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Delay analysis of UAV networks with hybrid wireless and power line
communication
Liangbin Zhu1, a), Qinghai Yang2, and Shuman Ding2

Abstract The unmanned aerial vehicle (UAV) network has been widely
studied for for various metrics, e.g., flexible and reliable. Among these
metrics, delay is a major performance metric for UAV network. This paper
models a UAV network with hybrid wirless and power line communication
(PLC) where data is first relayed through a wireless channel and then
transmitted through a PLC system. We analysis the delay performance
of the hybrid network via SNC approach. Numerical results shows how
various parameters affect the delay performance under the service capability
derived.
Keywords: UAV network, PLC, SNC, delay analysis
Classification: Wireless communication technologies

1. Introduction

Unmanned Aerial Vehicle (UAV) networks are attracting
increasing attention in recent years. UAVs can be rapidly
deployed to meet the needs of various applications, such as
search and rescue, surveillance, and communication relay.
In some of these missions such as disaster monitoring and
military applications, ensuring continuous network services
poses a significant challenge, particularly when drones are
required to sustain tasks such as target detection and data
transmission over extended durations without reliable, con-
tinuous power sources. Faced with the above challenge,
the power line communication (PLC) is introduced into the
UAV network, which is able to ensure power supply and
improve transmission performance. Despite these advan-
tages, the complexity of PLC additive noise makes it diffi-
cult to describe, since it is a mixture of background noise
and pulse noise. It can be described by the Nakagami-m
distribution and middleton class A distribution [1]. The
Bernoulli-Gaussian distributions is also widely used in the
literature to model both types of noise. The multiplicative
noise can be well described by Rician fading model and
Rayleigh fading model [2], and the Log-normal distribution
is an excellent model for PLC [3]. In response to the prob-
lems raised above, the stochastic network calculus (SNC) [4]
in the signal-to-noise-ratio (SNR) domain is used to capture
the service capability of wireless channels, how to integrate
PLC into modern communication and model channels of
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UAV networks is still a huge challenge.
In this paper, a wireless-PLC hybrid UAV network is mod-

eled by using Poisson point process (PPP), and the statistical
characteristics of the service incremental processes of both
channels are analyzed. To address the delay analysis in a
wireless-PLC hybrid network, we contemplate the SNC as
a prospective solution method. The use of the convolution
operator in SNC allows us to analyze the delay of series
queues, providing convenience to evaluate the performance
of hybrid network. Hence, the SNC approach is used to
analyse the delay performance.

2. Network model

In this scenario, we consider a multi-cluster UAV network,
where relay drones establish power connections via power
lines to ensure a continuous power supply while extend-
ing the surveillance range. Simultaneously, source drones,
responsible for the surveillance mission, are randomly dis-
tributed within the same plane as relay drones and commu-
nicate with them via wireless channels. It is a wireless-PLC
hybrid network model that data is first sent from the source
to the relay through a wireless channel and the data is then
transmitted to the destination over PLC link, as shown in
Fig. 1. In such network, we use PPP to describe the spatial
position of communication equipments. In particular, we
use a homogeneous PPP to model the location of the active
sources, that is, ΦT = {xi} with density λ, where xi ∈ R2

for ∀i ∈ {1, . . . ,N} represents the location of sources. Once
the destination reaches its designated location x0 ∈ R2, it
releases a UAV equipped with a power cable to facilitate the
continuous power supply of this UAV and the data commu-
nication between them. And we focus on a transmission pair
between a typical receiver at the origin and its corresponding
transmitter at x0.

Fig. 1 A UAV network with wireless and power line communication.
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2.1 Wireless link
To evaluate the service capabilities of wireless links, we
adopt the path loss propagation model with path loss index
α > 2 and Rayleigh channel fading. The channel fading
coefficient remains static within each time slot and indepen-
dent of each other, showing an exponential distribution with
an average value of 1. For simplicity, we assume that all
sources have a fixed transmit power P, and thus the signal
received signal power of UAV is Ph(t)r−αi , where h(t) is
the instantaneous Rayleigh fading gain and ri is the distance
between source i and UAV.

In the depicted scenario, intra-cluster drones employ fre-
quency division orthogonality. During the uplink phase,
when all intra-cluster users simultaneously transmit infor-
mation, co-channel interference arises from adjacent cluster
UAVs transmitting on the same frequency. We focus on
the interference, which is described as the cumulative signal
power from all other transmitter ambient. The noise power
is denoted as σ2 for analysis integrity. H is the flight altitude
of the UAVs. The instantaneous SNR of the wireless link is

γw(t) =
Ph(t)r−α∑

Xi ∈ΦT\x0 Pwi(t)| |xi | |−α + σ2 , (1)

where wi(t) is the Rayleigh fading channel power of the
interference channel.

2.2 PLC link
The Log-normal distributed channel gain and Bernoulli-
Gaussian noise are used to model the PLC link. Similarly,
the instantaneous SNR of a PLC link is

γp(t) =
Pphp(t)

n
, (2)

where hp is the PLC channel gain. For the Bernoulli-
Gaussian noise, the probability distribution function (PDF)
is

f (n) = (1 − ρ)CN(0,σ2
g ) + ρCN(0,σ2

g + σ
2
i ). (3)

Herein CN(0,σ2) is the complex Gaussian distribution.
ρ is the probability of the impulsive component of the
Bernoulli-Gaussian noise. The background noise power of
PLC link is σ2

g . With background and impulsive noise, the
total noise power is σ2

i = σ
2
g (1 + K), where K = σ2

i /σ2
g is

the impulsive noise index.
Using the above system and channel model, we further

analyze the delay bound of the hybrid network through SNC
in the SNR domain.

3. Delay analysis

The hybrid network is a discrete fluid flow queuing system,
the arrival and service process is defined as A(t) and S(t) and
the arrival and service increments are defined as a and s. In
order to utilize SNC in the SNR domain, we convert these
two factors into the exponential domain as A(t) = eA(t) and
S(t) = eS(t). By applying Chernoff’s bound Pr{X(τ, t) ≥
x} ≤ x−βMX (1 + β, τ, t), one can readily derive the prob-
abilistic performance bound for any nonnegative random
variable (RV) X , where MX (β, τ, t) = E[(X(τ, t))β−1] is the
Mellin transform of X . With Chernoff’s inequality and the

Mellin transforms of arrival and service incremental pro-
cesses, the delay bound can be easily computed via SNC in
the SNR domain.

In this work, a data flow model of Poisson arrival pro-
cess is considered, which the arrival increment is a Poisson
random variable with an average δ, which is represented
equivalently in the SNR domain as Ma(β) = eδ(e

β−1−1).
Next, we evaluate the Mellin transform of the service in-

cremental process pertaining to both wireless and PLC links.
We put forward the nearest association strategy to improve
channel condition. The distance distribution between the
typical receiver and its closest transmitter is provided as
fd(r) = 2πλr exp(−λπr2).

We will derive the Mellin transform of the service incre-
ments for the wireless link. Firstly, since there is a great
distance between the interferers and the connected transmit-
ter, the Laplace transform can be derived as the Laplace
transform of cumulative interference Ir is given with param-
eter s = rαP−1x as

LIr (s) = EΦ,wi

exp ©«−s
∑

xi ∈Φ\x0

wiP ∥xi ∥−α
ª®¬


= exp
(
−2πλ

∫ ∞

r

(
1 − 1

1 + sPy−α

)
ydy

)
.

(4)

Then we focus on the statistical characteristics of λ. The
CDF of λ can be written as

Fγ(x) = 1 − Er (exp(−rαP−1σ2x) LIr (rαP−1x))

= 1 − 2πλ
∫ ∞

0
exp(−rαP−1σ2x − λπr2)

× LIr (rαP−1x)rdr .

(5)

By taking the derivative of Fγ(x) in Eq. (5), we can obtain
the corresponding PDF fγ(x) as follows

fγ(x)=−2πλ
∫ ∞

0
r exp

(
−πλr2 − rαP−1σ2x

)
LIr

(
rαP−1x

)
×

(
−rαP−1x − 2πλ

∫ ∞

r

rαy1−α

(1 + rαxy−α)2
dy

)
dr .

(6)
The Mellin transform of service incremental process is

Msw (β) = 2πλ
∫ ∞

0

∫ ∞

0

∫ ∞

r

r(1 + x)
(β−1)W

ln 2

× exp
(
πλr2 + rαP−1σ2x

)
LIr

(
rαP−1x

)
×

(
−rαP−1x − 2πλ

rαy1−α

(1 + rαxy−α)2

)
dy dr dx.

(7)
The result in Eq. (7) is a triple integral, which is intricate.

Therefore, we aim to simplify it. We focus on the special
case that α = 4 and σ2 = 0 to simplify the result in Eq. (4).
It can be further simplified as

LIr

(
r2P−1x

)
= exp

(
−2πλ

∫ ∞

r

xy
x + y2r−2 dy

)
(a)
= exp

(
−πr2λx

1
2

∫ ∞

x
− 1

2

1
1 + u2 du

)
= exp

(
−πr2λ

√
x arctan

√
x
)
.

(8)
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where step (a) is obtained by utilizing the variable transfor-
mation u = x−

1
2 r−2y2. With the Laplace transform under

α = 4 and σ2 = 0, we can extend the expression for Fγ(x)
in Eq. (5) as

Fγ(x) = 1 − πλ
∫ ∞

0
exp

(
−πλr2(1 +

√
x arctan

√
x)

)
dr2

=

√
x arctan

√
x

1 +
√

x arctan
√

x
.

(9)
In conclusion, if α = 4 and σ2 = 0 then the Mellin

transform of service increments is

Msw (β) =
∫ ∞

0

(1 + x)
W (β−1)

ln 2 −1 (
(1 + x) arctan

√
x + x2)

2
√

x(1 +
√

x arctan
√

x)2
dx.

(10)
We analyse the instantaneous SNR of the PLC link in

two cases with pulse noise and without pulse noise which
expressed as γ1

p and γ2
p . If the instantaneous SNR of the

PLC link only have background noise, γ1
p written as

γ1
p =

|hp |2Pp

σ2
g

. (11)

Otherwise, with impulsive noise, γ2
p is written as

γ2
p =

|hp |2Pp

σ2
g (1 + K)

. (12)

The two RVs above are also Log-normal RVs and their
PDFs are

fγp (γ)=


fγ1

p
(γ)= 1

γ
√

2π4σ2
p

× exp

(
−

(lnγ−ln Pp

σ2
g
−2µp )2

8σ2
p

)
,

fγ2
p
(γ)= 1

γ
√

2π4σ2
p

× exp

(
−

(lnγ−ln Pp

σ2
g (K+1)

−2µp )2

8σ2
p

)
.

(13)

Using the above PDFs of SNRs, we can further derive the
Mellin transform of the service increments of the PLC link
with Shannon capacity as

Msp (β) = E
[
(1 + γ)

W (β−1)
ln 2

]
=

∫ ∞

0
(1 + x)

W (β−1)
ln 2 fγp (x)dx.

(14)

Inserting Eq. (13) into Eq. (14), if there is only the back-
ground noise, the Mellin transform of the service incremen-
tal process of the PLC link is expressed by

M1
sp
=

1
√

2π2σp

∫ ∞

0

(1 + x)
W (β−1)

ln 2

x

× exp
©«−

(ln x − ln Pp

σ2
g
− 2µp)2

8σ2
p

ª®®¬ dx.

(15)

In another case, we consider the impulsive noise for the
PLC link, the Mellin transform of the service incremental
process can be written as

M2
sp
=

1
√

2π2σp

∫ ∞

0

(1 + x)
W (β−1)

ln 2

x

× exp
©«−
(ln x − ln Pp

σ2
g (K+1) − 2µp)2

8σ2
p

ª®®¬ dx.

(16)

With the independent property of the Mellin transform, the
analytical average delay bound of the PLC link is

Msp = (1 − ρ)M1
sp
+ ρM2

sp
. (17)

Finally, the channel capacity is transformed into the SNR
domain and Mellin transform of service increment is written
by

Msw (β) = E
[
(1 + γw)

(β−1)W
ln 2

]
=

∫ ∞

0
(1 + x)

(β−1)W
ln 2 fγ(x)dx

=

∫ ∞

0
(1+x)

(β−1)W
ln 2

(
rαP−1σ2+4λπ2r2x

2
α −1

(
α2 sin

2π
α

)−1
)

× exp

(
−rαP−1σ2x − 2λπ2r2x

2
α

(
α sin

2π
α

)−1
)

dx.

(18)
Therefore, the delay bound of these two queues for any

random traffic is easily calculated. By using the convolution
operator of min-plus algebra in SNC, the two-stage tandem
queue is equivalent to a single queue whose Mellin transform
is

MSover all
(β, τ, t) = Msw ⊗sp (β, τ, t)

≤
t∑

u=τ

Msw (β, τ,u) · Msp (β,u, t)

=
M t−τ

sp
(β) − M t−τ+1

sw
(β)M−1

sp
(β)

1 − Msw (β)M−1
sp (β)

,

(19)

where ⊗ and ⊘ are convolution operator and deconvolution
operator defined in [5]. Then the delay bound is derived by

Pr{W(t)>w} ≤Pr{A ⊘ Soverall(t, t+w)>1}

≤ lim
t→∞

t∑
u=0

MA(1+β,u, t) × MSover all
(1−β,u, t+w)

≤ lim
t→∞

[ t∑
u=0

M t−u
a (1+β)M t+w−u

sp
(1−β)−M−1

sp
(1−β)M t−u

a

(1+β)M t+w−u+1
sw

(1−β)
]
/
(
1 − Msw (1−β)M−1

sp
(1−β)

)
=

1
1 − Ms1 (1−β)M−1

s2 (1 − β)
×
[

Mw
s2 (1 − β)

1−Ma(1 + β)Ms2 (1 − β)

−
M−1

s2 (1 − θ)Mw+1
s1 (1 − β)

1 − Ma(1 + β) Ms1 (1 − β)

]
.

(20)
Note that the first inequality is based on the property

that for a single queue with arrival A and service S in the
SNR domain, the delay bound can be expressed as W(t) =
inf {u ≥ 0 : A ⊘ S(t, t + u) ≤ 1}.
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4. Numerical results

In Fig. 2, we explore how the delay bound is affected by
variations in both δ and P

σ2 across different levels of delay
violation probability. We maintain other parameters at fixed
values: B = ln 2 MHz, ρ = 0.8, K = 30, and Pp

σ2
g
= 7

dB. As δ increases, the delay bound deteriorates due to a
greater influx of traffic, resulting in increased queue con-
gestion. Conversely, a higher SNR value for Pp

σ2
g

signifies
a more favorable transmission environment and a reduced
delay bound.

Figure 3 illustrates how the delay bound versus varies with
average SNR of the PLC link, considering various values of
K and ρ. For this, δ is kept constant at 100 kbps. The average
SNR of the wireless link is set to P

σ2 = 5 dB. For the PLC
link, we maintain parameters µhp = 1 and σ2

hp
= 1. The

results show that the delay bound deteriorates significantly
as K increases. As K grows, the service capability becomes
weaker in the presence of impulsive noise, as indicated by
Eq. (9) and Eq. (10). This results in an overall reduction
in service capability and leads to an increase in the delay
bound.

Regarding additional parameters such as data rate (δ) and
the average SNR (Pp/σ2

g ), their effects on system perfor-

Fig. 2 Delay versus Pp/σ2
g under various PLC channel.

Fig. 3 Delay versus violation probability under various data flow and
P/σ2.

mance can also be assessed using Figs. 2 and 3. The delay
bound increases with the increase of data rate. It is reason-
able since a higher data rate means more traffic congestion,
which results in higher delay level.

5. Conclusion

The paper models a hybrid wireless-PLC UAV network us-
ing a two-stage tandem queue. The delay bound for this
UAV network is derived by SNC in the SNR domain. The
numerical results demonstrate the impact of various factors
and provide insight for network deployment and flow control
for hybrid networks under different delay requirements.
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