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Abstract—In this paper, we investigate millimeter-wave attenuated. For UAV platforms operating at higher altitde
(mmWave) massive multiple-input multiple-output (MIMO) n et- s easier to establish a LoS link, which is ideal for mmWave
works with multiple unmanned aerial vehicle (UAV) mounted  ~ommunication.

base stations (BSs). Uniform planar arrays are equipped athte : . .
UAV-BSs to perform hybrid analog-digital beamforming (BF) Enabling UAV cellular with mmWave systems was first pro-

for compensation of the high path loss of mmWave channels Posed in [7], where the potentials, challenges, and preényi
and for mitigation of intra-cell and/or inter-cell interfe rence. We solutions for UAV-mmWave communication were discussed.

jointly optimize the UAV-BS positioning, user assignment,and  Recently, UAV-mmWave communication has attracted signifi-
hybrid BF for maximization of the achievable sum rate (ASR) = cant attention. The channel characteristics, channelsitiqu,

of the users, subject to a minimum rate constraint for each S .
user. A sub-optimal solution for the resulting high-dimensonal and communication design for UAV-mmWave networks were

and non-convex problem is developed by exploiting alternang ~ Studied in [8]. The authors of [9]_pro_pgsed a beam _tracking
optimization, successive convex optimization, and combittorial ~ strategy for UAV systems employing joint beam training and
optimization. Our simulation results verify the convergerce of angular velocity estimation. Besides, beam tracking sasem
the proposed aégor'thm g”d ?]emolf(‘s“ﬁte significant pGYFOLMTACSeR for UAV-satellite and UAV-to-UAV communication systems
gains compared to two benchmark schemes in terms of the " were investigated in [10] and [11], respectively. In [12havel

Index Terms—UAV communication, millimeter-wave, position- SPectrum management strategy for UAV-assisted mmWave cel-

ing, user assignment, hybrid beamforming. lular networks was proposed. The joint design of positignin
and analog beamforming (BF) was investigated for a single
|. INTRODUCTION UAV BS and for a UAV relay in [13] and [14], respectively.

Unmanned aerial vehicle (UAV) aided communication has Different from the works above, we consider a mmWave
been considered as one of the key technologies for beyandltiple-input multiple-output (MIMO) network employing
fifth-generation (B5G) and sixth-generation (6G) mobilé-nemultiple UAV-BSs to serve multiple ground users, which
works [1]. Due to their flexible deployment and low cost¢can be potentially used in the hot-spot and/or remote areas
UAVs can serve as aerial base stations (BSs) to enlatgeprovide large-bandwidth communication service. Hybrid
the coverage of the terrestrial networks and to improve tlamalog-digital BF techniques are utilized at the UAV-BSs to
quality of service (QoS) of the ground users. In the pasbmpensate for the high path loss of mmWave channels and
few years, significant research efforts have been dedidatedo mitigate intra-cell and/or inter-cell interference. fiee best
the optimization of UAV-BS aided wireless communicatiof our knowledge, this is the first work that investigates the
systems, including UAV placement [2], [3], trajectory dgsi deployment and optimization of multiple UAV-BSs employ-
[4], [5], and resource allocation [6]. ing hybrid BF structures in the mmWave frequency bands.

In general, a single UAV-BS can provide only limited useBpecifically, we jointly optimize the UAV-BS positioningser
coverage and access, while a cooperative network of meltiglssignment, and hybrid BF for maximization of the achiegabl
UAV-BSs can efficiently enlarge the coverage region arglm rate (ASR) of the users, subject to a minimum rate
increase the number of served users. Thus, we considecaamstraint for each user. The resulting problem is highlg-no
network of multiple UAV-BSs in this paper. Because of theonvex and involves high-dimensional variable matriced an
heavy traffic in the microwave frequency bands below 6 GHzpmbinatorial programming variables, where the positiohs
meeting the high-data-rate requirements of future molatec UAV-BSs impact both the amplitudes and the directivities
munication systems has become very challenging. To addreésthe mmWave channels between the UAVs and users. The
this problem, millimeter-wave (mmWave) communicationtwit proposed two-step solution novelly decouples the direetio
its large available bandwidth is a promising technology fdF portion from the original problem. We first develop an
application in UAV systems. Besides, UAVs usually suffeiterative algorithm to optimize the positions of the UAV-
severe interference from other aerial platforms because 8Ss and the user assignment under the assumption of ideal
corresponding channels follow the free-space attenuatimdr BF. Then, for the given positions of the UAV-BSs and the
el [1], [4]. The sparsity of the mmWave channels and thgiven user assignments, we alternately optimize the ari2ffog
directionality of mmWave beams make it possible to signifmatrices and the digital BF matrices to maximize the ASR of
icantly reduce the interference in UAV communications. Othe users. Our simulation results verify the convergence of
the other hand, the performance of mmWave communicatitre proposed algorithms and reveal significant performance
systems is highly depended on the existence of line of sigi#ins compared to two benchmark schemes in terms of the
(LoS) links because the non-LoS (NLoS) paths are highiSR. Furthermore, the proposed hybrid BF scheme is shown
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Fig. 1. lllustration of the considered multi-UAV-BS aidedwhlink mmWave w eredkg’n Iit 3 n 3)( oft entd user served by UIAV_ES
massive MIMO network. m an m = [dm, m,2," ", m,Nrr)- AS @ result, the
achievable rate of usé,, ,, is given by
to closely approach the performance of fully digital BF. R = logy (14 Ymn) - (4)

To maximize the ASR of the ground users, we formulate

. SYSTE_M M_ODEL AND PROB_LEM FORMUL_AT'ON the following problem for joint optimization of the UAV-BS
As shown in Fig. 1, we consider a downlink mmWaveyositioning, user assignment, and hybrid BF:

network whereM UAV-BSs are deployed to sen& single-
antenna users. The UAV-BSs are equipped with uniform{vm,cfixmpm} Z Z Runn (52)
planar arrays (UPAs) employind = N, x N, antennas S mEMIsng|Ky|
fully connected withNgry radio frequency (RF) chains via s.t. || = Nrr, Vm, (5b)
NgrrN phase shifters [15]. The sets of UAV-BSs and users U Co—K (5¢)
are denoted as\t and K, respectively. In this paper, we mo
assumeK = M Ngrpr. The user set served by UAV-B& meM
is denoted byK,,, where we assuméfC,,| = Nrr and ‘[Am]" — 1 Vm, i, j (5d)
U K.. = KL The horizontal coordinates of useare given vl N T T
meM 2
by uy = [zk, yx] € R?*L. We assume that the altitudes of the [AmDmnl[p < P, ¥m, (5€)
UAV-BSs are fixed toH, and the horizontal coordinates of Rin 2 7Tmn, Ym, 1 <n <|KCyl, (5f)
UAV-BS m are denoted by, = [X,,, Vyn] € R2XL, where constraint (5d) is the constant-modulus (CM) coimdtra
At each userk € K,,, the received signal is given by on the analog BF matrices. Constraint (5e) ensures that the
S _1H HAD.. transmit power of each UAV-BS cannot exceed a maximum
U = By pAmDmsm + 3 WA Djs; + (1) value P. Constraint (5f) guarantees that the achievable rate of

j#Em N : ‘
. each user is no less than the required rate,. Problem (5) is
N >
whereh,, ,, € CV*1 is the channel vector between UAV-BShighly non-convex and cannot be directly solved via exigtin

m and userk. ()" denotes the conjugate ranspo#e,, € _gptimization tools. Thus, we develop a sub-optimal sofutio
C™* e andD,, € CTrr e are the analog and digital BF toy (5) in the next section.

matrices of UAV-BSm, respectivelys,, ~ CN(0,Iy,,) is

signal transmitted by UAV-BSn, whereCN(T',X) denotes I1l. SOLUTION OF THE PROBLEM
Gaussian distribution with meah and covariance matrix,
andIy,, € RVreXNrr js g unit matrix. Each element ef,
represents an independent data stream intended for one
andn ~ CN(0,0?) is the noise at usek.

We assume the UAV-to-user links are LoS and negle
the NLoS components which are typically more than 20 d
weaker than the LoS components in the mmWave band. Henge, 1; 3 . ;
the channel vector between UAV-B& and uselk is modeled AP Joint UAV-BS Positioning and User Assgnment

In this section, we first optimize the UAV-BS positioning
L@%‘? user assignment under the assumption of ideal BF. Then,
given the positions of the UAV-BSs and the user assignment,

propose an alternating optimization algorithm for ojigten

n of the analog and digital BF matrices.

as [7]-[11] Since the high-dimensional and highly coupled BF matrices
Bo make Problem (5) intractable, we first assume ideal BF to
h,, . = e ayd VNa(0y . émi),  (2)  simplify the original problem. According to antenna theory
( jr [V = ukll2) . the array gain of a user is maximized if and only if the stegerin
where 5, = ;% denotes the channel gain at referencgector for the channel between the user and its serving UAV-
distancedy = 1 m, ¢ is the constant speed of light,BS is used for BF. Hence, we define ideal BF as follows.

and f. is the carrier frequencya > 2 is the large-scale o _ _
path loss exponent for mmWave Signﬂ&,k and ¢m,k are Def!n|t|0n 1. (Ideal BF) FOI‘ ideal BF (_WhICh may not be
respectively the elevation angle of departure (AoD) and thglizable), the full array gains are obtained for the target
azimuth AoD of the LoS path between UAV-BS: and signals, while all interference is completely eliminated, i.e.,
userk [14]. a € (CNXd1 is the UPA steering vector given ‘hH Aidgid BENDPm.n
_ 1 127 <% cos O[(n,—1) cos ny—1)sin T H M,km n>m-m,mn /2’
by a(6,¢) = [ [(na—1) .¢+( ) .fb]] with (H2+||v T Hz) /2
1 <ny <N, 1<n, <N, whered is the spacing between m km.nll2
2 2
H idyyid
+ Z th=k'm,nAj D] ‘

obtained by improving the proposed solution and will be used in our i#n j#£m
future work. (6)

M,k n T om=m,i *Oa

H id qid
1When the users are not equally clustered, a generalizednscian be Z ‘h Ajd

2



B : 2 . . H2+ m— 2 2
where p,, = _]A;ﬁ}d,}gmuzls the signal power for user 2 log, — ||(th1)“’“"*””22, and g0 = ¥, As can be
km,n- A;;ll and D#L = [d;;lL.la d;;lL.Qv T ,d},;ib | \] aretheideal " +||vm Temonlly .
analog and digital BF matrices, respectively. observed, bothf,, , and R,,, are convex with respect to

2 2 . .
m — . Furthermore||v,, — is convex with
Substituting (6) into (3) and (4), we obtain an (non‘-IV W HVA W

achievable) upper bound for the achievable rate of éggy, respect tovy,. ThUS, fiy 5 and K, can be lower-bounded

as follows by their first-order Taylor expansions at poirf, ", i.e.,
BN Jfmmn 2 Am,n(VSrtL_l) - ukm,n)T(Vm - V’EYtL_l)) (12)
Rm,n = 1Og2 1+ 0 Pm.n 5 a/2 . (7) + Bm,n £ F'rn,n;
(H2 + ||V"” - ukmvn ||2) 02 Rm,n Z Cm,n(V%_l)*Uk,,,L,,,L)T(Vm*VS,tL_l)) = Tm,nv (13)
Next, we optimize the UAV-BS positioning and user as- 5 (t=1) o1
signment for maximization of the upper bound in (7). Le\thgge A’;’" = f:E{{ + v ) ;/Qu’“mm'HQ) » B = iJr
P = [PmtsPm.2,+ »Pm.Nme] T denote the power allocationgozzﬁvf)(H + an; . Wiy, [12)*7, @NA Crnin = —al(H” +
vector of UAV-BSm. Problem (5) is simplified as follows 1Uv|in — Wk, ll2)"" In2. Then, Problem (11) is relaxed as
_ ollows
max Z Z Rm,n (8a)
Kb} max S0> 0 logeTomm + Tonm (14a)

MmEM 1<n<|Kn, |

.t. 5b), (5¢ 8b
° (_ ) (5¢) (8b) st logy (Tmn) + Tmn > Tmon, Vm, n, (14b)
Rm,n > Tm,n, Vm, n. (8C) 7 9 7
Problem (8) is still a combinatorial programming problem va — vﬁffl)Hz <dY, vm. (14c)

and involves highly coupled variables. We propose an el‘ftcieNOte that i
iterative algorithm for solving this non-convex problenirsk . - (t—1) .
the users are clustered indd groups based on their horizontaSMall neighborhood of point;, y Hence, constraint (14c)
coordinates by employing the K-means algorithm, where ti introduced, where parametéf”) represents a radius of a
summation of the Euclidean distances from the cluster centgPherical neighborhood and gradually decreases during the
to their assigned users is minimized. The initial horizon (tgatlons(t'[f)l)guarantee convergence. One possible chsice i
positions of the UAV-BSs are at the cluster centers, white tff. . = d" ")/r1, wherer; > 1 is the step size for the
initial user assignment corresponds to the users in theerlus'€duction of the radius. Problem (14) is convex and the cgtim
Then, we start an iterative process as follows. solution vlfn) can be obtained by using convex Optimization
1) Power Allocation: For given{v(: " k{.~"} obtained tools such as CVX. _ © (e1) (0
in the (t — 1)th iteration, the power allocation vectors of 3) User Assignment: For given{vy,’, i ", pm }, the us-
different UAV-BSs are mutually independent. For UAV-Bg  €r assignment variables are optimized by solving the fatigw

nequalities (12) and (13) are only valid in a

we solve the following problem: problem:
max Y R (9a) max > > Run (15a)
" 1<n<|Km] mEM 1<n<| K |
st. Rmn > Tmn, Vn. (9b) s.t. (5b), (5¢) (15b)
Problem (9) is a standard concave problem with respect to R > T, Ym, n. (15c)

pm- It can be solved by utilizing the water-filling algorithm. Problem (15) is a combinatorial programming problem. We
The optimal solution for power allocation in closed form iglefine a swap matching operatig#, (m # j) where user

given by km,» and userk; , switch their serving UAV-BSs while the
) 1 2™mn —1 other users’ assignment remain unchanged. If a swap matchin
P = 108X 4 Am = gmn Gm : (10)  operationyi:¢ . increases the objective function (15a) for given
m,n m,n (t) (t) ’ . . g .
_ BN . {vw, pw’ } and satisfies constraint (15c), we caj}?,, a valid
where g, = (H2+ v,gﬁ—m_oukm.” *ya/242 and Ar, is chosen swap, and the corresponding user assignment is Lchanged, i.e
to satisfy pgfb),n _p Km(n) = ICj(q)_, if o, i_s a valid swapym ;é_j. (16)
1<n<| K| If all swap matching operations have been considered but no
2) UAV-BS Positioning: For given {vﬁffl),lcﬁﬁ_l),pﬁﬁ)}, valid swap was found, a sub-optimal solution of Problem (15)
the positions of the UAV-BSs are optimized by solving thé obtained given byc;?. The overall algorithm for solving
following problem: Problem (8) is summarized in Algorithm 1.
max > > Run (11a) B. Hybrid BF Design
o meEMISng|Kn| After obtaining the solution for the UAV-BS positioning
st.  Rmn > Tmmn, VM, n. (11b) and user assignment, we optimize the hybrid BF matrices

Problem (11) is not convex due to the non-conve@ approach ideal BF. For givefv,,, K, }, Problem (5)
form of R,.,. To tackle this problem, we exploitsimplifies as follows
successive convex optimization. The achievable rate max Z Z R (17a)
in (11) is rewritten asR,,, = logy fmn + Rmn {Am,Dm} M 1<K ’
(H2+lvin =k, , 13" ?+90pm,n 4 "

. R = st.  (5d) (5e) (5). (17b)

(H2 v —ug,,  15)e/2

where fn. =




Algorithm 1: Joint UAV-BS positioning and user assignment provide only a sketch of the proof for Theorem 1 as follows.

L: Initialize {v(, K13} using K-means algorithm. Let= 1. Proof: For the given optimal solution of Problem (19),

z repzat ® g or i we assume that there afe + 1) elements whose modulus
3 Up(ftﬁ{p(';,}l)accor ing to (10) for given are strictly smaller thant. We keep the othefN — r — 1)
{vin 7, K '} elements unchanged and keep the arguments of the magnitude

4 Upgaimtg{v%’_}l)by 3?'“”9 (14) for given operator| - | in constraints (19b) and (19c) the same as the
{vim JC@’) Pm - _ values achieved by the given optimal solution. Since thé& ran
5: Upg?tegc_ql)} ﬁ(‘gcord'”g to (16) for given of H,,., is 7, we have one additional degree of freedom for
{vi', Ko P }- adjusting the values of the + 1) elements. Hence, we can
6: Updatet < ¢ + 1. o _ always find a new solution of Problem (19), which achieves a
7: until Increase of the objective value is below a threshald

larger value of the objective function in (19a) or has at most
r elements not satisfying the CM constraint. This completes
In Problem (17), the analog and digital BF matrices ande proof. [
highly coupled, and the CM constraint on the analog BF
matrices in (5d) is highly non-convex. These two aspectg pos Note that Problem (19) is not a convex optimization
the main challenges for solving Problem (17). To address thiroblem because a convex objective function is maximized.
issue, we propose an efficient algorithm which alternatgly oTo address this isssue, the objective function is rewritten
timizes the analog and digital BF matrices. First, we ilit&@ as ‘hg o Andlnl ‘hg fr o Am o [dS )0 + c‘ where
each column of the analog BF matrices with the steering vecto ' """y © (4t=D1 1 vH (t—1)F 1(t—1)
corresponding to the served user and initialize the digal © — i%:_lhm»knwam,i[d"w Ji + i>;+lhmykm,nam,i [dim.n]i
matrices as diagonal matrices, i.e., is a constant. According to the triangle inequality, we have

[Ag)]:,n =a (Gm,km,na Qbm,km,n) ; VTﬂ; n, h;, Amdgtjnl) < ‘h?n,km,namvn[dgljnl)]n‘ + |C| where e-

"%kvnm,
© _ VPIngg v (18) quality holds if and only ifh! , nam,n[dg,t;,})],n and ¢
T AnlE m. have the same phase. Thus, the ob_jective function in (19a) is
Then, we start an iterative process as follows. replaced bYR(hY, ;.. &m,n[din e 7" + ce ™) whereR(:)

. - - , . denotes the real part of a complex number ancepresents

1) Analog BF: For given{A'\,™" D" obtained in the : . piex :
(t—1)th iteration, we optimize each column of the analog e phase ofe. With this modification, )Problem (19) Is a
matrices in a successive manner. For thi column ofA,,, CcOnvex problem and the optimal solutiaff.,, can be obtained

i.e., an ., we formulate the following problem: by using CVX. After solving Problem (19) for al,, ,, the
' modulus normalization is performed as follows

max hEz,km,nAmdgrtL;Ll) (19a) [a(t) ]
e _ [AD]in = ———a— Ym, n, i, (20)
st bl Andl)| <0l Vign,  (19D) VN [amn]il
‘hg,kj,qud%Tnl) <y, .. Yi#m, Yg, (19¢)  2) Digital BF: For given{AY), D!}, we optimize the
1 digital BF matrices by solving the following problem:
|[am7n]i| < \/—Nv VZ, (19d) {I]nDa}i Z Z Rm,n (213)
where Am = [a(t)lv e 7a(t) —1>Qm,n, a(t_lJ)rlv e 7a(t_]\17) ] " meMisns|Cml
The objective function in (19a) is designed to maximize the st (5e) (5f). (21b)

effective channel gain of theith user served by UAV-BS

m. Constraints (19b) and (19c) limit the intra-cell and inter Problem (21) is a non-convex problem becausg ,, is

cell interference, respectively. Parametgy,, . . is an upper NOt convex with respect t4D,,}. We propose to use the
bound for the interference at usgy, caused by the signal following approach to address this problem, which is based
intended for userk,,,, which gradually decreases in theon the important relation between the SINR and the minimum

course of the iterations. One possible choicey{s, ,, = Mean squared error (MMSE) [16].

‘hﬁ,kj,qASi Vdiy.l| /r2 wherers > 1is the step size for the | 4 single-tap equalizer is employed at the users, the mean
reduction of the interference. The CM constraint for thel@ga squared error of usek,, , can be expressed as

BF matrices is relaxed to the convex constraint shown in19d 2

In fact, this relaxation has little impact on the performeuné Emn = E [Hcmvnymm - Sm=”||2}

the achievable rate as shown in the following theorem. 2

2 (22)

2
+ |Cm,nal2 )
2

i H T
= Cm,nh D'rn — €,

m,km,n

Theorem 1. There always exists an optimal solution of
Problem (19), where at most r = rank(H,, ,) elements do not n Z ‘
satisfy the CM constraint with H,, ,, = [h; ¢, (J,¢) € Jm.n) iZm

and Tmn ={(J,0) | kj.g € K, kj,g # kmn}- where ¢,,, , is the equalization coefficient of the single-tap

A proof for the case = 1 has been provided in our previousequalizer at usek., . hj,, , = hj,k,,,L,,,LAjét) represents the
work [14, Appendix A]. Forr > 1, a similar proof can be equivalent channel after analog B&, € RVrr*1 is a vector
constructed using the same approach. Due to the page limit,with a one as theth element and zeros elsewhere. The MMSE

i H
C'rn,nhﬁkmynDj




can be achieved as follows

PR
[
5 o
r

R * R 2 -1
= (A1, 05 ([R50 600 )
(23)

whereg, = 52 b, . dui '+ 2 1B, DV [E-+0"

-

[

N}
T

m,i Jikm,n

i#n m
(-)* denotes the conjugate. Subs{ituting (23) into (22), we can
find that the following equation always holds, i.e.,

Coun (1 + 7m7n>_1 ) (24) 104 |

LetC = [emn, 1 <m < M,1 <n < Ngrgp|. Then Problem 102,
(21) is equivalent to

Achievable sum rate (bps/Hz)
5

Em,n

—O— Alogrithm 1 | |
—%— Algorithm 2
|

. 0 2 4 6 8 10
{]II)I,{LI?,C Z Z 1Og2 Em,n (253.) The number of iteration
meM 1<n<| K|
s.t. (56), (25b) Fig. 2. Convergence of the two proposed algorithms foe= 20 dBm and

N =16 x 16.
Emn < 270, (25c)
Problem (25) is still non-convex. We introduce an auxiliarideal BF. The hybrid BF problem is then solved by utilizing
function(wm. ) = 2% ~te,, , — U , Which is minimized Algorithm 2 under the given positions of UAV-BSs and user

at the following point assignment. Note that the proposed solution is a centdalize
Upyp = — 108 Emn + 1, (26) Sstrategy, which can be realized by centralizing the contjmrta

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 thoK and L, K?, respectively.L
0 andL; are the maximum numbers of iterations of the K-means
min Y (@ lemn —umn) (27a) initialization and the swap matching, respectively. In ég
Db CU 1 <nzn] rithm 2, the maximal complexities of calculating the analog
s.t. (5e) (27p) and gigital BF matrices for each iteration afé K N*-°) and
e O(Ngr), respectively. Denote the maximum numbers of iter-
Emmn S 277 (27¢)  ations of Algorithms 1 and 2 &8, andT%, respectively. The
To find a sub-optimal solution of Problem (27), we aloverall computational complexity of the proposed algarith
ternately optimizeC, U, and {D,,} in the course of the is O(LoK + Th1L1K? + To(KN3° + Nig)).
iterations. For glven{Ag,ﬂ),D%ﬁ D1 we obtain the optimal IV. PERFORMANCEEVALUATION
C® according to (23). For give@®, we obtain the optimal _ . S ,
U® according to (26). For givel{Aﬁ,?}, c® andU®, In this section, we provide simulation results to evalubte t
Problem (27) is a convex problem with respected{i,,,} performance of the proposed algorithms. There &re= 12

. (t) . _ users uniformly distributed in @ x 1 km* region. M = 3
and the optimal D,y } can be obtained by using CVX.  ay.BSs are deployed at a fixed flight altitude &F = 150

_ The_ overall_ algorithm for solving Problem (17) is SUMM3s, The number of RF chains for each UAV-BS Mgy = 4.
rized in Algorithm 2. The carrier frequency i. = 38 GHz and the large-scale
path loss exponent is = 2.3. The average power of the white
Algorithm 2: Hybrid BF Gaussian noise i8> = —110 dBm. The termination thresholds
R ©) 1~(0) . — of Algorithms 1 and 2 are set tg = e = 0.05 bps/Hz. The
5 ranaar s A, D} according to (18). Let = 1. iniial radius of the spherical neighborhood in (L4c) is et
j ® . . d® =100 m. The step sizes are settg@ = 1.4 andxy = 2.
¥ ?X(??f%{?;{i}lﬁy solving (19) for given Fig.. 2 illustrates the convergence of the two proposed
Normalization of analog BF matrices according to (20). algorithms for P = 20 dBm andN = 16 x 16. As can be

with minimum valuex(ug, ,,) = 10gs € n.
Let U = [ummn,1 < m < M,1 < n < Nggp|. Then,
Problem (25) is equivalent t

4: . .
) () ; : ) 1) observed, both proposed algorithms converge after 5iibersat
o UpdateU® according to (26) for giverct, "/ The performance gap between the upper bound for the ASR
7. Update{D{?} by solving (27) for given{A"}, C®, obtained with Algquthm 1 (.e., fche summaﬂonﬁmm in
and U® (7)) and the. practical ASR ob;amed with Algorithm 2 (i.e.,
8 Updatet « ¢ + 1. the summation of,, ,, in (4)) is very small. These results
9: until Increase of the objective value is below a threshgld demonstrate that the optimization of the UAV-BS positignin

and user assignment under the assumption of ideal BF is rea-

sonable, and the proposed hybrid BF strategy can effegtivel
Hereto, we find a sub-optimal solution for the UAV-BSapproach the performance of ideal BF.

positioning, user assignment, and hybrid BF for the comsile  Fig. 3 compares the ASR performance of different methods

multi-UAV-BS aided mmWave massive MIMO network. Theas a function of the transmit power at the UAV-BSs fér=

joint UAV-BS positioning and user assignment problem i$6 x 16. Three benchmark schemes are considered, namely a

first solved by utilizing Algorithm 1 under the assumption ofully digital MIMO system with zero-forcing based digitalF3
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the signal-to-leakage-plus-noise ratio (SLNR) based iyl

scheme proposed in [15], and random UAV-BS positioning

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 maximizatiarf
the ASR, subject to a minimum rate constraint for each user.
To solve this severely non-convex problem, we first devedope
an iterative algorithm which optimizes the UAV-BS positilog
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 matricedlie
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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