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Abstract—Unmanned-aerial-vehicles (UAVs) enabled communi-
cations (ECs) are intended to be an essential part of forthcoming
beyond 5G (B5G) and 6G communication networks (CNs). UAV-to-
ground (UG)-ECs in densely populated areas are usually exposed
to composite fading conditions and the impact of co-channel
interference (CCI). In this paper, we provide second order (SO)-
metrics of UG communications over double-scattered, single-
shadowed (DSc-SSh) fading channels in the interference limited
environment, modeled as a ratio of the product of double o — i
and Gamma (G) random variables (RVs). Novel integral form
formulas for average fade duration (AFD) and level crossing
rate (LCR) of the proposed UG communication system over the
composite channels in the presence of CCI are efficiently obtained
and approximated by Laplace based integration (LBI)-method.
Moreover, the system model is extended to investigate the SO-
metrics of cooperative UAV transmission selection (TS) system
that chooses the UG transmission link with the highest signal
level among L independent UG links. The impact of different
DSc-SSh fading conditions as well as the number of UAVs on the
SO-metrics are well addressed.

Index Terms—Cooperative UAV communications, Composite
fading, Interference limited environment, Second order statistics.

I. INTRODUCTION

UAV-ECs is an important research topic within beyond 5G
(B5G) and 6G communication networks (CNs) [1]-[3]. UAVs
can be deployed in the air as base stations, relays, 3D mobile
terminals and nodes for simultaneous wireless information and
power transfer (SWIPT). Moreover, the B5G and 6G UAV-
EC systems are applicable for radio-frequency (RF), millimeter
wave, free space optical, visible light and terahertz communi-
cation technologies [4]-[8].

In order to efficiently enable various UAV-EC systems, accu-
rate UG channel characterization and modeling is an important
task [9]-[10]. The UG channel models based on measurements
are provided in [11]. In urban scenarios coverage and path-loss
due to buildings and other objects are occasionally difficult to
predict. The UG communication systems in the presence of
highly movable UAVs can be exposed to both line of sight
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(LOS) and non-LOS propagation conditions. Experimentally
verified UG channels in urban areas can be modeled as double-
scattered, single-shadowed (DSc-SSh) composite fading models
[12]-[13]. Namely, [12]-[13] address first-order (FO)-metrics
of UG system over DSc-SSh fading channels modeled as the
product of independent double Nakagami-m (D-N) and single
inverse Gamma (S-IG) random variables (RVs).

The major impairment in UG communications is co-channel
interference (CCI), co-existing due to the ultra-dense CNs de-
ployments [14]-[15]. Coverage probability and ergodic capacity
of 3D UAV CN in the presence of CCI based on stochastic
geometry are investigated in [16]. In [17], the impact of the
interference on outage probability of UG communications is
provided. An CCI aware path controlling scheme of cellular
UAV CNs is considered in [18].

The SO-metrics can efficiently address system performances
of UG systems in dynamic propagation conditions of rapidly
time variant fading channels. In particular, the average level
crossing rate (LCR) can be used to evaluate time rate of change
of the UG signal envelope, while average fade duration (AFD)
can be used to evaluate the mean time of the UG signal envelope
being below a threshold.

The SO-metrics of a 3D non-stationary channels for UG com-
munications are addressed in [19]-[20]. In [21], the SO-metrics
of UAV-to-UAV (UU) and UG CNs are derived. The simulation
and experimental SO-metrics for urban UG communications
under fast-fading conditions are provided in [22]. The AFD
of moving aerial base stations is considered in [23], while the
impact of different operating frequencies on SO metrics for UG
communications are addressed in [24]. The LCR and AFD of
of UG system over DSc-SSh fading channels modeled as the
product of independent D-N and S-IG RVs are addressed in
[25]. However, the SO-metrics of UG systems in the presence
of CCI have not been observed in the open literature so far.

This paper provides derivation of approximate closed form
SO-metrics of a ratio of the product of double a—p and Gamma
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(G) RVs. The derived SO-metrics such as LCR and AFD are
directly related to the performance of UG communications over
DSc-SSh fading channels in urban areas. Moreover, the consid-
ered model is extended to include SO-metrics of cooperative TS
system with L independent UG links.

II. SYSTEM MODEL

The interference limited fading environments (when the
impact of CCI is stronger than noise) can be modeled as a ratio
of two random variables (RVs) [26]-[27]. Thus, the signal-to-
interference (SIR) instantaneous power can be defined as

Gout = Z%)S/Z%CI (1)

whereas SIR envelope can be given as

Zout =V Gout = ZDS'/ZCCI (2)

where Zpg is a desired signal envelope and Zo¢y is a CCI
envelope signal.

A. Composite DSc-SSh Fading Channels

The composite fading channels for UG communications can
be modeled by experimentally tested double-scattered (DSc),
single-shadowed (SSh) fading channels [12], [25]. In this paper,
we model the desired DSc-SSh faded signal as the product of
two -1 RVs (denoted as Z,_, 1 and Z,_, ) and one Gamma
(G) RV (denoted as Zg, ):

Zps = Zap1Za-ns Za, = 2023087 Z3s (3)
—_——— N~

DSc SSh DSc SSh

where a-p1 and G RVs can be expressed through Nakagami-m
RVs as given in [28, Eq. (122] and [29, Eq. (2.55)], respectively.

In particular, Zo— i = Zy';i = 1,2 and Zg, = Z% 3 The
a; 18 a shaping parameter of o — p distribution. Moreover,
the « — p is a well-known general distribution for multi-path
signals composed of different clusters in a non-homogeneous
propagation conditions [28], while double o — v distribution
has been used in dynamic propagation conditions to describe
double-scattered fading channels for vehicular systems [30]-
[31]. The G distribution is experimentally tested and math-
ematically tractable fading model used to address shadowing
in wireless communications [32]-[34]. Similarly, we define the
CCT signal envelope originating from undesired source in DSc-
SSh fading environment as

ZCCI = Za—/L,SZa—/tA ZG2 = ZJQV/:‘S ZQ/a4 Z12\76 (4)
—_—— \—,—/
DSc SSh

The PDFs of Nakagami-m RVs (denoted as Zy ;, ¢ = 1, 6) used
to address Zpg and Zccr are [29. Eq. (2.52)]:

DSc SSh

2(pui /)1 Q-1 — i (2n)?
———(an) T e Y i =1,6;
() ) s

whose severity and shaping parameters are respectively, u; and
Q;.

Pz (2ni) =

B. PDF of DSc-SSh SIR Envelope

The PDF of DSc-SSh SIR Envelope (denoted as Z,,,;) using
(2)-(4) for the case when o = a1 = a2 can be expressed as:

o0 o0 o0 o0
DZgui (Zout) =/ dZN1/ dZNz/ dZN4/ dzns
0 0 0 0

< dzns
X |d |pZN1 (ZNl)pZN2 (ZNQ)pZN4(ZN4)
0 Zout

1 o o
Zout?N, N5 #Ne
XPzxs (2N5)Pzns (2N6)P2Ns (—5 5 )dane (6)
2f 27
1 *% U5 .8
where |dZN3|f 2Rout 2Ny 7N e |
z1\2,1z1\2,2

C. CDF of DSc-SSh SIR Envelope

The CDF of DSc-SSh SIR envelope for the considered UG
link can be calculated by

FZOut (ZOUt) = / Pzour (S)dS (7)
0

After introducing (5) in (6) and than (6) in (7) and by applying
[35, Eq. (3.381.1)], [35, Eq. (8.352.1)] and [35, Eq. (3.471.9)],
respectively, Fz (zout) for the case where ms is integer can
be given as:

F o (Zou) = EQ) <( >)<

T T
_ L (p1)T (p2) T (e 1)
* (ks ”’( 32(EL s (B2 s (o (e o (B

p3—1 rp3 2 \k
. Z (ngout) Il) (8)

(G (g (gg)"
3)T (pa) T (p

(6)
)T (s)T(

k!
k=0

where I; is 5-folded integral given as:

I :/ dZNl/ dZNz/ dZN4/ dzns

e 2= 2kl 2up=2k—1 2uat 2h-1 25t 2h-1
x ZN1
0

ZN2 N4 ZNs5
3 .%.%
B2 B2 g Zout?NgTN5 NG y2
2t 2k—1 Q] *N1T 0y %N27 Q3 5.5
X Z]\;LSG e N17Ng
l'4 M5 Z 22
X e 24— Q5 N5 QG Nodzneg 9)
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The expression /; can be evaluated using Laplace based integra-
tion (LIB)-method for 5-folded integrals [36]-[38]. The closed
form approximation of Fz ,(z.ut) can be evaluated by [37,

Eq. (13)]:

/ dZN1/ dZN2/ dZN4/ dZN5/ dzne
0 0 0 0 0

X f1(2N1, 2N2, ZN4, ZN5, 2N6)e 2 ENLEN2ZNG NS 2NG)

~ (21)5 f1(2n105 2N20, 2840, ZN50, ZN60)

Y vdetM

% e—’YfZ(ZNIO7ZN2U7ZN407ZN501ZN60)

(10)

where ZN10> ZN20> ZN40> RN50 and ZN60o can be obtained by
solving five differential equations,

9f2(2N10,2N20,2N40,2N50,2N60)
9zNio

:O,i:1,2,4,5,6 (11)

The matrix M is given as (12) at the top of the next page.

The I; in (9) can be calculated by exponential LBI-method
for the following set of functions: y=1, f; =1,

1 a o

U1 o U o ZgutZﬁQngZNe o M4 o
f2—Q N1+Q N2+Q(T)+§7N4
3 ZN1ZN2 4
s e 2

+ 9—5 ]2\]5 + Q—GZNG (2u1 — ak — Dinzng

2 2
— (2ug — gk — Dinzng — (2uq4 + ak —1)inzny

2
— (2us + Ek — Dinzns — (2u6 + 2k — D)Inzyg (13)

By substituting (13) in (11), we derived zn10, 2N20, 2N40, ZN50
and zy50 and than after introducing (12) and (13) in respect
t0 ZN10, ZN20, ZN405 ZN50 and ZN50 in (10), the Il in (9) is
calculated as a closed form expression.

D. LCR of DSc-SSh SIR Envelope

The LCR for a predetermined threshold z;,, denoted as
LCR,y1(2¢p) is defined as:

LCRout<Zth) = / Zoutpzout;}out (Zthzout)déout (14)
0

where Z,,; is the first derivative of z,,;. The
P2, 700, (ZoutZout) can be evaluated by averaging the
joint PDF of independent RVS, z,ut, Zouts ZN1, ZN2,2N4:2N5
and zng [37, Eq. (12)]:

oo o0 o0
P71 200, (FoutZout) =/ dZN1/ dZNz/ dzna
0 0 0

oo oo
X /0 dZN5/() pZ011tZoutZN1ZNQZNALZNSZNGdZNG (15)

where p, can be transformed as [37,

Eq. (13)]}

out ZN1ZN2ZN4ZN5Z N6

PZowiZows Zn1ZN2Z N0 N5 Z NG

= pZ.,,,,”,‘ZoutZNlZNQZN4ZN52N6pZou,t‘ZleNQZN4ZN5ZN6

X DZx1PZnsPZnaPZnsPZne (16)
where,
1 o a
2 2 2
_dans Zout® N, #Ns*No
PZ,ut)ZN1ZN2ZN1ZNsZNe — | |pZN3( o )

dZout 22 22
N1“Ns

)

After substitutions, (17) in (16), (16) in (15) and (15) in (14),
respectively, the LC R,y (2¢n) becomes:

LCR,ut(2en) =/ dZNl/ dZNZ/ dZN4/ dzns
0 0 0 0

1 a o
> dzns Zout? N4 Ny # N,
I ey (R (o)
0 out ZN, %N,

X DZna (ZNz)pZN4 (ZN4)PZN5 (2?1\75)Z?ZN6 (ZNG)dZNG

o0
X / Z0utDzout| Zows Zn1Zn2 23 Zns Zne AZout (18)
0

oo . . o 1 .
where fO Z("“'tpzout\ZoutZN1ZN2ZN3Z1\752N6 - w/271-o'zout' The

first derivative of the z,,; can be expressed as:

a2 2 9 9
. 2%N1 #N,#N3?N1 ZleN2
Zout= o  a u a

2 2
ZN, %N #Ne ZN, 2N #Ne

ZN3ZN2

3 % :
aZN1ZN22N32N4
o o a o
2 2 2 2+ 2
ZN4ZN5ZN6 ZN4 ZN5ZN6

o o3 a a
2 2 : 2 :
aZNl’ZN ZNJZN5 ZN12N2ZN3ZN6

2 .35 51 5 .5 0

2N, ENs ZNo ZN,#Ns*Ne

3 %
ZN12N22N3 B

19)

where Zn1, Z2n2, 2N3, N4, ZN5 and Z g are the first derivatives
of zn1,2N2,2N3, ZN4, 2N5 and zng, respectively. Since the
linear transformation of zero mean Gaussian (Z-M-G) RVs is a
7Z-M-G RV, the variance of Z,,; is also a Z-M-G RV and o2

Zout
can be expressed through the Variances of Zn1,2N2, 2N3, ZN4,

2 2 2 2
zns and Zng expressed as UZNI,UZNZ, O%ngs Oings Oiys and
0%, respectively:
422
2 _ out
Zout a2z ZNl(l + zNg/GéNl
ZN1 22
Z2/a+222/a
2 N1 N2 2 2 2
tTa 2/a_2/a o Oing/Oiny T+ 22 UZN4/UZN1
ZoutZN4 ZN5 N6 N4
22 22
N1 24N1

(20)

+ 70-ZN5/0-ZN1 ta TJZNG/Jle)
ZNs5 ZN6
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12)

Lastly, the LC Ryq:(2¢5) can be given as:

3202 F1ypa (B2 Ve (B3 V13 (B4 R4
LCRout(2en) = le(Ql) (92) (QJ) (94)

V21T (pa) T (p2) T (pe3) T (1)
() ()" s
5 6 H1—
X T () th I 2n
(15)T (16)
where 15 is
I, = / dZNl/ dZN2/ dZN4/ dZN5/ dzne
J2/ot2 2/a
2 N1 ?N2 2
(1+ zNz/Ule +o 2/a_2/a 2 ZNS Oini
N2 Zout?Ny4 N5 N6
22 252 /
N1 _2 2 N1 2 2 2 N1 2 \1/2
+ 52 JZ’NAL/O'Z.NI + 22 O-ZNS/JZ"NI t+a 22 UZNG Ji’Nl)
N4 N5 N6
2u1—2p3—2 2po—2p3—1 2ua+2ps—1 2pus+2p3—1
X 2Nt N2 N4 N5
1 a a
22 22 22 z
_ k1.2 _ K2 _2 _ H3 out“Ny“Ng NG)Z
et 2a—1 1AN1T O %N2T a3 Tz
He 3— N1 #N.
X ZNG e 17Nz
22 H5 2 K6 2
x e~ 04 ZN4T Q5 N5 T Qg #N6 (22)

The I can be solved by LBI-method, already provided by (10),
(11) and (12) for the following =, f1(zN1, 2N2, 2N4; ZN5, 2N6)
and fo(2n1,2N2, 2N4, ZN5, ZN6 ), Tespectively: v=1,

2/a+2 2/a

23 2 7 ? 2 2
N1 N2
fr=0+ 70—21\72/0—21\11 O e 3/a 5 Tins/ Tim
ZN2 Zout?ng AN ZN6
52 42 )
Nl 2 22N1 2 2 \1/2
+ Oinal O ZN1 + UZNS/UZNI t+a 52 Oine 2N1)
N4 N5 N6

(23)

1 o o
2 2 2

£y = H1 2 +M2 2 _|_ ( outZN4ZN5ZN6)2 Ha o
Q ZN1 Q ZN2 QB o a

2
ZleNQ

z
Q4 N4

M5 52 He

2
+ Q* ns + Qo 2% — (201 — oHs — 2)Inzn

2 2
— (2u9 — a,ug — Dinzyo — (2uq + Eﬂg — 1Dinzng

2
— (2#5 + E'LLS — 1)ZTLZN5 — (2/,&6 + 2/13 — l)lnscNG (24)

Similarly, the zn10, 2820, 2N40, Z2N50 and zns5o for this partic-
ular case are obtained by substituting (24) in (11) and than
by substituting (23) and (24) in (10), approximate closed form
LCR,yt(2t1) is derived.

E. AFD of DSc-SSh SIR Envelope
The average fade duration (AFD) for a predetermined thresh-

old zry, denoted as AF D,y (z,) can be derived as:
Fout (Zth)

LCRout(Zth)

F. Cooperative UAV Communications

AF-Dout(Zth) (25)

The considered system model is further extended to consider

L transmission UG links that selects the UG link with the

highest SIR envelope level. The CDF of SIR envelope for

cooperative transmission selection (TS) UG system model over
DSc-SSh fading, denoted as F)((S (x) can be expressed as:

F(TS)( ) = Fout(zout)L (26)

out

LCR of SIR envelope with the UG transmission selection
over DSc-SSh fading can be evaluated as:

LOR™S) (z4)

out

= L X LCRout(Zth)Fout(zth)Lil (27)

Lastly, the AF D(()ut )(zth) or SIR envelope over DSc-SSh
channel with UAV selection is:

Fout (Zth)

28
L x LCRout(Zth) ( )

AFDout (Zth)
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III. NUMERICAL RESULTS

The SO-metrics of UG communications as well as coopera-
tive UG communications with TS over DSc-SSh channels are
numerically evaluated for §2; = 1 and presented for different
system parameters on Fig. 1-4. The variances in (20) are
expressed as 03, = 7 fﬁ%,z = 1,6 where the maximum
Doppler frequencies are assumed to be the same [37, Eq.
@], f = fmo = /Ty, ¥ J2p.. whereas f,, and
fmr, are maximal Doppler frequencies of the UAV transmitter
and the ground receiver, respectively. The presented results on
Fig 1-2 show that exact analytical expression (integral form
expression) for LC Royt(2th) /0y, @and AF Doyt(2tn) X Oiny
for the observed thresholds fit well with the approximation
(closed form expressions approximated by LBI-method), es-
pecially for higher threshold values. Fig. 3 shows normalized
LCRgf ) (2tn)/ fm- The increasing number of independent UG
links causes LC’R(()Z;? )(zth) /fm values to decrease for lower
2. It can be seen further that by increasing all DSc-SSh
severity parameters (u;) and non-homogeneity parameter (c),
LC’RE,Z;9 (ztn) decreases in the whole observable zrpy dB
regime, which in turn can enable SO performance improvement.
Moreover, it can be observed that the number of available
UG links have stronger impact on LCRgf )(zth) than DSc-
SSh severity conditions for lower dB z;, values. The behavior
of AFD)(2,,) multiplied by f,, is provided in Fig. 4.
The graph show that by increasing all DSc-SSh severity pa-
rameters and non-homogeneity parameters, AFD(()ZtS )(zth) fm
slightly decreases in lower zrp threshold dB regime while
AFDOZ,;9 )(zth) fm increases in higher z;, dB regime. It is
evident that increasing number of UG links can significantly
improve the system performance, since AFD(()ZE )(zth) fm
decreases in whole 2z, output regime. Moreover, the im-
pact of the number of available independent UG links on

AFDTS (ztn) fm is stronger than DSc-SSh fading conditions.

out

IV. CONCLUSION

The SO-metrics of SIR based cooperative UG communi-
cations in urban areas over DSc-SSh fading channels are
considered. Namely, we provide formulas for the SO-metrics
of the ratio of the product of double o — 1 and gamma RVs.
The LBI-method has been used for derivation of closed form
approximate SO-metrics. In particular, a less severe DSc-SSh
multipath and shadowing conditions can provide system perfor-
mance improvement for lower dB threshold values. Moreover,
the increasing number of available independent UG links can
significantly improve the system performance of considered
selective cooperative UG system.
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