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Abstract—An efficient solution to improve the coverage in performance could be achieved by adjusting the density of
cellular networks is to use unmanned aerial vehicles (UAVs), U-BSs. The oOptimal altitude of the U-BSs for the maximum
augmented with the functionalities of terrestrial base stations coverage has also been studied in [4]. An algorithm is also

(BSs). This paper investigates the coverage probability in multi- . .
tier Aerial-Terrestrial HetNets, where in addition to the ground proposed in [5] for the optimal 3-D placement of U-BSs to

BSs (G-BSs), UAV-mounted BSs (U-BS) are also introduced acrossmaximize the coverage in cellular networks.
tiers to improve the coverage performance. We then model the  Using tools of stochastic geometry, [6] also provides prac-

Ground-to-Ground (G2G) and Air-to-Ground (A2G) links incor-  tjcal insights on the coverage probability in the downlink of
porating the impact of Line-of-Sight (LOS) and non-LOS (NLOS) 5 gjngle-tier UAV network without G-BSs. They further show

path-loss attenuations in various wireless environments including . .
sub-urban, urban, dense-urban, and high-rise. Using tools of that by raising the altitude of UAVs, both the coverage proba-

stochastic geometry, we then obtain the coverage probability in bility and spectral efficiency are decreased. Equally important
such a setting and its upper-bound as a function of the percentage is the communication between the G-BS and the UAVs. The

of U-BSs in each tier, as well as other system parameters. We coverage probability of the communication between the G-BS
use simulations to confirm the accuracy of our analysis and and UAVs is investigated in [7], incorporating the characteris-

investigate the impact of various system parameters on the fi f b icati . t and ideri
coverage probability. The thus-obtained upper-bound provides ICS of'an urban communication environment and consiaering

important quantitative insights on the network coverage design the G-BSs’ antenna tilt. The authors of [8] investigated a
and the conflicting impacts of different system parameters. Our scenario in which a combination of drone UEs and ground
analysis also shows that in some communication environments, UEs are served in a single-tier cellular networks. Their results

e.g., high-rise and dense urban, introducing U-BSs can degrade g,y that the ground-to-air (G2A) communication link is
the coverage probability. Nevertheless, our analysis suggests that ¢ high | | of interf Th th f 19
to minimize the coverage cost, one may consider turning off a pron.e 0 a high level of interierence. e authors o _[ ]
given percentage of G-BSs. In urban and sub-urban areas, one Stud|ed the COVerage performance Of On'demand UAV'aSS|Sted

can also adjust the altitude of U-BSs in order to improve the cellular networks and showed that the coverage performance is
coverage probability. Such a strategy, however, is shown to be severely reduced for cases where the UAVs' altitude is higher
ineffective in dense-urban and high-rise environments. than a threshold. In a UAV-enables LTE macro-cell system,
the measurements reported in [10] also shows that for a U-BS
with altitude of 150 m the link between U-BSs and ground
Achieving universal connectivity via currently deployedJEs can suffer up to 7 dB SINR degradation compared to
terrestrial cellular networks is difficult due to severe path-logs equivalent ground communication link, due mainly to the
attenuation, excessive inter-cell interference, and mismatch beerference. These results show the importance of interference
tween hard-to-predict traffic demands and static infrastructurehich is directly related to the LOS/NLOS properties of the
The use of Unmanned Areal Vehicles (UAV) has recenthyireless link between/from the U-BSs.
been proposed to enhance the coverage of Heterogenous this paper, we investigate multi-tier aerial HetNet (A-
cellular Networks (HetNets) [1, 2]. In such a network, a robustetNet) co-existing with traditional multi-tier terrestrial Het-
communication link is established between the base statiNets (T-HetNet). Multi-tier drone cellular networks are pro-
installed in the UAV (also referred to as U-BSs) and thposed in [2] as an effective way to guarantee the universal
ground user equipments (UEs). In fact, the field measuremeatserage and high transmission capacity. The authors of [11]
reported in [3,4] confirm that compared to the Ground-tdavestigate the benefits of multi-tier drone cellular networks
Ground (G2G) link—the link between the ground BSs andver a single-tier network. The results in [11] are, however,
the EUs—it is more likely for the link between the U-BShased on the standard-path-loss model, which is not accurate
and the UE (Air-to-Ground (A2G)) to experience line-offor A2G and G2A links, see, [12,13]. The coverage perfor-
sight(LOS) propagation. Lower attenuation of LOS links ermnance results in [2,11] are also limited to simulations and
ables more efficient connectivity while increasing the receivdack a rigorous analytical framework.
interference for other users. Especially, use of U-BSs has beeBuilding upon analytical tools of stochastic geometry, and
suggested to support UEs that experience severe shadowdeguming Max-SIR cell association, we provide numerically
and/or receive high interference. In such cases, the locatibactable expressions for the coverage probability of the Aerial-
of U-BSs becomes very important and a given coveragderrestrial HetNet (AT-HetNet). Our analysis shows that by
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increasing the density of U-BSs, the coverage probabilithe above model, we investigate whether or tiat network
declines; for the dense deployed networks the measured lossagerage benefits from allowing the BSs to “fly.”
substantially large. Our analysis also shows that the sub-urban

environments suffer more severely than a high-rise setting, Channel Model

since the former is more susceptible to excessive LOS inter-

Suppose U-BSs of tierare located at the same heighf;,
ference created by the U-BSs. One can moderately enhagge, o e ground. To distinguish between G-BSs and U-BSs,

the coverage probability of AT-HetNets by properly adjustin%{/e also assume thall; is usually larger than the antenna
the altitude of U-BSs in sub-urban and urban environmentsheight in macro BSs \;vhich is roughs — —30 m

Our system model is presented in Secion I, followed by
coverage performance analysis in Section Ill. Section IV TABLE |
provides simulation and numerical results, and conclusions are A2G paRAMETERS IN DIFFERENT WIRELESS ENVIRONMENT$4].
drawn in Section V.

‘ High-Rise  Dense-Urban  Urban Sub—Urb?n
‘ ) 27.23 12.08 9.61 4.88 ‘
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Il. SYSTEM MODEL 0.08 011 0.16 0.43

We focus on the downlink communication in an Aerial-
Terrestrial Heterogeneous Cellular Network (AT-HetNet), The received signal at the typical UE originated from BS
comprising several classes/tiers of G-BSs and U-BSs. In tltiavels through LOS or NLOS channels, depending on its rela-
model, network consists ok tiers of BSs (e.g., macro-cells, tive distance to the UE, density of buildings, environment, etc.
pico-cells, femto-cells, etc.), and each tieri = 1,..., K, For T-HetNets, several analytical models have been developed
is characterized by \;, P;, 8;,4:;), where )\; indicates BS’s [12,13,16]. Regarding the A2G links, recent measurements
spatial density,P; is the BSs' transmission powef; is the also corroborate the existence of LOS/NLOS propagation
prescribed SIR threshold, ang € [0,1] is the percentage of modes [4,10]. As a generic model, to include LOS/NLOS
BSs in tier: that are aerial (U-BS). Note that fgt = 0 all effects, we adopt the path-loss model recommended in the
the BSs in tieri are G-BSs, and the system is reduced to tHf®GPP [12,13,16], where fos € {G,U}, the path-loss
traditional HetNet system (T-HetNet). Fgr = 1, the BSs in attenuation in tieti is
the system are all aerial, namely Areal HetNet (A-HetNet), . ,
e, the terrestrial infrastructure does not exist or fails, for 1 (|12 ||;s) = Li(‘|xi||35) NpZ_L(”xiH?S)’ 1)
example, due to natural disasters. The system designer can Ly ([lzillss)  ~pi(lleillss).
then adjustsy; to achieve a given performance metric, e.g.,
coverage probability. For the G2G link, i.e.,s = G with n, € {L,N},
BSs at tieri are spatially distributed via a homogenoud-y,, (|Z:ll; G) = ¢}, (1 + [lz:]))" ", wherea}, (resp.ay) is
Poisson point process (PPR), with given spatial density the pat_h-loss exponent associated with the LOS (resp. NLOS)
X\; > 0. Assuming that each BS randomly chooses its statli@k, ¢7 (resp.¢y) is a constant, characterizing the LOS
s € {U,G} where U and G stand for aerial and ground,(NLOS) wireless propagation environment, and is related to
respectively, we havé; = &% J®V, where d¢ represents Various factors, e.g., the height of transceivers, antenna’s beam
G-BSs of tieri that is a PPP with densityl — ¢;)\; ®U  width, weather, etc.
comprises U-BSs that is a PPP with densjt);; and ®¢ For the U-BSs, the path-loss function can be written as
and @Y are independent for all. UEs are single-antennali, (||z;||;U) = ¥% (1+/||z:i? + HZ2)~“n, which depends
and distributed through a homogenous RPf, independent on the height of BS;;, H;, and its(x, y) distance to the origin,
of sets®;, with given spatial density\,;. Using Slyvniak's | z;||.
theorem and network stationarity, one can evaluate the networkn (1), for a BS located at positiom; the probability of
performance for a given UE located at the origin, known asl®DS mode isp’, (||z;|;s), where > pi (|lz];s) = 1.
typical UE ] n,€{L,N}
In each tier, for simplicity we assume that the U—BSE)1 t.h's paper, for G2G communications we adopt the ITU-R
also utilize the designated terrestrial spectrum band in t (M model [12, 16]
corresponding tier. Although there might be better spectrum D: R
allocation strategies, reusing the same spectrum band do&s (llzil; G) = min{ . 1} (1 —e ”
not require major reconfiguration/upgrade in the corresponding
tiers, thus facilitating deployment of the U-BSs. where parameterB} and D¢ characterize the near-field (LOS)
Similar to [3, 10, 14] where off-the-shelf LTE/LTE-A radio and far-field (NLOS) critical distances, respectively. Therefore,
equipments are used for quick and efficient deployment of tife||z;|| < D, BS z; is in the LOS mode.
U-BSs, we assume that U-BSs are the exact replicas of G-BSgrig. 1-a shows the probability of LOS mode versus the
Such an assumption also represents the trend in the wireldistance for||z;|| > Dj. The probability of LOS mode is
industry, see, e.g., [3,14], and standardization activities #mown to decrease exponentially as the distance between the
the 3rd Generation Partnership Project (3GPP) [15]. UsiBf and the typical user increases.
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The probability of a LOS channel between the U-BSe Figs. 1-b and 1-c show the complementary cumulative
®Y, and the typical receiver is [17]: distribution function (CCDF) of interference for several values
. 180 i, 1 of o = ¢1 = q. , Increasingq is shown to significantly

pi(|lz|; U) = (1 + ¢e_w(7arCtan("TiH)_¢)> . (3) increase the the probability that the typical UE receives a much

) ] higher level of interference. This is consistent with the results

where ¢ and < depend on the environment, e.g., height and rig. 1-a which shows a higher chance of being a LOS link in

density of buildings, urban or sub-urban areas, etc., see Tablgdse of A2G link. This, compared to a G2G link, significantly
arcmn(w) is the elevation angel between the typical Uk,creases the aggregated interference in A2G transmission.

and the U-BSz;. IncreasingH; is shown to increase the Therefore, although A2G links may result in higher power of
probability of LOS mode, which is also shown in Fig. 1-ahe received signal, their impact might be canceled out as the

Although increasing the altitude of the U-BSs improves theceiver is likely to receive a very high aggregated interference
chance of LOS communication, it may increase the path'loﬁﬁ)rough LOS links with the interferers.

attenuation, thus reducing the received power at the typical
user. Therefore, a higher LOS probability needs to be carefully I1l. COVERAGE PROBABILITY

balanced with an increase of path-loss attenuation [5]. The typical UE successfully receives the signal transmitted
In Fig. 1-a the LOS probabilities of G2G and A2G links argyy, gs ;.. provided the corresponding SIR is larger than the

also compared. As expected A2G links provide a much highgfescribed signal-to-interference ratio (SIR) threshgd: 0.

LOS probability, particularly when the altitude of UAV getStne coverage probability is then equal to the CCDF of the SIR.

higher. For a large enough distance between the transmit]@scguming that the typical UE is served by BS € &, the
and the typical user, we further note that the probability &f|R s !

LOS communication is close to 0, while for the A2G links SIR® — PiLi(||s|; s) Hy, 6
(especially whenH is large enough), the LOS probability Ry, = ZK I. ‘ ®)
is much higher. Unlike the G2G links, the A2G links can, g=177

therefore, convey a much higher portion of the transmittdd this paper, we consider Max-SIR cell association, where

power to the receiver, almost independently of the distancdfor each user, the BS (either U-BS or G-BS) providing the
maximum SIR across all BSs is considered as the supporting

B. Inter-Cell Interference BS. If there is at least one BS for which the typical UE can be
The model we consider permits universal frequency reuseccessfully—with respect to the SIR threshold—associated

across all tiers. To model the interference, we assume that W, i.e.,

typical UE is associated with BS. In the next section, we

further elaborate on the rules that associate UEs with BSs. The A® = {3i :

interference imposed by tigr; I;, to the typical user is a shot
noise: the typical UE is considered in the coverage area of the

network. The probability of the typical UEp: ., ,, being
L= > L= Y Y PLlzl9)H;, 4 associated with BS; ®f is
se{U,G} s€{U,G} z;€P3\=

K
WhereH;j is channel fading. In practice, the distribution of Deoy = Z Zpiov’i. (8)
small-scale fading depends heavily on whether the link is LOS s€{U,G} i=1
or NLOS. Note that the existence of fading in A2G link
has been shown through measurements and simulations,
in [10], due mainly to reflection, diffraction, and scatterin
caused by various objects in the environment. Here,
consider the following generic model to represent fading

max_SIR > @-} # 9, (7)

z, €7 Vi

Sn_what follows, we derive an expression fef,, ; as a
§thetion of system parameters.

g Using the same line of argument as in our previous work
\/I:;I:S], it is easy to show that the coverage probability,, ;, is
upper-bounded as:

our analysis:
s s piovi < E 1 SIRZ > ﬂl
Hy [ ~TMEp 5m—)  ~po(lalss) ’ Z (SIR;, 2 5)
HS = ’ ’ i,L (5) z; €D}
O\ Han ~ T ) ~pn(lalis), .
whereT'(z, %) is normalized gamma distribution with param- =27\ /“’3%‘[ED {SIR; > 51’} dx;, 9)
eterz. Forz = 1 andz — oo, I'(z, 1) becomes Rayleigh, 0

and non-fading, respectively. We further assume fhdt, > where in the second step we use the Campbell-Mecke Theorem
M:p. In fact, for an LOS channel, the received signal powe1g]. We also note thakf = ¢i\il.—y + (1 — g;)Nile—c. We
tends to fluctuate less severely, and on average, the power pg$ write:

will be smaller. In an NLOS channel, however, the received K

signal power fluctuates more severely, and on average loss is ]P’{SIRS_ > ﬁi} —P{HS > pi ijl I

also higher. e T PLY (ills s)
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where VZ'S»ni = Mini(Mini!)fl/Mim_ Using (4), the Laplace Fig. 2. Coverage probability vg, where\ = 5 x 103, H = 200m.
transform of interference is
> PR a s
1) = Fe scic.uy — E et IV. NUMERICAL AND SIMULATION RESULTS
Ly(t) rle” "],
J
J=1se{G.U} (12) For ease of exposition, we consider a single-tier scenario,
where K =1, and drop tier index. The BSs are randomly distributed
within a disk with radius10,000 units according to the
Bt - | R tPiLi (sl DA corresponding tier densities (number of BSs per?). The BS
rle ] = | Ee; H ¢ ’ transmit power,P, = 1W, and the LOS (resp. NLOS) path-
2 loss exponent isl = al = 2.4 (o} = al'=4), the path-loss
i (s: ) intercept parameters are set tall = 80m, D' = 164m, and
= Eg- H Z UEl 511 - 3 = 5. We adopt the Monte Carlo technique and the presented
! ;€82 \n,;e{L.N} (14 tP; L, (s; ||zj]])" 7 results are based on analyzid@, 000 simulation snapshots.
N Fig. 2 shows the accuracy of our analysis and plots the
—2mA3 Y [ yjpﬂ,;j(s-,yj)(p 1 )dyj obtained upper-bound and the simulation resultsqvin dif-
n.; J Jsng . . .
=e 0 (e Lo (i) . (13) ferent wireless environments. The thus-obtained upper-bound

Substituting (13) in (12), and the result into (11), we get:'s shown to follow closgly the sqnulanons in all four simulated
e environments. Increasing, i.e., increasing the percentage of
MS s

ing (l") U-BSs, is also shown to decrease the coverage probability.
P {SIRS > 6} :Z Z P (lzills 8) ——5—=7 Using UAV-mounted BSs is shown to not necessarily improve
ni€{L,N} 15, =1 (=1)"ms the coverage probability.
oo For the case where all BSs are U-BS+= 1, the coverage
i s ; probability is decreased by5%, where the decrease in the
eXp{ B 27TZ Z Al Z /yjp{’j(S;yj)o_ coverage probability is lowest (highest) in a high-rise (sub-
J=lse{@GUy - me{lN}o urban) environment compared to other environments mainly
M, Bivi 1, P (e )Mo Y 14) because, in the high-rise environments, the existence of high
PLY (||z);8) 7 (v555)) ) y]}. (14) density of blockages leads to dominant NLOS interfering
Finally, substituting (14) into (9) !inks. In the case of sub-urban' enviro'nme'nt, many adja}cent
A - interfering U-Bst pose as LOS interfering links, substantially
b s increasing interference.
Peovi = 2TA; Z Z ( >(_1)li’""'+1 /”31 Fig. reffig:CoveLambda shows the impact of density on the
ni €L N, =1 0 coverage probability for various values @fin several promi-
K oo nent communication environments. In all cases, introducing
Pl (235 9) eXp{ _ 2”2 Z A3 Z /yjpi;j(s;yj) U-BSs decreases the coverage probabili.ty. Especial_ly i_n_ dense
i=1se{G,U} n;e{L,N}} networks, A > 0.1, using only U-BSs, i.eg, = 1, signifi-
M G 1 . cantly reduces.the' network coverage .per.formance regardless
(1 —(1+ ij[j}j (v;; S))—M,-,nj)dyj}dxi. of the communication environment. This highlights the severe
PiLi (w3 5) ! effect of aggressive interference in the UAV communication,
The coverage probability can then be evaluated using (8). and calls for sophisticated interference management in AT-
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HetNets. sub-urban areas, one can further adjust the altitude of U-BSs

Fig. 3-a also suggests thabe carefully chosen to minimize in order to increase the coverage probability. Such a strategy,
the reduction in the coverage probability. For instance, mmowever, was shown ineffective in dense-urban and high-rise
Fig. 3-a, by choosing\ ~ 1073, the coverage probability environments.
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Fig. 1. (a) Comparison between LOS probability in G2G and A2G links. We only depict the LOS probability in tier 2, dﬁ@ set8 m andD? = 36
m.
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