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Abstract—In this paper, we investigate millimeter-wave
(mmWave) massive multiple-input multiple-output (MIMO) n et-
works with multiple unmanned aerial vehicle (UAV) mounted
base stations (BSs). Uniform planar arrays are equipped at the
UAV-BSs to perform hybrid analog-digital beamforming (BF)
for compensation of the high path loss of mmWave channels
and for mitigation of intra-cell and/or inter-cell interfe rence. We
jointly optimize the UAV-BS positioning, user assignment,and
hybrid BF for maximization of the achievable sum rate (ASR)
of the users, subject to a minimum rate constraint for each
user. A sub-optimal solution for the resulting high-dimensional
and non-convex problem is developed by exploiting alternating
optimization, successive convex optimization, and combinatorial
optimization. Our simulation results verify the convergence of
the proposed algorithm and demonstrate significant performance
gains compared to two benchmark schemes in terms of the ASR.

Index Terms—UAV communication, millimeter-wave, position-
ing, user assignment, hybrid beamforming.

I. I NTRODUCTION

Unmanned aerial vehicle (UAV) aided communication has
been considered as one of the key technologies for beyond
fifth-generation (B5G) and sixth-generation (6G) mobile net-
works [1]. Due to their flexible deployment and low cost,
UAVs can serve as aerial base stations (BSs) to enlarge
the coverage of the terrestrial networks and to improve the
quality of service (QoS) of the ground users. In the past
few years, significant research efforts have been dedicatedto
the optimization of UAV-BS aided wireless communication
systems, including UAV placement [2], [3], trajectory design
[4], [5], and resource allocation [6].

In general, a single UAV-BS can provide only limited user
coverage and access, while a cooperative network of multiple
UAV-BSs can efficiently enlarge the coverage region and
increase the number of served users. Thus, we consider a
network of multiple UAV-BSs in this paper. Because of the
heavy traffic in the microwave frequency bands below 6 GHz,
meeting the high-data-rate requirements of future mobile com-
munication systems has become very challenging. To address
this problem, millimeter-wave (mmWave) communication with
its large available bandwidth is a promising technology for
application in UAV systems. Besides, UAVs usually suffer
severe interference from other aerial platforms because the
corresponding channels follow the free-space attenuationmod-
el [1], [4]. The sparsity of the mmWave channels and the
directionality of mmWave beams make it possible to signif-
icantly reduce the interference in UAV communications. On
the other hand, the performance of mmWave communication
systems is highly depended on the existence of line of sight
(LoS) links because the non-LoS (NLoS) paths are highly

attenuated. For UAV platforms operating at higher altitudes, it
is easier to establish a LoS link, which is ideal for mmWave
communication.

Enabling UAV cellular with mmWave systems was first pro-
posed in [7], where the potentials, challenges, and preliminary
solutions for UAV-mmWave communication were discussed.
Recently, UAV-mmWave communication has attracted signifi-
cant attention. The channel characteristics, channel acquisition,
and communication design for UAV-mmWave networks were
studied in [8]. The authors of [9] proposed a beam tracking
strategy for UAV systems employing joint beam training and
angular velocity estimation. Besides, beam tracking schemes
for UAV-satellite and UAV-to-UAV communication systems
were investigated in [10] and [11], respectively. In [12], anovel
spectrum management strategy for UAV-assisted mmWave cel-
lular networks was proposed. The joint design of positioning
and analog beamforming (BF) was investigated for a single
UAV BS and for a UAV relay in [13] and [14], respectively.

Different from the works above, we consider a mmWave
multiple-input multiple-output (MIMO) network employing
multiple UAV-BSs to serve multiple ground users, which
can be potentially used in the hot-spot and/or remote areas
to provide large-bandwidth communication service. Hybrid
analog-digital BF techniques are utilized at the UAV-BSs to
compensate for the high path loss of mmWave channels and
to mitigate intra-cell and/or inter-cell interference. Tothe best
of our knowledge, this is the first work that investigates the
deployment and optimization of multiple UAV-BSs employ-
ing hybrid BF structures in the mmWave frequency bands.
Specifically, we jointly optimize the UAV-BS positioning, user
assignment, and hybrid BF for maximization of the achievable
sum rate (ASR) of the users, subject to a minimum rate
constraint for each user. The resulting problem is highly non-
convex and involves high-dimensional variable matrices and
combinatorial programming variables, where the positionsof
UAV-BSs impact both the amplitudes and the directivities
of the mmWave channels between the UAVs and users. The
proposed two-step solution novelly decouples the directional
BF portion from the original problem. We first develop an
iterative algorithm to optimize the positions of the UAV-
BSs and the user assignment under the assumption of ideal
BF. Then, for the given positions of the UAV-BSs and the
given user assignments, we alternately optimize the analogBF
matrices and the digital BF matrices to maximize the ASR of
the users. Our simulation results verify the convergence of
the proposed algorithms and reveal significant performance
gains compared to two benchmark schemes in terms of the
ASR. Furthermore, the proposed hybrid BF scheme is shown
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Fig. 1. Illustration of the considered multi-UAV-BS aided downlink mmWave
massive MIMO network.

to closely approach the performance of fully digital BF.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig. 1, we consider a downlink mmWave
network whereM UAV-BSs are deployed to serveK single-
antenna users. The UAV-BSs are equipped with uniform
planar arrays (UPAs) employingN = Nx × Ny antennas
fully connected withNRF radio frequency (RF) chains via
NRFN phase shifters [15]. The sets of UAV-BSs and users
are denoted asM and K, respectively. In this paper, we
assumeK = MNRF. The user set served by UAV-BSm
is denoted byKm, where we assume|Km| = NRF and
⋃

m∈M
Km = K1. The horizontal coordinates of userk are given

by uk = [xk, yk] ∈ R2×1. We assume that the altitudes of the
UAV-BSs are fixed toH , and the horizontal coordinates of
UAV-BS m are denoted byvm = [Xm, Ym] ∈ R2×1.

At each userk ∈ Km, the received signal is given by

ȳk = hH
m,kAmDmsm +

∑

j 6=m

hH
j,kAjDjsj + nk, (1)

wherehm,k ∈ CN×1 is the channel vector between UAV-BS
m and userk. (·)H denotes the conjugate transpose.Am ∈
CN×NRF andDm ∈ CNRF×NRF are the analog and digital BF
matrices of UAV-BSm, respectively.sm ∼ CN (0, INRF) is
signal transmitted by UAV-BSm, whereCN (Γ,Σ) denotes
Gaussian distribution with meanΓ and covariance matrixΣ,
andINRF ∈ R

NRF×NRF is a unit matrix. Each element ofsm
represents an independent data stream intended for one user,
andnk ∼ CN (0, σ2) is the noise at userk.

We assume the UAV-to-user links are LoS and neglect
the NLoS components which are typically more than 20 dB
weaker than the LoS components in the mmWave band. Hence,
the channel vector between UAV-BSm and userk is modeled
as [7]–[11]

hm,k =
β0

(H2 + ‖vm − uk‖22)α/4
√
Na(θm,k, φm,k), (2)

where β0 = c0
4πfc

denotes the channel gain at reference
distance d0 = 1 m, c0 is the constant speed of light,
and fc is the carrier frequency.α ≥ 2 is the large-scale
path loss exponent for mmWave signals.θm,k and φm,k are
respectively the elevation angle of departure (AoD) and the
azimuth AoD of the LoS path between UAV-BSm and
user k [14]. a ∈ CN×1 is the UPA steering vector given
by a(θ, φ) = 1√

N
[ej2π

d
λ cos θ[(nx−1) cosφ+(ny−1) sinφ]]T with

1 ≤ nx ≤ Nx, 1 ≤ ny ≤ Ny, whered is the spacing between

1When the users are not equally clustered, a generalized scheme can be
obtained by improving the proposed solution and will be discussed in our
future work.

adjacent antennas andλ is the carrier wavelength. Particularly,
for half-wavelength spaced arrays, we haved = λ/2.

Then, we obtain the signal-to-interference-plus-noise ratio
(SINR) of thenth user served by UAV-BSm as follows

γm,n =
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(3)
wherekm,n is the index of thenth user served by UAV-BS
m and Dm = [dm,1,dm,2, · · · ,dm,NRF ]. As a result, the
achievable rate of userkm,n is given by

Rm,n = log2 (1 + γm,n) . (4)
To maximize the ASR of the ground users, we formulate

the following problem for joint optimization of the UAV-BS
positioning, user assignment, and hybrid BF:

max
{vm,Km,Am,Dm}

∑

m∈M

∑

1≤n≤|Km|
Rm,n (5a)

s.t. |Km| = NRF, ∀m, (5b)
⋃

m∈M
Km = K, (5c)

∣

∣

∣[Am]i,j

∣

∣

∣ =
1√
N
, ∀m, i, j, (5d)

‖AmDm‖2F ≤ P, ∀m, (5e)
Rm,n ≥ rm,n, ∀m, 1 ≤ n ≤ |Km|, (5f)

where constraint (5d) is the constant-modulus (CM) constraint
on the analog BF matrices. Constraint (5e) ensures that the
transmit power of each UAV-BS cannot exceed a maximum
valueP . Constraint (5f) guarantees that the achievable rate of
each user is no less than the required raterm,n. Problem (5) is
highly non-convex and cannot be directly solved via existing
optimization tools. Thus, we develop a sub-optimal solution
for (5) in the next section.

III. SOLUTION OF THE PROBLEM

In this section, we first optimize the UAV-BS positioning
and user assignment under the assumption of ideal BF. Then,
given the positions of the UAV-BSs and the user assignment,
we propose an alternating optimization algorithm for optimiza-
tion of the analog and digital BF matrices.

A. Joint UAV-BS Positioning and User Assignment

Since the high-dimensional and highly coupled BF matrices
make Problem (5) intractable, we first assume ideal BF to
simplify the original problem. According to antenna theory,
the array gain of a user is maximized if and only if the steering
vector for the channel between the user and its serving UAV-
BS is used for BF. Hence, we define ideal BF as follows.

Definition 1. (Ideal BF) For ideal BF (which may not be
realizable), the full array gains are obtained for the target
signals, while all interference is completely eliminated, i.e.,
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where pm,n =
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∥Aid
mdid
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2
is the signal power for user

km,n. Aid
m and Did

m = [did
m,1,d

id
m,2, · · · ,did

m,|Km|] are the ideal
analog and digital BF matrices, respectively.

Substituting (6) into (3) and (4), we obtain an (non-
achievable) upper bound for the achievable rate of userkm,n

as follows

R̄m,n = log2






1 +

β2
0Npm,n

(

H2 +
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∥vm − ukm,n

∥

∥

2

2

)α/2

σ2






. (7)

Next, we optimize the UAV-BS positioning and user as-
signment for maximization of the upper bound in (7). Let
pm = [pm,1, pm,2, · · · , pm,NRF ]

T denote the power allocation
vector of UAV-BSm. Problem (5) is simplified as follows

max
{vm,Km,pm}

∑

m∈M

∑

1≤n≤|Km|
R̄m,n (8a)

s.t. (5b), (5c) (8b)

R̄m,n ≥ rm,n, ∀m, n. (8c)
Problem (8) is still a combinatorial programming problem

and involves highly coupled variables. We propose an efficient
iterative algorithm for solving this non-convex problem. First,
the users are clustered intoM groups based on their horizontal
coordinates by employing the K-means algorithm, where the
summation of the Euclidean distances from the cluster centers
to their assigned users is minimized. The initial horizonal
positions of the UAV-BSs are at the cluster centers, while the
initial user assignment corresponds to the users in the cluster.
Then, we start an iterative process as follows.

1) Power Allocation: For given{v(t−1)
m ,K(t−1)

m } obtained
in the (t − 1)th iteration, the power allocation vectors of
different UAV-BSs are mutually independent. For UAV-BSm,
we solve the following problem:

max
pm

∑

1≤n≤|Km|
R̄m,n (9a)

s.t. R̄m,n ≥ rm,n, ∀n. (9b)
Problem (9) is a standard concave problem with respect to

pm. It can be solved by utilizing the water-filling algorithm.
The optimal solution for power allocation in closed form is
given by

p(t)m,n = max

{

λm − 1

gm,n
,
2rm,n − 1

gm,n

}

, (10)

wheregm,n =
β2
0N

(H2+
∥

∥

∥
v
(t−1)
m −ukm,n

∥

∥

∥

2

2
)α/2σ2

andλm is chosen

to satisfy
∑

1≤n≤|Km|
p
(t)
m,n = P .

2) UAV-BS Positioning: For given {v(t−1)
m ,K(t−1)

m ,p
(t)
m },

the positions of the UAV-BSs are optimized by solving the
following problem:

max
{vm}

∑

m∈M

∑

1≤n≤|Km|
R̄m,n (11a)

s.t. R̄m,n ≥ rm,n, ∀m, n. (11b)
Problem (11) is not convex due to the non-convex

form of R̄m,n. To tackle this problem, we exploit
successive convex optimization. The achievable rate
in (11) is rewritten as R̄m,n = log2 fm,n + R̂m,n

where fm,n =
(H2+‖vm−ukm,n‖22)

α/2+g0pm,n

(H2+‖v
(t−1)
m −ukm,n‖22)

α/2
, R̂m,n =

−α
2
log2

H2+‖vm−ukm,n‖
2

2

H2+
∥

∥

∥
v
(t−1)
m −ukm,n

∥

∥

∥

2

2

, and g0 =
β2
0N

σ2 . As can be

observed, bothfm,n and R̂m,n are convex with respect to
∥

∥vm − ukm,n

∥

∥

2

2
. Furthermore,

∥

∥vm − ukm,n

∥

∥

2

2
is convex with

respect tovm. Thus,fm,n and R̂m,n can be lower-bounded
by their first-order Taylor expansions at pointv

(t−1)
m , i.e.,

fm,n ≥ Am,n(v
(t−1)
m − ukm,n)

T(vm − v(t−1)
m )

+Bm,n , Γm,n,
(12)

R̂m,n ≥ Cm,n(v
(t−1)
m −ukm,n)

T(vm−v(t−1)
m ) , Υm,n, (13)

where Am,n = α(H2 + ‖v
(t−1)
m − ukm,n‖

2
2)

−1, Bm,n = 1 +

g0p
(t)
m,n(H

2 + ‖v
(t−1)
m − ukm,n‖

2
2)

α/2, and Cm,n = −α(H2 +

‖v
(t−1)
m − ukm,n‖

2
2)

−1 ln 2. Then, Problem (11) is relaxed as
follows

max
{vm}

∑

m∈M

∑

1≤n≤|Km|
log2 Γm,n +Υm,n (14a)

s.t. log2 (Γm,n) + Υm,n ≥ rm,n, ∀m, n, (14b)
∥

∥

∥vm − v(t−1)
m

∥

∥

∥

2

2
≤ d(t), ∀m. (14c)

Note that inequalities (12) and (13) are only valid in a
small neighborhood of pointv(t−1)

m . Hence, constraint (14c)
is introduced, where parameterd(t) represents a radius of a
spherical neighborhood and gradually decreases during the
iterations to guarantee convergence. One possible choice is
d(t) = d(t−1)/κ1, where κ1 > 1 is the step size for the
reduction of the radius. Problem (14) is convex and the optimal
solution v

(t)
m can be obtained by using convex optimization

tools such as CVX.
3) User Assignment: For given{v(t)

m ,K(t−1)
m ,p

(t)
m }, the us-

er assignment variables are optimized by solving the following
problem:

max
{Km}

∑

m∈M

∑

1≤n≤|Km|
R̄m,n (15a)

s.t. (5b), (5c) (15b)

R̄m,n ≥ rm,n, ∀m, n. (15c)
Problem (15) is a combinatorial programming problem. We

define a swap matching operationϕj,q
m,n (m 6= j) where user

km,n and userkj,q switch their serving UAV-BSs while the
other users’ assignment remain unchanged. If a swap matching
operationϕj,q

m,n increases the objective function (15a) for given

{v(t)
m ,p

(t)
m } and satisfies constraint (15c), we callϕj,q

m,n a valid
swap, and the corresponding user assignment is changed, i.e.,

Km(n) ⇋ Kj(q), if ϕj,q
m,n is a valid swap,∀m 6= j. (16)

If all swap matching operations have been considered but no
valid swap was found, a sub-optimal solution of Problem (15)
is obtained given byK(t)

m . The overall algorithm for solving
Problem (8) is summarized in Algorithm 1.

B. Hybrid BF Design

After obtaining the solution for the UAV-BS positioning
and user assignment, we optimize the hybrid BF matrices
to approach ideal BF. For given{vm,Km}, Problem (5)
simplifies as follows

max
{Am,Dm}

∑

m∈M

∑

1≤n≤|Km|
Rm,n (17a)

s.t. (5d), (5e), (5f). (17b)



Algorithm 1: Joint UAV-BS positioning and user assignment

1: Initialize {v(0)
m ,K

(0)
m } using K-means algorithm. Lett = 1.

2: repeat
3: Update{p(t)

m } according to (10) for given
{v

(t−1)
m ,K

(t−1)
m }.

4: Update{v(t)
m } by solving (14) for given

{v
(t−1)
m ,K

(t−1)
m ,p

(t)
m }.

5: Update{K(t)
m } according to (16) for given

{v
(t)
m ,K

(t−1)
m ,p

(t)
m }.

6: Updatet← t+ 1.
7: until Increase of the objective value is below a thresholdǫ1

In Problem (17), the analog and digital BF matrices are
highly coupled, and the CM constraint on the analog BF
matrices in (5d) is highly non-convex. These two aspects pose
the main challenges for solving Problem (17). To address this
issue, we propose an efficient algorithm which alternately op-
timizes the analog and digital BF matrices. First, we initialize
each column of the analog BF matrices with the steering vector
corresponding to the served user and initialize the digitalBF
matrices as diagonal matrices, i.e.,

[A(0)
m ]:,n = a

(

θm,km,n , φm,km,n

)

, ∀m, n,

D(0)
m =

√
P INRF

‖Am‖F
, ∀m.

(18)

Then, we start an iterative process as follows.

1) Analog BF: For given{A(t−1)
m ,D

(t−1)
m } obtained in the

(t−1)th iteration, we optimize each column of the analog BF
matrices in a successive manner. For thenth column ofAm,
i.e., am,n, we formulate the following problem:

max
am,n

∣

∣

∣h
H
m,km,n

Āmd(t−1)
m,n

∣

∣

∣ (19a)

s.t.
∣

∣

∣h
H
m,km,i

Āmd(t−1)
m,n

∣

∣

∣ ≤ η
(t)
m,n,m,i, ∀i 6= n, (19b)

∣

∣

∣
hH
m,kj,q

Āmd(t−1)
m,n

∣

∣

∣
≤ η

(t)
m,n,j,q, ∀j 6= m, ∀q, (19c)

∣

∣[am,n]i
∣

∣ ≤ 1√
N
, ∀i, (19d)

where Ām = [a
(t)
m,1, · · · ,a

(t)
m,n−1,am,n,a

(t−1)
m,n+1, · · · ,a

(t−1)
m,NRF

].
The objective function in (19a) is designed to maximize the
effective channel gain of thenth user served by UAV-BS
m. Constraints (19b) and (19c) limit the intra-cell and inter-
cell interference, respectively. Parameterη

(t)
m,n,j,q is an upper

bound for the interference at userkj,q caused by the signal
intended for userkm,n, which gradually decreases in the
course of the iterations. One possible choice isη

(t)
m,n,j,q =

∣

∣

∣
hH
m,kj,q

A
(t−1)
m d

(t−1)
m,n

∣

∣

∣
/κ2 whereκ2 > 1 is the step size for the

reduction of the interference. The CM constraint for the analog
BF matrices is relaxed to the convex constraint shown in (19d).
In fact, this relaxation has little impact on the performance of
the achievable rate as shown in the following theorem.

Theorem 1. There always exists an optimal solution of
Problem (19), where at most r = rank(H̃m,n) elements do not
satisfy the CM constraint with H̃m,n = [hj,q, (j, q) ∈ Jm,n]
and Jm,n = {(j, q) | kj,q ∈ K, kj,q 6= km,n}.

A proof for the caser = 1 has been provided in our previous
work [14, Appendix A]. Forr > 1, a similar proof can be
constructed using the same approach. Due to the page limit, we

provide only a sketch of the proof for Theorem 1 as follows.

Proof: For the given optimal solution of Problem (19),
we assume that there are(r + 1) elements whose modulus
are strictly smaller than1N . We keep the other(N − r − 1)
elements unchanged and keep the arguments of the magnitude
operator| · | in constraints (19b) and (19c) the same as the
values achieved by the given optimal solution. Since the rank
of H̃m,n is r, we have one additional degree of freedom for
adjusting the values of the(r + 1) elements. Hence, we can
always find a new solution of Problem (19), which achieves a
larger value of the objective function in (19a) or has at most
r elements not satisfying the CM constraint. This completes
the proof.

Note that Problem (19) is not a convex optimization
problem because a convex objective function is maximized.
To address this isssue, the objective function is rewritten
as

∣
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i≤n−1
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m,n ]i +

∑

i≥n+1

hH
m,km,n

a
(t−1)
m,i [d

(t−1)
m,n ]i

is a constant. According to the triangle inequality, we have
∣
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∣

∣
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m,km,n
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(t−1)
m,n ]n

∣
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∣
+ |c| where e-

quality holds if and only if hH
m,km,n

am,n[d
(t−1)
m,n ]n and c

have the same phase. Thus, the objective function in (19a) is
replaced byR(hH

m,km,n
am,n[d

(t−1)
m,n ]ne

−jν + ce−jν) whereR(·)
denotes the real part of a complex number andν represents
the phase ofc. With this modification, Problem (19) is a
convex problem and the optimal solutiona(t)m,n can be obtained
by using CVX. After solving Problem (19) for allam,n, the
modulus normalization is performed as follows

[A(t)
m ]i,n =

[a
(t)
m,n]i√

N |[a(t)m,n]i|
, ∀m, n, i, (20)

2) Digital BF: For given{A(t)
m ,D

(t−1)
m }, we optimize the

digital BF matrices by solving the following problem:

max
{Dm}

∑

m∈M

∑

1≤n≤|Km|
Rm,n (21a)

s.t. (5e), (5f). (21b)

Problem (21) is a non-convex problem becauseRm,n is
not convex with respect to{Dm}. We propose to use the
following approach to address this problem, which is based
on the important relation between the SINR and the minimum
mean squared error (MMSE) [16].

If a single-tap equalizer is employed at the users, the mean
squared error of userkm,n can be expressed as

εm,n = E

[

‖cm,nym,n − sm,n‖22
]

=
∥

∥

∥
cm,nĥ

H
m,km,n

Dm − eTn

∥

∥

∥

2

2

+
∑

j 6=m

∥

∥

∥cm,nĥ
H
j,km,n

Dj

∥

∥

∥

2

2
+ |cm,nσ|2 ,

(22)

where cm,n is the equalization coefficient of the single-tap
equalizer at userkm,n. ĥj,km,n = hj,km,nA

(t)
j represents the

equivalent channel after analog BF.en ∈ RNRF×1 is a vector
with a one as thenth element and zeros elsewhere. The MMSE



can be achieved as follows
∂εm,n

∂cm,n
|c◦m,n

= 0 ⇒

c◦m,n =
(

ĥH
m,km,n

d(t−1)
m,n

)∗ (∣
∣

∣ĥ
H
m,km,n

d(t−1)
m,n

∣

∣

∣

2

+ ξm,n

)−1

,

(23)
whereξm,n =

∑

i6=n

|ĥH
m,km,n

d
(t−1)
m,i |

2+
∑

j 6=m

‖ĥH
j,km,n

D
(t−1)
j ‖22+σ2.

(·)∗ denotes the conjugate. Substituting (23) into (22), we can
find that the following equation always holds, i.e.,

εm,n |c◦m,n
= (1 + γm,n)

−1 , (24)

Let C = [cm,n, 1 ≤ m ≤M, 1 ≤ n ≤ NRF]. Then Problem
(21) is equivalent to

min
{Dm},C

∑

m∈M

∑

1≤n≤|Km|
log2 εm,n (25a)

s.t. (5e), (25b)

εm,n ≤ 2−rm,n . (25c)
Problem (25) is still non-convex. We introduce an auxiliary

functionψ(um,n) = 2um,n−1εm,n−um,n which is minimized
at the following point

u◦m,n = − log2 εm,n + 1, (26)
with minimum valueψ(u◦m,n) = log2 εm,n.

Let U = [um,n, 1 ≤ m ≤ M, 1 ≤ n ≤ NRF]. Then,
Problem (25) is equivalent to

min
{Dm},C,U

∑

m∈M

∑

1≤n≤|Km|

(

2um,n−1εm,n − um,n

)

(27a)

s.t. (5e), (27b)

εm,n ≤ 2−rm,n . (27c)
To find a sub-optimal solution of Problem (27), we al-

ternately optimizeC, U, and {Dm} in the course of the
iterations. For given{A(t)

m ,D
(t−1)
m }, we obtain the optimal

C(t) according to (23). For givenC(t), we obtain the optimal
U(t) according to (26). For given{A(t)

m }, C(t), and U(t),
Problem (27) is a convex problem with respected to{Dm}
and the optimal{D(t)

m } can be obtained by using CVX.
The overall algorithm for solving Problem (17) is summa-

rized in Algorithm 2.

Algorithm 2: Hybrid BF

1: Initialize {A(0)
m ,D

(0)
m } according to (18). Lett = 1.

2: repeat
3: Update{a(t)

m,n} by solving (19) for given
{A

(t−1)
m ,D

(t−1)
m }.

4: Normalization of analog BF matrices according to (20).
5: UpdateC(t) according to (23) for given{A(t)

m ,D
(t−1)
m }.

6: UpdateU(t) according to (26) for givenC(t).
7: Update{D(t)

m } by solving (27) for given{A(t)
m }, C(t),

andU(t).
8: Updatet← t+ 1.
9: until Increase of the objective value is below a thresholdǫ2

Hereto, we find a sub-optimal solution for the UAV-BS
positioning, user assignment, and hybrid BF for the considered
multi-UAV-BS aided mmWave massive MIMO network. The
joint UAV-BS positioning and user assignment problem is
first solved by utilizing Algorithm 1 under the assumption of
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Fig. 2. Convergence of the two proposed algorithms forP = 20 dBm and
N = 16× 16.

ideal BF. The hybrid BF problem is then solved by utilizing
Algorithm 2 under the given positions of UAV-BSs and user
assignment. Note that the proposed solution is a centralized
strategy, which can be realized by centralizing the computation
on a control UAV or a macro-BS on the ground.

In Algorithm 1, the computational complexities of lines 1
and 3-5 are proportional toL0K andL1K

2, respectively.L0

andL1 are the maximum numbers of iterations of the K-means
initialization and the swap matching, respectively. In Algo-
rithm 2, the maximal complexities of calculating the analog
and digital BF matrices for each iteration areO(KN3.5) and
O(N7

RF), respectively. Denote the maximum numbers of iter-
ations of Algorithms 1 and 2 asT1 andT2, respectively. The
overall computational complexity of the proposed algorithms
is O(L0K + T1L1K

2 + T2(KN
3.5 +N7

RF)).

IV. PERFORMANCEEVALUATION

In this section, we provide simulation results to evaluate the
performance of the proposed algorithms. There areK = 12
users uniformly distributed in a1 × 1 km2 region.M = 3
UAV-BSs are deployed at a fixed flight altitude ofH = 150
m. The number of RF chains for each UAV-BS isNRF = 4.
The carrier frequency isfc = 38 GHz and the large-scale
path loss exponent isα = 2.3. The average power of the white
Gaussian noise isσ2 = −110 dBm. The termination thresholds
of Algorithms 1 and 2 are set toǫ1 = ǫ2 = 0.05 bps/Hz. The
initial radius of the spherical neighborhood in (14c) is setto
d(0) = 100 m. The step sizes are set toκ1 = 1.4 andκ2 = 2.

Fig. 2 illustrates the convergence of the two proposed
algorithms forP = 20 dBm andN = 16 × 16. As can be
observed, both proposed algorithms converge after 5 iterations.
The performance gap between the upper bound for the ASR
obtained with Algorithm 1 (i.e., the summation of̄Rm,n in
(7)) and the practical ASR obtained with Algorithm 2 (i.e.,
the summation ofRm,n in (4)) is very small. These results
demonstrate that the optimization of the UAV-BS positioning
and user assignment under the assumption of ideal BF is rea-
sonable, and the proposed hybrid BF strategy can effectively
approach the performance of ideal BF.

Fig. 3 compares the ASR performance of different methods
as a function of the transmit power at the UAV-BSs forN =
16× 16. Three benchmark schemes are considered, namely a
fully digital MIMO system with zero-forcing based digital BF,
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Fig. 3. ASRs of different methods versus transmit powers at the UAV-BSs
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the signal-to-leakage-plus-noise ratio (SLNR) based hybrid BF
scheme proposed in [15], and random UAV-BS positioning,
respectively. For all benchmark schemes, the proposed user
assignment strategy is employed. As can be observed, the
proposed solution achieves an ASR performance very close to
the system with fully digital MIMO, and outperforms the other
two benchmark schemes. The results in Fig. 3 demonstrate
that the proposed hybrid BF method can achieve a near-upper-
bound performance. Especially for larger transmit powers,the
performance gain of the proposed hybrid BF scheme compared
to SLNR based hybrid BF becomes significant.

Fig. 4 compares the ASR performance of different methods
as a function of the antenna array size at the UAV-BSs for
P = 20 dBm. We observe again that the proposed solution
closely approaches the upper-bound provided by the fully
digital MIMO system and outperforms both the SLNR based
hybrid BF and the random UAV-BS positioning schemes.
As the antenna array size increases, the performance gap
between the proposed hybrid BF scheme and the fully digital
MIMO scheme decreases because more degrees of freedom
are available for the analog BF matrices to mitigate the
interference.

V. CONCLUSION

In this paper, we proposed to deploy multiple UAV-BSs to
improve the capacity of mmWave massive MIMO networks,
where the UAV-BS positioning, user assignment, and hybrid
analog-digital BF were jointly optimized for maximizationof
the ASR, subject to a minimum rate constraint for each user.
To solve this severely non-convex problem, we first developed
an iterative algorithm which optimizes the UAV-BS positioning
and user assignment for maximization of an upper bound
on the ASR, under the assumption of ideal BF. Then, we
alternately optimized the analog and digital BF matrices for the
given UAV-BS positioning and user assignment. Simulation
results demonstrated that the proposed solution for multi-
UAV-BS aided mmWave networks closely approaches the
performance upper bound provided by fully digital MIMO and
outperforms two other benchmark schemes.
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