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Abstract: Unmanned Aerial Vehicles (UAVs) in particular multirotors are becoming the de facto1

tool for aerial sensing and remote inspection. In large industrial facilities, a UAV can transmit2

an online video stream to inspect difficult to access structures, such chimneys, deposits and3

towers. However, the communication range is limited, constraining the UAV operation range.4

This limitation can be overcome with relaying UAVs placed between the source UAV and the5

control station, creating a line of communication links. In this work we assume the use of a6

digital data packet network technology, namely WiFi, and tackle the problem of defining the exact7

placement for the relaying UAVs that creates an end-to-end channel with maximal delivery of data8

packets. We consider asymmetric communication links and we show an increase as large as 15%9

in end-to-end packet delivery ratio when compared to an equidistant placement. We also discuss10

the deployment of such a network and propose a fully distributed method that converges to the11

global optimal relay positions taking, on average, 1.4 the time taken by a centralized method.12

Keywords: Multi-hop network, packet delivery ratio, relay network, TDMA, throughput, UAV,13

wireless networks14

1. Introduction15

The versatility of Unmanned Aerial Vehicles (UAV or drones) has allowed their use16

for multiple purposes, either recreational, engineering, scientific or military. Many of17

these applications require remote vision, either for their own control with First-Person-18

View (FPV), for aerial sensing of areas of interest or for remote inspection of large19

structures that are difficult to access. This last case can be found in widespread industrial20

plants to inspect chimneys, silos, reactors, buildings, etc [1]. In these situations, an UAV21

typically captures a video stream that is transmitted to an operator in a base station that22

fine tunes the navigation and positioning of the UAV to carry out the inspection with23

detail. Multirotor UAVs are particularly suited to such situations because of their high24

maneuverability, including hovering capacity, and ad-hoc communication that dispenses25

a pre-deployed network infrastructure. However, the wireless transmission from the26

UAV to the base station poses a limit to the device range of operation. This is particularly27

relevant when using data networks, such as IEEE 802.11 (WiFi), which may improve the28

quality of the video transmission, and integrate other data communications, too, but29

exhibit abrupt degradation with distance.30

One possible way to mitigate the range limitation is adding UAV relays that can31

hover between the source UAV and the base station, forwarding packets from one side to32

the other, forming a multi-hop line network (Figure 1). This kind of network was studied33

in [2] with a characterization of the end-to-end communication channel as a function of34

the properties of the individual links, namely the end-to-end throughput as a function of35

the links Packet Delivery Ratio (PDR). The authors proposed and validated in practice a36

model for the link PDR degradation with distance. With such model they showed how37

to place the relays optimally to cover the largest distance with the minimum number of38

relays, while simultaneously maximizing the end-to-end throughput. Minimizing the39

number of UAVs is particularly relevant because it allows reducing end-to-end latency,40
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which is crucial in the use cases we are considering. In practice, we do not envisage41

networks with more than just a few relays, hardly above 5 or 6.42

Figure 1. Single-source aerial stream to a ground sink using UAV relays to transmit data.

The previous work considered links with similar PDR model, each transmitting43

within an exclusive time slot of a Time-Division Multiple-Access (TDMA) scheme. In44

such conditions, the optimal relay placement is equidistant along the source to base45

station path. However, the assumption of links with similar PDR model falls short in46

practice, since the links often exhibit asymmetric properties due to obstacles, differences47

in the antennas, local interference, among other effects. These link asymmetries cause48

different error rates and throughput, negatively impacting the network end-to-end49

features. This was shown in [3], where the authors proposed a method to compensate50

those asymmetries acting on the throughput, adjusting the duration of the time slots51

so to give less time to links that have high throughput and vice-versa. This provides52

a fast compensation method for a network with asymmetric but fixed link properties,53

balancing the throughput among all network links.54

A better asymptotic result can be achieved by adapting the position of the relays55

dynamically to balance the link PDR instead of the throughput. The work in [4] shows56

a preliminary incursion in this direction, analyzing the case of one relay, determining57

the optimal relay placement between a fixed source and base station, and validating58

this result in practice. However, no formal method to solve the optimization prob-59

lem was shown, just empirical solutions. Here, we follow the same line of research,60

complementing the previous work by addressing the general case of a line network61

with n links between a source node (the source UAV) and a sink (the base station),62

constrained to a total fixed length C, with each link characterized by an empirical PDR63

quality model. We provide the optimal solution to the relay placement problem that64

balances the links properties and maximizes the end-to-end PDR. We also consider that65

the Medium Access Control (MAC) layer uses a TDMA transmission control scheme to66

prevent transmission collisions, automatic retries are disabled and the bit rate is fixed.67

Under these assumptions, the end-to-end throughput can also be directly derived from68

the end-to-end PDR.69

Our contributions are the following:70

• An optimal (global) solution for relay placement considering asymmetric links.71

This work subsumes the work in [2] that considered symmetric links, but builds on72

the empirical link PDR models developed therein.73

• Two deployment strategies with centralized and distributed positions control. We74

provide a comparison between both in terms of convergence time and overhead,75

together with an empirical proof of convergence of the distributed solution to the76

global optimal relay positions.77

The next section discusses related work available in the literature. Section 3 in-78

troduces the problem of relaying video over a line of hovering relays and shows the79

formal grounds for the asymmetric relay placement. Section 4 presents the optimal relay80

placement solution, with examples and performance assessment. Section 5 presents81

two deployment methods for the solution proposed before, namely a centralized and82

a distributed relay positions control methods. Emphasis is made on the distributed83

method, its relative performance and convergence. The online estimation of the links84

PDR model is also introduced. Finally, Section 6 concludes the paper.85
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2. Related Work86

Using UAVs as flying sensors has already been extensively studied for multiple87

purposes, either commercial, military and research, especially for image/video sensing88

and its applications. For example, the works in [5,6] rely on UAVs to carry out SLAM89

(simultaneous localization and mapping) from cameras and LiDAR to obtain 3D maps90

of the scenario. Other works address the wireless communication and the associated91

network of UAVs. The work in [7] focuses on the wireless link with a UAV, using92

IEEE 802.11g and UDP/IP, and the impact of using different PHY bit-rates, inter-node93

distances and relative velocities. Extensive experimental results focusing on throughput94

show a positive impact of setting the bit-rate manually. Conversely, the work in [8] shows95

that when multiple UAVs carry out simultaneous video streaming over the wireless96

network, the overall performance is improved by having the multiple transmitters adapt97

their PHY bit-rate as a function of the network load and link conditions. The work in98

[9] goes one step further in discussing how to set up a sensor network using UAVs,99

considering scenarios in which sensors can be temporarily disconnected, when the100

sensors are all within range of a base station and connect directly to it, and when relays101

are added to extend the range of communication. Further performance improvements102

of wireless multi-hop communication require acting at the network management level,103

from routing, using specific protocols such as AODV, DSDV, BATMAN and their variants,104

to traffic control with shapers, including TDMA, leaky buckets and other, and/or using105

redundancy to mitigate the typical unreliability of the wireless links.106

One important observation is that the approaches referred above either consider107

uncontrollable or fixed nodes, particularly not exploring the movement of nodes for the108

sake of improving some network features. Some other works addressed the dynamic109

behavior of certain network features, such as the PDR, under mobility [10,11], but con-110

sidering low throughput scenarios. In such a case, overflows of internal network buffers,111

which are a major source of packet losses under high throughput, are not necessarily a112

problem, dispensing the use of traffic throttling mechanisms. A complementary work113

[12] addressed the case of data streaming in a vehicular network, looking into the impact114

of relative speed on PDR, but considering single hop communication, only.115

Another related research line is that of robotic networks of ground, or surface,116

autonomous mobile robots. One work that marked this line is that in [13], where the117

authors investigate controlling the movement of one robot that transmits wirelessly a118

data stream to a base station, possibly over a multi-hop network. Instead of transmit-119

ting and moving at a constant pace along the way, the authors propose slowing the120

robot whenever the channel is good while accelerating the robot motion whenever the121

channel exhibits poor characteristics. This effectively results in a spatial asymmetry of122

transmissions, concentrating them in spots of good connectivity, and in an increase of123

the average throughput for streaming data over a multi-hop network. The work in [14]124

addresses another very relevant topic in mobile robotic networks performance. It shows125

a characterization of the network performance when varying the distance from a base126

station and with different data-rate and delay user requirements. However, they propose127

adopting a data mule model when the robots move farther away from the base station,128

using delay tolerant networking, instead of online relaying. In these conditions, PDR129

assume less relevance and the authors to not address it. Finally, the works in [15] and130

[16] are probably those that exhibit the highest relevance to work work since they also131

aim at setting up a line of relay nodes to convey a multimedia stream from a source robot132

in one extreme to a base station on the other. However, beyond using ground robots,133

these works address the specific features of wireless communication within tunnels and134

pipelines, such as the wave-guide-like behavior, which is very specific to such scenarios.135

Looking at all these works, despite being close to our work topic-wise in different136

aspects, to the best of our knowledge, no previous work addressed the case of controlling137

dynamically the position of flying hovering UAV nodes to set up a line of relays that138

provides a WiFi communication channel with maximal end-to-end PDR to a source UAV139
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that transmits a bandwidth-intensive live video stream to a base station. This is the140

problem we address in this work and which we formalize in the following section.141

3. Problem142

As referred previously, in this work we consider an aerial network of n UAVs with143

hovering capacity, such as multirotors, identified uniquely by their index i ∈ [1, n], and144

a ground (or control) station with index i = 0. The UAVs form a line network topology145

and communicate essentially in one direction, only, from the farthest (1st) UAV, which146

we call the source that generates a live sensing (video) stream, to the ground station,147

which we will call sink1. We assume that all intermediate UAVs (i ∈ [2, n]) are relays that148

communicate with their immediate neighbors, only. This implies the existence of n links,149

i.e., node i receives the sensing stream from node i−1 through link i−1 and retransmits150

it to node i through link i. Finally, we consider the links to be physically aligned2 with a151

total network length of L. Figure 2 shows an example with n UAVs and a sink (in blue),152

in which the 1st UAV is the source (in pink) and UAVs 2 to n are relays. There are n links153

with lengths d1 to dn, with a total network length of L = d1 + d2 + · · ·+ dn.154

...21 n Sink

P1

d1 d2 dndn-1

R1 α1

P2

R2 α2

Pn-1

Rn-1 αn-1

Pn

Rn αn

Figure 2. Multi-hop line network model. The PDR of link i, between nodes i and i+1, is Pi with
parameters Ri, αi, and its length is di.

In what concerns the Packet Delivery Ratio (PDR) of each link, we use the model155

proposed in [2] in which a link i exhibits a PDR Pi that varies with the link length di156

according to a negative exponential law as presented in Eq. 1. Here, βi is given by157

Eq. 2, Ri is the link length at which the PDR is reduced to 50% and αi is related to the158

slope of the PDR curve at length R. Along the formal developments that follow, we will159

frequently refer to link i as its corresponding PDR model duplet (Ri, αi).160

Pi(di) = eβi di
αi (1)

βi =
− log(2)

Ri
αi

(2)

Once the network model and link PDR model are defined, we can now formalize161

the problem at hand. In this work our objective is to maximize the performance of the162

line network in what concerns the end-to-end PDR by adjusting the placement of the163

relay nodes along the line, or equivalently, adjusting the lengths of the network links164

subject to the total fixed network length L. Before we express this objective formally, it165

is important to state a few more assumptions. First, we assume that packets lost in the166

forwarding process are not recovered. If relevant, recovery must be managed at a higher167

layer. This is common with streams of real-time data as is the case, here. Moreover, we168

consider that the processes that generate packet losses are independent across links. This169

also means that the performance of each link i is solely dependent on its length di and170

the medium characteristics (Ri, αi), being all links independent of each other. Finally, we171

assume there is a global TDMA coordination scheme in place, so that nodes transmit in172

their disjoint time slots, only, preventing interference among nodes transmissions.173

1 Although we consider unidirectional source to sink communication, only, our model does not preclude low-bandwidth communication in the
opposite direction, such as controls sent by the ground station to the UAVs. Note that the corresponding bandwidth is significantly lower than that
of the online sensing stream, reducing the relevance of PDR optimization in that direction since reliable retransmission-based mechanisms can be
put in place. Thus, for our work we ignore other than the source to sink transmissions.

2 The constraint of physical alignment is currently relevant, since we consider that, when moving one relay, one of its links shrinks while the other
one grows the same length, given the fixed total length. The case of links that can form different angles between them is left for future work.
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Under these assumptions, the end-to-end PDR can be obtained by a simple mul-174

tiplication of the PDRs of the individual links, as expressed in Eq. 3. Here we use d to175

represent the vector of n link lengths and Pnet(d) as the end-to-end network PDR that176

results from applying the link lengths vector d.177

Pnet(d) =
n

∏
i=1

Pi(di)

d = [d1, d2, d3, ..., dn]

(3)

We can now state our optimization problem as in Eq. 4, i.e., finding the vector of178

link lengths d that maximizes the end-to-end PDR Pnet(d), subject to the fixed network179

length constraint L.180

Popt = max
d

Pnet(d) = max
d

n

∏
i=1

Pi(di) = eβ1d1
α1 · ... · eβndn

αn

st. L−
n

∑
k=1

dk = 0
(4)

4. Global Solution181

To solve the optimization problem expressed in Eq. 4 we resort to the Lagrangian182

method for maximization. Thus, we start by expressing the corresponding Lagrangian183

expression A(d) as in Eq. 5 and its gradient as in Eq. 6.184

A(d) =
n

∏
i=1

Pi(di) + λ

(
L−

n

∑
i=1

di

)
(5)

∇d1,d2,...,λ =

(
∂A
∂d1

, ...,
∂A
∂λ

)
(6)

To solve the gradient, we start by computing the partial derivatives of the La-185

grangian expression with respect to di, as in Eq. 7.186

∂

∂di
A(d) =

(
n

∏
j=1,j 6=i

Pj(dj)

)
· d

ddi
Pi(di)− λ (7)

Note that deriving Pi(di) is straightforward since it is an exponential function,187

resulting in Eq. 8. Thus, we can now rewrite Eq. 7 as in Eq. 9.188

d
ddi

Pi =
d

ddi
eβidi

αi =

=

(
d

ddi
βidi

αi

)
eβidi

αi =
(

βiαidi
αi−1

)
Pi

(8)

∂

∂di
A(d) =

(
n

∏
j=1,j 6=i

Pj(dj)

)
·
(

βiαidi
αi−1

)
Pi − λ (9)

We can now establish the gradient of A(L) as in Eq. 10.189
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∇di∀i∈[1,n] ,λ =(
∀i∈[1,n]

[(
βiαidi

αi−1
) n

∏
k=1

Pk(dk)− λ

]
, L−

n

∑
k=1

dk

)
(10)

To solve the maximization problem, we equal the gradient to zero and solve for di,190

thus obtaining the following system of equations (Eq. 11):191

∇d1,d2,...,λ = 0⇔

⇔



β1α1d1
α1−1 ∏n

k=1 Pk(dk)− λ = 0
β2α2d2

α2−1 ∏n
k=1 Pk(dk)− λ = 0

...
βnαndn

αn−1 ∏n
k=1 Pk(dk)− λ = 0

L−∑n
k=1 dk = 0

(11)

This system of equations also means that, for any two nodes g and h, we have the
following relationship (Eq. 12):

βgαgdg
(αg−1) = βhαhdh

(αh−1) ⇔

⇔ dg
(αg−1) =

βhαh
βgαg

dh
(αh−1) ⇔

⇔ dg =

(
βhαh
βgαg

)( 1
αg−1

)
d

(
αh−1
αg−1

)
h

(12)

Considering that most of the terms in Eq. 12 correspond to constants, we can thus192

rewrite the optimal links length relationship as in Eq. 13.193

dg = Ψg,h · dh
θg,h

where:

Ψg,h ≡
(

βhαh
βgαg

)( 1
αg−1

)
=

(
Rg

αg αh

Rh
αh αg

)( 1
αg−1

)

θg,h ≡
(

αh − 1
αg − 1

)
(13)

In practical terms, to solve the system in Eq. 11 we can start by computing dn first194

and then use the ratio in Eq. 13 to express all other di with i ∈ [1, n− 1] as a function of195

dn. This is expressed in Eq. 14.196 

d1 = Ψ1,n · dn
θ1,n

d2 = Ψ2,n · dn
θ2,n

...
dn−1 = Ψn−1,n · dn

θn−1,n

L = d1 + d2 + ... + dn

(14)

To compute dn we can take the last equation in the system and rewrite it as a197

function of dn, only (Eq. 15).198

L =
n−1

∑
i=1

(
Ψi,n · d

θi,n
n

)
+ dn (15)
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Nevertheless, in the general case, Eq. 15 has no closed-form expression. It is a199

Laurent polynomial, i.e., a polynomial with fractional (and/or negative) exponents, and200

the most common way of solving such polynomials is resorting to numerical methods201

such as a binary search. That is the approach followed in this work.202

Finally, note that if the link PDR models are equal, then constants Ψg,h = θg,h =203

1, ∀g.h, which implies, from Eq. 11, that the optimal network PDR (end-to-end) is achieved204

when all links have the same length, i.e, the relays are placed equidistantly between205

source and sink. This matches the results in [2], which are subsumed in our current206

work.207

4.1. Examples208

To illustrate the problem and solution method we just described, we herein present209

two examples, one with two links, thus source, sink and one relay in between, and210

another one with three links, thus with two relays in between. We will consider that the211

link models are known for all links, an assumption that will be dropped later on. The212

parameters of the link model were obtained randomly within ranges that were observed213

in practice, to preserve material consistency.214

4.1.1. A case with two links215

Consider a set of two links (n = 2) defined by models {(Ri, αi), i ∈ [1, 2]} with216

vectors R = [100, 120] and α = [2.6, 2.6], and total network length L = 140m. We thus217

aim at finding the set of link lengths d = [d1, d2] that maximizes the end-to-end PDR218

Pnet(d) = ∏2
i=1 Pi(di), keeping L constant, as stated in Eq. 4.219

We start by computing the constant vectors Ψ and θ as in Eq. 13:

Ψ1,2 =

(
1002.6

1202.6

)1/1.6

= 0.7436

θ1,2 = 1

Then, we compute dn (in this case d2) as a solution for the Laurent polynomial
presented in Eq. 15.

Ψ1,2 d2
θ1,2 + d2 = Ψ1,2 d2 + d2 = L⇔

d2 = L/(1 + Ψ1,2) ≈ 80.3

Knowing the optimal length of second link (d2), we can, in this simple case, directly
extract the optimal length of the first link (d1) from the network length constraint L.

d1 = L− d2 ≈ 59.7

The maximal end-to-end PDR Pnet that can be achieved with the referred links
occurs when the link lengths are dopt = [59.7, 80.3]m and its value is the following:

Popt = Pnet(dopt) = P1(59.7) · P2(80.3) = 0.6536

Generally, with n links we can represent the PDR solution in an n-dimensional220

graph. Thus, in this case, we can illustrate it with a 2D plot (Figure 3). The figure shows221

the PDR of the network (indicated as "product") and of both links as a function of the222

position of the relay with respect to the source node, i.e., the length of the first link. The223

network length, L = d1 + d2, is the position of the source, considered fixed. The network224

PDR has a maximum at d1 = 59.7m, contradicting, for example, the intuition that it225

would be maximized at the point that equalizes the links PDR (∼63m).226
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Figure 3. PDR of link 1 (red), link 2 (green) and their product, i.e., network (black), as a function
of the length of the first link d1 and L = 140.

4.1.2. A case with three links (two relays)227

To show a case that already bears some more complexity, we present here a situation228

with three links, thus using two relays. The problem is as follows. Consider a set of three229

links (n = 3) defined by models {(Ri, αi), i ∈ [1, 3]} with vectors R = [110, 120, 130] and230

α = [2.1, 3.2, 4.2], and total network length L = 180m. We now aim at finding the set231

of link lengths d = [d1, d2, d3] that maximizes the end-to-end PDR P(L) = ∏3
i=1 Pi(di),232

keeping L constant (Eq. 4).233

Figure 4 represents the PDR curves of the three links. Note that, in this case, we234

cannot represent symmetrically the pairs of PDR curves of the two links used by each235

relay, as in Figure 3, since we lack one fixed node in either case; relay 1 lacks a fixed node236

on the right side link and relay 2 lacks a fixed node on the left side link.237

Figure 4. PDR of link 1, link 2 and link 3 as a function of their length.

Again, we start by computing the constant vectors Ψ and θ:

Ψ1,3 = 0.000126 Ψ2,3 = 0.1102

θ1,3 = 0.110214 θ2,3 = 1.4545

Then, we compute the solution of the corresponding Laurent polynomial (Eq. 15):(
Ψ1,3 · d

θ1,3
3

)
+
(

Ψ2,3 · d
θ2,3
3

)
+ d3 = L
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Applying the known constants, we obtain the following equation for d3:(
0.000126 · d2.9091

3

)
+
(

0.110214 · d1.4545
3

)
= 180

Solving this equation numerically with binary search, the value of d3 ≈ 77.86 is
defined. Using this value, the constant vectors Ψ and θ, and lastly the ratios of Eq. 11 the
remaining link lengths can be defined:

d2 = 0.000126 · 77.861.4545 = 62.17

d1 = 180− 77.86− 62.17 = 39.97

In this case, the maximum Pnet that can be achieved with the referred links occurs
when the link lengths are Lopt = [39.97, 62.17, 77.86]m. The corresponding Pnet value is:

Popt = P(Lopt) = P1(39.97) · P2(62.17) · P3(77.86) = 0.7806

With three links, we can still visualize the result with a 3D plot. Figure 5 shows238

the network PDR as a function of the lengths of the first two links, constrained by239

d1 + d2 = L− d3. For each value of d3 we obtain one 2-dimensional PDR curve similarly240

to the product curve in Figure 3. The black curve represents the one that contains the241

highest peak, which is the maximum network PDR, achieved when d3 = 77.86m.242

Figure 5. Pnet - Network PDR as a function of the length of the three links. Maximum shown as
black dot.

4.2. General performance assessment243

There are benefits in optimizing the network PDR. In this section, a comparison is244

performed between the presented optimal solution and an intuitive solution consisting of245

placing the relays at equidistant intervals between the source and the sink (the baseline).246

To prove such claim, first, an example of a complex network with 7 links (6 relays)247

is presented to observe the improvement optimal versus baseline as a function of the248

total network length L. Second, a vast set of randomly generated link models is used249

to achieve a general empirical characterization of the performance improvement for250

different network lengths and number of links.251

4.2.1. Performance improvement with 7 links252

Consider a network with 7 links (6 relays) with different PDR models shown in253

Figure 6. Figure 7 shows the optimal positions of the six relays for different network254

length L (solid lines) together with the corresponding equidistant positions (dashed255

lines). Curiously, the curves also show what would be the path of all relay nodes in case256
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Figure 6. PDR models of 7 links as a function of link length di, where link i connects nodes i and
i + 1, ∀i ∈ [1, 7] (source is node 1 and sink is node n+1).

they kept their optimal / equidistant positions tightly while the source moved linearly257

away from the sink.258

The absolute difference between optimal and equidistant positions increases non-259

linearly with network length. This can be better observed when plotting the relative260

positions of the relays concerning the fraction of the total network length instead of the261

absolute positions (Figure 8). The figure clearly shows that the optimal relative positions262

are not kept constant as the network length increases. This means that applying simple263

rules to maintain the relative position of each relay to their neighbors is not optimal as264

the network changes its overall length. In this case, the optimal positions have to be265

dynamically recomputed.266

Figure 7. The optimal relay positions (solid lines) are different than the corresponding equidistant
positions (dashed-lines). Their absolute differences increase (non-linearly) with network length L.

Looking now into the network PDR achieved with the optimal relays placement we267

can see a significant improvement when compared to what would be achieved with an268

equidistant placement instead, specially when the network increases its length. This is269

shown in Figure 9. In this particular example, when the network is 400m long, using270

the optimal solution increased the PDR by 15 percentage points, regarding equidistant271

placement. This represents a performance improvement of 35% (from P = 42% to P =272

57%). Note that the network (end-to-end) PDR when the relays are placed equidistantly,273

i.e., Pequi = Pnet(Lequi) with Lequi = {di = L/n ∀di ∈ [1, n]}, can be computed using274

Eq. 16.275

Pequi = Pnet(Lequi) =
n

∏
i=1

Pi(L/n) (16)
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Figure 8. The relative positions of the relays as fractions of the total network length change with
the network length itself.

The performance improvement, in network PDR, as a function of the network276

length L is shown in Figure 10. In particular, we show the relative PDR gain Φ - Eq. 17 -277

represents the additional PDR obtained with the optimal relay positioning relative to the278

network PDR obtained with equidistant relays.279

Φ =
Popt
Pequi

− 1 =
Pnet(Lopt)

Pnet(Lequi)
− 1 (17)

Figure 10 highlights the growing PDR improvement with growing network length.280

As we will see further on, this behavior is observed with any number of relays in the281

network. Increasing the number of relays significantly decreases the average length282

of the links, which also increases the end-to-end network PDR. However, more relays283

increase network delay. In general, we would be interested in using the least number of284

relays possible, which implies operating the network in the PDR region in which the285

PDR starts to drop. This is also the region where the optimal relay placement starts to286

make a difference, highlighting the relevance of this work.287

Figure 9. PDR Pnet improves significantly when the optimal placement is used instead of equidis-
tant positions, specially for larger network lengths.

4.2.2. General characterization with random links288

To find a general characterization of the PDR improvement that can be achieved289

with the optimal relay placement, we generated 10000 random networks with random290

link models, varying number of relays and network length and observed the PDR gain291

Φ as defined in Eq. 17.292

We started by generating a vast pool of links, where each link is generated with a293

random pair (R, α), taken uniformly from R ∈ [80, 180] and α ∈ [2.1, 4.2], ranges that we294

observed in practice. The PDR link models are shown in Figure 11.295
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Figure 10. PDR Pnet relative gain (Φ) using the optimal placement with respect to equidistant
positioning.

Figure 11. Pool of link PDR models (R, α) used for the general performance characterization
(R ∈ [80, 180] and α ∈ [2.1, 4.2]).

Figure 12 shows the network PDR gain as a function of the number of links (equals296

the number of relays plus one) and network length in 10000 scenarios. Each scenario297

uses a random set of links (link models) generated from our pool. The scenarios are298

grouped per number of links and averaged. The curves represented in the figure are the299

average curves for all the scenarios generated with each number of links.300

For a given distance, a lower number of links means the average length of each301

link is longer, thus the overall PDR is generally reduced. In these cases, the optimal302

placement has a strong impact. Moreover, lower number of links also reveals a faster303

increase in the optimal placement PDR gain, which comes together with an implicitly304

faster degradation of the network PDR. This shows that smaller networks (less relays)305

are more sensitive to the positioning of the relays.306

In general terms, as expected, we will observe that the improvement depends on the307

asymmetry of the links. On the other hand, if all links have the same characteristics, the308

optimal solution is the equidistant solution and there is no performance improvement.309
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Figure 12. Average network PDR gain Φ (optimal relative to equidistant relay placement) with
random link models, as a function of the number of links and network length L.

5. Deploying the Optimal Relay Placement310

The previous sections gave us, already, good indications of the requirements for311

operating such a sensing network as well as the benefits that we can expect to achieve.312

However, to put in practice such a solution we need a deployment strategy that allows313

operating the relays network to reach the optimal relays positions. In this section we314

consider two possible approaches, centralized and distributed, which we explain and315

compare, next.316

5.1. Centralized network control317

In this approach, the control architecture relies essentially on the base station, taking318

advantage of its sink role in the network and potentially higher computing capacity.319

This approach consists of two phases, a trigger phase, for example, based on tracking320

the position of the source node and/or the PDR models of the links. This tracking321

can also be either centralized or distributed. For consistency with this deployment322

approach, we assume the source node reports its position and the relays report their323

PDR measurements from the links they receive from with adequate intervals, e.g. every324

x seconds. Then the ground station updates its knowledge of the source position and the325

PDR link models and checks whether these change beyond predefined thresholds and, if326

so, generates a re-positioning event. If this tracking is distributed, the event detection is327

left to the UAVs that communicate the re-positioning events, when they occur, to the328

base station. A re-positioning event initiates the second phase, in which the ground329

station computes new optimal relay positions and transmits them upstream to the relays330

as waypoints.331

One important aspect is that the total time to reconfigure the network and have the332

relays taking their optimal positions is dominated by the physics of the UAVs - motion333

and control. Naturally, this time depends on the distance between the relays starting334

and target points. For long networks, this can be several meters apart, taking several335

seconds to re-position the relays.336

Other properties of this approach include the concentration of the computational ef-337

fort to update the links PDR models and compute the optimal relay positions. Naturally,338

this extra complexity of the ground station is paired with a corresponding simplification339

of the computational requirements of the UAVs. This solution also implies extra com-340

munications downstream that must be always running, even in periods in which the341

source sensing stream may not be needed, as during autonomous source replacement342

maneuvers. If a distributed event-detection is used, this burden on constant communi-343

cation is alleviated, but the event communication must be carried out with reliability344

mechanisms in place.345
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Finally, this solution falls in the class of event-triggered systems. In the absence346

of changes in the network, no re-positioning event would be generated and no new347

way-points would be sent to the relay UAVs. Given its simplicity of deployment, we348

will use this approach as baseline when comparing with the distributed approach that349

we describe next.350

5.2. Distributed network control351

In a distributed context, each UAV places itself optimally, solely with local knowl-352

edge. This means that it tracks the positions of its neighbors and the PDR of the links it353

is engaged with, and computes its own optimal position, only, considering a two-links354

case. Thus, the computational effort required to the UAVs is naturally higher than with355

the centralized approach, but it is limited, too, and does not depend on the number of356

relays used. The ground station, conversely, is not involved in the re-positioning of the357

relays, which simplifies its design.358

However, the optimization process must be executed iteratively since the optimal359

positions computed in each step are just locally optimal. Thus, we have to show that360

the sequence of local optimal positions converges to the global optimal placements361

generated by the centralized approach. We will address this issue later in this section.362

Overall, this solution falls on the class of time-triggered systems in which the363

positions of the relays are being periodically tracked and adjusted by all relays, in364

parallel, so as the adjustment of the PDR models of their links. Thus, changes in relay365

positions or source position, or variations in links PDR can be compensated readily in366

an organic fashion, without engaging in global mechanisms. Thus, the line network of367

relays autonomously tracks its optimal configuration.368

5.2.1. Implementing the distributed control method369

The implementation of the distributed control method is rather simple, too. In370

a network with n links we have n UAVs of which 1 to n−1 are relays. All network371

nodes regularly share their position with their neighbors, for example, 3D coordinates372

in a ENU (East-North-Up) fixed frame. Consider the relay i and its position ri. For373

simplicity, consider node positions are one-dimensional with origin defined at the Sink.374

Its neighbors are the upstream node i−1, with which it shares link i−1 and which is375

in position ri−1, and the downstream node i+1, with which it shares link i and which376

is in position ri+1. The PDR models of both links are also known by relay i, namely377

(Ri−1, αi−1) and (Ri, αi).378

Knowing the neighbors positions (ri−11, ri+1) as well as its own (ri), relay i can379

compute the lengths of both links, li−1 and li. With this information, it can apply the380

optimization method described in the previous section, applied to the simple two links381

case as in Section 4.1.1, to compute its local optimal way-point. This process is repeated382

with an adequate period T as described in the following listing. While all relays from 2383

to n execute this process, the source UAV and the ground station (sink) simply answer384

the request for position issued by their neighbor relays. The behaviour just described for385

relay i is summarized in the pseudo-algorithm below.386

loop (every T)387

{ri−1, ri, ri+1} = REQUESTPOSITION(nodes={i−1, i+1}) . Obtain position of388

neighbors389

ropt
i = GETOPTPOSITION({ri−1, ri, ri+1}, {(Ri−1, αi−1), (Ri, αi)})390

SETDRONETARGET(ropt
i ) . Set waypoint for the local optimal position391

end loop392

procedure GETOPTPOSITION({ra, rb}, {(Ra, αa), (Rb, αb)})393

{Ψa,b, θa,b} ← fEq13({(Ra, αa), (Rb, αb)}) . cf. Eq.13394

L← ||ra − rb|| . Current length of this network portion395

db ← {x ∈ R : Ψa,b · xθa,b + x = L}396

da ← L− db . Compute optimal link lengths397
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ri ← rb + db . Compute optimal position398

return ri399

end procedure400

5.2.2. Example401

Figure 13 shows the same case with four links (n = 4), thus three relays, where402

the link PDR models were generated randomly (R = {154, 177, 98, 108, 178}, α =403

{2.53, 3.38, 2.38, 2.59}). The source node is fixed at r1 = L = 400m from the base404

station and the initial positions of the three relays are equidistant (r4 = 100m, r3 = 200m405

and r2 = 300m, respectively). The horizontal axis shows the number of iterations of the406

algorithm, repeated with a period of T = 1s (top) and T = 5s (bottom). The vertical axis407

represents the position of each relay ri along the line between source and base station.408

Figure 13. Nodes converging to their optimal position. Triangles represent relay positions every
step of the distributed approach. Solid lines show the evolution of a centralized approach.
(Iterations with T=1s (Top) and T=5s (Bottom); note the different horizontal scales)

The dashed lines represent the optimal positions for all the relays. The solid lines409

show the relays movement when the global optimal positions are computed at once by410

the ground station in a centralized approach. In this case, the relay UAVs are assigned411

way-points corresponding to their optimal positions and move directly to those points412

at constant cruise speed (1m/s). Once they reach the optimal positions they stay there.413

The triangles show the relays behavior running our distributed approach in which414

the global optimal locations are not known a priori. We also assume the vehicles move415
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at the same cruise speed of 1m/s. In this case, the relays share position information with416

their neighbors every iteration (T = 1s or T = 5s).417

Observing Figure 13 we can see that the centralized approach, despite the immediate418

computation of the optimal positions, takes 52s to converge. We define convergence as419

the situation in which all relays are at less than 1 meter from their optimal positions.420

Curiously, the distributed approach generates sets of local optimal positions to drive421

the relays, but for some relays and in certain periods, the local optimal positions fall on422

the UAVs trajectory resulting from the centralized approach. Eventually, there is some423

bounded divergence for some time, but the distributed approach converges to the global424

optimal positions. With T = 1s, it takes ∼ 59s to converge. This time increases to ∼ 125s425

with T = 5s.426

5.2.3. Convergence of distributed control427

At this point, we have not achieved a formal proof of convergence, yet, for the428

distributed approach. Thus, we tested the convergence hypothesis empirically using429

10000 random scenarios from the same pool of random link PDR models (R, α) used in430

Section 4.2.2. In each scenario we compare the time (and track the number of iterations)431

necessary for the centralized and distributed approaches to converge. We consider two432

cases with different periods (T ∈ {1, 5}s).433

Figure 14 shows the histograms of the ratios of the time taken by the distributed434

approach to converge over the time taken by the centralized approach. We can observe435

that larger periods take significantly longer to converge. The average ratio grows from436

∼ 1.4 to ∼ 4 with T = 1s and T = 5s, respectively. Moreover, note that the network is437

insensitive to changes in positions or link PDR models during each period. Thus, longer438

periods also generate additional latency in reacting to such changes.439

Figure 14. Distribution of the ratio distributed over centralized convergence time for different
values of T. (Left: T = 1s; Right: T = 5s)

Naturally, sufficiently longer periods will necessarily create instability and prevent440

the distributed approach from converging. However, we have tried with T = 15s and441

still achieved convergence, despite taking, on average, ∼ 8 times the time taken by the442

centralized approach. On the other hand, setting too short periods creates additional443

communication and computing overhead that may turn the network inoperable. Thus,444

an adequate compromise must be set, considering the desired reactivity to changes, speed445

of convergence and communications and computational overhead. Note. however, that446

the overhead implied by the distributed network control method is low, consisting of447

one short packet exchange with each neighbor to get their positions and one optimal448

position computation per iteration (every T). In such circumstances, we believe that449

T = 1s is a suitable choice.450

5.3. On tracking the links PDR models451

The deployment methods referred before assume the links PDR model is known.452

However, this information is typically unknown a-priori. The PDR of each link depends453

on the area of operation, whether there are obstacles in the area or alien transmitters454
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generating interference, as well as on specific features of the nodes involved, such as455

their antennas, sensitivity and noise resilience. Consequently, the links PDR must be456

measured at run-time so as the estimation of the PDR model parameters (R, α).457

This is, in itself, a topic of research and we will not explore it in detail in this work.458

However, a preliminary strategy has been proposed in [4] and we explain here the basis459

of its operation. Essentially, the network of UAVs is configured, i.e., defining the number460

of relays, according to preliminary approximate knowledge of the communication range461

of the UAVs, possibly taking a conservative approach. Then, the network is deployed462

at once, with the UAVs being launched in sequence, with the source UAV heading463

to its initial target and the relay UAVs moving to an equidistant placement between464

source and sink. This initial travel will take a few seconds during which the UAV will465

already exchange a few hundreds of packets3. All packets are piggybacked with position466

information and a sequence number. This allows all receivers to build PDR statistics as a467

function of link distance, for example, every second, allowing to identify the model of468

each link PDR4.469

Once the UAVs arrive at their equidistant positions, they will initiate the opti-470

mization process to update their positions for maximal PDR. Nevertheless, the PDR471

measurement and model estimation will continue, always. This process requires a small472

adaptation of the RequestPosition procedure in the pseudo-code in Section 5.2.1). In fact,473

the position from the upstream UAV comes embedded in the sensing stream, thus there474

is no need to ask for it. Moreover, each relay UAV can locally build the PDR model of the475

upstream link, too. Consequently, the referred procedure just needs to ask the position476

of the downstream UAV as well as the PDR model of the downstream link to gather the477

data needed to execute the distributed network control.478

6. Conclusion479

Aerial sensing with multirotor UAVs, in particular, has become common for a480

myriad of applications including for remote inspection of difficult to access structures in481

large industrial plants. In this paper we addressed the case of extending the range of482

operation of such a UAV adding aerial relaying support. However, the placement of the483

relay UAVs is crucial for the end-to-end network performance, notably in what concerns484

the PDR. We tackled the non-trivial issue of finding the optimal positions that maximize485

the network PDR in the presence of asymmetrical links. Resorting to simulation, we486

characterized the average network PDR improvement that can be expected considering487

a pool of random but realistic link PDR models and how such improvement varies with488

network length and number of links (or relays). Finally, we addressed the deployment489

method of the proposed optimization so that the network can be operated in practice.490

We proposed a fully distributed approach that presents reduced overhead and keeps the491

relays in optimal positions in an organic manner. With the same pool of random links,492

we generated 10000 random networks and executed this distributed approach. When493

iterated with a period of 1s, we found that it converges from an equidistant placement494

to the optimal positions, on average, in 1.4 the time taken by a centralized method, but495

without any global coordination. On the other hand, the formal proof of convergence496

and the online estimation of the links PDR model were essentially left for future work.497
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4 Since the UAVs are moving, the PDR statistics will consider an average distance during the period in which the packets were collected.
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