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ABSTRACT In this work, the performance evaluation and the optimization of dual-hop LoRa network
are investigated. In particular, the coverage probability (Pcov) of edge end-devices (EDs) is computed
in closed-form expressions under various fading channels, i.e., Nakagami-m and Rayleigh fading. The
Pcov under Nakagami-m fading is computed in the approximated closed-form expressions; the Pcov
under Rayleigh fading, on the other hand, is calculated in the exact closed-form expressions. In addition,
we also investigate the impact of different kinds of interference on the performance of the Pcov, i.e., intra-
SF interference, inter-SF interference (or capture effect) and both intra- and inter-SF interference. Our
findings show that the impact of imperfect orthogonality is not non-negligible, along with the intra-SF
interference. Moreover, based on the proposed mathematical framework, we formulate an optimization
problem, which finds the optimal location of the relay to maximize the coverage probability. Since it is
a mixed integer program with a non-convex objective function, we decompose the original problem with
discrete optimization variables into sub-problems with a convex feasible set. After that, each sub-problem
is effectively solved by utilizing the gradient descent approach. Monte Carlo simulations are supplied to
verify the correctness of our mathematical framework. In addition, the results manifest that our proposed
optimization algorithm converges rapidly, and the coverage probability is significantly improved when the

location of relay is optimized.

INDEX TERMS LoRa, LPWAN, dual hop, gradient descent optimization.

I. INTRODUCTION

It is expected that there will be over 50 billion devices con-
necting to the Internet by the end of the year [1], making the
Internet-of-Things (IoTs) a major component in the telecom-
munications industry. To support such a massive number
of end-devices (EDs) networks, a couple of available tech-
nologies on the telecommunications market are taken into
consideration. As the first, cellular networks are believed to
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represent a suitable candidate owing to ultra-dense deploy-
ment of the base stations (BSs) and the well-established
standards. With ultra-dense deployment, however, the BSs’
power consumption has become one of the most signifi-
cant issues in the information and communications technol-
ogy (ICT) field, which accounts for approximately 2% of
worldwide CO, emissions. In addition, with high capital
expenditure (CAPEX) and operational expenditure (OPEX),
the mobile networks seem not to be a wise choice for this
kind of network. As a result, low power wide area networks
(LPWAN) are regarded as the suitable technology for the
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massive [oTs networks. The main advantage of LPWAN is
that it is able to connect enormous low-power end-devices
with a simple protocol and infrastructure [2]. Among all
available LPWAN technologies, i.e., SigFox, Ingenu and
long-range (LoRa), LoRa is emerging as the most promis-
ing and attracts the attention of numerous researchers from
both industry and academia. The main reason for the suc-
cess of LoRa is that LoRa’s signals are modulated by using
chirp spread spectrum (CSS) modulation instead of the con-
ventional modulations, i.e., QAM, PSK and FSK, which is
proven to better resist fading and noise. Furthermore, a wide
set of parameters also contributes to the popularity of LoRa
among all LPWAN technologies. In particular, by actively
adjusting the spreading factor (SF), the transmit power,
and the bandwidth (BW), LoRa is capable of satisfying
long-range transmissions with different requirements and low
power consumption. Moreover, to maximize the performance
of the entire networks, LoRa separates its coverage area into
a set of non-overlapping regions, where each region will be
assigned a unique value of SF and transmit power: in partic-
ular, the nearer the EDs is, the lower the SF and the smaller
the transmit power. The aim of this resource allocation is not
only to reduce the inter-SF interference but also to conserve
power consumption by the EDs. Although smart resource
allocation is yielded, the edge EDs still suffer from significant
interference compared with end-devices around the gateway.
This problem is even more serious in LoRa due to the lack
of power control at uplink transmission, or any kinds of
reliable signaling protocols. Consequently, the performance
of edge-ED apparently becomes the bottleneck of the entire
networks.

On the other hand, relaying communications is proposed
and regarded as an efficient way to improve the performance
in wireless networks [3], [4]. It is evident that with the
help of relay, the transmission distance is shortened: hence,
the reliability, of course, is ameliorated and the transmit
power is dramatically declined. Moreover, another benefit of
relaying communications is extension of the coverage area of
the networks. Thus, in this work, we study and enhance the
performance of edge-ED in LoRa networks with the aid of
relaying. Before briefly summarizing the main contributions
and novelties of the present paper, some state-of-the-art LoRa
networks with and without the help of relay are first reported
in the sequel.

The performance evaluation of LoRa networks was studied
under different circumstances. In [5], the coverage probabil-
ity (Pcov) was studied under the assumption that inter-SF
interference was absent. However, as pointed out in [6]-[8],
the inter-SF interference or called capture effect could not be
ignored in practical scenarios. In [8], the Pcov, which was
considered with respect to both the intra- and inter-SF inter-
ference, as well as interference from different technologies,
was investigated. Nevertheless, the metric was computed via
numerical computation, or no closed-form expression was
provided. In [6], antenna diversity was used to enhance the
performance of LoRa networks. However, multiple antennas
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at either gateway and/or EDs seems to be impractical in LoRa
networks owing to low cost transceiver. The ergodic capacity
was studied in [9].

The performance of relay networks were studied
in [10]-[12]. Particularly, the outage performance of dual-hop
with amplify-and-forward (AF) fixed gain relaying was
studied in [10]. The ergodic capacity of multi-hop decode-
and-forward (DF) relaying was studied in [12]. The results
showed that the optimal rate adaption attained the highest
spectral efficiency. The combination of cooperative networks
with other techniques, i.e., simultaneous wireless informa-
tion and power transfer (SWIPT), non-orthogonal multiple
access (NOMA) were investigated in [13]-[15]. In [13] the
throughput of the cooperative networks where the relay oper-
ated based on the harvested energy was investigated by using
AF protocol. The outage probability of the SWIPT-enabled
cooperative networks where the positions of the relays were
randomly located was studied in [14]. The results illustrated
that under some assumptions, the SWIPT-enabled coopera-
tive networks was able to achieve the same diversity gain
as the conventional cooperative networks. The throughput
and outage probability of the cooperative SWIPT NOMA
networks were addressed in [15]. The results demonstrated
that the use of SWIPT did not jeopardize the diversity gain
compared to the conventional NOMA. In addition, relaying
communications was also widely utilized in different net-
works/topics, such as cognitive radio networks [16], [17],
physical layer security, device-to-device (D2D) and cellular
networks [20], [21]. The secrecy performance with relay
selection under impact of co-channel interference was inves-
tigated in [18] and the maximum capacity of relay-aided D2D
communications was studied in [19]. However, the applica-
tion of relaying communications into LoRa networks remains
in its infancy. In [22], a multi-hop concurrent transmission
LoRa network was investigated. The main target of this
work was to study the impact of concurrent transmission on
the performance at the LoRa receiver, i.e., capture effects,
energy spreading effect and so forth. Reference [23] studied
the performance of the practical dual-hop LoRa networks.
Particularly, the experiment was deployed at the campus
of the university of Pau, France where the battery-based
relay was placed between end-devices and gateway in order
to help in forwarding end-devices’ packet to gateway. The
paper, however, mainly focused on the power consump-
tion at the relay by calculating the power consumption and
then proposing a wake-up algorithm in order to save power
consumption.

In this work, in contrast with these above-mentioned
works, we focus on the performance of edge-EDs in dual-hop
decode-and-forward relaying in LoRa networks under dif-
ferent types of fading channels. In particular, in contrast
with [22], we take into consideration the scenario where the
transmission is divided into different time-slots to maintain
the interference to be as minimal as possible and to improve
the performance of edge-ED. Compared with [23], we are
interested in studying the performance of ED instead of the
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TABLE 1. Main notations and mathematical symbols/shorthand.

Symbol Definition
E{.}, Var{.} Pr(.) Expectation, variance and probability operators
L), r(,)v(,.) Gamma and upper and lower incomplete gamma functions
exp( ), log < () Exponential and logarithm base X functions
Fx (x), fx (x) Cumulative distribution function (CDF) and probability density function of RV X
Fx (x), Mx (x) Complementary CDF (CCDF) and moment generating function (MGF) of RV X

min {.}, max {.}, e [
2F1 (a,b,¢,2), x (\)
f(z)=0f/0x
hE Rk
gk
dovys Ly
Nv Nk;, R
n, Ko, o7
Py
(v3,vy)
(Ve, vy), (cz,wz)
{x?nirn x;)nax}’ {yglirn yf%ax}

Minimum, maximum, square root and ceiling functions
Gaussian Hypergeometric and activation functions
Partial derivative of function f respect to x
Fading coefficient and channel gain from ED 7 of region SFk to node r
Shape and scale parameters of fading channel from ED ¢ of region SFk to node r
Transmitted signals of node Z and interferer ¢ region k at U
Euclidean distance and large-scale fading from X to Y
Number of interferer, set of active interferer of region SFk and network radius
Path-loss exponent, path-loss constant and noise variance of node r
Transmit power of ED region SFk
Optimal positions of relay node (outcomes of Algorithm 1)
2 and y coordinates of relay and Z nodes
Minimum and maximum values of v, and v, in zone o

SFi, CR, Lpac Spreading factor of region k, coding rate and packet length
Tin, NF, BW Average packet inter-arrival time, noise figure and bandwidth
Qrs Diyi QoS threshold and rejection threshold of region SFk respect to region SFi
SNR, SIR Signal-to-noise ratio and signal-to-interference ratio
Pcov (gx) Coverage probability of ED in region SFk
Po (g, vy) Coverage probability of zone o respect to the position of relay , i.e., (v, vy)

relay. The main contributions and novelties are summarized
as follows:

e The Pcov of edge-ED is computed in closed-form
expressions under different fading channels, i.e.,
Nakagami-m and Rayleigh. To be more specific,
the Pcov under Nakagami-m is computed in the approx-
imated but closed-form expression, while the frame-
work under Rayleigh fading is calculated in the exact
closed-form expression.

o We address all types of interference in LoRa networks,
i.e., intra-SF, inter-SF and both intra- and inter-SF inter-
ference. Numerical results show that the impact of cap-
ture effects on the performance of LoRa networks is not
non-negligible, along with the intra-SF interference.

« An effective algorithm is provided to optimize the posi-
tion of the relay, which maximizes the Pcov of the
edge-EDs.

« The baseline system without relay is also presented to
highlight the benefits of the proposed networks.

The rest of this paper is organized as follows: In Section II,
the system model is introduced. The performance of the Pcov
is computed in Section III. Also in this section, an opti-
mization problem of the Pcov with respect to the position
of the relay is formulated and solved by an effective algo-
rithm. In Section IV, numerical results based on Monte
Carlo simulations are provided to confirm the correctness of
the proposed frameworks. Finally, Section V concludes this
paper.

Notations: Main notations and mathematical
bols/shorthand are provided in Table 1.

sym-

VOLUME 8, 2020

(Voo V)

SF12 SF11 SF10 SF9 SF8 SF7
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— » Directlink

Interference link

A Interferer

FIGURE 1. Uplink LoRa Network.

Il. SYSTEM MODEL

Let us consider uplink LoRa networks where the desired
end-device denoted by S communicates to the gateway, G, via
arelay denoted by R. We assume that S always has packets to
send to the gateway. In LoRa, depending on the distance from
the ED to the gateway, an appropriate spreading factor (SF)
as well as the transmit power of EDs will be assigned in
order to guarantee fairness among EDs at different locations.
To be more specific, the considered network is split into six
non-overlapping regions with equal distance denoted by SFk,
k € {7,...,12}, and both the spreading factor and transmit
power are assigned based on the incremental rule: the closer
the gateway, the smaller the SF and transmit power, as shown
in Fig. 1.
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In addition to S, R and G, the considered networks also
comprise N = 2112:7 Ni EDs, which act as interferer to
the intended link; Ny is the number of interferers from
region SFk. Interference from other technologies which oper-
ate at the same industrial, scientific and medical (ISM) band
is not considered [5]. The position of the relay, denoted by
VR = (vx, vy), is assumed to locate at SFo, 0 € {7, ..., 12}
and is changeable, while the locations of both S and G are
assumed to be fixed. Here, vy, vy are the horizontal and
vertical coordinates of relay R, respectively. For simplicity,
we assume that G is fixed at the origin and that S is at
distance R from G, located in the furthest region, i.e., SF12,
as shown in Fig. 1.

The transmission from S to G occurs in two consecutive
time-slots or two phases. In the first phase, the ED of interest
transmits its signals to the relay, and the signals received at
the relay are formulated as:

YR = v/ Pshsrxs

12 Ng
A Y afrVPekf Ry Ak, (D)
k=7 i=0

where hgRr, hi.‘R are the channel coefficient from S and

interferer i of region SFk to relay R, respectively, and fol-

low the Nakagami-m distribution with shape and spread
k k

parameters denoted by mg R, m; p Osr and ;g , correspond-

ingly. The channel gain, denoted by |hs’R 2, hf.f R ‘2, fol-
lows a Gamma distribution with the following shape and
scale parameters mgR, miiR and 1/BsR, l/ﬁfR; Bsr =
LsrOsRr/msR, ﬂffR = LffR@,-]fR/MﬁR; Lsr = Ko d{ g LffR =
Ky dl.’fR ! are the corresponding large-scale fading from S
and interferer i of SFk to R including shadowing; dx y is the
Euclidean distance from X to Y and is computed as dx y =
Viex —ey)? + (wx —wy)% ez, wz, Z € {X, Y} are the
horizontal and vertical coordinates of node Z. In this work,
time is slotted, and we further assume that the fading remains
constant during one time-slot and changes between time-
slots. Py is the transmit power of ED belonging to the region
with SFk, and we assume that all EDs have the same transmit
power in each region. xg, x{fR are modulated signals of S and
interferer i of SFk modulated by the patented CSS modulation

with unit power, i.e., B {|xs|?} = B ”x{j

2
R‘ } = Lixig =
{0, 1} is the activation function of interferer i of SFk and
follows the Bernoulli distribution with the success probability
of ph = = Rf = SFyCRBW/ (25%%) is the bit rate of
ED in regig)]n SFk (in bit/s), which is provided in Table 2.
Lpac, Tin, CR and BW are the packet length (in bits), the inter-
arrival time between two packets (in seconds), the coding rate
and the transmission bandwidth (in Hz), respectively. In the
present work, we assume that all EDs, regardless of region,
have the same packet length, inter-arrival time, coding and
transmission bandwidth. In (1), ng is the AWGN noise at the
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TABLE 2. LoRa characteristics at BW = 250 KHz; CR = 4/5.

SF Bit-rate Qo P Range
[Kbps] | [dBm] | [dBm]
7 10.9 -6 2 0— R/6
8 6.25 -9 5 R/6 — 2R/6
9 3.52 -12 8 2R/6 — 3R/6
10 1.96 -15 11 3R/6 — 4R/6
11 1.1 -17.5 14 4R/6 — 5R/6
12 0.6 -20 17 5R/6 — R
relay node with zero mean and variance [5]:
og[dBm] = —174 4 NF + 10log,, (BW), )

where the first part is thermal noise normalized to 1 Hz.
The second part, NF, is noise figure of the receiver (in dBm)

and the last part contains the effects of the used bandwidth.
12 Ng
We notice that, in (1), the term »_ X!‘R«/thfofR rep-
k=7i=0 T
resents the aggregate interference from the signals using the

same SF or intra-SF interference and signals from different
SFs or inter-SF interference.

At the end of the first phase, the relay R decodes the signal
from S following re-modulating and forwarding the infor-
mation to gateway G. In the present paper, the decode-and-
forward protocol is utilized. The core reason of this utilization
is that compared to amplify-and-forward protocol, the
DF protocol achieves better performance as well as requires
less complexity hardware at the relay [24]. As a consequence,
the received signals at the gateway, denoted by yg, are formu-
lated as:

12 N

¥G = v PRARGXR + Z Z XE VPRl gk g +nG. (3)
k=7 i=0

where PR = P,,0 € {7,...,12} is the transmit power of

the relay; the explicit values of P, are available in Table 2;
hR G, hi'(,G are the channel coefficients from R and interferer
i of SFk to the gateway; xR,xi’fG are re-modulated signals
of S at R and signals from interferer i of SFk; ng indicates
AWGN noise at the gateway; Xik,G is the activation function.
In this paper, we assume that the active interference of all
regions is exactly the same for two phases. The asymmetric
case where the active EDs of the first and second phase
are independent can be derived in straightforward fashion
by using our following mathematical frameworks, since the
impacts of interferer EDs on relay and gateway are non-
correlated.

Under the considered networks, the signal-to-noise
ratio (SNR) of the transmitted signals from X to Y, denoted
by SNRyy, is formulated as follows

Px|hx,y|2
— 4)
Y

SNRxy =

VOLUME 8, 2020
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where Py is the transmit power of node X; o% is the noise
variance at receiver Y and ‘hx, Y |2 is the channel gain from X
toY.

The signal-to-interference ratio (SIR) of the packets sent
from node X of region SFo, 0 € {7,...,12} to node Y
impaired by interference from SFk, k € {7, ..., 12}, is for-
mulated as follows

Py |hx v |?
SIRyy = el )
.zijk‘hf-‘:y

where, K’k = [pﬁNk-| is the number of active EDs belong-

ing to SFk; [.] is the ceiling function; ‘Jhﬁy 2’ Py are the
channel gain and transmit power of interferer i from SFk to
receiver Y.

In the sequel, the coverage probability of the transmission
from S to G is computed in closed-form expressions under
different scenarios.

Ill. COVERAGE PROBABILITY ANALYSIS

In LoRa, the coverage probability refers to the probability
that an arbitrary ED is in coverage or that its packets are suc-
cessfully transmitted to the gateway. To be more specific, one
packet which operated at SFo, 0 € {7, ..., 12}, is considered
to be decoded correctly if the two following conditions are
satisfied simultaneously: i) its SNR is greater than a given
threshold, g,, where g, values are provided in Table 2; ii) its
SIR versus other packets from the same or different SFs k
are larger than the rejection threshold, A, (in dB), 0,k €
{7,...,12}, [5], [6]. Here, A,k is the o-row and k-column
entry of matrix A, which is provided as follows [26, Table 1]:

SF; SFg SF9 SFi9 SFi; SFi2

SF; 1 -8 -9 -9 -9 -9
SFg | —11 1 —11 —-12 —-13 —13
A_SFo |15 —13 1 —13 —14 -I5
SFio | =19 —18 —-17 1 —17 —18
SFi; | =22 —22 —21 —20 1 —20
SFi, | =25 —25 —25 —24 -—23 1
(6)

For example, if one packet is sent at SF9, then it can be
decoded error-free, provided that its SIR versus the packet
from SF7 is not less than —15 dB and that its SIR versus the
packet from SFO is at least 1 dB.

To simplify the mathematical formulas we set 9s g =

2
MZ%UR. In the sequel, two following useful Lemmas are

proposed in order to compute the coverage probability and
are given as
Lemma 1: Let us denote X as the approximated random

- N
variable (RV) of X, i.e., X ~ X, where X = > X, is the

=
sum of N independent and non-identical distribz;ted (i.n.i.d)
Gamma RVs with corresponding shape and scale parameters,
a; and ;. Then, the CDF and PDF of X denoted by F5 (x),
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fz (x) are formulated as follows

O
x5!
fr ) = W exp (—x/§), @)

where " (.), y (., .) are the gamma function and lower incom-
plete gamma function; ¢ and & are provided as follows

N 2 N
<Z aiﬁi) > aip?

i=1 i=1

c=- 2 e=C ®)
> aip? > aifi
Pt =
Proof: The prloof is available in Appendix . [ ]

Lemma 2: Given two Gamma RVs X and Y with corre-
sponding shape and scale parameters, a; and B, i € {X, Y}.
The complementary cumulative distribution function (CCDF)
of RV Z, which is the ratio of X and Y, i.e., Z = X Y, denoted
by F7 (2), is computed as follows

F, @) = Ji(z/Bx, 1/By, ay, ax)
g I (@x) T (ay) (B
a’T (u+v) b
W2Fl <1,M+V,u+],m>,
)

]1 (a7 b’ I/t, v) =

where
function.
Proof: The proof is available in Appendix . [ ]

Based on the outcomes of Lemmas 1 and 2, the cover-
age probability (Pcov) of three different interference circum-
stances, namely, intra-SF interference, inter-SF interference
and both intra-SF and inter-SF interference, are formulated
and computed by three following Theorems.

Theorem 1: Assuming that relay R is located at region
SFo, 0o € {7, ..., 12}, under intra-SF interference the cov-
erage probability of the signals from S to R and from R to G
is formulated in (10):

2F1(a,b,c,z2) is the Gaussian Hypergeometric

P (q0) = €1 (40) G,

cov

C1(g0) = Pr{SNRsR > gsr, SNRR G = ¢} .
ci = pr [SIRER > AL, SIRE'S > A2 ], (10)

and it is computed in (11), as shown at the bottom of the next
page. Here Cy (q,) is the probability that the SNR values of
both hops are greater than a given threshold. It is noted that
since node S is always located at the edge of the networks or
SF12, the SNR threshold, qs Rr, is subsequently always q12,
gsR = q12; 4o, on the contrary, is changeable because of
the flexible position of the relay. Cizmra is the probability that
the SIR values of two hops are greater than the rejection
threshold, Al)?tg? X € {S,R}, Y e {R,G}, and rely on
the region where the packet is sent; in addition, A‘)‘gtg? is
also the diagonal element of matrix A in (6). For example,
the rejection threshold of packets sent by S, which is located
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at SF12, is AJW =
we have Ag}g‘ = Ao.o-
Proof: The proof is available in Appendix . ]
Theorem 2: When the inter-SF interference is taken into
consideration, the coverage probability of S with the help of
relay R located at region SFo, o € {7, ..., 12} is formulated
in (12):

A12,12; the same for the second hop,

Pi' (o) = C1 (q0) G,
Ci(g0) = Pr{SNRsr > gsr.SNRRG > o} .
e = peSIRy = ALl SIRP = A%, 2

and it is computed in (13), as shown at the bottom of this page.
Here Cy (q,) is the probability that the SNRs of dual-hop
are greater than a given threshold, which is the same as
Theorem 1. Cizmer is the probability that the SIR values of
two hops under inter-SF interference are greater than the
rejection threshold, which depends on the spreading factor
of both the desired packet and interference packet. It is noted
that in this scenario, inter-SF interference, the SF conditions
of the intended packet and interference packet are not the

same. Particularly, Aisrftlgr = Apiw k € {7,...,11} and
AR = Ay k # 00,k €{T,...,12).
Proof: The proof is available in Appendix . ]

Theorem 3: Let us denote P2 (q,) as the coverage prob-

ability of node S with the aid of relay R located at region SFo,
o € {7, ..., 12}, under both intra- and inter-SF interference
of Nakagami-m fading as formulated in (14)

P2 (90) = C1 (g0) C3°™,

cov

C1(g0) = Pr{SNRsr > gs,r, SNRR G > ¢o} ,

Chot = pr SR = AR, SRS > Al ], (14)

and computed in (15), as shown at the bottom of this page.
Here, Cy (qy) is the same as Theorems 1 and 2. C'g"th is
defined as the probability that both SIR values under both
inter- and intra-SF interference from S to R and from R to
G are larger than the rejection threshold. In this context,
the SF values of the intended packet and interference packet

are not necessarily the same. In particular, Ag"l‘{h =

ke{l,....12) and AR¥® = Ao 0.k €{7,...,12).
Proof: The proof can be intuitively derived by combin-

ing the findings from Theorems 1 and 2. Particularly, C; (g,)
is obtained from (47), and Cg(’th comes from the multiplica-
tion of (49) with (52). We close the proof here. |

Remark 1: By directly inspecting (15), it is apparent that
although the Pcov can be computed in closed-form expres-
sion. The results, however, are solely approximated due
to the approximation of the aggregate interference. Thus,
Corollaries 1 and 2 are provided not only to simplify the math-
ematical framework but also to obtain the exact closed-form
expression where Rayleigh fading is taken into consideration.

To be specific, the coverage probability under Rayleigh
fading of all scenarios, i.e., intra-SF, inter-SF and all inter-
ference, are computed in the exact closed-form expressions.
The derivation, nevertheless, provides solely the case of all
interference, while the two remaining case studies are directly
attained from the general case.

Corollary 1: The coverage probability of node S under
Rayleigh fading with interference from all regions, denoted
by PRaboth (4 " is formulated in (16)

cov

A12.ks

cov

CRa (g,) = Pr {SNRgf‘R > gs.r, SNRE?; > qo} ,

PRa,bolh (6]0) — C}{a (6]0) C?a,both’

Ra,both __ Ra,both both Ra,both both
CRP™ = Pr{SIRE™" = AT, SIRR'S™ = Afei]

(16)

and it is computed in (17), as shown at the bottom of the
next page. Here wxy, X € {i,S,R}, Y € {R,G}, in (17)

is derived from Bxy by letting myy = 1, and we have
wx,y = Lx ybx y.
Proof: The proof is available in Appendix . [ ]

Corollary 2: The Pcov of intra-SF and inter-SF interfer-
ence under Rayleigh fading are provided in (18) and (19), as
shown at the bottom of the next page.

In the next section, we will maximize the performance
of the coverage probability by optimizing the relay position
under the considered networks. To be more specific, the cov-

ApBsr 1 12 A
1( P g SR SR ) gy (RS Lo )

. PR 9 S 9

P (q,) = T e W

S

' (msr) FOmRe)  r(msp) T (o) (6% T (meo) T (<8) (688)

M) J(ML/« ) ](A”JPL/C )
Pinter (qo) _ (s .75 1) F(mR’G, PR 11 J1 Py ’511{ v§R1mS],(R 12 1 RG R’Eé v§vaR,I((? (13)
cov
(s ) POme) Sy D(msp)M(ch) (ER2)® = I (mr.6)T(c8) (66)°6
0
90PR,GO& ApkBSR 1k Dok p. 1 _k
Pboth @) = I (ms..9s.) F(MR,G» PR ) 12 Jl( P ’EéyglbmS,R) Jl(ﬂR,G PRsEévS-G'mR.G> a5)
cov o) —

l—‘(mS,R) F(qug)
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erage probability of all intra- and inter-SF interference under
Rayleigh fading are yielded.

A. COVERAGE PROBABILITY MAXIMIZATION

We now formulate an optimization problem that maximizes
the coverage probability in (17) with respect to the location
of the relay in the different zones as'

maximize PRa both (vx, vy)

Vx,Vy
subject to xo. < vy <x7..,Yoe {7, ..., 12},
Yoin < Vy < Vmax> Yo € {7, ..., 12}, (20)
where {x%. . x2.} and {y%. ,¥%.} are the minimum and

maximum values of v, and vy, in a particular zone o,
respectively. Here, the fading parameters are defined as

2 2\"
wsr = Kobsr <\/(Cs —v)t+ (ws —wy) ) , 2D

2 2\’
wrG = Kofr G (\/ (vx —¢G)* + (vy — wa) ) . (22)

n
ofg = Kobjr <\/ (ch —ve)® + (wh = vy)2> . (23)

Since problem (20) is non-convex and the objective function
should be redefined as a function of each zone, a standard
convex optimization toolbox is not applicable for solving this
problem. For further manipulation, we recast problem (20)
for a given zone o as

maximize P, (vx, vy)
Vx,Vy

H o o
subject to x i < Ve < Xpax

Omm — Vy = ymax’ (24)

where P, (vx, vy) is a coverage probability for the particu-
lar zone o, which is derived from the general formula (17)
and presented in the closed-form expression in (25) with
Ai = gs RUR/PS7 Azo = qo0l/Pr; A = A2 Py/Ps;
Bz,o =A ,kPk/(CU,’GPR)

Py (vx, vy) = exp (—AjwsR (vx, vy) — A2,00R,G (Vx, Vy))

TProblem (20) is formulated based on the optimistic assumptions, for
example the perfect knowledge of interferers and is only solved offline.
However, the solution to this problem can be used together with deep neural

network for online resource allocation, similar to what has been done in [27],
and we leave this for the future work.

2 N wsr ()|
{1zt

k=7 i=1 zR(vX’VV)
-1
x (1 + BE yorG (v, vy)) (25)

Even though problem (24) is still non-convex, its feasible
domain is convex and the objective function is continuous.
Consequently, according to Weierstrass’ theorem, a globally
optimal solution exists [28], [29]. In order to find a local
optimal solution, we now introduce the partial Lagrangian
function of problem (24) as

L (vx, vy) =-P, (vx, vy) , (26)

which is based on the fact that maximizing P, (vy, vy) is
equivalent to minimizing —P, (vx, vy). Despite the inherent
non-convexity, we can take the first-order derivative of the
partial Lagrangian function with respect to vy and vy as

oL (vx, vy) _ P, (vx, vy) o7
vy T o, ’ @7
oL (vx, vy) B oP, (vx, vy) 28
vy - vy (28)

and the closed-form expressions are shown in (29) and (30),

as shown at the bottom of the next page, with the other

supported variables defined as:

awu,R (V)m Vy)
vy

2\ /21
= KoOurn (vx — cy) ((cu — vx)2 + (wu — vy) )

dwy R (vx, vy)
vy

D, (a)u,R (vx, vy)) = , uelf{i,S}

D, (wu,R (vx, vy)) = , uelfiS}

/21
= KobOu,rn (vy — wu) ((Cu —v)? 4 (Wu — Vy)2>n
JWR G (vx, vy)
dVy
/2—1
= Kobr,gn (vx — cG) ((CG —vo) + (wo — Vy)z)n

JWR G (vx , vy)
vy

Dy (0rG (v2: vy)) =

Dy (“)R,G (Vx’ Vy)) =

j2-1
= Kofr.gn (vy — wa) ((CG =)’ + (we — Vy)2)n

9o®R,GOG GO\ 12 Ni AP ose\ Ao iPr @ -
0 APy wsr Kk Pr wR,G
k=7 i=1 iR R wig
JowR GGZ Nip -1N, w -1
R 0oWR,GOG WS R R,G
PRAIN (g,) = CXP(—(I‘/‘S,R + T)) l_[ (1 +Ann— e ) 1_[ (1 + 8005 ) (18)
=1 lR i=1 i,G
1 N

PR (g,) = exp(—(

ﬁSR—i-quRGUG )HH

k=7 i=1
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E (f ("x’ V,V) 8 (Vx, Vy)) =f ("x’ Vy) /8 (Vx’ Vy)

: F gy =g f ()
E. (f, =
TR TE
Ey . 9) = f (Vy) g (Vy) — 8 g"y)f (Vy)_ 31)
(g (v))

Here, we notice that f (z) = 9f/dz, & (z) = 0g/dz is the
partial derivative of f and g with respect to z, z € {vx, vy}.
From initial values v(o) and v(o) in the feasible domain, and
by exploiting gradient descent to find a local minimum [30],
the coordinate is first updated at iteration n as

aL (v v )
oo _ -y _  9E e vy) 32
Vx Vy avx v :vgcnfl),vy:v;n—l)’ ( )
oL (v 12 )
s (=1 xr 7Y
e PO TS SR

where the step size T > 0is sufficiently large for the direction
of steepest descent. Due to the constraints on the zone in (24),
the coordinate of the relay should be updated by checking the
boundary values as

v = min(max( @ xmm),xr‘;ax), (34)
vg") = min(max( §),ymm) o x). (35)

After a number of iterations, the updates in (34) and (35)
converge to a local solution for zone o. The stopping criterion
can be defined based on the variety between two consecutive

iterations, which should be less than a given € value:

(36)

2 2
v)(C") - v&"_l)‘ + ‘vgl) - v;”_l)‘ <e.

By assuming that the convergence holds at iteration n,
we obtain a local solution as

vo* = and Wt = v 37

for which the locally optimal objective value is P} =
P,(v*, v;’,’*). We stress that the above optimization proce-
dure is applied to a particular zone, and it will be repeated for
all remaining zones to find a good relay position. By gather-
ing all of the optimized solutions of all six considered zones,
the solution to problem (20) is obtained by computing:

0,*).

{vx, vy} = argmax P(,(v (38)

0,% 0%
V', Vy

Our proposed optimization approach to maximize the cover-
age probability is summarized in Algorithm 1.2

B. BASELINE PERFORMANCE

In this section, the performance of LoRa networks without the
help of relay is provided. Particularly, the coverage probabil-
ity (Pcov) of direct transmission under both Nakagami-m and
Rayleigh fading are provided by Proposition 1. It is noted that

2Algorithm 1 obtains a local optimum to problem (24) with low compu-
tational complexity in each iteration thanks to the use of gradient descent,
which only needs to evaluate the first derivative of the partial Lagrangian
function with respect to each optimization variable. The performance of
Algorithm 1 compared to the other benchmarks are presented by numerical
results in Section IV.

P, (vx,vy)
vy
2 N wsk (Ve vy) |
:—l_[l_[ (l—i—Ak—y) <1+Bﬁ0wR,G(vx,vy))
k=7 i=1 zR(VX’v))

—1

12 f\}k

X exp (—Ala)s,R (vx, vy) — A2, ,0RG (an Vy)) |:A1Dx (a)R,G (Vx, vy)) + A oDy (wR,G (Vx’ Vy)) + Z ZA§

k=7 i=1

—1
. , -1
X Ex (ws,R (vesvy) 5 wﬁR (vx, Vy)) (1 +A§M) +B§,0Dx (0rG (v W) (1 + Bf‘{,owR,G (v, Vy)) ] (29)

@; R (Vx"’y)
aP, (vx,vy)
vy
12 ﬁk -1 -1
T 1+ 552) (1 somoton)
k=7 i=1 wfg (v vy)

12 N

x exp (—A1osR (Ve vy) = A200RG (V3 ) [AlDy (0r.G (v 1)) + 420Dy (@06 (e 1)) + 30 D43

< B, (wS’R (ves ) > @i (v, Vy)> (1 +A§M

Wi R ("x’ "y)
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Algorithm 1 A Local Solution to Problem (20) by Using
Gradient Descent

Input: Ko, (xs, ys), (XG ¥G)» 1, Os R, OR G- Ps, gs R, 032, oz,
Go: PR A12.k Do o Oy (31537), 1 € {1, Nef ke €
{7,...,12}.

1. Set n = 0 and initial values v\’ and v§,0 ) for zone o.

2. Compute the first-order derivatives of £ (vy, vy) for zone
o with respect to v, and vy at the coordinates v and v(”)
by utilizing (27) and (28), respectively.

3. Update p{""" and 3"*" for zone o by utilizing (32) and
(33), respectlvely.

4. Update v and v;”H) for zone o by utilizing (34) and
(35), respectively.

5. Check the stopping criterion: If (36) satisfied — store
ve® and vi* as in (37), then go to Step 6. Otherwise, set
n = n+ 1 and repeat Steps 2 — 4.

6. Repeat Steps 1—5 for all other zones to collect v-™, v,
and P, (v0*, vg*) Then, obtain the optimized coordi-

nates of the relay by solving (38).

0% /0%

Output: The coordinates of the relay vy and vj.

although the coverage probability of LoRa networks under
Rayleigh fading was well-studied in [5], the performance
under Nakagami-m is still missing in the literature. As a
result, the main purpose of this baseline system is to not only
act as an benchmark against of proposed relay-aided LoRa
networks but also highlight the impact of the fading parame-
ter, m, on the performance of edge-node LoRa networks. The
coverage probability (Pcov) of direct transmission is provided
by the following Proposition.

Proposition 1: The Pcov of both Nakagami-m and
Rayleigh fading under all interference scenarios without the
help of relay, denoted by PN%P¢ and PR&Ds¢ s formulated
and computed as follows

2
4s.GBs.Go,
r <mS,G, TG)

r (mS,G)

Apiwsc 1 k
12 Ji (T’ 7 §G,ms,G)
G

PNa base (C]S,G) —

cov

<[] - (39)

k=7 r (mS’G) r (S-G)

2
qs,GWs,GO,
P (g5.0) = exp (- URC)
S
12 Ny 1
ApiPr o

XHH | 4 D127k 12,k Lk SG) (40)

k=7 i=1 G
Proof: The proofis derived easﬂy by following the same
stages in Theorem 3. ]

IV. NUMERICAL RESULTS

In this section, numerical results are provided to verify the
correctness of our mathematical frameworks. Particularly,
the following setups are used: BW = 250 KHz, NF = 6 dBm,

VOLUME 8, 2020

n = 3, fc = 868 MHz, L,,c = 10 bytes, CR = 4/5,
Tin = 60s; we consider the rectangular networks with radius
R = 6000 m; the horizontal and vertical networks are from
0 — R and —R/2 — R/2, respectively; and (vx, vy) =
(2.5R/6, —R/12), (c¢s, ws) = (R, 0) and (cg, wg) = (0, 0).
The transmit power of interference EDs, as well as relay,
are changeable and rely on the located region, while the
transmit power of source node, Ps, is always fixed and equal
to P> = 17 dBm; the detailed values of the transmit power
of all regions are available in Table 2. The SNR threshold,
qo, 0 € {7,...,12}, is also given in Table 2. As for the
small-scale fading, the following parameters are considered:
ms R —mSG _mRG—35 OSG—35and95R —QRG—I

mk mj  and m* ;. are the following uniform RV values from 0.5 to
4. 5 and OkR and GkG also follow uniform RV from 1 to 15.
The total interference ED is 2000, i.e., N = 2000. The Monte
Carlo simulations are done based on the commercial software
Matlab. The principal steps of the simulator are described
as follows: First, the position of source, relay and gateway
nodes are fixed at (R, 0), (2.5R/6, —R/12) and (0, 0). Next,
for each realization, N interferers are uniformly distributed
in the simulated region. The fading between all nodes in the
networks are generated based on Nakagami-m distribution.
Then, the set of active interferer of each region is identified
based on the Bernoulli distribution with its corresponding
success probability p’j4, k € {7,...,12}. This set of active
interferer remains active for the whole transmission which
comprises of two phases. In the first phase, the source node
transmit packets to the relay, the relay decodes, then forwards
to the gateway at the second phase. The performance metric is
computed for each packet based on the SNRs and SIRs at the
received nodes, i.e., relay and gateway. For each realization,
200 packets are transmitted from the source node and the pro-
cedure is iterated for 10000 realizations of different locations
of the interferer. Thus, the Pcov is averaged over 2 million
packets.

Fig. 2 shows the coverage probability with respect to
the SNR threshold gsrg = ¢s,c with all kinds of inter-
ference, i.e., intra-SF, inter-SF and both interferences under
Nakagami-m distribution. It is obvious that our mathematical
frameworks exactly overlap with respect to Monte Carlo
simulations, thus verifying the correctness of our derivation.
Firstly, we observe that the larger the gs g = ¢s,G, the smaller
the Pcov. This can be justified in straightforward fashion by
direct inspection of the definition of the Pcov. Moreover, there
is no doubt that the performance of the coverage probability
of the edge-node such as S is significantly ameliorated with
the help of the relay, e.g., approximately 0.1 when gsr =
gs.c = —20 dBm. It emphasizes that under some specific
value of gsR = ¢sG, i€, gsR = ¢gsg = —4 dBm,
the proposed systems can improve the Pcov of edge-node up
to 90% compared with the conventional single-hop LoRa net-
works. It is also evident that with the same value of the Pcov,
the proposed dual-hop LoRa networks can support higher
SNR threshold than the baseline systems, e.g., approximately
10 dBm when Pcov = 0.6. It means that we are able to enhance
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FIGURE 2. Coverage probability versus g5 g = g ¢ with different kinds of
interference. To be more specific, “Intra, Inter and Both” denote the
intra-, inter-SF and all interference while “BL" stands for the base line
communications with both interferences. Solid lines are plotted by using
(11), (13), (15) and (39). Markers are from Monte-Carlo simulations.

the QoS at the edge-node without degrading the coverage
probability.

In addition, Fig. 2 also confirms the necessity of tak-
ing into consideration the impact of the capture effect
or imperfect orthogonality in LoRa networks. Particularly,
under the degradation of both intra and inter-SF interfer-
ence, the Pcov slightly decreases when gsr = ¢gsG is
relatively small. If gsg = ¢sc continues to increase,
then all curves become indistinguishable due to the change
of networks from interference-limited to noise-limited sce-
nario. This can be explicated by directly inspection (15),
when ¢ is small, the Pcov is dominated by the term

AkPSR 1 &k
12 ‘Il<7p12 ,Eﬁqu,ms,R Ji 5RGPR s" (sk.mr G

3 — or the sys-
k=7 T(ms)T(R)(E)R T (mra)T(s6)(E6)C
tem is under interference-limited and when ¢ is sufficiently
large, Pcov changes to noise-limited and dominated by

2
I'(msRr,Os,R) " (mR'G’ qOﬂ];faG )
S.R.7S.R . Hence, there is no differences
F(ms R) F(mR G)

between intra-, inter and both interferences in this region.
Fig. 3 illustrates the behavior of Pcov with respect to
the number of interferer, N, and different small-scale fad-
ing, i.e., Rayleigh, Nakagami-m and no fading, respectively.
Observing this figure, we see that when number of interferer
is relatively small or the system is under sparsely-loaded
scenario, the no fading, of course, is the best followed by
Nakagami-m and Rayleigh fading is the worst. This can be
explained that when N is small, the system is in noise-limited
regime or the impact of the aggregate interference is minority
compared to the AWGN noise. Under this context, the no
fading outperforms others. On the other hand, when the
network is densified or in fully-loaded scenario, N > 1,
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FIGURE 3. Coverage probability versus number of interference EDs, N,
with various small-scale fading channels. Particularly, “Rayleigh, Nakgami
and No fading” are Rayleigh fading, Nakagami-m and no small-scale
fading, respectively. For no fading, we have mgp = ms G =Mmgg =15,

€ [1, 20]; for
Rayleigh fading, mgg = mg g =mp g = iR= =1,

05 = Op,g = 0.5714; 05 g = 2.2857 and o" a" e [1 20]; for
Nakagami-m, we use the typical setup except for bsr =0rG =2:;0s5G=8

in order to have equal channel gain of all scenarios. Solid lines are plotted
by using (17) and (15). Markers are from Monte-Carlo simulations.

fsr = pc =2: s, = 8; m{‘R_m{‘G_lo 0,"R,

the network is under interference-limited regime and the no
fading becomes the worst and Rayleigh fading is the best one.
This phenomenon can be easily explained that when keep
increasing number of interferer N, the aggregate interference
of case no fading will increase faster than Nakagami-m fading
and Rayleigh due to its better channel gain to the gateway. The
intended link, on the contrary, is constant with this augmenta-
tion of the interference. As a result, the SIRs of the no fading
declines fastest among three case studies followed by the
Nakagami-m fading, thus, the Pcov of both the no fading and
the Nakagami-m decrease quicker and become worse than
the Rayleigh fading. It is obvious that network densification
is monotonic decreasing the performance of the LoRa net-
works. However, if the considered metric is the potential area
spectral efficiency (PSE) [31], we believe that there exists an
optimal value of N that maximize PSE, studying the PSE,
nonetheless, is out of scope of the current paper and is left
to the future work. Again, this figure justifies the accuracy
of our mathematical frameworks against results based on
Monte Carlo simulation. Furthermore, it is interesting that
the Pcov exhibits a down-stair property with respect to N.
This trend can be obviously explicated: the number of active
EDs of each region is a ceiling function rather than a true
continuous function, i.e., Ny = [p&Ni]. This means that if
Ny does not increase to a sufficiently large value, the Ne.,
as a result, remains constant or changes with an epsilon
pace.
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FIGURE 4. Coverage probability versus number of interference EDs, N,
with different path-loss exponents. “Pro, BL” stand for proposed and
baseline framework under Rayleigh fading with both inter- and intra-
interference. mg g = mg g = mp g = mip= mg"c =1,05pr =0grg =0.5;

mg =2.5and 6’!‘R, 0ikc € [1, 20]; Solid and dotted dashed lines are

plotted by using (17) and (40). Markers are from Monte Carlo simulations.

Fig. 4 shows the performances of coverage probabil-
ity for both the proposed and baseline frameworks under
Rayleigh fading with different values of the path-loss expo-
nent. We observe that increasing the path-loss exponent,
n, will, of course, decrease the coverage probability as the
large-scale path-loss monotonically increases with path-loss
exponent. Moreover, as pointed in Fig. 3, it is not surprising

0.44 0.75

1
— Optimized location
Random location
0.8 Fixed location |
0.6 |- |
=
[
O
0.4+ |
0.2+ |
0 L 1 1
0 0.2 0.4 0.6 0.8 1

Coverage probability

FIGURE 5. The CDF of the coverage probability from different
benchmarks: Optimized location denotes the location of the relay
obtained by Algorithm 1. Random location denotes the location of the
relay randomly located in the network. Fixed location denotes the
location of the relay predetermined.

that the Pcov also follows the stair-shape when N keeps
increasing. The results also consolidate the essential nature
of the aid of the relay node, especially with respect to dense
networks or N > 1, as the gap between the “Pro” and the
“BL” curves is approximately 0.3. Additionally, the curves
with small path-loss exponent fall swiftly compared to large
path-loss exponent. The principal reason for this trend is
that under large path-loss exponent scenario, the interference

0.8}
. 0.42 A .
) o <
2 2 07 2
2 04 2 2075}
% 2 2
g 0.38 g g
z 50.65 z 07
o 036 O O
0.6 0.65
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FIGURE 6. Convergence of Algorithm 1 for all considered zones. The results are averaged over 5000 random realizations of the interferer while the
positions of the source and gateway are fixed and the relay’s position of each zone is optimized based on Algorithm 1.
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created by edge nodes or EDs which are away from the
receiver is negligible so the Pcov decreases with lower pace
compared to case small path-loss exponent.

We show the CDF of the coverage probability by utilizing
the different methods to locate the relay in Fig. 5. Locating
the relay randomly in the network area results in the worst
coverage probability of 0.43 on average. This is because
bad locations for the relay may be encountered as a con-
sequence of the relay’s location randomness. Subsequently,
by selecting a good heuristic fixed location for the relay (i.e.,
vy = 2500 and vy, = —500, the coverage probability is
0.70. However, the fixed location is not always a good option
when the receiver changes its location. Therefore, it calls for
carefully relocating the relay’s location whenever the receiver
is relocated. Algorithm 1 yields the best coverage probability
of 0.86 on average. It hence manifests superior improvements
when optimizing the relay location.

Fig. 6 plots the convergence of Algorithm 1 for all consid-
ered zones. The results numerically verify the convergence of
our proposed solver, which requires less than 200 iterations
to reach a fixed point for all the six zones. Compared with
the initial point, optimizing the relay location in each zone
achieves 7% to 30% improvement in the coverage probability.
In addition, Fig. 6 visualizes that the convergence properties
of each zone differ from each other. The convergence of
regions 8 and 9 exhibits fluctuations along iterations, while
the remaining zones exhibit a monotonic convergence prop-
erty. Moreover, the coverage probability in zones 9 and 10 are
better than the remaining since the distance from the relay
to the source and receiver is relatively equal to each other
without any drastic loss.

V. CONCLUSION

In this work, the coverage probability of the edge node is
studied via the aid of one relay node which is randomly
distributed throughout the networks. All results are presented
in closed-form expressions, where the results under Rayleigh
fading, in addition, are also computed in exact closed-form.
Our findings show that it is obvious that the quality of the
edge node is significantly ameliorated by using the relay.
Furthermore, if the position of the relay is properly placed,
we even further improve the network performance. In addi-
tion, the current work can be extended to several directions.
First, it is no doubt that studying the performance of the
considered networks under generalized fading channel is an
interesting direction. In fact, some well-known generalized
fading distributions like ¥ — u, « — @ and n — u are better
described the small-signal variations rather than Nakagami-m
fading [32], [33]. Next, another possible direction is to apply
Intelligent Reflecting Surface (IRSs) and compare it perfor-
mance with the traditional relay-aided LoRa networks [34],
[35]. It is also possible to combine the advantages of both
mathematical-based modelling with the power of deep learn-
ing to optimize the LoRa networks, i.e., the throughput of
whole networks under more practical conditions [36], [37].
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PROOF OF LEMMA 1

In this section, the statistics of the approximated RV of sum of
N independent and non-identical distributed (i.n.i.d) Gamma
RVs denoted by X~X= Zf’zl X; is proven. First, it should
be noted that no exact closed-form expressions of both CDF
and PDF of X are available in the literature. We, as a result,
approximate X by X, which also follows the Gamma distri-
bution based on the moment matching method (MMM) [38].
Let us denote ¢ and &, as the shape and scale factors of X.
According to the MMM method, the mean and variance of
two RVs are equivalent and are provided as follows

N ~
E{X}=Y aipi=E{X}=¢&
i=1
N ~
Var (X} = Y a;f? = Var {X} = c&2 41)
i=1
where «;, B; are the scale and shape parameters of RV Xj;

E{.} and Var{.} are the expectation and variance operator.
From (41), we have the following:

1 N
¢ = gzaiﬂi. (42)
i=1

Next, by substituting ¢ in (42) to (41), we are able to compute
& as follows

N
N LN _X;Oliﬁ,-z
Za,ﬂ? = szg Za,ﬂi SE=5— @)
i=1 i=1 Z ailgi
i=1
Next, by substituting & in (43) to (42), we obtain the ¢ as
follows
N 2
<Z Oéiﬁi)
_ Ni=l
S=—F—— 5 . (44)
> i
i=1

Finally, by substituting ¢ and & from (43) and (44) into the
formula of the CDF and PDF of Gamma RV, we obtain (7)
and close the proof here.

PROOF OF LEMMA 2

The CCDF of RV Z, that is, the ratio of two Gamma RVs
X and Y, is computed as follows. First, let us formulate the
CCDF as follows

Fr(2) = Prix/y =2 < f Fx @) fy O)fy

y=0
oo

® / [ (ax, 2y/Bx) Y~ exp (<y/Br)
I (ax) I (ay) (By)*Y

_ 1

T ()T (ay) (Br)™

y=0
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o]

X / Y~ exp (—y/By) T (ax, 2y/Bx) dy
y=0
© J1(z/Bx, 1/By, ay, ax)
[ (ax) T (ay) (Br)*"
where (a) is achieved by using the definition of the CCDF,
ie, Fx(x) = 1 — Fx (x) = Pr{X > x}; (b) is replacing
the formula of both CCDF and PDF of X and Y, respec-

tively. Finally, (c) is attained by using the results from [39,
Eq. 6.455]. Here

(45)

Ji(a, b, u,v)
a'l’ (u+v) b
=—>HF (1, , 1, —— ), 46
u(a+b)“+v2 1< u+v,u+ a+b) (46)

where 2F (a, b, c, z) is the Gaussian Hypergeometric func-
tion. We finish the proof here.

PROOF OF THEOREM 1

From (10), we observe that the Pcov constitutes two parts,
C1 (g0) and Cizmra. Thus, let us begin computing the C; (¢q,) as
follows

C1 (o) = Pr{SNRsr > gsr, SNRrG > g,}

{Ps’hsﬂz PR’hR,G’Z }
=Pr{——— > gsR——5— = 4o

a}% - 0(2}
2 2
@ r (ms,R, —qS’Rf)SS’RGR> r (mR,Gv ‘qoﬁgf%>
= , 47)
r (mS,R) r (mR,G)

where (@) is immediately attained by using the fact that the
channel gains between the first and second hops are indepen-
dently combined with the use of the CCDF of the Gamma
distribution [40, Table 5-2]; gsr = ¢q12 and g, are provided
in Table 1.

Now, let us investigate the second condition, Cizmra,
as follows

Clntl‘a — Pr {SIRIHU‘Q > AS R, SIRmtra > A }

2
Ps|h Prlh
o Pslsel [ PRl
Isp12 Isr,
(48)
, -
where Isp;p = ZPIZ , Ispp = are the

1
intra-SF 1nterference of the packet froni S to R using SF12

and from S to G using SFo. Observing (48), it is obvious
that in order to compute Cizn“a, the CDF and/or PDF of Isg;,
I € {12, 0}, is required along with the CDF and/or PDF
of |hS,R|2 and |hR,G|2. Nevertheless, the exact closed-form
expressions of CDF and/or PDF of Isp;, [ € {12, 0} do not
exist in the literature. Subsequently, in the sequel, the approx-
imated version of Isg;, [ € {lg, 0}, is used to compute Cizmra.
More specifically, denoting Isp; as the approximated Isp,

VOLUME 8, 2020

Tsp ~ s, then Cizn“a in (48) is written as follows

2 2
C’lmra = Pr P—sihS’R’ > A2 ¢ Pr —PRBZR’G’ > Ao
Isrprp ' Isrpp = 7

ApBsr 1 12
J =, T2 , M
@ 1 Ps 51%2 SR S.,R

P (ms ) T (s82) (68)
Jl (AO;—ER,G’ %v gGv mR,G)
I (mrc) T (s8) (58)
where (a) is obtained by using the outcomes of Lemma 2 w1th

respect to the CCDF of the ratio of two Gamma RVs, |?S szI

(49)

and |hRG| . Here, the shape and scale parameter of Gamma

Isro
RV Ispl, |l € {o, 12}, is obtained thanks to Lemma 1 and
provided as follows

~ 2
<g (mf,R/IBiI,R))

=

Sk = Ny 2 = N,
;1 mf,R(l/ ﬂil,R) ;1 (mi,R/ 5;,12)
) ) (50)

Z e (17815)”

where [ € {y, 12}. We complete our proof here.

PROOF OF THEOREM 2

The coverage probability of the inter-SF interference scenario
is calculated in this section. Let us re-write the definition for
this case study as follows

PN (g,) = C1 (o) CIer
C1 (go) = Pr{SNRgsRr > gsr, SNRrG > g0}

Ciznter — Pr {SIRmter > Alsntlgr’ SIRmter > Alnter} (51)

By direct inspection (51), it is evident that C; (g,) is iden-
tical to C; (q,) in the case of intra-SF interference. As a
consequence, we intuitively achieve the expression of C; (g,)
provided in (47).

Now, let us move to C3"*"

as follows

Ciznter — [SIRlnter > Alsn;t{ar7 SIRmter > Amter}

11 Peln
ZHP{ d SR| >A12,k}

12 2
Pr|hr G|
Pri——— > A
8 H r{ Ispe  — a’k}

k=7.k#o
ApiBsr 1 k

11 Ji| =%, =&, Sg> MSR
@ < P T Ef SR

¢ T (mse) T (sk) (65

ﬁ Jl <A0+£RG5 %’ gg;v mR,G) (52)
X o
k=7iz0 T (mra) T (s8) (58)°°
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2
where Ispr = Z Pk ‘ is the aggregate interference from

=1
SFk (a) is denved by following the same steps at (49) and
gY, Sy, Y € {R,G}, provided as follows

N 2
z( £y iBEy)
o = l; . Y e(RG)
oy (1/8y)
sz,y(l/ﬂ 0
gk = p =t 7 , e {RG}. (53)
> (mky /8ty

i=1
We conclude the proof here.
PROOF OF COROLLARY 1

Let us begin this section by re-writing the definition of Pcov
in (16) as

R h
P?g\vboth (CIO) — CRa (CI()) C a,bot]

Cf (g0) = Pr {SNRSR > g5 SNRES = g,
C?a,both —pr {SIRRa both goﬁh’ SIRRa both > Aboth}
54

The CF"I (g0) can be derived effortlessly from (47) by letting
msr = mrG = 1, as

CR* (g) = Pr{SNRE} = g5, SNRE = g, )

s RBsROE 4oPRGOE
(1t (1, st

r (1) r (1)

2 2
w O, w O,

(@) exp [ — dSRWSROR  GoWR,GOG . (55)
Py Pr

Here, (a) is obtained by using an identity [40, Eq. 8.352];
wxy,X € {S,R},Y € {R, G} is derived from Sx y by letting
myy = 1,and we have wy y = Lx y0x.y. As for the C?a’bmh,
it is computed as follows

Ra,both __ Ra,both both Ra,both both
CRM = Pr[SIREE™™ = AL, SIRRE™™ = Al

12 2
h A P
_ l—[Pr ﬁ| S,R| > 1;1( k
k 2 S
S 7N
i=1"
h Ay kP
Pr ~| R,G| > 0.kCk
N L 2 Pr
> [t

107100

-1

12 Ny
11—11—[ AlszkaR
- ko
=7 i=1

@iR
» —1
Aok Pr wic (56)
i G
where (a) is derived as
|hSR’2 Alz Pk
Pri — -
Nk PS
> [ite]
i=1
N o
@ A12 kP
= 1_[ |hs,R|2 Z ’ . )2 (i) dyi
i=1 i=1
y=
ﬁk o0 ﬁk
wsRA 12,k Pk
=1] / exp | ——=—=—=> "y |fi, 2Oy
i=1 Ps i=1 e
=1,% —
—1
®) A12 kPr wsr
2 1"[ — (57)
=1 @i R

where (a) is attained by using the definition of the CCDF; (b)
is derived by using the definition of the moment generating
function (MGF) of exponential RV with mean p as follows

Mx (s) = / iexp(—x(sle))dx
M %

=|s+—) —=U+sux)" . (58)
w)

The remaining probability is freely derived by following the
same procedures as those of (57).

Finally, by combining the outcomes of (56) and (56),
we obtain (17) and finish the proof here.

ACKNOWLEDGMENT
(Tien Hoa Nguyen and Woo-Sung Jung are co-first authors.)

REFERENCES

[1] E. Rogers, “Encouraging intelligent efficiency—Study of policy oppor-
tunities,” Energy-Efficient Economy, Washington, DC, USA, Tech. Rep.
IEA-4EDNA, Apr. 2017.

[2] C. Goursaud and J.-M. Gorce, “Dedicated networks for IoT: PHY/MAC
state of the art and challenges,” EAI Endorsed Trans. Internet Things, Eur.
Alliance Innov., 2015.

[3] T. M. Cover and A. A. E. Gamal, “Capacity theorems for the relay chan-
nel,” IEEE Trans. Inf. Theory, vol. IT-25, no. 5, pp. 572-584, Sep. 1979.

[4] J. N. Laneman, G. W. Wornell, and D. N. C. Tse, “An efficient protocol
for realizing cooperative diversity in wireless networks,” IEEE Trans. Inf.
Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.

[5] O. Georgiou and U. Raza, “Low power wide area network analysis: Can

LoRa scale?” IEEE Wireless Commun. Lett., vol. 6, no. 2, pp. 162165,

Apr. 2017.

A. Hoeller, R. D. Souza, O. L. A. Lopez, H. Alves, M. de N. Neto, and

G. Brante, “Analysis and performance optimization of LoRa networks

with time and antenna diversity,” IEEE Access, vol. 6, pp. 32820-32829,

2018.

[6

—

VOLUME 8, 2020



IEEE Access

T. H. Nguyen et al.: Performance Analysis and Optimization of the Pcov

[7] T. Yoon, T. H. Nguyen, X. T. Nguyen, D. Yoo, B. Jang, and V. D. Nguyen, [30] T. V. Chien, K. Q. Dinh, B. Jeon, and M. Burge, “Block compressive
“Resource allocation for NOMA-based D2D systems coexisting with sensing of image and video with nonlocal Lagrangian multiplier and patch-
cellular networks,” IEEE Access, vol. 6, pp. 66293-66304, 2018. based sparse representation,” Elsevier Signal Process., Image Commun.,

[8]1 Z. Qin, Y. Liu, G. Y. Li, and J. A. McCann, “Performance analysis of vol. 54, pp. 93-116, May 2017.
clustered LoRa networks,” IEEE Trans. Veh. Technol., vol. 68, no. 8, [31]1 M. DiRenzo, T. T. Lam, A. Zappone, and M. Debbah, ““A tractable closed-
pp. 7616-7629, Aug. 2019. form expression of the coverage probability in Poisson cellular networks,”

[9] T. Elshabrawy and J. Robert, “Capacity planning of LoRa networks IEEE Wireless Commun. Lett., vol. 8, no. 1, pp. 249-252, Feb. 2019.
with joint noise-limited and interference-limited coverage considerations,” [32] M. Yacoub, “The xk — u distribution and the n — p distribution,” IEEE
IEEE Sensors J., vol. 19, no. 11, pp. 4340—4348, Jun. 2019. Antennas Propag. Mag., vol. 49, no. 1, pp. 68-81, Feb. 2007.

[10] M. O. Hasna and M.-S. Alouini, “A performance study of dual-hop trans- [33] M. D. Yacoub, “The «-u distribution: A physical fading model for the
missions with fixed gain relays,” IEEE Trans. Wireless Commun., vol. 3, stacy distribution,” IEEE Trans. Veh. Technol., vol. 56, no. 1, pp. 27-34,
no. 6, pp. 1963-1968, Nov. 2004. Jan. 2007.

[11] A. Bletsas, A. Khisti, D. P. Reed, and A. Lippman, “A simple cooperative [34] E.Bjornson, O. Ozdogan, and E. G. Larsson, “Intelligent reflecting surface
diversity method based on network path selection,” IEEE J. Sel. Areas versus Decode-and-forward: How large surfaces are needed to beat relay-
Commun., vol. 24, no. 3, pp. 659-672, Mar. 2006. ing?” IEEE Wireless Commun. Lett., vol. 9, no. 2, pp. 244-248, Feb. 2020.

[12] T. Lam Thanh, V. Nguyen Quoc Bao, and T. Trung Duy, “Capacity [35] L. Yang, Y. Yang, M. O. Hasna, and M.-S. Alouini, “Coverage, prob-
analysis of multi-hop decode-and-forward over rician fading channels,” in ability of SNR gain, and DOR analysis of RIS-aided communication
Proc. Int. Conf. Comput., Manage. Telecommun. (ComManTel), Apr. 2014, systems,” IEEE Wireless Commun. Lett., early access, Apr. 14, 2020, doi:
pp. 134-139. 10.1109/LWC.2020.2987798.

[13] A. A. Nasir, X. Zhou, S. Durrani, and R. A. Kennedy, “Relaying protocols [36] A.Zappone, M. Di Renzo, and M. Debbah, “Wireless networks design in
for wireless energy harvesting and information processing,” IEEE Trans. the era of deep learning: Model-based, Al-based, or both?” IEEE Trans.
Wireless Commun., vol. 12, no. 7, pp. 3622-3636, Jul. 2013. Commun., vol. 67, no. 10, pp. 7331-7376, Oct. 2019.

[14] Z. Ding, 1. Krikidis, B. Sharif, and H. V. Poor, “Wireless information [37] A.Zappone, M. Di Renzo, M. Debbah, T. T. Lam, and X. Qian, “Model-
and power transfer in cooperative networks with spatially random relays,” aided wireless artificial intelligence: Embedding expert knowledge in deep
IEEE Trans. Wireless Commun., vol. 13, no. 8, pp. 4440-4453, Aug. 2014. neural networks for wireless system optimization,” IEEE Veh. Technol.

[15] Y. Liu, Z. Ding, M. Elkashlan, and H. V. Poor, “Cooperative non- Mag., vol. 14, no. 3, pp. 60-69, Sep. 2019.
orthogonal multiple access with simultaneous wireless information and [38] S.Covoand A. Elalouf, “A novel single-gamma approximation to the sum
power transfer,” IEEE J. Sel. Areas Commun., vol. 34, no. 4, pp. 938-953, of independent gamma variables, and a generalization to infinitely divisible
Apr. 2016. distributions,” Electron. J. Statist., vol. 8, no. 1, pp. 894-926, 2014.

[16] T.L. Thanh and T. M. Hoang, “Cooperative spectrum-sharing with two- [39] I.S. Gradshtein and I. M. Ryzhik, Table of Integrals, Series, and Products,
way AF relaying in the presence of direct communications,” EAI Endorsed 7th ed. New York, NY, USA: Academic, 2007.

Trans. Ind. Netw. Intell. Syst., vol. 5, no. 14, Jun. 2018, Art. no. 154836. [40] A.Papoulis and S. U. Pillai, Probability, Random Variables, and Stochastic

[17] T. T. Duy and H. Y. Kong, “Exact outage probability of cognitive two- Processes, 4th ed. New York, NY, USA: McGraw-Hill, 2001.
way relaying scheme with opportunistic relay selection under interference
constraint,” IET Commun., vol. 6, no. 16, pp. 2750-2759, Nov. 2012.

[18] T. T. Duy, T. L. Thanh, V. N. Q. Bao, and T. Q. Duong, ““Secrecy perfor-
mance analysis with relay selection methods under impact of co-channel
interference,” IET Commun., vol. 9, no. 11, pp. 1427-1435, Jul. 2015.

[19] M. Hasan and E. Hossain, “Distributed resource allocation for relay- TIEN HOA NGUYEN received the Dipl.-Ing.
aided devic.e—to—device communication under channel uncertainties: A sta- degree in electronics and communication engi-
ble matching approach,” IEEE Trans. Commun., vol. 63, no. 10, neering from Hanover University. He was with the
pp. 3882-3897, Oct. 2015, . . . Research and Development Department of image

[20] X. Xu, J. Wang, and X. Tao, “Analytical modeling for caching : d the Development of SDR-Based
enabled UE-to-network relay in cellular networks,” IEEE Access, vol. 6, p rqcessmg an P

Drivers, Bosch, Germany. He devoted three years
pp. 51061-51068, 2018. . . . X

[21] X. Huang, K. Yang, F. Wu, and S. Leng, “Power control for full-duplex of experimentation with MIMOon’s Research apd
relay-enhanced cellular networks with QoS guarantees,” IEEE Access, Developmept Team t(? develop embedded sig-
vol. 5, pp. 4859-4869, 2017. nal processing and radio modules for LTE-A/4G.

[22] C.-H. Liao, G. Zhu, D. Kuwabara, M. Suzuki, and H. Morikawa, “Multi- He worked for a period of six months as a Senior
hop LoRa networks enabled by concurrent transmission,” IEEE Access, Expert with the Viettel IC Design Center (VIC), for development of advanced
vol. 5, pp. 2143021446, 2017. solutions for aggregating and splitting/steering traffic with the PDCP layer

[23] M. Diop and C. Pham, “Increased flexibility in long-range IoT deploy- and above to provide robust and QoS/QoE guaranteeing integration between
ments with transparent and light-weight 2-hop LoRa approach,” in Proc. heterogeneous link types in 5G systems. He is currently a Lecturer with the
Wireless Days (WD), Manchester, U.K., Apr. 2019, pp. 1-6. School of Electronics and Telecommunications, Hanoi University of Science

[24] A.Nosratinia, T. E. Hunter, and A. Hedayat, “Cooperative communication and Technology. His research interests include resource allocation in B5G
in wireless networks,” IEEE Commun. Mag., vol. 42, no. 10, pp. 74-80, and vehicular communication systems.

Oct. 2004.

[25] N. Sornin, M. Luis, T. Eirich, and T. Kramp, “LoRaWAN specification,”
LoRa Alliance, Tech. Rep., 2015. [Online]. Available: https://osch.oss-cn-
shanghai.aliyuncs.com/blogContentFileSnapshot/1556464676588.pdf

[26] D. Croce, M. Gucciardo, S. Mangione, G. Santaromita, and I. Tinnirello,
uLoRa’ ’technology demygtified: From link behavior to cell-level perfor- WOO-SUNG JUNG (Member, IEEE) received
;1:;;1026(,)201EEE Trans. Wireless Commun., vol. 19, no. 2, pp. 822-834, the B.S. degree in electrical and computer engi-

eb. . . . . . .

[27] T Van Chien, T. N . Canh, E. B:iomson,' and E. G. Lf\r.sson, “Power conFrol Zﬁzntﬁi’ hl/[r?g(?r;?glgg,g,]((lie:;:legu;:(:r: r;ﬁ!:n;(zig(g)i
in cellular massive MIMO with varying user activity: A deep learning . . . . .

N . of Computer Engineering, Ajou University, South
solution,” IEEE Trans. Wireless Commun., early access, May 29, 2020, i X
doi: 10.1109/TWC.2020.2996368. Korea, in 2007, 2009, and 2015, respectively.

[28] S. Park, A. Q. Truong, and T. H. Nguyen, ‘“‘Power control for sum spectral Heis currently a Senior R.eseflrcher with the Elec.—
efficiency optimization in MIMO-NOMA systems with linear beamform- tronics and Telecommunications Research Insti-
ing,” IEEE Access, vol. 7, pp. 10593-10605, 2019. tute (ETRI), Daejeon, South Korea. His current

[29] T. Van Chien, E. Bjornson, and E. G. Larsson, “Joint pilot design and research interests include wireless networking,

uplink power allocation in multi-cell massive MIMO systems,” IEEE
Trans. Wireless Commun., vol. 17, no. 3, pp. 2000-2015, Mar. 2018.

VOLUME 8, 2020

the Internet of Things, device-to-device communication, and embedded
systems.

107101


http://dx.doi.org/10.1109/TWC.2020.2996368
http://dx.doi.org/10.1109/LWC.2020.2987798

IEEE Access

T. H. Nguyen et al.: Performance Analysis and Optimization of the Pcov

\

LAM THANH TU received the Ph.D. degree
from the University of Paris-Saclay, Paris, France,
in 2018. He was an Early Stage Researcher with
the European-Funded Project Marie Curie ITN-
5G Wireless. His research interests include per-
formance analysis and optimization of wireless
networks using tools from stochastic geometry.

TRINH VAN CHIEN received the B.S. degree
in electronics and telecommunications from the
Hanoi University of Science and Technology, Viet-
nam, in 2012, the M.S. degree in electrical and
computer engineering from Sungkyunkwan Uni-
versity, South Korea, in 2014, and the Ph.D. degree
in electrical engineering in communication sys-
tems from Linkoping University, Sweden, in 2020.
He was a Marie Sklodowska-Curie Research Fel-
low with the H2020 5G Wireless ITN Project.

He is currently with the School of Electronics and Telecommunications,
Hanoi University of Science and Technology, Vietnam. His research interests
include convex optimization problems for wireless communications and
image and video processing. He was a recipient of the Award of Scientific
Excellence of the 5G Wireless Project supported by the European Union
Horizon’s 2020. He was an Exemplary Reviewer of the IEEE WIRELESS
COMMUNICATIONS LETTERS, from 2016 to 2017.

107102

DAESEUNG YOO received the B.S., M.S., and
Ph.D. degrees from the Department of Com-
puter Engineering and Information Technology,
University of Ulsan, in 1998, 2001, and 2011,
respectively. Since 2009, he has been a Principal
Researcher with the Intelligent Robotics Research
Division, Electronics and Telecommunications
Research Institute (ETRI), Daejeon, South Korea.
His current research interests include applied soft-
ware engineering, mobile communication, ship-IT

convergence, ad-hoc networks, and so on.

SOONGHWAN RO received the B.S., M.S., and
Ph.D. degrees from the Department of Electronics
Engineering, Korea University, in 1987, 1989,
and 1993, respectively. He was a Research Engi-
neer with the Electronics and Telecommunications
Research Institute and the University of Birm-
ingham, in 1997 and 2003, respectively. Since
March 1994, he has been a Professor with Kongju
National University, South Korea. His research
interests include 5G communication, mobile
networks, and embedded systems.

VOLUME 8, 2020



