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Network Deployment for ATG Communications:
A Cell-Free Approach Under the Hybrid
Satellite-Terrestrial Network Architecture
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Abstract—Due to the increasing demand for Internet ac-
cess on aircraft, air-to-ground (ATG) communications have re-
cently received extensive attention. Determining the locations of
ATG base stations (BSs) is an important guarantee for efficient
ATG communications. To this end, we consider an aircraft-centric
ATG network where the aircraft is served by its adjacent ATG
BSs. For this scenario, we formulate an optimization problem to
determine the best number and locations of ATG BSs, to maximize
the average uplink channel capacity. The problem is shown to be
discontinuous and nonconvex. To tackle this challenge, we first
propose a stochastic subgradient-based method to determine the
locations of ATG BSs, followed by an algorithm to further deter-
mine the minimum number of BSs that satisfies the communication
requirements on the target routes. Due to the nonconvexity of
the problem, the solution obtained by stochastic optimization is
not unique. To address this issue, we further propose a clustering
method to obtain a unique solution for practical implementation.
Simulation results confirm the effectiveness of our proposed algo-
rithm compared with existing ATG BS deployment methods.

Index Terms—Air-to-ground (ATG), base station (BS)
location, cell-free, channel capacity, clustering method, stochastic
subgradient.
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I. INTRODUCTION

S AN important scenario for future ubiquitous wireless
coverage, providing Internet access to aircraft has attracted
considerable attention from both academia and industry. Cur-
rently, there are mainly two methods to enable network connec-
tivity on aircraft: satellite communications [1] and air-to-ground
(ATG) communications [2]. Satellite communications can pro-
vide worldwide service, however, they suffer from high costs,
large delay and path loss, and limited bandwidth. Alternatively,
ATG communications deploy dedicated ground base stations
(BSs) (termed ATG BSs) to enable direct data transmission to
the aircraft. Compared with satellite, ATG communications have
the advantages of better communication performance and lower
implementation cost, but also with a much smaller coverage
area. To fully exploit the benefits of both methods, the hybrid
satellite—terrestrial network architecture [3], [4], [5], [6], [7],
[8], [9], [10], [11] has been proposed, which can service aircraft
using a strong terrestrial ATG network when available, and
achieve full coverage using satellite in the areas where ATG
BSs cannot be established. Specifically, the civil aircraft-enabled
space—air—ground integrated network has been studied in [9],
[10], and [11]. In addition, Fang et al. [12] proposed a combi-
nation weighting evaluation model to determine the congestion
status of the ATG network, and accordingly prevent node failures
and reduce routing network congestion. Tian et al. [13] proposed
alightweight group preswitching authentication scheme suitable
for aviation 5G ATG networks, which reduces the security risks
of users switching between ATG BSs and reduces computa-
tional overhead. Papa et al. [14] discussed possible aviation
applications in the 6G era and proposed an aviation alliance
framework to integrate aviation communications into 6G. The
existing works indicate that efficient construction of the ATG
network, in such a hybrid architecture, plays an important role
in enabling high-performance in-flight connectivity.
Determining BS locations is important for efficient ATG
network construction. ATG BSs need to be deployed reasonably
to cover aircraft users on sparse and unevenly distributed routes.
In addition, the construction cost of ATG BSs is relatively high,
and hence, it is important to optimize the location of ATG
BSs to reduce the required number of BSs and save cost. In
general, the ATG BSs should be deployed by jointly consider-
ing the aircraft distribution and communication requirements
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on the target routes. A carefully designed network topology
(more specifically, the BS locations) can improve the sys-
tem performance while reducing the implementation cost. For
terrestrial networks, the problem of BS placement (or in other
terms, coverage optimization, cell planning, etc.) has long been
investigated [15], [16], [17]. However, these methods usually
aim at providing full coverage of a target area, wherein the users
are usually assumed to be uniformly distributed. This may be a
valid assumption in conventional terrestrial cellular scenarios,
but it becomes different in the scenario of ATG communications.
The objective of coverage becomes lines (routes) instead of an
area, and users (aircraft) now follow 1-D distribution on their
corresponding routes, instead of uniformly distributed in the
whole space. Therefore, conventional BS location optimization
methods are no longer efficient.

User route information becomes a key issue that should be
taken into account in the ATG BS deployment. There exists a
similar scenario. High-speed railway communications, where
the users (trains) also follow specific routes. The optimal de-
ployment of railway BSs has been investigated in [18] and [19].
In these works, optimization of the inter-BS distance and the
rail-BS distance is the focus. Although the user route information
has been exploited in the design, unfortunately, those approaches
still cannot be directly applied for ATG BS deployment. A major
reason is that an ATG BS is supposed to cover a much larger
(aero) area and hence it can serve multiple routes simultaneously,
while this is not true for railways. The much wider coverage of
ATG BSs admits their location optimization being conducted
in a cell-free manner, that is, an aircraft can be cooperatively
served by multiple adjacent BSs. This property, if exploited, can
provide more degrees of freedom in the design, and make the
ATG BS deployment more efficient. Therefore, new BS location
optimization method dedicated to the ATG communications
scenario is required.

Currently, there exist several ATG BS deployment meth-
ods using cellular layout [20], [21], [22], [23] to provide full
coverage of the airspace above ground. Shaverdian et al. [20]
discussed the use of airport cellular BSs to capture data generated
during aircraft landing. Dinc et al. [21] and [22] proposed an
analytical framework to analyze and optimize the total cost of
ownership of the ATG network to provide coverage to European
airspace. Towhidlou et al. [23] investigated the network han-
dover problem in ATG communications for cellular-connected
aircraft. These methods could be efficient for the scenario that
routes are densely distributed, such that the aircraft distribu-
tion can be seen as approximately uniform (e.g., as released
by the new generation mobile network alliance [24], it is 60
aircraft per 18 000 km?). However, the distribution of routes
in most regions of the world could be uneven and sparse in
practice. For example, the routes in the eastern part of China
are much denser than that in the western part. In this case,
the existing cellular-based approaches become inefficient in
terms of construction costs. To accommodate uneven routes, Cao
et al. [25] proposed a hybrid genetic algorithm-particle swarm
optimization (GA-PSO) algorithm for the BS location determi-
nation. Wang et al. [26] formulated the BS deployment problem
in the form of a classical set coverage problem (SCP) and
correspondingly proposed a solution. Although these methods

take into account practical route distribution, they are designed
from the perspective of geometrical coverage without consider-
ing exact communication performance as an objective. There-
fore, communication performance during flight might not be
guaranteed.

To this end, we investigate the number and location opti-
mization of ATG BSs, to serve unevenly distributed routes with
given communication rate requirements. The contributions are
summarized as follows.

1) We find an analytical expression for the ergodic chan-
nel capacity under the considered ATG communications
scenario, with only large-scale fading coefficients (deter-
mined by the geographic coordinates of the aircraft and the
ATG BSs) being parameters. After that, an optimization
problem is formulated, aiming to find the best number
and locations of ATG BSs to maximize the uplink channel
capacity.

2) The problem is shown to be nonconvex with discontinuous
constraints, for which we propose a two-step approach to
solve it. First, we propose a stochastic subgradient-based
algorithm to optimize the locations of ATG BSs for a fixed
BS number; then, the algorithm is conducted iteratively to
further determine the minimum ATG BS number that can
meet the communication requirements on the target routes.

3) Due to the nonconvexity of the formulated problem, the
solution obtained by stochastic optimization is not unique.
Specifically, the obtained BS number and locations may
be different in different runs due to random initialization.
To tackle this problem, we further use a clustering method
to cluster the BS locations obtained in multiple runs into
different groups. The average coordinates of every BS
group are then used to provide a unique solution for
practical ATG BS implementation.

4) Extensive simulations are conducted to show the perfor-
mance of the proposed ATG BS deployment algorithm.
Compared with existing BS location determination meth-
ods, the proposed algorithm is shown to have a clear
advantage in terms of not only the average uplink capacity
but also the real-time capacity changing along the routes.

The rest of this article is organized as follows. In Section
II, we describe the system model for the considered ATG
communications system, followed by problem formulation. In
Section III, a stochastic subgradient-based algorithm is pro-
posed to solve the formulated problem. A clustering method
is proposed in Section IV to tackle the problem of nonunique
solutions. Simulation results are discussed in Section V. Finally,
Section VI concludes this article.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider an aircraft-centric ATG communications net-
work, as shown in Fig. 1, where the aircraft flying along several
fixed routes communicate with multiple ATG BSs. Adjacent BSs
cooperatively serve the aircraft above, i.e., the network operates
in a cell-free manner. The aircraft are randomly distributed
on their corresponding routes, with a specific safety distance
guaranteed between any two of them. All the aircraft and BSs are
implemented with multiple antennas. For practical reasons (e.g.,
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Fig. 1. Tllustration of the cell-free ATG communications system under the
hybrid satellite—terrestrial network architecture.

the climate), the aircraft might not always be able to connect with
an ATG BS. When the ATG link is not available, the aircraft will
turn to satellite as a supplement.

Consider that there are R routes, with J,. aircraft distributed on
the rthroute,! which need to be served by the ATG BSs. The total
number of aircraftis J = Zle J,, and each aircraftis equipped
with N4 antennas. Assume the number of BSs is 1,2 and each
BS has Ny antennas. We define N £ JN4, and M £ INp,
which are the total number of antennas at the aircraft side and
the BS side, respectively. Consider the uplink (i.e., aircraft to
BS), the baseband signal model for all aircraft and BSs can be
written as’

y =H(c*,cP)x+n (D
where y = [y1,...,ya]7 represents the received signal vector,
which is composed of the signals received by all BS antennas.
x = [x1,...,7x]T represents the transmit signal vector com-
posed of signals from all aircraft antennas, n = [ny, ..., ny|7
is the additive Gaussian white noise vector. H € CM*¥ is the
channel matrix from the aircraft located at ¢ to the BSs located
at cB. Specifically, it can be expressed as H = S o L, where
o denotes the Hadamard product. S € CM*™ represents the
small-scale fading matrix and its components s,,,, are modeled
as independent and identically distributed circularly symmetric
complex Gaussian random variable with zero mean and unit
variance. L € C™*¥ represents the large-scale fading matrix
obtained from the path loss model, which is partitioned into

Tn order to better fit the flight conditions of the aircraft on the actual route,
we set the number of aircraft J,. on each route as a random variable, i.e., the
value of J;- is uncertain in different snapshots of the network.

Note that in our following analysis, the value of I is to be minimized to
provide satisfactory coverage of the target routes with minimum cost.

3In the cell-free setting, an aircraft is served only by its adjacent ATG
BSs. However, to facilitate analysis, the following signal model implies full
connection between all BSs and aircraft. Note that in the scenario of ATG
communications, the path loss between an aircraft and a faraway BS can be
very large. Therefore, the capacity obtained with (1) can be viewed as a tight
upper bound of the real uplink capacity achieved by cell-free transmissions.
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X = I.J submatrices as

L Ly,
L=|: - 2
Ln L,
where each submatrix L;; Vi = 1...I,j = 1,..., J consists of

all-same elements representing the path loss between the BS i
and the aircraft 7, determined only by the corresponding distance
between these two nodes, d;;. According to Nagawana and
Miyazaki [27], we adopt the following ATG path loss model:

4 fdo x 10°
Vij [dB] = 2010g10 (fOc>

d;;
+ 10nolog;q (d]) + Latm (3)
0

where f is the carrier frequency in mHz, dy = 1 m is the refer-
ence distance, ng = 2 is the free space path loss exponent, c is
the speed of light, and L, is the atmospheric attenuation loss
which value is 0.009 dB/NM (1 NM = 1.852km).

Assuming that all aircraft transmit with a constant signal
power P and adopt equal power allocation among the antennas,
the uplink ergodic channel capacity (normalized by the total
number of BSs antennas) can be written as

1 14 X
C= ME [logg det (IM + NiAHH )] 4)

where p = U—PQ is the transmit signal-to-noise ratio (SNR), and
9]

(-)* means Hermitian transpose. Note that the normalization
factor ﬁ is added in (4), for the reason that the number of BSs
is not fixed and is to be optimized in our considered scenario.
Therefore, considering the perantenna capacity in (4) provides
a fair objective.

With this system model in hand, our aim is to maximize the
averaged perantenna uplink capacity in (4) (i.e., making the
deployment of ATG BSs more efficient), while guaranteeing
the capacity of every individual aircraft (on the target routes)
larger than a given threshold, for smooth and satisfactory quality
of service (QoS). For this purpose, the number and locations
of ATG BSs are to be optimized, and (4) is averaged over
all possible aircraft locations as the design objective. Denote
cB =[(«B,yP)", ... (xB,yP)"] as the location matrix of the
ATG BSs, and denote ¢ = [(z8, y)",.. ., (a4, y4)"] as the
location matrix of the aircraft, the optimization problem is then
formulated as

max {E(eay [C (e, ¢”)]}
{cB}

st. Cj =0 j=1...J 5)

where C(c?,cP) is calculated using (4) with ¢ and c? as
parameters, since the locations of BSs and aircraft directly affect
the path loss calculation in (2) [and further, H in (4)]. Moreover,
C; is the uplink capacity of the jth aircraft, and  is the

“In practice, Cj can be calculated as E[logy det (I My + NL;‘ H; H)] where
M is the total number of BS antennas associated with aircraft j (in the cell-free
setting), and H; € CM;*Na s the corresponding submatrix of H.
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minimum capacity threshold to guarantee QoS. Note that the
proposed problem (5) is described for a fixed number of BSs 1.
In practice, it is desirable to find the smallest [ that satisfies all
constraints.
The proposed problem will face the following three
challenges.
1) The optimization parameters c”
reflected in the expression of (4).
2) It is difficult to obtain a closed form expression for the
expectation (over c¢) in the objective function.
3) The minimization of [ is coupled with the optimization of

cB.

and c? are implicitly

III. NUMBER AND LOCATION OPTIMIZATION FOR ATG BS
DEPLOYMENT

We resort to the following methods to tackle the above
challenges.

1) Wefind an approximation for (4), which relates the ergodic
capacity C' more closely to ¢ and cZ.

2) We propose a stochastic subgradient-based method to
solve problem (5) for a fixed number of 1.

3) An iterative algorithm is further proposed to identify the
minimum [ that satisfies the constraints in (5).

Details are described in the following.

A. Approximation of the Ergodic Uplink Capacity

We consider the asymptotic regime that the number of aircraft
antennas and BS antennas satisfies N4 — oo, Np — 00, and
N e =B 3 In this case, the capacity in (4) can be approximately
expressed as [28]

12 ﬂ J
= Y;lo& Y; log, W;

P 1°g26 Z Z 7” ©)

=1 j=1

where +;; represents the large-scale channel fading coefficient
between the ith BS and the jth aircraft, which can be directly
obtained by (3) once d;;, determined by c? and c®, is given.
Assuming that the total number of BS antennas is no less than
the total number of aircraft antennas, i.e., M > N and U; and
W; are given as follows [29]:

-1
U—<1—£DF<ng),JIB>) i=1...1 7)

J (8)

—,J=1..

SNote that this asymptotic assumption is reasonable in the considered ATG
communications scenario, since large antenna arrays are usually implemented at
the ATG BSs and aircraft to compensate for the severe path loss from ATG [24].
Besides, as we are focusing the routes over a wide area, within which there may
exist a large number of ATG BSs and aircraft. This further ensures a sufficiently
large number of overall transmit/receive antennas in (4).

with
F(x,z) = i(\/ (1—|—f) —|—1—\/a:(1_\/g)2+1)
)]
and
| L ,
=720 % (10)

i=1 j=1

Now, given ¢/ and c?, d;; Vi, j can be calculated and so are
7ij Vi, 3. Subsequently, U; and W can be directly obtained with
(7)-(10), and the capacity C'is correspondingly calculated with
(6). These approximations directly relate C' to ¢ and c? via
the above procedure and facilitate the following optimization
design.

B. Stochastic Subgradient-Based BS Location Optimization
(Fixed 1)

Using the results derived above, we proceed to solve the
maximization problem in (5) while somewhat relaxing the con-
straints at this stage. That is, we first try to find the optimal
BS location deployment that maximizes Eqcay[C (c4,cP)] for
a fixed BS number, I. Note that when the value of [ is set
too small, it might be difficult to guarantee all J constraints
(C; <9Q,5=1,...,J). Nonetheless, the optimization will be
conducted in such a way, that the rate is maximized while
guaranteeing as many constraints as possible. The problem is
now described as

A B

max {EjenyC (c%sel)}
where subscripts I are added to c? to highlight that the location
coordinates, at this stage, are optimized under a fixed number of
nodes.

As discussed earlier, it is difficult to express the expectation
over random aircraft locations (E{c4;[-]) in closed form. This
makes the widely used optimization methods, such as successive
convex approximation (SCA) [30], difficult to be applied for
the reason that they in general need to construct deterministic
convex functions without expectations. Therefore, we turn to
use stochastic optimization methods to solve it by exploiting
the known distribution information of the aircraft along the
considered routes. Considering the discontinuity of channel
capacity caused by the uncertain number of aircraft, we choose
to utilize the stochastic subgradient method [31] to solve the
problem. The corresponding iterative representation expression
can be written as

cf (t+1) =7 (1) +alt)ge(t)

where g(t) is the subgradient of C'(c#,c?) (with respect to
cB) at step t. a(t) is the step size that needs to satisfy

(1)

12)

at) >0 (13a)
>l (13b)

t
(13c¢)

D la) =
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to guarantee convergence. In each iteration step described in
(12), the algorithm will independently draw a realization of
c 4 according to its distribution, to approximately deal with the
expectation term E;.ay in (11). By iterating (12), the largest
function value (and the corresponding cP*) is obtained as

Clef™) = max C(cf (i) (14)

Now, the key is to describe the subgradient matrix g.(t) in
(12). In our design, g.(t) is composed of two parts as

gc(t) = we(t) + @c(t) (15)
where
oC
welt) = gem (16)

{eh@er o}

is determined by calculating the partlal derivative of C' with
respect to ¢? and evaluate its value at {c/(t),c?(t)}, i.e., the
coordinates matrix of J aircraft and I BSs at the tth step. The
locations and number of aircraft here, at each iteration, are in-
dependently and randomly generated based on their distribution
on the corresponding routes.

In addition, we introduce a modified subgradient term, &¢ (1),
to partially incorporate the QoS constraints in (5). This term is
defined as follows:

1 N q(t)

-3 % -

¢;(t)
2G5t

aC;(t)
3CIB

{cA®),cB(t)}

a7

where N, (t) is the total number of aircraft (at step ¢t) whose QoS
is not guaranteed at the current iteration step, C; () represents
the uplink channel capacity of the jth aircraft that doesn’t have
its QoS satisfied at step ¢, and the term W%%% is intro-
duced as a weight coefficient to balance the searching direction
among all the directions that tend to increase C;(t)Vj. Note
that introducing @, (t) in (15) does not necessarily mean that all
QoS constraints must be satisfied at this stage. Actually, when
the value of I is set small, satisfying all QoS constraints could
be impossible. Nevertheless, this modified searching direction
guarantees that in every iteration step, the updated BS locations
tend to move closer to those routes on which the aircraft’s QoS
is less guaranteed.

Then, we further discuss the choice of step size «(t) in (12).
We use the Adam algorithm [32] and correspondingly set o(¢)
as

At)
3+ V()

where the constant ¢ is set to be a small and nonzero value to
stabilize the step size. A(t) = {5 is the step size coefficient with
a > 0 and b > 0.5, which can satisfy the three conditions in
(13) to ensure convergence. V() is the second-order moment
estimation of g(t) with bias correction, which is updated for
each step as

a(t) = (18)

(1 —T1)

Vit)=nV(t—-1)+ 1= Tf)gc(t) o gc(t) (19)
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where 7, = 0.5 is a decay factor for V(¢ — 1).

On the other hand, we can modify the subgradient by using
its first moment to smoothen the subgradient changing between
two consecutive steps, which now becomes

(1 — Tg)
(1—13)
where 75 = 0.5 is the decay factor for S(¢ — 1).

For the initial iteration ¢ = 1, we set g.(t — 1) =0 [i.e.,
V(—1) =0 and S(—1) = 0 in (19) and (20)]. Finally, the it-
erative (12) to solve the proposed problem (11) is now realized
as

S(t) =S (t — 1) +

ge(t) (20)

7 (t+1)=cr(t) +elt) o S(1).

The iteration keeps updating the obtained BS locations, until
that we can finally obtain a solution to problem (11) and get a
locally optimal set of BS locations for a fixed value of .

2y

C. Identify the Minimum I

In the previous section, the algorithm tends to update the BS
locations toward the routes, on which the QoS is less satisfied.
However, when [ is set too small, it might be impossible to
guarantee the QoS at any arbitrary aircraft location for all the
considered routes. Increasing [ to a sufficiently large value
can alleviate this problem, yet, the network operator would be
more interested in finding the minimum [ that can well cover
all the routes in order to reduce construction costs. For this
consideration, we further propose a method in this section to
identify this minimum /.

For initialization, we first set / to a small value. For the
current I, we obtain the BS locations using the stochastic
subgradient-based method described above. Then, we traverse
all possible aircraft locations C* on all the considered routes,®
calculate the corresponding channel capacity C', for every air-
craftlocation (obtained with the current optimized BS locations),
and the ratio of satisfying QoS at the current sampling point
1 (i.e., the approximation of the probability, specifically, the
quantity that satisfies C', > €2, which represents the minimum
capacity threshold). If the ratio is less than the target value
U = 95%,” we will increase I and repeat the above procedure.
The entire algorithm flow is described in Algorithm 1. The
final output of the algorithm is the location set of the ATG BSs
Cf ={(@f.yP)",. .. af uP)" ).

Remark 1 (The Role of Satellites): Satellite is a necessary
component of the ATG network to enhance reliability, since
pure ATG networks are inevitably influenced by various factors
(e.g., weather conditions). In this work, we focus on the ATG
communications network under the hybrid satellite—terrestrial
network architecture, and the satellite is implicitly reflected for

SIn practice, this can be conducted by umformly sampling every route with a

sufficiently large density, i.e., C4 = {(x1 Y3 ) e (zé,yé)T}, where Z
is the number of samples.

7Note that this ratio threshold can be properly set to control the BS construc-
tion cost. A too-large value of €2 may result in unnecessarily large value of I. For
the locations where the QoS cannot be guaranteed by the ATG link, the aircraft

turns to satellite as a supplement.
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Algorithm 1: Stochastic Subgradient-Based BS Number
and Location Optimization.

Require: Initial number of BSs I, number of iterations 7T,
capacity requirement (2, ratio of satisfying QoS ¥,
number of aircraft samples Z.

1:  loop:

2:  Randomly generate I BS locations c¢?(0).

3: fort=0:7do

4: Randomly generate a new matrix of aircraft

locations ¢4 = [(z£, )", ..., (4, y4)"]
according to its distribution on considered routes.
5: Calculate the average channel capacity C, and the
capacity per aircraft C;, based on the current aircraft
and BS locations using (6)—(10).

6:  Calculate the derivatives of C' and C; with respect to
c? using (6)—(10), and obtain the subgradient g,
using (15)—(17).

7:  Calculate the corrected subgradient S(t) using (20).

Calculate step length a(t) using (18)—(19).

Update BS locations c? = (2%, le)T, e

(27, y}g)T] using (21).

10:  end for

11: Calculate the corresponding capacity at each aircraft

sampling place {C1, ..., Cz}, and statistical ratio that
meets the communication rate ¢) = M
12: if ¢ < U then

0o x®

13: I=1+1.
14: goto loop.
15: end if

16: return CP and I

the distribution of aircraft using ATG links on routes. Specifi-
cally, the effective capacity that can be provided by satellites,
along with the weather statistics over the target routes, together
affect the probability that an aircraft connects to an ATG BS.
These probabilities measured on different routes will in turn
affect the deployment of ATG BSs, as being reflected by the
number and location of randomly generated aircraft on each
route [i.e., ¢ in (5) and (11)] when solving the problem.
Remark 2 (Adding New Routes): In practice, when newly
planned routes are added into consideration, the BS location
optimization needs to be conducted on the basis of existing BS
locations (which have been optimized for the old routes only).
For this case, Algorithm 1 can be slightly modified as follows.

In Steps 2 and 9, the BS location matrix c? is now expressed as

of = [efr,ef”] (22)

where cﬁF = [(2P*, y{B’F)T7 ce (xﬁF,yIBOF)T} represents the

fixed (i.e., already optimized for the old routes) BSs and cI'i P =
[(zBP, ny)T, e (xﬁD , ny)T} represents the dynamic (i.e.,
to be optimized for the newly added routes) BSs. The fixed BSs

will not participate in the iteration of the BS location update. As
a result, the number of fixed BSs I stays fixed in the iteration,

while only the number of dynamic BSs I, will be increased in
Step 13 of Algorithm 1

Li=1+1

I =1+ 1. (23)

The remaining procedure then follows the same steps as de-
scribed in Algorithm 1.

IV. CLUSTERING ALGORITHM FOR UNIQUE BS LOCATION
IDENTIFICATION

Due to the nonconvexity of problem (5), as well as the ran-
domness introduced in stochastic optimization (e.g., random ini-
tialization of the BS locations in Step 4, and random generation
of the aircraft locations in Step 6 of Algorithm 1), the obtained
BS locations (and number) might be different in different runs of
Algorithm 1. Examples are shown in Fig. 2, where Algorithm 1
has been independently conducted four times to cover five fixed
routes. As demonstrated, in different runs of the algorithm, the
resulted number of BSs is different (i.e., I = 14 for run #1, 16
for run #2, and 15 for run #3 and #4). Even when the algorithm
outputs the same BS number, the optimized BS locations may
also be different [see, e.g., Fig. 2(c) and (d)].

For practical implementation where a unique solution of
the BS locations is required, we further adopt a clustering
algorithm over the results obtained from multiple runs of Al-
gorithm 1. Specifically, we first repeatedly and independently
conduct Algorithm 1 for n times, resulting in a set of BS
location coordinates CZ = [ J;_, C7’. The cardinality of this set
is§ = Y1, I;. Inthe following, we apply the classic clustering
algorithm (K-means®) over this location coordinates set, and use
the obtained cluster centers as the final output for unique BS
location determination.

K-means clustering requires predetermination of the num-
ber of clusters and initial cluster centers. For our considered
scenario, we use the mean value of the BS number obtained
with Algorithm 1 to determine K, i.e., K = [%] , whose symbol
denotes rounding up. For the initialization of cluster centers, we
set the initial locations of the BS cluster centers {p1, p2, . . .Px }
to be evenly distributed on the routes. The number of BSs on
each route is proportional to its length.

Then, we calculate the distances from each BS c; in CéB to
these cluster centers

djr. = llc; — Pl (24)

assign each BS to its nearest cluster center, and correspondingly
obtain K clusters {21, Zo,. .., Zx } where Z; is the BS coor-
dinates set associated with the ¢th cluster. New cluster centers
(p},i=1,..., K) are then recalculated with { Z1, 25, ..., Zx }

1
p; = Pi (25)
2R

Pi€Z;

8Note that there exist many classic clustering methods, e.g., K-means [33], K-
means++[34], DBSCAN [35], AGNES [36], etc. Via simulations, it is observed
that the achieved performance difference between different clustering methods
is not significant. Therefore, we choose K-means as an example to show how
clustering can be conducted to finalize the proposed algorithm, for the reason
that it is more convenient for implementation.
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and used to form new clusters from CgB . The above procedure
is conducted iteratively, until the variation between the cluster
centers obtained in the last two iteration steps

K
02 Il —pil
i=1

is less than a certain threshold ©.

Through the clustering algorithm, the BSs can be automati-
cally divided into K clusters whose centers {pj, p5,...,Pj}
are used for practical BS location determination.

(26)

V. SIMULATION RESULTS

In this section, we provide simulation results to validate the
effectiveness of the proposed algorithms. As an example, we
consider five realistic routes’ shown in Fig. 3 and deploy BSs to
meet the communication demands on these routes. We assume
that both the aircraft and the BS are equipped with multiple an-
tennas, and the ratio of aircraft antenna to BS antennais 5 = 1/8.
The maximum number of aircraft on every route, according to
the route length, is set to {J1, Jo..., J5} = {30,25,20,25,15},
respectively. To guarantee flight safety, we assume that the
distance between any two aircraft is no less than 40 km. To ensure
such a requirement, in every iteration of Algorithm 1, we first

Outputs of Algorithm 1 for four independent runs. (a) Run #1 (I = 14). (b) Run #2 (I = 16). (c) Run #3 (I = 15). (d) Run #4 (I = 15).

eatllc

Fig. 3. Five realistic routes in China. (1) Beijing to Guilin. (2) Shanghai
to Hohhot. (3) Qingdao to Xi’an. (4) Kunming to Hefei. (5) Chongging to
Nanchang.

TABLE I
SIMULATION PARAMETERS

randomly generate a corresponding number of aircraft on the
routes, then the aircraft locations that do not satisfy the safety
distance requirement are discarded (as a result, the number of
aircraft might be different for each iteration). After that, the total
number of remaining aircraft is J = Zle Ji, where J; is the
number of remaining aircraft on the ith route. The initial number
of BSs is set to be I = 10, with their initial locations randomly
generated in the considered area. The specific parameters of the
algorithm are given in Table I.

9For more scenarios with randomly generated air routes, it has also been
validated via simulations, that the proposed algorithm is able to achieve a
superior performance. Therefore, its robustness to different route distributions
is guaranteed.

Parameter Value Parameter Value
do 1m Q 2 bits/s/Hz
no 2 Z 700
c 3 x 10%m/s B 1/8
f 973 MHz a 7500
P 53 dBm b 0.8
ol —174 dBm/Hz 14 95%

A. Algorithm Convergence

We first evaluate the convergence performance of our pro-
posed algorithms. The convergence of Algorithm 1 is shown in
Fig. 4(a), where the average channel capacity C' (averaged over
2000 independent runs of Algorithm 1) is depicted versus the
number of iterations 7. As shown, Algorithm 1 converges fast
to a stable output of C'. According to the result, we set the total
number of iterations 7" to 400 in the following simulations.
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Fig.4. Convergence performance of the proposed algorithms. (a) Convergence
of Algorithm 1: Average channel capacity C' versus Number of iterations 7.
(b) Convergence of K-means algorithm: Average BS distance variation D versus
Number of repetitions 7.

Next, we demonstrate the convergence of the BS location
clustering algorithm in Fig. 4(b). In the simulation, Algorithm 1
is conducted independently for n times (the x-axis) to generally
enrich the BS location set C fB . For every value of n, the K-means
clustering algorithm is conducted, to obtain a unique result p(n)
for the BS deployment under the current C EB. We use the average
BS distance variation to show the convergence of the above clus-
tering algorithm, which is defined as D(n) = + Zfil di(n),
where d;(n) = ||p;(n + 1) — pi(n)|| is the location difference
of the ith BS, measured between the nth and the (n + 1)th
iteration steps. As shown in Fig. 4(b), the K-means clustering
algorithm demonstrates rapid convergence. Although fluctua-
tions are observed during the convergence process, these can
be attributed to the randomness of the initial state during the
iteration process, which may lead to differences in the obtained
results (such as the number and location of BSs) and shift the
clustering center. Nevertheless, these changes tend to smoothen
as the number of iterations increases. The average variation in
BS distance tends to stabilize after 30 repetitions, where the
parameter D becomes less than 1 km. This value is considered

6 T

—¥— Proposed Algorithm
—E— Cellular Layout
Hybrid GA-PSO Algorithm
—>— Maximum Coverage SCP Formulation

The uplink channel capacity C (bits/s/Hz)
£

40 45 50 55 60
Transmit power for each aircraft (dBm)

Fig. 5. Uplink channel capacity C' versus transmit power.

insignificant in comparison to the expansive coverage of the
entire route map.

B. Performance Comparison

In the following, we compare the performances obtained
with the different BS location planning methods. Aside from
the proposed algorithm, we consider the following baseline
approaches.

1) Cellular layout [7]: The entire area is divided according to

a traditional honeycomb pattern, and the BSs are deployed
in the center of the cells above which there exist routes
passing through.

2) Hybrid GA-PSO algorithm [25].

3) Maximum coverage SCP formulation [26].

We first compare the average uplink capacity achieved with
these four methods in Fig. 5. Significantly, the proposed algo-
rithm outperforms the other baseline methods. Note that the
results in Fig. 5 are averaged over all possible aircraft locations
along the routes. To gain more details on the average capacity
distribution for aircraft at different locations, we further illustrate
the cumulative distribution function (CDF) curves of the uplink
capacity in Fig. 6. The empirical CDF is obtained by randomly
generating 1000 groups of aircraft on the considered routes and
correspondingly calculating the capacity achieved at every group
of aircraftlocations. As observed, the CDF curve of the proposed
algorithm lies at the right-hand side of that of the baseline
methods, indicating that the proposed BS location optimization
has meritin improving the capacity not only in the average sense,
it is beneficial, statistically, for all outage capacities.

At last, we focus on one aircraft and show its capacity chang-
ing during the flight. Consider an aircraft flying from Beijing to
Guilin, i.e., it flies along the route (1) in Fig. 3. The uplink ca-
pacity of the aircraft is shown against its flight distance in Fig. 7.
The peaks in the curves indicate that the aircraft flies above (or
nearby) an ATG BS at those corresponding locations. As shown
in Fig. 7, we can conclude that compared with other methods, the
hybrid GA-PSO algorithm deploys fewer BSs around the route
(1). As well as the cellular layout has lower peak capacities
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since its BS deployment does not fully exploit the information
of the routes. Maximum coverage SCP formulation, on the other
hand, has high peak capacities but performs unsatisfactorily in
the intermediate regions between its adjacent BSs. Notably, the
proposed algorithm outperforms the other methods, in terms of
both the peak capacity and the intermediate region coverage.

To summarize, through the above simulations, it can be
confirmed that the proposed BS location optimization method
is beneficial in enhancing the average capacity of the entire
ATG communications network, improving the random capacity
distribution over the considered routes, as well as providing
better instantaneous service for an aircraft during its flight along
the corresponding route.

C. Adding New Routes

At last, we evaluate the performance of the proposed algo-
rithm for the practical scenario described in Remark 2. That is,
new routes are added on the basis of the old routes. New BSs
need to be deployed to cover these new routes, and their locations
now have to be optimized in the presence of existing BSs (which
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Fig.8. Optimized BS locations when new routes are added. (a) Fully replanned
layout. (b) Partially replanned layout.

have already been optimized and deployed according to the old
routes).

We add five new routes into the scenario previously described
in Fig. 3, where five old routes already exist. In addition to the
compared methods, we apply the proposed algorithm to two
cases. 1) Fully replanned layout, which conducts our proposed
algorithms overall ten routes, that is, the locations of old BSs
will no longer be considered in such a process. Although this is
not realistic, the method serves as a performance upper bound
to show the performance loss stemming from the more practical
partially re-plan approach. 2) Partially replanned layout, which
optimizes the locations of newly added BSs only, on the basis of
existing BSs. This method is conducted following the procedure
previously described in Remark 2.

We first demonstrate and compare the BS locations obtained
with the fully replan and partially replan approaches, respec-
tively. As can be observed in Fig. 8, the partially replanned BS
locations distribute less evenly than that obtained with the fully
replan, due to the lack of the degrees of freedom in its design. To
compare their performances more directly, we further show the
CDF of uplink capacity achieved with the considered schemes in
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Fig. 9. The simulation is conducted following the same process
as that has been described in Fig. 6. Although the partially replan
approach has slightly lower capacity over the routes compared
to fully replan, it still shows clear advantage compared with
the other methods. This confirms the effectiveness of applying
the proposed algorithms for BS location planning in realistic
scenarios, where new routes will be continuously added with
the fast development of the aviation industry.

VI. CONCLUSION

We aimed to obtain the optimal number and locations of
ATG BSs to maximize the perantenna uplink channel capacity,
while as much as possible guaranteeing QoS of all aircraft
along the target routes with minimum cost. We proposed a
stochastic-based gradient algorithm to solve the problem, where
the solution could be nonunique due to the nonconvexity of the
problem, as well as the randomness introduced in stochastic
optimization. To tackle such the nonuniqueness issue, we further
proposed to apply the clustering method (K-means) to obtain
a unique solution of the BS number and locations for practical
implementation. Simulations were conducted to show the advan-
tage of the proposed algorithms over other baseline methods, in
terms of both the average capacity and the capacity distribution,
as well as the instantaneous capacity achieved by an aircraft
flying along its route. At last, the effectiveness of the proposed
algorithm was further shown in a realistic scenario where new
routes were added on the basis of the old ones.
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