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Abstract—We evaluate the outage probability and the energy
efficiency (EE) of a LoRa network when the end-devices (EDs)
are capable of exchanging messages with a device-to-device (D2D)
technology. Our proposal is to assess the performance of the
network when operating under the concept of network-coded
cooperation (NCC), where the EDs are capable of transmitting
linear combinations of more than one frame (including frames of
another ED), performed over a non-binary finite field. We con-
sider both connection and collision probabilities when modelling
the outage probability of an ED, as well as a realistic power
consumption model to evaluate the EE. Our results indicate
that the proposed scheme, which we refer to as NCC-LoRa,
provides considerable gains in terms of both outage probability
and EE when compared to a regular LoRa network, even when
considering the additional consumption of D2D communication.

Index Terms—Cooperative communications, LoRa, LPWAN,
network coding.

I. INTRODUCTION

The advent of the Internet-of-Things (IoT) has generated in-
terest from the industry and research community towards Low-
Power Wide-Area Networks (LPWAN) [1], [2]. A LPWAN is
designed to support low cost applications that are tolerant to
low transmission rates, but require low energy consumption. In
this context, the proprietary Long Range (LoRa) technology
has been developed [3], [4]. This technique is derived from
Chirp Spread Spectrum (CSS) and is patented by Semtech [5].

Network implementations with LoRa are generally based
on the LoRa Wide-Area Network (LoRaWAN) protocol, de-
veloped by the LoRa Alliance [6]. The multiple access in
LoRaWAN is based on ALOHA, without any collision avoid-
ance mechanisms [4]. With the prospect of IoT ubiquity
and increase in network densities, system modelling [7], [8]
and methods aiming at improving performance have gained
relevance [9]–[11].

As in [7]–[11], LoRaWAN typically operates in a star
topology, where the End-Devices (EDs) communicate directly
to the GateWay (GW), without inter-ED message exchanges.
Although this is in line with the LPWAN low-complexity
requirement, this approach may be less efficient in many
scenarios, being Device-to-Device (D2D) communication an
alternative to boost the network performance [12]–[16].
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Thus, one could expect the presence of D2D in future
LoRaWAN implementations or even in the specification, not
only to exchange information between a pair of EDs, but also
enabling the EDs to cooperate towards transmitting their indi-
vidual messages to the GW. The introduction of cooperative
communication dates back to early 2000’s [17]. The technique
is capable of emulating the effects of multiple antennas and
achieving spatial diversity in a network composed of single-
antenna EDs. The cooperative concept takes advantage of the
broadcast nature of the wireless channel, by allowing EDs
to receive and forward packets from their partners to the GW
through simple amplification or decoding and forwarding [17].

Instead of just acting as routers by relaying a single frame
at a time, in a more elaborated cooperative mechanism the
EDs may resort to the concept of network coding [18] and
transmit linear combinations, performed over a finite field
GF(q), of more than one frame. This approach is referred to
as Network-Coded Cooperation (NCC) [19], [20], and has the
purpose of improving reliability rather than the throughput,
the metric usually adopted in works that resort to the network
coding concept [21]. Against this background, in this work we
propose a novel NCC-aided LoRa network, where the EDs are
capable of exchanging messages with D2D communication,
as well as transmitting network-coded packets to the common
GW. To our knowledge, this is the first work where the concept
of NCC is applied in the scope of LoRaWAN. In summary,
the contributions of this paper can be listed as:

• We propose NCC-LoRa, a cooperative scheme where the
EDs can exchange messages in a D2D fashion, as well
as transmit linear combinations of different packets to the
GW, resorting to the NCC concept from [19], [20];

• We analytically evaluate the outage probability of the
proposed NCC-LoRa scheme, by considering both dis-
connection and collision events [7]. Moreover, differently
from [19], [20], we resort to stochastic geometry tools
to calculate the probability of establishing cooperation
between EDs, in a multi-ring scenario where the SFs are
assigned based on a target outage probability;

• We show, analytically and through numerical results, that
NCC-LoRa can outperform both conventional LoRa (a
single transmission under LoRaWAN) and LoRa with
message replication (RT-LoRa) from [9]. More specifi-
cally, under given reliability and duty cycling require-
ments, we show that NCC-LoRa can simultaneously
support a larger number of EDs and consume less energy
than LoRa and RT-LoRa, even when taking the additional
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TABLE I: List of acronyms adopted in this work.

Acronym Meaning

ADR Adaptive Data Rate
AWGN Additive White Gaussian Noise
BER Bit Error Rate
bps Bits per second
CDF Cumulative Distribution Function
CSS Chirp Spread Spectrum
D2D Device-to-Device
DR Data Rate
ED End-Device
FEC Forward Error Correction
FSK Frequency-Shift Keying
GW GateWay
i.i.d. Independent and identically distributed
IoT Internet-of-Things
IP Internet Protocol
LoRa Long Range
LoRaWAN Long Range Wide-Area Network
LPWAN Low-Power Wide-Area Network
MDS Maximum-Distance Separable
NCC Network-Coded Cooperation
NS Network Server
PPP Poisson Point Process
RSSI Recieved Signal Strenght Indicator
RT-LoRa Long Range with Retransmissions
SC Selection Combining
SF Spreading Factor
SNR Signal-to-Noise Ratio
TDMA Time-Division Multiple Access
ToA Time-on-Air

consumption of the D2D communication into account.
The rest of this paper is organized as follows. Section I-A
presents the state-of-the-art, by discussing some related works.
Section II introduces the system model and some relevant
concepts. The outage performance of the proposed NCC-LoRa
is evaluated in Section III, while its energy consumption is
studied in Section IV. Section V presents some numerical
results. Finally, Section VI concludes the paper.

Notation: Throughout this paper, � and � represent respec-
tively a summation and a multiplication over a finite field
GF(q), where q is the field size. E(x) is the expected value
of the random variable x, CN (a, b) stands for a complex
normal distribution with average a and variance b, while
Pr {φ} denotes the probability of event φ. Also, d·e expresses
the ceiling function. Finally, |V| represents the area of region
V ∈ R2. The rest of acronyms and symbols adopted in this
work are summarized in Tables I and II, respectively.

A. Related Works

In [7], the authors resort to stochastic geometry to model
the uplink coverage of a single LoRa GW in terms of two
independent link outage events, namely disconnection and
collision. While the former is a function of the Signal-to-Noise
Ratio (SNR), the later encompasses the collision probability of
EDs that simultaneously operate at the same Spreading Factor
(SF), causing co-SF interference. As a result, ED coverage
probability is shown to decay exponentially with the number
of EDs, despite low duty cycling policy and spread spectrum
orthogonality [7]. The model from [7] is then extended in [8]
by considering also the effects of inter-SF interference in
the collision probability, showing that, even though such

TABLE II: List of symbols adopted in this work.

Symbol Meaning

S Receiver sensitivity
B Bandwidth
SF Spreading factor
RFEC Forward error correction rate
Rs Transmission symbol rate
Rb Transmission bit rate
CR Coding rate
Ti Transmission period of i
PL Payload length in bytes
ni Number of symbols in i
Nb Number of bits
DE(.) Delivery optimization indicator function
R Network range
N Instantaneous number of active end-devices
N̄ Average number of active end-devices
ρ Network density
Φ Poisson Point Process
Ψ LoRa connection SNR threshold
dn Distance from EDn to the gateway
% Duty cycle
η Path loss exponent
fc Carrier frequency
λ Carrier wavelength
sn Signal transmitted by EDn
pn Parity packet transmitted by EDn
P Transmission power
hn Fading coefficient of EDn
w AWGN signal
N Noise power
NF Receiver noise figure
XSF1,k Co-SF interference indicator function
On Outage probability for a single transmission from EDn
Osch Outage probability for the scheme sch
Otarget Network target outage probability
lSF Upper boundary of SF SF

ξ SF coverage range
Hn Connection probability for a single transmission from EDn
Qn Capture probability for a single transmission from EDn
δ Sum-interference capture threshold
M Number of transmissions within a time-slot
PD2D

effective Probability of effective D2D communication
PD2D

neigh Neighboring probability
ACoop

1,approx Cooperation area approximation
PCoop

1 Probability of cooperation

probability increases due to the inter-SF interference, it is
still dominated by the co-SF interference. Moreover, the work
in [8] also shows that the approximated strongest interferer
modelling from [7] may be too optimistic in dense scenarios,
with several co-SF EDs.

In [9], Hoeller et al. adapted the model from [7] by em-
ploying message replication and multiple receive antennas at
the GW aiming at achieving, respectively, time and spatial di-
versity. The results from [9] show that, while time redundancy
has an optimum number of retransmissions that minimizes the
overall outage probability (being in general more beneficial to
low-density scenarios), the use of multiple antennas at the GW
is always beneficial. In [10], the performance of a replication-
aided LoRa network is improved even further over traditional
designs by adopting the concept of coded transmission [22],
where the EDs are capable of transmitting linear combinations
of more than one of their individual frames.

Differently from the star topology adopted in [7]–[11],
in [12] the authors propose a hybrid Mesh LPWAN, where
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LoRa is integrated to the short-range ANT technology [23]
to improve the network performance in dense deployments.
Communication in [12] is performed in a multi-hop, grant-
based fashion. Consequently, time division multiple access
(TDMA) is required to schedule transmissions. Therefore,
the design from [12] requires extensive network-wide device
synchronization, further increasing complexity and energy
consumption. In [14], it is shown that the presence of relays
improves the reliability of a duty cycle constrained LoRa
network. In [14], the relays overhear the ED transmissions
and forward them to the GW, reducing the message loss rate
in up to 50% with a single relay. However, the design in [14]
requires additional dedicated relays, which increases the cost
of implementation.

An empirical validation of network-assisted D2D commu-
nication in LoRaWAN is carried out in [15]. With the direct
exchange of messages between EDs, the authors show that
time and energy consumption for data transfer can be reduced
by up to 20 times when compared to regular LoRaWAN
data transfer mechanisms, where such exchange is performed
through the GW. In [16], the authors address the security issue
in a D2D-aided LoRaWAN by proposing key sharing between
the EDs that guarantees mutual authentication, confidentiality,
and integrity, while increasing the power consumption by only
5% compared to the scheme from [15].

II. PRELIMINARIES

A. LoRa

LoRa is a spread spectrum-based modulation technique
patented by Semtech [5], which aims at providing ultra-long
range communication with high interference immunity while
minimizing current consumption. The LoRaWAN communi-
cation protocol [6] is then built upon the underlying LoRa
physical layer, defining the network architecture.

In networks where LoRa modulation is used, the frame
Time-on-Air (ToA) and receiver sensitivity (S) depend ba-
sically on the bandwidth B ∈ {125, 250, 500} (kHz), the
spreading factor (SF) SF ∈ {7, . . . , 12}, and forward error
correction (FEC) rate RFEC = 4/(4 + CR), where CR ∈
{1, . . . , 4} [24]. The ToA, measured by the frame transmission
period Tframe(SF, B,RFEC)1, is then obtained as [24]:

Tframe(SF) = Tpre(SF) + Tpay(SF)

= (npre + 4.25)Ts(SF) + npay(SF)Ts(SF)

= Ts(SF)
[
npre + npay(SF) + 4.25

]
,

(1)

where Tpre(SF) and Tpay(SF) are the transmission periods
for preamble and payload, respectively. Analogously, npre and
npay(SF) correspond to the number of symbols in the preamble
and payload. Also, Ts(SF) = 2SF/B is the symbol period.
According to [24], npay(SF) is given by

npay(SF)=8+max

{
0,

⌈
44 + 8 PL−4SF

4
(
SF − 2 DE(SF)

)⌉(4+CR)

}
, (2)

1The transmission bandwidth B and forward error correction rate RFEC are
omitted in all further references for simplicity of notation.

TABLE III: LoRa characteristics for CR = 1 and B = 125
kHz, 9 byte payload with CRC and low data rate optimization
enabled, and implicit header mode disabled [7].

SF Time-on-Air Bit Rate Receiver Sensitivity SNR Threshold
SF Tframe (ms) Rb (kbps) S (dBm) Ψ (dB)

7 41.22 5.47 −123 −6
8 72.19 3.13 −126 −9
9 144.38 1.76 −129 −12
10 247.81 0.98 −132 −15
11 495.62 0.54 −134.5 −17.5
12 991.23 0.29 −137 −20

with PL being the payload length (in bytes) and DE(SF) an
indicator function whose output is one for SF ≥ 11 and zero
otherwise. Finally, the bit rate Rb can be obtained from the
symbol rate Rs(SF) = 1/Ts = B/2SF as [24]:

Rb(SF) = SFRFEC Rs(SF) = SFB
22−SF

(4 + CR)
. (3)

Table III presents some values of ToA and receiver sensi-
tivity, for B = 125 kHz and different values of SF. Note that
the ToA increases exponentially with the SF, reducing the bit
rate while improving the receiver sensitivity.

In practice, LoRa physical layer is usually implemented
along with the ALOHA-based LoRaWAN network protocol
developed by the LoRa Alliance [6]. In LoRaWAN, the EDs
communicate directly to the GWs, in a star topology. The
GWs, in turn, resort to a standard Internet protocol (IP)
connection to forward the decoded packets to the Network
Server (NS), which is responsible for most of the tasks that
require higher computational complexity. However, it is worth
noting that, although being commonly used along with the
LoRaWAN protocol, the use of LoRa in physical layer is in
fact agnostic of higher layers.

B. System Model

We consider a scenario where a GW is placed in the center
of a circular region V ∈ R2 with radius R, as illustrated
in Fig. 1. There are also N active end-devices {EDn}Nn=1

uniformly distributed in V , according to a Poisson Point
Process (PPP) Φ with intensity ρ = N̄/|V|, where N̄ is
the average number of EDs and |V| = πR2. The Euclidean
distance from the randomly placed2 ED1 to the GW is d1 < R.

The uplink transmissions follow the LoRaWAN Class-A un-
slotted ALOHA-based grant-free channel access scheme [24],
with a maximum duty cycle of 1% for the largest SF. More-
over, the duty cycle experienced by a given ED is

%(SF) =
Tframe(SF)

Tslot
, (4)

where Tframe(SF) is the ToA from (1), which is exemplified
in Table III, and Tslot is the duration of each time-slot. Thus,
despite higher SFs requiring longer ToA, all EDs consider
the same time slot duration, since we assume that they run
the same application and therefore must update their measure-
ments at the same periodicity.

2The analysis focuses on ED1, but conclusions apply to any ED.
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Fig. 1: Realization of a PPP with EDs uniformly distributed in
an area of radius R = l12 around the GW. The red-dotted line
illustrates the cooperation distance from EDn, as explained in
Section III-A.

The path-loss model follows the Friis equation [25]

g(d1) =

(
λ

4π

)2

(d1)
−η
, (5)

with λ being the wavelength (m), fc the carrier frequency
(Hz), d1 > 1 m the distance of ED1 to the GW, and η ≥ 2
the path-loss exponent.

Assuming that ED1 transmits signal s1 with power P (equal
to all EDs), and that the independent and identically distributed
(i.i.d.) block fading is modelled as h1 ∼ CN (0, 1), i.e.,
Rayleigh fading, the signal received at the GW is [10]

r =
√
P g(d1)h1s1 +

N∑
k=2

XSF1,k

√
P g(dk)hksk + w, (6)

where w is the Additive White Gaussian Noise (AWGN)
with zero mean and variance N = −174 + NF +
10 log10B (dBm) [7], being NF the receiver noise figure,
and XSF1,k is a function that indicates whether EDk, ∀k 6= 1,
is transmitting at the same time and frequency, and with the
same SF as ED1, thus configuring co-SF interference3.

1) Defining the SF Boundaries: Among other alterna-
tives present in the literature, we consider a SF alloca-
tion where the SFs are assigned following the reliabil-
ity constraint Osch(d1,SF) ≤ Otarget, i.e., the outage
probability of ED1, when operating under scheme sch ∈
{LoRa, RT-LoRa, NCC-LoRa}, cannot exceed the maximum
allowed outage probability Otarget. Thus, since Osch(d1,SF)
increases with d1 and decreases with SF (see Section II-C),
ED1 uses the lowest possible SF (aiming at reducing the
ToA) that meets the aforementioned reliability constraint, until
reaching a boundary lSF = {d1|Osch(d1,SF) = Otarget}, as
illustrated in Fig. 1.

3Since co-SF interference causes more impact in system performance [8],
we do not consider inter-SF interference in this paper.

Another alternatives adopted in the literature to define
such boundaries include the non-optimized fixed-width ap-
proach [2], [8], [9], or the received signal strength indicator
(RSSI)-based approach from [26], where EDs with lower RSSI
adopt higher SFs. It is also worthy mentioning that the Lo-
RaWAN protocol also includes an Adaptive Data Rate (ADR)
mechanism to properly allocate transmission parameters [6].
However, to evaluate the performance influence of different
SF allocation schemes is out the scope of this paper and is
left as future work.

Finally, the coverage range ξ(SF) of a given SF is defined
as the difference between its lower and upper boundaries, i.e.,
ξ(SF) = lSF − lSF−1, which we also interchangeably refer to
as the width of the SF.

C. Uplink Outage Probability
The outage probability is modelled as in [7], [9], [10], such

that ED1 is in outage at the GW upon the occurrence of at
least one of the following events: i) there is no connection
between ED1 and the GW; ii) s1 collides with a transmission
from another ED using the same SF.

Let H1 be the connection probability and Q1 be the non-
collision probability, which we hereinafter refer to as capture
probability. Thus, assuming that H1 and Q1 are independent,
the outage probability for a single transmission from ED1 can
be approximated as [7]–[11]

O1 = 1−H1Q1. (7)

Next we analyze H1 and Q1 from (7), based on [7]–[11].
1) Outage Condition 1 (Disconnection): The connection

probability is defined as the probability that the received signal
has a Signal-to-Noise Ratio (SNR) above the SNR threshold
Ψ(SF), whose values are presented in Table III. For Rayleigh
fading, |h1|2 follows an exponential distribution, such that H1

becomes [7]:

H1 = Pr

{
P |h1|2g(d1)

N
≥ Ψ(SF)

}
= exp

(
−NΨ(SF)

P g(d1)

)
.

(8)

2) Outage Condition 2 (Collision): In LoRa, it is com-
monly assumed that a collision only occurs if the power
difference between the desired signal and any other simul-
taneously received signal causing co-SF interference is less
than 6 dB [7]. However, Mahmood et. al. showed in [8] that
the strongest interferer model can lead to distortions when the
network density ρ is high. To include this conclusion in our
model, we follow [9] and formulate the capture probability as
the probability that the sum-interference caused by all collided
signals is below the given δ = 6 dB threshold, i.e.

Q1 = Pr

{
|h1|2g(d1)∑N

k=2 X
SF
1,k |hk|2g(dk)︸ ︷︷ ︸
Xk

≥ δ

∣∣∣∣∣d1

}

= E|h1|2

[
Pr

{
Xk <

|h1|2g(d1)

δ

∣∣∣∣ d1

}]
=

∫ ∞
0

exp (−z)FXk
(
zg(d1)

δ

)
dz,

(9)
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where FXk is the Cumulative Distribution Function (CDF) of
Xk =

∑N
k=2 X

SF
1,k |hk|2g(dk). Note that (9) captures the influ-

ence of collisions only. The channel and noise impairments
are encompassed by the connection probability from (8).

From [9], and following the effect of unslotted-ALOHA
on the PPP density (which can ultimately be measured by
doubling the density experienced in an equivalent slotted-
ALOHA model [10], [27]), one can rewrite (9) as:

Q1 = exp
(
−4πρΛ(d1) %(SF)

)
, (10)

where %(SF) comes from (4), and

Λ(d1) =
(lSF)

2

2
2F1

(
1,

2

η
; 1+

2

η
;
− (lSF)

η

δdη1

)
− (lSF−1)

2

2
2F1

(
1,

2

η
; 1+

2

η
;
− (lSF−1)

η

δdη1

)
,

(11)

with 2F1(·) being the hypergeometric function [28], lSF−1 and
lSF the inner and outer radii of the SF region where ED1

is situated, respectively. Finally, after replacing (8) and (10)
in (7), the outage probability becomes

O1 = 1−H1Q1

= 1− exp

(
−4πρΛ(d1) %(SF)− NΨ(SF)

P g(d1)

)
≈ 4πρΛ(d1) %(SF) +

NΨ(SF)

P g(d1)
,

(12)

where 1− exp(−x) ≈ x holds for small values of x.

D. LoRa with Retransmissions (RT-LoRa)

We consider as benchmark the RT-LoRa design [9], [10],
a replication-aided scheme where each ED transmits their
frames M ≥ 1 times. Upon receiving M copies of the
same message, we consider that the GW applies Selection
Combining (SC) [25], whose outage probability is [9], [10]

ORT−LoRa = (O1)
M

=
(

1−H1Q1

)M
, (13)

where O1 comes from (12). It is worthy mentioning that, since
RT-LoRa requires M -times as many transmissions as LoRa,
one needs to properly adjust the duty cycling policy from (4)
in order not to exceed the maximum value of 1%. Moreover,
we consider the scenario where the M transmissions occur
within a single time-slot4, but are separated in time so that the
channel coherence time is respected, resulting in independent
channel realizations for each transmission [10].

E. Network-Coded Cooperation (NCC)

In an uplink NCC-aided network, nodes exploit the broad-
cast nature of the wireless channel to mutually help each other
by relaying information. The data to be relayed by a given
node is a linear combination performed over a non-binary

4Although hybrid-coded transmission schemes [10] can yield better per-
formance than RT-LoRa, they require the use of multiple time-slots. In
our analysis, we assume that data is continuously generated (there is new
information to transmit to the GW at every time-slot) and it is time-sensitive
on the Tslot scale. Then, the use of multiple time-slots becomes impractical.

TABLE IV: Operations in the finite field GF(4).

� 0 1 2 3

0 0 1 2 3
1 1 0 3 2
2 2 3 0 1
3 3 2 1 0

(a) Addition.

� 0 1 2 3

0 0 0 0 0
1 0 1 2 3
2 0 2 3 1
3 0 3 1 2

(b) Multiplication.

finite field GF(q) of its own information and the information
from other cooperating partners. This process occurs in all
cooperating nodes independently [19], [20].

In the NCC scheme from [19], [20], the transmission
process is divided in two phases: i) the broadcast phase, where
the nodes broadcast their individual information; and ii) the
cooperative phase, where the nodes transmit parity frames
composed of independent linear combinations over GF(q) of
their original data with those from their cooperating partners.

Let us consider a scenario where two cooperating nodes,
say ED1 and ED2, have independent messages s1 and s2

of length Nb bits to transmit to a common destination. By
considering a network code with rate RNCC = 1/2, where
node m ∈ {1, 2} transmits sm in the broadcast phase followed
by the transmission of one parity frame pm in the cooperation
phase, the set r = [sT1 sT2 pT1 pT2 ] of messages potentially
received at the destination is [20]:

r =

[
s1

s2

]T [
1 0 1 1
0 1 1 2

]
=


s1

s2

s1 � s2

s1 � 2 � s2


T

, (14)

where � and � represent respectively a summation and a
multiplication over a finite field GF(4), i.e., p2 = s1 � 2 � s2

represents the addition over GF(4) of s1 and s2 multiplied
by the linear coefficient 2 ∈ GF(4), following, for example,
the set of results presented in Tables IVa and IVb. Let us
consider, for illustration purposes, a simplified scenario with
Nb = 8 where s1 and s2 are given respectively by

s1 = [ 1 1 0 1 1 0 0 1 ]2 = [ 3 1 2 1 ]4

s2 = [ 0 1 0 0 0 1 1 1 ]2 = [ 1 0 1 3 ]4,

where [·]q represents the message in GF(q). Thus, following
the addition and multiplication results presented in Table IV,
one has that the network coding operation is performed in a
symbol-by-symbol basis as detailed below

s1 � s2 = [ 3 � 1 1 � 0 2 � 1 1 � 3 ]4

= [ 2 1 3 2 ]4

= [ 1 0 0 1 1 1 1 0 ]2

and

s1 � 2 � s2 = [ 3 � 2 � 1 1 � 2 � 0 2 � 2 � 1 1 � 2 � 3 ]4

= [ 3 � 2 1 � 0 2 � 2 1 � 1 ]4

= [ 1 1 0 0 ]4

= [ 0 1 0 1 0 0 0 0 ]2.

As discussed in [20], the coefficients of the linear com-
binations, belonging to the set {0, . . . , q−1}, are chosen in
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order to form a maximum-distance separable (MDS) code, and
consequently guarantee maximum achievable diversity order.

Upon receiving the messages from the set r, the destination
is capable of recovering s1 and s2 from any two out of the four
received frames. Thus, s1 will be in outage at the destination
when the direct transmission of s1 is not decoded, and when
at least two of the remaining three messages are in outage.
This event occurs with probability [20]:

ONCC = O1

(
O1O2

2 + 2O1O2(1−O2) +O2
2(1−O1)

)
= 2O2

1O2 +O1O2
2 − 2O2

1O2
2,

(15)

where O1 and O2 are the outage probability of a single
transmission from ED1 and the cooperating partner ED2,
respectively. The outage probability of s2 is obtained similarly
to (15) by swapping sub-indices 1 and 2.

When both EDs are subjected to the same average SNR
(e.g. when d1 ≈ d2), one has that (15) can be approximated
at the high-SNR regime as

ONCC ≈ 3O3
1, (16)

indicating that NCC can achieve a higher diversity order than
the one achieved by RT-LoRa (NCC achieves diversity 3
instead of diversity 2 achieved by RT-LoRa with M = 2).

III. PROPOSED NCC-LORA SCHEME

A. D2D Communication

The establishment of NCC requires the exchange of in-
formation frames between cooperating EDs, as illustrated in
Fig. 2a. In our work, we consider that the D2D communication
is performed using frequency-shift keying (FSK) modulation,
mainly due to the following reasons: i) First of all, FSK
is by default available in the Semtech SX1272 transceiver,
without requiring any additional hardware; ii) The FSK mode
in the Semtech SX1272 transceiver allows higher data rates
(hundreds of kbps) than LoRa, reducing the ToA and, conse-
quently, leading to a marginal increase in the overall energy
consumption of the network; and iii) Its interference in the
LoRa communication adopted in the main link between EDs
and GW is lower when adopting FSK than when adopting
LoRa modulation, mainly also due to the reduced ToA. As a
drawback of using FSK in the D2D communication one could
mention its reduced communication range in relation to LoRa.

The probability of successful D2D communication, which
we refer to as cooperation probability, can be measured
by taking into consideration5: i) the success probability of
data transferring and ii) the neighboring probability, or the
probability that EDs find potential cooperation partners in their
proximity, within the D2D range.

1) D2D link outage probability: The probability of correct
data transferring in the D2D link is defined as:

PD2D
effective = 1−OD2D, (17)

where OD2D is the outage probability of the D2D phase.

5D2D neighbor discovery and message exchange are out of the scope of
this work. However, in practice, an initial access protocol for finding nearby
EDs, as used in Bluetooth Low Energy [29], could be implemented.

2) Neighboring probability: The probability that an ED is
able encounter a neighboring ED to cooperate, PD2D

neigh, depends
basically on the cooperation distance and cooperation area,
which are defined in what follows.

Definition 1. Cooperation Distance. The cooperation distance
of ED1 is the distance at which its transmissions can be
received with an average power that is equal to the re-
ceiver sensitivity, dCoop

1 : 10 log10 g(dCoop
1 ) = SD2D(dBm) −

PD2D(dBm).

From the Friis path-loss model in (5), dCoop
1 becomes:

dCoop
1 =

(
λ

4π

) 2
η

10−
SD2D−PD2D

10η , (18)

which, for SD2D = −82 dBm, PD2D = 13 dBm [24], fc =
868 MHz and η = 2.7 [7], dCoop

1 ≈ 230 m6. This is illustrated
by the red-dotted line in Fig. 1.

In our model, for the sake of simplicity, we assume that D2D
communication is established only between EDs adopting the
same SF. Thus, the cooperation area is defined as given below.

Definition 2. Cooperation Area. The cooperation area ACoop
1

is the area of the intersection between the circle of radius
dCoop

1 centered at ED1 and the annular SF region where ED1

is located.

The cooperation area is limited by both the cooperation dis-
tance and the SF region limits. The exact analytical evaluation
of the cooperation area is complex due to high number of
possible interactions between the intersected regions. Next we
present an approximated value to the cooperation area.

Lemma 1. The cooperation area can be approximated by

ACoop
1,approx = min

{π
2

(dCoop
1 )2, 2dCoop

1 ξ(SF)
}
. (19)

Proof: Please refer to Appendix A.
Thus, the neighboring probability is formally defined as

Definition 3. Neighboring Probability. The neighboring prob-
ability of ED1 is as PD2D

neigh = Pr{NCoop
neigh ≥ 1}, where NCoop

neigh

is the number of EDs within the cooperation area of ED1.

Lemma 2. The neighboring probability of ED1 is

PD2D
neigh = 1− exp

(
−ρACoop

1

)
. (20)

Proof: The proof follows from the nearest neighbor
analysis of a stochastic PPP [30].

Finally, the cooperation probability is obtained with the aid
of (17) and (20) as7

PCoop
1 = PD2D

effective PD2D
neigh

=
(
1−OD2D

) [
1− exp

(
−ρACoop

1

)]
.

(21)

6Note that dCoop
1 represents the maximum distance beyond which coop-

eration cannot be established. It does not mean that the cooperative EDs are
necessarily separated by such distance. Moreover, note also that, due to the
fading randomness, cooperation can be beneficial even when the D2D distance
is larger than the distance between the typical ED to the GW [17].

7One should note that, even though the cooperation distance from Def-
inition 1 depends only on the FSK modulation adopted in the D2D com-
munication, the cooperation probability turns out to depend on the LoRa
communication adopted in the link between EDs to GW due to the assumption
that the EDs are able to cooperate only with EDs adopting the same SF.
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Fig. 2: NCC-LoRa protocol: (a) EDs exchange their packets via D2D communication adopting a high-rate FSK modulation,
with limited coverage and low ToA; (b) EDs transmit their information packets (say, s1 and s2) to the GW, adopting the proper
SF depending on their distance from the GW; (c) ED1 and ED2 transmit respectively the parity packets p1 and p2, which are
linear combinations of the information packets previously transmitted in the broadcast phase.

B. EDs-to-GW Communication
In the proposed method, after the successful establishment

of D2D communication with a neighbor, the EDs resort to
NCC to improve the link quality with respect to the GW, fol-
lowing the approach presented in Section II-E and depicted in
Fig. 2. In case D2D communication cannot be established, we
consider that the EDs switch to the RT-LoRa method presented
in Section II-D8. Thus, regardless whether transmitting a linear
combination or a replication of its own message, each ED
transmits directly to the GW M = 2 times per time slot, in
the so-called broadcast phase (Fig. 2b) and cooperation phase
(Fig. 2c). Hence, NCC-LoRa does not configure a multi-hop
scheme as defined by [31], but instead a single-hop scheme
towards the GW aided by D2D communication between a pair
of EDs.

Theorem 1. The outage probability of NCC-LoRa is

ONCC−LoRa = O2
1 − P

Coop
1

(
O2

1 + 2O2
1O2

2

− 2O2
1O2 −O1O2

2

)
,

(22)

where O1 and O2 are the outage probabilities of a single
transmission from (12) for ED1 and its cooperating partner
ED2, respectively, and PCoop

1 is the cooperation probability
from (21).

Proof: When an ED does not establish a D2D link, its
operation follows the RT-LoRa scheme. Thus, the NCC-LoRa
outage probability in (22) is derived from the independent link
outage probabilities of NCC and RT-LoRa by applying the
complement rule to the probability of cooperation:

ONCC−LoRa = PCoop
1 ONCC +

(
1−PCoop

1

)
ORT−LoRa. (23)

One can see from (23) that the outage probability of the
proposed NCC-LoRa tends to the outage probability of RT-
LoRa when cooperation cannot be established9. Regarding the

8Note that this switch from NCC-LoRa to RT-LoRa can be easily im-
plemented in practice by replacing the linear coefficients related to the
cooperating partner by zero when composing the parity packet.

9Another different but mathematical identical scenario is the decode-and-
forward (DF) scheme [17], where cooperation is established but the devices
forward to the common destination only the information of their partners,
without resorting to network coding. However, since DF requires D2D
communication while achieving the same outage performance of RT-LoRa,
it is not considered among the benchmark schemes in this work, as it would
lead to an increased power consumption.

implementation of NCC-LoRa, it is worthy remarking that:

Remark 1. After each communication round (i.e., BP + CP
phases), the GW first attempts to decode each of the four
packets (s1, s2, s1�s2 and s1�2�s2) individually, following
the regular LoRa procedure, after properly despreding the sig-
nals. The decoded packets are then forwarded to the Network
Server (NS). In a next step, the NS can resort, e.g., to Gaussian
elimination to recover both information frames s1 and s2 out
of any two out of the four received frames. Thus, besides
the additional network coding/decoding modules required by
NCC-LoRa, all the remaining steps in the transmission process
are in accordance to the usual LoRa guidelines (e.g. spread
spectrum, FEC, etc.).

Remark 2. NCC-LoRa requires a negligible additional over-
head: the typical ED only needs to append a single additional
bit to inform the GW whether a given frame corresponds to a
network-coded frame (parity frame) or an information frame
(in case cooperation could not be established, for instance),
and a few more bits to indicate the partner ED it is cooperating
with. Note that the EDs do not necessarily need to transmit the
coefficients adopted to generate the linear combinations, since
such coefficients are generally fixed and can be previously
defined and stored at the GW [20]. Moreover, it is worthy
mentioning that NCC-LoRa requires a larger buffer to store
two frames at a time, as opposite to a single frame in
traditional LoRaWAN.

Due to the much lower ToA of FSK when compared to the
M = 2 LoRa transmissions of NCC-LoRa performed in the
ED-to-GW link (less than 0.6% for SF = 7 and approximately
0.02% for SF = 12), we neglected the influence of the
D2D communication in the duty cycle of the NCC-LoRa.
Moreover, it is worthy mentioning that, for fair comparison
purposes, besides limiting the maximum duty cycle to 1%,
the additional transmissions in the ED-to-GW link performed
by RT-LoRa and NCC-LoRa must be computed into the PPP
Φ, as they contribute to the channel load [9], [10]. Thus, the
average number of active transmissions is MN̄ , increasing the
collision probability.

IV. ENERGY CONSUMPTION OF NCC-LORA

In a dense network the high probability of cooperation will
push EDs into using the NCC mode. Although this may lead to
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TABLE V: LoRa consumption [24], [32].

State ID Description Duration Current Consumption
i Ti Ii

1 Sleep Eq. (25) 100 nA
2 Standby 250 µs 1.5 mA
3 TX frequency synthesis 60 µs 4.5 mA

4 Transmission Eq. (1) 22 mA (P = 0 dBm)
32 mA (P = 11 dBm)

TABLE VI: FSK consumption for P = 13 dBm, Nb = 120
bits, RD2D = 250 kbps, BD2D = 250 kHz and a 10 µs
transmission mode ramp up time [24].

State ID Description Duration Current Consumption
i TFSK

i IFSK
i

1 Sleep Tslot −
∑6

i=2 TFSK
i 100 nA

2 Standby 250 µs 1.5 mA
3 TX frequency synthesis 60 µs 4.5 mA
4 Transmit 499.5 µs 28 mA
5 TX to RX turnaround 50 µs 4.5 mA
6 Receive 543 µs 11.2 mA

a reduced outage probability, an increased energy consumption
can also be expected, as more EDs perform the additional D2D
transmissions. Due to the relevance of energy consumption in
LoRaWAN, it becomes fundamental to analyze this aspect. In
what follows, we explore this energy-outage trade-off in more
detail by modelling the average current consumption for NCC-
LoRa, RT-LoRa and conventional LoRa (which corresponds
to the conventional way that LoRa technology is used by the
LoRaWAN network protocol, and whose outage probability
comes from (12)) schemes.

A. Energy Consumption Model
We consider the values for current and duration of each

operational state for a LoRa transmission as measured in [24,
Tables 6, 7 and 10], whose relevant values are reproduced
in Table V, which refers to a Semtech SX1272 transceiver.
Furthermore, we model the consumption of both RT-LoRa and
NCC-LoRa schemes so that, in order to improve efficiency, the
ED performs M transmissions to the GW consecutively within
the same time-slot, where M = 1 for conventional LoRa and
M = 2 for RT-LoRa and NCC-LoRa, as in [10]. Consequently,
the average current in a transmission cycle is [10]:

Iavg(M) =
1

Tslot

[
MT4I4 +

3∑
i=1

TiIi

]
, (24)

where each state duration Ti and corresponding current con-
sumption Ii values are in Table V. Also, the duration of the
sleep state is calculated as [10]:

T1 = Tslot −MT4 −
3∑
i=1

Ti. (25)

The average current consumption of each scheme is then
given in what follows.

1) Conventional LoRa: In conventional LoRa, there is a
single transmission per time-slot10. Therefore, its average

10Recall that all schemes share a common time-slot duration. This reduces
the effective duty cycle for the conventional LoRa model by a factor of 1/2
when compared to the proposed NCC-LoRa.

TABLE VII: System parameters.

Parameter Variable Value Reference

Maximum duty cycle 1% [10]
Coding rate CR 1 [7]
Payload length PL 9 bytes [9]
Bandwidth for ED-to-GW link B 125 kHz [33]
Bandwidth for D2D link BD2D 250 kHz
Path loss exponent η 2.7 [7]
Carrier frequency fc 868 MHz [9]
Transmission power for LoRa and RT-LoRa

P
11 dBm [33]

Transmission power for NCC-LoRa {0, 11} dBm
Transmission power for D2D link PD2D 13 dBm [24]
Noise figure NF 6 dB [9]
Sum-interference cancellation threshold δ 6 dB [9]
D2D receiver sensitivity (FSK) SD2D -82 dBm [24]
D2D link outage probability OD2D 1.2%
Transmissions in a time-slot M 2

consumption is obtained by setting M = 1 in (24) and (25).
2) RT-LoRa: Since RT-LoRa makes M transmissions per

time-slot, the average current is (24)

IRT−LoRa
avg = Iavg(M). (26)

3) NCC-LoRa: In the ED-to-GW link, the NCC-LoRa
scheme presents the same consumption as RT-LoRa in (26).
However, one needs to also consider the D2D communica-
tion in the overall consumption of NCC-LoRa. Nevertheless,
Semtech SX1272 transceiver does not use the same internal
circuitry for both the FSK and LoRa modulations [24]. Since
the D2D phase involves a mutual exchange of information
frame data, we consider a D2D model where each cooperating
ED performs one transmit and receive operation. The duration
of both states depends on selected parameters for the FSK
modulation, as defined in the SX1272 transceiver’s documen-
tation [24]. The values used in our analysis are displayed in
Table VI, which contains the relevant FSK consumption data
extracted from [24, Tables 6 and 7].

Thus, we model the FSK consumption as:

ID2D
avg =

1

Tslot

6∑
i=1

TFSK
i IFSK

i , (27)

where the FSK values for each state duration TFSK
i and current

consumption IFSK
i are in Table VI.

Finally, the average consumption of NCC-LoRa is

INCC−LoRa
avg = PD2D

neigh

[
ID2D
avg + Iavg(2)

]
+
[
1− PD2D

neigh

]
Iavg(2)

= Iavg(2) + PD2D
neigh I

D2D
avg︸ ︷︷ ︸

A

,

(28)

where term A corresponds to the additional consumption
when compared to RT-LoRa, when both schemes operate with
the same SF. However, since NCC-LoRa has an improved
reliability than RT-LoRa, one could expect the former to
achieve the same communication range as the latter with a
smaller SF, and thus consuming less energy in the ED-to-GW
link. We evaluate in the next section whether this non-trivial
relationship between the savings in the ED-to-GW link and the
additional consumption imposed by the D2D communication
leads to a positive final balance.
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(a) ρ = 10−4 EDs/m2 (b) ρ = 10−3 EDs/m2

Fig. 3: Outage probability versus the distance to gateway d1 (m) of the proposed NCC-LoRa (solid line), RT-LoRa (dashed
line) and conventional LoRa (dash-dotted line), for Otarget = 10−2 and different density of EDs ρ.

(a) ρ = 10−4 EDs/m2 (b) ρ = 10−3 EDs/m2

Fig. 4: Cooperation probability versus the distance to gateway d1 (m), for Otarget = 10−2 and different density of EDs ρ.

V. NUMERICAL RESULTS

In this section we present some numerical results aiming
at comparing the performance of the proposed NCC-LoRa
scheme to RT-LoRa and conventional LoRa, as well as to
support the analysis developed throughout the paper. We resort
to the Monte Carlo method to obtain the numerical results,
by averaging the outcome of 106 independent trials. Unless
stated otherwise, we adopt the parameters in Table VII11. In the
figures, “(an)” and “(sim)” refers respectively to the analytical
and numerical results.

Note that FSK mode of Semtech’s SX1272 transceiver
operates with a sensitivity SD2D = −92 dBm for B = 250 kHz
and Bit Error Rate (BER) of 0.1% [24, Table 8]. However,
assuming that an outage occurs upon receiving at least a single
erroneous bit, a Nb=120 bit message (PL=9 bytes from the
payload plus 6 additional bytes for the FSK fixed payload
length frame formatting [24]) would experience an outage
probability of OD2D = 11.3%. Following the performance of
FSK under Rayleigh fading [25], we add 10 dB to the receiver
sensitivity from [24, Table 8] (SD2D = −92+10 = −82 dBm),

11The value P =11 dBm follows [10], [33]. A different transmission power
could be used without altering the main conclusions of this work, provided
that other parameters comply with Table VII.

which results in BER ≈ 10−4, leading to OD2D = 1.2%, as
shown in Table VII.

A. Outage Performance

Fig. 3 and Fig. 4 present respectively the outage probability
and the cooperation probability as a function of the com-
munication range, both for ρ = {10−4, 10−3} EDs/m2. We
adopt the SF allocation procedure discussed in Section II-B1,
where the boundaries of each SF are determined by a given
maximum allowed outage probability, which has been set as
Otarget = 10−2 in Fig. 3 and Fig. 4, and that depends on both
capture and connection probabilities. In Fig. 3a, even with
the relatively low density of ρ = 10−4 EDs/m2, NCC-LoRa
already delivers an improvement over RT-LoRa: the gain in
the number of supported EDs in the network, calculated as
Nsup = ρ πR2, is of approximately 55.5%. This indicates
that the NCC mode was capable of reducing the impact of
collisions in the ED-to-GW link. We can also extrapolate
from the maximum range results (roughly 993 m for RT-
LoRa and 1239 m for NCC-LoRa) that the EDs under NCC-
LoRa were rarely having to fall back to the RT-LoRa option.
Indeed, cooperation could be established with high frequency,
as depicted in Fig. 4a. However, Fig. 4a also shows that, due
to a narrower SF coverage region of ξ (SF) < 100 m for



10

Fig. 5: Outage probability versus the distance to gateway d1

(m), for Otarget = 10−3 and ρ = 10−4 EDs/m2.

Fig. 6: Average current consumption versus the distance to
gateway d1 (m) for ρ = 10−4 EDs/m2 and Otarget = 10−3.

SF ≥ 9, the probability of cooperation declines at the edges
of the network. By increasing the network density by a factor
of 10, and as a consequence of the resulting higher cooperation
probability at the network edge, as displayed in Fig. 4b, the
NCC-LoRA performance, presented in Fig. 3b, elevated the
Nsup gain to 58.5% when compared to RT-LoRa.

Furthermore, it can be seen in Fig. 4 that the approximation
from (19) is useful in obtaining a good estimate on the value
of the cooperation area, particularly in the proximity of the SF
boundaries. However, we find it relevant to mention that as the
difference between the SF coverage region and cooperation
distance increases, i.e. for ξ(SF) � dCoop

1 , the proposed
approximation in (19) becomes more imprecise in modelling
the outage probability for EDs not at the SF boundaries.
Nevertheless, one can see from Fig. 3 that any inaccuracy
in (19) has a small impact in the overall analytical outage
probability of the NCC-LoRa scheme.

In a scenario subject to a more strict outage requirement of
Otarget = 10−3 in Fig. 5, even though the number of sup-
ported EDs is reduced to all schemes, the gain of NCC-LoRa
over RT-LoRa is increased to 120.5%. It is also noteworthy that
both RT-LoRa and NCC-LoRa considerably outperform the
conventional LoRa implementation on all studied scenarios.

B. Energy Performance

Fig. 6 compares the average current consumption of NCC-
LoRa to that of RT-LoRa and conventional LoRa. For a fixed
SF and using the same transmission power P = 11 dBm in the
ED-to-GW link, NCC-LoRa presents the highest consumption
(due to the additional D2D phase), while LoRa has the lowest
consumption. However, when adopting NCC-LoRa, one can
extend the upper boundary of each SF while maintaining the
reliability requirement due to the improved outage probability
performance provided by NCC. Thus, when the distance to
the GW increases, instead of adopting higher SFs (and con-
sequently increasing the energy consumption) with the same
high pace as in conventional LoRa, NCC-LoRa can achieve
the same performance generally with a lower SF, consuming
less energy even when taking the additional consumption of
the D2D communication into account. This can be seen in
Fig. 6 for d1 > 365 m, where NCC-LoRa becomes the most
energy efficient scheme.

One can also see from Fig. 6 that NCC-LoRa outperforms
the communication range of RT-LoRa even when the former
operates with a reduced transmission power P = 0 dBm
in the Ed-to-GW link. In this scenario, due to the reduced
transmission power, the consumption of NCC-LoRa is also
lower than that of RT-LoRa. Thus, the additional consumption
of the D2D phase could be compensated by reducing P . As
a drawback of reducing P , one has that the communication
range R is reduced 7.5% in this scenario.

Fig. 6 also depicts an interesting tradeoff inherent to NCC-
LoRa: for some values of distances to the GW (for example,
500 ≤ d1 ≤ 545 m), the consumption of NCC-LoRa is lower
when adopting P = 11 dBm than when setting P = 0 dBm.
This is due to the fact that the increased transmission power
makes it possible to adopt a smaller SF, which reduces the
ToA and consequently leads to a reduced consumption.

VI. FINAL COMMENTS

In this paper we propose NCC-LoRa, where the EDs are
capable of exchanging messages using D2D communication,
as well as to transmitting linear combinations of more than
one frame to a common GW. In our analysis, we consider
both connection and collision probabilities when modelling
the outage probability of an ED, as well as a realistic power
consumption model. Our results indicate that the proposed
NCC-LoRa scheme provides considerable gains in terms of
outage probability while possibly consuming less energy than
both conventional LoRa and RT-LoRa, even when considering
the additional D2D communication. Our analysis was based on
technical specifications of Semtech’s SX1272 transceiver [24].
Finally, the empirical validation of the consumption of NCC-
LoRa is left as a future work.

APPENDIX A
PROOF OF LEMMA 1

Given that cooperation can only be established between EDs
using the same SF, the cooperation area depends on the rela-
tionship between the width ξ(SF) and the cooperation distance
dCoop

1 in Definition 1, yielding two different scenarios:
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(a) ξ(SF) < dCoop
1 (b) ξ(SF) ≥ dCoop

1

Fig. 7: Possible scenarios for the cooperation area.

1) ξ(SF) < dCoop
1 : This scenario is illustrated in Fig. 7a,

and corresponds to the situation where dCoop
1 can be approx-

imated by a rectangle of width 2dCoop
1 and height ξ(SF), i.e.

ACoop
1a,approx ≈ 2dCoop

1 ξ(SF). (29)

2) ξ(SF) ≥ dCoop
1 : Under this circumstance, depicted in

Fig. 7b, we consider the worst case where the ED is located
at the edge of the SF, and approximate the cooperation area
as the area of a semicircle with radius dCoop

1 , i.e.

ACoop
1b,approx ≈

π

2

(
dCoop

1

)2

. (30)

Finally, the approximated value (19) is obtained in a con-
servative way as the minimum between (29) and (30).
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