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The paper presents the results of simulation of the process of video data transmission from an unmanned aerial
vehicle (UAV) to a ground station using the IEEE 802.11 family standards (802.11n, 802.11ac and 802.11ax), with the
ability to change modulation indices, coding schemes and data transfer rate in a network simulator NS-3. The aim of
the work is to analyze the characteristics of the quality of video data transmission in the UAV network for various Wi-
Fi standards, which allows determining the most suitable standard for the transmission of video data in the UAV net-
work, depending on the distances between nodes and the required frequency band.

A scenario is considered in which an unmanned aerial vehicle (UAV) hovering in the air was transmitting a video
stream to a ground station, while the distance between nodes increased, and the transmission rate was maintained at
the same level close to the transmission rate of the real video stream. The simulation was carried out in several stages
for a more detailed study of the dependence of the packet loss of the transmitted data on the change in modulation
indices, coding schemes and other parameters. Based on the simulation results, the characteristics of the video data
transmission quality were obtained as a relation between the Packet delivery rate (PDR) and distance between nodes
for different transmission parameters for each considered standard of the IEEE 802.11 family. Based on the results
obtained, conclusions were drawn about the influence of transmission parameters on the quality of service character-
istics.

The study was carried out in an open-source network simulator NS-3, which implements build-in libraries that are
necessary for high-quality simulation of data streaming transmission and allows you to set a wide range of parame-
ters to obtain realistic results. The results of the work may be of interest to UAV manufacturers when planning mis-

sions in which the choice of Wi-Fi standard used as a channel for transmitting video data is crucial.
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Introduction

( j urrently, unmanned aerial vehicles (UAVs)
are becoming more and more popular and
in demand [1]. One of the most important

tasks in this area is to provide reliable wireless

communication between the UAV and the ground
station. In scientific works, communication in self-
organizing networks of UAVs (Flying Ad Hoc

Networks - FANETS) is considered, but in practice

such an application scenario is difficult to imple-

ment and requires high costs, therefore, as a rule,

a bundle of “one UAV - one ground station” is used

[2, 3]. In this scenario, the connection can be made

using cellular or satellite communications, wireless

networks of Wi-Fi standards, and other methods. In
scientific research, the use of standards of the IEEE

802.11 family is often considered due to the low

cost and frequent use in microcomputers (for ex-

ample, Raspberry Pi), which also does not require
special expensive equipment or specialized
communication channels [4, 5]. Evaluation of the

work and study of the parameters of these standards
can be carried out in the network simulator NS-3,
since it is publicly available and is able during the
simulation to produce data close to real scenario
[6]. The work focuses on the most common stan-
dards of the IEEE 802.11 family, such as 802.11n,
802.11ac, 802.11ax. The NS-3 network simulator is
used to study their behavior when changing pa-
rameters such as modulation indices, coding
schemes, and data rate [7]. The developed programs
for the NS-3 network simulator are able to simulate
data transmission in a given scenario according to
the mentioned Wi-Fi standards, taking into account
changes in modulation, network and data flow pa-
rameters [8].

Simulation of data transmission with Wi-Fi

The NS-3 Network Simulator is a discrete event
network simulator designed primarily for research
and teaching purposes. It has a wide range of soft-
ware tools for performing simulations of all kinds.
In particular, the simulator is able to simulate data
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transmission using cellular and satellite communi-
cation standards, as well as using other wireless
communication standards. Many scientific papers
present the results of modeling in NS-3 standards of
the IEEE 802.11 family, since this simulator covers
all standards of this family and allows you to fine-
tune the parameters of the communication channel
necessary for the implementation of the simulation
scenario under the given conditions [9].

The IEEE 802.11 family defines the protocols
required for wireless local area networks (WLAN).
There are many standards in this family. By far, the
most common and modern are 802.11n, 802.11ac,
and 802.11ax. With each new generation, there is
an improvement in the quality of communication
and an increase in the speed of data transmission
[10]. The actual physical or channel data rate for
each standard is set by parameters such as modula-
tion indices and MCS (Modulation and Coding
Scheme) coding scfhemes. In NS-3, MCS is given
by a number that is assigned to each modulation
option. Each modulation option takes into account
the following characteristics [11]:

Table 1. Parameters for the WiFi 802.11n

o type of radio frequency modulation (Type);

e coding rate;

e guard interval (Short Guard Interval);

o the value of the baud rate.

In the NS-3 network simulator, the list of possi-
ble modulation indices and MCS coding schemes is
defined in the wifi-phy.h library, with examples of
their correct recording for each standard of the
IEEE 802.11 family [12]. All standards of the
802.11 family are defined in the wifi-standards.h
library and have common parameters that you can
configure for various scenarios in order to obtain
the most accurate and realistic simulation results,
for example: transmitter and receiver power, re-
ceiver sensitivity, noise level, transmission channel
width , signal frequency, number of antennas,
channel number, transmitter and receiver gains,
packet sizes and their number during transmission,
time interval between packets [13, 14].

Tables 1, 2 and 3 show the parameters set in the
NS-3 network simulator to study the characteristics
of the data transmission quality according to the
standards 802.11n, 802.11ac and 802.11ax.

Parameter TxPower TxPower RxNoise Channel Frequency, Antenn Channel
aramete Start, dBm | End, dBm | Figure, dBm Width, MGHz kGHz ennas | umber
802.11n 20 MGHz 13 13 7 20 2412 1 9
802.11n 40 MGHz 13 13 7 40 5180 1 9
Table 2. Parameters for the WiFi 802.11ac
Parameter TxPower TxPower RxNoise Channel Frequency, Antennas Channel
Start,dBm | End, dBm | Figure, dBm Width, MGHz kGHz number
802.11n 20 MGHz 13 13 7 80 5210 1 42
Table 3. Parameters for the WiFi 802.11ax
p ¢ TxPower TxPower RxNoise Channel Frequency, Ant Channel
arameter Start, dBm | End, dBm Figure, dBm Width, MGHz kGHz ntennas number
802.11n 20 MGHz 13 13 7 80 5230 1 1

In accordance with the wifi-phy.h library, MCS
indices are recorded in the NS-3 network simulator
with attributes defined for each standard under the
Phy-entity class. The 802.11n standard uses the HT
(High Throughput) attribute - HtMcsN, where N is
the MCS index from 0 to 31 [15, 16]. In the course
of modernization and improvement of the standards
of the 802.11 family in the version 802.11lac, the
number of MCS indices was increased, which gives
a greater number of connection rates, modulation
and coding schemes [17]. 802.11ac MCS indexes are
written with the VHT (Very High Throughput) at-
tribute - VhtMcsN, where N is the MCS index [18].

Compared to previous standards, in version
802.11ax a new type of signal modulation appears,
which is accompanied by the appearance of more

MCS indices. For 802.11ax, indices are written
with the attribute HE (High efficiency) - HeMcsN,
where N is the MCS index [19]. Table 4 show pa-
rameters for all MCS indexes.

Simulation scenario

To simulate the process of data transmission from
the UAV to a ground station using different Wi-Fi
standards, several programs have been developed for
the NS-3 simulator. Figure 1 shows a data transmis-
sion scenario where a source node (UAV) and a des-
tination node (ground station) are at some distance D
from each other. In the process of transferring data
from the source node to the destination node, the
distance between them is changed. As the distance
increases, data packets are lost at a certain distance
and, as a result, image quality deteriorates.



PaguorexHuka u CBSI3b 75

Table 4. MCS parameters

. Spatial . . 802.11n 802.11n 802.11ac 802.11ax
D stream Modulation Coding | ) MGHZ 40 MGHz 80 MGHz 80 MGHz
0 1 BPSK 12 6.5 13.5 29.3 36
1 1 QPSK 172 13 27 58.5 72.1
2 1 QPSK 3/4 19.5 40.5 87.8 108.1
3 1 16QAM 172 26 54 117 144.1
4 1 16QAM 3/4 39 81 175.5 216.2
5 1 64QAM 2/3 52 108 234 288.2
6 1 64QAM 3/4 58.5 124.5 263.3 3243
7 1 64QAM 5/6 65 135 292.5 360.3
P T—
=
D |
Gr01.md UAV
station

Fig. 1. Scenario of data transmission from one source to ground station

For each WiFi standard, during simulation at
different distances between nodes, the Packet-
Delivery Rate (PDR) was measured, equal to the
ratio of the number of received packets to the num-
ber of sent packets (for a sample of measurements -
1000 packets).

Rx
PDR =", (1)

where Rx - received packets; Tx - sent packets.

The data transfer rate was maintained at the
same level for each experiment (= 3 Mbit / s). This
value corresponds to the approximate real-world
FHD video bit rate for more realistic simulation
results. To establish the data transfer rate, it is nec-
essary to set a certain interval between packets for
each MCS index, which is calculated using the fol-
lowing formula:

1—(300

Interval = - , 2
300 @

MaxPackets j

where Vis the maximum transmission rate for

a given MCS index; MaxPackets - the number of
packets sent [20].

QoS evaluation of data streaming

Simulation modeling of the video stream trans-
mission process was carried out in 2 stages. For
each MCS index with the considered standards of
the family with a given transmission interval be-
tween packets. During the first stage, an approxi-
mate distance between nodes was determined. As
aresult, a decrease in the PDR packet delivery rate
was observed. During the second stage, the segment
of the distance was investigated in more detail to
obtain a more accurate dependence of the PDR
characteristic on the distance between the nodes.
The results of PDR measurement at different dis-
tances between nodes when 1000 packets were
transmitted from source node to destination node
are shown in figure 2.

Figure 2 shows the results of measurements in
the form of the dependence of the PDR characteris-
tic on the distance (D) between nodes for the
802.11n standard with a bandwidth of 20 MHz with
various MCS parameters. The analysis of the most
intense section of PDR was carried out by increas-
ing the distance with a 5 meters step from the initial
point of the PDR were it was equal to 0.

According to the results in Fig. 2 it is clear that
with an increase in MCS, the distance at which
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adecrease in PDR occurs decreases, which is
a consequence of an increase in the maximum data
rate with an increase in the MCS index. It is also
worth highlighting the sharpness of the decrease in
PDR, which becomes larger with each increase in
the MCS index. So, for MCS = 0, the PDR begins
to decrease at 640 meters and occupies a distance of
95 meters, for MCS = 1, the PDR begins to de-
crease at 470 meters and occupies an area of 60
meters, and so on.

Figure 3 shows the results of measurements as a
relation between PDR characteristic and the dis-

tance between nodes for the 802.11n standard, with
a bandwidth of 40 MHz with various MCS parame-
ters. The analysis of the PDR reduction in this case
was carried out similar to the results for 802.11n at
20 MHz.

The results in Figure 3 show a similar sharp drop
in PDR at certain parts of the distance D. But in this
case, the decrease in PDR at each MCS index begins
at a shorter distance from the ground station, which
is explained by the increase in the maximum speed
due to the increase in channel width from 20 MHz
(Figure 2) up to 40 MHz (Figure 3).
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Fig. 3. PDR for 802.11n at 40MGHz, MCS 0-7

Figure 4 shows the results of assessing the qual-
ity of data transmission for the 802.11ac standard.
In this case, the analysis of the dependence of PDR
on distance was carried out with a step of 2 m,
since due to an increase in the maximum data trans-
fer rates in the standard under consideration, the
PDR reduction sections occupy even narrower sec-
tions of the distance.

The results in Figure 4 are similar to the pre-
vious ones in form. But the decrease in PDR be-
gins closer to the ground station, which is due to

the greater bandwidth, in contrast to the 802.11n
standard, and the increase in the maximum
speeds in the 802.11ac standard. The results of
the study of the characteristics of the data trans-
mission quality for the 802.11ax standard are
presented in Figure 5. The analysis of the PDR
reduction sections was carried out similarly to the
802.11ac standard.

The results in Figure 5 are slightly different
from those in Figure 4 due to the same 80 MHz
bandwidth for both 802.11ax and 802.11ac.
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Fig. 5. PDR for 8§02.11ax at 30MGHz, MCS 0-7

The obtained numerical characteristics of the
quality of transmitted data, allows for different Wi-
Fi standards in a UAV network to determine the
most suitable standard depending on the distances
between nodes and the required frequency band.

Conclusion

Computer programs have been developed for
simulating the process of transmitting video data
from an UAV to a ground station in an NS-3 net-
work simulator environment using the IEEE 802.11
family standards (802.11n, 802.11ac and 802.11ax).
The programs allow to change modulation indices,
coding schemes and data rates. Based on the results
of simulation modeling, the influence of changes in
the MCS index on PDR was investigated for all
802.11 proposed standards. So, for the studied Wi-
Fi standards with the minimum index MCS = 0, the
distance at which the PDR decrease occurs varies
from about 350 to 750 meters, while for MCS = 7
this value is in the range from about 30 to 70 me-
ters. This indicates a significant impact of the used

Wi-Fi standard on the range of stable transmission
of data streaming.

Obviously, as MCS grows, the distance at which
stable streaming is provided decreases, while more
modern Wi-Fi standards have a shorter distance
compared to previous standards. This can be ex-
plained by an increase in the maximum data rate
due to more advanced communication protocols,
modulation types and coding schemes. As the data
transfer rate increases, external interference and
data loss have a greater impact on the transmission
quality. As a result, the distance at which the re-
cipient is able to fully receive and process data de-
creases. This decreasing will lead to packet loss
decreases from its part. The results obtained make it
possible to determine the most suitable standard
depending on the distances between nodes and the
required frequency band and will be useful in the
future for creating new algorithms for transmitting
streaming data in UAV networks, designed to im-

prove the quality of communication and reduce the
loss of transmitted data.
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IIpedcmasneno onucanue pabomsl npozpamm Oisi NPOGEOEHUs. UMUMAYUOHHOZ0 MOOETUPOBAHUS NPOYecca nepe-
Odauu sudeodannvix ¢ bopma BIIJIA k nazemuotl cmanyuu ¢ uchorwvzosanuem cmanoapmos cemeiicmea IEEE 802.11
(802.11n, 802.11ac u 802.11ax) ¢ 803MOAHCHOCMBIO USMEHEHUS UHOEKCO8 MOOVAAYUU, CXeM KOOUPOBAHUSL U CKOPOCTU

nepeoauu OaHHbIX.

Paccmompen cyenapuii, 6 komopom 3asucuiuii 8 6030yxe 6eCnuIOmMHbILL IEMAMenbHblil annapam nepeoaen nOMmox
BUOCOOAHHBIX HA HA3EMHYIO CIAHYUIO, NPU IMOM PACCMOSAHUE MeXHCOY V3NaAMU YEeTUIU8aemcs, a CKOpOCHb nepeoayi
noooeparcusaemcs Ha 0OHOM YPO8He, OIUZKOM K CKOPOCTU Nepedayu peaibHO20 8UOeOnomoKd.
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Mooenupoganue nposoouioCs 8 HeCKOIbKO 3Manos 0/is boiee 0emaibH020 U3y4eHUs 3a8UCUMOCIU HOmepu naKe-
mog nepeodasaemviX OAHHLIX OM U3MEHeHUs UHOeKCO8 MOOYIAYUU, CXeM KOOUpo8anus u opyeux napamempos. Ilo pe-
3YIbMamam MoOeaupoBanusi Ovbil0 NOIYUEHO HECKONbKO 2PpAGhuKos, omodpaicarowux 61usHue Y8eauieHus. paccmosi-
Hust Ha Koapduyuenm docmasku nakemog (Packet-Delivery Rate — PDR) npu usmeHnenuu evbiulenepeuucienibix na-
pamempog npu Kaxcoom paccmampueaemom cmanoapme cemeiicmea IEEE 802.11. Ha ocHoge nonyuenHbix
pe3ynbmamos OblLIu COeNanbl 8bi600bL O GIUSAHUU PACCMAMPUBAEMBIX NAPAMEMPO8 HA Nepedayy OaHHbIX U 8blOeNeHbl
nepcnekmugHbvle GONPOCyl, 8 PeuleHUU KOMopulx OYOym noie3nvl NOIYYeHHble Pe3yIbmanibl.

Hccnedosanue npogoounocs 6 cemegom cumMynsmope ¢ OmpblimviM UCXoouvim kooom NS-3, komopwill umeem He-
00x00uMble OubIUOMEKU OJis NPOBEOCHUS. KAYECBEHHO20 MOOEIUPOBAHUS nepedayu OaHHbIX U N036071em 3a0a8amb
WUPOKUTL CNeKmp napamempos OJis NOJYYEHUs PealucuyHblx pe3yibmamos. Pesynomamul pabomer mozym Obimb
unmepecHol npouszeodumenim BII/IA npu nianuposanuu muccuil, 8 KOMOPLIX 8 KAyecmee KaHala 0/ nepeoavu 8u-
OdeoodaHmubix ucnonvzyemcs Wi-Fi.

KiroueBble cjioBa: OeCMIOTHBIN JeTaTebHbid ammapar, NS-3, Wi-Fi, MCS, nepenaua nanusix, FANET.
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