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Abstract 
 Cooperative relaying increases telecommunication range, improves the connectivity,  

and increases the reliability of data transmission; however, the transmitted power does not change. This 
paper analyzes the extended telecommunication range of a multi-hop cascaded network comprising  
N–cooperative relaying high-altitude long endurance (HALE) unmanned aerial vehicles (UAVs) under 
ambient conditions. A notable ambient condition is rain, which causes signals to scatter in different 
directions; hence, one should model the communication channel for HALE UAV as a Rayleigh channel. 
This paper proposes a statistical model that is based on the effect of the telecommunication range on the 
outage probability in an N-Rayleigh fading channel. The simulation results show that as the 
telecommunication range increases, the outage probability (Poutage) also increases, whereas when both the 
telecommunication range and the number of relays increase, Poutage decreases. An issue that has been 
highlighted in this paper is that, by increasing number of relays from N=1 to N=5 the telecommunication 
range increases and Poutage about 40% decreases. Moreover, in rainy conditions and with a fixed number 
of relays, when both the intensity of rainfall and telecommunication range increases, Poutage increases. For 
example by increasing rate of rain (Rr) from 1mm/h to 100 mm/h, Poutage increases around 30% in 100 Km 
with two relays. 
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1. Introduction 
High-altitude long endurance unmanned aerial vehicles (HALE UAVs) are strategic 

UAVs that fly at altitudes ranging between 17 and 22 km above the ground in the stratosphere, 
have an a maximum flight time of more than 24 h, and have a range of approximately 300 km. 
They are in general preferred for providing reliable and stable wireless coverage for very large 
geographic areas. During the past few decades, whether as an ad–hoc network or alone, not 
only are these UAVs used for military but also for commercial applications. They are able to 
perform various missions such as communication relaying, control guidance, remote sensing, 
navigation, surveillance and others [1-4].  

In recent years, multifarious papers have reported UAVs as aerial platform 
communications is expected to an important role in the future communication systems. For wide 
coverage, extended telecommunication range with a relay, information dissemination, data 
collection, and other use cases, UAV-aided wireless communication can be used [5-7]. 
Accordingly, the performance of the UAV's network in different layers has been studied in 
numerous papers. In [8-10], research on network media access control (MAC) layer algorithms 
and routing protocols were performed. In [11-14], an optimal relaying plan based on the UAV's 
flight path and flight parameters was reported. In [15, 16], the network performance was 
investigated using techniques such as multiple-input multiple-output (MIMO) systems, as well as 
antenna beam forming (BF). In [15-17], the strategy of cooperative relaying UAVs was 
employed, and both the capacity and the probability of errors in single-input single-output 
(SISO) and MIMO scenarios were analyzed. In [18], a statistical model based on the coverage 
of the outage probability in a compound fading channel (Lognormal-Nakagami) for MANET 
networks was investigated. In [19], coverage of signals for a high altitude platform (HAP) relay in 
a 3G communications network was investigated, and in [20], both line-of-sight (LoS) and  
non-LoS (NLoS) channels were analyzed for cellular systems.  
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The results of all previous studies, prove that the performance of the UAVs relay network is 
directly dependent on the propagation of relay signals. Therefore, in order to extend the 
telecommunication range, this study uses a multi-hop cascaded network comprising N-cooperative 
relaying HALE UAVs, and, for the worst-case scenario, proposes a statistical model based on how 
the telecommunication range affects the outage probability in an N-Rayleigh fading channel. 

This unique study builds on existing results by making the following contributions. Exact 
expressions are presented to show the outage probability based on the telecommunication 
range in a multi-hop N-Rayleigh fading channel. Finally, the effect of rain, which is one of the 
most important factors of ambient conditions on the outage probability, is considered. 

 The rest of this paper is organized as follows. In Section 2, the problem statement and 
the reason for employing a cooperative relaying scenario for extended telecommunication range 
in HALE UAVs is presented. Section 3 introduces the system model and channel model under 
rainy conditions. Then, in Section 4, the statistical model based on the outage probability and 
exact expressions for the outage probability based on the telecommunication range in a  
multi-hop N-Rayleigh fading channel, are derived. Section 5 discusses the results of computer 
simulations. Finally, Section 6 concludes this paper and summarizes the key findings. 
 
 

2. Problem Statement 
Considering the geometrical model of Figure 1, and without taking into account 

constraints of characteristics of LoS link, such as the transmitted power and antenna gain, the 
following equations describe the maximum range in HALE UAVs [18, 19]. Table 1 defines the 
parameters of the (1-7). 

 
 

 
 

Figure 1. Geometric model of HALE UAV [16] 
 
 

𝑆 = 2𝜋𝑅ℎ (1) 
 

ℎ =
𝑑2 − 𝐻2

2𝐻 + 2𝑅
 (2) 

 

𝛼 = 𝐴𝑟𝑐 𝑡𝑎𝑛
𝑔

𝐻 + ℎ
 (3) 

 

𝑔 =
√(𝑑2 − 𝐻2)(4𝑅𝐻 + 4𝑅2 − 𝑑2 + 𝐻2)

2𝐻 + 2𝑅
 (4) 
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𝑆𝑚𝑎𝑥 = 2𝜋𝑅
𝑅𝐻

𝑅 + 𝐻
 (5) 

 

𝛼𝑚𝑎𝑥 = 𝜃 = 𝐴𝑟𝑐 𝑐𝑜𝑠
√𝐻2 + 2𝑅𝐻

𝑅 + 𝐻
 (6) 

 

𝐵𝑂𝑃 = 𝐴𝑟𝑐 𝑡𝑎𝑛
√𝐻2 + 2𝑅𝐻

𝑅
 (7) 

 
 

Table 1. Defined Parameters 
Parameters Description 

R Earth radius ® is about 6370 km 
H UAV height 

d max Maximum propagation distance of the signal 
r max Maximum coverage 
S max Maximum spherical area covered 

 Minimum antenna beamwidth 

 
 

By making the  BOP small, the high altitude of the HALE UAV changes 𝐴𝐷�̂� to a straight 
line and changes the crust of the sphere (i.e., CDE) to a circle with D as its center. Therefore: 

 

𝑑𝑚𝑎𝑥 = √𝐻2 + 2𝑅𝐻 (8) 
 

𝑔 = 𝑟 = √
𝑅(𝑑2 − 𝐻2)

𝑅 + 𝐻
 (9) 

 

𝑟𝑚𝑎𝑥 = √
2𝑅2𝐻

𝑅 + 𝐻
 (10) 

 

𝑅 ≫ 𝐻 →  𝑟𝑚𝑎𝑥 ≅  𝑑𝑚𝑎𝑥  ≅ √2𝑅𝐻 (11) 
 

 
As depicted in Figure 2, (11) shows that the maximum telecommunication range and 

coverage (dmax, rmax) is a function of the UAV altitude. Considering the typical values for a 
telecommunication link of HALE UAV, the maximum telecommunication range depend on the 
transmitted power, bit rate, required 𝐸𝑏/𝑁0 at the receiver, antenna gain, and channel noise [19]. 

 
 

𝑑 ≤ √
𝑃𝑇𝑋𝐻𝐺𝐻𝐺𝐺

∆𝐿𝐾𝑅𝑏𝑇𝛾0

(


4𝜋
)

2

= √
𝑃𝑇𝑋𝐻𝐺𝐻𝐺𝐺

2

16𝜋2∆𝐿𝐾𝑅𝑏𝑇
𝛾0

−1/2 (12) 

 

𝑟 ≤
√𝑅(

𝑃𝑇𝑋𝐻𝐺𝐻𝐺𝐺
2

16𝜋2∆𝐿𝐾𝑅𝑏𝑇
𝛾0

−1 − 𝐻2)

𝑅 + 𝐻
 

(13) 

 

 
from (12), the average power of the receiving signal in the ground station (𝑃𝑅𝑋𝐺) can be 
expressed as: 
 
 

𝑃𝑅𝑋𝐺 =
𝑃𝑇𝑋𝐻𝐺𝐻𝐺𝐺

𝐿𝑓∆𝐿
 (14) 
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where 𝑃𝑇𝑋𝐻 is the UAV transmitter power, 𝐺𝐻 , 𝐺𝐺  are the transceiver antenna gains, L is the 

atmospheric refraction loss, and 𝐿𝑓 = (
4𝜋𝑑


)2 is the free-space signal propagation path loss for 

the wavelength (). Also Figure 3 shows the variation in the maximum telecommunication range 
against the required 𝐸𝑏/𝑁0 at the receiver. The simulation parameters are given in Table 2. 
 
 

 
 

Figure 2. Variation in maximum 
telecommunication range and radius of 
coverage area with HALE UAV altitude 

 
 

Figure 3. Maximum range versus required 
𝐸𝑏/𝑁0 

 

 

Table 2. Simulation Parameters 
Parameter Value Definition 

𝑃𝑇𝑋𝐻 30 dBm Power per carrier 

𝐺𝐻 2 dBi Antenna gain transmitter (HALE UAV) 

𝐺𝐺 30 dBi Backhaul ground station antenna gain 
f 2.4 GHz 

5 GHz 
Frequency 

B 25 MHz System bandwidth 

 QPSK Modulation type 

Rb 40 Mbits/s Bit rate 

 
 

The results of the simulation in Figure 3 show that when required 𝐸𝑏/𝑁0 is reduced, the 
maximum telecommunication range is also reduced, especially at high frequencies. For 
example, the minimum required Eb/N0 at the receiver for QPSK modulation is 7.8 dB  
@ BER=10

-6
, for which the maximum telecommunication range is about 200 and 100 km at 2.4 

and 5 GHz, respectively. Therefore, for an extended telecommunication range in HALE UAVs 
with the same link parameters, a cooperative relaying scenario should be used. The system 
model and channel model of this scenario are described below. 
 
 

3.    HALE UAV System and Channel Model 
3.1. System Model 

A multi-hop cooperative relaying technology enhances the spectral efficiency and 
extends the coverage of both cellular and ad-hoc wireless networks [21, 22]. In cascade 
cooperative multi-hop relaying technology, the source and destination nodes communicate 
through a set of cooperating relay nodes in which the transmitted signals propagate through 
cascaded relay nodes in order to extend coverage for improving the performance of the 
network. The signal received at the relay is usually processed before being forwarded to the 
destination. There are several signal relaying protocols such as AF and DF [23]. Figure 4 shows 
N–cooperative relaying HALE UAVs. 

 
3.2. Channel Model 

A HALE UAV telecommunication channel is expected to be Ricean in its general form, 
i.e., the Rice distribution can be employed to describe the statistics of the channel [5]; hence, 
the telecommunication channel model can be expressed as follows [24]: 
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ℎ = √
𝐾

𝐾 + 1
ℎ𝐿𝑂𝑆 + √

1

𝐾 + 1
ℎ𝑁𝐿𝑂𝑆 (15) 

 

In (15), hLOS is the free‐space LoS response and hNLOS is the response due to the 

scattered waves (NLoS). K is the Ricean factor, and expresses the relative power of the direct 
and scattered components of the received signal, and provides an indication of the link quality. 
In the case of 𝐾 = 0, a Rayleigh distribution describes the channel, whereas a very large value 
of K, i.e., 𝐾 → ∞, implies the presence of a Gaussian channel. 

Moreover, the rain is confined to the first 2.5–5 km of the atmosphere depending on the 
latitude [25]. Hence, an EM wave propagating in the troposphere is directly affected by rain. An 
important conclusion of this explanation is that multipath signals are observed, even in 
unobstructed LoS links during rain, but they are not observed during clear-sky conditions. 
Hence, the h channel can be expressed by (16): 

 

ℎ = √
𝐾𝑟

𝐾𝑟 + 1
ℎ𝐿𝑂𝑆 + √

1

𝐾𝑟 + 1
ℎ𝑁𝐿𝑂𝑆

𝑟  (16) 

 

In (16), ℎ𝐿𝑂𝑆 is a deterministic, non‐fading LoS response, and 𝐻𝑁𝐿𝑂𝑆
𝑟  is a stochastic 

response of the scattered waves owing to rain. 𝐾𝑟 is the Ricean factor, and directly refers to the 

rainy conditions. In a heavy rainfall environment, 𝐾𝑟 → 0 and channel ℎ is approximately equal 
to ℎ𝑁𝐿𝑂𝑆

𝑟 . In this situation, the channel h is modelled Rayleigh fading. Empirically, the Ricean 

factor (𝐾𝑟) is given as [26, 27] 
 

𝐾𝑟(𝑑𝐵) = {
16.88‐0.04Rr  𝑑𝐵    𝑅𝑟 ≠ 0
∞                      𝑑𝐵     𝑅𝑟 = 0

 (17) 

 

This empirical relationship between the Ricean factor Kr (in dB) and the rainfall rate 𝑅𝑟 
(in mm/h) is dependent upon factors such as the elevation, frequency, polarization, climate, and 
environment. In the worst case, 𝐾𝑟 → 0, ( 𝑅𝑟 increase), and the channel ℎ is described by a 

Rayleigh distribution. Rain primarily contributes to signal attenuation, and the rain attenuation Lr 

is empirically obtained by using the specific rain attenuation Lr (dB/km) [28, 29], which is defined 
as (18). 
 

𝐿𝑟 = 𝛾𝑟𝑑𝑟 

𝛾𝑟(
𝑑𝐵

𝑘𝑚
) = 𝑎𝑟𝑅𝑟

𝑏𝑟  

𝑑𝑟 = |𝐻𝑟 − 𝐻𝑅|/𝑠𝑖𝑛𝜃 

(18) 

 

In (18), dr is the total rainy path length and is geometrically obtained, Hr is the effective 

rain height, HR is the altitude of the HALE UAV, θ is the elevation angle of the HALE UAV 

platform, and the values of the empirical regression coefficients ar and br depend on the climatic 
zone, the transmission frequency, and the polarization. 

 
 

 
 

Figure 4. N-hop cooperative relaying communication 
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The rain attenuation is significant at frequencies above 10 GHz, where the wavelength 
and raindrop size (about 1.5 mm) are comparable, so the attenuation is quite large. Thus, HALE 

UAV‐based communication systems operating in the Ka and V frequency bands are susceptible 
to rain; their L and S frequency-band counterparts are not susceptible to rain. Therefore, the 
channel model in the system model shown in Figure 4 is an N-Rayleigh channel, where its 
statistical model is explained below. 
 
 

4. Statistical Model Based on Outage Probability 
The model of attenuation for an N-Cooperative relaying HALE UAV link, as shown in 

Figure 4, is given as: 
 

𝐿𝑓 = ∏ 𝐿𝑖

𝑁

𝑖=1

 
(

19) 

 
In (19), Lf is the total signal attenuation, that is defined as an “N-Rayleigh” random variable, and 
Li is the signal attenuation for each link that defines a Rayleigh distributed random variable with 

a probability density function (pdf) of 𝑓𝐿𝑖
(𝑙𝑖) =

𝑙

𝜎𝑖
2 𝑒𝑥𝑝 (−

𝑙2

2𝜎𝑖
2) .The mth moment of 𝐿𝑖, i.e., 𝐸(𝐿𝑖

𝑚), 

is 𝐸(𝐿𝑖
𝑚) = ∫

𝑙𝑚+1

𝜎𝑖
2

∞

0
𝑒𝑥𝑝 (−

𝑙2

2𝜎𝑖
2) 𝑑𝑙 = (2𝜎𝑖

2)
𝑚

2(
𝑚

2
+ 1), where the gamma function is defined as 

(𝑥) = ∫ 𝑡𝑥−1𝑒−𝑡𝑑𝑡
∞

0
. The density and distribution functions of 𝐿𝑓 in terms of the Meijer  

G-function [30] are: 
 

𝑓𝐿𝑓
(𝑙𝑓) = 2(2𝑁𝜎2)−

1
2 𝐺

𝑁, 0
0, 𝑁

 ((2𝑁𝜎2)−1𝑙𝑓
2 |

−
1

2
, … ,

1

2
) (20) 

 

𝐹𝐿𝑓
(𝑙𝑓) = 2(2𝑁𝜎2)−

1
2 𝑙𝑓 𝐺

𝑁 , 1
1 , 𝑁 + 1

 ((2𝑁𝜎2)−1𝑙𝑓
2 |

1

2
1

2
, … ,

1

2
, −

1

2

) (21) 

 

In (20) and (21), the Meijer G-function is a generalized hypergeometric function, and is defined 
using a contour integral representation: 
 

𝐺
𝑚, 𝑛
𝑝, 𝑞  (𝑧 |

𝑎1, … , 𝑎𝑝

𝑏1, … , 𝑏𝑝
) =

1

2𝜋𝑗
 ∮

∏ (𝑏𝑖 + 𝑠) ∏ (1 − 𝑎𝑖 − 𝑠)𝑛
𝑖=1

𝑚
𝑖=1

∏ (𝑎𝑖 + 𝑠) ∏ (1 − 𝑏𝑖 − 𝑠)
𝑞
𝑖=𝑚+1

𝑝
𝑖=𝑛+1

 𝑧−𝑠 𝑑𝑠 (22) 

 

in (22), z, {𝑎𝑖}𝑖=1
𝑝

 and {𝑏𝑖}𝑖=1
𝑞

 are complex-valued, and contour ¢ is chosen so that it separates 

the poles of the gamma product in the numerator. The mth moment of 𝐿𝑓 is given by 

𝑣𝑚 =  (2𝑁𝜎2)
𝑚

2 [ (
𝑚

2
+ 1)]

𝑁

 where 𝜎2 = ∏ 𝜎𝑖
2𝑁

𝑖=1 . However, the outage probability is defined as 

the probability that the received instantaneous SNR on the destination is lower than the SNR 
threshold. In other words,  
 

𝑃𝑜𝑢𝑡𝑎𝑔𝑒 = ∫ 𝑓𝛾(𝛾)𝑑𝛾

𝛾𝑟𝑒𝑞.

0

 (23) 

 

where 𝑓𝛾(𝛾) is the distribution of the instantaneous received SNR. The attenuation in the 

channel corresponding to the SNR threshold is 𝑙𝑓 = 𝐴
𝛾𝑒𝑞

⁄  (from (12)), where the constant A is 

equal with 
𝑃𝑡𝐺𝑡 … 𝐺𝑟

𝐾𝑇∆𝐿𝑅𝑏
⁄ . Given the relationship lf and γeq and use of following lemma: 

Lemma 1: To compute the cumulative distribution of Y = g(X) in terms of the cumulative 
distribution of X, note that 

 

𝐹𝑌(𝑦) = 𝑃(𝑌 ≤ 𝑦) = 𝑃{𝑔(𝑋) ≤ 𝑦} = 𝑃{𝑋 ≤ 𝑔−1(𝑦)} = 𝐹𝑋(𝑔−1(𝑦)) (24) 
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for g decreasing within the range of X: 
 

𝐹𝑌(𝑦) = 𝑃(𝑌 ≤ 𝑦) = 𝑃{𝑔(𝑋) ≤ 𝑦} = 𝑃{𝑋 ≥ 𝑔−1(𝑦)} = 1 − 𝐹𝑋(𝑔−1(𝑦)) (25) 
 

thus, from (25) the outage probability is: 
 

𝑃𝑜𝑢𝑡𝑎𝑔𝑒 = 1 − 𝐹𝐿𝑓
(𝑙𝑓) |𝑙𝑓 = 𝐴

𝛾𝑟𝑒𝑞.
⁄  (26) 

 

Therefore, FLf
(d, lf) is the cumulative density function (CDF) of the N-Rayleigh distribution. By 

applying (21), we get: 
 

𝐹𝐿𝑓
(𝑑) |𝑙𝑓 = 𝐴

𝛾𝑟𝑒𝑞
⁄ , 𝜎2 = (

4𝜋𝑑


)

2

= 2 (2𝑁 (
4𝜋𝑑


)

2

)

−
1
2

 (
𝐴

𝛾𝑟𝑒𝑞

)  𝐺
𝑁, 1
1, 𝑁 + 1

 ((2𝑁 (
4𝜋𝑑


)

2

)−1(
𝐴

𝛾𝑟𝑒𝑞

)2 |

1

2
1

2
, … ,

1

2
, −

1

2

) 

(27) 

 

finally 
 

𝑃𝑜𝑢𝑡𝑎𝑔𝑒

= 1

− 𝐹𝐿𝑓
(𝑙𝑓) |𝑙𝑓 = 𝐴

𝛾𝑟𝑒𝑞
⁄

= 1

− 2 (2𝑁 (
4𝜋𝑑


)

2

)

−
1
2

 (
𝐴

𝛾𝑟𝑒𝑞

)  𝐺
𝑁, 1
1, 𝑁 + 1

 ((2𝑁 (
4𝜋𝑑


)

2

)−1(
𝐴

𝛾𝑟𝑒𝑞

)2 |

1

2
1

2
, … ,

1

2
, −

1

2

) 

(28) 

 

The expansion of the 𝐺
𝑁,        1
1, 𝑁 + 1

 (. ) function is difficult for different values of N, but using 

the references [30-33] for the values of N = 1, 2, 3, 4, 5 and the various values of the 

𝐺
𝑁,        1
1, 𝑁 + 1

 (. ) function are obtained. For N = 1 and N = 2, the 𝐺
𝑁,        1
1, 𝑁 + 1

(. ) function in (27) 

reduces to a Rayleigh and double-Rayleigh distribution, respectively. When N = 1, the following 
equation results are obtained: [31, (Eq. §07.34.03.0273.01)] 

 
 

𝐺
1,1
1,2

 (𝑧 |

1

2
1

2
, −

1

2

) = 𝑒−𝑧𝑧
1
2(0)𝐿−1

1 (𝑧) |𝑧 = (2 (
4𝜋𝑑


)

2

)−1(
𝐴

𝛾𝑒𝑞

)2 (29) 

 

In (29) Lϑ
 (z) is the Laguerrel function, that is, [31, (Eq. § 07.03.26.0002.01)] 

 

𝐿𝜗
 (𝑧) =

( + 1)𝜗

(𝜗 + 1)
 1𝐹1(−𝜗; ; 𝑧) ;  − ∈  𝑁+ (30) 

 

for 𝜗 = −1 and  = 1 , (29) reduces to 
(1)

(0)
1𝐹1(1; 1; 𝑧). Moreover, for 𝑎 = 1, 𝑏 = 1 , the 

hypergeometric function 1𝐹1(𝑎; 𝑏; 𝑧) is: −
1

𝑧
(1 − 𝑒𝑧) [31, (Eq. § 07.20.03.0026.01)]. Hence, for N=1: 

 

𝐹𝐿𝑓
(𝑑) = 2 (21 (

4𝜋𝑑


)

2

)

−
1
2

(
𝐴

𝛾𝑟𝑒𝑞
) (1 − 𝑒−𝑧) |𝑧 = 2 (

4𝜋𝑑


)

2

)−1(
𝐴

𝛾𝑒𝑞
)2 , 

𝑃𝑜𝑢𝑡𝑎𝑔𝑒 = 1 − 𝐹𝐿𝑓
(𝑑) 

(31) 

 

for N=2, (20) becomes: 
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𝑓𝐿𝑓
(𝑑) = 2(22 (

4𝜋𝑑


)

2

)−
1
2 𝐺

2,0
0,2

 ((22 (
4𝜋𝑑


)

2

)−1(
𝐴

𝛾𝑒𝑞
)2 |

−
1

2
,
1

2
) (32) 

 

from [31, (Eq. § 07.34.03.0605.01)]: 
 

𝐺
2,0
0,2

 (𝑧 |
−

1

2
,

1

2
) = 2𝑧

1

2
(𝑏+𝑐)

𝐾𝑏−𝑐(2√𝑧) |𝑏, 𝑐 =
1

2
  

= 2√𝑧𝐾0(2√𝑧) |𝑧 = (22 (
4𝜋𝑑


)

2
)−1(

𝐴

𝛾𝑒𝑞
)2  

(33) 

 

in (33), 𝐾𝑣(. ) is the modified Bessel function of the second kind. Replacing G-function in (32) 
with (33) and integrating the result, we obtain the following equation. 
 

𝐹𝐿𝑓
(𝑑) = −2 (22 (

4𝜋𝑑


)

2
)

−
1

2

 (
𝐴

𝛾𝑟𝑒𝑞
) 2√𝑧𝐾1(2√𝑧)| 𝑧 = (22 (

4𝜋𝑑


)

2
)−1(

𝐴

𝛾𝑒𝑞
)2 ,  

𝑃𝑜𝑢𝑡𝑎𝑔𝑒 = 1 − 𝐹𝐿𝑓
(𝑑) 

(34) 

 

applying N = 3, 4, and 5 to (27), will be achieved (35), (36), and (37), respectively: 
for N=3: 
 

𝐹𝐿𝑓
(𝑑) =

𝑧

2
∑

(−1)𝑘

(𝑘)!3 (𝑘 + 1)
× [𝑙𝑛2(𝑧) − 2 𝑙𝑛(𝑧) 𝐶3(𝑘) + 𝐶3

(1)(𝑘) + [𝐶3(𝑘)]2] 𝑧𝑘

∞

𝑘=0

|𝑧

= (23 (
4𝜋𝑑


)

2

)−1(
𝐴

𝛾𝑒𝑞
)2 

(35) 

 

for N=4: 
 

𝐹𝐿𝑓
(𝑑) =

𝑧

6
∑

1

(𝑘)!4 (𝑘 + 1)

∞

𝑘=0

× [−𝑙𝑛3(𝑧) + 3 𝑙𝑛2(𝑧) 𝐶4(𝑘) − 3 𝑙𝑛(𝑧) [𝐶4
(1)(𝑘) + [𝐶4(𝑘)]2] +𝐶4

(2)(𝑘)

+ 3𝐶4
(1)(𝑘)𝐶4(𝑘) + [𝐶4(𝑘)]3] 𝑧𝑘 |𝑧 = (24 (

4𝜋𝑑


)

2

)−1(
𝐴

𝛾𝑒𝑞
)2 

(36) 

 

for N=5: 
 

𝐹𝐿𝑓
(𝑑) ==

𝑧

24
∑

(−1)𝑘

(𝑘)!5 (𝑘 + 1)

∞

𝑘=0

× [𝑙𝑛4(𝑧) − 4 𝑙𝑛3(𝑧) 𝐶5(𝑘)

+ 6 𝑙𝑛2(𝑧) [𝐶5
(1)(𝑘)

+ [𝐶5(𝑘)]2] −4 𝑙𝑛(𝑧) [𝐶5
(2)(𝑘) + 3𝐶5

(1)(𝑘)𝐶5(𝑘) + [𝐶5(𝑘)]3] + 𝐶5
(3)(𝑘)

+ 𝐶5
(2)(𝑘)𝐶5(𝑘) + 3 [𝐶5

(1)(𝑘)]
2

+ 6[𝐶5(𝑘)]2𝐶5
(1)(𝑘) + [𝐶5(𝑘)]4] 𝑧𝑘 |𝑧

= (25 (
4𝜋𝑑


)

2

)−1(
𝐴

𝛾𝑒𝑞
)2 

(37) 

 

where 𝐶𝑁
(𝑙)(𝑘) = 𝐵𝑁

(𝑙)(𝑘) +
𝑙!

(𝑘+1)𝑙+1 . In addition, 𝐵𝑁
(𝑙)(𝑘) is:  

 

𝐵𝑁
(𝑙)(𝑘) = 𝑁 [(𝑙)(1) + (−1)𝑙+1[(𝑙)(1) − (𝑙)(𝑘 + 1)]] , 𝑓𝑜𝑟 𝑛 ≥ 2 (38) 

 

in (38), (𝑝)(𝑥) = (
𝑑𝑝

𝑥𝑝)(𝑥) = (
𝑑𝑝+1

𝑥𝑝+1) 𝑙𝑛  (𝑥) is the pth polygamma function. With this 

description, the amount of 𝑃𝑂𝑢𝑡𝑎𝑔𝑒 for different values of N is given by (28), which is simulated 

and shown in Figure 5. 
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5. Results and Discussion 
Figure 5 shows the telecommunication range with the number of cooperative relays 

against outage probability in a multi-hop link comprising N–cooperative relaying HALE UAVs. 
The simulation shows that as the telecommunication range increases, the more the outage 
probability (Poutage) increases; however when both the telecommunication range and the number 
of relays increase, Poutage decreases. 

For example, for a specified telecommunication range (i.e., 100 km), the outage 
probability decreases from approximately 0.9 to 0.2 when the number of cooperative relays from  
N=1 to N=5 increases. Therefore, by the increasing number of relays in this scenario, in addition 
to increasing the telecommunication range, the outage probability (Poutage) also decreases. 

Moreover, Figure 6 shows that in rainy conditions and with a fixed number of relays, 
whenever both the rate of rainfall and telecommunication range increases, Poutage increases. 

When the rain rate (Rr) increases, SNR decreases; however, the effect of ℎ𝑁𝐿𝑂𝑆
𝑟

 increases. 
Because of the considerable attenuation at frequencies above 10 GHz in rainy conditions, with 
increasing rain rate, the maximum telecommunication range of HALE UAV from the source to 
destination decreases yet, hence, the outage probability increases. 

 
                                              

 
 

Figure 5. Extended range with number of 
cooperative relays versus outage probability 

 
 

Figure 6. Outage probability based on 
telecommunication range under rainy conditions 
 
 

6. Conclusion 
UAVs as an aerial communications platform is expected to an important role in future 

communication systems. Increasing telecommunication range with the cooperative relaying is one 
of the UAV-aided wireless communication applications which discussed in this paper. Cooperative 
relaying simultaneously extends the range and improves the link connectivity; however, the 
transmitted power does not change. In this study, increasing telecommunication range for a  
multi-hop cascaded network comprising N–cooperative relaying HALE UAVs analyzed. We first 
studied the geometric model for the HALE UAV telecommunication range and showed that for 
increasing telecommunication range in HALE UAV with the same link parameters, especially at 
high frequencies, a cooperative relaying scenario should be used. Next, we proposed a system 
model and channel model under rainy conditions. It was shown that an N-Rayleigh fading channel 
will be created. Finally, we proposed a statistical model based on the effect of telecommunication 
range on the outage probability in an N-Rayleigh fading channel. An issue that has been 
highlighted in this paper is that, in the N-Rayleigh fading channel, when the telecommunication 
range increases, so too will the Poutage, whereas when both the telecommunication range and the 
number of relays sincreases, Poutage decreases significantly. 
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