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ABSTRACT To remotely monitor the physiological status of the human body, long range (LoRa)
communication has been considered as an eminently suitable candidate for wireless body area networks
(WBAN:S). Typically, a Rayleigh-lognormal fading channel is encountered by the LoRa links of the WBAN.
In this context, we characterize the performance of the LoRa system in WBAN scenarios with an emphasis
on the physical (PHY) layer and medium access control (MAC) layer in the face of Rayleigh-lognormal
fading channels and the same spreading factor interference. Specifically, closed-form approximate bit
error probability (BEP) expressions are derived for the LoRa system. The results show that increasing the
spreading factor (SF) and reducing the interference efficiently mitigate the shadowing effects. Moreover,
in the quest for the most suitable MAC protocol for LoRa based WBANs, three MAC protocols are
critically appraised, namely the pure ALOHA, slotted ALOHA, and carrier-sense multiple access. The
coverage probability, energy efficiency, throughput, and system delay of the three MAC protocols are
analyzed in Rayleigh-lognormal fading channel. Furthermore, the performance of the equal-interval-based
and equal-area-based schemes is analyzed to guide the choice of the SF. Our simulation results confirm
the accuracy of the mathematical analysis, and provide some useful insights for the future design of LoRa
based WBANs on how to achieve the desired performance requirements for different conditions (i.e.,
different network radii and average numbers of end-devices) by using different SF allocation schemes
and MAC protocols.

INDEX TERMS Wireless body area network, LoRa communication, performance analysis, Rayleigh-
lognormal fading channel.

. INTRODUCTION

EALTHCARE Internet of Thing (HIoT) is a highly

efficient and convenient way to provide intelligent
diagnosis, treat and disease management, and anticipate
risks to patient health [1], [2]. Especially, with the rapid
spread of COVID-19, HIoT has been adopted to monitor
the significant physiological information in the human
body [3]. Hence, it is important for HIoT to ensure
the low-power, highly reliable, and long-range information
transmission.

As an important technology of HIoT, wireless body area
network (WBAN) consists of multiple interconnected low-
power and resource-constrained sensor devices (e.g., worn,
implanted, embedded, swallowed, etc.) that are located in-
on-and-around the human body, where these sensor devices
are adopted for sensing and data communication [4], [5], [6],
[71, [8]. According to [9], in a HIoT system, physiological
signals from each sensor device are transmitted to a hub via
a WBAN, and then the collected data is forwarded to the
service center. Thus, these information can be provided to the
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hospitals or clinics. However, due to the limited transmission
distance of the WBAN, it is not suitable for long-distance
transmission.

Long range (LoRa) modulation, as the physical (PHY)
layer of LoRa network, is a chirp spread spectrum (CSS)
based modulation, which can achieve low-power and long-
range transmission [10], [11]. In the LoRa system, the
receiver (usually a gateway) can decode the signal a few
decibels below the noise floor. The range and data rate of
LoRa communication can be adjusted by different spreading
factors (SFs).! In addition, LoRa gateway can correctly
receive two overlapping signals over the same channel, as
long as their SFs are different. Due to these advantages,
LoRa modulation was applied in WBAN applications for
the off-body communications [12]. In [13] and [14], LoRa
sensors were worn on the body to measure the vital signs
and environmental data. In [15], a low-power healthcare
WBAN platform based on LoRa (HealL.oRa) was proposed
for monitoring physiological parameters. In [16], LoRa
sensors were placed inside the animal body to monitor
the important parameters and communicates with a distant
gateway. In such a scenario, the in-to-out-body path loss
(PL) was characterized for the first time at 868 MHz.
In [17], a low-power LoRa link was built between a
fixed base station and a mobile user which is worn on
the body. The test results showed that a large range of
1.5 Km can be easily and reliably achieved for off-body
LoRa communication links. In [18], the LoRa system was
introduced for search and rescue applications in mountain
areas. Through the above discussions, it can be found that
theoretical analyses of the LoRa system for in-body and
off-body communications are still lacking, which limits its
further design. In [19], the bit error probability (BEP)
expression of the LoRa system was derived over a Rayleigh
fading channel. In [20], success probability analysis of the
LoRa system was performed over a Rayleigh fading channel.
However, for LoRa communication links in the WBAN,
a Rayleigh-lognormal fading channel should be applied
according to [16], [17], [18].

LoRa wide area network (LoRaWAN) is a medium access
control (MAC) protocol designed to run LoRa modula-
tion [21], [22]. According to the LoRaWAN characteristics,
the devices generally adopt a pure ALOHA (P-ALOHA)
mechanism to access channels [23], where the packets access
the channel randomly. In [20], scalability analysis of the
LoRa network for P-ALOHA mechanism was performed
over Rayleigh fading channels. Although P-ALOHA has
simple implementation, it is easy to cause packet collisions.
As a consequence, it brings the same SF (defined as co-
SF) interference, thus significantly affecting the scalability
of the LoRa network. To enhance the scalability of LoRa

1LoRa adopts multiple chips to encode each information symbol. The
SF is defined as the ratio between the chip rate and the information rate,
which usually ranges from 7 to 12. For example, when SF is set to 7, there
are 128 chips per symbol, whereas SF 12 utilizes up to 4096 chips per
symbol.
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network, the slotted ALOHA (S-ALOHA) and carrier-
sense multiple access (CSMA) mechanisms were extensively
studied in [24], [25], [26]. In [24], a comparison between
P-ALOHA and S-ALOHA protocols in LoRa networks
revealed that S-ALOHA enhances network performance in
terms of packet loss rate and throughput. In [25], the
principle of CSMA for LoRaWAN was presented, where
results show that CSMA has lower energy consumption
than P-ALOHA, particularly in scenarios involving a large
number of devices. Furthermore, in [26], CSMA was
found to achieve higher throughput and accommodate
larger network capacities compared to P-ALOHA. In [27],
the equal-interval-based (EIB) and equal-area-based (EAB)
schemes were used to compare and analyze the scalability
of LoRa networks. The results show that the scalability of
LoRa network is significantly affected by the SF allocation
schemes.

Most of the aforementioned studies on PHY and MAC
layers of LoRa networks focus on Rayleigh fading channels,
and the impact of large-scale fading is ignored [28]. In
the LoRa based WBAN, large-scale fading should be taken
into account. Motivated by the preliminary investigation
n [19], [20], and [28], we propose a more comprehensive
and tractable framework of performance analysis on LoRa
system for WBAN subject to the Rayleigh-lognormal chan-
nels and the co-SF interference from the perspective of the
PHY and MAC layers. The main contributions of this paper
are summarized as follows:

1) A LoRa based WBAN is put forward, which con-
sists of an enormous number of LoRa end-devices
(EDs) from the WBANs and a gateway. In such a
scenario, the Rayleigh-lognormal channel and the co-
SF interference are jointly considered.

2) The closed-form BEP expression of the LoRa
system for PHY transmission is derived under the
Rayleigh-lognormal channel and co-SF interference.
Furthermore, we investigate the impact of SF, the shad-
owing standard deviation and the signal-to-interference
ratio (SIR) on the BEP. It is shown that although the
BEP of the proposed system is significantly affected
by the shadowing standard deviation, the system
is capable of mitigating the shadowing effects by
increasing the SF and SIR.

3) To find the most appropriate MAC protocol for
the LoRa based WBAN, the P-ALOHA, S-ALOHA,
and NP-CSMA protocols are comprehensively inves-
tigated and compared. In addition, to elaborate on
the choice of the SFs, the EIB and EAB schemes
are considered. Moreover, we analyse the coverage
probability, energy efficiency, throughput, and system
delay of LoRa networks relying on the above-
mentioned protocols and SF allocation schemes for
the transmission. Furthermore, we also analyze the
impact of some important parameters, i.e., network
radius and the average number of EDs, on the system
performance.
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FIGURE 1. Uplink transmission for the LoRa based WBAN, where the SF is allocated
based on annuli.

The remainder of this paper is organized as follows.
Section II introduces the system model of LoRa-based
WBAN from the perspective of PHY and MAC layers. In
Section III, the performance of the LoRa-based WBAN is
analyzed in terms of BEP and some metrics of scalability.
Section IV presents the results and discussions. Finally,
Section V concludes this paper.

Il. SYSTEM MODEL
Uplink transmission for the LoRa based WBAN is shown
in Fig. 1, which includes a large number of LoRa EDs
from the WBANs and a gateway. For each WBAN, there
are many sensor devices and a hub, where the hub has a
coordinator and a LoRa ED. The physiological data collected
by the sensor devices is sent to the coordinator. Subsequently,
the LoRa EDs send the collected data of the coordinator to
the gateway.” The EDs are spatially distributed within a circle
of radius R (Km), which can be described by homogeneous
Poisson point process (PPP) ® with intensity A (A>0) [29].
We assume that V C R? (2-dimensional (2D) Euclidean
space) is the disk of radius R, of which the area is V =
|V| = wR?. The total number of EDs within the disk is N/,
which is a random variable following a Poisson distribution
with mean A = AV. The probability density function (PDF)
of the distance between the randomly selected ED and the
gateway can be expressed as fgp(x) = %, 0 <x <R. The
disk is divided into K parts, each of which corresponds to
a different SF v, where v € ¥ = {7,8,9, 10, 11, 12} and
K = |V| represents the number of annuli with | - | being
the cardinality of a set. It should be noted that the signals
from different annuli are perfectly orthogonal, and we only
consider the interfering EDs assigned with the same SF. The
inner and outer diameters of the j-th (I <j < K) annulus
are defined as /; 1 and [j, respectively.

In practical scenarios, wireless 3D network models can
be considered, whose spatial location is modeled as a
3D PPP with intensity A [30]. In such a network, it is

2Human movement can cause blockages, thus weak LoRa packets may
not be correctly detected. We leave the task of improving LoRa reception
performance as our future work.
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assumed that the gateway is located at the origin of the
3D Cartesian coordinate system, and the EDs are spatially
distributed within a sphere of radius R. Without loss of
generality, let w; = [r;, 91,917, i = 1,...,N denote
the 3D location of the ED in spherical coordinates, and
wl?' = [r;cos(g;) sin(;), r; sin(g;) sin(;), r; cos(9;)]¥ denote
that in Cartesian coordinates. Hence, the Euclidean distance
between the ED and the gateway can be calculated as ||w¢]|,
where || - || represents the Euclidean norm. The PDF of the
distance between the randomly selected ED and the gateway
is given by [31], ie., fep(x) = 32 &= 0 < x < R. Then,
the SFs are assigned to EDs based on the distance between
the EDs and the gateway.

To facilitate the subsequent analysis, a 2D network model
is adopted in this paper. We leave the task of analysising
the performance of 3D network as our future work.

A. SIGNAL MODEL FOR LORA PHYSICAL LAYER

LoRa modulation is based on CSS. If the bandwidth of
chirp signal is B, a LoRa sample is sent every elapsed
time T = %. Besides, LoRa modulation is realized by
spreading the frequency change of the chirp signal over
2" samples within a symbol duration 7y = 2"T. Each
symbol s, can carry v bits of information and s, = g,
qg €{0,1,2,...,2" — 1}. The chirp signal wy(mT) can be
expressed as

1 o v m
w_q(mT) — / z_ve/271[(q+m) mod 2 ]27 , (1)
where m =0, 1, 2, ---, 2V — 1 indicates the symbol index

at time m7. Moreover, the transmitted discrete-time LoRa
baseband signal can be expressed as [19]

w(mT) = \/Eswy(mT)

— | %eﬂn[(q+m) mod 2" ] 3% , 2)

where E; is the energy per symbol.

From [19], based on the orthogonality of chirp signals
with different offsets, the cross-correlation property of the
LoRa demodulator is written as

2V—1
I,it=¢q
Cug = ZowﬂmT)wL*(me{ 0izq O
m=

where the chirp signal @, (mT) is used to transmit a symbol
s;=t,t€{0,1,2,...,2" — 1}, and wt*(mT) is the complex
conjugate of the chirp signal @, (mT).

Due to the human body shadows and environmental
hindrances, the communication channel can be modeled
as a Rayleigh-lognormal fading channel [32]. Since the
LoRa transmitters generally work asynchronously, collisions
always occur between different signals. At the gateway, the
received signal can be represented as

N

rg(mT) = hg(mT) + Y x¢ o k(mT) + ¢, (mT), (4)
k=2
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where /1 and hy, represent the channel coefficient between the
desired ED and the gateway, and that between the interfering
ED and the gateway, respectively. x; is the output of the
indicator function, where x; = 1 if the k-th interfering node
within the same SF annulus as the desired ED, otherwise
X/f = 0. wy(mT) is the desired signal, wy;(mT) is the
interfering signal from the k-th interfering node, and ¢, (mT)
is complex additive white Gaussian noise (AWGN) with
zero-mean and variance Np.

Since the strongest interfering signal typically dominates
the impact when multiple interfering signals collide at the
same time [33], we only need to consider the strongest
interfering signal in this paper. According to [27], there is
only a small decline in the performance when considering all
co-SF interfering signals, compared with considering only
the strongest interfering signal. To simplify the analysis, we
assume that there exists only one strongest interfering signal.
Let h; denote the channel coefficient between the strongest
interfering ED and the gateway, and w; 1 (mT) denotes the
strongest interfering signal, (4) can be expressed as

rq(mT) = hywy(mT) + h;(wljc(mT) + ¢y(mT). (@)

The log-distance PL model between an ED and a gateway
is given by
d
Pr(d) = Pr(do) + 10nlog10d + S[dB], (6)
where Py (dp) is the PL in dB at the reference distance dg = 1
m, d is the distance between the ED and the gateway, n is
the PL exponent and § ~ N (0, 053) is a normally distributed
random variable that represents the shadowing effect.
Without loss of generality, combining the fading with the
shadowing, the instantaneous normalized channel power |h|?
can be given by
|h|2 = Vlray|2|l’llog|2
AT
= [feay|*10

PL(d0)+1()n]og10 o

= | hray|*10” 0
= ’hray| Hg(d)
= [h?g(d), %)

where |hyay |? is the channel power gain of a Rayleigh channel
modelling as an exponential random variable with mean
one, i.e., |hray|2 ~ exp (1). |h]0g|2 represents the channel
power gain of a log-normal channel. H = 1077 follows

a log-normal distribution with mean pugy = 0 and standard
Pp.(dg)+10nlog f
deviation oy = 21005, g(d) — 1000 " is the
path loss attenuatlon and |B|*> = |hmy|2H follows a Rayleigh-
lognormal distribution. Hence, (5) can be further written as

rg(mT) = /|11 |>g(dy)wy (mT)

+ V|1 g(d)w, 1 (mT) + gy (mT),  (8)

X 107%
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FIGURE 2. lllustration of the relationship between the desired signal and the
interfering signal.

where Ny and h; represent the channel gain of Rayleigh-
lognormal channel between the desired ED and the gateway,
and that between the strongest interfering ED and the
gateway, respectively. d; and d; denote the distance between
the desired ED and the gateway, and that between the
strongest interfering ED and the gateway, respectively.

Besides, the correlator output of the LoRa demodulator is
given by

2V—1
0, = Y rymTyw*(mT)

m=0

VBIES@D + \/BiEss(di) A+ ¢ (mT), t = g
BiEsg(di) A, + ¢.(mT), (g
©)

where 1 = 1512, By = |h;{|2, ¢,(mT) is also complex
AWGN with zero-mean and variance Ny, and A, is the cross-
correlation interference.

Fig. 2 shows the relationship between the desired signal
and the interfering signal. According to [34] and this figure,
the interfering signal is defined as
—5on, (mT),

(mT) = 1 VP
@1 (mT) SonT), T <m <2

O<m<rt
(10)

where Wy #(mT) consists of two signals w;, (mT) and
wp, (mT), L, I e {0,1,2,. — 1}, p represents the SIR,
and it is assumed that a random offset T occurs between
the desired and interfering signal wj,(mT). Without loss
of generality, t is assumed to be uniformly distributed in
[0, 2V~1], thus, it can ensure that the number of interfering
samples from wy, (mT) is larger than that from wy, (mT).
Accordingly, one can assume I = 0 to ensure that the
last 2" — 7 samples of w,(mT) are interfered by the signal

wo(mT) =/ 5+ Es o2 (m) 3 according to (2). Hence, A, can be
expressed as

A, = 1(CL,10 + Cool ‘1) (11)
N
where
o1 = "
Cal =L S mens
m=0
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2V—1
: =5 PR (13)

m=t

Using the summation formula of the geometric sequence,
the Euler’s formula and the trigonometric formula, the
magnitude of C, j, |07] and C[’OI%V_1 can be expanded as

Sin( (=) )

ol : (14)
BRI = 7, s
2v Sin( = 11))
v_1 1 |sin(m 55 (2¥ — 1)
[Cof? | = [ 2 D) g,
2V sm( 2V)
where |C, 1, |(T)_1| reaches its maximum value of 2” when
2V —r

v =1, and |C, 0¥
when ¢ = 0.
Let U, be the upper bound of the magnitude of A,. It can

be given by
1 sin(n%f) N sin(7 57 (2" — T))' _
2v/p Sin(TL’ (L;#) s1n(7t 2v)
(16)

For each realization of I; and t, one can assume that
achieves the peak cross-correlation interference at some bin
U = argmax,(U,). The cross-correlation interference terms
are negligible when ¢ # 1. Hence, U, can be approximated

as
~ U;,LZZ
u"‘{o,[#z'

Accordingly, since T € [0, 2v=11 the peak cross-
correlation interference is most likely to occur at bin { = 0,

and one has
1 sin(rr (‘Evm r)
AN sin( C 1‘))

Finally, combining (9), (17) and (18), the magnitude of the
correlator output of the LoRa demodulator can be obtained
as

~1| reaches its maximum value of

|AL| = Z/[L =

a7

U ~ Uy = +(2"=17)|. (18

OquZO'
{]Jiﬁ@g(dl T+ BiEss(d) L1=0
6.nT)]. (#0
(19)
JBEsg(d)o + go(mD)|, 1=0
ota 20|~ { Vg + 4, (=g @0
6.mT)]. L #0.q

We select the index of the correlator output which attains
the largest amplitude. Therefore, the detected symbol 5, is

written as
5q = argmax(|O,|). 201
L
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TABLE 1. The parameters for SF allocation schemes.

Parameters EIB EAB
Width rj:% rj =R %—R %
2 2
Area Vil == (%) (25 —1) Vj| = %

B. LORA MAC LAYER

In the distance-based SF allocation scheme, a value of the
SF is assigned for an ED based on the distance between the
ED and the gateway. Firstly, the LoRa network is divided
into K co-center annuli centering on the gateway. Secondly,
the SFs are assigned to the annuli from the gateway to the
outermost boundary of the LoRa network in an ascending
order from low to high. Two types of distance-based SF
allocation schemes, i.e., EIB and EAB, are considered in
this paper. The EIB scheme has equal-width of each annulus
while the EAB scheme has equal-area of each annulus. The
parameters of the two schemes are shown in Table 1.

The traditional channel access mechanism for LoRa is
P-ALOHA, which is easy to implement. However, due to
its poor scalability, alternative access mechanisms can be
considered. The purpose of this paper is to investigate the
performance of different access mechanisms, i.e., P-ALOHA,
S-ALOHA and NP-CSMA. According to [28], we can define
the intensity A, of the PPP of interferers &, for u €
{P-ALOHA, S-ALOHA, NP-CSMA}.

1) P-ALOHA

For P-ALOHA, when a user intends to send a message, the
message is fed into the channel immediately. Due to the
broadcast nature of the channel, the transmission is success-
ful if no collision occurs. Conversely, the transmission fails
and a retransmission is required. For P-ALOHA, one can
express the intensity of the interferers as

AP-ALOHA = 20A, (22)

where ‘2’ means the vulnerability time of P-ALOHA is twice
of the message time-on-air (ToA) and « is the duty cycle
constraint.

2) S-ALOHA

In the S-ALOHA protocol, time is segmented into uniform
time slots, with all users accessing the channel simultane-
ously at the beginning of each slot. In the event of a collision,
transmission is deferred until the beginning of the subsequent
time slot. The collision is divided into intra-slot collision and
inter-slot collision, where the inter-slot collision is divided
into the collision with the previous time slot and that with
the next time slot. Hence, one can obtain the intensity of
the interferers as

T,
AS-ALOHA = <1 + )Psa)» (23)

where T, is the guard interval, To is the value of ToA,

ps = 14+ Q(FE=0) 4 (2

the total probability
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2
of collisions, Q(x) = ﬁ fxoo e_%dg is the Q-function, T),
is the message preamble duration, and oy, is the standard
deviation of packet lengths.

Since we consider low data rate optimization mode, T, is
given in (24), as shown at the bottom of the page, where
Npp is the payload size for the message, Ny, is the length
of the message preamble, Ncgc = 16 if cyclic redundancy
check (CRC) is activated, otherwise Ncgc = 0. Ny, = 20
is for explicit header, Ny, = 0 is for implicit header, and
cr=1, 2, 3 or 4 is associated with coding rate CR = 4/5,
4/6, 4/7 or 4/8.

3) NP-CSMA

In NP-CSMA, the channel is assessed prior to transmis-
sion. If the channel is clear, data is promptly transmitted.
Conversely, if the channel is busy, it must wait for an
arbitrary duration before sending the frame when the channel
becomes available. According to [28], one has

T, — 5T 1= Em)
— 1 -B)—
T, E(”A)

where 2 ;5 is the reduction of vulnerability time due
to the nature of LoRa transmission, p is the probability
for an ED to be granted access to the channel (p >
o), E(ny) is the expected number of neighbours of an
interfering ED, E is the proportion of EDs in the annulus
within the contentlon of transmiter, expressed as E =
ol T = Pt b ) for(@)dx, where F() is the cumulative
distribution functlon (CDF) of Rayleigh-lognormal distri-
bution, Py is the detection threshold, P is the power
consumption of an ED when transmitting the data and fiy (x)
is the distance distribution of two independent random EDs
uniformly distributed inside a circle of radius R [35], i.e.,

fr) = ) — Ayl — 22l 0= x <20

ANP-CSMA = <2 - pA,(25)

Ts

lll. PERFORMANCE ANALYSES
In this section, we comprehensively evaluate the performance
of LoRa based WBAN:S in terms of BEP, success probability,

coverage probability, energy efficiency, throughput, and
system delay.
A. BEP ANALYSIS
The received signal-to-noise ratio (SNR) is given by
E T d Pixg(d
s/ |h|2 Esg( )|h|2 18 ( )|ﬁ|2 (26)
BNy No2¥ N

where N = —174+ 9+ 10log,yB dBm, 9 is the noise figure
of receiving equipment and is fixed for a particular hardware

implementation as 6 dB, and y = EI{,gZU is the average SNR.

The PDFs of power gains for the Rayleigh fading channel
and shadowing are respectively written as

Pray(®) = e, (27)
1 _(lrwf—/éy)2
PlogX) = ————e  FH . (28)
o8 W 2mogx

Using a gamma distribution to approximate the log-normal
distribution [36], one can obtain

v
1 <£> xw-le—x%’
F'@w)\e

where I['(-) is the gamma function, ¥ =

Plog (x) ~ 29)

1 —
- and ¢ =

e H—1

et 1//+1

Let ﬂ = |h| |hray|2H, according to [37] and [38], the
PDF of B can be computed as

S 1

NG ¢« G0

PB(2) & pray(2) X plog(z) =

and § = (2¢% — 1)elHy/ i,

Using [ x'e”S*dx = ¢ 7"~ !G(1 + 1, ¢2), the approximated
CDF of B can be calculated as

Fﬁ(z)zf_oopﬁ(x)dx r(g)g(é )

where G(-, -) is the lower incomplete gamma function.

According to the analysis in Section II-A, the BEP of
the LoRa system over a Rayleigh-lognormal fading channel
with co-SF interference can be given by

21)1

€1y

P, =

v_

(rimee;
( P|l7é0>
(1= (1=p2)(1-22))
Lo (-,

where P, represents the corresponding symbol error prob-
ability (SEP), PgN) and Pg) denote the SEP over a
Rayleigh-lognormal fading channel in the case of no
interference and co-SF interference, respectively. Here, in
step (a), % approximates to %, and P, is evaluated in
terms of the conditional probabilities P,|t = 0. and P, |t # 0.
In step (b), the BEP is assumed to be determined by the
case of ¢ # 0, i.e., the magnitude of the correlator output can

2y
1 1

5 Plt # o)
1

2

1

ZZ

(32)

T, =T, x [N¥p+4.25+8+[<
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max (8Np, + N, —4v 4+ 8+ Ny, 0
X(8Nsp + Nere — 4 m>ﬂx@+4,

4(v —2) @4
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be approximated as (20). In step (c), —j is approximated

to be 1, and .P,|t # 0 is expressed by P(N) and Pg).
Firstly, according to [19], PgN) can be given by

PéN) z/‘OOQ<\/m_\/m>pﬁ(x)dx
£—1
f (m _W> rx@)&f a

(33)

where He ~ In(s) + 5= + 0.57722.
Using the linear approximation and some mathematical

calculations [39], O(v/2"*1yx — /2H_1) in (33) can be

approximated as

Q(,/ 2"+17x — 4 2H2u_1>

1, xga—i—ﬁ

~ 1 1 1
~ §+b(x—a),a+2—b<x<a—2—b, (34)
0, X>a— 3
H vy
where a = 22;71 and b= —— 27

24 /JTszfl )

Then, (33) can be written as

atsy L E-1
O R
0 ()88

+/a_21”(1 + b )) T i 5)
— X —d e ddx.
s \2 NG

By merging the same parts of the integration interval, the
closed-form approximation of PEN) can be given in (36), as
shown at the bottom of the page.

Secondly, according to the deduced formula of the SEP
over AWGN channel in [40], Pg) can be calculated as (37),
as shown at the bottom of the page. The double integral part
in (37) is denoted by P[y, ..

Since double integral is very complicated, we firstly
integrate it with respect to B;. Let A = /2"y B;Up, and
according to the Hermite integration in [41, Table 25.10],
one can obtain

/ " o(v2B - sty
0

fo o(V2'7h: - A>r(s)5€ T dp,
ED o
“1 o(V27e - 4) s i
144}
~ 15— /2 1 —
NWEC e F(é)aéQ< ve A)+0W1’
(38)

where W is the number of sample points for approximation,
= In B denotes the integral point, ¢,,, denotes the weight
factors and Oy, is the remainder which is approximate to 0
as Wj approaches infinity.
Substituting A into (38), and integrating (38) with respect

to B, PE,D|UO. can be further calculated as

(I) * ¢ 1

P = y12 i -5
"o = | sz O
1
WE—1 B
Q(\/2”76y1 - 2"7,3]}1/{0) + Ow, k—e_Td,Bi(.
[(&)s¢
(39)

Let y = In ,B,;, and similar to the processing of (38),

the closed-form approximation of P£1)|u0. can be given
in (40), as shown at the bottom of the next page, where
W, is the number of sample points for approximation, ¢y,
denotes the weight factors and Oy, is the remainder which
is approximate to 0 as W, approaches infinity. To make the
approximation more accurate, W; = W, = 80 is adopted.

Finally, by combining (32), (36), (37) and (40), we can
obtain the closed-form expression of Pj.

Proposition 1: When y — oo, %PED is the error floor
for the BEP of the LoRa system over a Rayleigh-lognormal
fading channel with co-SF interference.

Proof: We first deduce the error floor in the case
of no interference in (33). When ¥ — 00, since
02 yx = 2Hy—)) = Q(o0) = 0, P& can be
approximated to 0. Then, we focus on the error floor in

the presence of co-SF interference in (37). Similarly, using

a
3§£ = (0 when

derivative operation on P() one can obtain

Yy — oo. It implies that Pg) is a constant at high SNRs.

el ) ol )
P~ T g<$ <+2b re S5\ w)) T

%[Q(@rl%("_flb)) <E+l 1( +21b>)]

o Hoo1 = VmHy - g<$ 1(H2“—I THw )) n Hoyv_1 + /TH g<$ (sz | + TH» ))
2'yT(§) "8 2y 2'yT(§) "8 2vy
2Vys 1 (Hy_1+ /THyw_q 1 (Hy_1 — /mHy_
2 mHy T (§) [g(s b 5( 2y )) - g<$ b 3( 2y ))] (36)
S0 [ X0 S S OB — VB Bops(B)dBaBy | Xy [ Xh=g Pl |
PO~ ~ (37)

A
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TABLE 2. SF specific threshold g, (B = 125 KHz).

SNR ¢,  Range
Annulus v

(dBm) (m)
1 —6 lo-11
2 -9 11-12
3 —12 lo—l3
4 10 —15 I3—l4
5 11 —17.5 la-l5
6 12 —20 I5—R

Therefore, we can determine the error floor in the presence
of co-SF interference by substituting a high SNR value
into (37). [ |

Remark 1: Based on Proposition 1, the error floors of
BEP occurs in high SNR region, and the diversity order of
the proposed system is zero.

B. COVERAGE PROBABILITY

In interference-free scenarios, the system is affected by
fading and the noise. If the received SNR is below the
reception threshold ¢,, which is shown in Table 2, that
allows successful detection, the node can not connect to
the gateway. By definition, the connection probability is
formulated as

Psnr =Py = quldi]. dy € [li-1.1j].

To find the transmission range when using LoRa signals
for WBAN, we need to find the relationship between the
distance d; and the connection probability. By using y
in (26), the connection probability can be computed as

(41)

Pix
Psnr(dr) = P[thl *g(d)) > qu]

Ng,
=P||h)? > ]
[' 1= 5 @
()
Pug(d)

Nl g(s, Nay )
I'(€) Pixg(d1)s

where IP[ - ] is the notation for calculating probability.

We can see from (42) that the connection prob-
ability is affected by the distance d; and the
transmitted power Pi. Increasing the transmitted power
at the same distance can achieve higher connec-
tion probability and thus improving the communication
reliability.

Considering an interference scenario, since we use the
assumption that different SFs are perfectly orthogonal to

(42)

one another, the system is able to provide full pro-
tection for concurrent transmissions from different SFs.
Moreover, except for the case where the smallest SF is
used by a very large number of EDs, we only need to
consider the dominant co-SF interferer. The transmitted
power of EDs with the same SF signals are supposed
to be equal. Due to the capture effect of the LoRa, the
stronger signals will suppress weaker signals received at
tAhe same time [28]. We define the strongest interferer
k as

k= arg maX{PtxX]]()IhkF}
k>1

= argmax{ P 11 (do) . 3)
where d; and h; denote the distance and the channel
gain between the k-th interfering node and the gateway,
respectively. Hence, the received SIR of the desired ED under
dominant co-SF interference is given by

2
_ PtxlﬁllA g(dl)’ (44)
T

where 7 = ’Ptx|hz<|2g(d1;) is the dominant co-SF interference.
After we find k, the SIR success probability can be written

as
| 2g (1)
Psir(d1) = P|:2—g > 0|d
hil"g ()
|l l*g ()
—E, []P’[XA R I | [ @)
where E[ - | represents the statistical expectation, X; =

|h;|*g(d;), and 6 = 1 dB is the SIR threshold [27]. If the
desired signal is & dB stronger than any other signal received
simultaneously, no collision occurs.

To find the SIR success probability under the strongest
interferer, let X; = |h;|>g(d;). According to the previous
analysis, since d; € [lj_1,];], we can obtain that |Vy, | =
n(ljz — 112—1) and V4, C V. Moreover, the PDF of d;, which
is defined as the distance between the gateway and the
randomly selected ED within the same annulus V;,, can be
written as fy, (x) = 27”‘ . Hence, the PDF of g(d;) can be

calculated as

Sewap™x) = ’ (X)P (x)
2 d
_ 2w X 10_#)6_%_ ’ 46)
n|Vd1

W, W

D)

POy, =
(F(s)af) =]
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I:é— 2 e}zé (; ol e)li?

(sz?eyl _ \/ZVVeYZZ/{o) +Ow, )] +Ow,.  (40)
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where g(l;)) < x < g(l;-1). Using (30), the approximated
closed-form PDF of X; can be computed as

Ix:(2) = fean (@ R pp(2)
g(l-1) 1 z
=!£ ;&am(ﬂpﬁ( )dx

) X
2Py (dg)

/8(1f—1) 127 x 107" fon 5 ;1 gz\E-1 _ -
~ N~ x (—) e x5 dx
sy % nVa

2Py (dy) 2

NZﬂXl(r T0n <1)’527271g(%+5 z )
Vg, |T@©  \8 no 7 5g()

where the symbol ® stands for convolution and z > 0. By
integrating (47) and exchanging the order of integration, the
CDF of X; can be given in (48), as shown at the bottom of
the page.

According to the order statistics, the CDF of the maximum
interference is F X; (2) = EmllFx, (z)]M], where the sample
size M is a Poisson distributed random variable with mean
v = Ay|Vy, | and v is the expected number of concurrently
transmitting EDs in the same SF annulus Vy,. Since the
value of M is an integer from O to infinity, according to the
total probability theorem, one has

x=l;

)

x=lj_|

(47)

x k,—v
Py =Y ——[Fx]"

k=0

(49)

Using the series formula e =) 2 ’,i—k, and deconditioning
on the channel power gain |%1|?, one can obtain
%y, (2

Psir(d1) = e_U/ e

0
We can see from (50) that SIR success probability is
not only affected by the distance d;, but also the mean of
Poisson distributed random variable v, which is related to
the channel access mechanisms.
The success probability of the proposed system can be
computed as

Pjoint(d1) ~ Psnr(d1)Psir (d1)
Ng,

1
=|1- , v
[ r@g(f Ptxg«h)a)}
0 8(dy)
X/ eUFXi( 91 )pﬁ(Z)dZ-
0

Hence, through averaging over V, the coverage probability
of the specific ED is given by

)Pﬂ (z)dz. (50)

(5D

C. ENERGY EFFICIENCY

Energy efficiency is defined as the ratio between the number
of successfully decoded bits and consumed energy of the
system per unit, which represents the efficiency of the
system’s use of energy resources. In the sleep mode it
can be assumed that no ED is working, hence the energy
consumption can be negligible. Thus, the energy efficiency
for an ED at a distance x from the gateway can be written as

Pjoint (x)th
Ey

where E, is the energy required for transmitting a message
to the gateway, which is related to the channel access
mechanisms in the network.

According to [28], for the P-ALOHA protocol, one has

(54)

nEe(x) = , (53)

E, nioma = PuTo.

For the S-ALOHA protocol, let P represent the power
consumption of an ED when receiving the data, one has

Es niomn = PuTo + PrxTB< (55)

T, )
aTsyn)’
where the synchronization is maintained by the gateway
sending periodic beacons of Ty duration every interval Tsyn.

For the NP-CSMA, one has

E(ny)
ﬁ] (56)

where Tcap is the channel activity detection (CAD) duration,
and E(ny) = )»pyr(lj2 — l]{])E is the expected number of
active neighbors.

Through averaging over V), the average energy efficiency
of the proposed system can be computed as

_ 2 b
TEE = 13 Z /z, | 1EE (X)xdx.
J

Eyp-csma = PxTo + PrxTCAD|:

(57)

D. THROUGHPUT

According to Section II, one has a Poisson distributed EDs
with the offered traffic G, where G = aN/. The throughput
of the proposed system for the j-th annulus for all MAC
protocols is given by

2G [l
=%

j—1

Pjoing (X)xdx. (58)

Hence, the average throughput for the area V is calculated
as

I __
P, — %Z /1 " Pioim () xdx. (52) T =Y cT; (59)
jo Y- J
_ZPL(dO) 2 x=l;
z w10~ " 1on 2 z Z\"n 2 z !
Fy.(7) = (Ndx = —" ~n ,— = (= -+ & — 48
% () /Ofx,(x)x ARG [g()o g(s Sg(x)) () g(n ¢ 5g(x))} . (48)
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TABLE 3. Some parameters for LoRa.

Parameters Symbol Value
Bandwidth B 125 KHz
Carrier Frequency fe 868 MHz
Transmit Power Prx 14 dBm
Power Consumption for Received Data Prx 15.18 mW
Pathloss Exponent n 2.8
Pathloss Py, (do) 49.6 dB
Message Preamble Nsp 8 symbols
Activity Factor « 0.33%
Coding Rate CR 4/8
Payload Nyp 10 bytes
Guard Interval Ty 10.24 ms
Detection Threshold Po -150 dB
Beacon Preamble +
TsynN 128 s
Payload Synchronization Interval
CAD Duration TcAD 2 symbols

E. DELAY

The delay is defined as the number of transmissions required
to successfully transmit a packet. In this paper, we do not
consider the processing delay and propagation delay. The
delay of the proposed system for the j-th annulus for all
MAC protocols is given by

1

Pjoint (x)xdx

D = (60)

2 rh
R2 Jli
Hence, the average delay for the area V is calculated as

D= ZD/'.
J

(61)

IV. RESULTS AND DISCUSSION

In this section, the analytical results for the proposed network
are verified through Monte-Carlo simulations conducted
using MATLAB. Some typical parameters are shown in
Table 4. The BEP at various SNR levels is computed
based on an average of 10° simulation runs. We evaluate
the success probability at different distances by averaging
results from 10° simulation runs, considering the EDs
detected by the activity factor o within area V. Subsequently,
the coverage probability is evaluated by averaging the
success probability over V. Similarly, energy efficiency,
average throughput, and average delay are estimated. Unless
otherwise specified, the SFs are allocated based on EIB or
EAB scheme, progressing from 7 to 12.

A. BEP

Fig. 3 presents the theoretical and simulated BEP curves
over Rayleigh-lognormal fading channel with no interference
and co-SF interference for v = 7, 9, and 11, respectively,
where the standard deviation ogzp is 8 dB and the SIR p
is 6 dB. From this figure, under co-SF interference, there
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FIGURE 3. The theoretical and simulated BEP curves of the proposed system over

Rayleigh-lognormal fading channel with no interference and co-SF interference for
v =17,9,11, where 045 = 8 dB and p = 6 dB.
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-40 -35 -30 -25 -20

FIGURE 4. The simulated BEP curves of the proposed system with various values of
ogs and v over Rayleigh-lognormal fading channel with co-SF interference, where
p=6dB.

is a small gap between the theoretical closed-form results
and the simulated results due to the use of approximations
in the derivation. The curves with Pél) = 0 represent the
case with no interference. Moreover, it can be observed from
this figure that considering the co-SF interference, the BEP
performance of the LoRa system deteriorates seriously. With
increasing the value of v, better performance can be obtained
when ¥ < 5 dB, while the BEP can be regarded as a fixed
value when ¥ > 5 dB. In addition, at the same BEP, the
SNR gaps between v=7and v=9, v =9 and v = 11 are
about 5 dB.

Fig. 4 shows the simulated BEP curves of the proposed
system with various values of oz and v over Rayleigh-
lognormal fading channel with co-SF interference. From
this figure, at the same value of v, better performance can
be achieved when decreasing the standard deviation. For
example, at a BEP of 0.2 and v = 7, the SNR gap is about
2.5 dB between o3 = 10 dB and o4 = 8 dB, and between
o4 = 8 dB and o4 = 0 dB. Secondly, it can be seen that
compared to the unshadowed Rayleigh fading channel, the
BEP the proposed system over shadowed Rayleigh fading
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FIGURE 5. The simulated BEP curves of the proposed system with various values of
p and v over Rayleigh-lognormal fading channel with co-SF interference, where
ogs =8 dB.

channel is obviously affected by the shadowing. When 3 >
5 dB, the BEP gap between unshadowed (o4 = 0 dB) and
shadowed (o048 = 8 dB) Rayleigh fading channel is about
0.12. Furthermore, regardless of the value of o4p, if the value
of o4p remains the same, the gain for increasing the value
of v from 7 to 12 are almost constant and is about 12.5 dB
when ¥ < 5 dB.

Fig. 5 shows the simulated BEP curves of the proposed
system with various values of p and v over Rayleigh-
lognormal fading channel with co-SF interference. From this
figure, at the same value of v, the BEP can be effectively
improved by increasing the SIR. For example, when y >
5 dB, the BEP gap is 0.04 between p = 0 dB and p =3
dB, and it is 0.15 between p =3 dB and p = 6 dB.

Based on the above discussions, it can be found that BEP
performance of the LoRa system can be improved through
increasing the values of v and p, and reducing the value
of ogzp. To reduce the BEP in practical applications, we
can increase the SF and the SIR in the environments with
low shadow effect, e.g., hilly/moderate-to-heavy tree density
(ogqp = 2.3 dB), hilly light tree density or flat/moderate-
to-heavy tree density (o4yp = 3.0 dB) and flat/light tree
density (o4p = 1.6 dB) [42]. However, in the mountain
(o4 = 11.9 dB) and canyon (o4 = 10.13 dB) [18], etc.,
reducing the shadow effect by adjusting the position of the
antenna and increasing the SIR by controlling the power
are also effective methods to obtain significant performance
gain.

B. COVERAGE PROBABILITY

Fig. 6 shows the coverage probability of the proposed system
with respect to average number of EDs for the network
radius R = 1 km and 6 km. Simulation results verify the
theoretical derivations in (42), (50) and (51). It can be
observed from Fig. 6 that the coverage probability decreases
with the increase of A/ due to the increase of interfering
sources. As shown in Fig. 6 (a), for a small value of R, the
NP-CSMA protocol can access more number of EDs than the
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FIGURE 6. Coverage probability with respect to average number of EDs for different
channel access protocols. (a) R = 1 km. (b) R = 6 km.

P-ALOHA and S-ALOHA protocol. In addition, the number
of EDs that can be accessed by using the EAB scheme is
greater than that of the EIB scheme for the three protocols.
However, as shown in Fig. 6 (b), for a large value of R, more
EDs can be accessed via the EIB scheme for each protocol
and the S-ALOHA protocol can access more number of EDs.
Therefore, the network radius R is an important factor for
the choice of SF allocation schemes and the three MAC
protocols.

Fig. 7 shows the coverage probability with respect to
R for the three MAC protocols, where N = 3000, and
N =5000. It can seen from these figures that the coverage
probability decreases with the increase of the network radius
R. Moreover, it can be observed that for small value of the
network radius R, the EAB scheme has a higher coverage
probability than the EIB one and the NP-CSMA protocol
has a higher coverage probability than the P-ALOHA and
S-ALOHA protocols. Furthermore, with the increase of the
network radius R, the coverage probability of the EAB
scheme decreases more than that of the EIB scheme, and the
coverage probability of the NP-CSMA protocol decreases
more than that of the S-ALOHA protocols. After a specific
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FIGURE 7. Coverage probability with respect to network radius R for different
channel access protocols. (a) N = 3000. (b) A/ = 5000.

value of the network radius R, the coverage probability of
the EIB scheme exceeds the EAB scheme, the coverage
probability of the S-ALOHA protocols exceeds the NP-
CSMA protocol. With increasing the number of EDs, the
coverage probability of the EIB scheme exceeds that of the
EAB scheme at a smaller value of the network radius R.
Consequently, to obtain higher coverage probability, for a
small value of R, the EAB scheme performs better than the
EIB scheme, and the NP-CSMA protocol is more efficient
than the P-ALOHA and S-ALOHA protocols. As shown in
Fig. 7 (b), the EAB scheme can yield an improvement of
up to 353% when compared to the EIB scheme (see the
NP-CSMA versus P-ALOHA curves for an R = 0.2 km).
For a large value of R, the EIB scheme and the S-ALOHA
protocol could be adopted. The EIB scheme can yield an
improvement of up to 180% when compared to the EAB
scheme (see the S-ALOHA versus P-ALOHA curves for an
R =6 km).

C. ENERGY EFFICIENCY
Fig. 8 shows the average energy efficiency curves of the
proposed system with different values of R, where A = 3000
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FIGURE 8. Average energy efficiency with respect to network radius R for different
channel access protocols. (a) N/ = 3000. (b) A/ = 5000.

and 5000. It can be found that when the number of EDs
is fixed, there exists the value of R to reach the optimal
average energy efficiency for the NP-CSMA protocol. For
example, when N = 3000, the NP-CSMA protocol has an
optimal value of the average energy efficiency, i.e., R ~
1.8 km shown in Fig. 8 (a). From Fig. 8 (a) and (b), it
can be seen that for the P~ALOHA and S-ALOHA protocol,
the EAB scheme performs better than the EIB scheme for
a small value of R regardless of the value of N. For the
NP-CSMA protocol, the EAB scheme performs better than
the EIB scheme in a certain range of R when A/ = 3000,
while for NV = 5000, better result can be achieved by using
the EIB scheme regardless of the value of R. As shown in
Fig. 8 (b), the EAB scheme can yield an improvement of up
to 273% (see the S-ALOHA versus NP-CSMA curves for
an R = 0.2 km). As shown in Fig. 8 (a), The EIB scheme
can yield an improvement of up to 49% when compared
to the EAB scheme (see the S-ALOHA versus P-ALOHA
curves for an R = 6 km). While the EIB scheme can yield
an improvement of up to 83% when compared to the EAB
scheme (see the NP-CSMA versus P-ALOHA curves for an
R = 6 km), as shown in Fig. 8 (b). Therefore, from the
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FIGURE 9. Average throughput with respect to network radius R for different
channel access protocols. (a) N = 3000. (b) A/ = 5000.

perspective of energy efficiency, in practical applications, the
EAB scheme with the S-ALOHA protocol is suitable for
a small value of R, while for a large value of R, with the
increase of NV, the EIB scheme with the NP-CSMA protocol
can be utilized.

D. THROUGHPUT

Fig. 9 shows the average throughput of the three MAC
protocols for different values of R, where N = 3000 and
5000. It can be seen that to obtain higher throughput, the
EAB scheme with the NP-CSMA protocol can be adopted
for small network radius, while the EIB scheme with the
S-ALOHA protocol can be used for large network radius.
The conclusion is the same as that of the coverage probability
from Fig. 7. As shown in Fig. 9 (b), the EAB scheme can
yield an improvement of up to 360% when compared to the
EIB scheme (see the NP-CSMA versus P-ALOHA curves for
an R = 0.2 km). The EIB scheme can yield an improvement
of up to 144% when compared to the EAB scheme (see the
S-ALOHA versus P-ALOHA curves for an R = 6 km).

E. DELAY

Fig. 10 shows the average delay of the three MAC protocols
for different values of R, where A/ = 3000 and 5000. From
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FIGURE 10. Average delay with respect to network radius R for different channel
access protocols. (a) A/ = 3000. (b) N = 5000.

Fig. 10, it can be found that the increase of the network
radius leads to an increase in the delay for a fixed number of
EDs. By comparing Fig. 10 (a) with Fig. 10 (b), increasing
the number of EDs with a fixed network radius also leads to
an increase in delay. From the perspective of delay, the EIB
scheme with the S-ALOHA can be used for large network
radius, otherwise the EAB scheme with NP-CSMA protocol
can be adopted. As shown in Fig. 9 (b), the EAB scheme
can yield an improvement of up to 78% when compared
to the EIB scheme (see the NP-CSMA versus P-ALOHA
curves for an R = 0.2 km). The EIB scheme can yield an
improvement of up to 63% when compared to the EAB
scheme (see the S-ALOHA versus P-ALOHA curves for an
R = 6 km).

Remark 2: Based on the above analyses, we can choose
the appropriate SF allocation schemes and MAC protocols
to design the system under different performance metrics
(i.e., coverage probability, energy efficiency, throughput and
delay), and different usage environments (i.e., large or small
network radius, a large or small number of EDs). We sum-
marize the insights for future LoRa-based WBAN designs in
Table 4.
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TABLE 4. Design for future LoRa-based WBAN.

Usage environments

Performance metrics

Small network radius

Large network radius
A small number of EDs

A large number of EDs

High coverage probability

High average throughput

Low average delay

High energy efficiency

EAB scheme +
S-ALOHA protocol

EIB scheme +
NP-CSMA protocol

EIB scheme +
NP-CSMA protocol

EIB scheme +
S-ALOHA protocol

V. CONCLUSION

In this paper, the performance of the LoRa system for WBAN
has been investigated from PHY and MAC layers over
Rayleigh-lognormal fading channel with co-SF interference.
The closed-form BEP expression of the LoRa system under
Rayleigh-lognormal fading channel and co-SF interference
has been derived. The results show that increasing the value
of SF v and SIR p, and decreasing the value of standard
deviation oyp are effective ways to resist the shadowed
effect in different environments. Moreover, the performance
of the P-ALOHA, S-ALOHA and NP-CSMA protocols
for the LoRa based WBAN has been analyzed in terms
of coverage probability, energy efficiency, throughput and
system delay. Furthermore, the performance of the EIB and
EAB schemes for the LoRa based WBAN has also been
investigated. From the theoretical and simulated results, it
can be found that to obtain higher coverage probability
and throughput, and lower delay, the EIB scheme with
the S-ALOHA protocol can be adopted for large network
radius, and can obtain a maximum improvement of 180%,
144%, and 63%, respectively. In addition, the EAB scheme
with the NP-CSMA protocol is suggested for small network
radius, and can obtain a maximum improvement of 353%,
360%, and 78%, respectively. To achieve higher energy
efficiency, the EAB scheme with the S-ALOHA protocol
can be chosen for small network radius, and can obtain a
maximum improvement of 273%. For large network radius,
the EIB scheme with the S-ALOHA protocol and the EIB
scheme with the NP-CSMA protocol are suitable for a small
number of EDs and a large number of EDs, respectively,
and can obtain a maximum improvement of 49% and
83%, respectively. Thanks to the these advantages, LoRa
communication can be considered as a promising candidate
for the WBAN.
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