for the outage probability for both S-AF and
S-DF relaying schemes over cascaded Rayleigh fading
channels.

« We propose a machine learning-based power allocation
scheme to optimize the transmit power between the
source and the selected relay.

o We demonstrate that the S-DF and S-AF relay schemes
have the same maximum diversity order (d = mN/n)the
high signal-to-noise ratio (SNR) regime, which degrades
by increasing the cascading order (n) and improves by
increasing the number of relays N.

III. SYSTEM AND CHANNEL MODEL

Consider a dual-hop cooperative IVC network with multiple
relays (as shown in Fig.2), where a source (s), relays r;(i =
1,..., N) and a destination (d) are equipped with a single pair
of transmit and receive antennas, and operate in half-duplex
mode. For each time instant, only one vehicle acts as a
source, while the other vehicles serve as relays that help
forward the source’s message to the destination. To simplify
notation, in the sequel we use the subscript 1’ to represent
the source-relay link and the subscript ’2’ to represent the
relay-destination link. Here, all underlying channels between
s — r; and r; — d links are modeled by a product of
n independent complex Gaussian random variables, each of
which is defined by hi1 = [[;2, hi1x and hip = [[02, hiok
Hence, |h;1| and |hjp| follow an n*Rayleigh distribution.
In this system model, we assume that all underlying channels
are quasi-static (i.e., slow fading) which can be justified
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Fig. 2. Dual-hop cooperative IVC network in dense and high traffic scenarios,
where the best relay is selected based on the channel propagation conditions
(i.e., n*Rayleigh fading channels) over the source-relay-destination links.

for IVC scenarios in rush-hour traffic (e.g., urban environments
where the average speed is low). We further assume that
the additive white Gaussian noise (AWGN) at the relays
and destination have zero mean and variance (N,). The
instantaneous SNRs of the links s — r; and r; — d are given,
respectively, by yi1 = |hi,|° P/N, and yi2 = |hia|* P/N,,
where P is the radio transmit power of the source signal,
which we shall initially assume to be equal to that transmitted
from the selected relay. The PDF of instantaneous SNRs is
given by [5]

Jj=12 1)

L njof v
fyij (y) = ;GO,Jnij (—_

where Gy (.) is the Meijer-G function which is defined
in [25 eq. (9.301)], i; = 4;j P/N, and 4;j = E (|h,-j |2) .

A. S-DF Relaying

In relay selection, two orthogonal time slots are utilized
to perform the cooperative transmission. For example, in the
S-DF relaying scheme, in the first time slot, the source
transmits a message x; (where the source symbol is generated
from a unit-energy complex constellation, such as phase-shift
keying (PSK) and quadrature amplitude modulation (QAM)
schemes) to a set of relay nodes and the destination. In this
stage, the S-DF relaying policy is applied to choose the most
reliable path over s — r; — d links. We define the decoding
set (D) as the set of relays that decode the source symbol
successfully; that occurs when the channel quality between the
source and relay node is sufficiently good. Here, we assume
that each relay can determine whether the source message is
decoded correctly or not through a cyclic redundancy check
(CRC). In the second time slot, only one relay from the
decoding set, having the best link quality with the destination,
will forward the estimate of the source symbol, denoted by x;.
Thus, the signal received by the relay node from the source
is yi1 = hiiv/Pxg + w;, and that received by the destination
node from the selected relay is y» = hia~/Px, + wa, where

w; and wy are the AWGN at the relay and destination nodes
respectively.

For purpose of analysis, we generate a set of N independent
variates, each with CDFF, (y). Let the corresponding order
statistics be denoted as yy > ---y; > --- > y;, where the
relay selection process depends on the i-th order statistics y ;)
in samples of size N. Such a technique is useful in case that
the best relay is connected by another source node or the SNR
over r; — d link suddenly deteriorates due to the impact of
n*Rayleigh channels. In this case, the underlying protocol has
to choose another relay instead to implement the transmission
process. However, for any selected relay, the CDF of the
i-th-order statistics y(;) is given by [26]

Fi(y) =Pr(ya <7)
al 1
< KN — it P . ~

N(Gp) 1= Fn(y)
where per (A) denotes the permanent of the N x N matrix A,
which is defined in [26]. The matrix A is obtained by taking
k copies of the vector a;, and N — k copies of the vector an
where a1 and a; are the column vectors of A. In order to derive
the CDF of the received SNR at the destination via the s —
ri — d link F,,(y), we invoke the technique described in [27],
thus, the conditional PDF of the received SNR indicating that
ri is idle when the instantaneous SNR of s — r; link is below
a threshold value (y, = 2> ® —1, where R is the target rate);
is expressed as fy,|r; isoff () = d(y ), where d(y) is the Dirac
delta function. Hence, the probability the i-th relay will not
be in the decoding set D can be found as Pr(y;; < y,) =
Fy; (7o) . On the other hand, the probability that i-th relay is
in the decoding set is (1 — Pr (y;1 < y0)), and the conditional
PDF given r; is active is fy,1r; ison (7) = fy;, (7). Therefore,
the CDF of the instantaneous end-to-end SNR via the i-th link
is expressed as

By (y) = Fyy (7o) + [1 - Fy, (Vo)] Fyn () 3)

By replacing (3) in (2), we can calculate the CDF of the i-th
order statistics y(;). It is worth mentioning that (3) is complex
due to the existence of Meijer G-function which requires high
computational complexity, therefore, we adopt an approximate
solution for the PDF in (1) to be expressed as [10]

Fi(y) 1-F(y)

)

mij

) = a1 —pyy M 4

f}'z, (y) }'ll]r (ml])y ( )
1/nij

where a;; = mjj/nij, pij = m,-j/Q,-jpu 7, and n*Rayleigh
fading severity parameters are set as m;; = 0.6102 n;;+0.4263
and Q;; = 0.8808 n;; — 0.9661 4 1.12. Now based on (4),
we will be able to analyze the performance of the underlying
schemes; especially in terms of the diversity order and power
control as we see in the following sections. In order to obtain
the PDF for the SNR in (4), we used the change of variable
H0) = 26y /7)) 2J/y 7 /262, given in [28] with
replacing the factor 262 by 2"¢2, where 0> = [[}_, o}
is the standard deviation of the original complex Gaussian
signal prior to envelop detection. Using the facts given
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in [25, eq. (3.381.1) and eq. (8.356.3)]

CDF for (4) is found as
1

r (mij, Bijy " )
T (mij)
where T'(a, x) = fxoo e~'t*~1dt represents the upper incom-
plete gamma function [25]. Similarly, using (5), (3), and (2),
the CDF of y(;) is obtained. In addition, we can derive a
closedform expression for the CDF of the largest of N random
variables (y(N)) distributed according to (4), to be expressed
as Pr (y(N) < y) = HlNzl [Fy,. (y )] , which is also obtained by
using (3) and (5), as

L e
N r (mil,ﬁilyon” ) r (mz'z, Biny ’”2)
Fy ()= H 1-

I (mi1) I (mi2)

the approximate

Fpy () =1— 5)

i=I
(6)

B. S-AF Relaying

For the S-AF relaying scheme, particularly, in the second
time slot, only the selected relay with the maximum effective
SNR is chosen to forward the amplified received signal x, to
the destination with a channel gain G = \/1/ (P |hi1 12 + Np).
In this case, the signal received by the destination is expressed
as y) = hio/Px, + w7, where x, = Gy;1. Thus, the effective
end-to-end SNR for the selected relay, can be upper-bounded
as [29]

1 1

iy, M2

Vit Vi2
V(H,N) = ml_ax ﬁ 7
Yit o TV
where n;1 = n;2 = n;. Since the AF relaying schemes consider

the end-to-end SNR for each relay (y;) compared to the DF
relaying, we can presume that both links of s — r; and r; — d
have the same cascading order n to simplify the analysis.
Having said that, we are interested in knowing the total
value of n generated between the source and the destination.
Using the definition of the harmonic mean of two random
variables [30], given as ug (X1, X2) =2 X1X2/ (X1 + X2),
(7) can be rewritten as y(y,n) = max; {yH,,-} , where yp,; =
MH (yill/n,, yilz/nl
the derivation of the outage probability for the S-AF scheme
which is based on (1) and (7) does not lend itself to a
closed-form solution. Hence, to simplify the analysis, we use
the approximate PDF given in (4).

/2. However, it is worthwhile to note that

IV. DERIVATION OF PDF AND CDF
FOR THE HARMONIC SNR

In order to find the PDF and CDF of the harmonic SNR
yHi = yill/”" yilz/”"/ yl.ll/"i + yilz/"i when the average links
SNR (yi1, yi2) are i.i.d random variables, we introduce the
following proposition:

Proposition: Suppose Y1 and Y, are two i.i.d. gamma
1 1

random variables, defined as Y| = Xf and Y, = Xz’_1
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(where the RV X; = y; has an n*Rayleigh distri-
bution, j = 1,2 and n € N ) with parameters
no > 0and g >0 (e, Y; ~ G(na,ﬂ)) , the PDF and CDF
of the harmonic mean of the two gamma RVs, ¥ =
um (Y1, Y2), can be expressed as

1

frv) = %G?ﬁ (2ﬁy|Zj o1, _1)

®)
and

1

Fy(y)= 22(,,#{2(%)(;% (2/’)3’| Szxnf 1_,25,1(1_ 1,1 )

©)
respectively.

Proof: Since the approximate PDF of the n*Raleigh
random variable, X;, is given by (), fx;(x) =
; .

m 1 1
nlé(m)x“_le_ﬁx ", the PDF of the RVY; = X]’.’ can be found

with the help of [31, Sec. 5.2] as fy,(y) = rﬁ(:;) ynoe—le=hy,
hence, the RVY; follows a gamma distribution with parameters
(na, f). In order to calculate the PDF of the harmonic mean
of Y1 and Y,Y =2 Y Y,/Y) + Y2, we define the following
two RVs as

U =211
V=Y+D (10)

Now, taking the Jacobian transformation of (11), with the help
of [32, eq. (07.34.21.0085.01) and eq. (07.34.21.0084.01)]
and (9) can be proved.

Using the fact that G%:g Z|Z )= e U@ — ¢, b —

c+1,7) [25] (where U(., ., .) is the confluent hypergeometric
function defined in [33, eq. (13.2.5)], (8) can be written as

ﬁﬁ”a yyna—l wy 1 )
W (E) e yU (E—na, 1—1’106, 2,3)7)
(1)

Also, with the help of the fact that [25, eq. (7.621.6)]

o0
/ U a, c; e *dt
0
rore—-—c+1) _,
= s
Fra+b—c+1)
X2 F1 (a,b;a—i—b—c—}—l;l—s*l)

fr()=

(12)
where 2 F1(.; .; .) is Gauss hypergeometric function defined in

[33, eq. (15.1.1)], the n-th moment of ¥ can be evaluated as

V7 BT (o + n)T Qna + n)
20472 (na)T (na +n + 1)

E(Y") = (13)
Notice that the Gauss hypergeometric function of (12) is equal
to 1 when the last argument is equal to zero. Let’s now use the
transformation of variables of fz(z) =2 fy(2 z) and Fz(z) =
Fy(2 z), where the RV Z = Y/2, i.e., Z = y!/". since the
CDF of the instantaneous end-to-end SNR through the i-th
path, y; is a continuous monotonically increasing function,
from (9) and (11), with @ = m/n, and f =2 m/ (Qfl/”) ,
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the PDF and the CDF of the i-th instantaneous SNR y; can

be found with the help of [31, Sec. 5.1, Sec. 5.2], as
2VEB it
Fup) = gy e
niI'*(m )
1 1
x U (5 —mj, 1 —m;, 4By ”") (14)
and
VT ,Bty m O,mi—%
0= 52 =372 (m )G23 7 1 2my S 1,1
(15)

Using (13) with the fact T'(2a) = 22 2T(a)T (& + 1) [32
eq. (6.1.18)], and [31, Sec. 5.3], we obtain the approximate
average SNR 7; as

_ ol (mi/ Q)™= (my),, 2mi),,
(ml + %)n,-

where (x), = I'(x +n)/T'(x). Replacing ( 15) in (2), we can
calculate the CDF lower-bound of the i-th order statistics y(;

As a special case of the general result for (2), the CDF of the
largest order statistics of a random sample is also determined

as Fy, (7) = [T [7i]

V. PERFORMANCE ANALYSIS
A. Outage Probability

I—m;

7o (16)

The outage probability of channel is defined as the probabil-
ity that the received SNR (y(;)) at the destination falls below
a predetermined threshold value, namely Py, = Pr(y) < 7o)

1) S-DF Relaying: The outage probability Py, = Fiy (o)
for the S-DF relaying scheme is expressed as (2). On the other
hand, the outage probability can be defined as the probability
that the maximum SNR, y(y), at the destination node falls
below the threshold value, as (6)

Pout = Fygyy (70) (17)

Fig. 3 shows Py for the S-DF relaying scheme over cascaded
Rayleigh fading channels (n = 2,3,4,5) at a fixed number
of relays (e.g., N = 5). From Fig.3, there is an excellent
match between the approximate and exact results (e.g., based
on (4) and (1)). So, if the double Rayleigh acts as a reference
point, we observe that the outage probability degrades for
larger cascading order n. Specifically, at Py, = 1073, a
performance loss of 5.6, 10.6, 15dB is observed for n = 3, 4,
and 5 respectively. Based on these observations, it is important
to take into account the dynamic range of measurement devices
for detecting symbols over such severe fading channels. For
instance, when the outage probability based on (6) is assumed
at Poyt = 1073, the required minimum SNR (P/N,) levels
for receiving an undistorted signal are 22.6,28.2,33.2, and
37.6 dB for n = 2,3,4, and 5, respectively. A radio receiver
with limited dynamic range will lead to amplitude distortion.

Asymptotic Analysis: In order to gain further insight into
the performance over n*Rayleigh fading channels, we present
an asymptotic analysis for Py, over i.i.d random variables
(ie., Fy, (y0) = Fy, (y(,)) , which provides the maximum

1
01¢ E
0.01F E
é
0.001 - E
-4 L ]
10 ====. Bxact
— Approximate
l075 1 L L I L L L L 1 L L LN A
0 10 20 30 40
SNR[dB]
Fig. 3. Outage performance of the S-DF relaying scheme over n*Rayleigh

fading channels (N = 5).

achievable diversity order (d) of the underlying scheme. By (3)
we have F), (y,) <2 F,, (7o), and (17) is upper-bounded by

1 N
Y (m,ﬂyo”)
Pour < 22—

< T om) (18)

where y (., .) is the lower incomplete gamma function defined
in [25]. Then, at high SNR (i.e., y — oo ), with the help of
the facts: y (a,x) = - M(a, @ + 1, —x) and M(a, b,x) = 1
as |x| — 0, given by [33], where M(., .,.) is the Kummer’s
confluent hypergeometric function, ( 18) can be written as

2 m/ Q" pe B Yo \ L+
P
"‘”E(m,lm/nr(m)) (SNR) +o (SNR)
(19)

From (19), we can deduce that the maximum diversity order
for the S-DF scheme over n*Rayleigh fading channels is d =
mN /n. This is because diversity order is defined as the slope
of the Py, curve as a function of the average SNR in log-log
scale, i.e., [34]
d= lim
SNR— 00

(—log Pour/log SNR) = — (20)
As we note, the result in (20) is novel and generalizes known
results on the diversity order of these relaying schemes on
Rayleigh fading channels to the cascaded Rayleigh fading
scenario. Our analytical results show that the full diversity
order (d &~ N) can be obtained for classical Rayleigh fading
channels (where the selected relay is fixed). In addition,
the diversity order is inversely proportional to the cascading
order n and improves as N increases. Fig.4. depicts the
diversity order over Rayleigh and cascaded Rayleigh fading
channels, assuming N = 2 and 4. As can be observed, the full
diversity order for the Rayleigh fading channel approaches N
as SNR tends to infinity, while the diversity order for the
cascaded Rayleigh fading channels decreases linearly with
increasing n to reach an asymptotic value equivalent to mN /n,
confirming our analytical results. Furthermore, it is noticed
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Fig. 4. Effective diversity order for the S-DF relying scheme over Rayleigh
and n*Rayleigh fading channels.
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Fig. 5. Comparison of outage probability of the S-AF and the S-DF relaying
schemes over n*Rayleigh fading channels (N = 3).

that the increase in the number of relays leads to improved
system performance for both Rayleigh and cascaded Rayleigh
fading channels, in which the diversity order can be maxi-
mized, resulting in lower outage probability. Therefore, coop-
erative diversity systems can allow accurate symbol detection
even using measurement devices with a low dynamic range.
From (19), we can also deduce that the effective coding gain
(CQG) is given by

m+1 m _%
CG = (ﬂ) 21

mAn/nT (m)

Note that the coding gain in ( 21) depends only on the fading
severity parameters and channel variance which are assumed
to be fixed during the entire transmission time, regardless the
number of relays N.
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2) S-AF Relaying: In case of the S-AF relaying scheme,
the approximate outage probability based on (15) is

N
Pour = [ | Fyi (70) (22)
i=1

In addition, at high SNR levels, we can apply (14) instead
of (15) to simplify the analysis of the maximum diversity order
achievable over n*Rayleigh fading channels, using the facts
that [33, eq. (13.5.12)]
ra—-o)

'd+4+a->)
and [§' x*"Lexp(—ux)dx = 1"y (v, pu)[25, eq.(3.381.1)],
this leads us to rewrite Py, (where the random variables are
i.i.d) in an asymptotic form as

1 N
| y (m,4/3y0”)

22m—1 F(m)

Ula,b,x) = +O0(xD, |x[—=0

Pout =

(23)

Also, eq. ( 23) can have another asymptotic expansion based
on the facts [33, eq. (6.5.12) and (13.5.5)], as

o (2 e N( ) o (22
N mAm/nT (m) SNR SNR

(24)

From (24), we can extract the maximum achievable diversity
order for the n*Rayleigh distribution as d = mN/n. As it is
expected that both S-AF and S-DF relaying schemes have the
same diversity order over an n*Rayleigh fading channel.

Fig. 5 compares the outage performance of the S-DF
and SAF relaying schemes over n*Rayleigh fading channels
(i.e., (17) versus (22)). Since the exact expression for the
outage probability for the S-AF relaying scheme is very chal-
lenging to calculate because of (1), we used the Mont-Carlo
simulation against the approximate expression (22). From
Fig. 5, there are key points could be extracted as follows:

o There is an excellent agreement between the analytical
results and Monte-Carlo simulation. This can clearly be
noticed for the S-DF relaying scheme.

o In comparison with the S-AF relaying scheme, the
S-DF relaying improves the outage performance at low
and high average SNR.

o The tightness between the two schemes is gradually
improved for small n values in the high-SNR regime,
confirming our earlier observations that the maximum
diversity order (d) is the same in both schemes at high
SNR values.

The major findings summarized above are important when we
need to estimate cascaded Rayleigh fading channels associated
with the S-AF relaying schemes (where high noise generated
around the relays, resulting in harsh keyhole channels between
the source and destination). Therefore, choosing the best relay
(with high SNR and a low cascading order, e.g., n = 2 ) which
provides low outage performance is challenging, especially
when thinking of a high-mobility vehicle, where the impulse
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response of an n*Rayleigh channel changes rapidly during the
symbol period (i.e., a fast-fading channel and a severe drop
in SNR), resulting in the target localization problem.

B. Power Allocation Optimization

In the context of inter-vehicular communication, optimizing
the power among the source and the relays is critical to
reduce the total transmit energy. In practice, the cascaded
Rayleigh channel coefficients (4;1, h;2) can be estimated and
then used to detect the signal at the destination. Relay nodes
that operate in the DF mode also require channel knowledge in
the sourcerelay link s — r; to decode the source signal. For
AF relaying, the knowledge of n*Rayleigh fading channels
at the relay nodes is required for appropriately scaling the
received signal to satisfy relay power constraints; therefore,
the quality of the channel estimation process can generally
affect the overall performance of cooperative transmission
and may become a performance limiting factor for the IVC
systems. In general, the fading channel coefficients can be
acquired by either blind techniques or through the use of
pilot symbols methods [35] In practical terms, blind channel
estimation techniques suffer from several disadvantages, such
as the high computational complexity and slow convergence,
which are prohibitive for high-mobility vehicle scenarios.
However, due to the complexity of power allocation (PA)
for the S-AF relaying schemes as noted in (22), we analyze
the optimal PA for the case of S-DF when only statistical
CSI, (4i1,Ai2), is available at the source and relays rather
than instantaneous CSI. By doing so, we reduce the outage
probability under the total power constraint of P + P, < Pr
where P; is the radio transmit power of the source signal,
P is the transmit power of the selected relay, and Pr is the
total transmit power. Here, in this scenario, we assume that all
relays use the same transmit power P»; hence, based on (6)
the optimization problem can be formulated as follows

T T
N r (mz'l,ﬁil Yo" ) r (mz'z,ﬁiﬁo”’z
l —
[ (mi)) T (mi2)

min
P, P
i=1

st. P+ P, <Prand P;,P,>0

where yi1 = 4i1 P1/No, yi2 = Ai2 P2/ No
By applying the method of Lagrange multipliers, the PA for
the source is derived as

(25)

mi i

TR
p Z Poutluiﬂ;’:lj yotl e ﬁlly()
1 =
nil' (min) (1 — wiwi) &

i

(26)

ae ne
T(M;z,ﬁiz Yo 2 ) T\ mio,fiayg 2 )
where @; = =G i = — TGy
A similar equation can be derived for the selected relay, P>
Using (26) and setting P, = Pr — Pj, the approximate power
allocation for P; can be written in the following form
—1

mjy 1
e i
2 1‘12 —f1.
> wilinf% v, e Bizyo

miq

P = Pr +1

— 27)
il

mi1 . nj|  _p.
Zl /ulellﬂl]l yol e ﬁlly()

where 6;; = 1/n;;T (mi;) (1 — wjp;). It should be noted
that (27) is a transcendental function and it is challenging to
find a closedform for the source power. Thus, we calculate it
numerically using a root-finding algorithm such as Bisection,
Newton or successive numerical approximation methods.

At this stage, given the total power constraint, the source and
the selected relay power can be set to an output P; = p Pr and
P> = (1 — p)Pr, where p is the PA ratio (p € (0, 1)), which
is calculated from (27) through the successive approximation
algorithms [36, section 14.1]

Asymptotic Solution: a simple asymptotic solution for (27)
can be determined by using the fact that x*¢™ = I'(a+1, x)—
ol (a, x)[25], and by noting that I'(a + 1, x) < aI'(a), where
x is sufficiently small. In this case, the optimization problem
can be rewritten in a simple compact form as

—1
+ 1i|

From (28), it can be seen that the PA for the source depends
on the fading severity parameters, regardless of the channel
statistics (4;1, 4;2) . Physically speaking, when the source
and the best relay’s power is high, the effect of path loss
(i.e., 4jj o d;", where d;; represents the distance between
the source and the relay, d;, is the distance between the relay
and destination, and ¢ is the path loss exponent) is negligible,
corresponding to the same scenario when the selected relay is
located in the middle between the source and the destination,
resulting in a similar path loss on both terminals.

1) Machine Learning-Based PA: In order to classify the
fading severity parameter n in IVC networks, we use a
simple machine learning algorithm such as Naive Bayes; it’s
a simple probabilistic classifier that requires only a small
number of training data K to estimate the required para-
meters for classification. Therefore, for each of n possible

classes Ci”j, we need to calculate the conditional probability

of Pr (Cyjm,-,-,l, N .,h,-j,K) o Pr (c;’j) MK, pr (h,-,-,,|cg1j),
where we make the assumption that h;; 1 through h;; g are
conditionally independent given a class label C};. Now using
the maximum a posteriori (MAP) estimation, the Bayes clas-
sifier assigns a class label C?j for each n*Rayleigh fading
channel h;;, as

> imip/np

> imit/ni %)

P]:PT[

K
él'; = argmax Pr (Cl’;) HPr (hijjt|ij) (29)

2
nij,0j; t=1

where Pr C?j is the prior probability of the class variable Ci”j
which can be identified through real-time data measurements
for n*Rayleigh channels [11]. The probability density of the
n*Rayleigh distribution given a class Ci”j, is computed by

2
=
e Pl

2aj
O'l-j

O\ Mij hzaijfl
Pr (hij =h|C{’j) :2(’":/) o
Qi) nyT (mij)

(30)
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TABLE I

A SET OF LABELLED TRAINING DATA IS USED TO ESTIMATE THE N*RAYLEIGH DISTRIBUTION, WHERE FFY = 2-""" A MONTE-CARLO
SIMULATION IS PERFORMED AT K = 10° SAMPLES. THE TABLE SHOWS SOME ESTIMATED SAMPLES OF THE EMPIRICAL PDFS

Class Label, Cj;
= hi['j,l == 012 hf}'_z = 024 hf}'_3 == 054 hi['j.d- = 0?8 hi['j,S == ].0 hUJG = ].33
Ty 9
1 0.50 0.238 0.449 0.813 0.855 0.746 0.538
2 0.25 0.756 0.923 0.813 0.619 0.478 0.319
3 0.125 1.289 1.167 0.703 0.467 0.238 0.22
4 0.063 1.662 1.167 0.595 0.375 0.249 0.212
5 0.031 1.883 1.167 0.507 0.298 0.201 0.135
6 0.016 1.957 1.092 0.424 0.241 0.159 0.112
mij mij _=2/nij . -
where a;; = T‘/’ﬁ’j = 0, % . The maximum likeli- e

hood (ML) estimator? for the parameter 05. is given by

K 2/njj nij
62 — ZIZI ht !
Yoo 2K (1/n + 1)

Therefore, if we suppose that the training fading data listed
in Table I (where K experimental samples need to be collected
from different environments (e.g., large cities, small cities, and
highways [11], [16], [37] contains a continuous attribute /,
then the probability distribution of A given a class Ci”j, is
calculated by (30), which in turn makes the Bayes classifier
of (29) to assign a class label for the variable i (where
we can localize the best relay associated with the lowest
cascading order n e.g., CZ for n = 1,2) and perform an
efficient PA scheme for the source- P; and selected relay- P>
that can reduce the outage probability. If the IVC network is
operated at the sub-optimality (i.e., the conditional indepen-
dence assumption is violated), the zero-one loss function [38]
does not penalize inaccurate probability estimation as long
as the maximum probability is set to the correct class. This
means that Naive Bayes may change the posterior probabilities
of each n*Rayleigh fading channel class, but the class with
the maximum posterior probability is often unchanged. Thus,
the classification is still correct, although the probability
estimation is poor [39].

In Fig.6, we evaluate the impact of the S-DF relay systems
(PA-based) on the cascaded Rayleigh fading channels. In this
example, two main modes of transmission are compared:
the PA mode under statistical CSI, and the equal power
allocation (EPA) where the total transmitted power Pr is
divided equally between the source and the selected relay
(e, P = P, = Pr/2). We assume that the channel
quality between the selected relay and the destination is much
better than that between the source and the selected relay
(e.g., A1 = 1 and 12 = 10). As observed from the figure,

€19

2 We use the maximum likelihood method in finding the parameters 05. that

maximize the likelihood of the observed data set, h; s and make the Naive
Bayes model fits the n*Rayleigh distribution (30).
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Fig. 6. Effect of the PA and EPA modes on the outage performance of the
S-DF relaying scheme over Rayleigh and n*Rayleigh fading channels.

the PA mode has an advantage over the EPA mode by reducing
the outage probability. This is mainly because the PA mode
devotes larger power to the weaker link to reduce the overall
outage probability. In this case, the PA ratio p = P;/Pr
is evaluated from (27) using the successive approximation
algorithm, which yields p = 0.757, 0.629, 0.534 and 0.462 for
n =1, 2,3 and 4 respectively. It should be noted here that the
PA ratio converges to 0.5 when n increases, which means that
the EPA policy is near-optimal for n > 3. In this case, we can
use EPA instead of PA to get a lower outage probability.
Since the distance between the transmitter and the receiver
is another important factor for keyhole channels, we inves-
tigate the EPA mode in terms of distance. Hence, we can
redefine the instantaneous SNR as y;; = di_lo' P1/No, yin =
d;;’ P2/ N,. Fig.7 shows the outage probability (based on (6))
versus distance between the source and the selected relay,
d; = 1— dp, with SNR = 20dB and a path loss exponent of
o = 3 (this could describe, for example, an urban scenario).
As is obvious from the figure, the outage probability increases
when the distance between the source and the selected relay d
increases for both Rayleigh and n*Rayleigh fading channels,
but the degree of concavity of the curves is gradually decreased
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Fig. 7. Outage performance of the S-DF-relaying scheme over Rayleigh and
n*Rayleigh fading channels in term of the distance between the source and
the selected relay.

TABLE 11
SIMULATION PARAMETERS

Parameter Value
Data rate 2Mbps (UDP)
Packet generation rate 10 — 60 packets/second
Packet size 512 byte
Transmission power 20 mW
Sensitivity -89 dBm
Duration of a time slot 13 us
Transmission range 250 m
Beacon rate 1l Hz
Speeds 30 and 80 km/h

by increasing the value of n. Furthermore, Fig.7 shows that
the minimum outage probability occurs at distance d; = 0.5.
This is indeed expected because the system performance is
limited to the channel quality over the source to relay links.

VI. EXPERIMENTAL PERFORMANCE EVALUATION

In this section, we provide experimental and simulation
results to show the optimal relay selection time (convergence
time) for both S-AF and S-DF schemes. We test the packet
delivery ratio and outage probability for the S-DF schemes
across the PA and EPA modes, and use the network sim-
ulator 2 (NS-2) and simulation of urban mobility (SUMO)
to simulate vehicular ad hoc networks (VANET). To make
the evaluation realistic, we run a simulation using a map of
Montreal which has a grid road topology with urban highways
and bidirectional roads (e.g., map of the 3.16km x 3.16km
area; see Fig.8 and simulation parameters given in Table II).
We set the speed of vehicles between 30 and 80 km/h,
which is common for the city environment. The road topology
is obtained using OpenStreetMap and is filtered, formatted,
and converted into a SUMO network file. Using SUMO,
vehicular mobility traces are generated and used to populate
the chosen simulated area (e.g., urban scenarios), where local

Fig. 8.  Traffic scenario in Montreal that includes a grid road topology
(e.g., map of the 3.16km x3.16km area) with urban highways and bidirectional
roads, where the source sends his message to a set of relays (i.e., candidate
vehicles) and the destination (e.g., vehicle, RSU). Here, the S-DF relaying
policy is applied to choose the most reliable path s — r; — d over
n*Rayleigh fading channels and forward the source message to the destination.

scattering objects (e.g., buildings, vehicles, road signs, bridges,
street corners, trees, bridges, hallways, etc) are considered.
In our simulation, we chose a moderately sparse network to
have a moderate simulation processing time (e.g., we sim-
ulate 600 vehicles per 10km?, i.e., the vehicle density is
60 veh/km? with a radio range of 250m). Each vehicle is
equipped with a dedicated short-range communication (DSRC)
transceiver to enable vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure (V2I) communications, where some road side
units (RSUs) (30 RSUs) are deployed within the simulation
area following a uniform distribution. In order to assess the
efficiency of the selected relays, we randomly choose the
source and destination from a set of vehicles where the
destination (e.g., vehicle, RSU) is within one or two hops
from the source. Here, the source is sending packets via user
datagram protocol (UDP) protocols. If the source wants to
reach the destination through a relay because of the weak
direct communication (i.e. low SNR), our algorithm will select
the optimal relay that has the best link quality (i.e., high SNR)
with the destination, regardless of the relay position, whether
it is at an intersection or a turn. As an example of application
scenario, this can be used as a solution for cooperative vehicle
and infrastructure system (CVIS) to enable better V2V and
V2I communications. The proposed mobile relay solution will
extend RSU and LTE-V small cells coverage and enhance
data transmission. For CVIS applications, this can assist data
aggregation for mobile edge computing which in turn improves
vehicle positioning and local dynamic maps.

In this scenario, we implement both relay selection strate-
gies; the S-DF and S-AF schemes over the n*Rayleigh dis-
tribution. Note that 600 vehicles are the number of vehicles
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Fig. 9. Evaluation of the S-DF scheme in terms of packet delivery ratio and Poy¢ (Where both PA and EPA modes are implemented over n*Rayleigh fading

channels (e.g., n =1,2,3,4)).

simulated in the selected urban area and not the candidate
vehicles (relays) used in our relay selection algorithms.
In this setting, we generally seek to evaluate two things:
1) the performance of S-DF schemes over different metrics
(outage probability and packet delivery ratio) and compare
the simulation results with the analytical results. 2) exam-
ine the processing time needed to select the optimal relay
based on the training data of machine learning-based PA
algorithms (where Monte-Carlo simulation is performed at
K = 10'0 samples. In Fig.9, we evaluate the S-DF scheme
over the PA and EPA modes in terms of packet delivery ratio
and Poy. In Fig.9 (a) and (b), we observe that PA outperforms
EPA in terms of packet delivery ratio over different distances
and packet generation rates via n*Rayleigh fading channels
(e.g., n = 1,2,3,4), where not only the optimal channel is
selected but also the optimal relay of each selected channel,
even if the distance between the source and the destination
increases. Also, we can show that the PA algorithm gives
a stable delivery ratio of packets around 85% and 95%
compared with the EPA mode where the ratio is around 50%
only. In Fig.9 (c), we test the packet delivery ratio under
various vehicle densities, where the PA performance gradually
approaches the EPA when the vehicle density is high; this is

due to the presence of NLOS propagation paths and increasing
the cascading order (n) between the selected relay and the
destination (i.e., poor channel quality and low SNR) with an
increase in vehicle density, which leads to a degradation of
the PA performance. In Fig.9 (d), we demonstrate the outage
probability of the the relay selection algorithm compared to
direct transmission scenarios over n*Rayleigh fading channels,
where we set the vehicle density at 60 veh/km?. The results
show that the proposed algorithm can offer large power or
energy savings compared to direct transmission, where the
algorithm can optimize the transmission power between the
source and the selected relay and reduce the outage probability
in dual-hop IVC systems [40]. Also, we observe that when
the distance between the source and the destination increases,
the outage probability increases, and when the number of
relays increases, Poy is reduced. This finding confirms our
analytic results of the effect of PA on the outage probability
of S-DF schemes.

In Fig.10 (a), we provide the processing time (convergence
time) for the relay selection algorithm under different vehicle
density scenarios, where we set the number of candidate vehi-
cles (relays) N to 4 and Monte-Carlo simulation is performed
at K = 10* samples. Here, we can define the convergence
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schemes over n*Rayleigh fading channels (where simulation is run under different vehicle density scenarios with a certain number of candidate vehicles

(relays), N = 4).

time as the time to select the optimal relay between the
candidate nodes that are in the radio range of the source
node. Although the relay selection algorithm works well at
low cascading orders n < 3, it should be noted that there are
some limitations associated with the algorithm at the cascading
order of n = 4. By increasing the cascading order n the
convergence time becomes larger as the number of vehicles
(between the source and destination) increases and the search
for the optimal relay is longer than the case of n = 1,2,
and 3, which requires designing an advanced relay selection
algorithm that can overcome these constraints and improve
the performance of the proposed algorithm. To take a closer
look at the performance of the S-DF scheme (PA-based),
we compare with other relay selection schemes (such as S-AF)
as shown in Fig.10 (b). We observe that the S-DF scheme
outperforms the S-AF scheme in terms of convergence time
to select the best relay through n*Rayleigh fading channels,
where the S-DF scheme can reduce end-to-end transmission
delay by selecting the best channel quality between the
relay and destination, which has the highest SNR and lowest
convergence time. The end-to-end delay can be defined as
the convergence time generated by the relay selection algo-
rithm plus the standard transmission and processing time of
DF schemes [41], [42]. It is worth mentioning that our
application is not a delay-tolerant application like a carry-
and-forward strategy [43], where the vehicle speed and trans-
mission direction are important for performance evaluation,
as the delay may last for several seconds. In our application,
the delay in transmitting and processing the packet is in the
order of milliseconds.

Given that the simulation was performed on a computer
with a Corei7 CPU and 8GB RAM, and that this type
of wireless physical layer algorithms is typically performed
on an ASIC baseband processor, the convergence time can
be reduced by a factor of 10 to 100 compared to general
purpose processors (CPUs) [44]. Hence, based on our results
shown in Fig.10 and Table III, the convergence time can
be reduced by at least a factor of 10 using ASIC, so that

TABLE III

CONVERGENCE TIME FOR BOTH S-AF AND S-DF SCHEMES
(WHERE PROCESSING TIME IS MEASURED IN SECONDS)

Vehicle density S-AF S-DF S-AF S-DF
(velvkm?) mi=il =il n=4 n=4

40 0.1955564 0.0822279 2.654228 1.6113563

60 0.2159872 | 0.1006942 2.672944 1.6345374

80 0.2364128 | 0.1191558 2.685656 1.6577126

160 0.3181308 | 0.1930163 2.748516 1.7504311

240 0.3998436 0.2668721 2.811372 1.8431437

320 0.4815564 0.3407279 2.874228 1.9358563

the processing time for 60 vehicles is less than 11ms for
n = 1,56ms for n = 2,95ms for n = 3, and 164ms for
n = 4. In order to reduce the convergence time further,
we urge to use graphic processing units (GPUs). Over the
past two decades, GPUs have become increasingly faster and
cheaper. GPUs are progressively incorporated in emerging
smart vehicles for assisted and autonomous driving. They are
considered as the brain of on-board units for Al algorithms
and complex sensor-based systems (such as RADAR, LIDAR,
video processing). Moreover, the GPU has become a key
component of software-defined radio (SDR), which enables
the creation of a flexible and cost-effective V2X commu-
nication platform [45]. Compared to our CPU that provide
only about 5 gigaflops, basic GPU boards like “NVIDIA
Jetson Nano” (which costs just $99/unit) can deliver up to
472 gigaflops (i.e., $0.2/gigaflop), which in turn translates
to an increase of processing speed of about 100 times. Fur-
thermore, we can get a solution (e.g. Radeon RX 570) that
offers 5000 gigaflops for $130/unit (i.e., $0.026/gigaflop),
which translates to an increase in processing speed of about
1000 times (i.e., the convergence time in Fig.10 becomes
between 2 to 30ms for 500 gigaflops, and between 0.2 to
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3ms for 5000 gigaflops) [45]. With the rapidly evolving
capabilities of digital electronics and large-scale adoption of
GPUs for vehicular application processing, the cost of gigaflop
is expected to decrease significantly in the coming years.

VII. CONCLUSION

In this work, we presented a comprehensive performance
analysis for the selective DF and AF relaying schemes over
n*Rayleigh fading channels. The outage probability and diver-
sity order have been analyzed for the considered schemes.
Our analysis and simulation results have shown that the
relay selection technique achieves a maximum diversity order
of mN/n, which can be considered valuable guidelines for
engineers working on the design of measurement devices
for cascaded Rayleigh fading channels. The diversity order
is the asymptotic slope of the outage probability curve, and
thus a high diversity order means that the outage probability
decreases faster with increasing SNR. This then means that at
a particular (high) SNR, a system with higher diversity order
is more reliable. Our paper shows that the S-AF and S-DF
approaches both exhibit the highest possible diversity order
given the number of relays deployed. In practical terms, this
means more reliable links for a given (high) SNR and this
therefore translates to an increased level of safety. In general,
our statistical analysis showed that machine learning plays a
key role in selecting the best relay and allocating energy. The
results confirm that transmit power allocation optimization is
required for IVC systems when the cascading order n < 2.
Plus, the time required to find the optimal relay is greatly
reduced when the cascading order n decreases. Of course, this
study will help automakers deploy a dynamic IVC network
that can significantly improve safety and operational efficiency.

REFERENCES

[11 A. G. Zajic and G. L. Stuber, “A new simulation model for mobile-
to-mobile Rayleigh fading channels,” in Proc. IEEE Wireless Commun.
Netw. Conf. WCNC, Apr. 2006, pp. 1266-1270.

[2] 1. Z. Kovacs, “Radio channel characterisation for private mobile radio
systems: Mobile-to-mobile radio link investigations,” Ph.D. dissertation,
Aalborg Univ., Aalborg, Denmark, Sep. 2002.

[3] J. B. Andersen and I. Z. Kovacs, “Power distributions revisited,’
presented at the COST 3rd Manage. Committee Meeting., Guildford,
U.K., Jan. 2002.

[4] C. S. Patel, “Wireless channel modeling, simulation and estimation,”
Ph.D. dissertation, School Elect. Comput. Eng., Georgia Inst. Technol.,
Atlanta, Georgia, May 2006.

[5] J. Salo, “Statistical analysis of the wireless propagation channel and
its mutual information,” Ph.D. dissertation, Dept. Elect. Commun. Eng.,
Helsinki Univ. Technol., Espoo, Finland, Jul. 2006.

[6] Y. Alghorani, G. Kaddoum, S. Muhaidat, S. Pierre, and N. Al-Dhahir,
“On the performance of multihop-intervehicular communications sys-
tems over n*Rayleigh fading channels,” IEEE Wireless Commun. Lett.,
vol. 5, no. 2, pp. 116-119, Apr. 2016.

[7] C. S. Patel, G. L. Stuber, and T. G. Pratt, “Statistical properties of
amplify and forward relay fading channels,” IEEE Trans. Veh. Technol.,
vol. 55, no. 1, pp. 1-9, Jan. 2006.

[8] D. Chizhik, G. J. Foschini, M. J. Gans, and R. A. Valenzuela, “Key-
holes, correlations, and capacities of multielement transmit and receive
antennas,” IEEE Trans. Wireless Commun., vol. 1, no. 2, pp. 361-368,
Apr. 2002.

[9] J. Salo, H. M. El-Sallabi, and P. Vainikainen, “The distribution of

the product of independent Rayleigh random variables,” IEEE Trans.

Antennas Propag., vol. 54, no. 2, pp. 639-643, Feb. 2006.

H. Lu, Y. Chen, and N. Cao, “Accurate approximation to the PDF of

the product of independent Rayleigh random variables,” IEEE Antennas

Wireless Propag. Lett., vol. 10, pp. 1019-1022, Oct. 2011.

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]
[32]

[33]

[34]

[35]

IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS

D. W. Matolak and J. Frolik, “Worse-than-Rayleigh fading: Experimental
results and theoretical models,” IEEE Commun. Mag., vol. 49, no. 4,
pp. 140-146, Apr. 2011.

M. Patzold, B. Hogstad, and N. Youssef, “Modeling, analysis, and
simulation of MIMO mobile-to-mobile fading channels,” IEEE Trans.
Wireless Commun., vol. 7, no. 2, pp. 510-520, Feb. 2008.

K. Guan et al., “5-GHz obstructed vehicle-to-vehicle channel charac-
terization for Internet of intelligent vehicles,” IEEE Internet Things J.,
vol. 6, no. 1, pp. 100-110, Feb. 2019.

D. W. Matolak, “Channel modeling for vehicle-to-vehicle communica-
tions,” IEEE Commun. Mag., vol. 46, no. 5, pp. 76-83, May 2008.

H. Jiang, Z. Zhang, L. Wu, J. Dang, and G. Gui, “A 3-D non-stationary
wideband geometry-based channel model for MIMO vehicle-to-vehicle
communications in tunnel environments,” IEEE Trans. Veh. Technol.,
vol. 68, no. 7, pp. 6257-6271, Jul. 2019.

Q. Wu, D. W. Matolak, and I. Sen, “5-GHz-band vehicle-to-vehicle
channels: Models for multiple values of channel bandwidth,” IEEE
Trans. Veh. Technol., vol. 59, no. 5, pp. 2620-2625, Jun. 2010.

Y. Alghorani and M. Seyfi, “On the performance of reduced-complexity
transmit/receive-diversity systems over MIMO-V2 V channel model,”
IEEE Wireless Commun. Lett., vol. 6, no. 2, pp. 214-217, Apr. 2017.
G. Alfano, C.-F. Chiasserini, A. Nordio, and S. Zhou, “Information-
theoretic characterization of MIMO systems with multiple Rayleigh
scattering,” IEEE Trans. Inf. Theory, vol. 64, no. 7, pp. 5312-5325,
Jul. 2018.

Y. Alghorani, G. Kaddoum, S. Muhaidat, and S. Pierre, “On the approx-
imate analysis of energy detection over n*Rayleigh fading channels
through cooperative spectrum sensing,” IEEE Wireless Commun. Lett.,
vol. 4, no. 4, pp. 413-416, Aug. 2015.

E. Li, X. Wang, Z. Wu, S. Hao, and Y. Dong, “Outage analysis
of decode-and-forward two-way relay selection with different coding
and decoding schemes,” IEEE Syst. J., vol. 13, no. 1, pp. 125-136,
Mar. 2019.

T. Mekkawy, R. Yao, N. Qi, and Y. Lu, “Secure relay selection for
two way amplify-and-forward untrusted relaying networks,” IEEE Trans.
Veh. Technol., vol. 67, no. 12, pp. 11979-11987, Dec. 2018.

Q. N. Le, V. N. Q. Bao, and B. An, “Full-duplex distributed switch-
and-stay energy harvesting selection relaying networks with imperfect
CSI: Design and outage analysis,” J. Commun. Netw., vol. 20, no. 1,
pp. 29-46, Feb. 2018.

T. T. Duy, V. N. Son, V. T. Tung, G. C. Alexandropoulos, and
T. Q. Duong, “Outage performance of cognitive cooperative networks
with relay selection over double-Rayleigh fading channels,” IET Com-
mun., vol. 10, no. 1, pp. 57-64, Jan. 2016.

M. Seyfi and S. J. L. U. M. Muhaidat, “Relay selection in dual-
hop vehicular networks,” IEEE Signal Process. Lett., vol. 18, no. 2,
pp. 134-137, Feb. 2011.

I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series and Prod
Ucts, 7th ed. New York, NY, USA: Elsevier, 2007.

R. Bapat and M. Beg, “Order statistics for nonidentically distributed
variables and permanents,” Sankhya, Indian J. Stat., A, vol. 51, no. 1,
pp. 79-93, 1989.

N. Beaulieu and J. Hu, “A closed-form expression for the outage
probability of decode-and-forward relaying in dissimilar Rayleigh fad-
ing channels,” [EEE Commun. Lett., vol. 10, no. 12, pp. 813-815,
Dec. 2006.

M. K. Simon and M.-S. Alouini, Digital Communication Over Fading
Channels, 2nd ed. Hoboken, NJ, USA: Wiley, 2004.

M. O. Hasna and M.-S. Alouini, “Harmonic mean and end-to-end per-
formance of transmission systems with relays,” IEEE Trans. Commun.,
vol. 52, no. 1, pp. 130-135, Jan. 2004.

M. D. Springer, The Algebra Random Variables. New York, NY, USA:
Wiley, 1979.

A. Papoulis, Probability, Random Variables, and Stochastic Processes,
3rd ed. New York, NY, USA: McGraw-Hill, 1991.

The Wolfram Functions Site. Accessed: May 2018. [Online]. Available:
http://functions.wolfram.com/

M. Abramowitz and 1. A. Stegun, Handbook of Mathematical Functions
With Formlas, Graphs, and Mathematical Tables, 9th ed. New York, NY,
USA: Dover, 1970.

R. U. Nabar, H. Bolcskei, and F. W. Kneubuhler, “Fading relay channels:
Performance limits and space-time signal design,” IEEE J. Sel. Areas
Commun., vol. 22, no. 6, pp. 1099—-1109, Aug. 2004.

F. A. Dietrich and W. Utschick, “Pilot-assisted channel estimation based
on second-order statistics,” IEEE Trans. Signal Process., vol. 53, no. 3,
pp. 1178-1193, Mar. 2005.

Authorized licensed use limited to: University of Glasgow. Downloaded on July 12,2020 at 08:51:22 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

ALGHORANTI et al.: IMPROVED S-AF AND S-DF RELAYING SCHEMES USING MACHINE LEARNING BASED POWER ALLOCATION 13

[36] T. K. Moon and W. C. Stirling, Mathematical Methods and Algorithms
for Signal Processing. Upper Saddle River, NJ, USA: Prentice-Hall,
2000.

I. Sen and D. W. Matolak, “Vehicle-vehicle channel models for the 5
GHz band,” IEEE Trans. Intell. Transp. Syst., vol. 9, no. 2, pp. 235-245,
Jun. 2008.

P. Domingos and M. Pazzani, “On the optimality of the simple Bayesian
classifier under zero-one loss,” Mach. Learn., vol. 29, pp. 103-130,
Nov. 1997.

H. Zhang, “The optimality of naive Bayes,” in Proc. FLAIRS Conf.,
2004, pp. 1-6.

E. Ahmed and H. Gharavi, “Cooperative vehicular networking: A
survey,” IEEE Trans. Intell. Transp. Syst., vol. 19, no. 3, pp. 996-1014,
Mar. 2018.

A. Chaaban and A. Sezgin, “Multi-hop relaying: An end-to-end delay
analysis,” IEEE Trans. Wireless Commun., vol. 15, no. 4, pp. 2552-2561,
Apr. 2016.

I. Maric, “Low latency communications,” presented at the Inf. Theory
Appl. Workshop (ITA), San Diego, CA, USA, Feb. 2013.

H. Seliem, R. Shahidi, M. H. Ahmed, and M. S. Shehata, “On the end-
to-end delay in a one-way VANET,” IEEE Trans. Veh. Technol., vol. 68,
no. 9, pp. 8336-8346, Sep. 2019.

R. Hameed et al., “Understanding sources of inefficiency in general-
purpose chips,” in Proc. 37th Annu. Int. Symp. Comput. Archit. ISCA,
2010, pp. 37-47.

R. Akeela and B. Dezfouli, “Software-defined radios: Architecture, state-
of-the-art, and challenges,” Comput. Commun., vol. 128, pp. 106-125,
Sep. 2018.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Yahia Alghorani (Member, IEEE) received the
M.Sc. degree in computer engineering from Univer-
sity Kebangsaan Malaysia, Malaysia, in 2007, and
the Ph.D. degree in computer and software engi-
neering from the Ecole Polytechnique de Montreal,
Montreal, QC, Canada, in 2015. From 2009 to 2010,
he was an RF Engineer with Batelco Telecommu-
nication Company. From 2010 to 2012, he was a
Wireless Networks Engineer with Huawei Technolo-
gies Company Ltd. From 2017 to 2019, he was a
Research Fellow with University College Dublin,
Ireland. He is currently a Research Associate with Lakehead University, Thun-
der Bay, ON, Canada. His research interests include intelligent transportation
systems, connected vehicles, artificial intelligence, machine learning, deep
learning, medical wearables and e-health, statistical signal processing, and
hardware/software co-design.

Ahmed Salim Chekkouri (Member, IEEE) received
the M.Sc. degree in electrical engineering from the
University of Sherbrooke, Sherbrooke, QC, Canada,
and the Ph.D. degree in computer engineering from
the Ecole Polytechnique de Montreal, University of
Montreal, Montreal, QC, Canada, in 2003 and 2015,
respectively. He was an Adjunct Researcher with the
Mobile Computing and Networking Research Lab-
oratory (LARIM) Chair Ericsson Canada. In 2017,
he was a Post-Doctoral Fellow with the Department
of Computer Engineering, Ecole Polytechnique de
Montreal. He is currently a Senior IT Consultant with Medunicom, Ecole
Polytechnique de Montreal. His research interests include the Internet of
Things and mobile networks, Al and machine-learning, embedded systems
and sensors for ITS and e-Health, and cybersecurity.

Djabir Abdeldjalil Chekired (Student Member,
IEEE) received the B.S. degree in computer science
and the M.S. degree in computer networks and dis-
tributed systems from the University of Science and
Technology Houari Boumediene (USTHB), Algiers,
Algeria, in 2010 and 2012, respectively. He is cur-
rently pursuing the joint Ph.D. degree in computer
science with the Environment and Autonomous Net-
works Laboratory (ERA), University of Technology
of Troyes, France, and the School of Electrical
Engineering and Computer Science, University of
Ottawa, Canada. His research interests include new cloud computing design
for smart grid systems and analysis in green electric vehicles networks, smart
grid energy management, fog-SDN architectures, and the Internet of Things.

Samuel Pierre (Senior Member, IEEE) received the
B.Eng. degree in civil engineering from the Ecole
Polytechnique de Montreal, Montreal, QC, Canada,
in 1981, the B.Sc. and M.Sc. degrees in mathematics
and computer science from the Université du Québec
a Montréal (UQAM), in 1984 and 1985, respectively,
the M.Sc. degree in economics from the University
of Montreal in 1987, and the Ph.D. degree in elec-
trical engineering from the Ecole Polytechnique de
Montreal in 1991. From 1987 to 1998, he was a
Professor with the University of Québec at Trois-
Rivieres, Trois-Rivieres, QC, USA. Prior to joining the Télé-Université of
Québec, he was an Adjunct Professor with the Université Laval, Quebec City,
QC, Canada, and an Invited Professor with the Swiss Federal Institute of
Technology, Lausanne, Switzerland, and Université Paris 7, Paris, France.
He is currently with the Ecole Polytechnique de Montreal, where he is also
a Professor of computer engineering; the Director of the Mobile Computing
and Networking Research Laboratory (LARIM), Department of Computer
Engineering; the NSERC/Ericsson Chair of next generation and mobile net-
working systems; and the Director of the Mobile Computing and Networking
Research Group (GRIM). His research interests include wireline and wireless
networks, mobile computing, artificial intelligence, and telelearning. Dr. Pierre
is a fellow of the Engineering Institute of Canada. He is an Associate Editor
of the IEEE COMMUNICATIONS LETTERS, the IEEE CANADIAN JOURNAL
OF ELECTRICAL AND COMPUTER ENGINEERING, and the IEEE CANADIAN
REVIEW. He is a Regional Editor of the Journal of Computer Science.
He serves on the Editorial Board of Telematics and Informatics, which are
edited by Elsevier Science.

Authorized licensed use limited to: University of Glasgow. Downloaded on July 12,2020 at 08:51:22 UTC from IEEE Xplore. Restrictions apply.



