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Abstract—Unmanned aerial vehicles (UAVs) have been widely
used in both military and civilian applications, where a stable
communication link is vital for safe flight control and robust data
transmission. To develop a reliable UAV communication system, it
is necessary to deeply understand the UAV channel characteristics
and establish accurate channel models. Channel sounding is the
most effective way to obtain realistic channel characteristics and
validate the theoretical channel model. However, the studies on
UAV channel sounding are still insufficient in terms of system
design and data processing due to the complexity of developing
a UAV channel sounder. Different from the terrestrial channel
sounders, the implementation of a UAV channel sounder is tor-
tured by the limited battery life and payload capacity of the UAV
platform. The sounding scheme and data post-processing also
need to be specially designed for highly dynamic UAV channels.
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So far, most existing survey studies on UAV channels focus on
modeling methodology and model presentation. To fill this gap,
this paper provides a comprehensive survey on the design of
the UAV channel sounder, in terms of the hardware scheme,
sounding signal, time synchronization, calibration, and data post-
processing. Current issues and potential research topics behind
existing sounding technologies and measurement campaigns are
analyzed. Moreover, future challenges and open issues are also
discussed.

Index Terms—Channel sounding, channel sounder, sounding
schemes, unmanned aerial vehicle (UAV), UAV propagation
channel.

I. INTRODUCTION

UNMANNED aerial vehicle (UAV) was first invented for
the strategic reconnaissance, battlefield surveillance and

military attack in the Great War, while the development of
commercial UAVs has boosted numerous civilian applications,
e.g., precise agriculture, fire monitoring, disaster rescue, prod-
uct delivery, and so on [1], [2]. According to the report of
Allied Market Research, the UAV market is projected to grow
from $24.72 billion in 2020 to $70.91 billion by 2030 [3].

Wireless communication has been an indispensable sup-
porter of unmanned aircraft system (UAS). In general, the
radio links include the control and non-payload communi-
cation (CNPC) link and the payload communication link
[4]. The CNPC link is used for the UAV control, which is
critical for the safe flight. The payload communication link
is used for data transmission, i.e., images, video streams,
and other mission-related information. Recently, UAV-assisted
communication systems have attracted a lot of interest for
potential applications, i.e., aerial base stations (ABSs), flight
relays, and cell-free UAV communication networks [5]. In
the sixth-generation (6G) communication networks, the UAV
communication link is expected to be a bridge connecting
the space-air-ground-sea nodes [6], [7]. To ensure the reliable
UAV control and robust data transmission, it is necessary to
deeply study UAV channels, e.g., air- to-ground (A2G) and
air-to-air (A2A) channels, for better designing, optimizing, and
evaluating a reliable and robust UAV communication link. For
instance, the delay spread of UAV channels is a vital reference
for the symbol interval. The duration time of channel fading
is important for the interleaving algorithm.

Different from terrestrial mobile channels, UAV channels
have some unique features, i.e., three-dimensional (3D) scat-
tering environment, six-dimensional (6D) motion (i.e., 3D
trajectory and 3D posture rotation), airframe fading, and so
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on [8]–[10]. Therefore, the existing terrestrial channel models
cannot be applied to characterize UAV channels directly.
Although lots of UAV-related channel models have been
proposed in recent years [11]–[14], most of them are not
fully validated and testified in various UAV communication
scenarios.

To tackle this issue, channel measurements are considered
as a valuable means to support the studies and standardize
channel models. On the one hand, channel measurement data
is fundamental to fit empirical channel models and determine
channel model parameters. On the other hand, channel mea-
surement data is the most accurate reference for evaluating
the simulation performance of channel models. However,
measurement activities for UAV channels are much less than
theoretical studies. Firstly, most of UAVs are small aerial
platforms with limited capacity and payload. It brings a big
challenge to the design of channel sounding hardware. Some
large aircraft such as fighter aircraft, airships, and fixed-wing
UAVs, are used to carry heavy devices and perform the channel
measurements, but they are difficult to popularize due to
high costs. Secondly, the channel sounding scheme and data
processing algorithm need to be redesigned, since the UAV
channels show highly dynamic and non-stationary characteris-

tics. Therefore, it is necessary to investigate and summarize the
existing technologies, research gaps, and potential challenges
involving the design of UAV channel sounders, in order to
help beginners quickly develop a UAV channel sounder and
also provide experienced researchers new insights into UAV
channel measurements.

Several survey papers involving UAV channels can be
found in [13]–[20]. However, all of them mainly focus on
the survey of UAV channel modeling methodologies and
channel models. Some UAV channel measurement campaigns
were mentioned in [13], [14], [16]–[19], but only from the
perspective of measurement-based channel modeling. In [14],
a table for some UAV channel measurement configurations
was provided. However, since channel measurement is not
the main focus, these channel measurement configurations
were not fully analyzed and did not cover all key aspects of
the UAV channel sounder. To fill this gap, this paper is the
first survey aiming at the design of UAV channel sounders,
including comprehensive aspects that contains hardware im-
plementation, scheme design, and signal processing. Note that
this survey is based on numerous literature related to UAV,
drone, aerial, A2G, A2A channel sounding, measurements,
and analysis [21]– [123]. In particular, we summarize key

Fig. 1. Mindmap of this paper.
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Fig. 2. Evolution timeline of aerial platforms for UAV channel measurements.

issues regarding UAV channel sounding technologies including
aerial platform, frequency band, sounding module, antenna
configuration, sounding scheme, synchronization, calibration,
and optimization. In Table I, we present the configurations
of typical UAV channel sounders. The definitions of some
abbreviations such as GPS, RSS, RT, etc. can be found at
the bottom of Table I.

The rest of this paper is organized as follows. The topics
regarding the hardware design of UAV channel sounder are
discussed in Section II. In Section III, sounding schemes based
on different sounding signals are summarized and compared.
In Section IV, issues and possible solutions for synchroniza-
tion, calibration, and data post-processing of UAV channel
sounder are presented. Future challenges and open issues for
UAV channel measurements are given in Section V. Finally,
conclusions are drawn in Section VI. For the convenience of
readers, we provide a navigation figure for the organization of
this paper as shown in Fig. 1.

II. HARDWARE DESIGN OF UAV CHANNEL SOUNDERS

A. Aerial platforms

UAV channels have some unique features such as six-
dimensional (6D) motions and airframe shadowing [10], which
requires the aerial platform capable of measuring these fea-
tures. Moreover, the battery life, load capacity, and accessi-
bility are also important factors. The requirements of aerial
platforms for UAV channel measurements are summarized as
follows.

• Battery life and load capacity. The channel sounder with
better performance is usually bigger and heavier. Therefore,
the battery life and load capacity of the aerial platform might
be crucial factors for the functionality, reliability, and accuracy
of UAV channel sounding. Long battery life can also avoid
frequent battery replacement and increase the measurement
efficiency.

• Accessibility. The accessibility of aerial platforms is
relative to its price and ease of use. For instance, fixed-
wing UAVs and some manned aerial vehicles (MAVs) such
as commercial aircraft, fighter aircraft, and helicopters have
poor accessibility, since they are generally too costly for most
researchers and also difficult to get. Accessibility is the key
factor in determining the popularity of aerial platforms.
• Hovering. Hovering is a unique flight phase of rotary-

wing aerial platforms like helicopters and rotary-wing UAVs
(also called drones). In some application scenarios such as
disaster areas, an ABS needs to hover over a specific area to
provide internet connectivity. There are many UAV channel
measurement campaigns performed in a hovering state [99],
[115], [121].
• 6D motion. Unlike terrestrial mobile communication

channels, UAV channels have the unique 6D motion charac-
teristic [10], [124]. Therefore, 6D motion is also an essential
ability for the aerial platform. Note that some large aircraft
(such as commercial passenger aircraft) and high-altitude
platforms (such as airships and balloons) cannot perform the
sharp 6D motions.
• Airframe shape. The airframe shape has been proven

to have an impact on the UAV channel characteristics [10],
[122]. The airframe might block the propagation path and lead
to shadow fading. Moreover, the propagation paths could be
reflected or scattered by the airframe. Therefore, the airframe
shape of aerial platforms should be similar to those of typical
UAV platforms.

The above requirements need to be carefully considered
when selecting an aerial platform for carrying a UAV channel
sounder hardware. As shown in Fig. 2, we have investigated
the existing aerial platforms for UAV channel measurements.
The common ones include MAVs [21]–[48], high-altitude
platforms [49]–[55], and UAVs (fixed-wing and rotary-wing
UAVs) [56]–[123]. Table II presents the comparison of differ-
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TABLE I
SUMMARY OF TYPICAL CHANNEL SOUNDERS FOR UAV COMMUNICATIONS.

Ref. UAV
Platform Scenario Aerial Sound.

Module
Freq.
[GHz]

BW
[MHz] Antenna Setup Sound. Sig. Sync. Cal. &

Verif.

[57] Fixed-wing A2G
(Airfield) WLAN adapter 5.28 - Aerial: 4 Omni.

GS: 2 Omni. 802.11a - -

[64] Fixed-wing A2G
(Farmland) MID - - Aerial: 4 Omni.

GS: 1 Omni. 802.11b/g - -

[63] Quadcopter A2G
(Rural/urban) - 0.868/

2.4 - Aerial: 3 Omni.
GS: 2 Omni. 802.11s - -

[69]–[71] Quadcopter A2G
(Open field) WLAN device 5.24 20 Aerial: 3 Omni.

GS: 3 Omni. 802.11a Data packet Throughput

[34] MAV A2G (Island) Signal generator 5.06 20 Aerial: 1 Omni.
GS: 1 Omni. Chirp GPS/

Rubidium -

[65] Fixed-wing A2G FPGA board 0.915 10 Aerial: 2 Omni.
GS: 8 Omni. PN GPS B2B

[72] Hexacopter A2A WLAN adapter 2.4 - Aerial: 2 Omni.
GS: 2 Omni. 802.11n - RSS

[74] Quadcopter A2G
(Campus) P410 UWB 4.3 2200 Aerial: 1 Omni.

GS: 1 Omni. Pulse Data packet -

[79], [80] Quadcopter A2G
(Rural urban) ISM-band radio 0.909/

0.915 - Aerial: 1 Omni.
GS: 1 Omni. GSM - -

[76] Octocopter A2G(Desert
/residential) USRP 5.8 20 Aerial: 1 Omni.

GS: 1 Omni. PN - -

[81] Hexacopter A2G
(Factory) USRP 2.3/5.8 20 Aerial: 1 Omni.

GS: 1 Omni. OFDM OFDM packet VNA and RT

[82], [85] Hexacopter A2G TSMA scanner 0.8 20 Aerial: 1 Omni. LTE - -

[83] Hexacopter A2G
(Suburban) - 1.2/4.2 - Aerial: 1 Omni.

GS: 2 Omni. CW - AC

[84] Quadcopter A2G
(Uma/RMa) - 0.919/2.412 - Aerial: 2 Omni.

GS: 1 Omni. WLAN/CW - 3GPP

[66] Fixed-wing A2A
(Hill/sea) FPGA board 5.11 7 Aerial: 1 Omni.

GS: 1 Omni. PN GPS -

[86] Quadcopter A2G
(Suburban) Mobile phone 0.85 - 1 Omni. LTE - -

[87] Hexacopter A2G - 3.9 250 Aerial: 1 Omni.
GS: 1 Omni. Pulse - RT

[89], [90], [93] Hexacopter A2G
(suburban) USRP 2.585 18 1 Omni. LTE OFDM packet -

[88] Hexacopter A2G
(Suburban) USRP 0.85 25 Aerial: 1 Omni.

GS: 1 Omni. PN GPS/Disciplined
oscillator -

[92] Quadcopter A2G
(Campus) FPGA board 3.5 20 Aerial: 2 Omni.

GS: 64 Omni. PN GPS B2B

[94], [102] Hexacopter A2A Commercial
channel sounder 5.2 100 Aerial: 1 Omni.

Aerial2: 1 Omni. OFDM Optical fiber -

[96], [97], [103] Hexacopter
A2G(Lake
/rural/hilly/
(suburban)

DWM1001 UWB 6.5 500 Aerial: 1 Omni.
GS: 1 Omni. Pulse - -

[98] Hexacopter A2G
(UMa) - 1/4/12/24 -

Aerial: 1 Omni.
GS: 3 Omni.&

1 Direct
CW - -

[100] Hexacopter A2G
(suburban) USRP 2.5 15.36

Aerial: 1 Omni.
GS: 1 Omni.&

1 Direct
LTE GPS/Disciplined

oscillator -

[95] Quadcopter - USRP 2.585 20 Aerial: 1 Omni.
GS: 1 Omni. PN GPS/Disciplined

oscillator B2B

[101] Quadcopter A2G
(Open field) P440 UWB 3.95 1700 Aerial: 1 Omni.

GS: 2 Omni. Pulse Data packet -

[99] Hexacopter A2A Facebook TG radio 60.48 2160 A1: 288 Omni.
A2: 288 Omni. 802.11a - Power

[104] Hexacopter A2G
(Campus) USRP 2.4 120 Aerial: 1 Omni.

GS: 1 Omni. ZC GPS CE

[105], [118] Hexacopter A2G
(Courtyard) USRP 3.5 46 Aerial: 1 Omni.

GS: 64 Omni. OFDM GPS B2B

[107] Quadcopter A2A USRP 2.484 - Aerial1: 2 Omni.
Aerial2: 2 Omni. CW - -

[109] Quadcopter A2G
(Factory) P410 UWB 4.2 2200 Aerial: 1 Omni.

GS: 1 Omni. Pulse - -

[110], [111] Quadcopter A2G
(Airport) Spectrum analyzer 28 - Aerial: 1 Omni.

GS: 1 Direct. CW - -

[114] Hexacopter A2G
(Playground)

DWM1000
UWB 5 3000 Aerial: 1 Omni.

GS: 5 Omni. Pulse - -

[115] Quadcopter A2G
(Human body) USRP 0.9/25 - Aerial: 1 Omni.

GS: 1 Omni. CW - -

[113] Quadcopter A2G
(suburban) Smart phone 3.5 100 Aerial: 1 Omni. 5G - -

[67] Fixed-wing A2A USRP 1.42 40 Aerial1: 1 Omni.
Aerial2: 1 Omni. - - RT

[116] Hexacopter A2G (Hilly) USRP 2.585/3.5 20 Aerial: 1 Omni.
GS: 1 Omni. PN - B2B

[117] Hexacopter A2A BladeRF 2.0 5.824 8 Aerial1: 1 Omni.
Aerial2: 1 Omni. Chirp - AC

[123] Hexacopter A2G (Near urban) FPGA board 3.5 100 Aerial1: 1 Omni.
GS: 4 Omni. ZC GPS CE

AC: anechoic chamber, B2B: back-to-back, CE: channel emulator, GPS: global positioning system, MID: mobile internet device, OFDM: orthogonal frequency-division
multiplexing, PN: pseudo-noise sequence, RSS: received signal strength, RT: ray tracing, SDR: software defined radio, USRP: universal software radio peripheral,
UWB: ultra-wideband, ZC: Zadoff-Chu
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TABLE II
COMPARISON OF DIFFERENT AERIAL PLATFORMS FOR UAV CHANNEL MEASUREMENTS.

Aerial platforms Battery life Load capacity Accessibility Hovering 6D motion Airframe shape

MAVs
Commercial FFFF FFFFF

F
F

FFFF
FFFFFighter FFF FFFF FFFFF

Helicopter FFF FFFF FFFFF FFFF
Airship/balloon/other FFFFF FFFF FF FFF FF F

Fixed-wing UAV FF FFF FFF F FFFF FFFFF
Rotary-wing UAV F F FFFFF FFFFF FFFFF FFFFF

Note: more F means better performance.

ent aerial platforms regarding the requirements.
At the early stage, some substitute aerial platforms, such

as MAVs (i.e., commercial aircraft, fighter aircraft, helicopter)
and high-altitude platforms (i.e., airship and balloon), were
used to perform aerial channel measurements. It is because at
that time fixed-wing and rotary-wing UAV platforms have not
been well popularized and commercialized, and the studies
of UAV channels were merely initialized in industry and
academia. However, these aerial platforms have some disad-
vantages when utilized in the UAV channel sounder such as
poor accessibility, as shown in Table II. As the safety, stability,
and accessibility of rotary-wing UAVs or drones have been
greatly improved, it leads to a rapid increase in the use of
rotary-wing UAVs for channel measurements since 2016, as
shown in Fig. 2. However, the fixed-wing UAV, as a typical

UAV type, has been rarely used recently. The main reason is
that the rotary UAV has better accessibility, hovering ability,
and 6D motion ability than the fixed-wing UAV despite the
poor battery life and load capacity. In addition, the rotary-
wing UAVs show greater potential advantages in various
applications than fixed-wing UAVs, such as agriculture, smart
industry, aerial photography, product delivery, and so on. Ac-
cording to the report in [3], the rotary-wing UAV is projected
to be the most lucrative type.

Moreover, when selecting an aerial platform, the aviation
regulations of different countries or areas are also crucial
factors needed to be considered. We present a summary of
civil aviation regulations for UAV platforms as shown in Table
III. It can be found that most areas limit the flight height
and weight of UAVs, which is important for designing UAV

TABLE III
CIVIL AVIATION REGULATIONS FOR UAVS IN SOME COUNTRIES OR AREAS.

Countries/Areas Regulator Height Weight Others

United Kingdom
(UK) Civil Aviation Authority (CAA) <120 m <20 kg

1) Fly within sight
2) Far away from downtown/crowds/airports
3) Additional clauses (>7 kg)

Germany Federal Ministry for Transport and
Digital Infrastructure (BMVI) <100 m –

1) Fly within sight
2) Pilot license (>2 kg)
3) Label needed (>0.25 kg)

Italy Italian Civil Aviation Authority <70 m – 1) Fly within sight
2) Fly in the daytime

Mainland China Civil Aviation Administration
of China (CAAC) <120 m –

1) Fly within sight
2) Fly in the daytime
3) Real-name registration

Hongkong Civil Aviation Department (CAD) <30 m <7 kg
1) Fly within sight
2) Fly in the daytime
3) Registration needed (>0.25 kg)

Singapore Civil Aviation Authority
of Singapore (CAAS) <60 m <7 kg 1) Fly within sight

2) Far away from crowds/airports

Korea Ministry of Land, Infrastructure
and Transport (MOLIT) <150 m <12 kg

1) Fly within sight
2) Fly in the daytime
3) Far away from crowds/airports

United States (US) Federal Aviation Administration (FAA) <120 m <25 kg
1) Fly within sight
2) Registration needed (>0.25 kg)
3) Far away from crowds/airports

Canada Transport Canada <122 m –

1) Fly within sight
2) Fly in the daytime
3) 75 m away from vehicles/ships/crowds

(1∼ 35 kg)
4) 30 m away from vehicles/ships/crowds

(0.25∼ 1 kg)
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channel sounders and conducting measurement campaigns. We
also need to pay attention to specific weight limitations such
as 0.25 kg and 7 kg in case of additional clauses. Moreover,
most areas encourage to fly within sight and in the daytime
as well as far away from the crowds and airports for security
reasons.

B. Selection of frequency bands

When developing a channel sounder, the frequency band is a
fundamental factor for selecting and designing hardware com-
ponents. With the increasing demand of UAV communications
for various applications, some institutions and standard bodies
have allocated potential spectrum resources for different UAV
communication scenarios [125], [126]. For example, the Inter-
national Telecommunications Union (ITU) has recommended
using 960–977 MHz and 5.03–5.091 GHz for CNPC links.
Besides, the frequency band at 900 MHz has been widely
utilized for the remote-control link. Recently, 2.4 GHz and
5.8 GHz have become preferable payload frequency bands,
due to their high data rate for image sharing, video streaming,
and so on. Moreover, UAV is expected to serve as an ABS
or flight relay in the 5G communication network, namely
5G-related frequency bands such as 700 MHz, 3300–4200
MHz, 4400–5000 MHz, 24.25–29.5 GHz, 37–40 GHz, etc., are
also potential ones for UAV communications [127]. In China,
several frequency bands, i.e., 840.5 MHz–845 MHz, 1430
MHz–1444 MHz, and 2408 MHz–2440 MHz are approved for
UAV communication links in the line-of-sight (LoS) case [17].
Therefore, the frequency selection for UAV channel sounder
should be associated with specific application scenarios at the
aforementioned and some other potential frequency bands.

Wireless channel characteristics have been proved to change
along with different frequency bands [128]–[130], [132].

Therefore, channel measurements for all the potential fre-
quency bands are worth studying. According to our survey,
UAV channel sounders covering many different frequency
bands have been developed. Matolak et al. in [42]–[45], [47]
performed many measurement campaigns that focused on
specific frequency bands, i.e., 960-977 MHz and 5.03-5.091
GHz, which provided comprehensive measurement results for
understanding the channel characteristics of ITU CNPC link.
However, the measurement campaigns at the other frequency
bands are less focused. To present the intuitionistic distribution
of frequency bands, approximately one hundred pieces of
literature involving UAV channel measurement campaigns are
summarized, as shown in Fig. 3. Some popular frequency
bands, such as 2.4 and 5.8 GHz [72], [76], [84], [104], also
gained much attention. Generally, the UAV channel measure-
ments under most frequency bands are still insufficient. In
addition, it can be found that UAV channel measurements at
millimeter wave (mmWave) bands [98], [99], [110]–[112] are
still in their early infancy compared with those at sub-6 GHz
bands.

Besides the UAV-related spectrum allocation, some other
crucial issues referring to frequency selection also need to be
considered. The frequency selection of the channel sounder
is usually determined by the target communication system,
and the interference issues in the communication system have
been addressed. However, the hardware components utilized in
the channel sounder could be different from those of practical
communication systems, thus the interference issues in the
channel sounder also need to be well considered. Firstly,
the frequency band of channel measurement should avoid
overlapping those of other on-UAV communication links such
as the flight control and GPS links, otherwise, the safe flight
of UAV is not perfectly guaranteed. Secondly, the electromag-
netic interferences to the measured link, including internal and
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external interferences, are also non-negligible. The internal
interferences are usually caused by imperfect electromagnetic
compatibility (EMC) of UAV platform, while the external
interferences may originate from the other communication
systems working at the same frequency bands. In our previous
UAV channel measurement campaigns at 3.5 GHz, we found
that the measured results could be ruined by interferences, as
shown in Fig. 4. Proper frequency bands can be selected to
avoid the internal interferences according to the simulated or
measured results of UAV EMC [133], [134].

Some fixed external interferences can also be avoided by
performing preliminary spectrum occupancy measurements in
the target environment [117], [135]. However, unpredictable
external interferences at some shared frequency bands might
still happen. For example, as an unlicensed frequency band,
2.4 GHz can be used in mobile devices and other unknown
WLAN-based communication systems in the environment,
which could cause unexpected sporadic interferences during
the UAV channel measurement campaigns. On the other hand,
we have to utilize specific frequency bands despite external
interferences in some applications, such as cellular-connected
UAV channel measurements, where the other cellular commu-
nication links bring interferences into channel measurement
data [137]. In those cases, interference mitigation technology
for UAV communications is a possible solution [136], [137].
According to our literature review, no existing work has
discussed this issue from the perspective of UAV channel
measurements. Therefore, the interference recognition and
mitigation of sporadic distorted channel data would be inter-
esting research topics for UAV channel measurements.

Moreover, to obtain complete multi-path information, the
UAV channel sounder usually needs to emit the sounding
signal with a high transmitting power. In this case, it probably
brings a severe interference threat to other communication
systems in the environment. When the signal transmitter of
channel sounder is placed on the ground or equipped on
a UAV at a low altitude, the interference would be easily
blocked by surrounding obstacles, so the spread range of
interference is limited. However, when the signal transmitter
is equipped on a UAV flying at a high altitude of hundreds
of meters, the interference signal can propagate over a long
distance. Therefore, the interference threat caused by the
channel sounder also needs to be carefully considered when
selecting the frequency band.

C. Portable channel sounding hardware

In Sec. II.A, we find that the rotary-wing UAV platform
is widely used for carrying channel sounder hardware. How-
ever, the challenge is designing a portable channel sounding
hardware that can be mounted on a small UAV platform.
According to our survey of UAV channel sounders, the existing
channel sounding hardware includes commercial measurement
instruments, off-the-shelf communication devices, and SDR
modules.

1) Commercial measurement instruments:
There are some commercial channel sounders, i.e., MEDAV

RUSK [138], Elektrobit PropSound [139], Keysight channel
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sounder [140], etc. They are designed for terrestrial commu-
nication channels and are very bulky. For example, the authors
in [94], [102] utilized the MEDAV RUSK sounder for UAV
channel measurements. This commercial channel sounder was
placed on the ground and connected to the UAV via a 600-
meter optical fiber. This solution has high reliability but is
complicated and risky, thus it has not been widely adopted.

Another option for the UAV channel sounder includes the
portable signal generator (as an aerial transmitter) [34] and the
portable spectrum analyzer or network scanner (as an aerial
receiver) such as Rohde Schwarz TSMA mobile network
scanner [82], [85], Anritsu MS2760A-0100 spectrum analyzer
[110], and SAF Tehnika J0SSAP14 spectrum analyzer [112].
In [34], the authors did not provide the specific model of
the utilized signal generator. Thus, we surveyed portable
signal generators in the market and found some potential ones
such as Signal Hound VSG25A/60A and SHF 78124A. The
portable signal generator is a suitable instrument as the aerial
transmitter, which can generate some built-in waveforms as
well as load customized sounding signals. In [34], a vector
signal generator was mounted on a small-size aircraft and
generated a 20 MHz chirp signal with a center frequency
of 5060 MHz. The measured strengths and channel impulse
responses (CIRs) were well extracted from the received signal.
The spectrum analyzer (or network scanner) is convenient to
obtain the CTF and also has good receiving sensitivity which
is beneficial for long-range measurements. However, for most
channel measurements with the signal generator and spectrum
analyzer, only CW power or scalar frequency response can
be obtained, thus we cannot get CIR due to lack of phase
information. Moreover, these instruments have limited RF
ports and are not suitable for multiple-channel measurements
with an antenna array. Considering a dynamic UAV channel
measurement, the frequency sweeping time (especially in a
wideband channel sounder) should be shorter than the channel
stationary interval. Although frequency sweeping with a few
measurement points can be very fast, it will shorten the
coverage range of the measured path delays. The maximum
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path delay is determined by

τmax =
1

∆f
=
Nf
B

(1)

where ∆f is the frequency sweeping interval, Nf is the
number of measurement points, and B is the bandwidth of
the channel sounder.

2) Off-the-shelf communication devices:
For some communication systems, i.e., WLAN and cellular

mobile communication, channel estimations are performed in
the receiver with the help of predefined pilots. Therefore,
the channel response can be obtained from the data packet
directly. For example, an 802.11abgn module from SparkLAN
WPEA-127N was used on a quadrocopter UAV in [69]. By
communicating via IEEE 802.11a wireless LAN to the ground
access point, the received signal strength was extracted from
the test data packets, and then the channel characteristics
of aerial links, i.e., path loss and small-scale fading were
analyzed. In [113], a Xiaomi smartphone compatible with 5G
bands was mounted on a quadcopter drone of DJI Matrice
210 to perform the cellular-to-UAV channel measurement.
The received signal strength was easily recorded via a Tems
Pocket application. These types of communication devices
usually estimate the channel based on the pilot sequences in
data packets. They have limited channel sounding capability
because only limited bandwidth resource and symbols are
allocated for pilot sequences. Note that two series of UWB
radio devices, the DWM1000 series [97], [103], [114] and
the Time Domain P410/440 series [74], [101], [109], [112]
were widely used in UAV channel measurements. These UWB
radios can measure CIRs with high delay resolution due to the
GHz-level bandwidth.

In general, these off-the-shelf communication devices are
easy to use without extra hardware implementation and signal
processing. Moreover, thanks to the excellent manufacturing
technology and high integration, they usually have small
volumes, light weights, and low power consumption. In [99],
a Facebook Terragragh radio device was utilized to perform
A2A mmWave channel measurements. This device has a
center frequency of 60 GHz and an array of 36 × 8 antenna
elements, and it can be easily mounted on a DJI M6000 UAV.
The flip side of high integration is that it is less flexible for
users to upgrade hardware components or develop their own
algorithms for specific measurement requirements.

3) Portable SDR modules:
In existing works, SDR modules are mostly used in UAV

channel sounders for their high generality and flexibility.
Different from the off-the-shelf communication devices, users
need to design and implement the signal processing algorithms
of channel sounding. According to our survey, this kind of
system can be divided into two categories, i.e., commercial
USRP and customized SDR modules. Most commercial US-
RPs used in UAV channel sounders are National Instruments
(NI) USRPs (also called Ettus Research USRPs in some ref-
erences), e.g., USRP B210 [76], [91], N210 [89], X310 [116],
and 29XX series [105]. Besides, the commercial SDR modules
of BladeRF 2.0 are also available solutions for UAV channel
measurements [117]. These USRPs need to work with a laptop

or an integrated central processing unit (CPU). There are also
some redundant hardware components that are not designed
for channel measurements. To further ease the burden of UAV
payload and power consumption, some researchers developed
simplified SDR modules based on FPGA development boards
[92], [123], which are usually smaller, lighter, and cheaper.
However, it involves extra hardware and software development
and implementation, and the RF specifications might not be
as good as commercial products.

D. Antenna configurations for “propagation channel” mea-
surements

The gain patterns of the transceiver’s antennas significantly
affect the path power of the measured channel. For simplicity,
we define the wireless channel involving the antenna effects as
a “radio channel” in this paper. Otherwise, it is a “propagation
channel.” From the perspective of channel modeling, we
usually need the “propagation channel” model so that it can be
combined with any antenna pattern. For example, the antenna
patterns are modeled as an independent part in some UAV
channel models [12], [141]. In this case, an essential goal of
UAV channel measurement is to capture the characteristic of
the “propagation channel”. The challenge is that it is hardfor
UAV channel sounders to retrieve propgation channel from
the radio channel, i.e., antenna de-embeding. We need to
know the multipath profile and the antenna pattern to perform
the de-embeding process. However, it is not easy to capture
the multipath profile with complete angular information for a
sounding system with single antenna or few antenna elements
on the drone. The antenna pattern should also be measured
with consideration of the UAV airframe.

On the contrary, some UAV measurement campaigns aimed
at capturing the “radio channel” for specialized applications
[89]–[91], [93]. For example, the authors in [89], [90] utilized
the commercial base stations (BSs) as transmitting part to
capture the radio channels. As the antenna specifications of
these commercial BSs were unknown, the effect of antenna
properties was included in the measured results. Their re-
sults are valuable for understanding the downlink channels
of cellular-connected UAV communications in the specific
measurement region. The drawback is that when the antennas
are upgraded afterward, the measured results might not be
applicable anymore. Therefore, in this section, we focus on
discussing the antenna configuration for capturing the “prop-
agation channel”.

1) Antenna pattern affected by UAV airframe:
Compared with terrestrial communications, UAV commu-

nications experience more variations in elevation angles due
to variant flight height. In other words, the measured UAV
channels are more sensitive to the change of elevation antenna
pattern. For instance, the authors in [100] equipped the ground
station with an omnidirectional antenna and a directional an-
tenna with a 120◦ and 30◦ elevation pattern at half-power beam
width (HPBW), respectively. They found that the directional
antenna had a more significant impact on the measured channel
characteristics, i.e., path loss and K-factor, and made the
measurement results irregular. Therefore, most UAV channel
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sounders at sub-6 GHz bands utilized omnidirectional antennas
as shown in Table II. Note that these omnidirectional antennas
have approximately perfect azimuth patterns, usually with less
than 120◦ elevation patterns at HPBW. The propagation paths
could still drop into the nulls of antenna pattern. Thus, a proper
flight trajectory of the UAV needs to be designed to avoid this.

In addition, some propagation paths impinge the UAV
airframe when using the omnidirectional antenna at the UAV
side, so UAVs with different airframe shapes would affect
the radiation patterns differently. Very recently, some research
on UAV channel modeling began to consider the effect of
UAV airframes to improve the accuracy of channel models
[10]. It is necessary to remove the effect of UAV airframe
on the radiation pattern. Some works take the antenna and
UAV airframe as a whole to obtain the equivalent radiation
pattern via field measurement in the anechoic chamber [83],
[87] or simulation tools [48], [123]. For example, the authors
in [87] found that the radiation patterns at the UAV side were
less uniform due to the effect of airframe. Some deviations
with null patterns for the antenna can be found in [48]. In our
previous work [123], we simulated the equivalent radiation
patterns for the antenna mounted at the bottom of UAV
airframe and a rotary wing, respectively. As shown in Fig.
5, for this UAV airframe, we found that mounting the antenna
at the bottom of UAV fuselage is a better choice, but the
vertical plane of equivalent antenna pattern is still less uniform
than the theoretical one. Since the deviation of antenna gain
could reach more than 10 dB, it needs to be removed from the
measurement results. Generally speaking, the effects of UAV
airframe and antenna placement on the equivalent antenna
pattern have rarely been discussed in the existing UAV channel
measurement campaigns.
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Fig. 5. Antenna pattern affected by the UAV airframe with an antenna on
the bottom of (a) the fuselage and (b) a rotary wing.

2) Directional antenna scanning:
For high-frequency bands, especially the mmWave band,

directional antennas are utilized to compensate for the high
propagation power loss. At the same time, in the channel
measurements, the directional antenna manages to capture
channel spatial information at specific angles. For instance,
the authors in [120], [121] equipped the UAV channel sounder
with a directional antenna to measure the power of a target
propagation path, so the interference of other multi-paths
can be excluded. When aiming to measure the “propagation
channel”, the directional scanning sounding (DSS) method
is widely used in terrestrial channel measurement campaigns
[142]–[144]. This solution can also be found in UAV channel
sounders [112], where a directional horn antenna was mounted
on the UAV for mmWave channel measurement. This horn
antenna can be rotated vertically via a dedicated servo control,
while the UAV posture rotation can realize the azimuth rotation
of the antenna. In this way, the power-angle profiles were
obtained directly without performing angle estimation.

However, several issues must be considered when adopting
the DSS method in UAV channel sounders. Firstly, UAV
channel sounding has a particular issue: the vibration produced
by the propellers (i.e., wobbling) when the drone is moving or
hovering [145], [146]. This vibration may impact the coher-
ence time of the wireless channel between UAVs and ground
user equipment (UE). In [147]–[149], this effect is analyzed,
and it was observed that even for slight UAV wobbling, the
coherence time of the channel may degrade quickly, causing
difficulties when tracking the channel to establish a reliable
communication link. Fig. 6 shows an experimental example
of this effect, where the power of the strongest peak was
evaluated under two conditions while the drone was hovering
and when the propellers were turned off [105]. The standard
deviation of the LOS bin power for the hovering case is
0.48 dB compared to 0.08 dB when static, which confirms
the conjecture that the hovering creates additional variations
compared to the static case. This effect translates to any
estimated parameter coming from the UAV campaign. Fig. 7
compares the RMS delay spread obtained from a drone with
the propellers on (hovering) against the case when they are off
(static). Like the previous case, the variation observed in the
hovering case is larger compared to the static case one (2.74
times larger). The previous results demonstrate how important
it is to consider the impact of wobbling and how it might
affect further results obtained from a UAV campaign. In [146],
[150], the wobbling was proved to obey Gaussian distribution
via field measurements. Therefore, it is necessary to mitigate
the effects of these fluctuations on the scanning accuracy,
especially for long-distance UAV channel measurements.

Secondly, it is a big challenge to determine the scanning
step and merge the channel data for the DSS method since
the main lobe and side lobe of antenna pattern may overlap.
The aforementioned UAV’s fluctuations would make it even
worse. Moreover, the stationary interval (SI) of UAV channels
is typically second-level or even millisecond-level [151]. It
takes a long time for the mechanical rotator to scan the whole
3D channel space. Therefore, faster scanning schemes like
multi-antenna switching or 3D beam former are needed. More-
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Fig. 6. Comparison of the normalized peak power in the PDP in LoS UAV
scenario [105].

Fig. 7. Comparison of the RMS delay spread in LoS UAV scenario [105].

over, how to accurately suture several time-variant channel
snapshots (captured from different angles) into one complete
channel response needs to be tackled. According to existing
works, the above issues have not been fully discussed and
addressed under the scope of UAV channel measurements.

III. SOUNDING SCHEMES OF UAV CHANNEL SOUNDERS

According to the sounding signal types, the existing UAV
channel sounding schemes can be divided into several cate-
gories, i.e., continuous wave (CW)-based, pulse-based, chirp-
based, WLAN/cellular-based, and correlation-based channel
sounding schemes. These sounding schemes are also typical
in terrestrial channel sounders. However, the sounding signals
need to be specially designed (i.e., bandwidth, length, snapshot
duration, snapshot number, etc.) to achieve proper sounding
capabilities for target UAV measurement scenarios such as
delay resolution, maximum path delay, Doppler resolution,
maximum Doppler frequency, etc.

A. CW-based UAV channel sounder

CW is a typical sounding signal that has constant amplitude
and frequency. It can be used to easily measure the received
power (e.g., via a signal analyzer) and further analyze the
large-scale channel fading (LSCF) characteristics, such as
path loss (PL) and shadowing. CW has also been considered
a proper sounding signal in the narrowband communication
systems to capture the statistical distributions of small-scale
channel fading (SSCF) [83]. For example, the authors in [98]
utilized the CW signal to perform UAV-to-ground channel
measurements at multiple frequency bands, i.e., 1 GHz, 4 GHz,
12 GHz, and 24 GHz. The received powers were recorded via
a spectrum analyzer. By averaging the received power with a
20-wavelength sliding window, the LSCF characteristics such
as PL and shadowing were analyzed and modeled. Then, the
SSCFs were obtained by removing the LSCFs from received
signals, from which the statistical properties, i.e., probabil-
ity density function (PDF), cumulative distribution function
(CDF), level crossing rate (LCR), and average fade duration
(AFD) were calculated and analyzed. Therefore, the CW signal
is a suitable sounding signal for measuring the power-related
channel characteristics, where signal generation and data post-
processing are both simple. However, as a single-tone power-
only measurement, it cannot distinguish channel multi-path
components (MPCs).

B. Pulse-based UAV channel sounder

The narrow-pulse-based sounding scheme is an easy way
to capture the channel MPCs directly without complex data
processing. According to our survey, most existing pulse-based
UAV channel sounders are based on the DWM1000 ultra-
wideband (UWB) radio or Time Domain P410/P440 UWB
radios [74], [101], [103], [109], [112], [114]. It can be found
that all these measurement campaigns are carried out within a
short range, e.g., within 100 m. The pulse signal has a short
time duration and can be used to extract the CIR snapshot
quickly, which is suitable for capturing time-variant CIRs of
UAV channels. However, the pulse signal has a large peak-to-
average power ratio (PAPR) and a low transmission efficiency.
Therefore, the pulse signal needs high transmitting power for
long-distance channel measurements, which would increase
the burden of the UAV battery life..

C. Chirp-based UAV channel sounder

The chirp signal is known as frequency modulated contin-
uous waveform (FMCW), in which the frequency decreases
or increases with time. The chirp signal can be applied for
both time-domain and frequency-domain channel measure-
ments. In the time-domain measurement, a linear chirp signal
is generated at the transmitter. A mixer at the receiver is
used to extract the frequency deviations between the received
signal and the local chirp signal. These frequency deviations
correspond to the propagation delays of each channel MPC as
shown in Fig. 8. This time-domain solution has been widely
used in the FMCW radar to measure the distance of target
objects [152]. However, different from radar systems, the
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Fig. 8. Illustration of the chirp-based sounding scheme in the time-domain.

UAV channel sounder usually has distributed transceivers thus
resulting in a poor phase alignment, which cannot meet the
high requirements of phase accuracy in the chirp-based time-
domain scheme.

In most of existing UAV channel sounders, chirp signal
is utilized in frequency-domain channel measurements [29],
[34], [117]. The frequency spectrum of the received signal
is used to extract the channel transfer function (CTF), from
which the CIR can be obtained by performing the inverse
fast Fourier transform (IFFT). In [34], a chirp signal with a
bandwidth of 20 MHz was designed and transmitted via a
vector signal generator at the center frequency of 5060 MHz.
The received signals were recorded in a signal analyzer, from
which CIRs were calculated and analyzed. As these chirp-
based frequency-domain schemes run in a swept-frequency
way, they can sweep over a large frequency range without
the limitation of instantaneous bandwidth. However, it will
take some time to scan over a large bandwidth. For highly
dynamic UAV communication scenarios, the scanning time
should be shorter than the stationary interval of time-variant
UAV channels. Although we can increase the scanning speed
by reducing frequency points, it will decrease the measurement
capability of maximum path delay.

D. WLAN/cellular-connected UAV channel sounder

In the existing WLAN/cellular-based channel sounders, the
mainly used sounding scheme is OFDM technology [77],
[81], [105], except for some old communication standards like
global system for mobile communications (GSM), high-speed
packet access (HSPA), and universal mobile telecommunica-
tion system (UMTS) [63], [79]. The OFDM-based channel
sounding scheme is a typical multi-tone sounding scheme.
Independently modulated subcarriers in the OFDM system are
employed for frequency-domain channel measurements. The
CTF (also called channel state information) can be obtained
directly from the OFDM data packet along with the actual
communications. It has a good flatness of frequency spectrum

but has a large PAPR. The authors in [81] developed an
OFDM-based UAV channel sounder with subcarriers varying
from 64 to 2048. An optimized QPSK sequence carried by
the subcarriers was designed to reduce the PAPR. During the
measurement, OFDM packets were continuously transmitted
with an inter-packet interval. The CTF and CIR were then
extracted from each received OFDM packet. Moreover, as
OFDM technology has been widely used in cellular mobile
communications, commercial BSs can be taken as one part
of the channel sounder. For example, the developed channel
sounder in [89] received the downlink signals from several
commercial BSs in the measurement scenario. The CIRs
were extracted from the cell-specific reference signals in each
downlink frame.

Based on off-the-shelf WLAN/cellular communication de-
vices, OFDM is an easy solution for channel measurements. In
addition, these devices usually have a high level of integration
and thus are small, lightweight, and low power, which is
perfect for UAV platforms to carry. However, it consumes
some uncontrollable time to deal with OFDM frames in these
communication devices, which brings a challenge to measure a
highly dynamic UAV channel with a small stationary interval.

E. Correlation-based UAV channel sounder

In the correlation-based channel sounder, the sounding
signal is carefully designed and its autocorrelation can be
well approximated by a delta function. Thus, the CIR can be
obtained by performing the sliding correlation operation at the
receiver as

ĥ (t, τ) = y (t) ⊗ s (t)

= h (t, τ) ∗ s (t) ⊗ s (t)
(2)

where s (t) is the sounding signal, y (t) is the received signal,
h (t, τ) is the real channel under measurement, ∗ is the
convolution operator, and ⊗ is the sliding correlation operator.

The commonly used signals include ZC sequence and PN
sequence. As a digital binary sequence, the PN sequence needs
a shaping filter to make it suitable for subsequent modulation
and transmission. However, the ZC sequence is suitable to
be modulated and transmitted directly. In addition, different
primitive polynomials are needed for generating PN sequences
with different types and lengths to balance the data length and
dynamic range of the measured CIR snapshot. For example,
when generating an m-sequence with a length of 10, we use
the primitive polynomial ”x10 + x3 + 1”. The ZC sequence
has a uniform generation function as [153]

s[n] =

 exp
(
− jπµn2

NZC

)
NZC is even number

exp
(
− jπµn(n+1)

NZC

)
NZC is odd number

(3)

where n = 0, 1, ..., NZC − 1, and NZC is the sequence length.
Note that µ is less than NZC and relatively prime to NZC.

In [123], [154], it was stated that the ZC sequence has
better spectrum flatness. Moreover, it was pointed out in [155]
that the ZC sequence has a better autocorrelation property
than the PN sequence, while the opposite conclusion was
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Fig. 9. Comparison of RAPNLs for ZC and PN sequence (a) without noise
and (b) under different SNR conditions.

drawn in [154]. To clarify this, we performed a comparison
test regarding the ratio of autocorrelation peak to noise level
(RAPNL) without noise and under different signal-to-noise
ratio (SNR) conditions, as shown in Fig. 9. The length of both
the PN and ZC sequences is set as 1024 and the bandwidth
of generated sounding signals is 100 MHz. It was found
that the ZC sequence has a better theoretical performance of
autocorrelation property than the PN sequence. However, they
share a similar performance of autocorrelation property under
typical SNR conditions, e.g., below 30 dB.

For the sliding-correlation-based sounding scheme, the dy-
namic range of measured CIR can be increased by adopting
a longer sounding sequence, which can capture more UAV
channel MPCs. However, the measurement time of each CIR
snapshot would increase in this case. Therefore, a balance
between dynamic range and measurement time needs to be
achieved accordingly when applying this scheme to the UAV
channel sounder.

F. Summary and Comparison of different channel sounding
schemes

In Fig. 10, we summarize the sounding signals utilized
in the existing UAV channel sounders [21]–[123]. Note that
some references did not present sounding signals used in their
channel sounders, so they are not listed in Fig. 10. It can
be found that the OFDM signal is the most popular one as
it has been widely used in cellular mobile communications
and WLAN communications, and the chirp signal is the least
one. The correlation-based sounding scheme also shows great
potential. To present the pros and cons of each sounding
scheme, we analyzed the performance of different sound-
ing signals regarding signal generation, data post-processing,
speed (how fast each measured channel snapshot can be
updated), and so on in Table IV. Compared with the chirp-
based and correlation-based sounding schemes, the OFDM-
based sounding scheme is faster to obtain a CIR snapshot.
It is because the frequency responses of pilot subcarriers in
the OFDM frame are captured parallelly while the other two
schemes need at least a whole duration of the chirp signal
or the ZC/PN sequence. But, when the OFDM-based channel
sounding is performed along with the communication, the
sounding speed will slow down because the cycle prefix is
needed ahead of each OFDM symbol and it will consume
some time to deal with the header of each OFDM frame. The
correlation-based sounding scheme achieves a good balance of
complexity, speed, and transmission efficiency. The CW signal
is perfect if you focus on power-only measurements.

IV. SYNCHRONIZATION, CALIBRATION, AND
OPTIMIZATION OF UAV CHANNEL SOUNDERS

A. Transceiver synchronization

The transceivers of the UAV channel sounder separate far
away from each other, so it is hard to provide a common
clock over a long range. In [94], [102], the authors placed the
radio frequency (RF) transceivers together on the ground and
synchronized them with a common rubidium clock. However,
the UAV was connected via a 600-meter optical fiber for long-
range measurements. This fiber-based solution enables perfect
transceiver synchronization, but extra electrical-to-optical and
optical-to-electrical devices are needed. Moreover, it is a
challenge to guarantee flight security when mounting a fiber on
a moving UAV. Therefore, this section discusses the commonly
used solutions for time and frequency synchronization in the
existing UAV channel sounders with separate transceivers.

1) Time synchronization:
In the channel measurement, it is desirable to synchronize

the initial starting point of the transmitted sounding signal
with the receiver’s sampling (i.e., time synchronization), thus
allowing the measurement of the absolute delay of MPCs [46].
It is also beneficial for aligning the channel measurement data
with designed events like global positioning system (GPS)
positions or UAV postures. The existing solutions include
the global positioning system (GPS)-based [65], [66], [92],
disciplined-oscillator-based [26], [88], [100], and data-packet-
based synchronization schemes [30], [89], [101].



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. XX, NO. XX, XX 2024 13

[31],[49],[50],[52],[53],[59],[60],[83],[84],[98],[107],[110-112],[115]

[79],[80]

[29],[34],[77],[108],[117]

[74],[87],[96],[97],[101],[103],[109],[112],[114]

[48],[104],[106],[119],[121],[123]

[56],[57],[63],[64],[68-72],[99],[122] [58],[84]

[51],[54],[77],[78],[82],[85],[86],[89-91],[93],[100] [55],[113]

[25],[28],[33],[35-40],[42-45],[65],[66],[76],[88],[92],[95],[116]

WLAN

Pulse

CW

Cellular

Chirp

Correlation-based

Multitone

(Mainly OFDM)

[26],[27],[30],[32],[46],[61],[62],[81],[94],[102],[105],[118]
Other OFDMs

IEEE 802.11

PN

GSM/HSPA/UMTS

ZC

LTE 5G

others

5 10 15 200

Relative Amount

Fig. 10. Statistics of sounding signals utilized in the existing UAV channel sounders.

TABLE IV
PERFORMANCE COMPARISON OF DIFFERENT SOUNDING SIGNALS.

Sounding Signal Signal
Generation

Data
Post-processing Speed PAPR Others

CW FFFFF FFFFF FFFFF FFFFF Single-tone power-only meas.
Pulse FFF FFFFF FFFF F Short transmission distance

Chirp FF FFFF
F(sweeping)

FFFF Sweep over a large frequency range
FFF (time domain)

WLAN/Cellular
(OFDM) F FFF FFFF FF Many commercial options

Correlation ZC FFFF FF FFF FFFF • ZC has better spectrum flatness
• Similar autocorrelation propertyPN FFF FF FFF FFF

Note: more F means better performance.

For the GPS-based scheme, the transceiver is triggered
by the GPS time or one pulse per second (1PPS) signal.
The GPS module is low-cost and easy to use, and the GPS
module in the UAV navigation system can be shared with time
synchronization. The 1PPS signal could bring a nanosecond-
level deviation for the time synchronization, but it is acceptable
for most channel sounders. However, this scheme cannot be
used in some GPS-denied environments.

In the disciplined oscillator scheme, high-precision oscil-
lators such as rubidium oscillators at the transceiver are
disciplined by a reference source like a GPS signal. It has
a precision of picosecond but is more expensive and usually
takes several hours to discipline the rubidium oscillators. In
addition, the accuracy of disciplined oscillators would decay
gradually after disconnecting from the reference source due to
the limited holdover time.

The data-packet-based scheme is a type of software syn-

chronization scheme. One way is to transmit the data packet
that contains the clock information or specific synchronization
signals, such as the primary and second synchronization sig-
nals in OFDM-based channel sounders [89]. Another way is to
transfer a data packet in a bidirectional communication mode
to estimate the time of flight (ToF), which can be eliminated
in the data post-processing [157]. This solution does not
need extra hardware components and thus is more flexible.
However, the time consumption that the software processes
the data packet is not controllable, which could bring some
deviations in the time synchronization. In the bidirectional
communication mode, the UAV motion will also make it hard
to estimate the ToF accurately.

2) Frequency synchronization:
In the separated transceivers, there is a frequency offset

(also called clock drift) between two local oscillators due to
imperfect manufacture. Taking a 40 MHz crystal oscillator as
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an example, if the frequency deviation is 15 parts per million
(PPM), the maximum frequency offset between transceivers
can reach up to 1200 Hz. In [47], [123], it has been proved that
the sampling frequency offset (SFO) would cause a periodic
power loss of the measured MPCs in the correlation-based
channel sounders. A delay shifting of measured power delay
profile (PDP) caused by the SFO was also observed in [95].
Most of common solutions are similar to those utilized in time
synchronization. High-precision reference clocks provided by
the GPS module or disciplined rubidium oscillator are used
to minimize the frequency offset [34], [88], [95]. However,
as stated in [123], the power loss caused by the SFO is
cumulative, so the issue still exists over a long-time mea-
surement despite of small SFO. In [95], although the GPS-
disciplined oscillator was used, the delay and Doppler shift
were still observed. Another solution is to compensate for the
effect caused by the SFO in the data post-processing. More
discussions about SFO compensation methods in the data post-
processing can be found in Sec. IV.C.

Note that some OFDM-based channel sounders also have
the capability of carrier frequency synchronization, which is
used to correct the carrier frequency shift. It is beneficial for
OFDM communications, but it may ruin the channel Doppler
information since the carrier frequency shift could be partly
caused by the Doppler effect. Therefore, this factor must be
carefully considered when developing an OFDM-based UAV
channel sounder.

B. Calibration and verification

To ensure the reliability of channel sounders, preliminary
calibrations and verifications are required before conducting
field measurement campaigns. The commonly used calibra-
tion and verification methods for UAV channel sounders are
summarized as follows.

1) Preliminary calibration:
• Power calibration. PL is an important parameter for

channel measurements, which is defined as the power differ-
ence between the transmitted and received signals. Therefore,
the channel sounder should accurately detect the power differ-
ence. In [72], the measurement devices were placed in a Rodhe
& Schwarz shielding box. They were interconnected with a
rotary step attenuator, and the attenuation increased by 1 dB
every minute. In [99], the channel sounder was placed in a
temperature chamber. Under different temperature conditions,
it was calibrated through a calibrated NI transceiver system,
which could accurately report the absolute incident power and
isotropic radiated power. If power errors are detected in these
calibration tests, they would be compensated in the subsequent
data processing or by calibrating the hardware components.

• Phase calibration. For a multiple-input multiple-output
(MIMO) channel sounder, the angular information is estimated
according to the relative phase differences of received signals
from different radio frequency (RF) chains. Therefore, it is
crucial to initially align the phases of all channel sounder’s
RF chains. In [123], a signal generator that outputted a sine
waveform was connected to all the RF chains via a power
splitter. The phases of received sine waveform in each RF

chain were compensated to the same value. After calibration,
the phase deviations of different RF chains were below 0.2◦ at
the 3.5 GHz frequency band. This method is easy to perform
but it does not consider the effect of antenna properties on the
phase calibration. A wireless calibration method was utilized
in [54]. An antenna element in the center of the antenna array
was used to transmit a sine wave. Taking the received phase of
one antenna element as a reference, the phases of other antenna
elements were compensated. The phase deviations were less
than 1◦ at the 1.8 GHz frequency band. This solution takes
the antennas into account, which is more consistent with the
realistic measurement environment. However, the calibration
results via the over-the-air method are probably affected by
surrounding environments.
• Back-to-back (B2B) calibration. In the channel mea-

surement, we only need the response of the propagation chan-
nel and antennas [105]. However, the response of hardware
components, i.e., filters and amplifiers, are always included in
the measured data. Therefore, back-to-back (B2B) calibration
is necessary before the field measurement [65], [92], [105],
[123]. In the B2B calibration, the transceivers of the channel
sounder are connected directly via an RF cable. The hardware
system response can be obtained by performing a channel
measurement procedure, and then it can be eliminated from
the measured CIRs by data post-processing in the field mea-
surement. The details can be found in Sec. IV.C.

2) Preliminary verification:
The calibration procedure mainly aims at the hardware

components or one specific channel parameter. After the
calibration, a comprehensive test is needed to verify the
reliability of the final output of the channel sounder, which
involves both the hardware and the software algorithm. The
existing verification methods for UAV channel sounders are
summarized as follows.
• Qualitative verification. In this verification method,

a preliminary channel measurement campaign is performed
under scenarios that have some widely accepted theoretical
results such as reliable RT simulations. In [87], RT simulation
results were used for verification. In the RT simulation, the
shapes and positions of scatterers in the measurement scenario
were accurately reconstructed, and the material coefficients
such as the permittivity and conductivity were preset by the
authors. The RT simulation results, i.e., PLs, shadowing, RMS
delay spread, and multi-path number were compared to the
measured ones, which proved the reliability of the developed
UAV channel sounder. Note that in these verifications, the
measured results are statistically compared with the theoret-
ical ones. Therefore, it is typically a qualitative verification
method.
• Quantitative verification. This method utilizes other

commercial instruments to validate, such as vector network
analyzers (VNAs) and channel emulators. The VNA has been
well-known for channel measurements, so the measured results
by VNA can be used to verify other channel sounders in
the same environment. For example, a verification test was
performed in a conference room at 2.3 GHz and 5.8 GHz
[81]. The same channel impulse response was captured by the
UAV channel sounder and VNA-based sounder, respectively.
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Fig. 11. A typical framework for CIR extraction and refining.

The measured amplitudes of MPCs by two systems were close
to each other, which verified the effectiveness of the developed
channel sounder. On the other hand, channel emulators can re-
produce accurate and repeatable channels, which is a valuable
tool to quantitively verify the performance of channel sounder
[104], [123], [157]. In [157], the transceivers of the developed
channel sounder were connected to a channel emulator. The
channel emulator generated a three-tap channel with different
tap power gain, delay, fading type, and Doppler spectrum.
The power gain and delay of the measured PDP, the shape
of the measured Doppler spectrum, and the measured fading
distribution were compared with the preset values. Compared
to the above qualitative verification methods, this verification
solution is more of a quantitative method.

C. Optimization for CIR measurements

According to our survey, the objectives of channel mea-
surement can be divided into two categories: power-only
measurements (e.g., received power, received signal strength
(RSS), and RSS indicator (RSSI)) and CIR measurements
(e.g., CTF and CIR). The power-only measurement can charac-
terize power-related channel properties such as PL, shadowing,
and fading distribution. Besides these, the CIR measurement
can obtain MPCs that can characterize more channel properties
like PDP, delay spread, K-factor, etc. For the power-only
channel measurement, the power values can be easily recorded
by the instruments or calculated by the received signals,
while the data post-processing of CIR measurement is more
complicated. Therefore, this section focuses on the extraction
of CIRs and MPCs in the UAV channel measurements.

1) CIR extraction and refining:
The CIR extraction method varies with different sounding

schemes introduced in Sec. III, as shown in the left segment
of Fig. 11. However, the CIRs originally extracted from the
raw channel data have some impairments due to imperfect
hardware implementation. In the right segment of Fig. 11,
we summarize some solutions utilized in the existing UAV
channel measurements to refine the raw CIRs and obtain the
accurate “propagation channel”.

• System response elimination. In Sec. IV.B, we have
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Fig. 12. B2B calibration of the measured CIR.

discussed the B2B calibration method for obtaining the hard-
ware system response. As it is complicated to perform the
convolution operation in the time domain, most of research
works eliminate the system response in the frequency domain
[105], [116], [123]. It can be expressed as

h (t) = IFFT

(
H (f)

G (f)

)
(4)

where H (f) and G (f) are the frequency-domain response of
raw CIR and the hardware system, respectively. In Fig. 12,
we present a measured CIR affected by the system response
in a developed channel sounder. The CIR is generated by a
commercial channel emulator and measured by the developed
channel sounder. It can be found that the noise level of
the measured channel is increased, and some ghost MPCs
occur. After the B2B calibration, the system response is
well eliminated as shown in Fig. 12. Besides the elimination
method, another way is to consider the system response in the
signal model when conducting some high-resolution parameter
estimation methods.
• SFO compensation (post-processing). In Sec. IV.A, fre-
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quency synchronization methods for solving the SFO problem
have been summarized. Some research works compensate the
SFO from the hardware aspect, such as utilizing the high-
precision oscillator clock, so the SFO compensation in the data
post-processing is an optional solution. One existing solution
tries to compensate for the SFO directly. For example, two fine
sync symbols were integrated into the OFDM frame in [30].
The exported frequency estimation from the physical layer
was used to perform an initial correction, and the residual
frequency offset was then removed via an autocorrelation
method. The authors in [157] proposed a frame exchange
method where the sync frame contained clock timestamps.
A synchronization algorithm was used to compensate the
oscillator drift. Another solution aims to analyze the effect
that the SFO brings to the measured results and then correct
the results directly. For example, the effect of SFO on the
amplitude of measured MPCs was compensated via a signal
recovery method in [123], [156]. A post-processing method
was proposed to correct the measured delay and Doppler
shifting in [95]. This kind of solution avoids compensating
the SFO itself, but the effects of SFO on different measured
channel parameters in different sounding schemes need to be
studied separately.

• Antenna pattern compensation. The UAV airframe may
distort a quasi-isotropic antenna pattern and affect the path
power of measured CIR. To obtain the CIR of propagation
channel, the effect of the antenna pattern needs to be removed.
Since the antenna pattern varies over different azimuth and
elevation angles, the antenna pattern compensation is only
optional for the channel sounders that are able to capture
the angular information. In [110], antenna measurements were
performed in an anechoic chamber, where the antenna was
mounted on the UAV. The measured antenna patterns were
interpolated over a mesh grid of azimuth and elevation angles
and applied in the subsequent data post-processing. Under this
condition, an enhanced effective aperture distribution method
was found in [158] to recover patterns at arbitary angles. In
[123], the antenna pattern affected by the UAV airframe was
simulated via electromagnetic analysis software. The power
of line-of-sight (LoS) path was compensated according to
the antenna pattern and angular information. For the channel
sounders without angle-estimation ability, the antenna position
on the UAV needs to be carefully chosen to minimize the
effect of UAV airframe. In [98], a proper flight trajectory was

carefully designed to make sure that the angles of propagation
paths were within a specific range. In this range, the antenna
pattern did not change significantly.

2) Noise thresholding for MPC extraction:
The captured CIR snapshot from a measurement can be

affected by noise from several sources. Each delay bin of
the CIR may contain MPC information and noise. Noise, if
untreated, may impact the estimation of parameters because
noise can be treated as valid channel information (i.e., MPC).

We can use “Noise Thresholding” on the CIRs to minimize
the errors produced by the noise. This method chooses a
threshold, and the measured CIR samples below it are set to
zero. The value can be selected with respect to the noise floor
or the peak of the CIR. Several studies have been conducted
in which a threshold to “cut off” the noise is implemented;
the values selected range from 3 to 25 dB with respect to
the average noise power or the CIR peak (see Table V). The
threshold choice is critical because it may cause distortion in
the estimated channel parameters (e.g., path loss, delay spread
[159]). A high value may “cut off” desired MPCs to evaluate
while leaving the threshold too low may allow noise to be
treated as MPCs. A framework to evaluate the effect of noise in
Fourier analysis is estimated, and the use of noise thresholding
as a countermeasure is considered [160].

Most channel studies use a constant threshold strategy
because of its simplicity in implementation [116]. However, in
a UAV campaign, the SNR and peak power may differ while
the drone is moving, affecting the detection of desired MPCs.
A proposed alternative is the constant false alarm rate (CFAR)
method, widely used in the radar, where dynamic thresholds
are implemented on each delay bin, maintaining a constant
false alarm probability [47], [123]. In Fig. 13, a comparison
between the different noise thresholding methods is shown.
A commercial channel emulator is used to generate the CIR
snapshot with four valid MPCs, and then a channel sounder
is applied to measure this predefined channel. It can be found
that the constant noise thresholds are highly probable to miss
some useful MPCs or bring in some fake MPCs. The situation
will be worse for the time-variant CIRs. Note that all the above
methods can only extract MPCs above the noise floor; future
work in this area should discover strategies to remove MPCs
below the noise floor in some low SNR conditions.

TABLE V
NOISE THRESHOLDING UTILIZED IN UAV CHANNEL MEASUREMENTS.

References Noise threshold
[34] 10 dB higher than the median value of the CIR
[40] 25 dB, 30 dB, 35 dB, and 40 dB lower than the peak power for comparison
[65] 50 dB lower than the peak power

[47] 25 dB lower than the peak power
False alarm probability of 0.01(CFAR)

[101] 20% of the peak amplitude
[89] 3 dB higher than the mean power of the noise level
[96] 5 dB higher than the mean power of the noise level
[46] 28 dB higher than the free space path loss
[123] Dynamic noise threshold (CFAR)
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V. FUTURE CHALLENGES AND OPEN ISSUES

A. UAV channel sounding for high-frequency bands

In future communication networks, it is claimed that the
communication system will cover all frequency bands [161],
[162]. For the high-frequency bands such as the mmWave
band and sub-Terahertz (sub-THz) band, communication links
are known to be tortured by the large power attenuation,
especially in the NLoS scenarios [163]. Due to the flight
flexibility of UAV in the 3D space, it is easier to have a LoS
link for UAV-assisted communications than terrestrial mobile
communications. Therefore, UAV-assisted communications at
the high-frequency bands are promising in the future to support
high data transmission rate. However, as discussed in Sec.
II.B, UAV channel measurements have not been extensively
performed at the mmWave frequency band, not to mention
the sub-THz frequency band. Therefore, it is valuable to study
UAV channel measurements at high-frequency bands. Several
challenges and issues in developing a high-frequency UAV
channel sounder are summarized as below.

• Hardware implementation. The high-frequency bands
have rich bandwidth resources. In other words, communica-
tion systems at high-frequency bands normally have larger
bandwidths. Currently, hardware components with high fre-
quency and large bandwidth are expensive, complicated, and
heavy. Some UAV channel sounders utilized portable mmWave
spectrum analyzers [111], [112] and a portable mmWave test
transmitter [98]. However, they can only be used to perform
power-only channel measurements. In [99], the Facebook
Terragraph radios were used to develop a UAV mmWave
channel sounder. It worked at the center frequency of 60.48
GHz with a bandwidth of 2.16 GHz. It is not accessible to
most researchers but is a good example for designing a highly
integrated mmWave channel sounder.

• Sounding scheme design. A large bandwidth also brings
a challenge to the sounding scheme. One method is to perform
frequency sweeping during channel measurements (e.g., a
chirp-based sounding scheme or a signal generator in the
frequency-sweeping mode). This scheme can sweep over large

bandwidth but consumes a lot of time, which is only suitable
for stationary and quasi-stationary UAV channel measure-
ments. The second scheme is sending a sounding signal
with large instantaneous bandwidth (e.g., pulse-based, OFDM-
based, and correlation-based sounding schemes). However, it
is still a big challenge to deal with the baseband signal with
such a high sampling rate so far.
• Airframe shadowing. The high-frequency signal has a

short waveform length. Therefore, the UAV airframe would
have a more severe impact on the signal propagation at the
mmWave or sub-THz bands than that at sub-6 GHz bands.
For A2G channel measurements, this impact can be minimized
by carefully choosing the position of antennas on the UAV.
For A2A channel measurements, the blockages by the UAV
airframe are inevitable. Characterizing the shadowing caused
by the UAV airframe especially rotating wings is worth
studying for the high-frequency UAV channel measurements.

B. UAV channel sounding for full-application scenarios

In the B5G and 6G communications, UAV platforms are ex-
pected to be combined with some other advanced technologies
such as beamforming and reconfigurable intelligent surface
(RIS) [164], [165]. It is also called ”full-application scenarios”
[166], [167]. Channel measurements for the beamforming-
enabled and RIS-assisted UAV communications can help better
understand the new features of propagation channels and assist
the design and optimization of these communication systems.

The antenna array is normally utilized in mmWave or
THz communications due to the high power attenuation. The
beamforming technologies play an important role in these
systems. According to the literature review, only the UAV
mmWave channel sounder in [99] supported the beamforming
technology. Both the transmitter and receiver were equipped
with an antenna array with 36 × 8 antenna elements. The
antenna array has a 90◦ coverage in the azimuth plane with
64 beam directions. Channel measurements were performed
by scanning 400 beam pairs between two hovering UAVs. In
this work, the UAV wobbling caused by the propeller rotation
and wind was not considered. It may affect the beam steering
direction and would become worse in a long-distance UAV
channel measurement. Moreover, beam tracking is performed
along with the UAV flight in the realistic beamforming com-
munication systems, so this behavior should also be considered
in the channel measurement campaigns in the future. As the
UAV is moving, real-time beam-tracking is also a challenge
when designing a UAV channel sounder.

RIS is a passive device to perform reflecting functionality
to provide an efficient and robust communication link even in
the NLoS scenario. In the RIS, each meta-surface can control
the amplitude and phase of incoming signals, which would
change the properties of propagation channel. The bright future
of RIS-assisted UAV communications also boosts the studies
on the corresponding propagation channels [168], [169], which
need to be evaluated by the field channel measurements. To the
best knowledge of the authors, no UAV channel measurement
campaign involving RIS has been reported so far, which is a
big research gap. In one potential measurement scenario, the
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Fig. 14. Statistics of measurement scenarios.

RIS is placed on a fixed wall. The measured UAV channel
is the superposition of the physical propagation channel and
extra RIS-made channel. In this case, since the natural signal
propagation process such as reflection and scattering behaviors
are manipulated by the RIS, the signal model for some channel
estimation methods becomes more complicated.

C. UAV channel sounding for global-coverage scenarios

Future communication networks will cover all the scenarios,
namely ”global-coverage scenarios” [170]. As shown in Fig.
14, most existing UAV channel measurement campaigns are
performed for the A2G or A2A links under some typical
scenarios, i.e., urban, suburban, hilly, etc. However, more
potential application scenarios of UAVs have been revealed
recently, such as the smart factory scenario (also called in-
dustry 4.0) [171] and the 6G space-air-ground-sea integrated
network (SAGSIN) [6]. These new application scenarios can
be considered in further UAV channel measurements.

For the smart factory scenario, UAVs are considered valu-
able platforms to assist industrial tasks [171], where a reli-
able communication link is fundamental. According to our
literature survey, only the work in [81], [109] involved the
UAV channel measurements in a typical factory scenario. One
of the reasons that UAV channel measurements are little in
factory or industrial environments, is because of the need to
not only communicate but also sense the obstacles with the
help of other sensor modules like Lidar or camera. Although
some factory scenarios can be viewed as a special case of
indoor scenarios, the channel properties could be different due
to the unique structures of factory buildings and machines.
Therefore, UAV channel measurements under smart factory

scenarios are needed. However, some GPS-based solutions for
UAV channel sounders might not work anymore in these GPS-
denied environments.

For the 6G SAGSIN, UAV is a bridge to link the other com-
munication platforms, i.e., satellites, aerial nodes (e.g., airships
and balloons), terrestrial nodes (e.g., BSs, cars, pedestrians,
etc.), and over-sea nodes (e.g., ships) [6]. As the SAGSIN
is still in the research phase, it is not feasible to perform a
comprehensive UAV channel measurement involving all the
communication nodes at present. The main challenge is that
the UAV channel sounder needs to cover different frequency
bands and support different communication schemes. More-
over, the interferences between the communication links of
network also bring challenges to the data post-processing of
UAV channel measurements.

VI. CONCLUSIONS

In this paper, we have provided a comprehensive survey
focusing on the UAV channel sounding technologies. From
the hardware design of the channel sounder for UAV commu-
nications, we have summarized the key requirements for aerial
platforms with highlighting the 6D motion and accessibility.
Then, we have found that most research works focused on
L-band and C-band for UAV channels, which leave much
more space for future measurements at mmWave and sub-
THz bands. In addition, antenna configurations for propagation
measurements have been deeply discussed. At the software
level, the sounding signals and data post-processing have been
involved, which shows that OFDM-based sounding signal is
the most popular one in the existing UAV channel sounders
while correlation-based sounding signal has great potential.
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We have also summarized possible solutions for synchroniza-
tion and calibration since they are vital for obtaining accurate
CIR. Finally, the challenges we are facing and opportunities
for future UAV channel measurements have been highlighted,
in terms of new frequency bands, new application scenar-
ios, and new enabling technologies. The survey paper could
facilitate a quick development of a UAV channel sounder,
inspire more channel measurement campaigns, and provide
new insight into UAV channels and communications.
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band Air-to-Ground Channel Characterization for Multiple Propagation
Environments,” IEEE Antennas Wirel. Propag. Lett., vol. 19, no. 9, pp.
1634–1638, Sept. 2020.

[97] Z. Cui, C. Briso-Rodrı́guez, K. Guan and Z. Zhong, “Ultra-Wideband
Air-to-Ground Channel Measurements and Modeling in Hilly Environ-
ment,” in Proc. ICC’20, Dublin, Ireland, June 2020, pp. 1–6.

[98] Z. Cui, C. Briso-Rodrı́guez, K. Guan, Z. Zhong, and F. Quitin, “Multi-
Frequency Air-to-Ground Channel Measurements and Analysis for
UAV Communication Systems,” IEEE Access, vol. 8, pp. 110565–
110574, 2020.

[99] M. Polese, L. Bertizzolo, L. Bonati, A. Gosain, and T. Melodia, “An
Experimental mmWave Channel Model for UAV-to-UAV Communi-
cations,” in Proc. ACM’20, London, United Kingdom, Sep. 2020, pp.
1–6.

[100] J. Rodriguez-Pineiro, T. Dominguez-Bolano, X. Cai, Z. Huang, and X.
Yin, “Air-to-Ground Channel Characterization for Low-Height UAVs
in Realistic Network Deployments,” IEEE Trans. Antennas Propagat.,
vol. 69, no. 2, pp. 992–1006, Feb. 2021.

[101] W. Khawaja, O. Ozdemir, F. Erden, I. Guvenc, and D. W. Matolak,
“Ultra-Wideband Air-to-Ground Propagation Channel Characterization
in an Open Area,” IEEE Trans. Aerosp. Electron. Syst., vol. 56, no. 6,
pp. 4533–4555, Dec. 2020.

[102] D. Becker, U. Fiebig, and L. Schalk, “Wideband Channel Measure-
ments and First Findings for Low Altitude Drone-to-Drone Links in
an Urban Scenario,” in Proc. EuCAP’20, Copenhagen, Denmark, Mar.
2020, pp. 1–5.

[103] Z. Cui, K. Guan, C. Oestges, C. Briso-Rodrı́guez, B. Ai, et al., “Cluster-
Based Characterization and Modeling for UAV Air-to-Ground Time-
Varying Channels,” IEEE Trans. Veh. Technol., vol. 71, no. 7, pp. 6872–
6883, Jul. 2022.

[104] B. Ning, T. Li, K. Mao, X. Chen, M. Wang, et al., “A UAV-Aided
Channel Sounder for Air-to-Ground Channel Measurements,” Phys.
Commun., vol. 47, pp. 101366, Aug. 2021.

[105] J. Gomez-Ponce, T. Choi, N. A. Abbasi, A. Adame, A. Alvarado, et
al., “Air-to-Ground Directional Channel Sounder With Drone and 64-
antenna Dual-polarized Cylindrical Array,” in Proc. ICC’21, Montreal,
Canada, Jun. 2021, pp. 1–6.

[106] B. Ning, K. Mao, M. Wang, H. Li, X. Chen, et al., “Machine Learning
Based Angle Estimation for Air-to-Ground Channel Measurements,” in
Proc. WCSP’21, Changsha, China, Oct. 2021, pp. 1–5.

[107] N. C. Matson, S. M. Hashir, S. Song, D. Rajan, and J. Camp, “Effect of
Antenna Orientation on the Air-to-Air Channel in Arbitrary 3D Space,”
in Proc. WoWMoM’21, Pisa, Italy, June 2021, pp. 298–303.
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