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Abstract—The point-to-point and point-to-multipoint commu-
nication features in the IEEE 802.11ay make it possible for
unmanned aerial vehicles (UAVs) to form a UAV mesh network
(flyMesh). In an 802.11ay based millimeter-wave (mmWave)
flyMesh, many challenges are brought by the collaborative
interactions of UAVs and the beam misalignment of the direc-
tional communication links. This paper studies how to guarantee
the robustness of the mmWave flyMesh with respect to beam
management and network self-healing. Firstly, to cope with
the problem of beam misalignment between UAVs or between
the UAV group leader and relay Base Station (rBS)/satellite
caused by the movement of UAV(s), we propose a fast beam
tracking mechanism. Secondly, in order to solve the problem
of link failures due to departures of some UAVs from the
group or failures, the self-healing mechanism is proposed to find
alternative links to restore the network capability. Finally, to deal
with the dynamic group leader changes of UAVs due to mobility,
we propose an efficient UAV group leader re-selection mechanism
to reduce the overhead of UAV group management. Through
performance analysis and simulation, we demonstrate that our
proposed mechanisms can effectively address the aforementioned
problems and challenges.

Index Terms—unmanned aerial vehicle (UAV), mmWave net-
work, beam management, beam tracking, self-healing.

I. INTRODUCTION

URING the past decade, the miniaturization and low cost

have made unmanned aerial vehicles (UAVs) popular in
public. Due to the flexible landing, UAVs are used to support
various services, such as data collection from remote and
dangerous or inaccessible areas, surveillance and monitoring
tasks, light cargo delivery, and especially disaster rescue [1]-
[4]. Therefore, there is no doubt that UAVs have tremendous
market potential. However, the sustainability, stability, reliabil-
ity, and coverage of a single UAV have various limitations, and
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frequent interruptions of services will occur if we frequently
use a new UAV to replace the failed one to continue the task.
Thus, the collaboration of UAVs by forming a UAV mesh
network, namely, flyMesh, has become an interesting research
topic [1]-[5]. The inter-connection between different UAVs
can achieve a fully connected network of UAVs. Thus, the
reliability and coverage of the flyMesh can be guaranteed.
For example, in disaster rescue, when some UAVs become
damaged or depart from the network, the rest of the UAVs in
the flyMesh can quickly reconfigure itself and continue with
the mission. Hence, the operations of the entire flyMesh will
not be greatly affected.

The acquired data may be transmitted to a relay Base
Station (rBS), an airship, or a satellite (for simplicity, we
use ‘rBS’ to represent ‘relay Base Station, airship or satellite’
throughout this paper) by the UAV group leader, and then
the rBS transmits the data to a Control Center. A flyMesh
can also provide emergency communication services when
necessary [1]-[4], [6]. However, a large amount of spectra
will be needed when a huge amount of data is acquired by
UAVs to be transmitted between UAVs or between the flyMesh
and rBS. Limited by the available spectra in microwave
band (e.g., sub-6GHz), it is almost impossible to guarantee
ultra-high-speed and real-time transmissions over the flyMesh.
Fortunately, there are large available spectra in millimeter-
wave (mmWave), which makes it possible for the flyMesh to
provide ultra-high-speed transmissions [7]-[10]. However, due
to the severe path loss over mmWave band, the communication
distance is short. In order to increase the communication
distance over mmWave band, beamforming technologies are
needed to concentrate the transmit power over a narrow beam
to realize directional communications [7]-[10]. Recently, Ge et
al. proposed an orbital angular momentum spatial modulation
(OAM-SM) mmWave communication system in [11], which
can achieve longer-range transmissions than the conventional
multiple-input multiple-output (MIMO) mmWave communi-
cations. Besides, due to the mobility and high altitude of
UAVs, it is possible to form line-of-sight (LOS) paths among
UAVs to leverage the beamforming technologies in mmWave
communications.

In fact, the wireless local area networks (WLANSs) based on
IEEE 802.11ad [12] and 802.11ay [13] have already tapped
on the mmWave (e.g., 60 GHz) to support point-to-point and
point-to-multipoint communications. Thus, the beam manage-
ment mechanisms of the two aforementioned WLANSs can
be easily adopted into the flyMesh. Therefore, in this paper,
we study the flyMesh based on the 802.11ad and 802.11ay.
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However, there are many design challenges when adopting
directional communications in mmWave WLANS, particularly
in our mmWave flyMesh:

o Considering that the mmWave flyMesh is deployed in the
sky, the relative position between UAVs is changing fre-
quently, which requires frequent beam tracking between
the UAVs that have established communication links to
ensure real-time beam alignment, and thus providing reli-
able and ultra-high-speed wireless transmissions. Since a
UAV’s life time is limited by the battery [4], [6], frequent
beam training may waste precious data transmission op-
portunities. Therefore, fast beam tracking methods should
be developed in order to effectively harness benefits of
the mmWave flyMesh.

« In some specific circumstances and scenarios (e.g., dis-
aster areas, etc.), some UAVs may fail to function nor-
mally because the mmWave flyMesh is vulnerable to
the impacts of various environmental or physical factors.
Significant changes of the whole mmWave flyMesh topol-
ogy due to the invalidity of individual UAV should be
avoided, otherwise almost all UAVs need to redo their
beam tracking with their surrounding UAVs. Therefore,
efficient network self-healing methods are needed to
guarantee the Quality-of-Service (QoS).

o A UAV group leader should be selected as the gateway
to connect with the rBS for data transmissions. However,
the relative position between the UAV group leader and
rBS may change frequently due to the movement of
the mmWave flyMesh in the air, and the backhaul link
between the UAV group leader and rBS may not provide
a high transmission rate due to its poor channel quality
[5]. Thus, UAV group leader re-selection is needed to
ensure ultra-high-speed backhaul link transmissions.

There exist some works tackling the aforementioned chal-
lenges. Wang et al. proposed an efficient gateway-selection
algorithm and management mechanism for multi-UAV based
heterogeneous flying ad hoc networks, based on the observa-
tion that the gateways constitute the bottleneck and limit the
network’s reliable connectivity and stability [1]. Tang et al.
in [5] proposed a game theoretic approach based on partially
overlapping channels assignment to address the problems of
dynamic topology and high mobility of nodes in combined
UAV and device-to-device (D2D) based networks. Takaishi et
al. in [14] proposed a virtual cell based resource allocation
scheme to solve the wireless-communication conflicts when
several unmanned aircraft systems are operated within the
neighboring airspace. However, all these research works are
based on microwave band while the directional transmissions
in mmWave band will bring more challenges. In addition,
the large available spectra will make resource (especially the
frequency) allocation less significance in mmWave band. For
the mmWave based flyMesh, beam management is important
to maintain inter-connection between mmWave UAVs. The
IEEE 802.11ad and 802.11ay develop a two-phase beam
training method as described in our previous works [15]-
[17]. An efficient beam tracking scheme was also introduced
in [12], [13], where the beam tracking initiator can append

training (TRN) units to data frames to perform flexible beam
tracking. Although the current relevent methods can address
some challenges of the mmWave flyMesh to some extent,
these methods have not fully addressed the reliability of the
mmWave flyMesh.

In this paper, we investigate beam management, network
self-healing and UAV group leader re-selection mechanisms in
the mmWave flyMesh based on the 802.11ad/ay. Beam man-
agement is the foundation to ensure the robustness of mmWave
flyMesh and an efficient beam management mechanism should
cope with the beam misalignment due to UAVs’ mobility.
Network self-healing capability can quickly find a forwarding
link to substitute the failed link due to malfunctioned UAV
to maintain the stability of the mmWave flyMesh, and the
impact on the entire mmWave flyMesh should be minimized
due to link failures. For the UAV group leader re-selection
problem, it is necessary to limit the number of candidate UAV
group leaders and then perform beam training between the
candidate UAV group leaders and rBS. The overhead of UAV
group leader re-selection should be minimized. In summary,
this paper has made the following major contributions:

1) We propose a fast beam tracking mechanism to solve
the beam misalignment problem due to the relative
mobility between UAVs and between the UAV group
leader and rBS. Based on the variations of Signal-to-
Interference plus Noise Ratio (SINR) values on the
directional beams, we can infer the directions of relative
movements. Thus we can limit the region of beam
tracking and hence reduce the overhead.

2) We develop a self-healing mechanism in the medium
access control (MAC) layer according to the character-
istics of mmWave flyMesh. The proposed self-healing
mechanism can adaptively find an alternative link that
bypasses the unusable UAV with malfunction, and the
signaling overhead of self-healing can be controlled
accordingly.

3) We design an efficient UAV group leader re-selection
algorithm, which reduces the overhead of UAV group
leader re-selection by limiting the region (number) of
candidate UAV group leaders.

The remainder of this paper is organized as follows. In
Section II, we describe the system model of the mmWave fly-
Mesh. Section III presents our proposed fast beam tracking and
self-healing mechanisms for the mmWave flyMesh. Efficient
UAV group leader re-selection mechanism for the mmWave
flyMesh is proposed in Section IV. Performance evaluation
and simulation studies are carried out in Section V. Finally,
Section VI concludes the paper.

II. SYSTEM MODEL
A. The mmWave flyMesh Architecture

As shown in Fig. 1, assume each UAV is equipped with
multiple antenna arrays and supports multiple beams. Each
UAV can establish directional communication links with its
neighboring UAVs, and thereby the mmWave flyMesh is
formed. In order to provide ultra-high-speed wireless backhaul
between the mmWave flyMesh and rBS, a UAV group leader
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(e.g., UAV ) should be selected as the gateway based on
the SINR. The remaining UAVs transmit their data to the
UAV group leader, and then the UAV group leader relays the
data to the rBS through the directional link between the UAV
group leader and the rBS (the data of satellite is received by
ground station and then ground station transmits the data to
the Control Center).

Considering the practical scenarios (such as disaster rescue)
of flyMesh described in Section I, there will be few rBSs.
Thus, for the simplicity of analysis, the following two options
are not considered in current study: 1) UAVs are not trans-
mitting their data to the UAV group leader and just transmit
their data directly to rBS; 2) there are more than one rBS. In
addition, recent research on the cognitive capability harvesting
network architecture [18] can also be applied to our proposed
flyMesh via cognitive radio network technologies [19]. Once
the UAVs are equipped with cognitive radio (CR) routers, they
can harvest communication resources, such as idle spectrum
bands from different locations and communication systems.
Furthermore, with CR routers, UAVs are able to communicate
with different devices via various interfaces, such as WiFi,
cellular, Bluetooth, and Zigbee interfaces, and so on. This
is important for data collection of Internet of Things (IoT)
and smart cities [18]. The applications of cognitive capability
harvesting network architecture will be left as our future
research.
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Fig. 1. The mmWave flyMesh architecture.

Assume there are m UAVs in the mmWave flyMesh and the
set of UAVs is denoted as M = {UAV 1, UAV 2, --., UAV
m}. Further, we suppose that each UAV can generate n beams.
For UAV i (i€[1, m]), the set of the n beams it can generate is
denoted as N; = {beam’, beam), - -- ,beam’ }. Similarly, we
assume that rBS can generate s beams and the set of the s
beams is denoted as S = {beam}™* beamy ", - .. beam¥?*}.
For current study, we suppose that rBS only uses one beam to
establish directional communication link with the UAV group
leader.

B. Beamforming Gain and Beam Pattern Model

Considering the communication links in the air are almost
impossible to be multipath, we assume the links are LOS [2],
[6]. We also suppose that the transmit and receive beam pairs
between UAVs and between the UAV group leader and rBS
are reciprocal [20]. We use the ideal antenna pattern model in
[15], [21] to model the beams UAVs and rBS form. Then, the
normalized beamforming gain G can be expressed as

Gla, ) = {

2r—(2r—a)e «
T < 5,
€, otherwise,

M

where « is the beamwidth of the mainlobe in radian; ¥ is
the beam offset angle in radian; e is the sidelobe gain and
0<exl.

KOO - ©

®

b)

Fig. 2. Switch-based beam pattern model. a) The beam pattern of transceivers.
b) An example of beam tracking (switching).

We can see from Fig. 1 that, the UAVs in the flyMesh may
fly at different altitudes and the UAV group leader has to
communicate with the rBS on the ground or the satellite in
the air. Therefore, the mmWave antennas on the UAVs shoud
cover both the horizontal and vertical dimensions. As shown in
Fig. 2 a), we adopt the switch-based analog beam pattern in
both transmitter and receiver [12], [13], [15], [17] by using
uniform planar array (UPA) based mmWave antenna with
multiple Radio Frequency (RF) chains. Because they can cover
both the horizontal and vertical dimensions. With multiple
RF chains, multiple beams can be generated simultaneously.
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Each beam is assigned a beam identifier (i.e., beam,,) and
covers a certain direction in a non-overlapping way. In order
to cover all the directions, two UPA based mmWave antennas
should be placed on the top side and the bottom side of UAVs,
respectively. For each UPA of a UAV, the number of beams
for each row is set to k and the number of beams for each
column is set to w. Thus, for a UAV equiped with two UPAs
on the top side and the bottom side, we can obtain 2kxw = n
based on Section II.A. For each UPA of rBS, the number of
beams for each row is set to k and the number of beams for
each column is set to w'. Similarly, we can get 2k xw' = s.
We can see from Fig. 2 b) that, if UAV j flies to the region
of beamj;’y from the region of beam’ UAV i will switch

: —Ly
to beam, , to serve UAV j.

C. Channel Model and Beam Alignment

According to Friis transmission formula, the received power
from a transmitter in the free space [9], [14], [15] can be
determined by

A 2
P.(d)=P -GGy - (—) d?, 2)
47
where d is the distance between the transmitter and receiver,
P, is the transmit power, G is the transmit antenna gain, G,
is the receive antenna gain, A is the wavelength, and p is the
path loss exponent.

In Fig. 1, UAV i connects with UAV 1, UAV 2, UAV m and
UAV j, then the received power of UAV i from UAV j can be
expressed as

Py = R (o 0l,) Gy (o) () (@) " 0

where P is the transmit power of UAV j, Ggl (a{ , 19%1) is the
transmit antenna gain of UAV j, Gi,j (o, ﬁi}j) is the receive
antenna gain of UAV i, a{ and o are the transmit beamwidth
of UAV j and the receive beamwidth of UAV i, respectively.
19%’1. and ﬂi’j are the beam offset angles from the UAV j’s
transmit beam direction to the position of UAV i and from
the UAV i’s receive beam direction to the position of UAV j,
respectively. d; is the distance between UAV j and UAV i.

For the communication between UAV i and UAV j, consid-
ering the worst case that the interferences are not blocked
by UAVs. Then, the interferences at UAV i equal to the
accumulative interferences from M (except UAV i and UAV
J). Therefore, based on (3), we can obtain the interferences at
UAV i as in (4), where BW and Ny stand for the bandwidth
and the noise spectral density, respectively. In order to simplify
the calculation, we neglect the interference from rBS when
calculating the interferences received by UAVs. Thus, the
SINR of the link between UAV i and UAV j can be expressed
as in (5). Similarly, we can express the SINR of the link
between UAV j and rBS as in (6).

Since the 802.11ay based mmWave flyMesh adopts orthog-
onal frequency division multiplexing (OFDM) technology, we
need to consider the Doppler effect caused by the relative
movement between UAVs and between the UAV group leader

and rBS. From [22], we can obtain the SINR in high mobility
scenarios as P

SINR = Prcr + Py’ M
where the channel gain is normalized to one, P;=P -
sinc?(f4T) is the power of the useful signal, Py is the power
of the noise, Pr¢y is the inter-carrier interference (ICI) power

caused by the Doppler shift and it can be expressed as
Pror = P- (1 —sinc®(faT%)), ®)

where P is the transmit signal power, T is the OFDM symbol
duration, f; is the Doppler shift, which can be expressed as

fe-v

c

fa=

where f. is the carrier frequency, v is the relative moving
speed, c=3x10% m/s, and ¢ is the angle between the receiving
direction of the receiver and the moving direction of the
transmitter.

Therefore, after considering the Doppler shift, the SINR
values between UAV i and UAV j and between UAV j and
rBS can be rewritten as in (10) and (11), respectively. Here,
f;l and ff /BS:3 stand for the Doppler shift between UAV i
and UAV j and between UAV j and rBS, respectively. f;* and
[ stand for the Doppler shift between UAV i and UAV e
and between UAV j and UAV e, respectively.

Assume there are a large number of UAVs and each UAV
can find its neighboring UAVs to establish directional com-
munication links. Then, we can get the requirement of the
beam alignment between UAV i and UAV j from [23], and
the best beam pair can be obtained by solving the following
optimization problem:

-cos g, ©)

i
TH,Y*)

1= SINR;. (12)

{beam beam’,
x *,

Y ok

arg max
=1, 2k;y=1,--- ,w
I/:L...’Qk;ylzlym’w
According to (1), if two beams are aligned, then ¥}, =
¥, = 0. Thus, we can get

i i o 2 — (21 —ad)e | o
i (ad9,) = o Crm e <% a3
«@ 2
t
) o 2 — (21 — o ) i
N C R LN P N

Similarly, we can obtain the best beam pair between UAV
Jj and rBS by solving the following optimization problem:

J
’ ’
Tk, Y*) T ok,Y *

SINR’

{beam 5/BS"

arg max

z=1, 2k;y=1, ,w
’

! ’ ’
2 =1, 2k 5y =1, ,w

(14)

III. BEAM MANAGEMENT AND SELF-HEALING

Although the flyMesh can be flexibly formed and the net-
work connectivity can be adjusted at any time to accommodate
the change of relative position between UAVs, there are still
many challenges in the mmWave based flyMesh. The relative
movement between UAVs or between the UAV group leader
and rBS will make the directional transmissions very unstable,
which requires frequent beam tracking or other beam re-
alignment operations (e.g., beam training). However, the beam
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training mechanism based on traditional exhaustive search is
too time-consuming [12], [13], [17], and it is a waste of com-
munication opportunities for battery powered UAVs [1], [6].
Therefore, efficient and accurate beam tracking mechanisms
are needed to reduce the beam alignment overhead/time.

A. Fast Beam Tracking for mmWave flyMesh

In this study, we propose a fast beam tracking mecha-
nism, which is based on the beam tracking mechanism of
802.11ad/ay. Fig. 3 shows the beam tracking mechanism of
802.11ad/ay, if the link quality (i.e., SINR) falls below the
threshold 7;, we can infer that this link is not good enough for
communications (although this link is not actually disconnect-
ed, and it can also be used for data transmission at a low data
rate) [12], [13]. An alternative link with higher quality (larger
than 7);) should be found to complete the subsequent data
transmissions. Thus, the beam tracking initiator can append
TRN-T (Transmit Training) units to the next Data frame to
perform transmit beam tracking. TRN-T units are the training
sequences that can be used to train multiple different transmit
beams [12], [13], [17]. Next, the beam tracking responder
will feed back the beam tracking results to the beam tracking
initiator by appending a beam refinement protocol (BRP)
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frame to the end of the Ack frame. According to the results
brought by the BRP frame, the beam tracking initiator selects
the best beam as the new transmit beam for the subsequent data
transmissions. Similarly, if receive beam tracking is needed,
TRN-R (Receive Training) units can be appended to the Data
frame to perform receive beam tracking. For more details,
readers are referred to [12], [13], [17].

In order to solve the optimization problem (12), all the
beams should be searched to find the best beam pair. However,
it is time-consuming and complicated for the battery powered
UAVs. Thus, we propose a fast beam tracking mechanism
to find the suboptimal solution of (12) in mobile scenarios
based on the beam tracking mechanism in [12], [13] and the
switch-based beam pattern model in Section IL.B. Initially,
we assume UAV i communicates with UAV j through beam
pair {beam’, 9 beam’ " b If SINRz < n1, UAV i indicates
“Fast Beam Tracking ﬁequested” in the next Data frame
to start fast beam tracking and selects a beam set Niestl

=1 beamx 1Ly—1, beamg_q beamm Ly+1s beamzy 1>
beam’, 1> beamgy g, beamm_ﬂ g beamg .y .4

around beam, y to append to the TRN-T units. Then, UAV
j feeds back the results of beam tracking to UAV i. If

all the SINR values are less than SIN R}, which implies
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Fig. 3.  An example of beam tracking with TRN-T units appended.

that UAV i and UAV j is flying away from each other,
then it is impossible for UAV i and UAV j to recover the
link beam!, y beam . . They should re-establish com-
munication hnks with other neighboring UAVs. If the S-
INR value(s) is (are) greater than SIN R}, UAV i should
select the beam with the maximum SINR (e.g., beamfb’y 1)
as the new transmit beam to continue the next beam
tracking operation. Then, UAV i selects another beam set
Ntest2 = {beam!_, , ,, beam , , beam}; ..} around
beamm y+1 to append to the TRN-T units. Similarly, for the
subsequent beam operations, UAV i will select the beams
around the beam with maximum SINR in the current beam
tracking to update N¢5*2, Furthermore, we set another thresh-
old 72. Once the SINR value(s) of the beam tracking results
is (are) higher than or equal to 73, beam tracking can be
stopped and the corresponding link quality can be considered
as good enough for high speed data transmission [14], [24].
The detailed fast beam tracking algorithm is summarized in
Algorithm 1.

The relative movement between UAVs and between the
UAV group leader and rBS may be continuous. The proposed
fast beam tracking can infer the relative moving direction
through the variations of SINR values obtained by beam track-
ing. Thus, fast beam tracking can flexibly adjust the next beam
tracking region (i.e., N!“**2) through self-learning based on the
current beam tracking results. However, the traditional beam
tracking algorithm proposed in 802.11ad/ay standard cannot do
that. This is the difference between our proposed algorithm and
the beam tracking algorithm used in 802.11ad/ay. Therefore, to
achieve beam alignment, the number of candidate beams that
need to be tracked can be reduced. Similarly, Algorithm 1 is
also applicable to the beam tracking between the UAV group
leader and rBS. In addition, we use fixed wing UAVs in this
paper. Therefore, there is almost no chance for UAVs have a
tendency to rotate on their own axis. Even for the rotor UAVs
may have a tendency to rotate on their own axis which would
cause beam misalignment when they are not really moving at
very high speeds, the proposed fast beam tracking can also
solve this problem. However, due to the page, we will not
repeat how the proposed fast beam tracking is applied to the
two scenarios mentioned above.

We use the beam pattern model introduced in Section II.B
to analyze the performance of fast beam tracking. The number

Algorithm 1 Fast Beam Tracking Algorithm.

1: UAV i communicates with UAV j
{beam; ,, beamJ - IS
2 if SINR: <m then
3: UAV appends Niest! to the TRN-T units;
4:  UAV j feeds back the SINR values of the corresponding beam
pairs { beam; , ,beam’, S =

r=z—1l,x,x+1
y=y—1,y,y+1 )
5: if all the SINR values of { beam; ,

z=z—1,xz,z+1
y=y—Ly,y+1

through beam pair

,beam’, ,} <
z’y

SIN R} then
6: quit the beam tracking, and redo the beamforming training
with their neighboring UAVs;

7:  else if the SINR value(s) of { beami,y , beam?, y,} >
r=z—1,x,2+1 z5
y=y—Ly,y+1

then
8: UAV i selects the beam pair {beam?,, ,_,beam’ 7, s} with

the maximum SINR value transmits the subsequent Data
frames through beamx*’y*, quit the beam tracking;

9:  else if the SINR value(s) of { beam. , ,beam’, S =m
rz=z—1,z,2+1 %
y=y—Lyy+1 )

but all the SINR values of { beam;,y , beam’, y,} < M2
rx=z—1,z,2+1 z5
y=y—1,y,y+1
then
10: UAV i selects the beam pair {beam’,, ,.,beam’, ,} with

the maximum SINR value, appends N1°**? to theyTRN T
units and goes to step 4;
11:  end if
12: else
13:  UAV i continues to communicate with UAV j through beam
pair {beam beami, s
14: end if Y

T,y

of beams in N1 is set to Nyc51, and the number of beams
in N%¢5%2 is set to Nycst2. Taking transmit (or receive) beam
tracking as an example, each beam direction corresponds to a
TRN(-T) unit when the beam tracking is performed. In order
to achieve the result in (12), we can obtain the overhead of the
fast beam tracking (i.e., the number of TRN units required)
with a given beam offset angle (¢) and the beamwidth («) as

0
NFast,TRN = Ntestl + (a - 1) . NtestZ- (15)

However, the overhead of the beam tracking in 802.11ad/ay
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can be expressed as

9 2
Ngo2.11ay, TRN = (2 > + 1> —1. (16)

Proof: The proof is provided in Appendix A. B

B. Self-healing for the mmWave flyMesh

In order to ensure the robustness of the mmWave flyMesh,
just adopting the fast beam tracking mechanism is not e-
nough to meet the demand. Because the mmWave flyMesh
is easily affected by environmental conditions or its own
power constraint in practical applications, which makes some
UAVs malfunctioning or unusable and thus affects the full
connectivity of the mmWave flyMesh. Actually, the probability
of UAVs becoming malfunctioning or unusable is hard to be
modeled in practical applications. Therefore, we do not focus
on the reasons and the probability that UAVs become unusable.
We focus on how to realize the instant and quick self-healing
of the mmWave flyMesh once the UAVs become unusable.
For analytical tractability, we simplify the mmWave flyMesh
as a planar graph just like, for example, the two-dimensional
(2D) flyMesh as shown in Fig. 4.

Fig. 4. Two-dimensional mmWave flyMesh graph.

Suppose UAV c acts as the UAV group leader and connects
with rBS (please refer to Fig. 1), and it has data to transmit
to UAV gq. For a certain link UAV ¢ — UAV j — UAV x —
UAV g, if UAV x becomes unusable, it is too far to establish
a high quality link between UAV j and UAV ¢ through beam
management (e.g., beam training or beam tracking). At this
point, another link (e.g., UAV ¢ — UAV j — UAV i — UAV
q) should be found from the network layer to replace the
weak link. However, it poses a significant challenge for the
flyMesh to find an appropriate link to replace the weak link
from the network layer [25]. Therefore, we propose a self-
healing mechanism from the MAC layer to achieve local link
recovery when the MAC layer transmission failure occurs [26],
[27]. An instant and quick forwarding link can be found and
just bypasses the unusable UAV before the routing timer of the
network layer reaches zero. Thereby, it will form an illusion of
sustainable link in the network layer, and the self-healing will
be transparent to the network layer. However, when significant
change of the network topology occurs or a majority of UAVs
become unusable, re-routing is also needed from the network
layer, which will be addressed elsewhere.

1) Frame structure and signaling design: When a UAV
becomes unusable, in order to ensure that the upstream UAV
of the unusable UAV can find an alternative forwarding link
through the MAC layer, we should design new frames and
signalings first. The Self-healing Request and Self-healing
Response frames are defined for finding forwarding links
based on [12], [13] as shown in Fig 5, where

¢ RA is the address of the receiver;

o TA is the address of the transmitter;

e DA is the address of the destination UAV;

e SA is the address of the source UAV;

o NA is the address of the unusable UAV;

e ‘“Nearby = DA?” = 1 indicates that this UAV is directly
connected to the destination UAV, otherwise it is not
directly connected to the destination UAV;

e “Nearby = NA?” = 1 represents this UAV is directly
connected to the unusable UAV, otherwise it is not
directly connected to the unusable UAV.

Frame | ) ation | RA | TA | DA | sa | Na | Ecs
Control
Octets: 2 2 6 6 6 6 6 4
a)
Frame . Nearby = | Nearby = .
| Control Duration RA | TA DA? | NA? | Reserved | FCS |
1 bit 1 bit 6 bit
Vv
Octets: 2 2 6 6 1 4

b)

Fig. 5. a) Self-healing Request frame format. b) Self-healing Response frame
format.

2) Self-healing mechanism: As shown in Fig. 4, we assume
that there is only one UAV that becomes unusable. If we
redefine the Self-healing Request frame by adding multiple
NA fields, this self-healing mechanism can be applied to the
condition that multiple UAVs become unusable as well. Taking
UAV ¢ — UAV j — UAV x — UAV ¢ as an example, if
UAV j transmits Data frame to UAV x, and UAV j cannot
receive Ack frame from UAV x, UAV j will re-transmit this
Data frame to UAV x. We define a maximum re-transmission
limit Nye¢ry. If UAV j re-transmits for NV,.e4r,, times and it still
cannot receive Ack frame from UAV x, UAV j will consider
UAV x unusable. Since the flyMesh is a mesh network, a UAV
will connect with its neighboring UAVs by directional beams.
Thus, the neighboring UAVs can receive packets from UAV j
at any time. Then, UAV j will transmit Self-healing Request
frames to the UAVs who are directly connected with it (e.g.,
UAV i, UAV y and UAV z). At this point, the RAs of the
transmitted Self-healing frames are UAV i, UAV y and UAV
z, respectively; the TAs are UAV j; the DAs are UAV g; the
SAs are UAV ¢ and the NAs are UAV x. The UAV receiving
the Self-healing Request frame will compare the DA and NA
with its neighboring UAVs and then feed back a Self-healing
Response frame to UAV j. Thus, the following operations are
carried out as follows:

o If all the UAVs that receive the Self-healing Request

frame find that their neighboring UAVs are not indicated
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in the DA and NA fields, these UAVs will feed back
the Self-Response frames with “Nearby=DA?” = 0 and
“Nearby=NA?” = 0. After UAV j receiving the Self-
Response frames, it will permit these UAVs to continue
the next self-healing operation;

o If a UAV receives the Self-healing Request frame and
finds that one of its neighboring UAVs is indicated in the
NA field, but there is no neighboring UAVs indicated in
the DA field. This UAV will feed back the Self-Response
frame with “Nearby=DA?” = 0 and “Nearby=NA?" =
1. After UAV j receiving the Self-Response frame, it
will permit this UAV to continue the next self-healing
operation and forbid other UAVs to continue the next
self-healing operations;

o If a UAV receives the Self-healing Request frame and
finds that one of its neighboring UAV is indicated in the
DA field, which means the destination UAV is found.
This UAV will feed back the Self-Response frames with
“Nearby=DA?” = 1. After UAV j receiving the Self-
Response frame, UAV j declares to quit self-healing
operation.

The proposed self-healing mechanism can spread out to find
the suitable UAVs if there is no neighboring UAV indicated
in the NA field. Once the UAV whose neighboring UAV is
indicated in the DA or NA field is found, the searching area
will be limited just around this UAV and the other UAVs will
stop searching again. Since the searching area is limited to
the surrounding of the unusable UAV, an instant and quick
forwarding link just bypassing the unusable UAV can be
established. Although the proposed self-healing mechanism
may not find the optimal forwarding link and may not be
the optimal solution to recovering the mmWave flyMesh,
we aim to find an instant and quick forwarding link to
achieve the self-healing of the mmWave flyMesh with small
signaling overhead. The proposed self-healing mechanism can
be summarized as in Algorithm 2. It is worth noting that the
unusable UAV should be one of the intermediate nodes of the
flyMesh in the proposed self-healing mechanism. If the source
UAV is suddenly not working, there is no upstream UAV of
the source UAYV, thus self-healing will not be carried out.

According to Section II.A, we know that there are m UAVs
in the mmWave flyMesh. Assuming there are m,,: UAVSs
on the boundary of the mmWave flyMesh and the remaining
mi, (Where m;, = m — myy,:) UAVs is internal UAVs of
the mmWave flyMesh (e.g., UAV i, UAV j and UAV x in
Fig. 4). For the m;, internal UAVs of the mmWave flyMesh,
suppose each UAV connects with 7y, neqr Deighboring UAVs.
For the m,,; UAVs on the boundary of the mmWave flyMesh,
suppose each UAV connects with 14y, neqr Neighboring UAVs.
We use a MAC protocol modified based on Ad hoc On-
demand Distance Vector Routing (AODV) protocol [30] as a
comparison of the proposed self-healing mechanism (noticing
that there is no related network self-healing method in the
MAC layer in the original AODV). In addition, the MAC
layer has no routing table, it is impractical to fully transplant
AODV to the MAC layer. In the MAC protocol modified
based on AODYV, the source UAV broadcasts request signaling

Algorithm 2 Self-healing Algorithm.

1: UAV j transmits Data; to UAV x;

2: if UAV j receives Ack from UAV x then

UAV j continues transmitting the rest Data frames to UAV x;
4: else

5: UAV j re-transmits Data; to UAV x;

6: if re-transmission times < Nyetry and UAV j receives Ack
from UAV x then

(98]

7: UAV j continues transmitting the rest Data frames to UAV
X5

8:  else if re-transmission times > Ny then

9: UAV j transmits the Self-healing Request frames to the
UAVs around itself;

10: The UAVs received the Self-healing Request frame feeds
back Self-healing Response frames to UAV j;

11: if “Nearby=DA?’=0&&*Nearby=NA?"=0 then

12: UAV j allows the UAVs around it to continue to transmit

the Self-healing Request frames, go to step 10;
13: else if “Nearby=DA?’=0&&“Nearby=NA?"=1 then
14: UAV j allows the UAV who feeds back “Nearby = NA?”

= 1 to continue to transmit the Self-healing Request
frame and forbids the other UAVs to transmit the Self-
healing Request frames, go to step 10;

15: else if “Nearby=DA?’=1 then

16: the destination UAV is found; quit self-healing operation;
17: end if

18:  end if

19: end if

to its neighboring UAVs, if there is no destination UAV,
the source UAV’s neighboring UAVs will broadcast request
signaling again to their neighboring UAVs, respectively, until
the destination UAV is found. However, there is a limitation
that the links should not be requested twice. For example, if
UAV c transmit a request signaling to UAV j, UAV j will not
transmit request signaling to UAV ¢ again. Thus, the signaling
overhead (i.e., the total number of searching times) for finding
the forwarding link is
Oppy no Mhin " Min.near + Mout - Nout.near
2
However, if the proposed self-healing mechanism is per-
formed, and assume the upstream UAV (e.g., UAV j in Fig. 4)
of the unusable UAV (e.g., UAV x in Fig. 4) needs S,;s steps
to find the downstream UAV (e.g., UAV g in Fig. 4) of the
unusable UAV, the signaling overhead (i.e., the total number
of searching times) can be expressed as

a7)

Oself S (nin,nea'r - 1)856” -1 (18)

Proof: The proof is provided in Appendix B. B

IV. EFFICIENT UAV GROUP LEADER RE-SELECTION

UAV group leader is crucial to the mmWave flyMesh, since
it will collect all UAVs’ data and transmit it to rBS. The link
between the UAV group leader and rBS requires ultra-high-
speed wireless transmissions [1]. However, due to the mobility
of the mmWave flyMesh, the beam alignment between the
UAV group leader and rBS should be performed to ensure
high link quality. Although the fast beam tracking mechanism
proposed in Section III.A is flexible enough to achieve the
beam alignment, it cannot cope with the link interruption
caused by the UAV group leader flying far away from rBS.
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In this situation, it is necessary to select another UAV as
an alternative UAV group leader to provide ultra-high-speed
wireless backhaul.

For the simplicity of analysis, we simplify the topology in
Fig. 1 into the 2D flyMesh as shown in Fig. 6. Assume UAV
J has established the directional communication link with rBS

with beam pair {beam? beam®/ f,s}. Through the analysis

T,y 0

of Section II.C, we can gi:t the célfdition on which alternative
UAV group leader to replace UAV j: the SINR between UAV
J and rBS drops below 7)1, and all the SINR values obtained
from the beam tracking in N%*! are lower than STN R} /Bs-
If there is no prior information for UAV group leader re-
selection, rBS will perform beam training with all UAVs
around itself to find an optimal UAV group leader. Too many
inappropriate UAVs (e.g., the UAVs flying away from rBS)
performing beam training with rBS will result in very high
overhead due to the UAV group leader re-selection, which will
cause long delay for the backhaul link. Therefore, we propose
an efficient UAV group leader re-selection mechanism to solve
this problem.

Excluded
region

AV
YA BS
v de Satell
!
|

Interruption

\\ Candidate
\ region
\

Y

Fig. 6. UAV group leader re-selection diagram for mmWave flyMesh.

As shown in Fig. 6, in order to lower the overhead due to
UAV group leader re-selection, the number of candidate UAV
group leader should be reduced. For UAV j, it should mark
beamiyy as the starting point and search for the first UAV
around it from two directions, clockwise and counterclock-
wise, respectively (e.g., UAV z is the first candidate UAV group
leader searched from counterclockwise and UAV x is the first
candidate UAV group leader searched from clockwise). We
denote the angle between the link from UAV j to candidate
UAV 7 and the link from UAV j to candidate UAV x as w (the
unit is radian), and then the region corresponding to w can
be considered as the candidate region and the other region
is considered as the excluded region. Obviously, there is no
need for the UAVs in the excluded region to perform beam
training with rBS, thus the UAV group leader re-selection
overhead can be reduced. In order to determine the other
appropriate candidate UAV group leaders in the candidate
region, the opposite beam direction beam;, ,, of beam] ,
and the opposite beam direction beamj, ,, of beam; , should
be obtained based on the beam pattern model as shown in
Fig. 2. Then, UAV z should search for the UAVs toward

BS’s direction from beamj , to beamj, ,, and UAV x should

search for the UAVs toward rBS’s direction from beamy ,
to beam; We denote the set of UAVs searched in the

ox,0y*
candidate region as M ypq;, and then rBS performs beam
training with the UAVs in M 4,,4;. Thus, the new UAV group

leader (e.g., UAV e) satisfies max SINRg/BS. That is

to say, the UAV with the maxeiZIGnI\{I;CtﬁMdSLINR will be selected
by rBS as the new UAV group leader. The proposed efficient
UAV group leader re-selection mechanism can be summarized
as in Algorithm 3.

Algorithm 3 Efficient UAV Group Leader Re-Selection Algorithm.
1: UAV j communicates with rBS
{beamfc’y,beams//B,S}

. z’y
2: if SINR‘Z,;/BS < 1 then
3:  UAV j indicates “Fast Beam Tracking Requested” in the next
Data frame and appends N%***! to the TRN-T units;
4:  rBS feeds back the SINR values of the corresponding beam
. j S/BS
pairs { beam? , ,beam”/”]}
rz=x—1,z,2+1 oy
y=y—1,y,y+1

through beam pair

s

s

S/BS

5. if all the SINR values of { beamfw ,beam”/ "7} <
33:13*1,13716.“'1 z Y
) y=y—Ly,y+1
SINRQ/BS then .
6: UAV j marks beam, , as the starting point, searches for

the first UAV around it from two directions, clockwise and
counterclockwise, respectively;

7: The two UAVs searched in step 6 continue searching for
other UAVs toward 1BS’s direction from beamg’; 1 to
beamf,g’ffyl and from beamgcf;“i2 to beamgg’fo‘ff, respec-
tively;

8: After searching for all the UAVs in the candidate region,
rBS performs the beam training with all the candidate UAV
group leaders;

9: rBS selects the UAV with the maximum SINR value based
on the results of the beam training as a new UAV group
leader (Gateway);

10:  end if

11: else

12:  UAV j performs fast beam tracking (Algorithm 1);

13: end if

According to [15], [16], the number of beam training times
between UAV j and rBS can be expressed as

UAV,S/BS
N, /

Training — 05 19)
where n and s are the number of beams UAV and rBS form,
respectively.

We know from [12], [13], [16] that, with the same number of
beams trained for each user, the overhead of the beam training
is proportional to the number of users. If Algorithm 3 is not
adopted, the number of beam training times for completing

the UAV group leader re-selection is

NI Ciletion = |{e € MU SINRg s > SINRS s }| -5,
(20)
where | - | denotes the cardinality of a set.
However, if Algorithm 3 is adopted, the number of candi-
date UAV group leaders can be reduced based on the prior
information. Assuming there are mcqng; UAVS in M gp4:, the
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number of beam training times becomes

ef ficient
re—selection

= Mcandi "M " S
~ o= |{e € M| SNIR s > SNIR] 5 | -n(~251.)
It is worth noting that, for UAV, which is not the group
leader, it will only execute Algorithm 1 and Algorithm 2. If
the quality of the directional link is weak (but the quality is
still enough to maintain communication), then Algorithm 1
will be executed. However, if the directional link is broken,
then Algorithm 2 will be executed. For UAV, which is the
group leader, if the quality of the directional link is weak (but
the quality is still enough to maintain communication), then
Algorithm 3 will be executed.

V. PERFORMANCE EVALUATION

In this section, we will present the performance analysis
and simulation results of the proposed fast beam tracking,
self-healing and efficient UAV group leader re-selection mech-
anisms. The simulation parameters [4], [12], [13], [29], [30]
are listed in Table I. When the path loss exponent p is set to
2, the path loss in (2) can be rewritten as PL[dB] = 32.5 +
20log10(f.) + 20log1o(d). The power of noise No[dBm| =
—174[dBm/Hz] + 10log1o(BW) + NF|[dB], where NF is
the noise figure in dB [15]. In order to be more intuitive,
the unit of the beamwidths («) and the beam angle offsets
() are converted into degrees. For the flyMesh, all UAVs are
randomly distributed and fly in the same direction. In addition,
we set the radius of the flyMesh and the minimum distance
between two UAVs to 500 m and 10 m, respectively. Therefore,
if there are more UAVs (i.e., from 10 to 50) in the flyMesh,
the distribution density of UAVs will be larger.

TABLE I
SIMULATION PARAMETERS.

Parameters Values
Carrier frequency, f. 60 GHz
Bandwidth, BW 2.16 GHz
Subcarrier spacing, Af | 5.15625 MHz
Transmit power, P 20 dBm
Beamwidth, « 10°, 20°, 30°
The side lobe gain, € 0.01
SINR threshold, 71 20 dB
SINR threshold, 72 30 dB
Noise figure, NF 6 dB

A. The performance of fast beam tracking mechanism

To evaluate the performance of our proposed fast beam
tracking, we choose the mechanism of 802.11ay beam track-
ing as the comparison reference. Moreover, we have briefly
described the 802.11ay beam tracking in Fig. 3 and Section
III.A. As for our proposed fast beam tracking (i.e., Algorithm
1), the first beam tracking step will track the beams in Nt¢stL,
Then, for the second beam tracking step, the beams in Nﬁesw
can be obtained from the results of the first beam tracking step.
Next, the subsequent beam tracking steps will adopt the beams
in the updated N!**2 based on the previous beam tracking

results. Assume the beamwidths («) of the transmitter and
receiver are 10°, and the beam angle offsets () caused by
relative movements are 10°, 20°, 30°, 40°, 50°, 60°, 70°,
80°, 90°, respectively. Based on the beam pattern model in
Fig. 2, we set Nyesy1 to 8 and Nyegio to 3. The performance
comparison between the fast beam tracking and 802.11ay
beam tracking is shown in Fig. 7. We can see from Fig. 7
that, the performance of fast beam tracking is much better than
that of the 802.11ay. Furthermore, with the increase of beam
angle offset, the beam tracking overhead of fast beam tracking
increases slowly, while the overhead of the 802.11ay beam
tracking increases significantly. This is because the fast beam
tracking can flexibly adjust the next beam tracking region
based on the current beam tracking results. Thus, with the
given beam angle offset, the proposed fast beam tracking
can achieve beam alignment with low overhead, which is
very important for the sustainability limited UAV wireless
communications.

400 -
—+—fast beam tracking
40 —a—beam tracking in 802.11ay
350 7
300 B

N

(o))

o
T

Number of TRN units
o S
o o

-

o

o
T

(&2
o
T

10 20 30 40 50 60 70 80 90
Beam angle offset (°)

Fig. 7. The performance comparison between the fast beam tracking and
802.11ay beam tracking with different beam angle offsets.

Fig. 8 shows the performance comparison between the
proposed fast beam tracking scheme and the 802.11ay beam
tracking with different beamwidths for the given maximum
beam angle offset (J,.x = 180°). With the increases of
beamwidth, the overhead of the two beam tracking mecha-
nisms (Npqse, 7RV and Ngop2.11ay, 7RN) decreases for the given
beam angle offset (7). We can reach the conclusion according
to (15) and (16). However, when comparing the fast beam
tracking with the 802.11ay beam tracking, it can be seen
that the performance of the fast beam tracking is superior to
that for 802.11ay. Furthermore, with the narrower beamwidth,
the performance improvement is higher. The reason is that,
with narrower beamwidth, there will be more beams needed
to cover all directions. The overhead of the 802.11ay beam
tracking will be higher since more beams need to be tracked.
However, the overhead of the proposed fast beam tracking can
be reduced by adjusting the beam tracking region based on the
previous beam tracking results.

Since the moving directions of UAVs in the mmWave
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Fig. 8. The performance comparison between the fast beam tracking and

802.11ay beam tracking with different beamwidths.

flyMesh are approximately the same (with proper platooning),
which means that the relative moving speed between UAVs
will be low. For the 802.11ay based mmWave networks,
the channel bandwidth is 2.16 GHz and the subcarrier s-
pacing is 5.15625 MHz [12], [13]. In order to analyze the
influence of relative moving speed on beam tracking, we
assume that the maximum relative moving speed between
UAVs is 10 m/s. Then, according to (9), we can get the
maximum Doppler shift is fgmax = fc-v/c = 2000 Hz.
Then, sinc?(fymaxTs) = sinc?(famax/Af) ~ 1. According
to (8), we obtain P;or ~ 0 with the most serious Doppler
shift. Therefore, the influence of low relative moving speed
on beam tracking can be ignored. The large subcarrier spacing
plays an important role in combatting the Doppler shift.

B. The performance of self-healing mechanism

In order to find an alternative link to replace the unusable
link, the time-consuming routing protocols in the network
layer are not the good choices. In order to show the advantage
of our proposed self-healing mechanism, we compare it with a
MAC layer link recovery mechanism based on AODV protocol
(named ‘Without Self-healing’ in Fig. 9) as described in
Section IIL.B.

We consider the number of Self-healing Requests transmit-
ted by UAVs for finding the forwarding link as the signal-
ing overhead of self-healing. As shown in Fig. 9, with the
increase of the number of UAVs in the mmWave flyMesh,
the self-healing mechanism can reduce the signaling overhead
significantly. According to Algorithm 2, we know that the
signaling overhead of the self-healing mechanism is related
to the average number of UAVs around each UAV and the
steps between the upstream UAV of the unusable UAV and
the downstream UAV of the unusable UAV. However, if self-
healing is not adopted, the signaling overhead is related to
the total number of UAVs in the mmWave flyMesh. We can
see from Fig. 9 that the signaling overhead of the self-healing
mechanism increases slowly with the increase of the number
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Fig. 9. The performance comparison between the proposed ‘With Self-
healing” mechanism and ‘Without Self-healing’ mechanism.

of UAVs. This is beacuse the average number of UAVs around
each UAV increases with the increase of the number of UAVs
in the mmWave flyMesh for the given network radius (500
m). Thus, the signaling overhead of self-healing will increase
accordingly.

In addition, with the increases of the number of unusable
UAVs, the signaling overhead increase significantly in both our
proposed self-healing mechanism (i.e., ‘With Self-healing’ in
Fig. 9) and the AODV protocol-based link recovery mech-
anism (i.e., ‘“Without Self-healing’ in Fig. 9). For the tradi-
tional mechanism (i.e., Without Self-healing), the signaling
overhead is directly proportional to the number of unusable
UAVs. Similarly, more Self-healing Request frames and Self-
healing Response frames should be transmitted to recover the
mmWave flyMesh in our proposed self-healing mechanism
when there are more unusable UAVs. We can also see from
Fig. 9 that, the larger the number of unusable UAVs, the better
the performance of our proposed self-healing mechanism.
Because the searching area is limited just around the local
area of unusable UAVs and other UAVs stop searching, and
thus the signaling overhead can be reduced in our proposed
self-healing mechanism.

Due to the low relative moving speed between UAVs, the
fast beam tracking mechanism can ensure a stable connectivity
between UAVs. It should be noted that, we only consider the
signaling overhead of self-healing with stable connectivities
between UAVs and there are no beamforming operations to be
performed prior to the self-healing. Therefore, the relatively
low moving speed between UAVs has negligible effect on the
performance of the proposed self-healing mechanism.

C. The performance of efficient UAV group leader re-selection
mechanism

Suppose the flight height of UAV is 100 m [4], the radius
of the mmWave flyMesh is 500 m, and the other simulation
parameters are shown in Table I. Fig. 10 shows the perfor-
mance comparison on the number of candidate UAV group
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leaders which perform beam training with rBS between the
two UAV group leader re-selection mechanisms with different
number of UAVs (i.e., from 10 to 50) and different beamwidths
(i.e., 10°, 20°, 30°). The traditional UAV group leader re-
selection mechanism in the 802.11ad/ay is based on the SINR
between the candidate UAV group leader and rBS. However,
the efficient UAV group leader re-selection mechanism as
proposed in Section IV can limit the region of candidate
UAV group leaders and thus reduce the number of UAV
group leaders to perform beam training with rBS. That is the
difference between the traditional and the efficient UAV group
leader re-selection mechanism.

25 T
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Fig. 10. The performance comparison on the number of UAVs to be trained
between the two UAV group leader re-selection mechanisms with different
beamwidths.
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Fig. 11.  The performance comparison on the number of training times
between the two UAV group leader re-selection mechanisms with different
beamwidths.

As shown in Fig. 10, the number of UAVs to be trained
increases fast as the number of UAVs increases if the number
of UAVs is small (e.g., less than 40). Since with small number

of UAVs in the mmWave flyMesh, the interference is limited
and the number of UAVs to be trained is determined by the
total number of UAVs. However, when the number of UAVs is
large (e.g., more than 50), the number of UAVs to be trained
will slowly increase. This is because with the given mmWave
flyMesh radius (500 m), if there are too many UAVs, the
interference for each UAV will become worse according to
(4) and [31]. Thus, the UAVs far away from the rBS will not
be selected as the candidate UAV group leaders. Furthermore,
Fig. 10 also shows that, the number of UAVs to be trained
increases when the beamwidth decreases, since the SINR is
higher with narrower beamwidth according to (5) and (6).
Thus, the UAVs far away from rBS can still be selected as the
candidate UAV group leaders. Fig. 11 shows the performance
comparison on the number of beam training times between the
two UAV group leader re-selection mechanisms with different
number of UAVs (i.e., from 10 to 50) and different beamwidths
(i.e., 10°, 20°, 30°). Since there are more beams to be trained
with narrower beamwidth, we can see from Fig. 11 that the
number of training times in the narrower beamwidth is larger
than that of the wider beamwidth. Other observations for Fig.
11 are similar to those for Fig. 10.
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Fig. 12. The performance comparison on the number of UAVs to be trained
between the two UAV group leader re-selection mechanisms with different
flying speeds.

Since the relative moving speed between the UAV group
leader and rBS (we assume the maximum relative moving
speed is 30 m/s [1]) will be higher than the relative moving
speed between two UAVs. Thus, we cannot ignore the Doppler
shift between the UAV group leader and rBS. In order to
analyze the effect of relative moving speed between the UAV
group leader and rBS, we set the beamwidth to 10°. Fig.
12 and Fig. 13 show the number of candidate UAV group
leaders needed to perform beam training with rBS and the
number of beam training times when the flying speeds are 20
m/s and 30 m/s, respectively. As can be seen from Fig. 12
and Fig. 13 that, the number of UAVs to be trained and the
corresponding beam training times for 30 m/s are almost the
same with that of 20 m/s. That is to say, the small relative
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Fig. 13. The performance comparison on the number of training times
between the two UAV group leader re-selection mechanisms with different
flying speeds.

moving speed (up to 30 m/s) between the UAV group leader
and rBS has little impact on the performance of UAV group
leader re-selection. According to (8) and (11), we observe that,
the higher the flying speed is, the larger the Doppler shift is
and the smaller the SINR is. When determining the candidate
UAV group leaders, there are fewer UAVs act as the candidate
UAV group leader with higher flying speed. Therefore, with
higher flying speed, the number of UAVs to be trained in Fig.
12 and the number of beam training times in Fig. 13 are a
little bit smaller.

VI. CONCLUSIONS

The key challenges in designing mmWave flyMesh are
mainly brought by the directional communications when
compared with the microwave based flyMesh. The relative
movement between UAVs or between the UAV group leader
and relaying stations will result in beam misalignments. Un-
usability of UAV(s) due to mobility and power depletion will
bring in frequent link failures in the mmWave flyMesh. To
cope with the beam misalignments and link failures between
UAVs, we have developed a fast beam traking mechanism.
For the link failures caused by UAV unusability, we have
designed a self-healing mechanism in MAC layer to repair
the failed link in the mmWave flyMesh with low signaling
overhead. Since flyMesh heavily rely on the UAV platooning,
the choice of the UAV group leader (the coordinator) for
both communications and control plays a significant role
in effective network operations. Therefore, an efficient UAV
group leader re-selection mechanism has been proposed to
select a new UAV group leader whenever necessary due to
mobility. These mechanisms have been shown to improve the
robustness of the mmWave flyMesh and reduce the overhead
in establishing the directional communication links, which also
implies that the power is saved to extend the life time of UAVs.
Performance analysis and extensive simulations studies have
been carried out to show the effectiveness of the proposed
mechanisms.

APPENDIX A
PROOF OF (15) AND (16)

According to the beam pattern model in Section II, there
are Nys;1 beams in NI and Ny.g o beams in Niest2,
When performing beam tracking, there are N;.s:1 beams to
be tracked in the first beam tracking step and N;.s2 beams
to be tracked in the subsequent beam tracking steps. If the
beam angle offset is 9} and the beamwidth is «, there will be
g steps needed for finding the optimal beam pair. Therefore,
Nrast TRN = Ntest1 + (% — 1) - Niesto. However, for the
beam tracking in 802.11ad/ay, taking the working beam as
the center, it needs g rounds of beam tracking and contains
(2. % + 1)2 beams to be tracked. Except for the working
beam in the first round, the total number of beam tracking
times 1is NS()2.11ay,TRN = (2 . g + 1)2 —-1. 1

APPENDIX B
PROOF OF (18)

When the upstream UAV of the unusable UAV searches
for an alternative forwarding link, it transmits the Self-healing
request t0 Ty pear — 2 UAVs (except the unusable UAV
and its upstream UAV). The UAVs received the Self-healing
request will continue transmitting the Self-healing request to
Nin,near — 1 UAVs around themselves. Suppose we need sz ¢
steps to find the downstream UAV of the unusable UAV
to form the forwarding link, the signaling overhead can be
expressed as

Oself, = (nin,near - 2) + (nin,near - 2) (nin,near - 1) +
Sself:]- 5self:2
-+ (nin,nea'r - 2) (nin,near - 1) e (nin,near - 1) .

Ssely—1  items

Sself=Sself

(22)
According to the formula of summation for geometric se-
quence, we can rewrite (22) as
1- (nin,neaT - ]-)Sself
1-— (nin,near - 1)
- (nin,near - 1)SSELf —1.

Oself = (nin,near - 2) . 23)

Since the above calculation does not consider the situation that
part of the UAVs are on the edge of the mmWave flyMesh,
and the neighboring UAVs for the UAVs on the edge of the
mmWave flyMesh is fewer than that of the UAVs inside the
mmWave flyMesh (i.e., oyt near < Min,neqr). Thus, we can
get Oself < Oself/- [ |
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