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Enabling UAV Cellular with Millimeter-Wave

Communication: Potentials and Approaches

Zhenyu Xiao, Pengfei Xia, and Xiang-Gen Xia

Abstract

To support high data rate urgent or ad hoc communicationscamsider mmWave UAV cellular
networks and the associated challenges and solutions.afdesfast beamforming training and tracking,
we first investigate a hierarchical structure of beamfognaodebooks and design of hierarchical
codebooks with different beam widths via the sub-array neghes. We next examine the Doppler
effect as a result of UAV movement and find that the Dopplezatffnay not be catastrophic when high
gain directional transmission is used. We further expldwe @se of millimeter wave spatial division
multiple access and demonstrate its clear advantage irowimy the cellular network capacity. We also
explore different ways of dealing with signal blockage aonthpout that possible adaptive UAV cruising
algorithms would be necessary to counteract signal blaekBmally, we identify a close relationship
between UAV positioning and directional millimeter waveeusliscovery, where update of the former

may directly impact the latter and vice versa.

Index Terms

UAV, millimeter wave, mmWave, UAV cellular, blockage, ustiscovery.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) have received increasttention in the past decadel [1],
[2], thanks to potential applications in reconnaissance;ffghting, aerial photo, remote sensing,

disaster rescue and others. For the above scenarios wheredaiffifrastructure network is
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Fig. 1. lllustration of a typical UAV cellular system.

destroyed or does not exist, it is important to quickly dgmoUAV cellular network to support
urgent or ad hoc communications for the ground and lowealétusers.

A typical UAV cellular network is shown in Fid.l1, where thedeastation (BS) is mounted
on a flying UAV in the air, and mobile stations (MS) are distitddd on the ground or in the
low-altitude air. The UAV BS may be connected with the temiak networks via a satellite
link or an air-to-ground wireless link. Typically, the tfaf between MS and UAV BS includes
circumstance information, control commands, and sensatg flom various sensors, e.g. camera
sensors[[1],[]2]. In many cases where the large video mangdraffic data from many camera
sensors need to be collected and sent back to a controlrsfatidast response, high data rate
communication links between the MS and UAV BS are desirdbde.this reason, we study in
the paper millimeter wave communications for UAV cellulag abundant frequency spectrum
resource exists in the millimeter-wave (mmWave) frequebnagd [3], [4].

The main difference between a mmWave UAV cellular networdk amegular mmWave cellular
network with fixed BS is that the UAV BS may move around. Henites challenges of a
regular mmWave cellular apply to the mmWave UAV cellular asllwincluding range and
directional communications, rapid channel variation, timuger access, blockage and othéls [4].
Some of the existing challenges are intensified due to UAV enmnt. For example, more

efficient beamforming training and tracking are needed tooaoct for UAV movement, and



channel Doppler effect needs extra consideration. UAV mo@ also gives rise to some new
challenges. For example, in mmWave UAV cellular network8yposition and user discovery
are intertwined. On one hand, with a fixed position, UAV woblel able to discover only the
nearby users. On the other hand, UAV needs to find all potargexs to serve to optimize its self
positioning. Some of other existing challenges may actuadl alleviated due to UAV mobility.
For example, blockage is a significant performance limifexgor for regular mmWave cellular
networks. In a mmWave UAV network, however, intelligentismg algorithms may be developed
to enable a UAV to fly out of a blockage zone and establish lingight communications with
an MS.

In this article, we investigate these key challenges in tineWwave UAV cellular and discuss
possible solutions. Section Il discusses mmWave wireléssel propagation characteristics,
including link budget challenges and channel modeling.tiSedll presents design of a full
hierarchy of codebooks to enable fast beamforming traiming tracking for mmWave cellular
networks. Section IV discusses the benefit of performing nawvd\spatial division multiple
access (SDMA) and illustrates the potential performancpravements. Section V addresses
how to deal with blockage in mmWave UAV cellular networks aBection VI discusses the

interaction between UAV directional user discovery and Ugdsitioning.

1. CHANNEL PROPAGATION CHARACTERISTICS

When considering a mmWave UAV cellular, an immediate camdsrthe extremely high
propagation loss, since Friis’ transmission law states$ the free space omnidirectional path
loss grows with the square of the carrier frequency. Foteipghe small wavelength of mmWave
signals also enables greater (proportional to the squatbeotarrier frequency) antenna gain
for the same physical antenna size [4]. Consequently, higtxgier frequency does not in itself
result in any increased propagation loss, provided thaativenna area remains fixed and suitable
high gain antennas (and thus directional transmissioreslaed at the BS. It is further shown
in [3] that if the MS uses a directional antenna as well, theeireed power of the mmWave
signals could be even higher than that of the low frequengyads. This indicates that mmWave
wireless communication does not necessarily suffer fronmla bbudget deficiency issue, and

also demonstrates the importance of transceiver beamigriowards mmWave UAV cellular

systems[[4].



High power consumption of mixed signal components as wekxgeensive radio-frequency
(RF) chains makes it difficult, if not impossible, to realiziél-blown digital baseband beam-
forming/precoding in mmWave communications. Instead|anheamforming/hybrid precoding
structures are usually preferred to support one or morarstteansmissions [5], where all the
antennas share a small number (much smaller than the nurhla@temnas) of RF chains and
generally have constant-amplitude beamforming/pregpdoefficients[[5],[[6]. Typically for the
MS one stream transmission may be used, which consists ngeed$RF chain andvy;s antennas.
For the BS to support multi-user communications, multatn transmission may be used, which
has Nrr RF chains andVgg antennas. TypicallyVgr < Ngs.

MmWave channels are expected to have limited scatterind@f#pnd multipath components
(MPCs) are mainly generated by first- and second-order tigftes; with different physical angles
of departure (AoDs) and angles of arrival (AoAs). Since thenber of MPCs is basically much
smaller than the number of antennas, the AoDs and AoAs arsespa the angle domain.
The mmWave UAV cellular channel may share the same model agudar mmWave cellular.
However, unique to a mmWave UAV cellular system is that theigenerally much less reflection
around the UAV in the air than the reflection around the mobger on the ground. Different
MPCs have very close steering angles on the UAV side and mayrdagoed into a very small
number of clusters, and the overall channel would be verysspm the angle domain. As a
result, compressive sensing based channel estimatioonagprsuch as [6], may be well suited
especially for UAV mmWave systems. An uplink wide-band timaeying continuous channel

model for a mmWave UAV cellular can be expressed_ as [7]
L(t)

H(t) = /NusNes Y Me(t)p(t — 7e(t))a(Nes, (1)) a( Nus, (1), (1)

where \,(t) is the complex coefficient of théth path, L(¢) is the number of MPCsp(¢) is

the raised cosine pulse(t) is the relative delay of théth MPC, ¢ () is the AoA at the BS,
while €,(¢) are the AoDs from the MS(+) is the steering vector depending on the number of
antennas and the steering angles. In general, only a very sumaber of strong MPCs may be
searched out to form beams between BS and MS. As a resultffdet ef delay spread may
be further mitigated by spatial beamformingd [4]. Moreovde channel coherence time is in
fact relatively long versus the packet duration in mmWavecnication (see Section 111-B);

thus the channel can usually be seen quasi-static. Hencsinfiplicity a narrow-band discrete



channel model [5],[6]:

L
H = /NysNes Y Ma(Ngg, ¥)a(Nys, Q)" 2)
=1

has also been extensively adopted.

I1l. FAST BEAMFORMING TRAINING AND TRACKING

In a mmWave UAV cellular, beamforming is required to steenal strong MPCs at both the
BS and MS to provide necessary Tx/Rx antenna gains. Compeéitadconventional mmWave
communications for static stations, the time constrainbamforming training is more stringent

due to UAV movement. Here we will discuss the challenges awndhsing solutions.

A. Hierarchical Beam Search and Codebook Design

Switched beamforming performs Tx/Rx joint beam search dasepre-designed codebooks.
An exhaustive search algorithm, which sequentially teite@nbinations of beam directions
in the angle domain and finds the best pair of Tx/Rx beamfagneimdewords, is conceptually
straightforward. Yet the overall search time is prohilatiwcostly due to the very large number
of candidate directions.

To reduce the antenna training time and associated overheaidrchial beam search schemes
based on a tree-structured beamforming codebook may beteatl@). A typical hierarchial
codebookF is shown in the left hand side of Figl 2 witN = 16 antennas (larger antenna
array may be needed in practice) and a degreé/of= 2. In the kth layer, there are\/*
codewords of the same beam width with different steerindesngnd collectively covering the
entire search space in the angle domain. wét, n) denote theith codeword in the:th layer,

n = 0,1,.., M*. Then the beam coverage ef(k,n) is approximately the union of the beam
coverage of thel/ codewords on thék +1)-st layer{w(k+1, (n—1)M +m)},—1 2, m- Right
hand side of Figl12 illustrates the training overhead comsparin terms of the required time
slots between the fully hierarchical scheme and the exivausearch scheme. It can be seen
that the complexity of the fully hierarchical scheme is #igantly lower than the exhaustive
search scheme.

To enable hierarchical beam search, we need to design aiéwirbhy of codebooks on all
layers. The challenge is how to design codewords with widerbeidth subject to the constant-

amplitude (CA) constraint. It is even more challenging whkea transmitter is constrained to
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Fig. 2. Left: The beam coverage of the codebook for the fully-hieraalhicheme, wherév = 16 and M = 2. Right: The
comparison of time complexity between relevant searchreeke where the numbers of antennas at the BS and MS are the
same (Va), M = 2.

have only one to two RF chains. A tree structured hierarchgaafebooks[[9] was designed
using brute-force antenna deactivation (DEACT), whereewideams are generated by turning
off part of the antennas. For mmWave wireless communicsafieaparate power amplifiers for
each antenna are usually employed to distribute the ovpmller amplification task across

multiple independent amplifiers. For the DEACT approack, tittal transmit power is usually

small due to the small number of active antennas (and hembetfee small number of active

power amplifiers).

Hybrid analog/digital beamforming/precoding was studied6], and the codebook design is
formulated as a sparse compressive sensing problem and enaghled using e.g. orthogonal
matching pursuit algorithms. Although multiple RF chaimeypde additional degrees of freedom,
good wide-beam codewords may be generated only when the eruaibRF chains is large
enough. When the number of RF chains is small, deep sinksd65Fwithin the wide coverage
have been observed, and degrade the overall training peafare.

A full hierarchy of codebooks was recently designed and teaNB Widening was achieved
via a Single-RF Sub-array, and hence the name BMW-SS. A cosgpaof the beam patterns
is shown on the left hand side of Figl. 3. Compared [9], BMW-SS approach is able
to form very wide beams, but not by turning off part of anteswrzend the associated power
amplifiers, and hence without sacrificing the total transpaitver. On the other hand for the

sparse codebooks inl[6], when the number of RF chains is sthalle exist clearly deep sinks
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Fig. 3. Left: Comparison of the beam patterns, whéfe= 32. L, = 1 for the Sparse approach in| [GRight: Comparison of
the success rated/ps = Nus = 32, L = 3, and the power of the LOS component is 20 dB higher than the $it@mponents.

within a wide beam coverage, and the sink is more severe wiemumber of RF chains is
smaller (in accordance with|[6, Fig. 5]). In comparison, tide beams of BMW-SS are formed
via only a single RF chain and does not suffer from deep sinkisinva wide beam coverage.
The right hand side of Fid.] 3 shows the comparison of the ssc(@etection) rate, defined
as the rate that the LOS component is successfully acquiregtie beam search process. It
is found that the BMW-SS approach achieves the best perfteaaCompared with DEACT,
BMW-SS has a significant SNR gain due to the larger number feaantennas. Both BMW-
SS and DEACT are able to achieve a success rate of 100% in INgh Bowever, the sparse
codebooks in[6] cannot achieve a success rate of 100% ev@ghrSNR, due to the deep sink

within the beam coverage.

B. Channel Variation and Beam Tracking
As UAV itself may be moving, one might initially think that Ppler spread would be high

and cause catastrophic effects to high rate transmissiuggose a UAV movement speed of
v = 20 m/s, a carrier wavelength of 5 millimeter, and an anglé ef = /3 for the angle between

the moving direction and the UAV-MS linking direction. Cantionally, the channel coherence
time may be approximated dg (v cos(f)/\) ~ 0.5 milliseconds and the Doppler spread may

be calculated agp = 2 KHz. This, however, may not be true in mmWave communicatiéss



shown in [4], the Doppler spread is actually a function ofriesrfrequency, mobile velocity,
as well as the total angular dispersion, while the last tea® ot been taken into account in
the conventional computations. According to the measun¢mesults therein, mmWave signals
generally arrive in a small number of path clusters, each witelatively small angular spread.
Moreover, directional transmission with narrow beams Wwitther reduce the multipath angular
spread. As a result, the individually resolvable MPCs wdly slowly although the overall
channel variation may be large. Similar observations ardema [10] that the realistic channel
coherence time depends on the beam width and would be mugdr kwvhen narrow beams are
formed between the transmitter and receiver.

To further improve the training/tracking efficiengypriori information regarding the distribu-
tion range of beamforming angles may be used. For examplegriain practices, the range of
the steering angles may be only a subseio?r). Another example is that in certain practices,
location of the MS may be available to the moving BS. Sagdiori information, together with
the UAV movement information (such as GPS location, moverdaection, speed) would help
further reduce the beamforming training and tracking ogach The hierarchical tree structure
of the codebooks may also be used to enable fast trackingeefisg beams. For instance, let
w(S,i) be the beam direction acquired after a beam training prodéss neighboring beam
directionsw(S,i — 1) andw(S,: + 1) may serve as short list candidates in the beam tracking
process. Overall, many important topics remain open for WAviWave beamforming training

and tracking.

IV. MMW AVE SPATIAL DIVISION MULTIPLE ACCESS

Due to the highly directional transmissions in mmWave, sigesm different directions may
be well separated using different spatial beams. Hencejpteutsers with different beams may
access the channel at the same time. This is generally knswspatial division multiple access
(SDMA), or beam division multiple access (BDMA) [11]. Thetically speaking, when the BS
is equipped withVyr transceiver RF chains and each MS is equipped with a singtesdeiver
RF chain, the overall multi-user capacity may be boosted oyouVgr times when SDMA is
used.

A critical issue of SDMA is how to group the users so that dédfe users from different

groups may access the BS at the same time, while not cauginiicant interference to each
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Fig. 4. Only users from different groups may access the dlasinthe same time in mmWave SDMA.

other. A simple yet practical strategy is to group users @ting to their AoDs, i.e., the steering
angles at the BS side, and only users from different spat@ligs are allowed to access the
channel at the same time. In particular, it is possible tadeéithe entire range of AoD#), 27)
into Ngg clusters, while each cluster may be represented by a codewothe S-th layer (cf.
Fig.[2). Each time when a user accesses the network, the beamchsprocess introduced in
Section IlI-A may be launched, and the cluster (angular)gndex for the particular user in
discussion may be found. Hence, all the users are natunallypgd according to the angle grids,
as shown in Figl]4. Note that the user grouping is not fixed,aib the UAV and the ground
users may move around. In practice, proper protocols nebd ttesigned for the BS to manage
the grouping information for all associated users.

The beamforming vectors for different users may be obtabsesktd on the grouping informa-
tion for all users. To illustrate this, suppose there@r@/ < Nrr) users within different groups.
After the grouping operation, the (BS, MS) beamforming ceadl@ pairs for thesé/ users are
found and represented Byw,,f,)}.—12. v, Wherew, is the beam combining codewords for
the u-th user at the BS sidd, is the beamforming codewords for theth user at the MS side,

each selected from their respective codebooks.H.gtbe the uplink channel respodsier the

lwith the per-user power constraint, the uplink transmissi® dual to the downlink transmission, which means similar

performance results can be observed for the downlink tresssom.
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(16 versus 1 antennas).

uth user according to channel model Eg. (2).

with {w,}Y_;’s and {f,}U_,’s as the receive and transmit beamforming vectors forlall
users, an effectivé/ x U uplink channelHr may be obtained a#lg; ; = wi'H;f;, and may
be estimated at the receiver side (BS side). For such an agoiv/ x U MIMO channel,
minimum-mean-square-error (MMSE) detection with extracessive interference cancellation
(SIC) receiver may be used [12].

The left hand side of Fid.]5 shows the total achievable ratdefuplink transmission in the
UAV cellular with mmWave SDMA/BDMA, where AoDs and AoAs follaisers are estimated,
user grouping is carried out using the BMW-SS codebook desigd an MMSE-SIC receiver
is used at the BS side. The bound rate is computed, where An®saAs for all users are
perfect, and the interference between the users are attifiéorced to be zero. As we can see,
slope of the mmWave SDMA performance curve is almost the sasniat of the bound rate.
This indicates that mmWave SDMA with proper user groupingdie to harness all the available
degrees of freedom in the spatial domain. The performanse rfelative to the bound rate is

mainly due to the SNR loss.
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An overall comparison of the multi-user capacity betweea tnmWave UAV cellular and
the low frequency UAV cellular is shown on the right hand safeFig. [3. The interference
between the users are ignored for both cellulars just asdbhadcomputation on the left hand
side of Fig[h. The capacity of the mmWave UAV cellularGspy = U By logy (1 + paa /U,
where By IS the signal bandwidthyyy is the received SNR of the LOS path incorporating
both antenna gains and propagation loss, @nid the number of users served by SDMA. The
ergodic capacity of the low frequency UAV cellular @& = E{4Byrlog,(1 + prr|h|*/4)},
where the factor 4 is the maximal number of users served by SIMLF due to the user area
constraint (4 antennas at the BS in this figurB) is the signal bandwidth, angr is the
averaged received SNR incorporating both antenna gaingaphgation lossh is a standard
complex Gaussian distributed variable to characterizeRi&geigh fading. From this figure we
can find that the mmWave UAV cellular provides significantigher multi-user capacity than
the low-frequency UAV cellular, and the performance immment mainly come from wider
bandwidth and the capability of more SDMA users.

V. BLOCKAGE

Depending on the deploying environments, the probabitigy there exists a LOS link between
the UAV BS and the ground MS, or the LOS probability, may vdiypically when the UAV is
deployed in rural areas, the LOS probability would be higlaexd when the UAV is deployed
in urban areas, the LOS probability would be lower due to mod#y more blockage effect.
Still the LOS probability of an air-to-ground link would begaificantly higher than that of a
ground-to-ground link due to the UAV elevation height. Fransystem point of view, an MS
may be in one of the three following states depending on th& Istate, i.e., the LOS state
during which a LOS link is available, the NLOS state duringiatha LOS link is broken while
a lower rate communication link is still present (possiliariks to reflection paths), and the
outage state.

One of the major challenges for the mmWave UAV cellular, aod &l mmWave commu-
nications in general, is the significant performance degfad in NLOS environments where
the LOS path is blocked by obstacles, such as human bodigdings and others. Extensive
measurement efforts have been carried outlin [3] and it isrted that around 200 meter coverage

is achievable for mmWave communications in NLOS environtsielespite the blockage effects.
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Similar observation is made inl[4], where the presence oérsdwdistinct clusters of NLOS
paths is reported. This is not entirely surprising sinceatth@ptive beam training algorithms when
properly designed has the ability to capture/track thengest available paths, which are typically
first-order and second-order reflection paths in NLOS emvirents. In[[1B], measurements have
shown that outdoor (where UAV mmWave communications tylpioaccur) building materials
are excellent reflectors, with the reflection coefficientaage as 0.896 for tinted glass.

Typically, the adaptive beam training algorithms may begtesd with the possible loss of LOS
path in mind and, other than the primary transmit/receiv@nibéom the LOS path, maintain a
short list of candidate transmit/receive beams, possioimfthe first- and second-order reflection
paths [14]. Different signal processing techniques maydezluo build the short list of candidate
beams, such as power iteration, compressive sensing, aeéssive interference cancellation
among others. Once the LOS path is lost, the short list of Bearay be pursued instead to
combat LOS blockage. Typically, choice of a lower modulatamd coding (MCS) scheme rate
is needed when one or more NLOS paths are used instead ofréa dOS path.

The blockage challenge is actually less severe for UAV @aigiibund mmWave communica-
tions, compared with regular ground mmWave communicati@rsone hand, because UAV is
high above in the air, there is almost no reflection happeoimghe UAV side. In comparison,
for regular mobile ground-to-ground mmWave communicajaeflection happens on both the
transmitter side and the receiver side because of theitivelalow elevations. As a result, the
overall reflection loss for UAV mmWave communications woblel smaller. More importantly,
UAV enjoys fundamental capability of moving freely in thedBnensional space, subject to
collision detection and avoidance. Hence, when the LOS Ipativeen the ground user and UAV
is blocked, adaptive cruising algorithms may be developechdve the UAV to a new position
such that a LOS path may be restored between UAV and the greserd In comparison, such
a LOS path restoration may be much more difficult, or even ssjie, for regular mobile
ground-to-ground mmWave communications. Moreover, sidé¥ is much easier to deploy,
compared with the ground BS, multiple UAVs can provide adddl diversities to combat with
blockage, i.e., when the LOS link between a user and the UAMdsked, the user can connect
to another UAV where the LOS path is available.
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VI. USERDISCOVERY

For conventional wireless networks, a broadcast signakersogically transmitted from the
BS. Initially, the MS need to scan the available channelg. (physical broadcast channels
PBCH) for broadcast signaling, which may include varioustey information such as regulatory
information, network capability, and managing informati@efore an MS is allowed to transmit
data to the MS, a random access procedure need to be cartiebh garticular, the MS may
transmit a random access preamble to the target BS, and tiveoBl8l respond with a random
access response, which would include various system anmotamformation, such as timing
advance adjustment, uplink grant etc. With the uplink grém MS may proceed to transmit a
radio resource control (RRC) connection request, and the&grespond with a RRC connection
setup response including the radio resource configuratifmmmation.

Such a user discovery would not work well directly for mmWai&/ communications. The
reason is that, to overcome significant path loss and impteweommunication range, mmWave
communications entail inherently directional transnaasiat least from the UAV side. Because
of the directional transmission/reception, the UAV may betable to hear the initial random
access preamble from the MS, or the MS may not be able to hedorttadcast signals from the
UAV. One possible solution is to let the UAV BS transmit mplé directional broadcast signals
in multiple directions over different time slots to mimic @amni-directional antenna pattern.
Thus, a PBCH-scanning MS would detect at least one diregtivansmission of the broadcast
signal, and may proceed to send a random access preambigaafie in a proper time slot,
during which the UAV may operate in a proper directional reéog mode. The BS may respond
with a directional random access response, including plysiming advance adjustment, uplink
grant as well as antenna sector information of the MS (natMS itself may transmit/receive
directionally). RRC connection request and response mégwicsimilarly. Drawback of the
above process is that multiple directional transmissisashacessary to perform user discovery,
and hence non-negligible overhead. To keep the user discawerhead under control, very
fine beam training is not recommended during the user disgatage. Instead, coarse beam
training may be used at this stage, while a finer beam traimag be performed afterwards,
before payload transmissions.

Unique to UAV mmWave communications is that the UAV positr@nintertwines with the
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Fig. 6. User discovery in a mmWave UAV cellular with re-pasiing.

user discovery. As illustrated in Figl 6, the UAV BS initialk positioned at point A and is able
to discover MS 1 and 2, at direction A1 and direction A2 resigely. Once the user discovery
of MS 1 and 2 is completed, it may be worthwhile for the BS tgaosition to point B, midpoint
of MS 1 and 2, to further improve the network performance. Waethis should be done is a
tradeoff between the network performance improvement duepositioning and the associated
signaling cost to maintain the network after repositionitigBS indeed decides to reposition
to point B after weighing the tradeoff, then BS need to updiagdirection of MS 1 and 2 to
direction B1 and direction B2 respectively. How to achiels tefficiently is yet to be defined.
Furthermore when the UAV repositions to point B, it may digmoa new MS 3 which was not
found at point A due to the limited range. At this point, the WAeeds to weigh again the
tradeoff between the performance improvement moving fr@mntB to point C (centroid point
of MS 1, 2 and 3) and the associated signaling cost to maiti@metwork of MS 1, 2 and 3.
In general, the UAV positioning and directional mmWave udiscovery may be carried out in

an iterative manner.
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VIlI. CONCLUSIONS

To support high data rate urgent or ad hoc communicationspwsider mmWave UAV cellular
networks and the associated challenges and solutions.rticydar, hierarchical beamforming
codebook structure is investigated as an enabling methodag beamforming training and
tracking. Numerical results demonstrate that the BMW-S&book design is able to generate
beams with different widths, corresponds to beams on éiffetayers, and achieves excellent
beam detection performance. It also scales nicely for vargel antenna arrays. Although the
overall channel itself may experience fast Doppler due t& WAovement, the major multipath
components are shown to undergo only slow variation thamkggh gain directional transmis-
sions. Millimeter wave SDMA is also investigated, whereedtional user grouping may be used
to classify users into different spatial groups, and onlgrusom different groups may access
the BS at the same time using SDMA. Significant capacity im@neent is possible and mainly
due to the large signal bandwidth and the use of SDMA in théiapdomain.

The blockage problem, a serious performance limiting fafbo regular mmWave cellular
networks, may actually be alleviated thanks to UAV movemértelligent cruising algorithms
need be developed to enable UAV to fly out of a blockage zonereestablish a LOS link to
the MS. Finally, the relationship of UAV positioning and mraVé directional user discovery
is studied. On one hand, with a fixed position, UAV would beeatol discover only the nearby
users. On the other hand, UAV needs to find all potential ugerserve to optimize its self
positioning. In general, the mmWave directional user discp and UAV positioning may be

carried out in an iterative manner to keep improving the oétwerformance.
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