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Abstract—Analysis of the performance of Unmanned Aerial positioning of UAVs in order to maximize the coverage prob-
Vehicle (UAV)-enabled communications systems often relies upon apility. They adjust the UAVs’ altitude based on the system
idealized antenna characteristic, where the side-lobe gain of parameters and the type of communication environment, such

UAVS' antenna is ignored. In practice, however, side-lobe cause b-urb b d b d hiah-ri Th USi
inevitable interference to the ground users. We investigate the as sub-urban, urban, dense-urban, and high-rise. The exclusive

impact of UAVS’ antenna side-lobe on the performance of UAV- Coverage zone is also used in [10] for offloading overloaded
enabled communication. Our analysis shows that even for a BSs in hot-spots. [11] also investigated the coexistence of UAV
very small antenna’s side-lobe gain, the ground receiver can and device-to-device (D2D) communications in an exclusive
experience substantial interference. We further show that a coverage zone. Techniques for optimal partitioning of the

rather large exclusion zone is required to ensure a sufficient d bl int lusi di
level of protection for the ground receiver. Nevertheless, in a ground piane Into exclusive coverage zones was proposed in

multiple-antenna setting for the ground users, even when such [12], with the objective of providing coverage to all the ground
a large exclusion zone was in place, UAVs' antenna side-lobeusers. Exclusive coverage zones were considered in [13] to

creates a high level of correlation among the interference signals support low-latency ultra-reliable UAV-enabled connectivity.
received across receive antennas. Such a correlation limits the In practice, however, as also noted in [14], UAVS antennas

system ability to exploit channel diversity in a multiple-antenna - . . Ve
setting for improving capacity. We then quantify the impact of '€ not ideal. In fact, by increasing the UAVS' altitude, the

UAVS' antenna side-lobes on the overall system performance ground receiver is likely to receive many interfering signals
by deriving the corresponding loss of the achieved capacity transmitted through the antenna side-lobe of other UAVs [3].
in various communications environments. We provide a new This issue becomes more detrimental as for UAVS’ hovering
quantitative insight on the cost of adopting non-ideal UAV a1 46 g certain altitude the A2G propagation channel becomes
antenna on the overall capacity. Our analysis also shows that dominantly Line-of-Sight (LOS) [5, 15]. This reduces the path-
the capacity loss can be confined by careful selection of system : ) At it
parameters. loss attenuation for the interfering signals, and thus may affect
the ground receivers’ performance and therefore generate a
. INTRODUCTION substantial mismatch between theoretical and actual results. To
Using Unmanned Aerial Vehicles (UAVS) equipped withaddress this issue, we investigate the effect of antenna side-
wireless transceivers acting as drone base-stations (BSs) is pwbe on the performance of ground receivers.
posed to enhance the ground users’ connectivity in 4G & 5GWe consider a UAV-enabled communications system with
systems, and beyond [1-3]. UAVS’ potential for enhancing caon-ideal antennas and analyze the performance of a ground
pacity/coverage of LTE/LTE-A has also been demonstrated rieceiver with multiple receive antennas located in the exclusion
cases of UAV-assisted communications and cellular-connectazhe of a given UAV. To understand the impact of the
drones [4-6]. interfering signals, we then find the number of detectable
Adopting directional antennas at the UAVs enables direittterfering signals from other UAVs, asutside-UAVsat the
communication with the intended ground UEs while limitingground receiver, i.e., interfering signals with a power level
interferences to other users. Assuming an ideal directiorsdove the ground receiver's sensitivity. Adopting tools of
antenna with a given beam-width and no or extremely smallochastic geometry, we find that the ground receiver is most
side-lobes, each UAV transmitter forms its own exclusivikely to receive a rather large number of detectable interfering
coverage zone. In this exclusive zone, the ground users aignals from the UAVs located outside its exclusion zone.
not interfered with by the UAVs whose coverage zones do nBYy estimating the probability of having non-zero detectable
overlap. The notion of exclusion zone is adopted broadly toterfering signals at the ground receiver, we introduce the
study the various aspects of UAV-enabled communicationsrequired size of exclusion zone so as to keep this probability
In a multiple UAV communication setting, the authors of [7pelow a given performance threshotd,
proposed a scheme for improving the spatial reuse of spectrun®ur numerical evaluation shows that for antennas with a
by selecting the proper size of the exclusion zones. Buildimgain-lobe to side-lobe gain ratio @/g = 2500 in a sub-
upon the premise of exclusive coverage zone with no crossban environment, the required radius of the exclusion zone
zone interference, the authors of [8, 9] explored the optimial around 50km giverm = 0.05. In an extreme case of a small



G /g = 12.5, the required radius of the exclusion zone is raisetherefore, to ensure that the receiver does not receive inter-
to 300km. The size of the required exclusion zone is al§erence from the main-lobe of UAX;, Z should be set to
affected by the communication environment. For instance, = W Therefore, the exclusion zone &f; is not

a high-rise communication environment where the interferencethe main-lobe of the out-side UAVs.

signals are received through a non-LOS (NLOS) dominant TABLE |

link, th_e required radius of the exclusion zone is_reduced AIR-TO-GROUND CHANNEL PARAMETERS[8].
approximately by 4x compared to the sub-urban environment.
Interfering signals also affect the performance of multiple- \ High-Rise  Dense-Urban  Urban  Sub-Urban
antennas communications between the UAV and the ground | 27123 12.08 9.61 4.88
¥ 0.08 0.11 0.16 0.43

user. We show that even with an exclusion zone designed
to keep the probability of having more than zero detectable
interference signals higher than the aggregated received The channel between the UAVs and the users on the ground,
interference signal across the received antennas of the grof@fgred to as thé\2G channelis modeled as a combination
user becomes highly correlated. Our investigation indicatéa large-scale path-loss attenuation and a small-scale fading
that this correlation might be as high 88%, simply due to component [9, 15]. The A2G channel operates in LOS/NLOS
the aggregated LOS interference induced by the signal leak&g@de [9], and the occurrence of LOS mode is shown to be de-
from the side-lobes of outside-UAVs. Such a correlation Rendent, among other things, on the drone’s height, elevation
detrimental to the independence of the received attendifggle, and the type of communication environment, e.g., dense
signals across the multiple-antennas in the ground user atan or sparse rural. The probability that the channel between
severely affects its ability to harvest the otherwise existeRV X and the receiver is an LOS-dominant channel is often
channel diversity. To provide quantitative insights, we deriveonsidered as the distance-dependent probability [8, 9]:

the expected capacity loss, and analyze the impact of various (150 e tan( —H ) s)\ 1

system parameters on such a capacity loss. Our analysis shows pr([|Xil)) = (1 + ¢ge b te (i) ¢)) (@

that unlike the terrestrial communications in which non'LO%hereHXiH is the 2-D Euclidian distance between the ground

propagation is often dominant, designing UAV communlcatloLrﬁ]Ster and the dron;, andg and are the channel parameters

systems without considering a realistic antenna pattern mig . . o i
) ; . : epresenting the characteristics of the communication environ-
lead to a substantial capacity loss in real settings. . o C
ment. As shown in (1), the probability of experiencing an
LOS-dominant channel is increased by increashigUsing

Il. SYSTEM MODEL (1), the path-loss attenuation is:

We consider a ground user located at the origin receiving L(|1X;]) =
signals from a UAV, namely aupporting UAV located exactly ‘
above the origin at altitudéd > 0. Associated with this LX) = —Er—  ~ X,
the origin at _ _ LX) = e~ pe(1Xal)
transmitter-receiver link, we also consider an exclusion zone, Lo(lXI = Ku X
where the receiver is assumed to be located at its center. N1l = (VH2H| X )eN ~ o ([1Xil),

To protect the ground receiver against interferences, other . i
UAVs hovering above the inclusion zone, namealuytside- v'\?hereaL (an) is the LOS (NLOS) path-loss exponent, and

K1, (Kn) is the corresponding intercept constamt, < a .

:XZ a;g.;;?oi"g\]fv?hde tgxgir;?;]]'t'z;ilec\)’r?%éo ?:l;n?jns\%iﬁote that increasing? results in a higher attenuation as the
is a cirgulfar disk with radiusZ > 0. We denote thge exclusion anal needs to travel farther, experiencing a greater power
' loss, or equivalently a higher transmission power is required

zone by a diskBo(Z). Further, the outside of the exclus:ionby the UAVs. Nevertheless, since;, < ay, a larger H

zone is denoted by annulu&_)(Z). . . might be advantageous as it may make the LOS component
We assume that the locations of the outside-UAVs in the 8 minant. In practice,/ should be carefully designed to

D space follow a Homogenous Poisson Point Process (HPP@ lance the required transmit power on one hand, and the

i _ . 3 ;5 . i
In this model,® = {.(X“H) < R b= 1’2’,'." Xl > 23, channel attenuation advantage on the other hand, see, e.g.,
where X, € Bo(Z) is the location of UAV; in the 2-D plane, ES 9]

and H is its altitude. For brevity, we further assume that the - .1 \oceiver ha® > 2 antennas, indexed by. Small-

UAVS are al frﬂ the same constant aItitude._ The de_nsity QI:aIe power fading between UAY; and ther-th antenna at
U.AVS. IS A units per_kn%. A" UAVS are equipped with a the receiverVy. .. is modeled by Nakagami fading:
directional antenna with a circular radiation pattern and beam- v

width of w. We denote the main-lobe and side-lobe antenna Vi =TV, %) ~ pr(1X:1)

gain for UAV X; by X;, by G andg # 0, respectively, where R R i) ~ on (1) 3)
g < G. The vertical angel between the receiver and the UAV Xar NV NI

X; is also denoted by); = tan™'(H/||X;||). The receiver whereI'(a,b) is Gamma distribution with parametersand
located at the origin is within the main-lobe of UAY if 5. For UAV X;, we assume thaVy, , are independenitr .

P > m/2 —w/2, or equivalently for|| X;|| < m Parameters: and b depend on the LOS/NLOS status of the



communication channel between UAY; and the receiver. We Y P Z v < Y
also note the fading is often more severe in NLOS channelgPL(|| X;||, H) - Xor = gPL(|| X, H)

so it is reasonable to assurie, > Vy .

[1l. COUNT OFINTERFERINGSIGNALS “amA(l—e ) Y [ umly HW{Z i e— H>}dy
’ T oY r=gPLi(y,
Ideally, the side-lobe is NULL, i.eg = 0, the receiver does = € ety 2 ;
not detect any signal from outside-UAVs. This simplifying (5)

assumption is widely adopted in the related literature, see, e\ghere in the second step, the LOS/NLOS status of communi-
[7,9]. In practice, howevey # 0, but the antenna is designeocation links are independently drawn, and the last step is due to
such thatg/G < 1. Therefore, the signal transmitted by théhe Laplace generation functional (LGFL) of PPP. Using (5),
outside-UAVs through the side-lobes may cause interfereri®@€ signal count is confirmed to be a Poisson random variable
at the receiver. To investigate the impact of antenna sid&ith the mean value:

lobes, we obtain the number of detectable interfering outside- oo

UAVs signals at the receiver, aignal count 3. A similar S — 97\ Z /ypl(y,H)Fz v

Y
————— | dy.
terminology is used in the LTE systems, where the signal count (gPLl (y, H)) 4

Ie{L,N}

to quantify the interference of neighboring cells [3]. (6)
W? evaluate the signal .count based on the aggregate(bbtainingi in (6) requires the complementary cumula-
received power across receive antennas, tive distributed function (CCDF) of random variablg; V!,

Y — Z 1 (ZQPL(HXiHaH)VXi,r > 7) . (4 namely Fy yi(.). We then assumg V' > NmTinV,f and

X;eP r further note that the fading power Tgains across antennas are
where~ > 0 is the receiver’s sensitivity. i.i.d. normalized Gamma random variables, and therefore
We now show that the signal couht in (4) is a Poisson N
random variable. For this, we derive its Laplace transform: % _ ( gl > - <F l ( v )>
%Y \gPLi(y, H)) = \" Y1 \NgPL/(y, H)

-t > 12, gPL(IX:l, H)Vx, .»27) n
Ly(t) =Ee XiEw

_ N
- Y ~V, Vi 1 Vm m
=F e P Vw2 — — P |1 — - L 7
XH< {Z gPL(HXin,H)} ¢ T > miapL | - @

m=0

g — . . .
+P {Z Vi, r < MW}) An upper-bound o'y~ v (.) is then obtained using (6), (7).

We now use the apnproximated distﬂtgutignmto study the
—Eg H ( Z o (y, H) <€—tp{ ZV)I( > (cumulative) pmf, i.e.,.F"E(v) = ZZ:(_) %e—z. Thts quantity
xico \ L[N} - o measures the probablhty that the_sugrtal count is smgller than
a given number, and is plotted in Fig. 1 for high-rise and
sub-urban environments. For a given receiver, it is highly
(a):Sub-Urban (b):High-Rise likely to receive a large number of interfering signals. So,
1 L BEdaddnd Uy an e i even where the antenna side-lobe gain is relatively very small,
G/g > 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: increasing/ reduces (increases) pmf in the
sub-urban (high-rise) environment, i.dd increases due to
multi-path dominance in the high-rise environment.

In practice, if ¥ 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,
00 ‘ 10 0-40 5 10 and instea(_j attetnpt to gain quantitative insight on the design
of the required size of exclusion zong?, that guarantees all
outside-UAVs to be invisible to the receiver.

Fig. 1. The probability mass function (pmf) of the interference signal count, Let Oz denote the probability oE > 0. Our objective is
%, for A =107%, G/g = 2500, andy = 10~ then to evaluateZ*, such thatO; > ¢, wheree € (0,1) is a
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(a): High Rise (b): Dense Urban (c): Urban (d): Sub-Urban
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Fig. 2. Value of Z* versus the altitude of UAVS, where = 10~3, ande = 0.05.
system parameter. Using (7), we write case ofg = 0, no cross-antenna signal correlation exists as
oo B the fading across antennas are independent. This enables the
_ Y i i i i
Oz <exp{ — 27\ Z /ypz(y, H)e 7Lt receive array to har_ness the dlverg,lty qf the vylreless char_mels
(LN} and achieve diversity and/or multiplexing gains. In practice,
Nz

whereg # 0, the aggregated interferenceaused by the side-
V. —m N lobe induce cross-antenna signal correlation even when the
))m y}

_ Z i' Viy exclusion zoneBy(Z*) is considered. In what follows, we
—— (NgPLi(y, H investigate the capacity loss at the receiver because of the

Setting the upper-bound equal o Z* is obtained via the existing correlation in the received signal across the receive

; ) antennas.
following equation
o - N A. Cross-Antenna Interference Correlation
N l M m
Z Mv’H) 1- i' Viy dy  The cross-antenna interference correlation coefficient is:
Y m
iz, i\ nso ™ (NoPL, H) . ELL1-ELEL] _ELL]- @)
_ log(1/¢) Var(I,) Var(1,.) Var(L,)
2\ where the received interference at antenna
Fig. 2 plotsZ* versus the altitude of interfering UAVE/,
in prevalent communication environments for several values I = Z PL(IX[l, H)gVix, - ©)

of antenna side-lobe gaig, wheree = 0.05. Increasing the Xie

side-lobe gaing, substantially increases*. Fig. 2 also shows  Proposition 1: The cross-antenna interference correlation
that even for a very smaly, a rather large exclusion zonecoefficient is

is required. The size of exclusion zone is also increased by S W
increasing the UAVS’ altitude. _ Ie{L,N} B 1 10
Among the various type of communication environments, Prot = > Vitlyy Y W (10)
unlike the high-rise case, the sub-urban environment requires le{tNy v 1+ %
a substantially large exclusion zone, almost 4x larger as Fig. 2 1e{L,N}
shows, due mainly to the dominance of LOS component in tf)@,qre - £/, and
sub-urban environment. -
IV. IMPACT ON THE CAPACITY W, = /a:pl(:v,H)(Ll(x,H))zdx. (11)
Setting the size of exclusion zone based on the results in e
Section Il reduge; the negatjve impagt of norj—idgal antgnnasproof: See the Appendix. -
i.e.,g # 0, and limits the likelihood of introducing interfering For any positive real numbersa,., b}, m = 1,2, .., itis

signals at the receiver. W,
- . _ ) Vi

The performance of a multi aqtenna receiver can also.d(_‘easy to show thal",, = > %mz Therefore ‘<= o <
grade due to the cross-antenna signal correlation. For the ideal m m O eftny
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Fig. 3. Cross-antenna interference correlation coefficient versus the altitude of UAVs, Whei® 3.

: R ~
Y>> L. This suggests a lower-bound @n, asp,, > PL(|| X0, H)GVx, .,
el ™ o (143 =)
ﬁ~ An upper-bound on,., is also obtained as r=1 T
re{t,Ny Vi .
< Z 1W[ Z Vl PL(”XO”?H)G Zl VXOJ’
Prot = Ve 1 ~E|log (1+ = _
le{L,N} VLVJ,FIWl 1e{L,N} Vi+l ( 2 )
Therefore, .
T = T < prr < Z | PL(||X0||»H)GTZ::1 Vxor
+ Z v, ey L og (1+ T )1
le{L,N} o2+ ]

Using the above, for a Rayleigh distributed fading in the NLORnere 52 is the AWGN power, the interference

link, it is easy to showp,.,» £ 0.5. _ received at each antenna is approximated as
Fig. 3 plots p; » versusH, showing a considerable level; _ Z PL(|X;||, H)gVx,, and Vx, is distributed as
of interference correlatiorp; » > 0.5, despite consideration

of exclusion zone to protect the receiver from the dired (3) and does not depend on the antenna index. This is
interference received from the outside-UAVs. Such a corréu€ to highly correlated interference across antennas, as
lation limits the achievable gain of the receive diversity igubstantiated in Proposition 1.

the A2G communication link. Increasing also leads to a  ysing 10g(1 +z)= [e /v (1l —ev*)dv, we then write
substantial increase of . Fig. 3 further highlights the impact 0

of the communication environment. A much higher antenrﬁR

correlation is experienced in the sub-urban environment due o0

to the dominance of the LOS interference. AR =~ /e*”"Q/v (1-L;(v) (1= Ls(v))dv. (12)

B. Capacity Loss 0

H on top of the rece|ver We assume that the same channel

model discussed in Section Il is valid for the communication  £;(v) = E[e *vl =Es H Ee—voPLUIX:|l, H)Vx,

link between the supporting UAV and the ground receiver. The X,ed
achievable rate of the receiver is denoted(®fy).
.We evaluatgAR = C(0) —*C'(g) for.a given system B o (1X |, H)
with an exclusion zone 0By (Z*). Assuming maximal ratio = Es H Z = 7,
combining, which is optimal for the case of no interference xico \nemny L+ oPgLy (1 Xall, H)/Vai, )"t

[16], Ag is then formulated as

R
PL([|Xoll,

Ar =E|log (1+ :
R g( ; o2 (13)

ad —27 T — ) Vi, -V
H)GVX[),T)_ . 2 Aze{%w}zf* ypz(yﬂ)(l (1+vPgLi(y,H)/V ;) Z)dy




In (12), Ls(v) is the Laplace transform of the effective 7
received power from the supporting UAY: =2mgPA ) /fEPl(%H)Ll(m)dx»

B 1e{L,N} ;.
L:S('U) _ Z pl(()?H)
= = —. _ ’
ety (14 vGPKH-)V where we noték[V;] = 1. Further, forr # r
Fig. 4 plotsA g versusH for several values of in different E[I,1.] = ¢*P’E Z Z L(|X; |, H)
communication environments, showing that the loss of capac- X.ed X, e

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 increasiigcan increase
capacity loss or decrease capacity loss, depending on commu- = ¢’P’E Z (LU X3, H))2Vx, o Vi,
nication environment ang. In fact, a combination of factors X;€®

including the likelihood of receiving LOS interference, higher
path-loss attenuation, and the size of exclusion zone affect t}le
capacity loss. Depending on this combination, the capacity
loss may increase or decrease by increagingNevertheless,
for all cases the capacity loss always stays restricted. This is
mainly because the chance that a dominant LOS interference

X LAIXG N H) Ve Vi e

X;€® X, €\ X;

oo

(14)

FPE Y Y LUl H)LOIXG | H) Vo Vi o

—2
exists in the exclusion zone vanishes. Besides, the inclusion = 27¢°P*A >V, /xpz(%H)(Lz(ﬂ«",H))de

of well-designed exclusion zone weakens the effect of NLOS le{L,N} 7«
interfering links.
V. CONCLUSIONS 77
We have investigated the | f UAVS’ id HEEPN D) Vlv”//xm
e have investigated the impact of UAVS' antenna side- I (LN} e (LN} 22

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 pu(wy, H) Li(zy, H)py (w2, H) Ly (22, H)dz,d,
experience substantial interference. We further showed that a

rather large exclusion zone is required to ensure a sufficient s

level of protection for the ground receiver. Nevertheless, in = 21> P\ Z /ajpl(x,H)(Ll(x,H))de
a multiple-antenna setting for the ground users, even when 1E{L,N} ;-

such large exclusion zone was in place, UAVS' antenna side-

lobe creates a high level of correlation among the interference 00 oo

signals received across receive antennas. Such a correlation FAn2g? P22 Z oS

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- Pi(z1, H)Li(xy, H)p (w2, H) Ly (22, H)da1dzs.
tem performance by obtaining the corresponding loss on the.

achieved capacity in various communications environmenkdSing (15), and (14),
We observed that the capacity loss can be limited by careful 5
selection of system parameters. Finally, our results indicate E[l. 1] = (E[L])" =
that unlike the terrestrial communications in which non-LOS
propagation is often dominant, designing UAV communication
systems without considering a realistic antenna pattern might ~ 27g*P°\ > /xpz(fU,H)(Lz(ﬂi,H))zd%

le{L,N} Ve{L,N} 7« 7«

it is easy to show

o0

lead to substantial capacity loss in real settings. 1e{L,N};«
APPENDIX: PROOF OFPROPOSITIONL . . 7
_ OOF OFFROPOSITIO Similarly, noting thatE[(V;)?] = YL,
Using Campbell-Mecke Theorem [17], Vi
Ell,] = gE Z PL(|| X, H)Vx, r Var(I,) = 2mg> P2\ Z VLJF wy.
X,€ Vi
1e{L,N}
:27rPg)\/xE[L(x,H)Vm,T]dx Substituting (16) and (17) into the definition

e antenna correlation in (8) completes the proof.

(15)

(16)

17)

of cross-
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Fig. 4. Capacity loss versud, where 4 = 300 m, and\ = 10~3.
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