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ABSTRACT In this paper, we propose a height-dependency shaping parameter (m) and a height-dependency
path-loss exponent for modelling small-scale Nakagami-m fading and a large-scale path-loss model for
unmanned aerial vehicle (UAV)-assisted network coded cooperation (UA-NCC) system. The statistical
parameters such as mean, variance, and probability density function (PDF) of the total noise component
(TNC) are analyzed for the proposed system model to achieve the error free communication. We derive
spectral efficiency, throughput, and a closed-form outage probability for the UA-NCC system by considering
height-dependency shaping parameter (m) and the height-dependency path-loss exponent among ground-
to-air (G2A) and air-to-ground (A2G) links, and Rayleigh channel distribution among ground users. The
analytical result is validated with simulation results and compared it with the existing work (Rayleigh and
Rician fading channel distribution). However, the better performance in the case of the proposed work comes
over the existing state-of-the-art (Rayleigh and Rician fading distribution environment) after a UAV height
of 10 m.

INDEX TERMS UAV, network coded cooperation, Nakagami-m channel, Rician and Rayleigh channel,
outage probability, spectral efficiency, throughput.

I. INTRODUCTION
Due to exponential growing of smart devices in fifth
generation and beyond (5GB), the demands of high reliability
and higher spectral efficiency have been increased. The
reliability can be improved either by using multiple input
multiple output (MIMO) system [1] or by using cooperative
communication (CC) [2]. The concept of network coding
(NC) was proposed to achieve a better throughput [3].
The combination of NC and CC, called network coded
cooperation (NCC), provides all the above benefits at one go,
but most of the works is limited to stationary relay nodes [4],
[5], [6], [7].

The use of NCC for unmanned aerial vehicle (UAV)-
assisted communication, also known as UAV-assisted NCC

The associate editor coordinating the review of this manuscript and

approving it for publication was Halil Ersin Soken .

(UA-NCC), is a perfect solution for 5GB in terms of energy
efficiency, spectral efficiency and low latency communica-
tion. First UA-NCC was proposed in [8] to improve the
diversity and throughput of the system over disaster/post-
catastrophe scenarios. The authors analyzed performance
of UA-NCC [9], [10] over an air-to-ground (A2G) channel
model based on Rayleigh fading, Rician fading and the
probability of occurrence of a line-of-sight (LoS) model.
However, the probability-based channel model considered
two extreme cases for modelling A2G links, i.e., Rayleigh
or Rician fading, whereas in practice, these A2G links take
any general fading distribution that lies between the Rayleigh
and Rician channel models depending on the UAV height.
In such scenarios, Nakagami-m fading channel model proves
to be a more generalized channel model, which covers all
the possible fading for ground-to-air (G2A) and A2G links
depending on the values of m.
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The authors evaluated secrecy outage probability [11]
using a Nakagami-m fading channel model for a fixed
value of m. Some of the existing literature analyzed the
performance of UAV-based CC [12], [13], [14], [15], [16],
[17] by considering Nakagami-m fading channel model,
where the shaping parameter is fixed and does not change
with UAV height. The authors considered simple UAV [18] as
an aerial base station for serving the ground internet of things
(IoT) devices by considering Nakagami-m fading channel
model, where the shaping parameters (m) varies with UAV
height. The UAV-assisted downlink communication have
been carried out [19], [20], [21], [22], [23], [24], and [25]
for improving the reliability for ground users. However,
these work does not consider NCC, hence diversity and high
throughput can not be achieved.

During the literature survey we also found that most of the
works are considered Drone/UAV as an aerial relay or base
station for A2G communication. However, during developing
themathematical framework the authors consider either down
link communication or Up link communication at a given
communication cycle. They did not consider both uplink
and downlink communications for the given scenario. For
the same the authors consider height-independent Rayleigh,
Rician, and Nakagami-m fading distributions for A2G links.
Apart from that they also do not consider the network coding
at UAVover the signal received during uplink communication
cycle.

To the best of our knowledge, few literatures consider
both uplink and downlink along with NC at UAV for the
multi-user scenario [8], [9], [10]. The authors developed the
framework for the UA-NCC system using Rayleigh, Rician,
and combination of both (Rayleigh and Rician) channel
distributions for A2G links for analysis purposes. However,
they do not include all the channels (that lie between Rayleigh
and Rician) variation with UAV height.

The existing literatures [8], [9], and [10] also did not
address the analytical framework for the UA-NCC system
while incorporating a height-dependent shaping parameter
for modeling the Nakagami-m fading channel. The one
solution for incorporating all the channel variation gain is
Nakagami-m fading. It is more generalized fading where
the channel gain can be changed with the height of UAV
positions. Taking into account the fact that in practical
scenarios, the variation in the channel parameters may
change with the movement of an UAV. This leads to
motivating us to propose the height-dependency m shaping
parameter for modelling G2A and A2G links along with
the height-dependency path-loss exponent for the UA-NCC
system. Therefore, in this paper, we propose the height-
dependency m factor for modelling G2A and A2G links
along with the height-dependency path-loss exponent. The
main contributions of this paper can be summarized as
follows

• Height-dependency shaping parameter (m) is proposed
for modelling the Nakagami-m fading channel model for
G2A and A2G links.

• The height-dependency path-loss exponent is proposed
for evaluating the large-scale attenuation.

• Spectral efficiency and throughput for the UA-NCC
system are analyzed by considering the above system
parameters.

• Closed-form outage probability for the UA-NCC system
is derived by considering the above system parameters.

• The expressions for the total noise component (TNC)
and its statistical analysis such as mean, variance,
and probability density function (PDF) are analyzed to
obtain the error free communication.

II. RELATED WORK
Authors in [8] discussed UA-NCC system in a Rayleigh
fading environment. They derived a closed-form expression
of an outage probability using amplify-and-forward (AF) at
the UAV, a fixed path-loss exponent for large-scale fading
and maximal ratio combining (MRC) at the destination node
are adopted. The main problem associated with [8] is the
assumption of fixed channel model between the source-UAV
link and the UAV-destination link that does not change with
UAV height, therefore affecting the actual performance of
the UA-NCC system. The optimal placement of a UAV for
a pair of ground users is discussed in [26]. The authors used
height-independent shaping parameter for the Nakagami-m
fading channel model and a height-dependent path-loss
exponent to model the large-scale attenuation in deriving
outage probability and bit error rate (BER). Due to the
height-independent nature of shaping parameter [26], the
actual performance in practical scenarios may be affected.
The analytical closed-form expression of an outage probabil-
ity is derived in [27] for the UA-NCC system using the Rician
fading and a height-independent path-loss exponent for
modelling large-scale attenuation. The destination node uses
selection combining (SC) for the direct signal and the signal
coming via the UAV, while the UAV use decode-and-forward
(DF) relaying for decoding purposes. The height-independent
Rician factor does not provide the actual characterization of
A2G links [27], therefore the performance deviates from the
true one in real-world scenarios. The analysis of the UA-NCC
system is considered [9] in a probabilistic channel model
where A2G links are assumed either Rayleigh or Rician based
on the probability of occurrence of LoS. The authors consid-
ered the height-dependent path-loss exponent for measuring
large-scale fading and analyzed the performance by using
AF at UAV and MRC at the destination node. However,
in a UAV-assisted network, the channel gain changes with
the UAV height, while in [9] the authors considered only
two extreme fading channels for modelling the A2G links.
The closed-form expression of an outage probability [28] for
the UA-NCC system is also derived by using Rayleigh as a
small-scale fading and a fixed path-loss exponent for large-
scale fading. The relaying scheme used at UAV is AF and
SC is used at destination nodes for the purpose of analysis.
However, in [28], the height-dependent parameters is not
considered for modelling small-scale as well as large-scale
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fading, which further affects the true performance of the
network. Simulation-based outage analysis [29] is performed
using AF at the UAV and MRC at the destination node
in a probabilistic channel model. However, closed-form
outage probability is not considered for the performance
metric and the variations of fading that depend on UAV
heights is also not considered in [29]. The performance
of an intelligent reflecting surface (IRS)-assisted dual-hop
UAV is analyzed in [30] using height-independent Rician
fading for A2G links. However, the authors do not consider
NCC and Rician factors as a function of UAV height for
modelling the channel that affects the true performance of the
network. The UAV-assisted IRS is considered in [31], [32],
and [33], and evaluates the network performance in terms of
outage probability, BER, and sum-rate by considering height-
independent Rician fading, while in practice the Rician factor
changes with UAV height. The performance metrics such as
outage probability and rate for UAV-assisted CC are analyzed
in [34] and [35] by considering the hybrid channel (Rayleigh-
Nakagami-m) model, where the value of m is fixed with
respect of UAV heights that restrict the actual performance.
The authors discussed about UAV-assisted device-to-device
(D2D) cooperative communication [36], where A2G links
are assigned based on the probability of occurrence of
LoS and height-independent path-loss exponent is used
for large-scale path-loss model. The authors derive the
closed-form outage probability expression [36] for the above
model using AF at UAV and SC at the destination node.
The absence of the height-dependent channel distribution
parameters in [36] restricts the ability to accurately assess
performance metrics at the destination node. The authors
derived the closed-form expression of outage probability for
UAV-assisted communication by considering an interference
scenario [37]. However, the derivation does not include
the effect of height on Nakagami-m fading distribution
along with the NC at the UAV node. The authors in [38]
discussed ground-to-UAV, UAV-to-UAV, and UAV-to-ground
communication without considering NC at UAV. The outage
probability expression is derived here by considering height
independent Nakagami-m fading channel.

A. DIFFERENT ASPECTS OF UA-NCC SYSTEM
This sub-section discusses the various aspects of UAV
assisted network coded cooperation. The discussion unfolds
as follows:

1) NEED OF THE PROPOSAL
UAV-assisted network-coded cooperation (UA-NCC) lever-
ages the fusion of UAV technology and NC to bolster wireless
network communication. Although current research often
assumes a fixed channel gain for A2G links, disregarding
the dynamic channel gain with UAV altitude. This oversight
directly impacts the UA-NCC system’s performance, subse-
quently affecting the network’s reliability. Therefore, we pro-
pose a height-dependent Nakagami-m shaping parameter to

address the channel gain fluctuations with UAV altitude,
ultimately improving the network’s reliability.

2) CHALLENGES INVOLVED
Creating advanced hardware circuitry and streamlined algo-
rithms to adapt NC in reaction to altitude-induced channel
variations represents a significant challenge. Conducting
real-world experiments to validate the effectiveness of
height-dependent channel gain models in UA-NCC system is
challenging. Acquiring accurate empirical data across various
altitudes and environmental conditions is resource-intensive
and complex.

3) ALREADY EXIST SOLUTION
There are ongoing developments exploring the integration
of UAVs with NC techniques to enhance communication
systems for fixed channel environments. While comprehen-
sive, fully implemented solutions might still be evolving.
Academia and research institutions have been working on
prototypes that demonstrate the feasibility of using UAVs for
NCC for fixed channel environments. These prototypes often
focus on specific aspects like enhancing connectivity, opti-
mizing data transmission, or improving network resilience.

4) LIMITATIONS AND DRAWBACKS
UAVs have limitations regarding the amount of equipment
they can carry. Additionally, the range of drones is limited
by battery life and regulations, affecting the coverage area
they can provide. Operating UAVs in certain areas may be
restricted due to aviation regulations or safety concerns,
limiting their deployment in some regions or scenarios.
Coordinating multiple drones for efficient NC tasks requires
intricate planning and control, which can increase operational
complexity and potential errors. The expenses associated
with acquiring, operating, and maintaining UAVs for NCC
can be substantial, impacting the feasibility of such systems.

The paper is structured as follows: In Section III, we delve
into the system model utilized within this study. This
section provides an intricate exploration of the mathematical
framework for theUA-NCC system, elucidating the statistical
parameters of the TNC. Various performance metrics (such
as spectral efficiency, outage probability, throughput) are
detailed in Section IV. Section V delves into the discussion
of results and analysis. Finally, Section VI encapsulates the
concluding remarks and discussions.

III. SYSTEM MODEL
Fig. 1 (a), shows the generalized scenario of the proposed
system model. The key application of UA-NCC system is a
disaster management scenario where the base station is not
functional. In such scenarios, one can improve the reliability
of the UA-NCC system by increasing the vertical position of
the UAV, which improves the channel gain between the UAV
and the end users. The scenario shown in Fig. 1 (a) consists
of N number of transmitter (ti)-receiver (ri) pairs assisted
by UAV, a relay node. Distance among UAV and the ground
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TABLE 1. Summary of notations.

FIGURE 1. (a) Shows the generalized scenario for UA-NCC system [9],
where ti , i ∈ {1, 2, . . . , N} and ri are the i th transmitter and receiver,
respectively. U denotes relay node, and (b) shows the vertical position of
UAV for a given horizontal configuration of ground users.

users can be calculated with the help of Fig. 1 (b), where dUti ,
dUri , dOti , dOri , and hD denote the distance between UAV and
ti/ri, distance between vertical projection ofU on the ground
plane (O) and ti/ri, and UAV vertical height, respectively.
The transmission-reception scheme is based on time division
multiple access (TDMA) technique. In the ith time-slot,
ti transmits its data (xi, , i ∈ {1, 2, . . . ,N }) to the desired
ri which is received by U and overheard by other rj, where
j ∈ {1, 2, . . . ,N }, j ̸= i. The U performs DF relaying over
the received data in the previous N time-slots and performs
NC over the combined data and broadcasts it to the ri in the
(N + 1)th time-slot. The 2nd copy of the desired data (xi) can
be extracted at ri by using the data1 (xj) coming from the tj
and U nodes. SC is used for combining the two copy at the
desired receiving (ri) node. The channel between ti (or ri) and
U changes significantly, therefore, these links are modelled
by using Nakagami-m fading channel model with shaping
parameter m that depends on height of U and environmental

1It is not treated as interference at node ri for the UA-NCC system because
it is required during the extraction of the 2nd copy of the desired signal (xi).

parameters, and parameters as defined in [18]

m = j1ej2θ , (1)

where θ=tan−1
(

hD
dOti(ri)

)
, j1, and j2 denote the environmental

parameters. The minimum possible value of m is j1 when
θ=0 or UAV is positioned at the ground plane. Therefore for
covering the Rayleigh fading (m = 1) scenario, we assume
j1=1. Furthermore, at hD = dOti(ri)tan

(
1
j2
log2

(K+1)2
(2K+1)

)
the

Nakagami-m fading channel model is approximated to Rician
distribution with rician factor K . The maximum value of
m is achieved when θ becomes π

2 or UAV is positioned
at very high altitude, i.e., j2 =

2
π
log2(mmax). In the

proposed network, we also consider hD dependent path-loss
exponent [39] for modelling large-scale attenuation which is
defined as

α = (αL − αNL)χL + αNL , (2)

where αL and αNL are path-loss exponents corresponding
to χL and χNL (probability of occurrence of non LoS
(NLoS)), respectively. In (2), χL corresponds to probability
of occurrence of LoS and can be given as [8]

χL =
1

1 + j1ej1j2e−j2θ
. (3)

The following assumptions that we consider during the
analytical frame work of the UA-NCC system given as [8]

• Energy related issues associated with U are not consid-
ered here. All the nodes are assumed to be operated in
half-duplex mode.

• Only receiver nodes has the complete channel state
information (CSI).

• Packet size is the same for all nodes.
• The coherence time is long enough to complete a
packet transmission. However, channel may change
independently between two consecutive communication
cycle.2

• The altitude and antenna height of ti, ri, and U are
neglected in this study.

A. MATHEMATICAL FRAMEWORK FOR UA-NCC SYSTEM
Transmission-reception scheme for N ti-ri pairs is discussed
in this subsection. In the proposed mathematical framework,
Nakagami-m fading is assumed among G2A and A2G links
and Rayleigh fading among ground nodes. Let us also
consider ti-ri as a pair of interest. Signal received at ri, rj,
and U can be written as

ZR
tiri =

√
Ptid

−α
tiri ℏRtirixi + ξri , (4)

ZR
tirj =

√
Ptid

−α
tirj ℏRtirjxi + ξrj , (5)

and

ZN
tiU =

√
Ptid

−α
tiU ℏNtiUxi + ξU , (6)

2One communication cycle consists of N + 1 time-slots, the first N of
which are associated with ti and the last (N + 1)th with U .
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where R, N, Zab, dab, Pa, and xa denote Rayleigh channel,
Nakagami channel, the signal received at b from a, distance
between nodes a and b, transmitted power and transmitted
signal by node a, respectively. Symbol α denotes path-loss
exponent, ξb denotes additive white Gaussian noise (AWGN).
Here ℏab denotes channel coefficient between nodes a and b.
U decodes (full decoding of xi) the N signals, combine
them, and forwards it to ri node using DF relaying scheme.
Received signal in (N + 1)th time-slot at node ri, can be
written as

ZN
Uri =

√
PUd−α

Uri

[
N∑
i=1

xi

]
ℏNUri + ξri . (7)

Without loss of generality, node ri is considered for showing
the extraction process of the 2nd copy of required data and
appearance of residual term. After few simplifications by
using (5) in (7), 2nd copy (ẐUri ) of required data at ri can
be expressed as

ẐR, N
Uri =

√
PUd−α

Uri ℏ
N
Urixi︸ ︷︷ ︸

1st term

+ ξri −

N∑
j=1,j̸=i

√
PUd−α

Uri ℏ
N
Uri√

Ptjd
−α
tjri ℏRtjri

ξrj

︸ ︷︷ ︸
2nd term

. (8)

In the above equation, the 1st term represents the desired
part of the transmitted signal, while the 2nd term denotes
the residual part comes due to the extraction of the desired
signal, which is known as TNC. The occurrence of TNC
in (8) is due to the extraction process of 2nd copy of required
data. To extract the 2nd copy ZtiUri from the sum signal
(ZtiUri +

∑N
j=1,j̸=iZtjUri ) at ri, the signal

∑N
j=1,j̸=iZtjri is

subtracted from the sum signal (ZtiUri+
∑N

j=1,j̸=iZtjUri ). This
process results in residual term

∑N
j=1,j̸=i(ZtjUri − Ztjri ) due

to asymmetric channel characteristics between paths tj-ri and
tj-U -ri. Therefore, the final expression of the 2nd copy of xi
reaching at ri via U is written as

ẐR,N
Uri =

√
PUd−α

Uri ℏ
N
Urixi + RR, N

i , (9)

where Ri denotes TNC (combined effect of AWGN and
digital network coding (DNC) noise) at ri, and given
as

RR, N
i = ξri −

N∑
j=1,j̸=i


√

PUd−α
Uri ℏ

N
Uri√

Ptjd
−α
tjri ℏRtjri

 ξrj

︸ ︷︷ ︸
DNC-noise

. (10)

The cumulative effect of TNC for UA-NCC system can be
find by taking the average of (10) and given as

RR, N
system =

N∑
i=1

RR, N
i

N
. (11)

FIGURE 2. TNC magnitude with UAV height (meter) for N=2 ti -ri pairs.

Fig. 2 shows the variation of magnitude of TNC with UAV
height for different configuration of ti-ri pairs. It may be
noted here that the strength of TNC is greater when the ti-ri
pairs are configured in such a way that the distance between
them is less. The strength of TNC decreases with increase
in the UAV height for all the configuration of ti-ri pair. This
is happened because with an increase in UAV height, the
value of m increases as a result (10) the strength of TNC
decreases.

B. STATISTICAL PARAMETERS OF TNC
The statistical parameters of the TNC are mean, variance, and
PDF, which will be derive in this subsection. By knowing
these parameters of TNC, one can easily decode the
transmitted signal from the received signal at the desired
destination node.

1) MEAN
Because the background noise at nodes ri and rj is statistically
independent and has a zero mean

(
E[ξri ] = E[ξrj ] = 0

)
,

therefore, the mean of (10) for a given UAV height is zero(
E
[
RRay, Nak
i

]
= 0

)
, where E [.] denotes the expectation

operator.

2) VARIANCE
The variance of TNC at the desired node ri is calculated by
taking the variance on both sides of (10) and defining as

var
[
RR, N
i

]
= var

ξri −

N∑
j=1,j̸=i


√

PUd−α
Uri ℏ

N
Uri√

Ptjd
−α
tjri ℏRtjri

 ξrj

︸ ︷︷ ︸
DNC-noise

 ,

(12)

where var denotes variance of TNC. Taking statistical
independence of the background noise ξi and ξj, variance of
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RR, N
i is denoted by σ 2

RR, N
i

and given as

σ 2
RR, N
i

= var
[
ξri
]
+ var


N∑

j=1,j̸=i


√

PUd−α
Uri ℏ

N
Uri√

Ptjd
−α
tjri ℏRtjri

 ξrj

︸ ︷︷ ︸
DNC-noise

 .

(13)

Using the variance property and the assumption that ℏRtjri and
ℏNtjri are constant over the course of a packet duration, the
aforementioned equation can be expressed as

σ 2
RR, N
i

= var
[
ξri
]
+

N∑
j=1,j̸=i

(
PUd−α

Uri |ℏ
N
Uri |

2

Ptjd
−α
tjri |ℏ

R
tjri |

2

)
var

[
ξrj
]
.

(14)

The average noise power at nodes ri and rj is var
[
ξri
]
=σ 2

ri and
var

[
ξrj
]
=σ 2

rj . Therefore, the variance of TNC is given as

σ 2
RR, N
i

= σ 2
ri +

N∑
j=1,j̸=i

(
PUd−α

Uri |ℏ
N
Uri |

2

Ptjd
−α
tjri |ℏ

R
tjri |

2

)
σ 2
rj . (15)

From (15), it is to be noted that the variance of TNC at ri,
increases with the number of ti nodes. The cumulative effect
of variance for the UA-NCC system can be found by taking
the average of (15) and given as

σ 2
RR, N =

N∑
i=1

σ 2
RR, N
i

N
. (16)

FIGURE 3. Varince of TNC with number of sources for different UAV
heights.

Fig. 3 indicates the variance of the TNCwith the number of
sources for different UAV height. Here, it may be noted that
the variance of TNC increases with the number of sources, the
same is mentioned in (15). Fig. 3 indicates that the variance of
TNC at hD=50m is greater as compared to that of hD=100m.
This is because the path-loss exponent decreases with hD,
which may impact the large-scale fading.

3) PDF OF TNC
In this subsection, the PDF of TNC is derived by considering
two ti-ri pairs. During the derivation, we assume that the
channel coefficients will not change during the transmission
of one packet duration or in one communication cycle.
Using (10) for two ti-ri, i ∈ {1, 2} pairs and it is re-written
as

RR, N
1 = ξr1 −


√

PUd−α
Ur1

ℏNUr1√
Pt2d

−α
t2r1ℏ

R
t2r1

 ξr2 . (17)

In the derivation of the PDF of TNC, RR, N
1 is replaced by

z, and take the fact that channels do not change during a
communication cycle. As a result, these channel coefficients
have little effect on the PDF during that communication
cycle, and we can replace the channel coefficient ratio with
its mean value [8] and write the coefficient of ξr2 as A =(√

PUd−α
Ur1√

Pt2d
−α
t2r1

E
[

ℏN
Ur1

ℏR
t2r1

])
. Putting RR, N

1 = z and coefficient of

ξr2 as A in (17) and re-written (17) as

Z = ξr1 −Aξr2 . (18)

Here ξr1 and ξr2 are the AWGN having mean zero and
variance σ 2

ξr1
and σ 2

ξr2
, respectively. The PDF of ξr1 and ξr2

are

fξr1 =
1√

2πσ 2
ξr1

e
−

ξ2r1
2σ2

ξr1 ,

fξr2 =
1√

2πσ 2
ξr2

e
−

ξ2r2
2σ2

ξr2 . (19)

By using transformation on (18), the PDF of TNC is defined
as

fZ (z) =

∫ z

0
fξr1 (z+Ap)fξr2 (p)dp. (20)

After putting fξr1 and fξr2 from (19) into (20) and integrating
them, we obtain the PDF of TNC as follows

fZ (z) =

e
−

Z2

2
(
A2σ2

ξr1
+σ2

ξr2

)√
π
2 (A1 −A2)

2π
√
A2σ 2

ξr1
+ σ 2

ξr2

, (21)

where A1 and A2 defined in (21) are given as

A1 = Erf

 Z
(
A(1 + A)σ 2

ξr1
+ σ 2

ξr2

)
√
2σξr1

σξr2

√
A2σ 2

ξr1
+ σ 2

ξr2

 ,

A2 = Erf

 AZσξr1
√
2σξr2

√
A2σ 2

ξr1
+ σ 2

ξr2

 , (22)

where Erf [.] denotes error function.
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FIGURE 4. PDF of TNC with dummy variable z .

PDF of TNC with some dummy value is shown in Fig. 4.
This PDF is useful at the receiver end of the UA-NCC system
for extracting the 2nd copy of the desired signal. The network
designer can design the receiver circuitry in such a way by
taking care of the statistical parameters of TNC, such that the
decoding (or calculating bit error rate) of the received packets
at the receiver nodes having error free.

IV. DIFFERENT METRICS FOR PERFORMANCE
EVALUATION OF UA-NCC SYSTEM
This section derives the expressions of spectral efficiency
and throughput along with the closed-form expression of
an outage probability for the UA-NCC system in the
Nakagami-m fading environment. In order to account for
battery limits and the size constraints of tiny devices, we use
SC in place of MRC and equal gain combining (EGC) at
the ri node for evaluating the above performance metrics.
Furthermore, to achieve a better quality of service, DF is used
at UAV in place of the AF relaying scheme in this work.

A. SPECTRAL EFFICIENCY
The spectral efficiency (SE) at the desired receiving node (ri)
is represented by the symbol IUA-NCC and is defined as [4].

IUA-NCC(ri) =
1

N + 1
min{log2(1 + ϒtiU ),

log2(1 + max(ϒtiri , 0tiUri ))}, (23)

where ϒtik represents signal-to-noise ratio (SNR) between
trasmitting node ti and receiving k ∈ {U , ri}, which is defined
as

ϒjk =
Pjd−α

jk |ℏjk |2

σ 2
k

, (24)

Symbol ϒtiUri denotes the SNR at ri, when signal xi reaches
at ri via U and it is given by

ϒtiUri =
ϒUri

1 +

N∑
j=1,j̸=i

(
ϒUri
ϒtjri

) . (25)

SNR used in (25), can be found by using (24). The SE for the
UA-NCC system, which includes the SEs for all N receiving

nodes (ri), is calculated by averaging individual SEs and
given as follows

η =

N∑
i=1

IUA-NCC(ri)

N
, (26)

where the SEs of each ri can be calculated by using (23).

Algorithm 1 Proposed Method for Evaluation of
Throughput
Input : N , iteration, hD, rj, pre-defined threshold

(tth).
Output: Evaluation of throughput for ti-ri pair

1 for q=1→iteration do
2 for i=1→length(hD) do
3 Calculate χL and χNL for a given hD and

dOti(ri).
4 Calculate m for a given hD and dOti(ri).
5 Evaluate ℏt1U , ℏt2U , . . . , ℏtNU , ℏUri channels

based on m
6 Evaluate SE using (23)
7 O1=IUA-NCC(ri) > tth
8 µi(q,i)=length(find(O1))
9 end

10 end
11 Calculate Throughput (µ)=mean(µi).

B. THROUGHPUT
It is an important performance metric in wireless commu-
nication for measuring the quality of service. Throughput
of the UA-NCC system for the desired ti-ri pair at a given
pre-defined threshold value (tth) can be defined as

µi =
Zi
T

, (27)

where Zi is the number of bits received successfully at the
node ri and T is the total time duration for completing one
communication cycle. Algorithm 1 is designed to evaluate the
throughput of the UA-NCC system for the proposed scenario.
The throughput for the UA-NCC system by including N
receiving nodes is calculated as

µ =

N∑
i=1

µi

N
(28)

whereµi denotes the throughput corresponding to each desire
ti-ri pair. The calculation of throughput in Algorithm 1 is
explained as follows: In step 3, for a given hD and rj, we have
calculated χL and χNL and then calculated the path loss
exponent (using (2)). In step 4, the Nakagami-m shaping
parameter is calculated for the same hD and rj and then
calculate Nakagami-m channels (ℏt1U , ℏt2U ,. . . , ℏtNU and
ℏUri ) as mentioned in step 5. Based on the path loss-exponent
and shaping parameter calculated in steps 3 and 4, large-scale
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path loss and channel gain are evaluated. In steps 6 and 7
evaluate the number of bits received at ri using the parameters
evaluated in steps 3,4, and 5. Finally, we have calculated the
throughput at ri using (28) in step 11.

C. OUTAGE PROBABILITY
Outage probability is another important metric for measuring
the performance of UA-NCC system. For a given spectral
efficiency K, the outage probability at node ri is defined
as [8] and [40]

Pout(ri) = P [IUA-NCC(ri) < K] . (29)

Using (23) and (29), outage probability for UA-NCC system
becomes

Pout(ri) = P
[
min{log2(1 + ϒtiU ),

log2(1 + max(ϒtiri , ϒtiUri ))} < (N + 1)K
]
.

(30)

Using probability theory, (30) can be rewritten in (31), as
shown at the bottom of the page, where T = (2(N+1)K

− 1).
In (31), 3rd term can be denoted by P3rd

out and can be written
as

P3rd
out(ri) = P[ϒtiri < T ]︸ ︷︷ ︸

1st part

P[ϒtiUri < T ]︸ ︷︷ ︸
2nd part

. (32)

To the best of authors knowledge, solution of 2nd part of (32)
is not available with the current form of ϒSiRDi . To obtain
a closed-form expression, we used an approximation [41]
for ϒtiUri from equation (32) and then reformulated (32) as
follows

ϒtiUri ≈ ϒ̄tiUri = min(ϒUri , ϒt1ri , . . . , ϒti−1ri ,

ϒti+1ri , . . . , ϒtN ri ). (33)

Using (33) in (32) and solve 2nd part of (32) as below

P[ϒtiUri < T ] = 1 − P[ϒUri > T ]︸ ︷︷ ︸
3rd part

N∏
j=1,j̸=i

P[ϒtjri > T ]

︸ ︷︷ ︸
4th part

.

(34)

The PDF and the cumulative distribution function (CDF) for
ϒjk are given by [2]

fV (v) =

(
mv
λv

)mv vmv−1

0(mv)
exp

(
−
mvv
λv

)
, (35)

and

FV (v) =
1

0(mv)
γ

(
mv,

mvv
λv

)
, (36)

where v ∈ {ϒtiU , ϒtiri , ϒtj̸=iU , ϒUri}, mv is known as shaping
parameter of Nakagami-m fading, 0 and γ denote Gamma
and lower incomplete Gamma function, respectively and

λv=
Pjd−α

jk E[|ℏjk |2]
σ 2
k

. Solution of 1st term of (31) can be obtain

as [42]

P[ϒtiU < T ] =

∫ T

0

(
mv
λv

)mv vmv−1

0(mv)
exp

(
−
mvv
λv

)
dv

=
1

0(mtiU )
γ

(
mtiU ,

mtiUT
λtiU

)
, (37)

where λtiU=
Ptid

−α
tiU

E[|ℏtiU |
2]

σ 2
U

. Solution of the 1st part of the 2nd

term of (31) can be expressed as

P[ϒtiU > T ] =

∫
∞

T

(
mv
λv

)mv vmv−1

0(mv)
exp

(
−
mvv
λv

)
dv

= 1 −
1

0(mtiU )
0

(
mtiU ,

mtiUT
λtiU

)
. (38)

Solution of the 2nd part of the 2nd term of (31) can be
obtained as

N∏
j=1,j̸=i

P[ϒtjU > T ] =

N∏
j=1,j̸=i

[
1 −

1
0(mtjU )

0

(
mtjU ,

mtjUT

λtjU

)]
. (39)

Similarly, solution of 1st parts of (32) and solution of 3rd parts
of (34) can be written as

P[ϒtiri < T ] = [1 − eλtiriT ], (40)

and

P[ϒUri > T ] = 1 −
1

0(mUri )
0

(
mUri ,

mUriT
λUri

)
. (41)

Solution of 4th part of (34) can be obtained as

N∏
j=1,j̸=i

P[ϒtjri > T ] = e
−

[
N∑

j=1,j̸=i
λtjriT

]
. (42)

Pout(ri) = P[ϒtiU < T ]︸ ︷︷ ︸
1st term

+

[
P[ϒtiU > T ]︸ ︷︷ ︸

1st part

N∏
j=1,j̸=i

P[ϒtjU > T ]

︸ ︷︷ ︸
2nd part︸ ︷︷ ︸

2nd term

]
P[max(ϒtiri , ϒtiUri ) < T ]︸ ︷︷ ︸

3rd term

. (31)
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Invoking (41) and (42) in (34) and rewritten (34) as

P[ϒtiUri < T ] = 1 −

[
1 −

1
0(mUri )

0

(
mUri ,

mUriT
λUri

)]

e
−

[
N∑

j=1,j̸=i
λtjriT

]
. (43)

Remark: The expression derived in (43) is useful in such a
scenarios where the direct link between the desired ti-ri pair
is not exist or goes in highly deep fading condition. In such
scenarios, the desired node (ri) receives the desired signal via
UAV.

Using (40) and (43) in (32), we can obtain P3rd
out in (44), as

shown at the bottom of the page. Putting (37), (40) and (32)
in (31), we can obtain outage probability for Nakagami-m
channel model as given in (45), as shown at the bottom of
the page. The outage probability for UA-NCC system that
include all the N receiving nodes (ri) is defined as

Pout =

N∑
i=1

Pout(ri)

N
. (46)

where (45) can be used to find Pout for each ri node.

V. RESULTS AND ANALYSIS
In this section, we illustrate the performance of the considered
UA-NCC system in Nakagami-m faded environment and
compare the results with the existing channel models. The
simulation parameters used in this work are as follows: The
number of transmitted bits is 1000, the number of nodes is
four, the power for each transmitting node is 1 mW, the noise
power is 10−4 W, and the path-loss exponents for the LoS
and NLoS components are αL=2 and αNL=3.5, respectively.
Bandwidth in the network is 100 MHz. The environment
parameters are j1=1, j2=6. The pre-defined threshold value
for comparing the received signal strength is 0.01, the range
of vertical heights is 0:50m and the horizontal distance
between ground nodes is 100m. Monte-Carlo simulation
using MATLAB R2021b has been carried out for validating
the analytical results.

FIGURE 5. Comparision of probability of outage with UAV height [meter]
for different channel model.

Fig. 5 shows the probability of outage with UAV height
for different channel models. Here, we compare the results
by using the three-channel models. The 1st model, the
Rayleigh [8] model, assumes that all links within the
UA-NCC system exhibit Rayleigh fading. In the 2nd model,
the Rician [9] model, the A2G links are characterized as
Rician distributed, while the ground nodes are assumed
to undergo Rayleigh fading. The 3nd model introduces
the proposed Nakagami-m channel model, where the G2A
and A2G links are modelled as Nakagami-m distributed.
It’s worth noting that the parameter m changes depending
on the height of the UAV. At the same time, the ground
nodes experience Rayleigh fading in this model. At hD=0,
it is observed that the 1st and 3rd models having similar
performance due to the same value of m (m=1), resulting
in Rayleigh fading. Meanwhile, the 2nd model showcases
superior performance compared to the 1st and 3rd models,
primarily because its A2G links follow a Rician distribution.
The performance of 1st model decreases with UAV height
increases, because in this case, path-loss increases with UAV
height, similarly the performance of 2nd and 3rd models also
increases with the UAV height due to increase in the LoS

P3rd
out = [1 − e−λtiriT ]

1 −

[
1 −

1
0(mUri )

0

(
mUri ,

mUriT
λUri

)]
e
−

[
N∑

j=1,j̸=i
λtjriT

] . (44)

Pout(ri) =

[
1

0(mtiU )
γ

(
mtiU ,

mtiUT
λtiU

)]
+

[
1 −

1
0(mtiU )

0

(
mtiU ,

mtiUT
λtiU

)]
 N∏
j=1,j̸=i

[
1 −

1
0(mtjU )

0

(
mtjU

mtjUT

λtjU

)]
[
1 − e−λtiriT

]1 −

[
1 −

1
0(mUri )

0

(
mUri ,

mUriT
λUri

)]e−
[

N∑
j=1,j̸=i

λtjriT

]
 . (45)
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FIGURE 6. Comparision of probability of outage with UAV height [meter]
for different environmental parameters.

FIGURE 7. Comparison of probability of outage with power transmitted
by nodes for different channel model.

component. Here, it is also to be noted that the performance of
2nd model is better up to hD ≈10m compared to the 1st and
3rd channel models. This is attributed to the dominance of
the Rician factor over m within this UAV height. The outage
performance of the 2ndmodel and the 3rdmodel is equivalent
at hD=10m due to the similar value of m and the Rician
factor (K ), where this relation is defined as m =

(K+1)2
2K+1 .

The performance of the proposed model (3rd model) is better
beyond 10m as compared to the existing Rician channel
model because of the higher value of m over K .
Fig. 6 shows the outage probability with UAV height of our

proposed (Nakagami-m) model for different environmental
parameters. Here, we compare the results for different values
of j2 for fixed value of j1. As observed from (1), the channel
gain of Nakagami-m fading channel model increases with
increase in the value of j2, thereby improving the overall
outage performance of UA-NCC system.

Fig. 7 shows the variation of the outage probability with
power transmitted by the transmitting nodes in the different
channel models when the UAV is placed at a height of 50m.

FIGURE 8. Comparison of throughput with UAV height [meter] for
different channel model.

It is worth noting here that if the desired user wants the
outage probability to be less than 10−3 over the entire range
of transmitting power as shown on the horizontal axis, the
user can meet that requirement by using the proposed channel
(Nakagami-m) model rather than the existing Rayleigh and
Rician channel models. This gives useful insight to the
network designer for choosing the channel for G2A and A2G
links in the UA-NCC system, which is helpful in practical
applications such as disaster management etc.

Fig. 8 shows the variation of throughput with UAV height
in the different channel models. Here, it may be noted that the
number of bits received at the desired destination decreases
as the UAV height increases in the case of a Rayleigh fading
channel. This may happen because in a Rayleigh fading
channel there is no LoS component, only a NLoS component
exists. Therefore, the channel gain decreases and large-scale
path-loss increases with UAV height. While in the case of
Rician and the proposed channel (Nakagami-m) model, the
number of bits received at the destination node increases
with UAV height. It may happen because the LoS component
increases with the UAV height, which is dominated by the
large-scale path-loss. Another observation is that the received
bits in the proposed channel model are greater than that of in
the Rician channel model, because the value of the shaping
parameter (m) is much higher beyond 10m than the Rician
factor (K ).
Fig. 9 shows the variation of the outage probability with

rate in the different channel models. It may be noted here
that for a given required rate at the destination node, the
performance of the proposed channel (Nakagami-m) model
is better as compared to the existing Rayleigh and Rician
channel models.

This also gives insightful information to the system
engineer to design the receiver circuitry, to choose G2A and
A2G links in favor of the proposed channel (Nakagami-m)
model in place of the existing Rayleigh and Rician channel
models for a given pair of outages and rates (let’s say
Pout=10−4, required rate=0.23).
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FIGURE 9. Comparison of probability of outage with rate [bits/sec] for
different channel model.

VI. CONCLUSION
In this paper, the height-dependent Nakagami-m shaping
parameter and height-dependent path-loss model are pro-
posed for analyzing the performance of UAV-assisted
network-coded cooperation (UA-NCC) system. The analyt-
ical framework for the UA-NCC system using the proposed
Nakagami-m channel has been developed. For evaluating the
performance of the UA-NCC system, we have developed
the expressions of spectral efficiency and throughput. The
closed-form expression of the outage probability is derived
for the UA-NCC system. The statistical parameters such
as mean, variance, and probability density function (PDF)
of the total noise component (TNC) are analyzed for the
proposed systemmodel to achieve error-free communication.
An extensive simulation has been carried out to verify
the analytical analysis. The results show that the UA-NCC
system’s performance in the Nakagami-m fading channel is
more realistic than the existing Rayleigh and Rician faded
channels. The proposed work is useful in the area of internet
of things (IoT)-based smart agriculture. Energy harvesting at
the UAV for the proposed work is also an intriguing future
project.
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