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Abstract—In this paper, we consider the hybrid beamforming
for the unmanned aerial vehicle (UAV)-assisted communications
with massive multiple-input multiple-output (MIMO). Using a
popular beamforming design, we derive an approximate closed-
form expression of rate and provide a power allocation design
which satisfies the rate requirement of each user under the line-
of-sight (L.oS) channels. It is discovered that the total transmit
power should inversely increase with the number of antennas of
UAV. Furthermore, we propose the location design of the UAV. In
particular, when the channel pathloss exponent is 2, the optimal
location is the weighted average location of all users where the
weights are signal to interference plus noise (SINR) requirements
of all users. It is shown that the weighted average location could
be an approximate method to design the UAV location with little
performance gap to the optimal location.

Index Terms—Hybrid beamforming, massive MIMO, un-
manned aerial vehicle.

I. INTRODUCTION

In current cellular methods, land base stations with fixed
locations are deployed to provide seamless coverage and
reliable connections for mobile terminals. Due to blockage
and environment, however, the communication quality that the
cellular network provides can vary dramtically across different
environments. As an emerging complementary to existing
land stations, unmanned aerial vehicle (UAV)-assisted wireless
communications can provide economical wireless access in
areas without satisfactory infrastructure coverage [1], [2]. The
mobility enables UAVs to dynamically serve users over a wide
area. Moreover, line-of-sight (LoS) comunication links can be
estabilished in most scenarios with the aid of UAVs which
potentially leads to better communication channels.

Recently, the investigation of UAVs in three-dimensional
space attracts increasing attention which could fully exploit
the benefits of the UAV mobility. By treating mobile UAVs
as flying base stations, existing studies proposed efficient
deployments of UAVs for enhancing wireless coverage [3],
[4]. Moreover, power allocation is another challenge because
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the UAV’s size and weight constraints make the on-board
energy practically finite. To address this issue, [5] designed
trajectory for UAVs to maximize energy efficiency. In [6],
the authors consideredto maximize the converage by using
the minimal transmit power. Then, the transmit power and
trajectory were jointly optimized to maximize the minimum
average throughput within a given time length in [7]. For user-
UAV association, [8] investigated the problem of sum power
minimization. However, all these studies focused on UAVs
equipped with a single antenna. For UAVs equipped with
multiple antennas, [9] studied the achievable rate of an uplink
MIMO cognitive radio system using a UAV relay. In addition,
a 3-D elliptic-cylinder UAV channel model was proposed in
[10]. It is necessary to study UAVs equipped with multiple-
input multiple-output (MIMO) which requires less power than
UAVs using single antenna with a given quality-of-service
(QoS). However, to the best of our knowledge, few study has
studied the problem of power minimization for UAVs equipped
with antenna arrays, especially with large-scale antenna arrays.

In this work, we investigate the UAV base station using mul-
tiuser massive MIMO hybrid precoding. Under line-of-sight
(LoS) channels, we obatin useful observations and insights
on the rate and transmit power of each user. To minimize
the total transmit power, we propose a power allocation and
location design based on the popular hybrid precoding method.
It is interesting to see that the optimal location of UAV can
be interpreted as a properly weighted location of all users,
particularly for the scenario with a typical pathloss exponent
of 2. According to numerical results, the proposed power and
location design also obtains great performance even if there is
estimation error for pathloss exponent.

The rest of this paper is organized as follows. System and
channel models are introduced in Section II. We then propose
a power allocation and location design for the UAV base
station and analyze the performance of the considered system
in Section III. Simulation results are presented in Section IV
before concluding remarks in Section V.

Notations throughout this paper are as follows. Upper and
lower case bold-face letters are matrices and vectors, respec-
tively. Italicized variables are scalars. ||-||» and (-)¥ represent
the Frobenius norm and Hermitian of a matrix, respectively.
| - | represents the absolute value of a complex number.
I stands for the identity matrix. CA'(y,0?) stands for the
complex Gaussian distribution with mean p and variance o2
diag(ay, ..., an,) refers to a diagonal matrix whose diagonals



are aj, ..., ap,.

II. SYSTEM MODEL

We consider a downlink massive MIMO UAV-aided wireless
communication system with one UAV equipped with M
antennas serving K single-antenna ground users. The UAV
is deployed as a flying BS located at (x¢, yo, H) where H is
a constant altitude, while the location of user k is denoted by
(zk, Yx, 0). At a proper altitude, we expect that the channels
between the UAV and users are dominantly LoS propagation.
To fully describe the characteristics of the wireless channel,
we write the multiuser MIMO channel as

hy = /M pBra(0k) (1)

where [, reflects the large scale shadowing, a(fy) denotes the
fast fading factor vector which models the propagation condi-
tion of the channel and 6} is the azimuth angle of departure
(AOD) of user k. Specifically, the large scale shadowing can
be expressed as

B =Pody* 2)

where « is the pathloss exponent, By denotes the channel
power gain between the UAV and users at the unit distance,
and dj, is the distance between the UAV and user k. Taken
the common uniform linear array (ULA) for instance, the LoS
channel can be represented by

a(0y) =

VM
j D User 1

Fig. 1: System model including a UAV and K downlink users.
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Due to hardware constraints, the UAV employs hybrid
beamforming where the number of RF chains is far less than
the number of antennas, i.e., Ngr < M. To enable multi-
stream communications, Nrp is assumed to be no smaller
than K, i.e., Ngr > K. Since RF chains are responsible for
a large amount of power, it is more practical to set Npp = K
for the UAV base station which can not afford too much power.

Assuming a block-fading channel model, the received signal
at all users is

y = HIFWPs +n 4)
where P = diag[\/p1, ..., /Pk| refers to the power allo-
cation matrix, F = [fi,....,fy,.] € CMXNrr and W =

[W1, ..., W] € CNrFXE are respectively the analog and dig-
ital beamforming matrices, H = [hy, ..., hx] € CM*X stands
for the channel matrix, s = [x1,...,2x]T ~ CN(0,1) repre-
sents the data vector, and n = [ny,...,ng|7 ~ CN(0,021) is
the noise vector. Note that we assume a fully-connected struc-
ture where each RF chain is connected to every antenna throuth
a phase shifter. Since the phase shifters can only change the
angles of signals, the i-th element of fj, is normalized as
| fril = ﬁ According to (4), it is not difficult to write the
received signal of user k as

vk = VPehf Fwis, + > hf Fwis; + 0, (5)
ik
where y, s and ny respectively denote the k-th element of
y, s and n.

Generally, the hybrid beamforming design is non-trival due
to the constant amplitude constraints of phase shifters. Here,
we would like to employ a popular idea to design hybrid beam-
forming which seperates the design into two stages [11]-[14]:
(1) The analog beamforming reaps diversity by maximizing
the signal power for each user while ignoring the interference
among users; (2) The digital beamforming is designed by a
linear precoder to manage the resulting multiuser interference.
In detail, the UAV fisrt maximizes the signal power by

fi = argmax |h £, |%. (6)

Then, the digital precoding is designed according to the
equivalent channel vector between the UAV and each user
which is

g =Fh. (7)

With the equivalent channels, we can write the zero-forcing
digital precoding as

V =G(GIG)! (8)

where G = [g1,...,8k]. Then, we normalize the digital
precoding to guarantee a transmit power constraints. It yields
Vi
Wi = e €))
[Evill 7

where vy, is the k-th column of V.

III. PROBLEM FORMULATION AND SOLUTION

Instead of maximizing the system rate, it might be more
practical for the UAV base station to minimize the transmit
power under the constraints of rate requirements of users. Note
that the location of UAV is related to channels which further
has impacts on the rate. Then, the problem is written as

min Ptotal (10)

{Pk}k{(:l »20,Y0

s.t. Ry > ., Vk (11
Lmin S Zo S Tmax; Ymin é Yo S Ymax (12)

K

where Piotal = Y. pi refers to the total transmit power,
k=1

[©min, Tmax] and  [Ymin, Ymax| respectively represents the

ranges of x-axis and y-axis of the UAV location, 7, denotes



the minimal rate requirement of user k and the rate of user &k
is represented by

Pk |thFWk |2

Ry = Blog
| 2 pibffFw; 2 + 02
7k

13)

where B is the system bandwidth.
To further simplify the problem, we would like to transfer
(10) to a problem with fewer optimization variables and
constraints. Since the power allocation is only concerned with
(11) and the UAV location is related to (11) and ranges of x-
axis and y-axis, we first focus on simplifying (10) by deriving
a simple expression to characterize the relationship between
the rate and {p;}< | in the following proposition.
Proposition 1: For the LoS case in massive MIMO with
hybrid beamforming, the rate for user k is approximated by
Mpi B >
5 .

n

Ry, = Blog, (1 + (14)

Proof: See Appendix A.
By substituting (14) into (11), we have the minimum
transmit power of user k as:
(27 — 1)o2

. (27 — 1)02
Mﬁk

de.
M By b

Pe = 5)

Combining Piota) = Z pi and (15), we have the following
=1
observation.

Observation 1: To satisfy the rate requirement of each user,
the total transmit power of UAV is concluded as

Z2Tk_ a

Remark 1: From Observatlon l, the minimum required total
transmit power, i.e., Piota1, increase linearly at least with %

With the beamforming design, we then need to optimize the
location of UAV, i.e., (xo,yo). The problem becomes

Ptotal

Mﬁ (16)

K
: o
min Z prdy, (17)
k=1
8.t. ZTmin < X < Tmax; Ymin < Yo < Ymax (18)

where pp = (27 — 1) is the signal-to-interference-plus-noise
ratio (SINR) requirement of user k.

Applying the Karush-Kuhn-Tucker (KKT) conditions, we
write the Lagrangian as:

K
L= Z pkdg + 71 (xmin — Zo

) + '72(1'0 - xrrlaX)
k=1
+ Y3 (Ymin — Y0) + V4(Yo — Ymax)- (19)
Then, the KKT conditions should be
8—L =0, a—L =0 (20)
Oxg Yo
Zmin < 20 < Tmax; Ymin < Yo < Ymax (21)
v =0 (22)
Y1 (Tmin — o) =72(T0 — Tmax)
= ¥3(Ymin — Y0) =74(Y0 — Ymax) = 0. (23)

Generally, the location of UAV satisfies that zn,;, < zg <
Tmaxs Ymin < Yo < Ymax Which indicates that v; = 0. Then,
we focus on (%LO which is expressed by

K
0 s
oL kz::1pk k
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where (a) uses dy = /(2o — 1)2 + (Yo — yx)? + H2. Simi-
larly, we can get

(Yo — yr)- (25)

Zl)k (d3)

8?40

By letting 3 aL =0 and aL = 0 and recalling that a > 0,

we get the necessa.ry COIldlthIlS

pi(d3)F D (zg — 1) = 0,

Mw

>
Il
—

pr(dp) 2

Mx

“D(yo — yx) = 0. (26)

=
Il

1

If we define the optimal UAV location as (x(a),ys()),
it should be the solution of (xf(a),ys(e)). It is difficult
to obtain a closed-form solution to (26) due to non-integar
exponents «. However, (26) can be efficiently solved by
existing software tools.

Moreover, we also get a closed-form solution to a special
case to (26) in the following observation.

Observation 2: If a = 2, the optimal location of the UAV
can be represented by

K K
> PETk > PEYK
mp(2) =, (2 == 27
> Pk > Pk
k=1 k=1
which is the weighted average location of users.
Proof: For a = 2, (26) becomes
K K
> pelwo—xk) =0, Y pr(yo—ye) =0 (28)
k=1 k=1
which simply leads to (27). [ |

Remark 2: When the pathloss exponent is 2, according to
Observation 2, the optimal UAV location could be concluded
as the weighted average location of all users where weights
are the SINR requirements.



TABLE I: Simulation Parameters

Parameters Notation Typical Values
Number of users K 4

Communication bandwidth B IMHz

The noise power density %;’ -169dBm/Hz

The channel power gain at Im | So 1.42 x 1074

The pathloss exponent « 3.8 (except Fig. 3)
UAV flying height H 50m

UAV x-axis range ZTmin, Tmax] | [0,100](m)

UAV y-axis range Ymin, Ymax] | [0,100](m)

IV. SIMULATION RESULTS

In this section, we provide some simulation results to
verify our derivation results in this paper. We consider UAV
base station and several ground users. The location and
rate requirement for each user is uniformly random dis-
tributed generated. Specifically, the locations of all users are
(54.2992,10.9633), (5.9691,43.7773), (65.8030,28.0230),
(88.9635,98.5246) (m,m) and the rate requirements of all
users are 8.7875,1.7832,4.3063, 5.1230 (Mbits/s). Other sim-
ulation parameters are shown in TABLE 1.

| All positions
@ x, @y
* X" (2hy(2)
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Fig. 2: Power consumption with M = 64 at all locations
(3.6354 mW at (z§(a), yg () = (60.0544, 26.4335), 3.8428
mW at (z5(2),y5(2)) = (56.8627,17.7469)).

We compare the total transmit power of the UAV base
station at all locations in Fig. 2. The minimal power obtained
by a exhaustive search (using the step as 1 (m)) is 3.6337
mW. It is discovered from Fig. 1 that the performance of
UAV at (z§(), y§(a)) is almost the same with that of optimal
location where the difference is % = 0.0468%.
Especially, even if « is far larger than 2 (o = 3.8),the power
cost at (z3(2),y5(2)) is also very close to (zf(«),yg(a))
with the difference 2:3428-3.6354  _ 5 7050%. Therefore,
it is acceptable to conclude (z%(a),ys(c)) as the optimal
location of the UAV base station and (z§(2), y;(2)) is a good
approximate location design with little performance gap to the
optimal location.

Fig. 3 demonstrates the total transmit power versus the
number of antennas at the UAV. It not only verifies that the
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Fig. 3: Power consumption versus M.

performance gap between (z(), yg(e)) and (z3(2),y5(2))
is small, but also shows that the derived (16) is very tight to
the exact total power consmption. Note that (16) is still very
accurate even if M is not large (M = 16). It is due to the fact
that the UAV location is chosen to adapt channels. If the UAV
location is optimized, the UAV intends to locate at a place
with high signal power and small interference where physical
channel paths are approximately orthogonal. In this case, it
is acceptable and appropriate to assume orthogonal channel
paths in (30) even if M is not large.
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Fig. 4: Power consumption versus a with M = 48.

In Fig. 4, we provide the total tranmit power of the UAV
base station with the varying channel pathloss exponent. It
is revealed that the transmit power should increase with «
to mitigate the growing signal power loss. Moreover, the
performance gap between (z(a), yg(a)) and (z5(2), y5(2))
also increases with a. Since (x§(2),y(2)) is optimal when
a = 2, the performance of o = 2 would deginitely quite close
to (z§(a),ys(a)) when « is close to 2. However, when «
grows and oo — 2 becomes larger, the performance gap between
(xg(@), y5(a)) and (x§(2),y5(2)) also becomes larger.



In the derivation part of this paper, we consider LoS
channels. However, in a practical system, NLoS (Non-Line-of-
Sight) channel paths also exist. In this section, we also provide
some simulation results over Rician fading channels where the
channel vector between the UAV and user K is expressed as

Kk LoS 1 NLoS
hy=,/——~nh \/—hy,
g 1+ kg kot 1+ kg k

hNLoS

(29)

where hﬁos is calculated according to (1), is randomly
by

S2
distribted as hYLoS ~ CN (0,122 1) and ky, is the
Rician K-factor of the k-th user channel. Especially, we
assume K1 = ... = Kx = k. If we only consider LoS channels
while designing the precoding and location of the UAYV, the rate
of each user can not approach the constraints, i.e., Ry < 7.
We denote R(«) and R(2) as the sum rate for the UAV at
(x§(@),y5(a)) and (§(2),y5(2)), respectively. 7 stands for
K

the sum rate requirements, i.e., 7 = . 7.
k=1

Fig. 5: Sum rate related to sum rate requirements versus s
with M = 48.

Fig. 5 illustrates the performance deterioration of the pro-
posed designs over Rician fading channels with varying x.
According to Fig. 5, @ and @ increase with x and
exceed 0.9 when k is larger than or equal to 4 (dB). It
implies that the performance deterioration is not quite large
when NLoS channel paths exist. Even when NLoS components
are not small and can not be ignored (x = 3 dB), the UAV
base station could still fulfill around 90% rate requirements.
Moreover, R(«) and R(2) are almost the same which indicates
that the performance of (z((2),ys(2)) approaches that of
(z§(@), y5(a)) over Rician channels.

V. CONCLUSIONS

The UAV-assisted communications with multiuser massive
MIMO hybrid beamforming is investigated in this work. With
a popular beamforming method, power allocation and location
designs are proposed to minimize the power while satisfying
the rate requirements of all users. Especially, when « is 2, the
optimal location could be denoted as the weighted average
location of all users.

APPENDIX A
PROOF OF PROPOSITION 1

For massive MIMO, the channel model can be well approx-
imated by virtual channel representation [15]

hy, = /M Bty (30)
where t, = a(f),) in which
0, = argmin |ék — Og|. 31
Gee (3,45, 2mAD,y

According to (6), the analog precoding for user k should be
fi, = ti which further yields F = [t1,...,tx]. From the
definition of effective channels in (7), we have G = HPF =
diag[v'M /By, ..., VM+/Bx]. Using (8) and (9), we caculate
W as 1. Substituting above expressions of effective channels,
analog and digital precoding into (13), the rate is approximated
by (14).
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