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Abstract—Neighbor discovery is an essential part of the
communication link establishment process for any wireless ad-
hoc network. This problem of discovering neighbor nodes
becomes even more challenging when the transceivers are
highly directional. In this paper, we consider a 3D network
of unmanned-aerial-vehicles (UAVs) that uses free-space-optical
(FSO) transceivers for establishing high speed highly directional
communication links. We consider that each UAV is equipped
with a spherical structure on which multiple FSO transceivers are
placed. The UAVs can electronically steer their communication
beams by switching from one transceiver to another. We provide
analysis on how optimally placing the transceivers with the
appropriate divergence angles can help establish an FSO link
at any direction in the 3D space. We also present a neighbor
discovery algorithm that ensures discovery within a limited time.
We demonstrate through extensive simulations that a UAV with
FSO transceivers can successfully discover its neighbor UAVs
even without prior location information about them and without
any additional omnidirectional radio frequency (RF) channel.

Index Terms—Free-space-optical, line-of-sight, neighbor dis-
covery, unmanned-aerial-vehicles, wireless ad-hoc network.

I. INTRODUCTION

Free-space-optical (FSO) communication systems are envi-
sioned to play a signif cant role to address the capacity crunch
faced by radio-frequency (RF) wireless technologies [1]. FSO
communication (FSOC) is a major candidate to complement
traditional omnidirectional RF networks. It uses the license-
free optical spectrum and can provide very high communica-
tion speeds [2,3]. The highly directional FSO transceivers not
only provide longer communication ranges but also reduce the
probability of interference and jamming. Moreover, compared
to RF, FSO transceivers improve spatial reuse and enable
much higher bandwidth channels to transfer large volumes of
data. All these aspects of FSO communication can be very
advantageous for future generation UAV ad-hoc networks [4].

A network of UAVs or drones can be deployed for both
civil and military missions (Fig. 1). Applications such as
monitoring forest fres and forest ecology, remote sensing,
precision agriculture, broadcasting at sports events, observing
behind the enemy lines, or even 360° virtual reality (VR)
capture rich amounts of data [5—7]. FSO transceivers can help
transfer these data at very high speeds. Facebook’s project
‘internet.org’ [3] aims at delivering Internet service using
drone networks connected via laser links and Google’s project
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Fig. 1: Applications of UAV networks.

‘loon’ [8] aims to do the same through FSO communication
among high altitude balloons. Thus, UAV networks equipped
with FSOC systems are emerging as a promising technology.

Despite the advantages, communication using FSO
transceivers can be very challenging due to their high
directionality. The communication beam of two UAVs with
FSO transceivers must face towards and cover each other for
successfully establishing a communication link. Hence, the
primary task for a UAV in an FSO network is to establish
line-of-sight (LOS) or discover its neighbors.

In this paper, we propose a neighbor discovery algorithm
for UAVs hovering in a 3D ad-hoc network (Fig. 2a). We
consider that each UAV is equipped with a spherical structure
on which multiple FSO transceivers are placed (Fig. 2b). A
UAV can point its communication beam towards any direction
by activating the appropriate transceiver. Thus, it can scan its
surrounding 3D space by electronically switching (“electronic
steering’) from one transceiver to another for communicating
with neighbor UAVs hovering at different locations. There is
no clock synchronization among the UAVs and they cannot
use any additional omnidirectional communication channel.
We frst present analysis on how the transceivers should be
placed on a spherical structure and how the beamwidth should
be chosen to ensure that a neighbor UAV is covered by at least
one of the transceiver’s beams. Then, we present the conditions
for two UAVs to point their transmission and reception beams
towards each other within the same time interval to complete
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Fig. 2: (a) 3D UAV FSO network (b) Transceiver placement on a spherical structure. (¢) UAV equipped with FSO transceivers.

a three-way handshake. We utilize a special sequence design
presented in [9,10] which guarantees that two UAVs facing
their communication beams towards each other are in different
modes, i.e., when one UAV is in transmission mode, the other
is in reception mode. Then, we provide the conditions of a
successful neighbor discovery within a f nite time duration and
validate the effectiveness of the proposed neighbor discovery
method through extensive simulations.

II. RELATED WORK
A. Free-space-optical communication

FSO communication has been considered for both stationary
and mobile scenarios. It can enable high speed communication
links among buildings [11], data centers [12], and even virtual
reality arenas [7]. Hybrid RF-FSO networks are also being
deployed for high altitude balloon and drone networks [3, 8].
Different methods for discovery [13—15] and maintenance [16,
17] among unmanned ground and aerial vehicles with FSO
transceivers have been proposed that uses mechanical steering
for scanning the surrounding environment. In [18] and [19],
spherical designs of FSO transceiver structures were proposed
aiming at the LOS maintenance problem between two nodes.
In this paper, we focus on the problem of neighbor discovery
among multiple UAVs.

B. Directional neighbor discovery

Neighbor discovery for directional RF networks has been
well explored. In [20-23] neighbor discovery methods for
nodes with omnidirectional receivers and directional transmit-
ters were proposed. The use of omnidirectional receivers short-
ens the communication range and can result in severe inter-
ference due to packet collisions. Another design approach has
been to consider both directional transmitter and directional
receiver where the neighbor discovery process can be either
synchronous or asynchronous. In [24] and [25], two neighbor
discovery algorithms for a 3D ad hoc network were proposed
which rely on GPS clock synchronization among the nodes.
In [13], another synchronous LOS discovery algorithm was
presented where the synchronization was performed using an
additional omnidirectional RF channel. In [9], [10], and [15],
asynchronous neighbor discovery algorithms were proposed
for 2D ad hoc networks with mmWave and FSO transceivers.

In [14], an asynchronous discovery algorithm was presented
for a 3D UAV network where each UAV mechanically steers
a single FSO transceiver to scan the surrounding space. Simi-
larly, an asynchronous neighbor discovery method for a UAV
network is proposed in [23], but considers omnidirectional
reception and directional transmission. Neither [14] nor [23]
can guarantee discovery within a bounded time.

In this paper, we consider a 3D UAV network where
each UAV is equipped with multiple FSO transceivers (both
transmitter and receiver are highly directional) placed on a
spherical structure. There is no clock synchronization or any
omnidirectional RF channel available and the UAVs are totally
unaware of each other’s location. We present a method that
can guarantee neighbor discovery among the UAVs within
a bounded time period.

ITI. TECHNICAL APPROACH
A. Assumptions

e 3D UAV network: The UAVs hover in 3D space and
each UAV can communicate with other UAVs within its
range of transmission/reception.

o Multi-FSO-transceiver spherical structure: Each UAV
is equipped with multiple highly directional FSO
transceivers placed on a spherical structure.

o Unique ID: The UAVs are assigned unique IDs by a
central UAV or a base station before joining the network.

o Electronic steering: A UAV can transmit at or receive
from a specifc direction by activating the appropriate
transceiver. It can switch to a different transceiver to
communicate towards another direction. Thus, it can scan
the surrounding 3D space by electronic beam steering.

o Mode: The UAVs operate in half-duplex mode, i.e., they
can transmit and receive, but not simultaneously.

B. Spherical FSO transceiver structure

1) Transceiver placement: We present a spherical FSO
transceiver design as shown in Fig. 2b. It can also be im-
plemented by using two hemispherical structures, one on top
of the UAV and the other at the bottom of the UAV (Fig.
2¢). In this paper, we consider one spherical structure for
simplicity. The proposed design consists of multiple FSO
transceivers, where one transceiver is placed on top, one at
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Fig. 3: FSO beams should overlap to provide communication
coverage to whole surrounding 3D space.

the bottom, and the rest of the transceivers are placed at
different spherical layers on the structure. Considering circular
shaped transceivers of the same radius r7g, the minimum
angular distance between two such transceivers is ©,,;, =
2 % tan_l(gg), where rgp is the radius of the spherical
structure. Now, for an angular distance ©4 > ©,,,;,,, the total
number of transceiver layers N = [180:_)7;@‘1]. The angular
distance between two such layers is:

M

o _ 1000 if ©4 x N, > 180° — Oy,
o otherwise.

®d7

The top transceiver is placed at both inclination and azimuth
angle of 0°. The bottom transceiver is placed at an inclination
angle of 180° and azimuth angle of 0°. A transceiver placed
at layer j has an inclination angle of ©; and the number of
transceivers in that layer, N; = L% x sin(0;) |, where, j =
1,2,..., N. Here,

0. X j,
0; = )
ez X (NL _]+1)a

if j < [Np/2],
otherwise.

2

The azimuth angle of the i-th transceiver on layer j is ®;; =
3]6\,—0_0 x (i—1), where, i = 1,2, ..., N;. So, the total number of
traﬁsceivers on the headset for an angular distance of 6, can
be determined as, N7p = 2 + Zjvjl N;.

The transceiver on top of the spherical structure is labeled
as 1 and the one at the bottom as Nppr. The transceiver i
at layer j is labeled as N;_; + ¢. For example, if there are
three (¢ = 1, 2, 3) transceivers in the frst (j = 1) layer, they
are labeled as /+1, /+2, [+3 or 2, 3, 4. Here, N;_; =1
represents the transceiver on top of the sphere.

2) Beamwidth selection: We consider that all the FSO
transceivers have the same transmission and reception
beamwidth, i.e., the respective divergence angle and half-angle
feld-of-view (FOV) are both 5°. For an angular distance O4
between two transceivers, the value of 5 should be chosen in
such a way that a neighbor UAV is covered by at least one of
the transceiver beams. As shown in Fig. 3, when FOV = 04
or 28 = O, some areas surrounding the UAV may not be
covered by any of the beams. So, there should be overlaps

among the transceiver beams that are placed next to each other.
We def ne this overlap as a = 23/04. If i, is the minimum
value of « for which any space surrounding a UAV is covered
by at least one of its beams, then o > aunin.

C. 3D Neighbor Discovery

1) UAVs pointing beams towards each other: We consider
that each UAV in the network has Nppr transceivers with
beamwidth 2. So, they can point their beams at Ny different
directions. In transmission mode, a UAV transmits ‘Hello’
messages and waits for ‘Ack’ messages for 7 duration in
each direction. In reception mode, a UAV listens for ‘Hello’
messages for 7z # 7p duration in each direction. All the
UAVs are set with the same 7r and the same 7 before being
deployed in the network. These parameters should be chosen
to satisfy the relation, mrp = nrr, where m and n are positive
integers, prime numbers, and not equal to each other.

We consider a deterministic approach where the UAVs point
at different directions following a specif ¢ sequence. Each UAV
chooses the initial transceiver p (the direction to point its
beam) randomly. After 7z duration in reception mode (7r
duration in transmission mode), it switches to the transceiver
labeled as p+1/. This continues until the transceiver labeled
Nrg is reached. Then it switches to the transceiver labeled 1.
Hence, it takes a UAV a duration of Npr X T in reception
mode and Npgr X 77 in transmission mode to make one full
scan of the surrounding 3D space. Let us consider that UAV A
is hovering within beam b of UAV B, and UAV B is hovering
within beam a of UAV A. Now, UAV A transmits at UAV
B for 7 period during each scan. After n scans UAV A has
transmitted towards direction a for n7y duration and UAV B
has received for m7r duration from direction b. It takes UAV
A nrtprNrgr duration to complete n scans, UAV B m7r Nrgr
duration to complete m scans, and n7r Nrr = mTrNrgR.
The two UAVs will be able to communicate if there is overlap
between their transmission and reception intervals while they
point towards each other. The condition for this overlap can
be written as follows:

N _
> MINTRTT — MTR 3)

m

As stated earlier, after communicating via transceiver Nrg,
the UAV switches to transceiver 1. Hence, mNtr = Nrgr
and considering the relation m7r = n7g, we re-write (3) as:
T > W orm+n > Nrg.

2) Three-way handshake time: Let us assume that UAVs A
and B point their respective beams towards each other at time
intervals (t,,¢%) and (t%3,t%) respectively, where,

tlA =11 + ctp Nrg, c=0,1,2,..
t}}‘:tl—l-T]\,[—l-CT]\,[NTR, c=0,1,2,... (4)
tlB:tQ—FCTMNTR, c=0,1,2,...
t%ZtQ—I—TM—f—CTMNTR, c=0,1,2,..

Here, t1 and 5 are the respective time instances when UAVs A
and B frst point at each other. Also, 7py = 7 for transmission
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mode and s = 7 for reception mode. The overlap Toveriap
between these intervals can happen in three ways as shown in
Fig. 4. In the frst scenario, there is a complete overlap and
Toverlap = TT (assuming, 77 < Tg). In the second scenario,
partial overlap happens between transmission and reception
intervals. And, in the third scenario, partial overlap occurs in
two consecutive scans and we select the longer overlap. For
the cases of partial overlaps Toperiap is uniformly distributed
in the interval [W

Now, the time required to transmit a ‘Hello’ message,
receive an ‘H-Ack’, and reply with an ‘Ack’ is the three-
way handshake time 7. For a successful neighbor discovery,
T < Toverlap- But, UAV A may not start transmitting a
‘Hello’ right at the beginning of the overlap. So, to ensure
a three-way handshake, we must have 27 < T,¢p1qp. Thus,
neighbor discovery can be guaranteed within » full scans of

transmission or m full scans of reception, given the condition:
< (m+n—Nrgr)Tr

T< TR
— 4m

7TT]-

3) Complementary modes: Two neighbor UAVs must be
in complementary communication modes, i.e., one in trans-
mission mode, the other in reception mode, to discover each
other. We adopt the method provided in [9] to ensure this
mode matching between the UAVs. Considering nodes with
unique IDs of the same length /, a sequence can be created,
with this ID, followed by 1 = |1/2] +1-bit segment of 0s and
I* = [1/2]-bit segment of Is. For example, for UAV A with

ID 0010, the sequence is 001000011, and for UAV B with
ID 0100, the sequence is 0/0000011. In [10] and [9], it was
proved that two such sequences are guaranteed to have at least
one bit location with different values under all possible ways of
cyclic rotation within Z continuous bits, where I = [ + 10 +1"
and 194+ 7' > 1.

Next, let us consider each bit of such sequences as a slots of
duration m7Tr N7 which is also equal to n7r Npr. When the
bit is 0, the corresponding UAV operates in reception mode,
and when the bit is /, the UAV operates in transmission mode.
Within one slot duration the transmitting UAV performs n
scans and the receiving UAV performs m scans. The sequences
assigned to the UAVs ensure that they are in different commu-
nication modes during at least one s/o¢. Thus, if the conditions
provided in III-C1 and III-C2 are met, a successful neighbor
discovery can be guaranteed. Now, the slots of two UAVs may
not be aligned. A drift larger than 0.5 can cause mismatch of
communication modes. Hence, we redef ne the slot duration as
2mTrNrR or 2nTr N7 R to guarantee discovery even when the
slots are not aligned. Fig. 5 shows examples of mode matching,
cyclic rotation, and drift.

D. Discovering multiple neighbors

We considered neighbor discovery between two UAVs so
far. In this scenario, once a three-way handshake is accom-
plished neighbor discovery is complete. On the other hand,
when multiple UAVs are present in a network, every time a
UAV completes a three-way handshake with a neighbor, it logs
the neighbor’s ID and the direction where it was discovered.
Then, it continues the discovery process until the end of the
discovery window. Now, with an ID length of /, unique IDs
can be assigned to 2! UAVs. A UAV will be able to discover
its 2! — 1 neighbors within L slots. So, the maximum discovery
time can be written as:

Tmam = 2nTT«Z\/vTRL (5)

Our discovery algorithm is provided in Algorithm 1.

IV. SIMULATION RESULTS AND ANALYSIS

We evaluated the proposed spherical FSO multi-transceiver
structure design and the neighbor discovery method via MAT-
LAB simulations. We considered a 3D UAV network region
of Ronaz/V3 X Rimaz/V3 X Rimaxz/V'3, where R4, is the
maximum communication range of the FSO transceivers. We
conducted 1000 iterations of the simulation using different
seed values and randomly selected the hovering position of
the UAVs. We assumed a maximum of 128 UAVs in the
network and ID length of 7 bits (0000000 to 1111111). The
received power and transmission range of FSO transceivers
are affected by atmospheric and geometric attenuation, and
Lambertian loss. The received power P, can be calculated
from the following relation [26].

(6)

Here, § is the angular distance of a UAV from a neighbor
beam’s propagation axis and R is the distance between two

Pr = cosd X (Pt — IOlOglo e_URCOSd — 20 loglo m)



UAVs. The transmitted power P; is determined for receiver’s
sensitivity of -49 dBm and R=100 m. Table I provides the rest
of the parameters [26].

Algorithm 1 3D UAV Neighbor Discovery

1: Generate sequence Seq of length L from unique ID
2: Timeoutgor < current_time + 2nNprrr
3: Timeoutsyqn < current_time + 7
4: Timeout,eey < current_time + 1
50k« 1
6: p < random(1, NrR)
7. if £ < L then
8. if Seq(k) =0 then
9: Keep listening through transceiver p
10: if Hello is received then
11: Reply with H-Ack and listen for Ack
12: if Ack is received then
13: A neighbor UAV is discovered
14: Go to Step 9
15: end if
16: else if current_time > Timeout, ., then
17: pt++
18: Go to Step 9
19: else if current_time > Timeouts,; then
20: k++
21: Go to Step 7
22: end if
23:  else
24: Keep transmitting Hello and listen for H-Ack through
transceiver p
25: if H-Ack is received then
26: Reply with Ack
27: A neighbor UAV is discovered
28: Go to Step 24
29: else if current_time > Timeout;yqy, then
30: pt++
31: Go to Step 24
32: else if current_time > Timeouts,; then
33: k++
34: Go to Step 7
35: end if
36:  end if
37: else
38:  Current discovery window ends
39: end if

A. Finding apin

We frst conducted simulations to fnd o, (Section IT11-B2)
which helps us to select the appropriate FSO transceiver
beamwidth to ensure that any space surrounding a UAV is
covered by at least one of its beams. Fig. 6 displays the
percentage of time two UAVs discover each other within 7,4,
(5) duration for different values of o and 3. We can observe
that for « > 1.5, two UAVs hovering at random locations
discover each other in 100% of the cases for any value of

TABLE I: Simulation Parameters

Transmitter radius, & 0.3 cm
Receiver radius, ¢ 1 cm
Attenuation coeff cient, o 0.0508
Half-angle Beamwidth, 3 50-35¢
FSO-sphere radius, rgp 7.62 cm
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Fig. 6: a > ypin for 100% communication beam coverage.

£. On the other hand, for v < 1.5, all areas surrounding a
UAV are not covered by at least one of its transceiver beams,
thus, resulting in failure to discover a neighbor. Hence, we use
Qmin = 1.5 for the rest of the simulation analysis.

B. Single neighbor discovery

In this section, we observe how the neighbor discovery time
changes with the transceiver beamwidth for a network with
two UAVs. We present the discovery time in terms of factor of
three-way-handshake time 7. Fig. 7a portrays the cumulative
probability distribution of discovery time and we can observe
that the discovery time reduces with increase in beamwidth.
A larger beamwidth provides larger communication coverage
and thus results in smaller discovery times. Fig. 7b displays
the average and maximum discovery times. We observe that
two UAVs discover each other within the bounded time 77,4,
for any relative hovering position and for all values of /.

C. Multiple neighbor discovery

We performed further simulation analysis to observe how
the neighbor discovery algorithm performs when multiple

7
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Fig. 7: (a) CDF of discovery time (b) Average and maximum
discovery times.
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UAVs are present in the network. We considered different
number of neighbors (7, 15, 31, 63, and 127), and scenar-
ios with and without packet collision. We observed that a
UAV discovers any number of neighbors within the bounded
time 71,4, following the proposed method when there is no
collision of packets. In Fig. 8, we portray the percentage of
neighbors a UAV discovers within 7,,,, considering the effect
of packet collision. We can see that, when the network size
is small (7 or 15 neighbors), almost all the neighbors are
discovered within the bounded time. We also observe that,
unlike the single neighbor scenario, larger beamwidth reduces
the probability of discovering all neighbors within 7},
When the number of UAVs in the network is high and the
beamwidth is larger, multiple UAVs can try to communicate
with the same UAV at the same time. This results in packet
collision and delays the discovery. We can see that a UAV can
discover all of its neighbors even considering packet collisions
when the beamwidth is relatively smaller (e.g., 15° or 20°).

V. CONCLUSION

We proposed the design of a multi-transceiver FSO spherical
structure and a neighbor discovery algorithm for a 3D UAV
ad hoc network. We presented the necessary conditions for
discovering multiple neighbors within a given time 75,,4,. We
showed how the beamwidth of the FSO transceivers should be
chosen to ensure that all areas surrounding a UAV is covered
by one of its beams. We evaluated the effectiveness of the
proposed discovery method through simulations and showed
that a UAV can discover all of its neighbors within a bounded
time. We also showed that packet collisions can delay the
discovery of neighbors if the transceiver beamwidth is large
or the number of neighbors is high. This can be avoided by
choosing the beamwidth appropriately and maintaining a limit
on the number of nodes in the network. As future work, we
will explore a comparison of the proposed neighbor discovery
method with the state-of-the-art, which could not be included
here, due to the limited space. Similarly, we will investigate the
effect of hovering UAV’s oscillations on the discovery process.
Another possible line of future work is to develop a proof-of-
concept prototype of the spherical FSO transceiver structure
and evaluate the proposed neighbor discovery method through
test-bed experiments.
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