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Abstract—Analysis of the performance of Unmanned Aerial
Vehicle (UAV)-enabled communications systems often relies upon
idealized antenna characteristic, where the side-lobe gain of
UAVs’ antenna is ignored. In practice, however, side-lobe cause
inevitable interference to the ground users. We investigate the
impact of UAVs’ antenna side-lobe on the performance of UAV-
enabled communication. Our analysis shows that even for a
very small antenna’s side-lobe gain, the ground receiver can
experience substantial interference. We further show that a
rather large exclusion zone is required to ensure a sufficient
level of protection for the ground receiver. Nevertheless, in a
multiple-antenna setting for the ground users, even when such
a large exclusion zone was in place, UAVs’ antenna side-lobe
creates a high level of correlation among the interference signals
received across receive antennas. Such a correlation limits the
system ability to exploit channel diversity in a multiple-antenna
setting for improving capacity. We then quantify the impact of
UAVs’ antenna side-lobes on the overall system performance
by deriving the corresponding loss of the achieved capacity
in various communications environments. We provide a new
quantitative insight on the cost of adopting non-ideal UAV
antenna on the overall capacity. Our analysis also shows that
the capacity loss can be confined by careful selection of system
parameters.

I. I NTRODUCTION

Using Unmanned Aerial Vehicles (UAVs) equipped with
wireless transceivers acting as drone base-stations (BSs) is pro-
posed to enhance the ground users’ connectivity in 4G & 5G
systems, and beyond [1–3]. UAVs’ potential for enhancing ca-
pacity/coverage of LTE/LTE-A has also been demonstrated in
cases of UAV-assisted communications and cellular-connected
drones [4–6].

Adopting directional antennas at the UAVs enables direct
communication with the intended ground UEs while limiting
interferences to other users. Assuming an ideal directional
antenna with a given beam-width and no or extremely small
side-lobes, each UAV transmitter forms its own exclusive
coverage zone. In this exclusive zone, the ground users are
not interfered with by the UAVs whose coverage zones do not
overlap. The notion of exclusion zone is adopted broadly to
study the various aspects of UAV-enabled communications.

In a multiple UAV communication setting, the authors of [7]
proposed a scheme for improving the spatial reuse of spectrum
by selecting the proper size of the exclusion zones. Building
upon the premise of exclusive coverage zone with no cross-
zone interference, the authors of [8, 9] explored the optimal

positioning of UAVs in order to maximize the coverage prob-
ability. They adjust the UAVs’ altitude based on the system
parameters and the type of communication environment, such
as sub-urban, urban, dense-urban, and high-rise. The exclusive
coverage zone is also used in [10] for offloading overloaded
BSs in hot-spots. [11] also investigated the coexistence of UAV
and device-to-device (D2D) communications in an exclusive
coverage zone. Techniques for optimal partitioning of the
ground plane into exclusive coverage zones was proposed in
[12], with the objective of providing coverage to all the ground
users. Exclusive coverage zones were considered in [13] to
support low-latency ultra-reliable UAV-enabled connectivity.

In practice, however, as also noted in [14], UAVs’ antennas
are not ideal. In fact, by increasing the UAVs’ altitude, the
ground receiver is likely to receive many interfering signals
transmitted through the antenna side-lobe of other UAVs [3].
This issue becomes more detrimental as for UAVs’ hovering
above a certain altitude the A2G propagation channel becomes
dominantly Line-of-Sight (LOS) [5, 15]. This reduces the path-
loss attenuation for the interfering signals, and thus may affect
the ground receivers’ performance and therefore generate a
substantial mismatch between theoretical and actual results. To
address this issue, we investigate the effect of antenna side-
lobe on the performance of ground receivers.

We consider a UAV-enabled communications system with
non-ideal antennas and analyze the performance of a ground
receiver with multiple receive antennas located in the exclusion
zone of a given UAV. To understand the impact of the
interfering signals, we then find the number of detectable
interfering signals from other UAVs, oroutside-UAVs, at the
ground receiver, i.e., interfering signals with a power level
above the ground receiver’s sensitivity. Adopting tools of
stochastic geometry, we find that the ground receiver is most
likely to receive a rather large number of detectable interfering
signals from the UAVs located outside its exclusion zone.
By estimating the probability of having non-zero detectable
interfering signals at the ground receiver, we introduce the
required size of exclusion zone so as to keep this probability
below a given performance threshold,ε.

Our numerical evaluation shows that for antennas with a
main-lobe to side-lobe gain ratio ofG/g = 2500 in a sub-
urban environment, the required radius of the exclusion zone
is around 50km givenε = 0.05. In an extreme case of a small



G/g = 12.5, the required radius of the exclusion zone is raised
to 300km. The size of the required exclusion zone is also
affected by the communication environment. For instance, in
a high-rise communication environment where the interference
signals are received through a non-LOS (NLOS) dominant
link, the required radius of the exclusion zone is reduced
approximately by 4x compared to the sub-urban environment.

Interfering signals also affect the performance of multiple-
antennas communications between the UAV and the ground
user. We show that even with an exclusion zone designed
to keep the probability of having more than zero detectable
interference signals higher thanε, the aggregated received
interference signal across the received antennas of the ground
user becomes highly correlated. Our investigation indicates
that this correlation might be as high as90%, simply due to
the aggregated LOS interference induced by the signal leakage
from the side-lobes of outside-UAVs. Such a correlation is
detrimental to the independence of the received attending
signals across the multiple-antennas in the ground user and
severely affects its ability to harvest the otherwise existent
channel diversity. To provide quantitative insights, we derive
the expected capacity loss, and analyze the impact of various
system parameters on such a capacity loss. Our analysis shows
that unlike the terrestrial communications in which non-LOS
propagation is often dominant, designing UAV communication
systems without considering a realistic antenna pattern might
lead to a substantial capacity loss in real settings.

II. SYSTEM MODEL

We consider a ground user located at the origin receiving
signals from a UAV, namely asupporting UAV, located exactly
above the origin at altitudẽH > 0. Associated with this
transmitter-receiver link, we also consider an exclusion zone,
where the receiver is assumed to be located at its center.
To protect the ground receiver against interferences, other
UAVs hovering above the inclusion zone, namelyoutside-
UAVs, are not allowed to transmit. Relevant to our analysis
is the projection of the exclusion zone on the ground which
is a circular disk with radiusZ > 0. We denote the exclusion
zone by a disk,BO(Z). Further, the outside of the exclusion
zone is denoted by annulusBO(Z).

We assume that the locations of the outside-UAVs in the 3-
D space follow a Homogenous Poisson Point Process (HPPP).
In this model,Φ = {(Xi, H) ∈ R3, i = 1, 2, . . . : ‖Xi‖ > Z},
whereXi ∈ BO(Z) is the location of UAVi in the 2-D plane,
andH is its altitude. For brevity, we further assume that the
UAVs are all at the same constant altitude. The density of
UAVs is λ units per km2. All UAVs are equipped with a
directional antenna with a circular radiation pattern and beam-
width of ω. We denote the main-lobe and side-lobe antenna
gain for UAV Xi by Xi, by G andg 6= 0, respectively, where
g ¿ G. The vertical angel between the receiver and the UAV
Xi is also denoted byψi = tan−1(H/‖Xi‖). The receiver
located at the origin is within the main-lobe of UAVi, if
ψi > π/2 − ω/2, or equivalently for‖Xi‖ < H

tan(π/2−ω/2) .

Therefore, to ensure that the receiver does not receive inter-
ference from the main-lobe of UAVXi, Z should be set to
Z = H

tan(π/2−ω/2) . Therefore, the exclusion zone ofXi is not
in the main-lobe of the out-side UAVs.

TABLE I
A IR-TO-GROUND CHANNEL PARAMETERS[8].

High-Rise Dense-Urban Urban Sub-Urban

φ 27.23 12.08 9.61 4.88
ψ 0.08 0.11 0.16 0.43

The channel between the UAVs and the users on the ground,
referred to as theA2G channel, is modeled as a combination
of a large-scale path-loss attenuation and a small-scale fading
component [9, 15]. The A2G channel operates in LOS/NLOS
mode [9], and the occurrence of LOS mode is shown to be de-
pendent, among other things, on the drone’s height, elevation
angle, and the type of communication environment, e.g., dense
urban or sparse rural. The probability that the channel between
UAV Xi and the receiver is an LOS-dominant channel is often
considered as the distance-dependent probability [8, 9]:

pL(‖Xi‖) =
(
1 + φe

−ψ
(

180
π arc tan( H

‖Xi‖ )−φ
))−1

, (1)

where‖Xi‖ is the 2-D Euclidian distance between the ground
user and the droneXi, andφ andψ are the channel parameters
representing the characteristics of the communication environ-
ment. As shown in (1), the probability of experiencing an
LOS-dominant channel is increased by increasingH. Using
(1), the path-loss attenuation is:

L(‖Xi‖) =




LL(‖Xi‖) = KL

(
√

H2+‖Xi‖)αL
∼ pL(‖Xi‖),

LN (‖Xi‖) = KN

(
√

H2+‖Xi‖)αN
∼ pN (‖Xi‖),

(2)

whereαL (αN ) is the LOS (NLOS) path-loss exponent, and
KL (KN ) is the corresponding intercept constant,αL ¿ αN .
Note that increasingH results in a higher attenuation as the
signal needs to travel farther, experiencing a greater power
loss, or equivalently a higher transmission power is required
by the UAVs. Nevertheless, sinceαL ¿ αN , a larger H
might be advantageous as it may make the LOS component
dominant. In practice,H should be carefully designed to
balance the required transmit power on one hand, and the
channel attenuation advantage on the other hand, see, e.g.,
[8, 9].

Each receiver hasR ≥ 2 antennas, indexed byr. Small-
scale power fading between UAVXi and ther-th antenna at
the receiver,VXi,r is modeled by Nakagami fading:

VXi,r =

{
V L

Xi,r
= Γ(V L, 1

V L
) ∼ pL(‖Xi‖)

V N
Xi,r

= Γ(V N , 1
V N

) ∼ pN (‖Xi‖),
(3)

whereΓ(a, b) is Gamma distribution with parametersa and
b. For UAV Xi, we assume thatVXi,r are independent∀r.
Parametersa and b depend on the LOS/NLOS status of the



communication channel between UAVXi and the receiver. We
also note the fading is often more severe in NLOS channels,
so it is reasonable to assumeV L > V N .

III. C OUNT OF INTERFERINGSIGNALS

Ideally, the side-lobe is NULL, i.e.,g = 0, the receiver does
not detect any signal from outside-UAVs. This simplifying
assumption is widely adopted in the related literature, see, e.g.,
[7, 9]. In practice, however,g 6= 0, but the antenna is designed
such thatg/G ¿ 1. Therefore, the signal transmitted by the
outside-UAVs through the side-lobes may cause interference
at the receiver. To investigate the impact of antenna side-
lobes, we obtain the number of detectable interfering outside-
UAVs signals at the receiver, orsignal count, Σ. A similar
terminology is used in the LTE systems, where the signal count
to quantify the interference of neighboring cells [3].

We evaluate the signal count based on the aggregated
received power across receive antennas,

Σ =
∑

Xi∈Φ

1

(∑
r

gPL(‖Xi‖, H)VXi,r ≥ γ

)
, (4)

whereγ > 0 is the receiver’s sensitivity.
We now show that the signal countΣ in (4) is a Poisson

random variable. For this, we derive its Laplace transform:

LΣ(t) = Ee
−t

∑
Xi∈Φ

1(
∑

r gPL(‖Xi‖,H)VXi,r≥γ)

= E
∏

Xi∈Φ

(
e−tP

{∑
r

VXi,r ≥
γ

gPL(‖Xi‖, H)

}

+P

{∑
r

VXi,r <
γ

gPL(‖Xi‖,H)

})

= EΦ

∏

Xi∈Φ

( ∑

li∈{L,N}
pli(y, H)

(
e−tP

{∑
r

V li
Xi,r

≥
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Fig. 1. The probability mass function (pmf) of the interference signal count,
Σ, for λ = 10−3, G/g = 2500, andγ = 10−8.

γ

gPL(‖Xi‖,H)

}
+ P

{∑
r

V li
Xi,r

<
γ

gPL(‖Xi‖,H)

}))

= e
−2πλ(1−e−t)

∑
l∈{L,N}

∞∫
Z

ypl(y,H)P
{∑

r V l
y,r≥ γ

gP Ll(y,H)

}
dy

,
(5)

where in the second step, the LOS/NLOS status of communi-
cation links are independently drawn, and the last step is due to
the Laplace generation functional (LGFL) of PPP. Using (5),
the signal count is confirmed to be a Poisson random variable
with the mean value:

Σ = 2πλ
∑

l∈{L,N}

∞∫

Z

ypl(y, H)F∑
n

V l
n

(
γ

gPLl(y,H)

)
dy.

(6)
Obtaining Σ in (6) requires the complementary cumula-

tive distributed function (CCDF) of random variable,
∑
r

V l
r ,

namely F∑
r

V l
r
(.). We then assume

∑
r

V l
r ≥ N min

r
V l

r and

further note that the fading power gains across antennas are
i.i.d. normalized Gamma random variables, and therefore

F∑
n

V l
n

(
γ

gPLl(y, H)

)
≥

(
FV l

1

(
γ

NgPLl(y, H)

))N

= e
− γV l

gP Ll(y,H)


1−

V l∑
m=0

1
m!

V
m

l γm

(NgPLl(y, H))m




N

. (7)

An upper-bound onF∑
n

V l
n

(.) is then obtained using (6), (7).

We now use the approximated distribution ofΣ to study the
(cumulative) pmf, i.e.,FΣ(v) =

∑v
s=0

Σ
s

s! e−Σ. This quantity
measures the probability that the signal count is smaller than
a given number, and is plotted in Fig. 1 for high-rise and
sub-urban environments. For a given receiver, it is highly
likely to receive a large number of interfering signals. So,
even where the antenna side-lobe gain is relatively very small,
G/g À 1, since an exclusion zone fails to protect the ground
receiver against the interference. Fig. 1 further shows that
increasing the altitude of the outside-UAVs makes two com-
pletely different impacts on the pmf in the two communication
environments: increasingH reduces (increases) pmf in the
sub-urban (high-rise) environment, i.e.,H increases due to
multi-path dominance in the high-rise environment.

In practice, if Σ becomes greater than a given threshold
number, the ground receiver might report to the network. To
preserve the receive quality, the network may adopt a combi-
nation of actions to mitigate/reduce the received interference.
Here we assume that there is no such mechanism available,
and instead attempt to gain quantitative insight on the design
of the required size of exclusion zone,Z∗, that guarantees all
outside-UAVs to be invisible to the receiver.

Let OZ denote the probability ofΣ > 0. Our objective is
then to evaluateZ∗, such thatOZ ≥ ε, whereε ∈ (0, 1) is a
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Fig. 2. Value ofZ∗ versus the altitude of UAVs, whereλ = 10−3, andε = 0.05.

system parameter. Using (7), we write

OZ ≤ exp

{
− 2πλ

∑

l∈{L,N}

∞∫

Z

ypl(y, H)e−
γV l

gP Ll(y,H)


1−

V l∑
m=0

1
m!

V
m

l γm

(NgPLl(y, H))m




N

dy

}
.

Setting the upper-bound equal toε, Z∗ is obtained via the
following equation

∑

l∈{L,N}

∞∫

Z∗

ypl(y, H)

e
γV l

gP Ll(y,H)


1−

V l∑
m=0

1
m!

V
m

l γm

(NgPLl(y,H))m




N

dy

=
log(1/ε)

2πλ
.

Fig. 2 plotsZ∗ versus the altitude of interfering UAVs,H,
in prevalent communication environments for several values
of antenna side-lobe gain,g, whereε = 0.05. Increasing the
side-lobe gain,g, substantially increasesZ∗. Fig. 2 also shows
that even for a very smallg, a rather large exclusion zone
is required. The size of exclusion zone is also increased by
increasing the UAVs’ altitude.

Among the various type of communication environments,
unlike the high-rise case, the sub-urban environment requires
a substantially large exclusion zone, almost 4x larger as Fig. 2
shows, due mainly to the dominance of LOS component in the
sub-urban environment.

IV. I MPACT ON THE CAPACITY

Setting the size of exclusion zone based on the results in
Section II reduces the negative impact of non-ideal antennas,
i.e., g 6= 0, and limits the likelihood of introducing interfering
signals at the receiver.

The performance of a multi-antenna receiver can also de-
grade due to the cross-antenna signal correlation. For the ideal

case ofg = 0, no cross-antenna signal correlation exists as
the fading across antennas are independent. This enables the
receive array to harness the diversity of the wireless channels
and achieve diversity and/or multiplexing gains. In practice,
whereg 6= 0, the aggregated interferencecaused by the side-
lobe induce cross-antenna signal correlation even when the
exclusion zoneBO(Z∗) is considered. In what follows, we
investigate the capacity loss at the receiver because of the
existing correlation in the received signal across the receive
antennas.

A. Cross-Antenna Interference Correlation

The cross-antenna interference correlation coefficient is:

ρr,r′ =
E[IrIr′ ]− E[Ir]E[Ir′ ]√

Var(Ir)Var(Ir′)
=
E[IrIr′ ]− (E[Ir′ ])2

Var(Ir)
, (8)

where the received interference at antennar is

Ir =
∑

Xi∈Φ

PL(‖Xi‖,H)gVXi,r. (9)

Proposition 1: The cross-antenna interference correlation
coefficient is

ρr,r′ =

∑
l∈{L,N}

Wl

∑
l∈{L,N}

V l+1
V l

Wl

=
1

1 +

∑
l∈{L,N}

Wl
V l∑

l∈{L,N}
Wl

, (10)

wherer 6= r′, and

Wl =

∞∫

Z∗

xpl(x,H)(Ll(x, H))2dx. (11)

Proof: See the Appendix. ¥
For any positive real numbers,{am, bm}, m = 1, 2, . . ., it is

easy to show that
∑

m
am

bm
≥

∑
m am∑
m bm

. Therefore,

∑
l∈{L,N}

Wl
V l∑

l∈{L,N}
Wl

≤
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Fig. 3. Cross-antenna interference correlation coefficient versus the altitude of UAVs, whereλ = 10−3.

∑
l∈{L,N}

1
V l

. This suggests a lower-bound onρr,r′ as ρr,r′ ≥
1

1+
∑

l∈{L,N}
1

V l

. An upper-bound onρr,r′ is also obtained as

ρr,r′ ≤
∑

l∈{L,N}

1Wl

V l+1
V l

Wl

=
∑

l∈{L,N}

V l

V l + 1
.

Therefore,

1
1 +

∑
l∈{L,N}

1
V l

≤ ρr,r′ ≤
∑

l∈{L,N}

1
1 + 1

V l

.

Using the above, for a Rayleigh distributed fading in the NLOS
link, it is easy to showρr,r′ ' 0.5.

Fig. 3 plotsρ1,2 versusH, showing a considerable level
of interference correlation,ρ1,2 ≥ 0.5, despite consideration
of exclusion zone to protect the receiver from the direct
interference received from the outside-UAVs. Such a corre-
lation limits the achievable gain of the receive diversity in
the A2G communication link. Increasingg also leads to a
substantial increase ofρ1,2. Fig. 3 further highlights the impact
of the communication environment. A much higher antenna
correlation is experienced in the sub-urban environment due
to the dominance of the LOS interference.

B. Capacity Loss

The supporting UAV, denoted byX0, is located at height
H̃ on top of the receiver. We assume that the same channel
model discussed in Section II is valid for the communication
link between the supporting UAV and the ground receiver. The
achievable rate of the receiver is denoted byC(g).

We evaluate∆R = C(0) − C(g) for a given system
with an exclusion zone ofBO(Z∗). Assuming maximal ratio
combining, which is optimal for the case of no interference
[16], ∆R is then formulated as

∆R = E

[
log

(
1 +

R∑
r=1

PL(‖X0‖, H̃)GVX0,r

σ2

)−

log
(
1 +

R∑
r=1

PL(‖X0‖, H̃)GVX0,r

σ2 + Ir

)
]

≈ E
[

log
(
1 +

PL(‖X0‖, H̃)G
R∑

r=1
VX0,r

σ2

)−

log
(
1 +

PL(‖X0‖, H̃)G
R∑

r=1
VX0,r

σ2 + Î

)
]
,

where σ2 is the AWGN power, the interference
received at each antenna is approximated as
Î =

∑
Xi∈Φ

PL(‖Xi‖,H)gVXi , and VXi is distributed as

in (3) and does not depend on the antenna index. This is
due to highly correlated interference across antennas, as
substantiated in Proposition 1.

Using log(1 + x) =
∞∫
0

e−v/v (1− e−vx) dv, we then write

∆R as:

∆R ≈
∞∫

0

e−vσ2
/v

(
1− LÎ(v)

)
(1− LS(v))dv. (12)

whereLÎ(v) is the Laplace transform of̂I,

LÎ(v) = E[e−vÎ ] = EΦ

∏

Xi∈Φ

Ee−vgPL(‖Xi‖,H)VXi

= EΦ

∏

Xi∈Φ


 ∑

li∈{L,N}

pli(‖Xi‖,H)

(1 + vPgLli(‖Xi‖,H)/V li)
V li




= e
−2πλ

∑
l∈{L,N}

∞∫
Z∗

ypl(y,H)

(
1−(1+vPgLl(y,H)/V li

)−V l

)
dy

.
(13)



In (12), LS(v) is the Laplace transform of the effective
received power from the supporting UAVX0:

LS(v) =
∑

l∈{L,N}

pl(0, H̃)
(1 + vGPKlH̃−αl)V l

.

Fig. 4 plots∆R versusH for several values ofg in different
communication environments, showing that the loss of capac-
ity is very small. In effect, the inclusion of the exclusion zone
is effective in minimizing the impact of interference, which is
consistent across all communication environments and values
of g. We further see that in general increasingH can increase
capacity loss or decrease capacity loss, depending on commu-
nication environment andg. In fact, a combination of factors
including the likelihood of receiving LOS interference, higher
path-loss attenuation, and the size of exclusion zone affect the
capacity loss. Depending on this combination, the capacity
loss may increase or decrease by increasingH. Nevertheless,
for all cases the capacity loss always stays restricted. This is
mainly because the chance that a dominant LOS interference
exists in the exclusion zone vanishes. Besides, the inclusion
of well-designed exclusion zone weakens the effect of NLOS
interfering links.

V. CONCLUSIONS

We have investigated the impact of UAVs’ antenna side-
lobe on the performance of UAV-enabled communication. Our
analysis and results demonstrated that even for a very small
value of the antenna’s side-lobe gain, the ground receiver can
experience substantial interference. We further showed that a
rather large exclusion zone is required to ensure a sufficient
level of protection for the ground receiver. Nevertheless, in
a multiple-antenna setting for the ground users, even when
such large exclusion zone was in place, UAVs’ antenna side-
lobe creates a high level of correlation among the interference
signals received across receive antennas. Such a correlation
among the received signals limits the system’s ability to exploit
channel diversity in a multiple-antenna setting for improving
capacity. Using these results/observations, we then quantified
the impact of UAVs’ antenna side-lobes on the overall sys-
tem performance by obtaining the corresponding loss on the
achieved capacity in various communications environments.
We observed that the capacity loss can be limited by careful
selection of system parameters. Finally, our results indicate
that unlike the terrestrial communications in which non-LOS
propagation is often dominant, designing UAV communication
systems without considering a realistic antenna pattern might
lead to substantial capacity loss in real settings.

APPENDIX: PROOF OFPROPOSITION1

Using Campbell-Mecke Theorem [17],

E[Ir] = gE
∑

Xi∈Φ

PL(‖Xi‖,H)VXi,r

= 2πPgλ

∞∫

Z∗

xE[L(x,H)Vx,r]dx

= 2πgPλ
∑

l∈{L,N}

∞∫

Z∗

xpl(x, H)Ll(x)dx, (14)

where we noteE[Vl] = 1. Further, forr 6= r′

E[IrIr′ ] = g2P 2E
∑

Xi∈Φ

∑

Xj∈Φ

L(‖Xi‖,H)

×L(‖Xj‖,H)VXi,rVXj ,r′

= g2P 2E
∑

Xi∈Φ

(L(‖Xi‖,H))2VXi,rVXi,r′

+g2P 2E
∑

Xi∈Φ

∑

Xj∈Φ\Xi

L(‖Xi‖,H)L(‖Xj‖,H)VXi,rVXj ,r′

= 2πg2P 2λ
∑

l∈{L,N}
V

2

l

∞∫

Z∗

xpl(x,H)(Ll(x,H))2dx

+4π2g2P 2λ2
∑

l∈{L,N}

∑

l′∈{L,N}
V lV l′

∞∫

Z∗

∞∫

Z∗

x1x2

pl(x1,H)Ll(x1,H)pl′(x2,H)Ll′(x2,H)dx1dx2

= 2πg2P 2λ
∑

l∈{L,N}

∞∫

Z∗

xpl(x,H)(Ll(x, H))2dx

+4π2g2P 2λ2
∑

l∈{L,N}

∑

l′∈{L,N}

∞∫

Z∗

∞∫

Z∗

x1x2

pl(x1,H)Ll(x1,H)pl′(x2,H)Ll′(x2,H)dx1dx2. (15)

Using (15), and (14), it is easy to show

E[IrIr′ ]− (E[Ir′ ])2 =

2πg2P 2λ
∑

l∈{L,N}

∞∫

Z∗

xpl(x, H)(Ll(x,H))2dx. (16)

Similarly, noting thatE[(Vl)2] = V l+1
V l

,

Var(Ir) = 2πg2P 2λ
∑

l∈{L,N}

V l + 1
V l

Wl. (17)

Substituting (16) and (17) into the definition of cross-
antenna correlation in (8) completes the proof. ¥
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Fig. 4. Capacity loss versusH, whereH̃ = 300 m, andλ = 10−3.
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