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Abstract. Despite the trend towards ubiquitous wireless connectivity,
there are scenarios where the communications infrastructure is damaged
and wireless coverage is insufficient or does not exist, such as in natural
disasters and temporary crowded events. Flying networks, composed of
Unmanned Aerial Vehicles (UAV), have emerged as a flexible and cost-
effective solution to provide on-demand wireless connectivity in these sce-
narios. UAVs have the capability to operate virtually everywhere, and
the growing payload capacity makes them suitable platforms to carry
wireless communications hardware. The state of the art in the field of
flying networks is mainly focused on the optimal positioning of the flying
nodes, while the wireless link parameters are configured with default val-
ues. On the other hand, current link adaptation algorithms are mainly
targeting fixed or low mobility scenarios.

We propose a novel rate adaptation approach for flying networks,
named Trajectory Aware Rate Adaptation (TARA), which leverages the
knowledge of flying nodes’” movement to predict future channel condi-
tions and perform rate adaptation accordingly. Simulation results of 100
different trajectories show that our solution increases throughput by up
to 53% and achieves an average improvement of 14%, when compared
with conventional rate adaptation algorithms such as Minstrel-HT.

Keywords: Flying Networks + UAV - Wireless Communications *
Rate Adaptation + Simulation

1 Introduction

Even though the concept of ubiquitous wireless connectivity is becoming a real-
ity, there are scenarios where wireless communications coverage is insufficient
or does not exist. In natural and man-made disaster scenarios, communications
infrastructures may be damaged and become unavailable. In temporary crowded
events, the existing infrastructure may not have been designed to cope with the
additional traffic demand, resulting in overload. In maritime scenarios, environ-
mental monitoring activities using autonomous vehicles will take place in offshore
zones, typically not in range of existing onshore communications infrastructures.
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Flying networks, composed of Unmanned Aerial Vehicles (UAV), are emerg-
ing as a flexible and cost-effective solution to provide on-demand wireless con-
nectivity in such scenarios. UAVs have the possibility to operate virtually every-
where, and the growing payload capacity makes them suitable platforms to carry
wireless communications hardware, playing the role of mobile base stations,
access points or relay nodes. A flying network may typically be composed of
a fleet of UAVs, organized in a multi-tier topology with so-called Flying Edge
Nodes (FENs) and Flying Gateways (FGWs) [4]. Figure 1 shows a flying network
example where FENs can play the role of Flying Access Points that provide the
access network to the users on the ground, or the role of Flying Sensor Nodes
that can perform video surveillance missions, for example. The FENs forward
the traffic to the FGWs, that act as relay nodes and are responsible for forward-
ing the traffic to/from the backhaul (BKH) network and ultimately to/from the
Internet.

((( ))) --\\\\ iGVL . @ Flying Sensor

::,'(gi ________ 11. Node

ra A Y
Backhaul . . Vool

g Flying Gateway (FGW)

°® @
www ?g Flying Edge Node (FEN)

Fig. 1. Flying Network multi-tier topology example.

Most of the state of the art works propose rate adaptation solutions that
do not consider the specific characteristics of flying and vehicular networks [18].
In flying networks, the nodes need to be properly positioned and their wire-
less link configuration dynamically adjusted in order to ensure the Quality of
Service (QoS) expected by the end users. In addition, these scenarios are typi-
cally highly unpredictable due to the varying locations as well as the concentra-
tion/dispersion of end-users served by the Flying Access Points and their move-
ments regarding direction and velocity — e.g., vehicles or pedestrians. Therefore,
a static wireless link configuration and UAV positioning are not adequate.

The ResponDrone project [6] defined different flying network use cases (e.g.,
Follow-me missions) where the future trajectory of flying nodes is known, as
requested by the mission commander. However, the usage of this information to
predict future wireless channel conditions has been overlooked. State of the art
work has been mainly focused on the optimal positioning of the flying nodes,
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having most of the wireless link parameters statically configured with default
values. The Rate Adaptation challenge is well-known in fixed or low mobility
IEEE 802.11 networks, and Minstrel High Throughput (HT) [5] is the default
Wi-Fi rate adaptation algorithm used in the Linux kernel since the IEEE 802.11n
version. Yet, it performs inefficient random sampling of the environment and
reacts with significant delays in situations where the link quality improves [8].
The authors in [7,17] consider information of UAV sensors to estimate wireless
channel conditions for unknown environments and perform rate adaptation, but
they do not use the information about the UAV trajectories as input. To the
best of our knowledge, a solution that uses the node trajectory information to
predict the wireless channel conditions and perform rate adaptation is yet to be
developed.

The main contribution of this paper is the Trajectory-Aware Rate Adaptation
(TARA) approach. TARA takes advantage of knowing the trajectory of all nodes
in the flying network to estimate future changes in the wireless link quality and
perform rate adaptation accordingly. The network performance improvement
achieved with TARA was evaluated using ns-3 [14]. The simulation results show
significant throughput gains when compared with conventional rate adaptation
algorithms.

The rest of the paper is organized as follows. Section 2 explains the TARA
approach and its implementation. Section 3 evaluates TARA by means of sim-
ulation. Finally, Sect.4 provides some concluding remarks and points out the
future work.

2 Related Work

With the increasingly popular usage of UAVs as relay nodes in wireless networks,
several relevant problems have been addressed recently. Typically, rotor-wing
UAVs are used in flying networks due to their capability of hovering a given
area. The position and trajectories of UAVs have a strong impact on the QoS
experienced by the end users, thus playing an important role when investigating
solutions aimed at optimizing the network performance under the restrictions
imposed by the movement of the flying nodes.

In [2], the authors had the objective of establishing a communication link
between a control station and a UAV not directly connected by using a UAV
acting as a communication relay in maritime environment. However, only the
UAV positioning was considered. In [1,3] the authors jointly optimize the UAV
placement with the routing protocols and backhaul network design, but network
snapshots are assumed and static default values for MAC and PHY parameters
are used.

In [7,10] the authors use online learning methods to adjust the training algo-
rithm to cope with unforeseen wireless channel changes in vehicular scenarios
and adapt accordingly. Yet, it is not clear whether the solutions would work in
real hardware, where the computational requirements necessary to train deep
learning algorithms online are typically not met.
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In [15] the authors used ns-3 to evaluate several state of the art rate adapta-
tion algorithms, in terms of mobility and interference. However, most proposed
rate adaptation algorithms are typically proprietary, non-compliant with the
IEEE 802.11 standard, or lack technical information to be replicated. Minstrel
HT [5] is the default Wi-Fi Rate Adaptation algorithm used in the Linux kernel
since IEEE 802.11n. Yet, it performs inefficient random sampling of the envi-
ronment and reacts with significant delays in situations where the link quality
improves [8], such as when a moving wireless device gets closer to an Access
Point or Base Station, or when a FEN is moving towards the FGW. Both prob-
lems lead to slower responses in dynamic and fast changing channel conditions,
as it may happen in flying networks.

Existing research has mostly focused on UAV positioning and has overlooked
the use of trajectory information for predicting wireless channel conditions. Addi-
tionally, many proposed rate adaptation algorithms lack technical information
to be reproduced and are not standard compliant.

3 Trajectory-Aware Rate Adaptation Approach

TARA is a standard-compliant solution that builds on top of Minstrel-HT and
aims at overcoming the Minstrel-HT limitations by taking advantage of the
knowledge about the future movement of the flying nodes. It predicts the future
Modulation and Coding Scheme (MCS) index to use (M CSrara) and changes
the Minstrel-HT retry chain table to consider the predicted MCStara.

The problem involves the dynamic data rate optimization to maximize the
throughput of a flying network composed of FENs, one or more FGWs and the
respective BKH link(s). The movement of a particular FEN is determined by its
mission, which can be either predefined or adjusted based on specific objectives
during the mission. In order to react to the movements of FENs, the FGWs must
move to new positions that are calculated based on one or more criteria so that
the network performance is optimized.

The TARA approach is depicted in Fig. 2. Table 1 defines the notation used
hereafter. TARA has an instance associated to each wireless link and uses the tra-
jectory information of every node in the flying network as input for the SN R(t)
estimation function. This function is then used to predict the MCS(¢) value
that is applied in an improved version of the Minstrel-HT algorithm. TARA is a
standard-compliant solution, because it only changes the existing rate adapta-
tion mechanism running locally in each communicating node, without requiring
the exchange of any additional information between them. Despite its design
being based on IEEE 802.11 and related rate adaptation algorithms, with the
proper adjustments, TARA can also be applied to other wireless communications
technologies.

In what follows, the movement of a flying node is modeled and an estimation
method of wireless link quality is proposed, based on trajectory information.
Next, the prediction of MCStara is explained; it determines the PHY rate for
the next frame transmission(s) in the respective link. Finally, the improvement
of the Minstrel-HT rate adaptation algorithm is detailed.
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Table 1. Defined notations
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Notation Description
Tn nth node trajectory
POSy, nth node current position: (z,y, z)m
Un nth node velocity: (vg, vy, v.)m/s
fn nth node flight duration in seconds
SN Ry kth link Signal to Noise Ratio
SN Rinreshota | Min. SNR value for target (BER, MCS)
MCSTaRA TARA MCS prediction for time interval ¢
MCSraerp | Minstrel-HT best throughput MCS
MCSniaerp2 | Minstrel-HT 2nd best throughput MCS
MCSprazprob | Minstrel-HT best probability MCS
TXwyces Minstrel-HT current transmission MCS
ST TARAnstance """ 7 77° .
-(&\_ :’Eli ((sNR( Estimation }—3{ MCS() Prediction ] i
) ® i
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Fig. 2. Tllustration of the TARA approach.

3.1 SNR Estimation Based on Node Trajectories

The trajectory of a node n is defined as the data tuple T,, = {pos,;vn; fn}, as
shown in Fig. 2, where pos,, is the current position of the node, v,, is the node
velocity and f;, is the node flying time. With the trajectory information we can
calculate the position function for any node in the network as pos,, + v, t as long
as t < f,. This is because, by then, the node has stopped flying and its position
does not change.

The communication channel between two flying nodes, characterized by a
strong line of sight component, is modeled using the Friis path loss model [9].
Considering a link k, which connects nodes a and b, SN R (t) in dB is given by:

SNRy(t) = P + qdbi + (1)

dB1i
G,

— P8 _ pSPLIB(t)

4
FSPLY(1) = 2010810 (T dlpos,(0).posu(0) )
where PAP is the transmission power, G¢B% and G4B are respectively the trans-
mitter and receiver antenna gains, P4P is the noise power and d(pos(t), posy(t))
is the Euclidean distance between nodes a and b. Note that the computed SN Ry,
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values assume a discretized t that is synchronized with the update frequency of
the rate adaptation algorithm; this is detailed in the following sections.

3.2 Calculation of MCS Predicted Value

The optimal MCS to use in a wireless communications link is often a complex
task due to unpredictable factors — other than SNR — that impact the channel
conditions, such as interference, shadowing and multipath fading, to name a few.
In [11], emulation trials in a physical-layer testbed showed significant differences
from ns-3 simulation results. Motivated by this, in [12] the NistErrorRateModel is
proposed to model orthogonal frequency division multiplexing transmissions with
generally +1 dB margin when compared with emulation data, in interference-free
scenarios.

To calculate the optimal MCS of each communications link, we use the Nis-
tErrorRateModel, to define a target Bit Error Ratio (BER), pprr. Then, a
look-up table that maps (MCS;, perr) — SN Rinreshotd is built. SN Ripreshotd
is the minimum SNR value that is required to achieve the required BER for the
specified MCS, and i is the MCS index.

The output of Eq. 1, SN Ry, is used to choose the best achievable MCS; for
each communications link, given the previously calculated SN Ripreshold, as long
as the condition SNRy > SN Ripreshoiq is verified. Herein, we refer to the best
achievable MC'S; as MCStara, which uses the SNR estimation based on the
flying nodes’ movement defined in Sect.3.1. MCStara is used to modify the
original Minstrel-HT algorithm, as shown in Fig. 2.

3.3 Minstrel-HT Algorithm Improvement

Minstrel-HT is the evolution of the Minstrel algorithm [16,19], which incorpo-
rates new IEEE 802.11n features such as the configuration options of Number
of Spatial Streams (NSS), Guard Interval (GI) and Channel Bandwidth (CB).
In [8,16] the authors observe that both Minstrel and Minstrel-HT underperform
in scenarios with dynamic channel conditions.

To overcome the problem, we propose a novel version of Minstrel-HT to
improve its overall performance in dynamic scenarios such as Flying Networks,
without adding significant complexity to the original algorithm. Algorithm 1
highlights the main modifications that were implemented so that the original
Minstrel-HT algorithm uses the M CStagra, without compromising its original
operation, in situations where the M CStrapra calculation is inaccurate and the
retry chain table is necessary. This inaccuracy, expressed by the need of frame
retransmissions, is due to the selection of an optimistic MCS value. The existing
functions that were modified are detailed in the following.

UpdateStats. It is called every 7 milliseconds to update the link-specific statis-
tics. These include the number of successes and attempts for each MCS in each
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Algorithm 1. Improvement of Minstrel-HT with trajectory-aware MCS predic-
tion, MCSTARA-

1: procedure UPDATESTATS(link) > from Minstrel-HT
2: > current algorithm
3 if MCStara > MCSyaeTp then

4 MCSyazrr2 — MCSnaaTP

5: MCSyazrp — MCSTARA

6 end if

7: end procedure

8: procedure UPDATERATE(link) > from Minstrel-HT
9: if retries < 2 then

10: TXnes «— MCSrara

11: else if retries < RetryCountarazrp then

12: TXnycos — MCSyaeTP

13: else if retries < RetryCountrazrp2 then

14: TXwyes — MCSyvazTP2

15: else if retries < RetryCountrazprob then

16: TXnves «— MCSyazprob

17: end if

18: end procedure

(NSS,GI,CB) group, which impact both the expected throughput and expo-
nentially weighted moving average probability of success of each MCS. Finally,
the decision of Minstrel-HT’s MCS (M CSnraarp, MCSniazr 2 MCShiazprob)
is updated, for the following 7 period.

MCSrara is compared with MCSproerp. If MCSTaRa is higher than
the current best throughput MCS, the Minstrel-HT’s MCS is updated to
(MCStara, MCSprawrp, MCShrazprob), in that specific order. Otherwise,
the TARA suggestion is used to modify the original retry chain table; this is
explained next.

UpdateRate. It implements the retry chain table. Considering that a trans-
mitted frame is lost for any reason, Minstrel-HT will attempt to retransmit that
lost frame, with the previously used MCS, or any other in the retry chain table,
until the maximum number of retries is reached. Minstrel-HT calculates the
amount of retries (RetryCount) for each of its MCS values. For MCStaRra, a
fixed amount of 2 retries is defined, before resuming the original Minstrel-HT
retry chain table. In this way, we impose the trajectory-aware MCS without dis-
rupting the original operation of the algorithm, since after 2 retries — 3 frame
transmissions attempts — the algorithm falls back to its original behavior.

4 Performance Evaluation

The flying network performance achieved with TARA is presented in this section,
including the simulation scenario, the simulation setup and the analysis of
results.
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4.1 Simulation Scenario

Herein, we aim to evaluate the performance of the new proposed Rate Adaptation
algorithm; for this purpose, a simple simulation scenario with a single FEN and
FGW is sufficient. This choice allows for a preliminary evaluation of the TARA
feasibility and provides valuable insights for future work involving more complex
scenarios with multiple FENs.

In this scenario, the BKH and the access links must carry the same amount of
traffic, except for possible losses that should be kept as low as possible. For that
reason, the position of the FGW was assumed to remain in the midpoint between
the BKH and the FEN. In this way, it equalizes the SNR value on both links,
which is only affected by the distance, and thus the same MCS index. However,
such an assumption is not generalizable to scenarios with multiple FENs with
heterogeneous traffic demand.

Extending the problem to scenarios with multiple FENs will be part of future
work, which will include the development of a novel positioning algorithm for
the FGWs, aimed at optimizing the system performance, while relying on the
TARA approach.

4.2 Simulation Setup

In order to evaluate the flying network performance achieved with TARA, ns-3
(version ns-3.38) was used. A summary of the most relevant configuration param-
eters is presented in Table 2. Different Wireless Local Area Network (WLAN)
channels were used for each link, to ensure that there are no frame losses due to
interference. Traffic was generated using User Datagram Protocol (UDP), with
a constant packet size of 1400 bytes and a data rate above link capacity, to
saturate the communication link. The TARA performance was compared with
the original Minstrel-HT and Ideal [14], considering its use in both wireless links
(FEN-FGW and FGW-BKH).

The Ideal algorithm implementation maintains for every link the SNR value
of every packet received and sends back this SNR value to the sender by means
of an out-of-band mechanism. Each sender keeps track of the last SNR value
sent back by a receiver and uses it to pick a transmission mode based on a set
of SNR thresholds derived from a target BER, and transmission mode-specific
SNR/BER curves, as it was explained in Sect. 3.2. In the following simulations,
we defined the same target BER for both Ideal and TARA algorithms.

The dynamic network topology is represented in Fig. 3; uplink traffic genera-
tion by the FEN is relayed by the FGW, with BKH as destination. Random FEN
movements were defined for each simulation run using different seeds, which pro-
vide a broad and rich sequence of independent events [20] that put stress on the
Rate Adaptation algorithm, in order to evaluate its performance. A complete
trajectory (for the duration of a simulation run) is a sequence of elementary
movements along a linear path. Every simulation run starts with a new random
position of the FEN and its trajectory is randomly updated every A seconds.
Each movement starts at the final position of the previous one, and a new path
is randomly generated (direction and length). When moving, the FEN velocity
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Table 2. ns-3 Simulation Parameters

Configuration Parameter | Value

Wi-Fi Standard IEEE 802.11n

Propagation Delay Model | Constant Speed
Propagation Loss Model | Friis

Error Rate Model NistErrorRateModel
Channel Bandwidth 20 MHz
Transmission Power 20 dBm

RX/TX antenna gains 0 dBi

Wi-Fi MAC Ad-hoc

PBER le-6

-

50 milliseconds
A 30s

remains constant at 8 m/s. The duration of each movement is ¢,, < A. For the
FGW a different approach was used. As said, the final position of each FGW
movement (along a linear path, as well) must be at the midpoint of the straight
line between the BKH and the final position of the corresponding FEN move-
ment. Moreover, the FGW moves with a constant velocity, such that both the
FEN and the FGW arrive at the same time to their final positions. By imposing
these conditions, all the intermediate FGWs positions have the same property.

The BKH node is fixed at the edge of the scenario, which is a square with 1000
by 1000 m.

o ((( )) BKH
R

=)
=3
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S WLAN
Il Channel 36
> \‘ = ==
| A
v ~= Communication
' Link
~ WLAN
\4 Channel 48 Node
W Movement >
=
< >
x=1000 m

Fig. 3. Network topology. The communication links are represented by full lines, with
two non-interfering WLAN channels.
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We defined simulation runs with a duration of 300s, which were evaluated
using 100 different random seeds. These random seeds impact the initial position
of the FEN, the sequence of random elementary movements (paths) as well as
the average values of throughput. The results are expressed using mean values of
the throughput measured at the MAC layer every simulation second, and their
relative percentage gains. The measured throughput is link-specific. We present
results for both the relay link (between the FGW and BKH node) and the
access link (between the FEN and the FGW). However, the end-to-end network
performance is best characterized by the relay link since the effective throughput
of the system is determined by the packets delivered to the BKH after being
forwarded by the FGW.

4.3 Simulation Results

Simulation results are presented in this section, first those referring to a particu-
lar random scenario (seed) and then results of the extensive simulations. Finally,
a discussion of the results is provided.

—e— Relay Link 60 1 —e— Ideal
—#— Access Link —#— Minstrel-HT
—¥— TARA

400

Distance (m)
woow
Throughput (Mbit/s)

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Simulation Time (Seconds) Simulation Time (Seconds)

(a) Distance between nodes throughout the (b) Relay link Throughput, throughout the
simulation period. simulation period.

1.0 —e— Ideal
—#— Minstrel-HT
—¥- TARA
0.8

0.6

CCDF

0.4

0.2

0.0

0 10 20 30 40 50 60
Throughput (Mbit/s)

(c¢) Relay link Throughput CCDF.

Fig. 4. Selected Seed Results.
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Example Scenario. A random seed was selected, which generated a simulation
scenario covering a wide range of distances, as shown in Fig. 4a. The throughput
achieved in the relay link measured throughout the simulation period is shown
in Fig. 4b. As expected, the throughput increases as the distance between nodes
in each link decreases, since the SNR value is higher, which makes the use of
higher MCS indexes possible. We can also observe that TARA, despite being
based on Minstrel-HT, changes MCS indexes with a faster reaction time, which
can be directly compared with the reaction time of the Ideal algorithm. In Fig. 4¢c
we represent the Complementary Cumulative Distribution Function (CCDF) of
the throughput for the same seed. The CCDF F'(z) represents the percentage
of time for which the mean throughput was higher than x. From the results we
observe the significant throughput gains of TARA.

The reason for slight improvement of TARA over the “not so” Ideal algo-
rithm, is because the Ideal algorithm is optimized towards minimizing the BER,
while the results are comparing the solutions in terms of throughput. With these
results we can observe that TARA’s slight gains are due to few decision instants,
where specific conditions are met. These conditions are observed when the deci-
sion of adapting MCS could result in a higher BER probability, but the through-
put would still be better.

The corresponding results for the access link are not presented since they were
similar due to the fact that both links have the same distance, which optimizes
performance. However, these results are heavily biased by the initial position of
the nodes and their trajectory. To address the impact of different random tra-
jectories, we present in the following section the results for 100 different random
seeds.

Extensive Simulations. Figure5 represents the distribution of distances that
were observed during the extensive simulations that were carried out. The higher
frequency of distances between 300 and 500 m can help justify the distribution
of the observed distribution of throughput values as well.

0 100 200 300 400 500 600 700

Distance (m)
0 250 500 750 1000 1250 1500 1750
Frequency

Fig. 5. Link distance distribution, with 3 % 10* total samples.

Figure 6a represents the CCDF of the throughput for the relay link. In this
analysis three different percentiles, 70*", 50" and 30" are considered. For the
30" percentile, there is a throughput improvement of 31.5% when compared to
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Minstrel-HT and a throughput deterioration of 2.7% when compared to Ideal. If
we consider the 50" percentile (median), the throughput results are all within
2% difference of each other. However, for the 70" percentile, there is a through-
put improvement of 48.4% when compared with Minstrel-HT and a throughput
deterioration of 2.1% when compared with Ideal.

Figure 6b represents the 99% confidence interval of the mean throughput for
both links. Regarding the relay link, the mean throughput increases by 13.9%
and by 3.2% when compared with Minstrel-HT and Ideal respectively. Regarding
the access link, the performance is similar to the relay link.

Figure 6¢ represents the CCDF of the percentage gains of TARA throughput
when compared with Minstrel-HT and Ideal. The gains were calculated consider-
ing the mean throughput of each random seed. The CCDF's are similar for each
link, thus its analysis will be made considering solely the relay link results, since
it better represents the end-to-end network performance. Positive throughput
gains of TARA relatively to Minstrel-HT and Ideal occurred in 92% and 86%
of the seeds, respectively. The highest throughput gain of TARA, on a partic-
ular seed, was 52.8% and 13.2%, when comparing with Minstrel-HT and Ideal,
respectively.

4.4 Discussion

In this section we address the observations regarding the average throughput
values in the access link and relay link, the comparison between TARA and
Ideal throughput, and the significance of the 14% average throughput gain over
Minstrel-HT algorithm:

— The average throughput in the access link was slightly higher than in the
relay link. This is an expected result since frame loss can occur in both access
and relay link.

— When comparing TARA and Ideal throughput, it might be surprising that the
average throughput of TARA is 3.2% higher than that of Ideal. However, upon
analyzing the CCDF curves, the TARA curve either coincides or lies above the
Ideal curve. This finding explains the higher average throughput of TARA.
Despite the lower percentiles indicating potential discrepancies, the overall
behavior of the CCDF curves suggests that TARA achieves comparable or
superior performance to the Ideal algorithm, leading to the higher average
throughput.

— Note that a 14% gain over Minstrel may seem modest. However, it is impor-
tant to consider the stability of TARA’s performance and the potential for
greater gains when the algorithm needs to adapt to frequent improvements
in the connection quality. The selected seed represents a case where succes-
sive increases in the modulation and coding scheme (MCS) were necessary,
resulting in a throughput percentage gain of 21.2% when compared with
Minstrel-HT. These findings suggest that TARA’s stability and adaptability
provide benefits beyond a simple percentage gain, and the actual gains can be
more significant in scenarios with frequent improvements in the link quality.
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In summary, the results demonstrate that TARA matches the performance
of the Ideal algorithm. This is relevant because the Ideal algorithm can be con-
sidered as a benchmark algorithm; it is not implementable since it assumes
the knowledge of the SNR at the receiver before deciding which MCS to use
for the transmission. Despite the 14% gain over Minstrel-HT, the stability and
adaptability of TARA make it a promising algorithm, particularly in situations
where frequent enhancements to link quality occur. Further investigation into
the extreme case with successive MCS increases or different target BER could
provide additional insights into TARA’s performance.

1.0 —e— Ideal B (deal
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0.0

0 10 50 60 Relay Link Access Link

20 30 40
Throughput (Mbit/s)

(a) Throughput CCDF for the Relay Link, (b) Mean Throughput with 99% confidence
between the BKH and the FGW. interval.

10 —e— Relay Link Minstrel-HT
—+— Access Link Minstrel-HT
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08 &~ Access Link Ideal

0 10 20 30 40 50
Throughput Gain (%)

(¢) Throughput CCDF Gains for both
links, comparing TARA with Minstrel-HT
and Ideal rate adaptation algorithms.

Fig. 6. Extensive simulation results.

5 Conclusions and Future Work

This paper proposes TARA, a trajectory-aware rate adaptation approach for
flying networks. TARA takes advantage of the knowledge of future movements
of UAVs to predict how the quality of wireless links will change, and perform
rate adaptation accordingly. The proposed solution was evaluated using ns-3
simulations. Simulation results showed consistent gains when compared with
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state of the art algorithms, such as Minstrel-HT, with a throughput increase of
up to 53% for the simulated scenarios. The results for each seed and the TARA
source code! are publicly available [13].

As future work, we plan to evaluate TARA experimentally and address the
complexity of scenarios with multiple FENs and more than one FGW. These
challenges include achieving an equal throughput on both sides of the FGW, con-
sidering the trade-off between distance and throughput in multi-link scenarios,
handling cases where optimal positioning cannot guarantee target throughput on
all links, and accounting for variable and time-dependent traffic characteristics.
Finally, we aim at improving TARA to take into consideration stochastic path
loss models, scenarios with communication interference, and drone movements
that consider the inertia that exists in real world systems.
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