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ABSTRACT Networked flying platforms (NFPs) have emerged as a favorable solution to extend the network
coverage and/or capacity in temporary scenarios, such as disasters or mega-size events, thanks to their
flexibility and cost efficiency. However, in order to provide a reliable multihop link through NFPs, multiple
parameters should be considered and optimized, such as the antenna gains, and the number of NFPs
required to achieve a certain level of quality of service (QoS). Furthermore, the design of such parameters
when considering the hovering fluctuation of NFPs becomes more challenging. In this paper, we study the
performance of a long millimeter wave (mmWave) link through multiple NFPs to connect a remote area with
the core network taking into account the fluctuation of NFPs. In specific, we derive the outage probability
(OP) for such a system under practical considerations, such as NFP fluctuation variance, realistic 3D radiation
patterns, gaseous absorption losses, number and distribution of NFPs. Furthermore, we propose a spatial
formation for NFPs to reduce interference along the path. Extensive simulations are provided to validate the
analytical findings and to reveal insightful trade-offs that help in designing such links.

INDEX TERMS Antenna pattern, backhaul/frounthaul links, mmWave communication, networked flying
platforms (NFPs), positioning, unmanned aerial vehicles (UAVs).

I. INTRODUCTION
Many natural disasters such as hurricanes and earthquakes,
can knock down traditional terrestrial-based communications,
let alone the mega-events with huge number of users gath-
ering in a small area which would congest the network and
lead to degraded quality of service (QoS) or service out-
age. Attempting to address such scenarios, next-generation
cellular networks will inevitably rely on two (among oth-
ers) technologies; high-frequency millimeter wave (mmW)
bands and networked flying platforms (NFPs) [1], [2], [3],
[4], [5], [6], [7]. The former would keep up with the increas-
ing demand on high data rate, while the latter supports the
ubiquity and flexibility requirements of future communication
networks [4]. The need for a flexible and cost efficient solution
rises up in various scenarios when terrestrial communication

infrastructures fail to provide coverage or sufficient capacity
such as natural disasters or temporary events where a small
area is overcrowded by users beyond the network capacity
and/or coverage. In such events, providing a temporary cov-
erage extension through traditional terrestrial backhauling is
time consuming and costly, while deploying NFPs is more
cost efficient and can fulfill the timely need of communication
for rescue operations or event attendees [5], [8].

A promising combination with aerial backhauling,
mmWave band is proposed in [9], since mmWave
signals suffer from bad propagation and usually require
line-of-sight which makes this band more suitable for aerial
communications. Furthermore, the large available bandwidth
at mmWave bands makes it favorable for point-to-point
backhauling purposes, and although signals in such bands
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suffer from high path loss, compact-form highly directional
antennas can be mounted on NFPs, thanks to the short
wavelength at this band. However, as discussed in the next
subsection, high directional antennas have a limitation when
mounted on NFPs due to aerodynamic considerations and
because of the atmospheric turbulence and fluctuations
which makes the realisation of reliable links through NFPs a
challenging task.

NFPs as relays can facilitate the fronthaul links between a
base station and users in either uplink or downlink direction.
Backhauling scenarios can be achieved through relaying over
single or multiple NFPs capitalizing on their flexibility, low
cost, and favorable channel conditions over terrestrial alterna-
tives. In both scenarios, a relaying protocol can be adopted
such as decode-and-forward (DF) and amplify-and-forward
(AF). DF schemes have been shown to be superior in perfor-
mance as compared to AF schemes. However, employing DF
relaying involves higher complexity at the NFP’s side [10].

A. RELATED WORKS AND CONTRIBUTIONS
The adoption of NFPs in mmWave bands backhauling has
been thoroughly studied in the literature [11], [12], [13],
[14], [15], [16], [17], [18], while other works [19], [20],
[21] have considered the random effects of NFP vibration or
atmospheric turbulence for free-space optical (FSO) commu-
nication systems, and few works [9], [22], [23] considered the
fluctuation effects in mmWave bands for simplified scenarios.

The authors in [11] studied the NFP-assisted backhauling
system in mmWave band taking into account the dynamic
blockage phenomena in such bands. An analytical framework
is provided to study this system in terms of OP and spectral
efficiency. However, antenna alignment is assumed perfect
in this work which is not practical especially in mmWave
and higher frequencies. A similar system is studied in [12]
utilizing stochastic geometry to quantify the probability of
establishing a backhauling link. The authors in [13] realised
a more practical scenario by taking the users mobility into
account and optimizing the positions of NFPs that support
both backhauling and fronthauling by employing practical
3 rd generation partnership project (3GPP) antenna models.
As reported, by optimizing the NFPs positions using particle
swarm optimization algorithm in a backhaul-aware manner, a
gain of about 0.2 Gb/s is obtained in the sum rate for all users.
Similarly, in [15], the location of unmanned aerial vehicles
(UAVs) and bandwidth allocation are optimized to maximize
a modified version of Paris Metro Pricing model. All of these
works ignored the NFP fluctuation or turbulence despite thier
significant effect at mmWave and higher frequencies. More-
over, the effect of fluctuation or pointing errors highly affects
the system performance when employing highly directional
antennas.

The random fluctuation due to motor or propellers rotation,
or atmospheric turbulence has been sufficiently studied in
FSO systems. For instance, in [19], the authors studied an
FSO link between a high altitude platform (HAP) and UAV
hovering at a low altitude, taking into account both the at-
mospheric turbulence and pointing errors caused by UAV’s

hovering. In specific, it is assumed that the transmitter at the
HAP transmits an optical beam that has a Gaussian footprint,
while the photo-detector at the UAV is supposed to be at the
center of the Gaussian beam. However, due to hovering of
the UAV, it is shifted randomly causing pointing errors. It is
shown that this displacement has a significant effect on OP
and outage capacity of the link. A multihop link is studied
in [20] where multiple UAVs, acting as relays, provide FSO
connectivity between two far apart points while taking into
account the orientation fluctuation of UAVs. It is shown that
optimizing the beamwidth can alleviate the effects of orienta-
tion fluctuation on the outage performance.

Unlike the case of FSO communications, where the fluc-
tuation effect on the link has an almost on-off behaviour, in
mmWave bands the orientation fluctuation has a more com-
plex effect on the system performance and it is generally more
challenging to study, since it involves the antenna radiation
pattern approximations [24]. The authors in [22] employed
a robotic arm to emulate the turbulence due to wind gusts
affecting UAVs and measured a Doppler spread of about
±20 Hz at carrier frequency of 28 GHz. The authors in [9],
which is among the first works to consider UAV fluctuations
in mmWave bands, provided analytical framework to study
multiple aerial communication scenarios involving UAV fluc-
tuations. It is shown that high antenna gains are beneficial
in low signal-to-noise ratio (SNR) regime while lower gain
antennas are more favorable in high SNR regions as a lower
gain antenna has a wider beamwidth and thus the fluctuation
effects are minimal in this case. This note is further confirmed
in [23] by employing square antenna arrays and incorporating
fluctuations in two directions. However, in scenarios when the
interference is incorporated in the analysis, this note would
not be generally correct since wide beamwidth would cause
higher levels of interference.

In this paper,1 motivated by the previous discussion, a
long NFP-assisted backhaul link is studied, as shown in
Fig. 1(a). In specific, a practical scenario is investigated where
inter-NFP interference is incorporated in the analysis while
considering the fluctuations which is, to the best of our knowl-
edge, the first time to be addressed in the literature. The
OP of this system is studied, where a closed form expres-
sion is provided for the end-to-end (E2E) OP. Furthermore,
a novel spatial formation for NFPs is proposed and optimized
to compensate the inter-NFP interference. In particular, the
backhauling link is characterized as a function of the afore-
mentioned parameters and the OP for the E2E link is derived.
Analytical findings are verified by Monte Carlo simulations
for various parameter sets and scenarios in order to understand
the relations between different parameters, to optimize the
radiation directivity gain and the spatial formation of NFPs
to alleviate the fluctuation effects, and to reveal important
design trade-offs in such systems. The main contributions of
this paper are summerised as follows

1This work is an extension of our previous conference paper [24], where
we studied a simplified system while ignoring the inter-NFP interference.
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FIGURE 1. System model. (a) A vertical cross-section illustration of a long aerial backhaul link. (b) A top view illustration of NFPs’ zigzag pattern.

� Long aerial backhauling system is proposed taking into
account the NFPs fluctuations and inter-NFP interfer-
ence.

� The E2E OP is derived under practical considerations
such as antenna radiation patterns, mmWave gaseous
absorption model and spatial distribution of NFPs.

� A spatial formation of NFPs is proposed to mitigate
inter-NFP interference under such scenarios while taking
the NFP fluctuation into account.

� Various scenarios are studied numerically and verified
by analysis which revealed important design insights for
such systems.

The rest of this paper is organized as follows. We charac-
terize the system and channel models of a long NFP-based
mmWave backhaul link in Section II. Then, in Section III,
we provide an analytical closed-form expression for OP along
with optimal parameter system design highlights. In addition,
we propose a spatial formation of NFPs to minimize interfer-
ence. Next, in Section IV, the performance of long NFP-based
mmWave backhaul link is analyzed in terms of OP, and simu-
lation results are presented and discussed. Finally, conclusions
are drawn in Section V.

II. THE SYSTEM MODEL
A long mmWave backhauling link is considered as shown in
Fig. 1(a), where a multi-hop link is formed through NFPs to
render a low cost and flexible solution to provide connectivity
to remote areas in case of terrestrial infrastructure failure.
Moreover, the considered topology can be used to provide
high speed internet connectivity for a remote area as a more
affordable alternative in comparison with the fiber networks in
order to reduce the costs of trenching fiber optic cables to the
remote area. This is even more appealing when the demand is
temporary and/or varies substantially in time/location.

Since highly directional antennas are mounted on NFPs, the
deployment of NFPs on a straight line will result in a high
inter-NFP interference. Hence, we propose a zigzag formation
of NFPs in the horizontal plane as shown in Fig. 1(b). As will
be shown in the sequel, the zigzag angle α has an optimal
value related to the considered other parameters such as the
inter-NFP distance and the gain of the directional antennas.
The intermediate relays in the multihop link are denoted as Ui

for i ∈ {2, . . .,M − 1}, where M is the number of NFPs, and

TABLE I The List of Main Notations

U1 and UM respectively represent the first and last NFPs as
shown in Fig. 1. The core network transmitter (source) com-
municates with the first NFP U1, where the signal traverses
through the intermediate NFPs to reach the last NFP UM and
finally to be forwarded to the destination at the remote area.
Each NFP is equipped with two highly directional antennas,
one for transmission and the other is for reception. Let us
denote the transmitter and receiver antennas at NFP Ui for
i ∈ {1, . . .,M} as At,i and Ar,i, respectively. Similarly, the core
network and destination antennas are denoted as As and Ad ,
respectively. The rest of notations are presented in Table 1.
We assume that all NFP nodes are equipped with simple
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tracking mechanisms to enable them to track the neighbouring
NFPs to be aligned with each other. It is worth mention-
ing that this alignment and tracking is usually coarse and is
done by means of control methods benefiting from location
information. Therefore, as will be shown in the coming sec-
tions, this alignment undergoes fluctuations around the center
direction which causes fluctuations in the desired received
power and interference level as well. It is assumed that all
links are operating at the same frequency band and that each
NFP performs DF relaying. It should be stressed here that
adopting DF relaying imposes higher complexity at the NFP
side while allowing better performance. However, this choice
is done in the paper to demonstrate the performance of the
multihop system while emphasizing the role of other, more
related, parameters as discussed in the following sections.
Furthermore, we assume that there is no interference between
terrestrial ends (source and destination) and the NFPs, and
each NFP can cause interference to the adjacent NFPs only.
The received signal-to-interference-plus-noise ratio (SINR) at
the first NFP, i-th NFP for i ∈ {2, . . .,M}, and destination are
obtained respectively as

γr,1 = Pr1

N1
, (1)

γr,i = Pri

Ii + Ni
, (2)

γr,d = Prd

Nd
, (3)

with

Pr1 = Pt,shLs,1Gs(θtx,s,1, θty,s,1)Gr,1(θrx,1,s, θry,1,s)

Pri = Pt,i−1hLi−1,i Gt,i−1(θty,i−1,i )Gr,i(θry,i,i−1)

Prd = Pt,MhLM,d Gt,M (θtx,M,d , θty,M,d )Gd (θrx,d,M , θry,d,M ),
(4)

Ii =
i−2∑
k=1

Pt,khLk,i Gt,k

(
θ ′

ty,k,i

)
Gr,i

(
θ ′

ry,i,k

)
(5)

where N1, Nd and Ni represent the noise power at U1, the
destination, and Ui, respectively, Pt,M is the transmitted power
of the last NFP, Pt,s and Gs(θtx,s,1, θty,s,1) are the transmitted
power and the antenna gain of the ground transmitter, Pt,i

and Gt,i(θty,i, j ) are respectively the transmitted power and the
antenna gain of At,i, Gr,i(θry,i, j ) is the antenna gain of Ar,i, and
Gd (θrx,d,M , θry,d,M ) is the antenna gain of the ground destina-
tion. The parameters hLs,i , hLi,d , and hLi, j for i, j ∈ {1, . . .,M}
respectively denote the channel loss of source to Ui link, Ui to
destination link, and Ui to Uj link. The NFPs’ vibrations are
characterized by random variables θty,i, j , θry,i, j , θ ′

ty,k,i, θ
′
ry,k,i,

θtx,i, j , and θrx,i, j which are well defined later in Section II-C.

A. CHANNEL PROPAGATION LOSS
In normal atmospheric conditions, water vapor (H 2 O) and
oxygen (O2) molecules are strongly absorptive of radio sig-
nals, especially at mmWave frequencies and higher.

The resulting attenuation is in excess of the reduction in
radiated signal power due to free-space loss. Channel loss is
usually expressed in dB and it can be calculated using the
formula

htot
L,dB( fc) = 20 log

(
4πL

λ

)
+ ho,w

L,dB( fc), (6)

where the first term is the free-space path loss [25], L is the
link length (in m), λ is the wavelength (in m), fc is mmWave

frequency (in GHz), ho,w
L,dB( fc) = ho,w

L,dB/km( fc )L

1000 is the attenua-
tion due to oxygen and water (in dB), and ho,w

L,dB/km( fc) =
h◦

L,dB/km( fc) + hw
L,dB/km( fc) is the attenuation due to oxygen

and water (in dB/km). At 20 ◦C surface temperature and at sea
level, approximate expressions for the attenuation constants of
oxygen and water vapor (in dB/km) are provided in an Inter-
national Telecommunications Union (ITU) report as per [26].

In our system model, inter-NFP links are approximately
horizontal, while the links between core to NFPs (CU) and
destination to NFPs (DU) are slant where the corresponding
models are adopted from [26].

B. ANTENNA PATTERN
Highly directional antennas are required to combat high prop-
agation losses in mmWave bands, and especially in an NFP
where power sources are limited. Thanks to the high fre-
quencies in mmWave bands, compact form highly directional
antennas can be designed and accommodated on NFPs.

Assuming that the NFPs are distributed over the z-axis be-
tween the source and destination, NFPs symmetrically fluctu-
ate in both x − z and y − z axes [23]. However, due to aerody-
namic considerations, the intermediate NFPs (U2, . . .,UM−1)
are equipped with a linear array antenna rather than a planar
one to enhance stability. Therefore, the radiation pattern is
approximately symmetrical in one direction and directional in
the other. Hence, without loss of generality, for the inter-NFP
links we consider fluctuations around y − z direction only
since NFPs are equipped with linear array antennas. However,
for the first hop, source to U1 and last hop, UM to destination,
fluctuations are not considered as we assume that ground ends
have accurate mechanisms of tracking, where both the source
and the destination, U1 and UM , are equipped with a square
array antenna with N × N antenna elements with the same
spacing between elements in the x- and y-directions.

The array radiation gain is mainly formulated in the direc-
tion of θ and φ. In our model, in the first and last hops with
planar arrays of antennas, θ and φ can be defined as functions
of random variables (RVs) θx and θy as follows

θ = tan−1
(√

tan2(θx ) + tan2(θy)

)
,

φ = tan−1 (tan(θy)
/

tan(θx )
)
. (7)

By taking into account the effect of all elements, the array
radiation gain in the direction of angles θx and θy will be:

G(θx, θy) = G0(N ) Ge(θx, θy) Ga(θx, θy), (8)
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where Ga is an array factor, Ge is a single element radiation
pattern and G0 is a normalization constant. The 3GPP single
element radiation pattern Ge,3 dB = 10 × log10(Ge) is adopted
from [27]. The array factor Ga(θx, θy) for a uniform excitation
amplitude over the square array can be obtained from [28, eqs.
(6.89) and (6.91)] as follows

Ga(θx, θy) =
⎛
⎝ sin

(
N (kdx sin(θ ) cos(φ)+βx )

2

)
N sin

(
kdx sin(θ ) cos(φ)+βx

2

)

×
sin
(

N (kdy sin(θ ) sin(φ)+βy )
2

)
N sin

(
kdy sin(θ ) sin(φ)+βy

2

)
⎞
⎠

2

, (9)

where βx and βy are progressive phase shift between the ele-
ments along the x and y axes, respectively. It is assumed that,
without loss of generality, βx = βy = 0 and the hovering NFP
sets its antenna main-lobe direction on the z axis.

Similarly, the array factor Ga of linear array antennas, used
for the intermediate NFPs Ui for i ∈ {2, . . .,M − 1}, is defined
as follows

Ga(θy) =
(

sin
(
πNθy

)
N sin

(
πθy

)
)2

, (10)

where θy is the random variable representing the angle fluc-
tuations in the y-axis, while fluctuations in x-axis are ignored
because of the symetry of the radiation pattern.

C. THE EFFECT OF NFP’S INSTABILITIES
In practical situations, an error in the mechanical control sys-
tem of NFPs, mechanical noise, position estimation errors, air
pressure, and wind speed can affect the NFP’s angular and
position instability [29]. The instantaneous orientation of an
NFP can randomly deviate from its mean denoted by θpu,i, j .
Let RVs θty,i, j ∼ N (θpu,i, j, σ

2
θ ) and θry,i, j ∼ N (θpu,i, j, σ

2
θ )

denote the instantaneous AoD of Tx and AoA of Rx antennas
mounted on Ui around the y-axis with respect to the location
of Uj . It is worth noting that the mean equals zero (θpu,i, j = 0)
when the nodes Ui and Uj are aligned with each other and the
fluctuation happens around the angle θpu,i, j = 0◦ that gives
the maximum antenna gain as shown earlier. However, since
the interfering NFPs Uk are not alligned with the interfered
NFP Ui, thanks to the zigzag pattern, the captured interference
power will be scaled by the antenna gains observed from
non-zero angle θpui,k �= 0 where θpui,k is the interference angle
between the ith NFP and the kth interfering NFP. For clarity,
we denote the random variables θty,k,i and θry,i,k with non-zero
mean θpui,k �= 0 as θ ′

ty,k,i and θ ′
ry,i,k , respectively.

III. PERFORMANCE ANALYSIS
A. NFPS SPATIAL FORMATION
If the interference effect is neglected, the best performance
is obtained by distributing the NFPs over a straight line [24].
However, in case all NFPs operate at the same frequency band,
the worst performance occurs when the NFPs are distributed

over a line because of the high inter-NFP interference from the
main lobe of antenna radiation patterns. A zigzag formation
of terrestrial access point relays has been proposed in [30],
and it has been shown that steering the nulls of the radiation
pattern of adjacent relays reduces interference and improves
the overall system capacity. In this section, we adopt the
zigzag formation to mitigate interference while considering
the NFPs fluctuation. Specifically, the NFPs are distributed
over a zigzag pattern in the horizontal plane as shown in
Fig. 1(b), where a non-zero angle α is introduced between
interfering NFPs. This formation introduces an extra opti-
mization parameter which is the width of the zigzag pattern
Lu2. The zigzag angle is varied by changing the width of
the zigzag pattern Lu2 while fixing the inter-NFP horizontal
distance Li as shown in Fig. 1(b). Therefore, the interference
angle between the i-th and (i + k)-th NFP, with k ≥ 2, can be
written as

θpu,i,i+k =
⎧⎨
⎩

tan−1
(

Lu2
Li

)
, if k is even

tan−1
(

Lu2
(k−1)Li

)
, if k is odd

(11)

It should be noted that since the E2E distance Lsd is fixed
the horizontal distances between NFPs is assumed, without
loss of generality, to be equal, i.e., Li = Lsd

M .

B. OUTAGE PROBABILITY
The E2E OP Pout is obtained as follows

Pout = 1 − (
1 − Pout,s1

) (
1 − Pout,Md

) M∏
i=2

(
1 − Pout,i

)
(12)

where

Pout,s1 =
JK∑
j=1

⎛
⎝e

− 2( j−1)2

J2N2
r,1σ

2
θ − e

− 2 j2

J2N2
r,1σ

2
θ

⎞
⎠

× Y (N1γr,th − P′
r,1( j)), (13)

Pout,Md =
JK∑
j=1

⎛
⎝e

− 2( j−1)2

J2N2
t,Mσ2

θ − e
− 2 j2

J2N2
t,Mσ2

θ

⎞
⎠

× Y (Ndγr,th − P′
r,d ( j)), (14)

Pout,i = 1 −
KJ∑

j1=1

· · ·
KJ∑

jM=1

A j1, j2,..., jM

[
Q

(
2( j1 − 1)

JNt,i−1σθ

)
− Q

(
2 j1

JNt,i−1σθ

)]

×
[

Q

(
2( j2 − 1)

JNr,iσθ

)
− Q

(
2 j2

JNr,iσθ

)]

×
M∏

m=3

[
Q

(
2( jm − 1)

JNt,i−m+1σθ

)
− Q

(
2 jm

JNt,i−m+1σθ

)]
(15)
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and Y (x) is the sign function. Also, the parameters P′
r,1( j) and

A j1, j2,..., jM are defined in (22) and (35), respectively. For the
proof, please refer to Appendix A.

The OP expression given in (15) is intuitive since we have
approximated the radiation pattern by adopting its sampled
counterpart. The coverage event happens when the trans-
mitter and receiver antennas are experiencing some rotation

angles with probabilities
[
Q
(

2( j1−1)
JNt,i−1σθ

)
− Q

(
2 j1

JNt,i−1σθ

)]
and[

Q
(

2( j2−1)
JNr,iσθ

)
− Q

(
2 j2

JNr,iσθ

)]
, respectively. The interference

resulting from the configuration of the interfering nodes

with probability
∏M

m=3

[
Q
(

2( jm−1)
JNt,i−m+1σθ

)
− Q

(
2 jm

JNt,i−m+1σθ

)]
,

which makes the SINR larger than the said threshold γr,th.
Therefore, the indicator function A j1, j2,..., jM takes value 1
to add up the probability of the given configurations of all
involved antennas as a coverage event probability.

Furthermore, it can be easily verified that the OP tends to
1 when the number of NFPs M → ∞ which is confirmed by
numerical simulations. This can be verified by noticing that
the E2E distance is fixed (or at least finite), therefore, by
increasing the number of NFPs to infinity, the link will be
overcrowded by NFPs and the interference will overwhelm
the desired signal. Furthermore, as the number of antenna
elements increases N → ∞, the OP tends to 1 which is also
confirmed by simulations, and it is because the radiation
beamwidth will tend to 0 (very narrow beam) and hence the
SNR becomes 0 as well.

In the next section, by providing sufficient simulations for
conventional values of the channel parameters at 70 GHz, we
will show that by incorporating the interference in the system,
the worst case scenario is when the NFPs are distributed over
a straight line which was the optimal scenario when ignoring
the interference [24]. Due to page limitations, optimal system
design under frequency reuse is out of the scope of this work,
and is left for future consideration. However, we will show the
effect of spatial formation of NFPs to reduce interference in
case all NFPs operate at the same frequency bands.

C. SPECIAL CASE: WITHOUT INTERFERENCE
In case the interference between NFPs is neglected, as in [24],
the optimal spatial formation of NFPs will be a straight line.
Therefore, the OP can be easily obtained for the first and last
hops by setting N1γth = Pr,th and Ndγth = Pr,th in (13) and
(14), respectively. The outage of the inter-NFP links is derived
in a similar way as follows

Pout,i =
JK∑
j=1

JK∑
j′=1

⎛
⎝e

− 2( j−1)2

J2N2
t,i−1σ

2
θ − e

− 2 j2

J2N2
t,i−1σ

2
θ

⎞
⎠

⎛
⎝e

− 2( j′−1)2

J2N2
r,iσ

2
θ − e

− 2 j′2
J2N2

r,iσ
2
θ

⎞
⎠Y

(
Pr,th − P′

r,i

(
j, j′

))
. (16)

TABLE II Parameter Values for Simulations

IV. SIMULATION RESULTS
In this section, we first examine the effect of important pa-
rameters such as link length, intensity of NFPs’ vibrations,
antenna pattern, NFP height, frequency band, etc. on the per-
formance of the considered system. Then, using the obtained
results, we study the optimal design of the tuneable parame-
ters. The values of the parameters used in the simulations are
listed in Table 2. It is worth noting here that the analytical
results from (15) are generated by including five interfering
NFPs only for the sake of simplicity, and as shown in the fig-
ures, this approximation has a good matching with simulation
results.

In Fig. 2(a) and (b), E2E OP of a backhauling link is de-
picted versus the number of antenna elements Nt,i = Nr,i =
Nu for different zigzag angles α = {10, 15, 20, 25}◦ and fluc-
tuation variances σθ = {2, 2.5, 3, 3.5, 4}◦, respectively.

In both figures, we fix the E2E distance Lsd = 40 km and
the number of NFPs M = 8. We first notice that the analyt-
ical approximation of OP has an acceptable matching with
numerical simulation results. In Fig. 2(a), the OP improves
by increasing the zigzag angle because it makes the captured
interference at the interfered NFP arrives from a large angle,
i.e. non-zero angle, thus it reduces the inter-NFP interference.
Although, increasing the zigzag angle results in shorter inter-
ference paths, the non-zero reception angle at the receiving
antenna compensates the decreased path loss. Additionally,
it is noticed that there is an optimal range for the number
of antenna elements. For instance, when the zigzag angle is
small, i.e., α = 10◦, increasing the number of elements Nu

generally slightly improves the performance. However, due to
the small zigzag angle, the OP is high due to the high cap-
tured interference. On the other hand, for larger zigzag angles,
there is a shorter range for optimal performance. For instance,
when α = 25◦, Nu = 6, 8 gives the lowest OP and using any
other number of antenna elements significantly degrades the
performance.

In Fig. 2(b), we fix the zigzag angle at α = 20◦ and analyze
the effect of NFP fluctuation standard deviation σθ on the OP.
As expected, higher σθ values results in performance degra-
dation, and the degradation exhibits a diminishing behaviour.
Furthermore, the fluctuation standard deviation does not affect
the optimal number of antenna elements which stays roughly
around Nu = 8. In Fig. 3, the E2E OP is plotted versus the
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FIGURE 2. E2E outage probability versus number of antenna elements Nu

when Hu = 2.5 km, for (a) different values of zigzag angles α and σθ = 2.5◦,
and (b) different values of NFP fluctuation σθ with α = 20◦.

FIGURE 3. E2E outage probability versus zigzag angle with different
number of antenna elements Nu = 6, 8, 10, 12.

FIGURE 4. Outage probability of inter-NFP links versus zigzag angle and
number of NFPs.

zigzag angle with Hu = 2.5 km and σθ = 4◦ for four different
number of antenna elements, namely Nu = 6, 8, 10 and 12.
As noticed in the previous two figures, the higher the number
of elements, i.e., the narrower the beamwidth, the smaller the
required zigzag angle to achieve the optimal performance.
This is due to the fact that since the inter-NFP distance is fixed,
increasing the zigzag angle means increasing the vertical
distance and hence the inter-NFP distance increases. There-
fore, the alignment errors for a narrow beamwidth antenna
have significant effects on performance in contrast to wider
beamwidth antenna. In addition, according to the adopted
radiation pattern, the wider the beamwidth, the lower the
antenna gain, and therefore less interference is caused due to
misalignment.

The OP is plotted versus the zigzag angle for different
fluctuation standard deviations σθ = {3, 3.5, 4}◦ in Fig. 4. As
seen in previous figures, larger fluctuation variance generally
results in worse performance due to high interference caused
by misalignment. However, in this scenario, since the number
of antenna elements is fixed at Nu = 8, changing the fluctua-
tion variance does not affect the optimal zigzag angle which
is around α = 47◦.

In Fig. 5, the E2E OP is plotted versus the E2E horizon-
tal distance Lsd for different number of antenna elements
and number of NFPs, with zigzag angle α = 45◦, fluctuation
standard deviation σθ = 4◦ and M = {5, 8}. As expected, in-
creasing the distance Lsd results in a higher OP in general.
Furthermore, in short distances, the lower number of antenna
elements gives the best outage performance. This is because,
in short distances, the low antenna gain is sufficient to deliver
enough useful power and less interference on the next NFPs,
and at the same time it is less sensitive to fluctuations. On
the other hand, for larger distances, a higher number of an-
tenna elements results in a better performance which is mainly
because of the needed high antenna gain that is required to
mitigate the high path loss. Moreover, by comparing the case
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FIGURE 5. E2E outage probability versus E2E distance Lsd with different
number of antenna elements Nu = 16, 12, 8, 6, 4 for M = {5, 8}, σθ = 4◦

and α = 45◦.

FIGURE 6. E2E outage probability versus number of NFPs M with different
zigzag angles α = {10, 15, 19.1, 28.6, 38.2, 47.7}◦ with Nu = 6 and
σθ = 2.5◦.

with M = 5 NFPs and those with M = 8 NFPs, dashed and
solid lines, respectively, the higher the number of deployed
NFPs, the larger distance the link can afford. For instance,
by observing the case of Nu = 4 for both dashed and solid
curves, with M = 5 NFPs, the link can reach Lsd = 130 km
with OP less than 10−3 while by increasing the number of
NFPs to M = 8, it can reach 200 km without exceeding the
same outage threshold.

Another interesting aspect, inspired by [30], is presented in
Fig. 6, where the outage performance is assessed with zigzag
angles corresponding to the nulls of the radiation pattern with
Nu = 6 versus the number of NFPs M = {3, 4, 5, 6} and an
E2E distance of Lsd = 200 km. It is noticed that the optimal
zigzag angle is the one that corresponds to the second null of
the radiation pattern over the considered range of number of
NFPs. However, since the E2E distance is fixed, increasing

the number of NFPs would increase the level of inter-NFP
interference and leads to higher OP for any zigzag angle.
Moreover, there is an optimal number of NFPs for each zigzag
angle, i.e. for each null of the radiation pattern, where the nulls
with small angles are more suitable for smaller number of
NFPs. The larger the null angle, the larger the number of NFPs
it can handle before the outage performance starts degrading
again. However, in [30], the authors adopt the beam-nulling
technique, where an extra null in a certain direction (in our
case this would be the direction of interfering with the follow-
ing NFPs) is introduced to the radiation pattern, by employing
beamforming. Beam-nulling, by design, tries to maintain the
main-lobe characteristics as close as possible to the original
beam pattern; hence, when applied to our configuration, it
reduces the inter-NFP interference while maintaining the de-
sired signal almost as is [31]. Therefore, our results in this
work, without using beam-nulling, can be considered a lower
bound on the performance of a similar configuration that uti-
lizes beam-nulling.

As mentioned earlier, the cost of implementing such a back-
haul link is almost proportional to the number of NFPs, M.
To reach a better view, in Fig. 7(a) and (b) we analyze the
effect of M on the OP of the E2E link for fc = 70 GHz,
Lsd = 40 km and σθ = 3.5◦ with zigzag angles α = 10◦ and
α = 20◦, respectively.

A better outage performance is noticed with smaller num-
ber of NFPs, however, the improvement of the outage perfor-
mance exhibits a diminishing behaviour as we decrease the
number of NFPs. Furthermore, the optimal number of NFPs
depends on the number of antennas mounted on the NFPs
and the zigzag angle. Another interesting insight from the
figures: a lower number of antenna elements is required when
the zigzag angle is large for the same number of NFPs to
achieve the same OP. From these figures, the maximum re-
quired number of NFPs is M = 4 to guarantee Pout < 10−3 in
the considered 40 km distance between the core network and
the remote area when zigzag angle is α = 20◦. For a zigzag
angle of α = 10◦, this outage threshold can not be achieved.
A better outage performance is expected by increasing the
number of NFPs, which is the opposite of what is noticed in
figures Fig. 7(a) and (b). However, by noticing Fig. 5, at small
E2E distance, for instance Lsd = 50 km, adding more NFPs
is harmful because of the increased introduced interference.
At larger distances, for instance Lsd = 150 km, increasing
the number of NFPs does improve the outage performance,
as expected. This is simply because at larger distances, more
NFPs are required to compensate the large path losses without
inducing significant interference. Moreover, each E2E dis-
tance has an optimal number of NFPs, where deploying more
NFPs starts degrading the performance because of increased
interference levels as confirmed in Fig. 8.

V. CONCLUSION
A performance study of long multihop backhauling links
through NFPs is studied in terms of OP considering the NFP
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FIGURE 7. E2E outage probability versus number of antenna elements Nu

and number of NFPs M when Hu = 2.5 km and Lsd = 40 km, for (a) zigzag
angle α = 10◦, and (b) zigzag angle α = 20◦.

FIGURE 8. E2E outage probability versus number of antenna elements Nu

and number of NFPs M when Hu = 2.5 km, Lsd = 150 km and zigzag angle
α = 20◦.

random fluctuations, with a practical antenna radiation pattern
and path loss due to gaseous absorption. Additionally, a spatial
zigzag formation is proposed for NFPs in order to reduce the
inter-NFP interference. Extensive simulation results are pro-
vided to show the quality of the derived formulas and reveal
some insightful design guidelines for such systems. As future
extensions, the inter-NFP horizontal distance can be a variable
and optimized for each hop individually, the same can be done
for the number of antenna elements at each NFP.

APPENDIX A
For the considered multihop DF relaying system, the OP of
the E2E system is given by [32]

Pout = 1 − (
1 − Pout,s1

) (
1 − Pout,Md

) M∏
i=2

(
1 − Pout,i

)
,

(17)

where Pout,s1, Pout,Md, and Pout,i denote the OP of As to Ar,1

link, At,M to Ad link, and At,i−1 to Ar,i link, respectively, and
γr,th is the received SINR threshold. Considering the approx-
imate symmetry of the antenna pattern along the ψ axis, (8)
can be approximated as

G(θqi ) = G0(Nq,i )10
Gmax

10

⎛
⎝ sin

(
Nq,ikdx sin(θqi )

2

)
Nq,i sin

(
kdx sin(θqi )

2

)
⎞
⎠

2

, (18)

where q ∈ t, r, θqi =
√
θ2

qxi
+ θ2

qyi
. Since RVs θqxi and θqyi

have non-zero mean Gaussian distributions, the random vari-
able θqi follows the Rician distribution as

fθqi
(θqi ) = θqi

σ 2
θ

exp

(
−θ

2
qi

+ μ2

2σ 2
θ

)
I0

(
μθqi

σ 2
θ

)
, (19)

where I0(·) is the zero order modified Bessel function of the

first kind, and μ =
√
μ2

qxi
+ μ2

qyi
. Let us approximate (18) as

G(θqi ) 
 G0(Nq,i )10
Gmax

10

KJ∑
j=1

G( j,Nq,i )

[
Y

(
θq,i − 2( j − 1)

JNq,i

)
− Y

(
θq,i − 2 j

JNq,i

)]
, (20)

where G
(

j,Nq,i
) =

⎛
⎜⎜⎜⎜⎝

sin

⎛
⎜⎝Nq,ikdx sin

(
2 j

JNq,i

)
2

⎞
⎟⎠

Nq,i sin

⎛
⎝ kdx sin( 2 j

JNq,i
)

2

⎞
⎠

⎞
⎟⎟⎟⎟⎠

2

, Y (x) is the

unit step function, and the parameters J and K are the nat-
ural numbers that for large values of J , (20) tends to (18).
Also, K = 1 refers to the main lobe of the antenna pattern
and K > 1 refers to the number of sidelobes. Note that the
problem of orientation fluctuations is related to the antennas
mounted on the NFPs. For the ground antennas As and Ad , it
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is assumed that the ground station does not face weight and
power limitations and uses a stabilizer with high accuracy and
response speed to track the first and last NFPs. Based on this
assumption, and using (1), (19), and (20), the distribution of
the received signal power at the A1 can be derived as

fPr,1 (Pr,1) =
JK∑
j=1

⎛
⎝e

− 2( j−1)2

J2N2
q,iσ

2
θ − e

− 2 j2

J2N2
q,iσ

2
θ

⎞
⎠

× δ(Pr,1 − P′
r,1( j)), (21)

where δ(·) is the Dirac delta distribution and

P′
r,1( j) = Pt,shLs (ψs,Ls)G0(Nr,1)G0(Ns)

× N2
s 10

Gmax
5 G( j,Nq,i ). (22)

Finally, using (21), the OP of As to A1 link can be obtained
as in (13). Similarly, by substituting the parameters Nt,M ,
Nd , hLd (ψd ,Ld ), and Pt,M instead of the parameters Nr,1, Ns,
hLs (ψs,Ls), and Pt,s in (13), respectively, the OP of AM to Ad

link is obtained in (14).
From (2) and (20), the received power at the ith NFP is

written as

Pr,i 
 Pt,i−1hLi−1G0(Nt,i−1)G0(Nr,i )10
Gmax

5

×
KJ∑
j=1

KJ∑
j′=1

G( j,Nt,i−1)G( j,′ Nr,i )

[
Y

(
θt,i−1 − 2( j − 1)

JNt,i−1

)
−Y

(
θt,i−1 − 2 j

JNt,i−1

)]

×
[
Y

(
θr,i − 2( j′ − 1)

JNr,i

)
− Y

(
θr,i − 2 j′

JNr,i

)]
.

(23)

As we can see, Pr,i is a function of two independent RVs
θt,i−1 and θr,i. Since we assumed that the antennas of the
consecutive NFPs are aligned and we neglected fluctuations in
the x direction, θr,i and θt,i for i ∈ {2, 3, . . .,M − 1} follow the
Gaussian distribution with zero mean. Therefore, from (23)
and using [33], and after some manipulations, the PDF of Pr,i

is derived as

fPr,i (Pr,i ) =
JK∑
j=1

JK∑
j′=1

(
Fθt

(
2( j − 1)

JNt,i−1

)
− Fθt

(
2 j

JNt,i−1

))

×
(

Fθr

(
2( j′ − 1)

JNr,i−1

)
− Fθr

(
2 j′

JNr,i−1

))
δ
(
Pr,i − P′

r,i( j, j′)
)
,

(24)

where

P′
r,i( j, j′) = Pt,i−1Li−1,iG0(Nt,i−1)G0(Nr,i )10

Gmax
5

× G( j,Nt,i−1)G( j,′ Nr,i ), (25)

Li, j is the link length between the ith and jth NFPs and Fθt (·)
is the CDF of random variable θt which follows a zero-mean

Gaussian for both θt and θr . Accordingly, the CDF is written
as follows

FPr,i (Pr,i ) =
JK∑
j=1

JK∑
j′=1

A j, j′H(Pr,i − P′
r,i( j, j′)), (26)

where H(·) denotes the Heaviside Theta function and

A j, j′ =
(

Fθt

(
2( j − 1)

JNt,i−1

)
− Fθt

(
2 j

JNt,i−1

))

×
(

Fθr

(
2( j′ − 1)

JNr,i−1

)
− Fθr

(
2 j′

JNr,i−1

))
, (27)

and the SINR is written as

γr,i(θty,i−1,i, θry,i,i−1, θ
′
ty,k,i, θ

′
ry,i,k )

= Pr,i(θty,i−1,i, θry,i,i−1)

Ii(θ ′
ty,k,i, θ

′
ry,i,k ) + Ni

(28)

From (28), the SINR γr,i is a functions of RVs θty,i−1,i,
θry,i,i−1, θ ′

ty,k,i, and θ ′
ry,i,k for k ∈ {1, . . ., i − 2}. Therefore,

deriving a closed-form expression for the PDF of γr,i is very
difficult if not impossible. Since the effect of interference
decreases with increasing distance, then γr,i can be well ap-
proximated by incorporating two previous interferers only as
follows

γr,i(θty,i−1,i, θry,i,i−1, θ
′
ty,i−2,i, θ

′
ry,i,i−2) =

Pr,i(θty,i−1,i, θry,i,i−1)

I ′
i,i−2(θ ′

ty,i−2,i, θ
′
ry,i,i−2) + I ′

i,i−3(θ ′
ty,i−3,i, θ

′
ry,i,i−3) + I ′′

i + Ni

(29)

where θ ′
ty,i−2,i = θty,i−2,i

I ′′
i =

i−3∑
k=1

Pt,kLk,iGt,k (θ̄ty,k,i )Gr,i(θ̄ry,i,k ). (30)

In (30), the parameters θ̄ty,k,i and θ̄ry,i,k are average values of
RVs θty,k,i and θry,i,k . Since we have θ ′

ry,i,k = θry,i,i−1 + θpu,
and by using (23) and (25), (29) can be rewritten as (31),
shown at the top of the next page. In (31), the parameter
θ ′

pu = tan−1( Lu2
3Lu1

) is the average of antenna angle offset be-
tween Ui and Ui−3. Also we have

P′′
r,i,k

(
j, j,′ θpu

) = Pt,kLk,iG0(Nt,k )G0
(
Nr,i

)
10

Gmax
5

× G
(

j,Nt,k, θpu
)

G
(

j,′ Nr,i, θpu
)
, (32)

where

G( j,Nq,i, θ ) =

⎛
⎜⎜⎜⎜⎝

sin

(
Nq,ikdx sin( 2 j

JNq,i
+θ )

2

)

Nq,i sin

(
kdx sin( 2 j

JNq,i
+θ )

2

)
⎞
⎟⎟⎟⎟⎠

2

. (33)
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γr,i(θty,i−2, θty,i−1, θry,i ) 
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Y

(
θty,i−1 − 2( j1 − 1)

JNt,i−1

)
− Y

(
θty,i−1 − 2 j1

JNt,i−1

)][
Y

(
θry,i − 2( j2 − 1)

JNr,i

)
− Y

(
θry,i − 2 j2

JNr,i

)]
[
Y

(
θty,i−2 − 2( j3 − 1)

JNt,i−2

)
− Y

(
θty,i−2 − 2 j3

JNt,i−2

)][
Y

(
θty,i−3 − 2( j4 − 1)

JNt,i−3

)
− Y

(
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(31)

Now, by generalizing (31) to account for all previous interfer-
ers, OP of the ith NFP node is obtained as

Pout,i = 1 −
KJ∑

j1=1

· · ·
KJ∑

jM=1

A j1, j2,..., jM

×
[

Q

(
2( j1 − 1)

JNt,i−1σθ

)
− Q

(
2 j1

JNt,i−1σθ
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×
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Q

(
2( j2 − 1)

JNr,iσθ

)
− Q

(
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×
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m=3
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Q

(
2( jm − 1)

JNt,i−m+1σθ

)
− Q

(
2 jm
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(34)

where

A j1, j2,..., jM =⎧⎨
⎩1,

P′
r,i,i−1( j1, j2)∑M

m=3 P′′
r,i,i−m+1( jm, j2,θpum )+Ni

≥ γr,th

0, Otherwise.
(35)
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