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Effect of User Mobility and Channel Fading on the
Outage Performance of UAV Communications

Aziz Altaf Khuwaja, Yunfei Chen, Senior Member, IEEE, Gan Zheng, Senior Member, IEEE

Abstract— Many wireless networks operate in a mobile en-
vironment with randomly moving user terminals. This letter
analytically characterizes the impact of ground user mobility,
propagation environment and channel fading on the outage
performance of unmanned aerial vehicle (UAV) communications.
Closed-form expressions for the outage probability using the ran-
dom waypoint model for ground user mobility, UAV channel mod-
els for different propagation environments and the Nakagami-
m model for fading channels are derived. Furthermore, the
outage analysis takes into account the effect of co-channel
interference by both the stationary and mobile users. Numerical
results are presented to demonstrate the interplay between the
communication performance and the system parameters.

Index Terms— Co-channel interference, Nakagami-m fading,
outage probability, random waypoint model, UAV communica-
tions.

I. INTRODUCTION

In mobile networks, the presence of mobility can induce
time-varying characteristics into the received signal [1]. The
variation caused by the user mobility together with the fluctu-
ation in the channel gain generated by multi-path fading can
degrade the performance [2].

To capture the essential performance of unmanned aerial
vehicle (UAV) communications, it is necessary to consider
the effect of ground user mobility. Various models have been
reported in the literature for user mobility in mobile and ad-
hoc networks [3]. One such model is the random waypoint
(RWP) model [4] that has been predominantly adopted in
various communication systems. For example, reference [5]
studied the impact of the receiver mobility on the signal-to-
noise ratio (SNR) in an indoor scenario using visible light
communications. For the physical layer security, reference
[6] provided general expressions for the outage and capacity
performances for a ground user that moves according to the
RWP model. Another study in [7] analyzed the secrecy outage
performance in the presence of moving interferers in a RWP
network. For UAV communications, the authors in [8] derived
statistics for the signal-to-interference ratio (SIR), in which
multiple UAVs move according to the RWP model in the
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vertical direction. However, none of these works has provided
a comprehensive analysis on the effect of ground user mobility
in the UAV communications.

Motivated by the above observations, this letter presents an
analytical framework to investigate how ground user mobility,
propagation environments, and fading channels affect the UAV
communications in noise-only as well as interference-limited
scenarios. Specifically, we derive closed-form expressions for
the cumulative distribution function (CDF) and the outage
probability of the UAV system. In this letter, the user mo-
bility follows the RWP model, the large-scale fading follows
the line-of-sight (LOS) and probabilistic LOS [9] propa-
gation models, and the small-scale channel fading follows
the Nakagami-m model. The Gamma distribution is used to
approximate the aggregate interference. Numerical results are
presented to show how the performance changes with the
system parameters.

II. SYSTEM MODEL

Fig. 1 depicts the uplink of a UAV communication system
that consists of an aerial base station positioned at an altitude
of h meters covering multiple ground users in a small cell. In
order to save battery and to simplify the system, we consider
the use of a static multi-rotor UAV!. For a two-dimensional
(2D) Cartesian coordinate system, we assume that O, is the
projection coordinate of the UAV at the center of the circular
cell. During the communication with UAV, the desired and
interfering ground users may be randomly moving inside the
circular region, such that their spatial positions are determined
by the distances ryy and r; from the center within a range of
0 <ry < Dy and 0 < r; < Dy, respectively. In this case,
ry and ryp are random variables, and Dy and Dy are their
respective maximum radial distance.

A. Channel Model

This letter takes into account both the LOS and the
probabilistic LOS channel models commonly used for UAV
communications [11]. First, we assume that the ground-to-air
(GA) channel is dominated by LOS conditions. Therefore, the
received power at the UAV can be given as

Polg? _  PdlgP

d?] /71"[2] T h2o¢7

'In some cases, UAV consume less energy in mobility than in hovering
[10].

P =

(1)
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Fig. 1. System model.

where di; denotes the GA propagation distance between the
ground user and UAV, § = ( I f)2 represents the frequency-
dependent channel power at the reference distance of 1 meter,
f is the carrier frequency, c is is the
fading power, P, is the ground user’s transmission power, and
« 1is the path-loss exponent which usually satisfies 2 < a < 4
between free space and obstructed propagation environments
[12]. Thus, @« = 2 and o = 4 can be considered as upper
and lower limits of the performance, respectively. This model
is useful in applications, where it is non-trivial to identify
the environment (urban, dense-urban, etc.), for instance, in
post-disaster areas with partial or complete infrastructural
destruction [13]. Second, we use the probabilistic LOS model
where the GA propagation is dependent on the environmental
parameters and the elevation angle between the ground user
and UAV. In this case, the received power at the UAV can be
expressed as

_ Pt|g|2
Qu ’

where Qu = 1OPlL70U is the absolute power loss and PLy; is
the GA propagation path-loss given in [9] as

Pj 2)

(MLos — NNLOS)
7b1 (9[/7(11

PLy = ) + v, 3)

1+ aje

and fy = arctan (%) is the elevation angle, {y =
20logy (@) +201og,o (/7% + h?) +nnvoss a1, b1, MLos,
and nnLos are the constants related to the propagation en-
vironments. However, (3) is too complicated to analytically
characterize the effect of the ground user mobility. Thus, we
use the curve fitting approach to fit the probabilistic LOS
channel for simplification. To this end, the curve fitting method
yields a three-variable power function for Qy as

Qu = axr¥? + o, 4

where as, by, and co are the curve fitting parameters related
to the environment and 6.

To model the fading channel, we use the Nakagami-m
model due to its analytical tractability. This model is also
reported in several measurement campaigns [11]. In our anal-
ysis, we consider normalized average fading power. Therefore,
the probability density function (PDF) of the channel power
follows a Gamma distribution as

flglz(x) =

m,,.m—1
m-x —mx

Wa , =0, )

where m is the Nakagami-m parameter which is assumed an
integer in our work for simplicity and I'(.) is the Gamma
function.

B. Mobility Model

As shown in Fig. 1, we assume that user mobility follows
the RWP model. As a result, the PDF of the desired user and
interfering user distance is given in a polynomial form in [,
Table 1] and is summarized in [2] in an equivalent form of

a

frU TU ZﬁZDOC‘Fl’ 0<71U<-DU7 (6)
=1
and
i (1) Z&Dalﬂ, 0<r <Dy, (7)

respectively, where n is determined by the dimension of
space (1D, 2D, and 3D) considered, 3; and «; are constants
determined by the user mobility in specific dimension. We
assume all ground users are on a 2D surface, as shown in Fig.
1. Thus, n = 3 with 8; = [32}, =220 98] ‘and o; = [1,3,5]
[1]. It can be verified that integrals of (6) and (7) give 1.

III. SNR ANALYSIS

A
The received SNR at the UAV is given as A2 = &

S

for probabilistic

for

Egl?
(1+22r2)
P65
L}E)S model by using (2) and (4), where Ef} = 20 Sh ,EE =
Ngth ’

For LOS model, denote X = Ef|g[> and Y = \/1+ % |
Let Z7 = % where X and Y are independent random
variables. Hence, the CDF of Z is given by

o= [ o

Substituting av = 2 in (8), the CDF of Z can be derived using
binomial expansion (1 + ¢)™ [14, eq.(1.110)] and the lower
incomplete Gamma function ~(.,.) [14, eq.(3.381.1)], as

LOS model by using (1) and \Z =

and Ny is the noise power.

y)dzdy. (8)

n ; e*m n m—1 J :
:Zouﬁ—kl - 9 Z(D /ﬂh)ai+1x
=1 i=1 j=0 k=0 U
N i,
L — ©
J: ( z )k+ ==
Ef/m
Substituting & = 4 in (8), the CDF can be derived as
n 4 2 m—1
Y AER s o)
a i1
i=1 s=1 4 D /h
¥
<m+‘u EA/m > (er# EA/'m.Z>
where G(u, p, v e s X =
(EA/m)
D2+h2

. 51 = G(-1,2,0), 52 = 2 x G(1,0,2), S5 =

G(1 ,0), and Sy = G(0,0,2).
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For the probabilistic LOS model, let X = EZ|g|?, Y =
1+ “—er[’f, and Z = 3=. The CDF of Z can be derived as

n B n m—1 j 61
I
=1 i=1 j=0 k=

—h (Y v<“2§ L, ol D0

EF/m )
)k+

a+1.
—J

EB/m

o

(1)

]' ( z
EF/m

IV. SIR ANALYSIS

Here, we consider the scenario when the desired ground
user is surrounded by L Nakagami-m interfering users in two
cases. In the first case, we assume independent and identically
distributed static interfering users at approximately the same
distance to the desired mobile user. In the second case,
we consider the mobile interfering users moving randomly
according to the RWP model. In both cases, the co-channel
interference is incurred when the interfering users send signals
to degrade the received signal at the UAV in the uplink.
Thus, the aggregate interference’ at the UAV for LOS and

Zl— EI ‘Ql

probabilistic LOS channels is given as V4 =

B _ L EP g : A _
and V® = >, m, respectively, where Ej =

2’1y
P,5h=* and EP = +. The aggregate interference can be
well approximated by a Gamma random variable [2], [7].

Therefore, PDF of a Gamma distribution can be given as

,Uﬁfl

12)

where ¢ and ~ are the shape and scale parameters,

respectively. For static interferers, ¥ = mL, v = o NG

for LOS model, and v = # for probabilistic
m| a2 +c2

LOS model. For mobile interferersl, these parameters can

be determined by moment-matching. Using (7) and [14,

eq. (3.194.1)], in terms of the Gauss hypergeometric

function oFi(-,+;+), Ma E{ WQ}
ZZL 1a; +12F1(a - +1 . +1 + L—(D1/h)?), Mp

n 1 1
E{1+(a2}c2)ri2} = Zz 1 a+12F1(1 abj ’abj +
1; —(ag/c2)DY?). Similarly, Ny = E{—1—} =

(a2/c2)Dp) Y, Na {(Wa)z}
Sy e Fi(en S e+ 1, —(Dy/h)?), Np =

1 n Bi o+l o+1
R I i
1;—(ag/c2)D%). E{|g’} = 1, and using [l4,
eq.(3.3814)], E{|g|*} = 1 4+ L. Thus, for LOS
model, one has E{V} = LE#Ms and E{V?} =
L(EM(L M3 + L(EfM?(1 + L)N4. Finally,
since E{V} = 9y and E{V?} = 19272 — 9242
from moment-matching, ¢ = LMy and

(144 )Na—M3

2For a tractable analysis, we assumes that the interference power is
dominant as compared to noise [15].

v=E{ 44
model, ¥ =

(1t 5) -

LM?2
(1+4)Np—M3
Next, for LOS model, denote Z; = Vi as the received SIR.
For o = 2, the CDF of P/ i.e., Fpa(zr) can be determined
by replacing EA with Ef‘ in (9) Also the PDF of V4 can
be obtained from (12). Since P and V4 are independent, the
CDF of Z; is Fz, (1) = [;° FPA (vzr) fy(v)dv. Thus, using
[14, eq.(6.381.4)] and [14, eq.(6. 455 2)], the CDF of Z; can

be derived as

Fz,(z1) :; a+1 T’ 222
(Ef /m)?2}(Dy /h)**T(9 + j)
(i + 1+ 2k) [(1 + (Du/h)2) 21 + 2L
o +1 z1(Dy /h)? )
(1 + (DU/h)Q)Z[ + %

} Similarly, for probabilistic LOS
and v = EI [ (1+ ) MB].

+k+1;

Similarly, for probabilistic LOS model, denote Z; = 5—‘2
as the received SIR, the CDF of PF ie., Fpp(2r) can be
determined by replacing Eff with EP in (11). Thus, the CDF

of Z; can be derived as

n n m—1 j BZ (’;)
EACYH Z: o; + 1 Z: ZO kzo
(BF /m)"= (<az/cz>Db2> G ) S (1
(o + 1+ kbo) [(1+ (az/c2) D) 2y + 2217
o +1 Zz(az/cz) zbf
9+ j; k41 (14)
J; by (1+ (az/co) D¥2)zr + 2L )

V. OUTAGE PERFORMANCE

Outage performance is defined in terms of outage probabil-
ity when the received SNR or SIR falls below a predefined
threshold A as

Pout = Pr(Z < \) = Fz()). (15)

Pout:Pr(ZI <)\):FZI()\) (16)

where the CDF of Fz(z) and Fz, (21
and Section IV, respectively.

) are given in Section IIT

VI. NUMERICAL RESULTS AND DISCUSSION

In this section, we analyze the performance for different
channel conditions and mobility. As an illustrative example,
let h = 100 meters, P, = 30 dBm, and Ny = —57 dBm.
Also, for f = 2 GHz, ¢ = 3 x 108 m/s, and 0 < r, < 100
meters, the curve fitting parameters for 45° < 0y < 90° are
(az,ba, cz) = (7180,2,7.182 x 107) in suburban environment,
(az,ba,c2) = (8584,2,8.838 x 107) in urban environment,
and (ag,bo,c2) = (4.73,4.033,1.125 x 10%) in dense urban
environment, respectively. In the simulation, the RWP model
is adopted by directly generating the random distances in (6)
and (7), and not the random waypoints. Then, they were used
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% a=2,D;=100 meters (RWP mobility)

a=2, D ;=50 meters (RWP mobility)
=2, ;=50 meters (Static case)
Suburban, D, =100 meters (RWP mobility)
Urban, D =100 meters (RWP mobility)
Dense urban, D, =100 meters (RWP mobilty) | |

U
+ a=4,D =100 meters (RWP mobility)
U

*

Urban, D =50 meters (Static case)

0 2 4 6 8 10 12 14 16 18 20
Threshold A

Fig. 2. The outage probability versus threshold (\) for o = {2,4} and
different propagation environments for m = 2 in noise-only scenario.

in (1)-(3) for the simulation of the received power. The solid
lines represent the analytical results using (9)-(11) and (13)-
(16) while the markers represent the simulation results.

In Fig. 2, we depict the impact of path-loss exponent and
urban propagation environments on the outage performance
where we assume a mobility scenario with a maximum dis-
tance of Dy = 100 meters, compared with a static system
where the ground user is deployed at half of the maximum
distance. In the RWP model, the waypoints are uniformly
chosen around the center but its probability density decreases
towards the boundary of the circle [4, Fig.5]. Consequently,
the mobile user most likely locates near the mean distance 7
which can be approximated as 7 = % in the steady-state.
This property is confirmed by our results, as shown in Fig. 2.
The outage performances of a mobile user randomly moving
within Dy = 100 meters are approximately the same as those
of a static user fixed at 50 meters. In addition, we observe
better outage performance for o = 2 because the received
power in (1) is higher as compared with a@ = 4. Also, for the
probabilistic LOS model, the outage performance deteriorates
as the power loss increases accordingly with dense urban,
urban and suburban environments.

In Fig. 3, we examine the effect of Nakagami-m fading
parameters and the amount of interference generated by both
the stationary and the mobile interfering users on the out-
age performance. For the same Dj, the outage performance
improves with the static interferers because the separation
distance between desired and interfering user increases. Also,
as m increases, the fading severity decreases for the interfering
user links and in turn, the outage probability increases due to
the dominance of the interference in the system.

VII. CONCLUSION

In this letter we have derived the closed-form expressions
for the CDF and analyzed the outage performance for the
uplink of UAV communication system by using the RWP
mobility model and the Nakagami-m channel fading model.
We have extended the outage analysis to the interference-
limited scenario by using the Gamma approximation. Thus,
this letter provides useful design guidelines to quantify the
effect of the user mobility, propagation environment, channel
fading, and co-channel interference on the communication

o
©

o
)

)
3

= AL/

Z 06 / £/ J * a=2,m=2 =3, D =75 meters (Static interferers)

2 1/ P + a=2,m=2 L=5, D|=75 meters (Static interferers)

5 05 ‘ﬂ & =2, m=2 L=3, D =100 meters (Static interferers)

if 0.4 f & ¢ a=2,m=4 L=3, D =75 meters (Static interferers)

3 /| O a=2,m=4,L=5, D,=75 meters (Static interferers)
fi

o
w

(
=2, m=2 =3, D,=75 meters (Mobile interferers)
A a=2,m=2 =5, D,=75 meters (Mobile interferers)

o
o

O a=2, m=2 (Noise-only case for desired mobile user)
+  Suburban, m=2, L=3, D =75 meters (Stalic interferers)

o

)

0.4 0.6 0.8 1 12 14 1.6 1.8 2
Threshold A

Fig. 3. The outage probability versus threshold (\) for Dy = 100 meters,
m = {2,4} and L = {3,5} with static and mobile interferers.

performance. Our study considers a single UAV at the cell
center and ignores factors, such as UAV mobility and drift
due to air turbulence. They can change the GA propagation
distance and thus, affect the communication performance.
However, they are beyond the scope of this letter item. Future
extensions include the UAV placement optimization in the
presence of the user mobility.
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