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Abstract—Reliable and direct communication between un-
manned aerial vehicles (UAVs) could facilitate autonomous
flight, collision avoidance, and cooperation in UAV swarms.
In this paper, we consider UAV-to-UAV (U2U) communica-
tions underlaying a cellular network, where UAV transmit-
receive pairs share the same spectrum with the uplink
(UL) of cellular ground users (GUEs). We evaluate the
performance of this setup through an analytical framework
that embraces realistic height-dependent channel models,
antenna patterns, and practical power control mechanisms.
Our results demonstrate that, although the presence of U2U
communications may worsen the performance of the GUEs,
such effect is limited as base stations receive UAV interference
through their antenna sidelobes. Moreover, we illustrate that
the quality of all links degrades as the UAV height increases—
due to a larger number of line-of-sight interferers—, and how
the performance of the U2U links can be traded off against
that of the GUEs by varying the UAV power control policy.

I. INTRODUCTION

The telecommunications industry and academia have
long agreed on the social benefits that can be brought
by having cellular-connected unmanned aerial vehicles
(UAVs) [1]–[3]. These include facilitating search-and-
rescue missions, acting as mobile small cells for provid-
ing coverage and capacity enhancements [4], and even
automating logistics in indoor warehouses [5]. From a
business standpoint, mobile network operators are chasing
new revenue opportunities by offering cellular coverage
to a heterogeneous population of terrestrial and aerial
users [6], [7]. A certain consensus has been reached—
both at 3GPP meetings and in the classroom—on the
fact that present-day networks will be able to support
cellular-connected UAVs up to a certain extent [8]–[12].
Besides, recent studies have shown that 5G-and-beyond
hardware and software upgrades will be required by both
mobile operators and UAV manufacturers to target large
populations of UAVs flying at high altitudes [13], [14].

However, important use-cases exist where direct com-
munication between UAVs, bypassing ground network
infrastructure, would be a key enabler. These include
autonomous flight of UAV swarms, collision avoidance,
and UAV-to-UAV relaying, data transfer, and gathering.
Similarly to ground device-to-device (D2D) communica-
tions [15], [16], UAV-to-UAV (U2U) communications may
also bring benefits in terms of spectral and energy effi-
ciencies, extended cellular coverage, and reduced backhaul
demands [17], [18].
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In this article, we investigate U2U communications
underlaying a cellular network. In such a setup, UAV-to-
UAV transmit-receive pairs share the same spectrum with
the uplink (UL) of cellular ground users (GUEs). Through
stochastic geometry tools, we explicitly characterize the
performance of both U2U and GUE UL, as well as their
interplay. To the best of our knowledge, this work is the
first one to do so by accounting for: (i) a realistic propaga-
tion channel model that depends on the UAV altitude, (ii)
the impact of a practical base station (BS) antenna pattern,
and (iii) a fractional power control policy implemented by
all nodes. Our takeaways can be summarized as follows:
• The presence of U2U links may degrade the GUE UL.

However, such performance loss is not dramatic, since
BSs perceive interfering UAVs through their antenna
sidelobes, and UAVs can generally transmit at low
power thanks to the favorable U2U channel conditions.

• The performance of both U2U and GUE UL links
degrades as UAVs fly higher. This is due to an in-
creased probability of line-of-sight (LoS)—and hence
interference—on all UAV-to-UAV, GUE-to-UAV, and
UAV-to-BS interfering links. This negative effect out-
weighs the benefits brought by having larger GUE-to-
UAV and UAV-to-BS distances.

• The UAV power control policy has a significant impact
on all links. A tradeoff exists between the performance
of U2U and UL GUE communications, whereby in-
creasing the UAV transmission power improves the
former at the expense of the latter.

• Smaller U2U distances can improve the performance of
both U2U and GUE UL. Indeed, owed to a better U2U
path loss, UAVs may employ a smaller transmission
power and therefore reduce the interference they cause
to other U2U links and to GUEs.

II. SYSTEM MODEL

In this section, we introduce the network topology,
channel model, and power control mechanisms considered
throughout the paper. The main parameters used in our
study are given in Table I.

A. Network Topology and Spectrum Sharing Mechanism

Ground cellular network: We consider the UL of a
traditional ground cellular network as depicted in Fig. 1,
where BSs are uniformly distributed as a Poisson point
process (PPP) Φb ∈ R2 with density λb. All BSs are
deployed at a height hb, and communicate with their



respective sets of connected GUEs. Assuming that the
number of GUEs is sufficiently large when compared to
that of the BSs, the active GUEs on each time-frequency
physical resource block (PRB) form an independent Pois-
son point process Φg ∈ R2 with density λg = λb
[16]. We further consider that GUEs associate to their
closest BS, which generally also provides the largest
reference signal received power (RSRP)1. Therefore, the
2-D distance between a GUE and its associated BS follows
a Rayleigh distribution with a scale parameter given by
σg = 1/

√
2πλg. When focusing on a typical BS serving

its associated GUE, the interfering GUEs form a non-
homogeneous PPP with density λ̂g(r) = λb(1−e−λbπr

2

),
where r is the 2-D distance between the interfering GUE
and the typical BS [16], [20], [21].

UAV-to-UAV communications: As illustrated in Fig. 1,
in this work we also consider that U2U transmit-receive
pairs reuse the cellular GUE UL spectrum. We assume
that U2U transmitters form a PPP Φu with intensity λu,
and that each U2U receiver is randomly and independently
placed around its associated transmitter with distance Ru

distributed as fRu
(ru). While our analysis holds for any

transmit/receive UAV height, in the following we assume
all UAVs to be located at the same height hu, to evaluate
the impact of such parameter.

Spectrum sharing: We consider an underlay in-band
approach for resource sharing between GUE UL and
U2U [15], where each PRB may be used by both link
types. This results in four types of links: (i) GUE-to-BS
communication and/or interfering links, (ii) UAV-to-BS
interfering links, (iii) UAV-to-UAV communication and/or
interfering links, and (iv) GUE-to-UAV interfering links.

B. Propagation Channel and Power Control

We assume that any radio link between nodes x and y
is affected by large-scale fading ζxy (comprising path loss
τxy and antenna gain gxy) and small-scale fading ψxy.

Probability of LoS: We consider that links experience
line-of-sight (LoS) and non-LoS (NLoS) propagation con-
ditions with probabilities pLxy and pNxy, respectively. In
what follows, the superscripts L and N will denote system
parameters under LoS and NLoS conditions, respectively.
In our analysis we assume that pLxy is or can be approxi-
mated by a step function, i.e., pLxy is constant for an inter-
val [ri, ri+1], where i = 1, 2, . . . and 0 = r1 < r2 < . . ..

Path loss: The distance-dependent path loss between
two nodes x and y is given by

τxy = τ̂xy d
αxy
xy , (1)

where τ̂xy denotes the reference path loss, αxy is the

path loss exponent, and dxy =
√
r2xy + hxy

2, rxy, and
hxy = hx − hy represent the 3-D distance, 2-D distance,

1A GUE may connect to a BS b other than the closest one a if its
link is in LoS with b and not with a. However, since the probability of
LoS decreases with the distance, such event is unlikely to occur [19].

Fig. 1. Illustration of U2U communications sharing spectrum with the
uplink of a cellular network. Blue solid arrows indicate communication
links, whereas red dashed arrow indicate interfering links.

and height difference between x and y, respectively. Ta-
ble I lists the path loss parameters employed in our study,
which depend on the nature of x and y. In the sequel, we
employ the subscripts {u, g,b} to denote UAV, GUE, and
BS nodes, respectively.

Antenna gain: We assume that all GUEs and UAVs
are equipped with a single omnidirectional antenna with
unitary gain. On the other hand, we consider a realistic BS
antenna radiation pattern to capture the effect of sidelobes,
which is of particular importance in UAV-to-BS links
[12], [13]. We assume that each BS is equipped with a
vertical, N-element uniform linear array (ULA), where
each element has directivity

gE(θ) = gmax
E sin2 θ (2)

as a function of the zenith angle θ. The total BS radiation
pattern gb(θ) = gE(θ) · gA(θ) is obtained as the super-
position of each element’s radiation pattern gE(θ) and by
accounting for the array factor given by

gA(θ) =
sin2

(
Nπ(cos θ − cos θt)/2

)
N sin2

(
π(cos θ − cos θt)/2

) , (3)

where θt denotes the electrical downtilt angle. The total
antenna gain gxy between a pair of nodes x and y is given
by the product of their respective antenna gains.

Small-scale fading: On a given PRB, ψxy denotes the
small-scale fading power between nodes x and y. Given
the different propagation features of ground-to-ground,
air-to-air, and air-to-ground links, we adopt the general
Nakagami-m small-scale fading model. As a result, the
cumulative distribution function (CDF) of ψxy is given by

Fψxy
(ω) , P[ψxy < ω]=1−

mxy−1∑
i=0

(mxyω)i

i!
e−mxyω, (4)

where mxy ∈ Z+ is the fading parameter, with LoS links
typically exhibiting a larger value of mxy than NLoS links.

Power Control: As per the 3GPP guidelines, we con-
sider fractional power control for all nodes. Accordingly,
the power transmitted by node x while communicating to
node y is given by [22]

Px = min
{
Pmax
x , ρx · ζεxxy

}
, (5)



where Pmax
x is the maximum transmit power at node x, ρx

is a cell-specific parameter, εx ∈ [0, 1] is the fractional
power control factor, and ζxy = τxy/gxy is the large-
scale fading between nodes x and y. The aim of (5) is
to compensate for a fraction εx of the large-scale fading,
up to a limit imposed by Pmax

x [19].

III. ANALYTICAL RESULTS

Our U2U (resp. GUE UL) performance analysis is
conducted for a typical BS (resp. UAV) receiver located
at the origin. In what follows, uppercase and lowercase
are employed to respectively denote random variables
and their realizations, e.g., Ru and ru. Throughout the
derivations, we make use of the superscripts ν, ξ ∈ {L,N}
to denote LoS and NLoS conditions on a certain link.

A. U2U Performance Analysis

We now derive the U2U link coverage, i.e., the comple-
mentary CDF (CCDF) of the signal-to-interference-plus-
noise ratio (SINR) experienced by a UAV.

Theorem 1. The U2U link coverage is given by

Cu =
∑

ν∈{L,N}

∫ ∞
0

fνRu
(ru)

mνuu−1∑
i=0

(−1)iqνu,i ·Di
su

[
LνIu(su)

]
dru,

(6)

where Di
su represents the i-th derivative with respect to su

and Ru is the typical U2U communication link distance.
Also, by denoting the noise power with N0, we have

qνu,i,
e−N0su

i!

mνuu−1∑
j=i

N0
j−isu

j

(j − i)!
, su,

mν
uuT

P νu (ru)ζνuu(ru)−1
.

(7)
In (6), the interference is characterized by its Laplacian,
which is obtained as LνIu(su) = eη(su) with

η(su)=−2π

λu ∑
ξ∈{L,N}

Iξuu(su)+λb
∑

ξ∈{L,N}

Iξcu(su)

, (8)

where for ξ ∈ {L,N}

Iξxy =

∫ ∞
0

fLRx
(x)

∞∑
i=1

[
pξxy(ri−1)−pξxy(ri)

]
Ψξ

xy (s, ri)︸ ︷︷ ︸
at Px = PL

x

dx

+

∫ ∞
0

fNRx
(x)

∞∑
i=1

[
pξxy(ri−1)−pξxy(ri)

]
Ψξ

xy (s, ri)︸ ︷︷ ︸
at Px = PN

x

dx. (9)

In (9), pξxy(r0) , 0, and

Ψξ
xy(s, r) ,

r2 + h2
xy

2

[
1−

(
m

m + µ

)m]
−K(s) 2F1

(
1 + m, 1− β; 2− β;− µ

m

)
,

(10)

where 2F1(·) is the Gauss hypergeometric function, m =
mξ

xy, β = 2

αξxy
, s = sy

gxy

τ̂ξxy
, and

µ(s),
sPx

(r2+h2
xy)1/β

,K(s),
sPx

2(1−β) (r2+h2
xy)1/β−1

.

(11)

Proof. See Appendix A.

B. GUE UL Performance Analysis

We now obtain the GUE UL coverage, i.e., the CCDF
of the UL SINR experienced by a GUE in the presence
of U2U communications sharing the same spectrum.

Theorem 2. The GUE UL coverage is given by

Cg =
∑

ν∈{L,N}

∫ ∞
0

fνRg
(rg)

mνcb−1∑
i=0

(−1)iqνg,i ·Di
sg

[
LνIg(sg)

]
drg,

(12)

where Rg is the GUE communication link distance to the
typical BS and

qνg,i ,
e−sgN0

i!

mνcb−1∑
j=i

N0
j−isjg

(j − i)!
, sg ,

mν
cbT

ρgζνgb(rg)−1+εg
.

(13)

In (12), the interference is characterized by its Laplacian,
which is obtained as

LIg = e−2πλu
∑
ξ∈{L,N} I

ξ
ug · e−(2πλb)

2∑
ξ∈{L,N} I

ξ
gg , (14)

where Iξug is

Iξug =

∫ ∞
0

fLRu
(x)

∞∑
i=1

pξub(ri)
(

Ψξ
ub (s, ri+1)−Ψξ

ub (s, ri)︸ ︷︷ ︸
at Pu = PL

u

)
dx

+

∫ ∞
0

fNRu
(x)

∞∑
i=1

pξub(ri)
(

Ψξ
ub (s, ri+1)−Ψξ

ub (s, ri)︸ ︷︷ ︸
at Pu = PN

u

)
dx,

(15)

with s = sc
gub(ri)

τ̂ξub
, whereas

Iξgg=

∫ ∞
0

pLgb(x)xe−λbπx
2

×
∞∑

i=j(x)

pξgb(ri)
(

Ψξ
gb (s, ri+1)−Ψξ

gb (s, ri)︸ ︷︷ ︸
at Pg = PL

g

)
dx

+

∫ ∞
0

pNgb(x)xe−λbπx
2

×
∞∑

i=j(x)

pξgb(ri)
(

Ψξ
gb (s, ri+1)−Ψξ

gb (s, ri)︸ ︷︷ ︸
at Pg = PN

g

)
dx,

(16)

with s = sg
ggb(ri)

τ̂ξgb
. In (16), we replace rj(x) = x where

j(x) = bx
√
a1a2

1000 c+ 1.

Proof. See Appendix B.



TABLE I
SYSTEM PARAMETERS

Deployment
BS distribution PPP with λb = 5 / Km2

GUE distribution One active GUE per cell, hg = 1.5 m
UAV distribution λu = 1 / Km2, σu = 100m, hg=100 m [19]

Channel model

Ref. path loss [dB]
τ̂Lcb = 28 + 20 log10(fc) (fc in GHz)
τ̂Ngb = 13.54 + 20 log10(fc)

τ̂Lub = 28 + 20 log10(fc)

τ̂Nub = −17.5 + 20 log 10(40πfc/3)

τ̂Lgu = 30.9 + 20 log10(fc)

τ̂Ngu = 32.4 + 20 log10(fc)

τ̂Luu = 28 + 20 log10(fc)

τ̂Nuu = −17.5 + 20 log 10(40πfc/3)

Path loss exponent
αL
gb = 2.2, αN

gb = 3.9

αL
ub = 2.2, αN

ub = 4.6− 0.7 log10(hu)

αL
gu = 2.225− 0.05 log10(hu)

αN
gu = 4.32− 0.76 log10(hu)

αL
uu = 2.2, αN

uu = 4.6− 0.7 log10(hu)

Small-scale fading Rayleigh2, i.e., mξxy = 1

Prob. of LoS ITU model as per (18)
Thermal noise -174 dBm/Hz with 7 dB noise figure [19]

PHY

Spectrum
Carrier frequency: 2 GHz [19]
System bandwidth: 10 MHz with 50 PRBs
[19]

BS antennas See (2) for elements gain
BS array configu-
ration

Height: 25 m, downtilt: 102◦, 8× 1 vertical
array, 1 RF chain, element spacing: 0.5 λ [19]

Power control Fractional power control based on GUE-to-
BS (resp. U2U) large-scale fading for GUEs
(resp. UAVs), with εg = εu = 0.6, ρg =
ρu = −58 dBm, and Pmax

g = Pmax
u =

24 dBm [22]
GUE/UAV antenna Omnidirectional with 0 dBi gain [19]

IV. NUMERICAL RESULTS AND DISCUSSION

We now provide numerical results to evaluate the per-
formance of U2U and GUE UL communications shar-
ing the same spectrum. Specifically, we concentrate on
characterizing the impact that the UAV altitude, the UAV
power control, and the U2U distance have on the U2U
and GUE UL links. Unless otherwise specified, the system
parameters used in this section are provided in Table I.

We model the U2U link distance Ru via a truncated
Rayleigh distribution with probability density function
(PDF)

fRu
(ru) =

rue
−r2u/(2σ

2
u)

σ2
u

(
1− e−r2M/(2σ2

u)
) · 1(ru < rM), (17)

where rM is the maximum U2U link distance, 1(·) is the
indicator function, and σu is the Rayleigh scale parameter,
related to the mean distance R̄u through σu =

√
2
π R̄u.

2 After deriving analytical results under Nakagami-m small-scale
fading, we now consider Rayleigh as a special case. This has been shown
not to change the qualitative performance trends [10], [12].

Fig. 2. CCDF of the SINR per PRB experienced by: (i) U2U links, (ii)
GUE UL in the presence of U2U links, and (iii) GUE UL without U2U
links, for hu = {50, 150} m.

As for the probability of LoS between any pair of nodes
x and y, we employ the well known ITU model [8], [23]:

pLxy(r)=

b r
√

a1a2
1000 −1c∏
j=0

1−exp

−
[
hx− (j+0.5)(hx−hy)

k+1

]2
2a23


,

(18)
where {a1, a2, a3} are environment-dependent parameters
set to {0.3, 500, 20} to model an urban scenario [23].

Fig. 2 shows the CCDF of the SINR per PRB expe-
rienced by: (i) U2U links, (ii) the UL of GUEs in the
presence of U2U links, and (iii) the UL of GUEs without
any U2U links. For (i) and (ii), we consider two UAV
heights, namely 50 m and 150 m. Fig. 2 also allows to
make the following observations:
• U2U communications degrade the UL performance of

GUEs. However, such performance loss amounts to less
than 3 dB in median, since (i) BSs perceive interfering
UAVs through their antenna sidelobes, and (ii) UAVs
generally transmit with low power due to the good U2U
channel conditions.

• The U2U performance degrades as UAVs fly higher, due
to an increased UAV-to-UAV and GUE-to-UAV interfer-
ence. The former is caused by a higher probability of
LoS between a receiving UAV and interfering UAVs.
The latter is caused by a higher probability of LoS
between a receiving UAV and interfering GUEs, whose
effect outweighs having larger GUE-UAV distances.

• The GUE UL performance also degrades as UAVs fly
higher. However, this degradation is less significant than
that experienced by the U2U links, since interference
generated by GUEs in other cells is dominant.
Fig. 3 illustrates (i) the mean useful received power, (ii)

the mean interference power received from GUEs, and (iii)
the mean interference power received from UAVs, for both
U2U and GUE UL links. These metrics are plotted as a



Fig. 3. Mean values of the (i) received signal power, (ii) interference
generated by GUEs, and (iii) interference generated by UAVs, as a
function of the UAV’s fractional power control factor εu, and for both
U2U links and GUE UL.

function of the fractional power control factor εu employed
by UAVs. We may observe the following:

• The UAV power control policy has a significant impact
on the performance of both U2U and UL GUE links.

• In the scenario under consideration, the mean interfer-
ence perceived by GUEs is dominated by the GUE-
generated transmissions from other cells for εu < 0.6,
where such interference also remains small compared
to the mean useful received power. The interference
generated by UAVs dominates for larger values of εu,
and it saturates for εu > 0.9, since almost all UAVs
transmit with their maximum allowed power.

• The mean interference perceived by UAVs is dominated
by the GUE-generated transmissions for εu < 0.7,
where such interference is also relatively large compared
to the mean useful received power. For larger values of
εu, the UAV-to-UAV interference becomes dominant and
keep growing alongside the useful signal up to εu = 0.9,
when almost all UAVs operate at maximum power.

Fig. 4 shows the probability of experiencing SINRs per
PRB larger than -5 dB for both U2U and UL GUE links
as a function of εu. We also consider three different values
for the U2U distance parameter σu, namely 50 m, 100 m,
and 150 m, corresponding to mean U2U distances R̄u of
63 m, 125 m, and 188 m, respectively. Fig. 4 allows us to
draw the following conclusions:

• There exists an inherent tradeoff between the perfor-
mance of U2U and GUE UL, whereby increasing εu
improves the former at the expense of the latter:
– For 0 < εu < 0.4, the U2U performance is deficient,

since UAVs use a very low transmission power. In this
range, the UL GUE performance is approximately
constant, since the GUE-generated interference is
dominant.

Fig. 4. Probability of having SINRs > −5 dB for U2U and GUE UL
links vs. the UAV’s fractional power control factor εu, and for σu =
{50, 100, 150}.

– For 0.4 < εu < 0.9, the U2U performance increases
at the expense of the UL GUE links.

– For εu > 0.9, the U2U performance saturates and that
of the GUEs stabilizes, since almost all aerial devices
reach their maximum transmit power.

• Smaller U2U link distances—for fixed UAV density—
correspond to a better U2U performance for all values
of εu. This is because (i) UAVs perceive larger received
signal powers for decreasing σu, since the path loss of
the U2U links diminishes faster than the UAV transmit
power when σu lessens, and (ii) the reduced UAV-to-
UAV interference due to the smaller transmission power
employed by UAVs.

• The UL GUE links also benefit from smaller U2U
link distances when εu > 0.4, since UAVs lower their
transmit power and therefore reduce the UAV-to-BS
interference.

V. CONCLUSION

In this article, we have provided an analytical frame-
work to study U2U communications underlayed with the
UL of a cellular network. When considering a realistic
channel model, antenna pattern, and power control policy,
we demonstrated that communications between pairs of
close-by UAVs have a limited effect on the GUE UL, since
the strong U2U channel gains allow UAVs to lower their
transmit power. Our results also showed that both the U2U
and GUE UL SINRs diminish as UAVs fly higher, since
aerial equipment encounters LoS propagation conditions
with a larger number of nodes, which leads to an overall
interference growth. We also demonstrated how the UAV
power control policy serves to find a performance trade-off
between U2U and UL GUE communications.



APPENDIX

A. Sketch of Proof of Theorem 1

To obtain the U2U link coverage we can write

Cu =
∑

ν∈{L,N}

∫ rM

0

Cνu|Ru
(ru) fνRu

(ru) dru, (19)

where

Cνu|Ru
(ru) =

mνuu−1∑
i=0

(−1)iqνu,i ·Di
su

[
LνIu(su)

]
, (20)

obtained using the CDF of gamma-distributed small-scale
fading in (4). As for the interference, one can write

LνIu(su)=LνILgu
(su)·LνINgu(su)·LνILuu

(su)·LνINuu
(su), (21)

where Iξxy is the interference imposed by nodes x of
condition ξ on y. Each term in (21) can be characterized
as follows:

Lν
Iξxy

= e−2πλxI
ξ
xy ; ξ ∈ {L,N} (22)

where λg = λb accounts for the density of active users,
and

Iξxy =

∞∑
i=1

pξxy(ri)EPx,ψ
ξ
xy

[∫ ri+1

ri

(
1−e−sPxd

−αξxy
xy ψξxy

)
rdr

]
,

(23)

with s = sy
gxy(ri)

τ̂ξxy
. In the following we calculate the

integral term in (23) by considering a change of variable

as ω = sPx d
−αξxy
xy ψξxy. Therefore we can rewrite∫ ri+1

ri

(
1− e−sPx d

−αξxy
xy ψξxy

)
r dr

=
(sPxψ

ξ
xy)β

ξ
xy

αξxy

∫ ω1

ω2

ω−1−β
ξ
xy(1− e−ω)dω,

(24)

where βξxy , 2/αξxy, ω1 = µ1ψ
ξ
xy, ω2 = µ2ψ

ξ
xy, and

µ1 ,
sPx

(r2i + h2
xy)α

ξ
xy/2

, µ2 ,
sPx

(r2i+1 + h2
xy)α

ξ
xy/2

. (25)

We also have∫ ω1

ω2

ω−1−β
ξ
xy(1− e−ω)dω =

αξxy
2

[
ω
−βξxy
2 (1− e−ω2)

− ω−β
ξ
xy

1 (1− e−ω1) +

∫ ω1

ω2

y−β
ξ
xye−ω dω

]
, (26)

where integration by parts is applied, and∫ ω1

ω2

ω−β
ξ
xye−ω dω=γ

(
1−βξxy, ω1

)
−γ
(
1−βξxy, ω2

)
,

(27)

where we used the definition of incomplete gamma func-
tion. It follows that∫ ri+1

ri

(
1− e−sPx d

−αξxy
xy ψξxy

)
r dr

=
r2i+1 + h2

xy

2
(1− e−µ2ψ

ξ
xy)−

r2i + h2
xy

2
(1− e−µ1ψ

ξ
xy)

+
(sPxψ

ξ
xy)β

ξ
xy

2

[
γ
(
1−βξxy, µ2ψ

ξ
xy

)
−γ
(
1−βξxy, µ1ψ

ξ
xy

)]
.

(28)
We note that for Nakagami-m fading ψ with parameter m
we have

Eψ
[
e−µψ

]
=
(

1 +
µ

m

)−m
(29)

and

Eψ
[
ψβγ (1− β, µψ)

]
=

m1+mµ1−β

(1− β)(m + µ)1+m 2F1

(
1, 1+m; 2−β; µ

µ+m

)
.

(30)

Now through transformation properties of the hypergeo-
metric function we can write

2F1

(
1, 1 + m; 2− β;

µ

µ+ m

)
=

(
m

µ+m

)−1−m
2F1

(
1+m, 1−β; 2−β;− µ

m

)
.

(31)

Consequently, by using (28)–(31) we have

Eψξxy

[∫ ri+1

ri

(
1− e−sPx d

−αξxy
xy ψξxy

)
r dr

]
= Ψξ

xy (s, ri+1)−Ψξ
xy (s, ri) .

(32)

Accordingly,

Iξxy =

∫ ∞
0

fLRx
(x)

∞∑
i=1

pξxy

(
Ψξ

xy (s, ri+1)−Ψξ
xy (s, ri)︸ ︷︷ ︸

computed at PL
x

)
dx

+

∫ ∞
0

fNRx
(x)

∞∑
i=1

pξxy

(
Ψξ

xy (s, ri+1)−Ψξ
xy (s, ri)︸ ︷︷ ︸

computed at PN
x

)
dx.

(33)

By noting that
∞∑
i=1

pξxy(ri)
(

Ψξ
xy (s, ri+1)−Ψξ

xy (s, ri)
)

=

∞∑
i=1

[
pξxy(ri−1)− pξxy(ri)

]
Ψξ

xy (s, ri) ,

(34)

the desired result is obtained.

B. Sketch of Proof of Theorem 2

Similar to U2U coverage analysis, we can write

Cg =
∑

ν∈{L,N}

∫ ∞
0

Cνg|Rg
(rg) fνRg

(rg) drg, (35)



where

Cνg|Rg
(rg) =

mνcb−1∑
i=0

(−1)iqνg,i ·Di
sg

[
LνIg(sg)

]
, (36)

where the last equation is derived similarly to (20).
The aggregate interference can be derived as follows

LνIg(sg) = LνILug
(sg)·LνINug

(sg)·LνILgg(sg)·LνINgg(sg), (37)

where LILug
and LINug

are obtained similarly to Theorem 1
by using (33). To characterize GUEs interference one can
write

LIξgg =e
−2π

∫∞
0
λ̂g(r)

(
1−E

Pg,ψ
ξ
gb

[
e
−sgPgζ

ξ
gb

(r)−1ψ
ξ
gb

])
rdr

.

(38)

Therefore LIξgg = e−(2πλb)
2 Iξgg , where

I
ξ
gg =

∑
ν∈{L,N}

∫ ∞
0

pξgb(r)×

∫ r

0

pνgb(x)xe
−λbπx

2

(
1−E

ψ
ξ
gb

[
e
−

sgP
ν
g (x)ψ

ξ
gb

ζ
ξ
gb

(r)

])
dxrdr.

(39)

We can write∫ ∞
0

pξgb(r)

∫ r

0

pνgb(x)xe−λbπx
2

×

(
1− Eψξgb

[
e
−

sgP
ν
g (x)ψ

ξ
gb

ζ
ξ
gb

(r)

])
dx r dr

=

∫ ∞
0

pνgb(x)xe−λbπx
2

∫ ∞
x

pξgb(r)

×

(
1− Eψξgb

[
e
−

sgP
ν
g (x)ψ

ξ
gb

ζ
ξ
gb

(r)

])
r drdx.

(40)

To conclude the proof, we derive the inner integral as
follows∫ ∞

x

pξgb(r)

(
1− Eψξgb

[
e
−

sgP
ν
g (x)ψ

ξ
gb

ζ
ξ
gb

(r)

])
r dr

=

∞∑
i=j(x)

pξgb(ri)

(
Ψξ

gb (s, ri+1)−Ψξ
gb (s, ri)︸ ︷︷ ︸

at Pg = P νg (x)

)
,

(41)

where s = sg
ggb(ri)

τ̂ξgb
. Note that we assume the BS antenna

gain is invariant within the interval [ri, ri+1] so that
ggb(r) = ggb(ri) is a constant value.
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