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Abstract—Unmanned aerial vehicles (UAVs) have gained pop-
ularity in the communications research community because of
their versatility in placement and potential to extend the functions
of communication networks. However, there remains a gap
in existing works regarding measurement-verified stationarity
analysis of the air-to-ground (A2G) Massive Multi-Input Multi-
Output (MaMIMO) channel which plays an important role in
realistic UAV deployment. In this paper, we first design a UAV
MaMIMO communication platform for channel acquisition. We
then use the testbed to measure uplink Channel State Information
(CSI) between a rotary-wing drone and a 64-element MaMIMO
base station (BS). For characterization, we focus on multidi-
mensional channel stationarity which is a fundamental metric
in communication systems. Afterward, we present measurement
results and analyze the channel statistics based on power delay
profiles (PDPs) considering space, time, and frequency domains.
We propose the stationary angle (SA) as a supplementary metric
of stationary distance (SD) in the time domain. We analyze
the coherence bandwidth and RMS delay spread for frequency
stationarity. Finally, spatial correlations between elements are an-
alyzed to indicate the spatial stationarity of the array. The space-
time-frequency channel stationary characterization will benefit
the physical layer design of MaMIMO-UAV communications.

Index Terms—Air-to-ground, channel measurements, massive
MIMO testbed, channel stationarity, unmanned aerial vehicle.

I. INTRODUCTION

Recently, Morgan Stanley released a forecast stating that
by 2050 the total market of Urban Air Mobility (UAM),
including drone delivery, air taxi, and patrolling drones, etc.,
will reach up to 11% of the projected global Gross Domestic
Product (GDP) [1]. It also claims that large-scale deployments
of drone-based urban delivery are expected to be in practice by
2030. Moreover, a short-term prediction states that the drone
services market will be worth a total of USD 63.6 billion by
2025 [2]. Apart from UAM applications, Unmanned Aerial
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Vehicles, and Systems (UAVs, UASs) are expected to play an
essential role in the sixth-generation (6G) networks [3]–[5].

Ensuring the expected levels of safety, security, operation
transparency, and airspace usage efficiency of such a large
fleet, requires seeking UAS Traffic Management (UTM) so-
lutions The UTM framework formulated by the International
Civil Aviation Organization (ICAO) [6] includes cellular net-
works as a critical enabler of large-scale drone deployments.
Although several competing UTM implementations have been
proposed [7], all of them rely on a reliable command and
control (C2) link. It has been acknowledged that the cellular
network is an ideal candidate as it provides ubiquitous cov-
erage and removes the need for the UTM provider to deploy
expensive dedicated wireless infrastructure. Therefore, the 3rd
Generation Partnership Project (3GPP) has taken the first step
to embed aerial vehicles into cellular networks [8].

For cellular-connected UAV communications, most of the
existing works focus on performance analysis, trajectory de-
sign, and networking design [9]. In [10], the authors study
the Massive Multi-Input Multi-Output (MaMIMO)-supported
UAV communications, where the fine-grained 3D beamform-
ing is used to mitigate the interference between UAVs and
terrestrial users. In our previous works, we investigated aerial
coverage analysis using LTE BS down-tilted pattern in a
realistic 3D city model [11], and 3GPP antenna and channel
models [12]. Moreover, UAV mobility causes significant han-
dover challenges analyzed and tackled in [13], [14]. As one of
the main methodologies in channel modeling, geometry-based
stochastic modeling (GBSM) has been widely used to model
the UAV channels in a multi-antenna system [15]. The scatter-
ers are assumed to be distributed in a specific geometry, such
as cylinder, sphere, and ellipsoid [16]. The method results in
a better generality, however, more measurement verification is
needed. In terms of channel measurement and characterization,
authors in [17], [18] measured LTE-connected UAV channels,
where large-scale fading, i.e., path loss and shadowing models
are the main focuses. Moreover, most existing measurement
campaigns are based on a single antenna [19]–[24], and few
of them used a very limited number of antennas to study the
MIMO-UAV channels such as eight antennas in [25]. Further-
more, due to the high mobility and different environment of
UAVs, we expect a significant difference in terms of channel
stationarity. The UAV MaMIMO channel will have a larger
temporal stationarity since the channel is LOS dominated.
State-of-the-art has already indicated that MaMIMO channels
are more deterministic, thus it becomes interesting to perform
a location-based evaluation of the stationarity regions of such
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channel. More specifically it has been shown the angular
properties of the MaMIMO channel are a powerful tool to
characterize the channel [26]. The non-stationarity plays an
important role in practical communication systems, such as re-
configurable intelligent surface (RIS)-assisted communication,
where the spatiotemporal channel dynamics and near-field
effects impact the resultant gain generated from the RIS [27],
[28]. However, the study of non-stationarity of MaMIMO-
connected UAV communication is still in its infancy, in which
existing works concentrate on theoretical analysis of its fea-
sibility [29]. For MaMIMO to UAV channels, authors in [30]
adopted the GBSM to characterize the space-time-frequency
non-stationarities. In addition, a beam-domain channel model
is proposed for analyzing the multidimensional channel corre-
lation [31]. These theoretical works provide comprehensive
channel analysis, however, based on various assumptions.
Moreover, the proposed models are too complicated to be
applied in reality. Therefore, realistic measurements using a
MaMIMO testbed for UAVs are desperately needed, besides, a
detailed characterization of channel correlation and stationary
characteristics will be more beneficial to the design and
optimization of the physical layer. To our best knowledge, it
is the first work to employ a realistic MaMIMO testbed for
measuring UAV air-to-ground (A2G) channels.

However, to conduct the UAV-based A2G channel measure-
ment using the MaMIMO testbed, many open issues remain
to be addressed [3], [5]. The first issue is the measurement
system design. In existing work, most measurement systems
utilize a single antenna at both transmitter (Tx) and receiver
(Rx) [32]. With this setup, large-scale or narrow-band chan-
nel characteristics are generally analyzed, such as path loss,
shadow fading, and small-scale fading statistics. However,
spatial channel characteristics are not able to be investigated.
Nonetheless, current work with multiple-antenna setup mostly
focuses on the distribution of multipath components (MPCs),
where a group of angular spectrum, e.g., angle of arrival
(AoA) and angle of departure (AoD), are popular metrics.
The temporal channel correlation is generally ignored due
to the quasi-static MaMIMO measurement system. Thus, to
study multidimensional channel stationarity, a measurement
system should have massive antennas, use enough bandwidth,
and support mobile aerial users. Then, Over-the-Air (OTA)
synchronization plays an important role in accurately obtaining
the channel state information (CSI). For measuring A2G chan-
nels where UAV flies in the sky, it is tricky to realize a perfect
synchronization due to the high mobility. Moreover, in the
time-division duplexing (TDD) system, time synchronization
becomes more challenging. Thus, our first focus aims at the
measurement system design to facilitate CSI acquisition.

Afterward, more effort is needed in characterizing multidi-
mensional channel stationarity. For a time-varying scattering
environment due to the mobility of drones, it is evident
that MPCs change with time. Therefore, authors in [33]
analyzed the stationary distance as a critical metric to measure
the channel stationarity in the time domain for vehicle-to-
vehicle (V2V) channels. The stationary characteristics are an
important reference to the system design and performance
evaluation of corresponding networks. Existing works in [34],

[35] incorporated the channel stationarity into the general
GBSM model, where the scatterers are modeled in a stochastic
way and the stationarity is assumed to be independent among
time, frequency, and space domains. Most works study the
non-stationarity of UAV-MIMO channels based on the GBSM
[36]–[38]. Thus, there is a gap in characterizing wireless
channel stationarity based on measurements for MaMIMO-
UAV communications, which motivates our second focus, i.e.,
multidimensional channel stationarity characterization.

In this paper, we first develop a MaMIMO testbed for aerial
users, which supports drone-based A2G channel measurement.
We then focus on the channel stationarity analysis in terms of
time, frequency, and space domain. To our best knowledge, it
is the first study that focuses on measurement-based stationary
analysis for MaMIMO-connected UAV communications. Our
main contributions are summarized as follows.

• Measurement system design: we develop a measure-
ment testbed that supports multi-antenna and wide-
band measurement campaigns, with well-design time-
frequency OTA synchronization capable of temporal sta-
tionary measurement of A2G channels using a drone.
Thus, a space-time-frequency measurement platform con-
sists of MaMIMO BS and a drone.

• Channel data collection: we conduct numerous mea-
surements to obtain a large volume of data set considering
different heights of UAV at 8 m, 11 m, and 24 m,
diverse distances between UAV and BS, massive antennas
(64 elements), and more usable bandwidth (18 MHz),
which enables us to analyze the space-time-frequency
characteristics of the A2G propagation channels.

• Channel stationarity analysis: we first show measure-
ment results with the received power and power de-
lay profile (PDP). For channel stationary characteriza-
tion, we focus on stationary distance/angle, coherence
bandwidth/root-mean-square (RMS) delay spread, and
spatial correlation among elements from time, frequency,
and space aspects, respectively.

The remainder of the paper is structured as follows. Sec-
tion II introduces the backgrounds and metrics of channel
stationarity in terms of space-time-frequency domains. Section
III provides a detailed description of the measurement setup
including system, scenario, and campaign. In Section IV, the
measurement results are presented and the channel stationari-
ties are analyzed. Finally, Section V concludes the paper.

II. CHANNEL STATIONARITY CHARACTERIZATION

When UAV meets MaMIMO, the corresponding channel
behaviors become very complicated. Firstly, UAVs fly in
3D space with varying heights and velocities, which results
in time-varying multipath propagation that is height- and
speed-dependent. Moreover, with a large number of antenna
elements in the MaMIMO, the channel distribution becomes
element-dependent. MaMIMO-UAV channels are highly non-
stationary in space, time, and frequency domains. When a A2G
MaMIMO channel is compared to a standard outdoor SISO
channel main differences exists. First, the A2G MaMIMO
channel is largely LOS dominated and we can consider a high
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probability of LOS. There are no nearby scatterers to the UAV
and most reflections occur close to the ground station. Thus the
A2G will have a larger temporal stationarity as there will be
fewer multi-path components. Secondly, as the UAV channel
will be more mobile than traditional channel thus

To better understand the non-stationary channel behavior,
researchers assume that the radio channel is Wide Sense
Stationary, has Uncorrelated Scattering and is Homogeneous
(WSS-US-H). When the channel fulfills the listed assumptions,
it is regarded to be WSS-US-H, and its statistics do not change
over either time, frequency, or angle. In this case, we can
create a statistical channel model that accurately reproduces
the channel behavior [39]. These assumptions cannot be ap-
plied to all existing channels and environments. However, the
channel statistics do not change instantaneously. Hence, it is
possible to identify the bounded time, frequency range, and
distance (or an angular range) with constant statistics (i.e., a
multi-dimensional region where the WSS-US-H assumption is
fulfilled locally).

From propagation theory to radio engineering, in practical
communication systems, channel quasi-stationarity refers to
the radio channel in its current state being similar enough
when compared to the channel in the neighbouring time slots,
frequencies, as well as antenna elements [33]. The ranges
within which this similarity of the channel holds correspond to
the temporal, frequency, and spatial quasi-stationary regions.
In the remainder of this work quasi-stationarity will be referred
to as stationarity. The quantification of these slight changes
between different channels can be performed by channel
correlation. The characterization can be assessed by means of
correlations as in [33], however in this measurement campaign
the M × 1 channel frequency response vector H(t,∆f) at
M th Rx antennas at time t and at frequency bin ∆f . The
channel impulse response matrices can be obtained from the
channel frequency response by performing an inverse fast
Fourier transform resulting in the impulse response vector
h(t, τ), where τ is the delay. From the impulse response, we
obtain the instantaneous PDP as follows,

P(t, τ) = |h(t, τ)|2, (1)

where the time t can be replaced by discrete sample n with a
continuous-time sampling.

A. Temporal Stationarity

Temporal stationarity suggests the duration of channel sim-
ilarity in time, which is also quantified by the stationary
distance when the speed of the user is known. The stationary
distance can be obtained by the correlation matrix distance
(CMD), which can be used to evaluate whether the spatial
structure of a channel changes over time. The CMD between
two correlation matrices R(ti) and R(tj) at two different times
ti and tj is defined as follows:

dcorr(ti, tj) = 1− tr{Ra(ti)Ra(tj)}
||Ra(ti)||f ||Ra(tj)||f

, (2)

where i and j are time index indications, Ra(ti) is the
averaged receive antenna correlation matrix at time i, and

|| · ||f is the Frobenius norm. The averaged antenna correlation
matrix Ra(ti) is calculated as follows:

Ra(ti) =
1

BW

B/2∑
∆f=−B/2

i+W−1∑
k=i

hf (tk,∆f)hf (tk,∆f)H ,

(3)
where B is the bandwidth within which frequency quasi-
stationarity can be assumed, W is the averaging window length
in time, and (·)H is the Hermitian or conjugate transpose of a
matrix or vector. The size of W needs to be chosen such that
during this time-interval quasi-stationarity can be assumed.
Then, the stationary distance is defined by the region over
which the CMD stays below a certain threshold, cth [33]:

dSD = v(tmax − tmin), (4)

where v is the average speed of the transmitter, and tmax and
tmin are the bounds of the quasi-stationarity interval, given by

tmin = argmax
0≤j≤i−1

dcorr(ti, tj) ≥ cth,

tmax = argmin
i+1≤j≤T−W

dcorr(ti, tj) ≥ cth,
(5)

where T is the total measurement duration. Considering a
supplementary metric, the distance to the base station can be
replaced by the angle to the base station, knowing the straight-
line trajectory. This enables us to obtain stationary angles
from equations 2-5. Section IV-B details more discussion and
comparisons between stationary distance and stationary angle.

B. Frequency Stationarity

To characterize the frequency stationarity, both the RMS
delay spread and coherence bandwidth can be used. The RMS
delay spread is the normalized second-order central moment of
the PDP, and the coherence bandwidth is obtained by seeking
the continuous similarity of channel subcarriers. Firstly, the
RMS delay spread can be calculated by [39]:

Sτ (ti) =

√∑Nτ

τ=0 Ph(ti, τ)τ2

Pm(ti)
− Tm(ti)2, (6)

where Pm(ti) is defined as:

Pm(ti) =

Nτ∑
τ=0

Ph(ti, τ), (7)

and Tm(ti) is defined as:

Tm(ti) =

∑Nτ

τ=0 Ph(ti, τ)τ

Pm(ti)
, (8)

where Ph is the averaged PDP over an averaging window W
and over all M receiver antennas, defined as follows:

Ph(ti, τ) =
1

MW

i+W−1∑
k=i

||P(tk, τ)||1. (9)
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The coherence bandwidth is obtained from the time frequency
correlation function Rf as follows [39]:

Bcoh(ti) =
1

2

argmax
∆f>0

(
|Rf (ti,∆f)|

Rf (ti, 0)
=

1

e

)

− argmin
∆f<0

(
|Rf (ti,∆f)|

Rf (ti, 0)
=

1

e

) (10)

where Rf is obtained by correlating the channel frequency
response hf (ti,∆f) with respect to the frequency and the
threshold 1/e as used by He et al. [33].

C. Spatial Stationarity

The spatial stationarity can be indicated by the channel sim-
ilarity among antenna elements at the BS end. This similarity
can be observed by directly evaluating the antenna correlation
matrix calculated in equation (3) which is of shape M-by-M.
Each row indicates the correlation value towards all antenna
elements.

III. MEASUREMENT SETUP

This section describes the overall measurement setup. We
first introduce the measurement system, both hardware and
software aspects. Then, we provide a detailed description of
measurement scenarios.

A. Overview of A2G Channel Measurement System

In state-of-the-art four main techniques exist to perform
channel sounding: RF pulse systems [40], vector network
analyzers, spread-spectrum real-time or sliding correlators, and
orthogonal frequency-division multiplexing (OFDM) based
systems [41]. Most of the MIMO channel-sounding setups
have only a limited number of RF chains and rely on an
RF switch to measure a large virtual MIMO array. However,
while this method is sufficient to measure large-scale channel
parameters, it lacks the precision required to capture channel
variations between antenna elements and lacks detailed phase
information between antenna elements.

In this work we use a functional MaMIMO testbed to
perform an OFDM-based A2G channel sounding using a fully
connected MaMIMO antenna array. The MaMIMO testbed
consists of two main components, i.e., a multi-antenna BS
and a single antenna user equipment (UE). The multi-antenna
base station is made up of 32 USRPs, where each USRP
has two transceiver channels. The MIMO BS connects to 64
patch antennas which can be composed into many different
array configurations such as linear and planar antenna arrays.
In this paper, we use a uniform rectangular array (URA) of
8 × 8 patch antennas as shown in Fig. 1a. All USRPs use a
hierarchy of octo-clock splitters which all use a single 10 MHz
input reference clock provided by a single GPS Disciplined
Oscillator (GPSDO). The hierarchy of octo-clock devices
enables perfect synchronization between all 32 USRP’s. The
use of a GPSDO allows base station and user equipment
to use the same reference input clock without the need to

connect a coax cable between both sides. In general, all USRPs
handle all the baseband signal processing up to the radio
frequency (RF) chain. The SIMO processing and some MAC
layer processing of the BS are handled by FPGAs in the central
system of the BS. The raw input and output bit streams are
processed on a CPU and then send over a PCI interface to the
FPGAs in the BS case or to the USRP directly in the UE case
[42].

The testbed operates with a TDD frame schedule where
the BS provides synchronization signaling to the users. The
BS performs channel estimation to conduct MIMO signal
processing, such as precoding and combining. However, in the
A2G measurement system, we focus on capturing the channel
estimates, i.e., CSI, which allows for the characterization of the
propagation channel. The detailed method used by the BS to
perform the channel estimation is as follows. First, the multi-
antenna station broadcasts a synchronization signal to all the
users. The user detects this synchronization and aligns its TDD
frame to it. Next, the user transmits a user-specific uplink pilot
sequence in the designated time slots. The BS will capture
these uplink pilots and perform channel estimation based on
the least-square (LS) algorithm for all users simultaneously.
The system then uses the obtained CSI for precoding and
combining.

Modifications were made to the existing testbed to support
A2G measurement campaigns: both on the software side and
on the hardware side.

1) Hardware: To measure the A2G channel, the UE needs
to be mounted on a drone. However, since the original UE
is too bulky and heavy, a new UE was developed using a
lightweight standalone USRP (E320). This device contains a
Xilinx Zynq-7045 SoC together with an AD9361 RFIC. It is
capable of implementing the necessary Over-the-Air (OTA)
synchronization and the transmission of the uplink pilots. The
casing is lightweight to be the payload of a UAV. The built-in
ARM cores of the ZYNQ processor allow an embedded Linux
to automatically configure and start the software and hardware
on boot. The E320 features a built-in GPSDO allowing it to
synchronize its internal clock oscillator to the same GPS clock
as the BS.

To further improve the reliability of the OTA at the UE, a
low noise amplifier (LNA), i.e., Qorvo QPA9807EVB-01, is
connected to the receiving antenna port. A power amplifier
(PA), i.e., Qorvo TQP9111-PCB2600, is connected to the
transmission antenna port to increase the dynamic range of the
measurement system. Both the USRP and PAs are powered by
a LiPo battery, which allows powering the devices for a longer
time than the total drone flight duration. Finally, the antennas
used at the UE are dipole antennas.

The drone used in the measurements is a DJI Inspire 2.
A custom platform was designed to fit all the hardware. A
custom-designed mounting bracket allowed the platform to
be attached to the Inspire 2. An overview of the complete
measurement system can be seen in Fig. 1. The total custom
payload consists of a box containing the E320 USRP, a battery,
a GPS antenna, a PA, an LNA, and 2 dipoles, as shown in
Fig. 1b(b). The dipoles were pointed to the ground during the
measurements.
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56 cm

(a) MaMIMO UAV measurement system

(b) On mounted UE

Fig. 1: An overview of hardware in the A2G MaMIMO
measurement system.

2) Software: The testbed runs the massive MIMO frame-
work in Labview NX 4.0 provided by NI. It is a fully
customizable framework that allows modification of both the
FPGA code and host side code. It implements an LTE-based
Massive MIMO system that supports up to 12 users and 64
antennas. The system works in a TDD manner with predefined
frame schedules. The main frame symbols that are of interest
are the PSS and the Uplink Pilots. The PSS is used for OTA
synchronization in the downlink and the uplink pilots are
used for uplink channel estimation. The LTE implementation
takes care of the phase synchronization between user and base
station.

To support channel measurements with a mobile user two
main functions need to be implemented, first, the mobile user
needs to synchronize its frame schedule to the BS and needs
to send uplink pilots in the appropriate time slots, and second,
the channel estimations in the downlink on the BS side need
to be captured and written to a file.

OTA Synchronization: The OTA synchronization is based on

UAV

Cross-
correlation

Delay

Pilot

USRP E320

Receive
PSS

Transmit
Pilot

1

2

USRP

USRP

USRP

USRP

ADC

DFE

FFT

CSI

Fig. 2: A block diagram of measured CSI collection process.

the Primary Synchronisation Symbol (PSS) in the downlink.
The BS broadcasts the PSS at the start of each frame. The users
aiming to synchronize are listening for the PSS. This feature
was implemented in FPGA on the E320 and the full pipeline is
shown in Fig. 2. To detect the PSS a complex cross-correlation
with the original PSS signal is performed. Following the cross-
correlation a peak detector is implemented to detect the start
of each frame. Once the start of a frame is known, the UE
waits the appropriate delay time to send a repetition of pilot
sequences in the correct frame schedule slots.

Channel Capture: An extension of the LabVIEW MaMIMO
framework has been implemented that allows the real-time
capturing of the channel state estimations calculated at BS
side. Fig. 2 shows the first stages of the pipeline in the
MIMO processing FPGA of the testbed up to the channel
estimation. The testbed performs channel estimation resulting
in a H(t,∆f) channel frequency response vector as defined
in Section II of dimensions 64 × 1 for 100 frequency bins
for each user. Every element of the vector is a 16-bit fixed
point complex number and since the channel is estimated every
0.5 ms this generates a bit rate of approximately 410 Mbps.
The channel estimations are thus saved to DRAM during the
measurement and afterward written to a binary file. The main
limitation to the maximum measurement duration is thus the
size of DRAM storage, however, the measurement duration
can be extended by subsampling channel estimations written to
DRAM, for example by saving a channel estimate every 1 ms
the maximum measurement duration is effectively doubled.

B. Measurement Scenario

To showcase the complete measurement system and the
potential for A2G channel modeling, a suburban campus
scenario is selected and measured, where the main scatterers
include buildings, trees, and the ground plane. In section IV
we discuss the results of the measurement in this scenario,
where the picture of the scenario is seen in Fig. 3. The target
of the measurement scenario is to emulate a drone flying at
different altitudes above ground level in a straight line while
being connected to a BS on the ground. To emulate this, the
antenna array of the base station is put in a window facing
outwards at an altitude of 11 m. The UAV flies following a
trajectory parallel to the BS antenna array. The same trajectory
is repeated at three different altitudes: 8 m, 11 m, and 24 m.
The height of 11 m was chosen as this is the same as the
altitude of the base station antenna array. A lower height of
8 m was chosen as this was the lowest practically possible
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TABLE I: Parameters used during the measurement

Parameter Value
UAV heights 8 m, 11 m, 24 m
BS antenna array height 11 m
Center frequency 2.61 GHz
Bandwidth 18 MHz
Speed 1.5 m/s
CSI logging interval 1 ms
GPS logging interval 10 ms

4◦41’7.9”E 4◦41’9.1”E

50
◦ 5

1’
42

.7
”N

5
0
◦ 5

1’
43

.5
”N

a b c

BS

−16 −14 −12 −10 −8 −6 −4 −2 0

Normalized Power [dB]

Fig. 3: Normalized received power results for a, b, and c
trajectories corresponding to 8, 11, and 24 m, respectively. The
red dot represents the location of the square antenna array at
an altitude of 11 m, image source@Google Map.

altitude taking into account necessary safety measures. Finally,
the height of 24 m was chosen as this the same as the rooftop
height of the nearby building. All trajectories can be seen in
Fig. 3. During the measurements the center frequency was
2.61 GHz, the bandwidth was 18 MHz, transmit power was
30 dBm, and the receive gain at the BS was fixed to 15 dB.
The UAV transmits using an interval transmission a standard
LTE compliant sounding signal every 1 ms. It is an OFDM
signal consisting out of a Zadoff-Chu sequence. During each
measurement, the GPS location of the UAV was logged every
10 ms. The drone flew at a constant speed of 1.5 m/s in a
straight line. All of the sampling locations were in the line
of sight (LOS) of the antenna array of the BS. Both the BS
and the user used a GPS-disciplined oscillator as their input
reference clock to minimize frequency offset. All measurement
parameters can be found in Table I.

IV. RESULTS AND EVALUATIONS

In this section, we present the results obtained from the mea-
surement data. We first provide some general results including
PDPs and received power. Then, 3D channel correlation and
corresponding stationarities are evaluated.
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Fig. 4: Normalized averaged Power Delay Profiles for different
heights and traveling distances.
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A. Received Power and PDP

The normalized received power results are shown in Fig. 3.
The three trajectories at different altitudes are shown as a, b,
and c representing altitudes 8 m, 11 m, and 24 m respectively.
The location of the rectangular antenna array of the BS at an
altitude of 11 m is indicated as a red dot. Fig. 3 also shows
the GPS coordinates within which the measurement has taken
place. As expected the received power at the locations close to
the BS is higher than at the edges of the trajectories. Similarly,
the received power at 24 m is lower than at 11 m due to the
increased distance.

The resulting normalized averaged PDPs for the three
altitudes can be seen in Fig. 4. The PDP P(d, τ) is obtained
from Eq. (1) with the traveling distance of d = vt where the
speed of UAV v is nearly constant (approximately 1.5 m/s).
We can observe that the PDP at 11 m has larger peaks at
different delay times than the other two PDPs, which indicates
more obvious multipath effects are present at this altitude. In
addition, the LOS power for the relative delay at 0 is the
received power in Fig. 3, which shows an increasing difference
in the order of 24 m, 8 m, and 11 m, with the maximum power
of -7.5 dB, -2.9 dB, and 0 dB, respectively.

B. Temporal Stationarity

Same with the PDP processing, considering the constant
velocity of the drone, the time stationarity can be characterized
by the distance, where the quasi-stationary distance (QSD)
is a popular metric in existing works [33], [43]. As an
indispensable step to obtain QSD, we first calculate the CMD
based on Eq. (2), as shown in the second row of Fig. 5.

A narrow region of low CMD values along the diagonal
indicates that the correlation changes rapidly along the travel-
ing distance resulting in a short stationary distance. However,
at the start and the end of the trajectory, the difference in
correlation becomes smaller leading to a more wide region of
low CMD values. This wider region would imply a larger sta-
tionary distance at the start and end of the trajectory although
the environment is similar to the center of the trajectory and
the speed of the UAV constant. This can be explained by the
fact that when the UAV travels a set distance ∆d in the center
of the trajectory the angle between the UAV and all antenna
elements of the URA changes more rapidly than when the
UAV travels the same set distance ∆d at the start or end of
the trajectory as shown in Fig. 6.

Angular Stationarity: Since the location of the base station
and the user is always known, we can convert traveling
distance to traveling angle using simple geometry. Next, we
consider the angle to BS as the reference to quantify time
stationarity instead of the traveled distance. In reality, the
angles of departure or arrival are important metrics to evaluate
MIMO systems, moreover, channel models based on angle
estimation have been proposed in [44]. Here, We define the
stationary angle as the spatial angle over which the stationarity
holds. Angular stationarity is especially relevant in MaMIMO
scenarios where a large number of antennas is present on one
side since it is the variation of the angle to the antenna array
that will have a large impact on the channel to each antenna

element separately. Angular stationarity is an important metric
in MaMIMO system design for optimizing beam tracking
algorithms as it gives a guideline on how frequently a new
beam should be assigned to a moving user based on angular
estimation. In this work, the location at the boresight of the
antenna array is considered at an azimuth angle of 90◦. The
data of the trajectories is limited to the interval of 40− 140◦

to be able to compare the different altitudes in a fair manner.
The step size of the angle is 0.01◦. Note that, because of
the geometric relationship, for an equal angle, the traveling
distance becomes different.

As a result, we can see that the CMD becomes more stable
over the whole trajectory, as shown in the three sub-figures on
the top of Fig. 5. Moreover, for different heights of the UAV, it
shows the CMD at 11 m presents more obvious changes than
that at the other two heights. With the obtained CMD, we can
calculate the stationary distance and angle using Eq. (4).

Firstly, the absolute values of the obtained stationary dis-
tance/angle make it difficult to compare the results of both
metrics. Thus, we introduce a new normalized stationarity
metric, equal to the ratio between the obtained stationary
distance/angle and the total traveling distance/angle. For the
stationary distance it is calculated as follows:

SN =
dSD

dtotal
(11)

where dSD is the stationary distance in meters and dtotal is
the total distance traveled in meters. For the stationary angle
it is calculated as follows:

SN =
dSA

atotal
(12)

where dSA is the stationary angle in degrees and atotal is
the total angle in degrees covered from the start to the end
of the trajectory. The normalized stationarity (in percentage)
allows us to compare the stationary distance and stationary
angle values since the total trajectory is the same for both. It
represents the fraction of the total trajectory over which the
channel can be considered stationary.

The results are shown in Fig. 7. It can be found that the
normalized stationary angle and distance at the height of 11 m
are generally lower than the other two heights, which can
be explained by the largest power variation at this height, as
shown in Fig. 4(b). Fig. 7 shows that for example at a height
of 11 m the normalized stationary distance clearly increases
from the center of the trajectory with a value of 0.04 to a
value of 0.12 at the edge of the trajectory. This phenomenon
can be observed at all trajectory altitudes. In comparison,
the normalized stationary angle stays more constant over the
whole trajectory. Overall, the normalized stationarity is below
15%, where the low values suggest the high dynamics of A2G
channels.

To compare the difference among heights and metrics (angle
and distance), a more intuitive way is to compare the statistical
CDF. As shown in Fig. 8, it can be seen that the mean of the
stationary distance is lower than the mean of the stationary
angle for the same altitude trajectory. Also, the steepness
of the CDF gives a clear indication that the values of the
stationary angle are more stable than the stationary distance

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2023.3340447

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: KU Leuven Libraries. Downloaded on March 15,2024 at 09:04:46 UTC from IEEE Xplore.  Restrictions apply. 



8

40 60 80 100 120 140
40

60

80

100

120

140
A

ng
le

to
ba

se
st

at
io

n
[d

eg
]

Height 8 m

40 60 80 100 120 140

Angle to basestation [deg]

Height 11 m

40 60 80 100 120 140

Height 24 m

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C
M

D
,d

c
o
r
r

0 10 20 30
0

10

20

30

D
is

ta
nc

e
tr

av
el

le
d

[m
]

0 10 20 30

Distance travelled [m]
0 10 20 30

Fig. 5: CMDs based on angle to the base station and traveling distance for three different altitudes.

θ

θ1

Δ Δ

Fig. 6: A schematic representation of a user travelling along a
straight trajectory parallel to BS antenna array, where the drone
flying the same ∆d when close to and far away the antenna
array will result in a larger θ2 and a smaller θ1, respectively.

along the same trajectory. The absolute values of the mean
(µ) and standard deviation (σ) for the stationary angle at 8 m,
11 m, and 24 m are 8.8◦/1.6◦(µ/σ), 8.7◦/2.3◦, and 11.5◦/1.4◦

respectively and can be found in Table II, which shows that for
the higher-altitude drone’s trajectory, the channel stationarity is
more stable and that the stationary angle is a better metric since
we would expect stable time stationarity when the propagation
environment does not change drastically along the trajectory.
More statistical results can be found in Table II.
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Fig. 7: Normalized time stationarity for both distance based
and angle based stationarity with respect to angle to the BS
for different altitudes.

C. Frequency Stationarity

As mentioned in Section II, the frequency stationarity can
be observed in two ways: one way is by looking at the RMS
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TABLE II: Statistical Results of Key Parameters

Trajectory SD [m] SA [deg] Sτ [ns] Bcoh [MHz]
Height [m] µ σ µ σ µ σ µ σ

8 3.3 1.7 8.8 1.6 405.4 113.2 10.6 1.2
11 2.2 1.0 8.7 2.3 341.6 138.9 10.9 1.0
24 3.6 1.1 11.5 1.4 454.9 43.6 8.7 0.1

delay spread calculated by PDP, and the other is by directly
calculating the correlation of the channel frequency response
and then obtaining the coherent bandwidth using a threshold
of 1/e. The coherence bandwidth Bcoh and root mean square
delay spread Sτ are interconnected, as Sτ is derived from
the PDP. In contrast, Bcoh is obtained from the frequency
correlation function, which is the Fourier transform of the PDP.
Nonetheless, this relationship is typically ambiguous and con-
tingent upon specific system configurations and environmental
factors [39]. To signify this relationship, we introduce the
parameter α. In the context of the corresponding UAV system,
the determined values of α can prove valuable for various sys-
tem parameters of interest, such as frequency-division or time-
division systems, as it converts time-frequency relationships.
The relationship between them can be empirically expressed as
Bcoh = 1

αSτ
, where α is the scaling parameter. From the mean

values in Table I, we can find α = 0.23, 0.27, and 0.25 for
trajectories at 8, 11, and 24 m, respectively. The similar values
on the one hand indicate the same propagation environment,
on the other hand, verify the correctness of channel analysis.

Fig. 9 shows the CDFs of the RMS delay spread for different
heights calculated using Eq. (6). Overall, the ranges of RMS
delay spread are [259, 720] ns, [207, 801] ns, [348, 552] ns for
8, 11, and 24 m, respectively. From statistical results, we can
find that the Sτ has the largest standard deviation at 11 m,
representing more obvious multipath effects. On the contrary,
the large µ and small σ of Sτ at 24 m demonstrate that MPCs
have no large difference, and strong LOS propagation is not
evident.

Fig. 10 shows the CDFs of the coherence bandwidth for
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Fig. 9: CDFs of RMS delay spread for different altitudes.
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Fig. 10: CDFs of coherence bandwidth for different altitudes.

different altitudes. Overall, the ranges of coherence bandwidth
are [7.6, 13.9] MHz, [9.1, 14.4] MHz, [8.4, 9.5] MHz for 8,
11, and 24 m, respectively. Similar to Sτ , Bcoh at 24 m is
smaller than that of the other two heights. However, we found
the SD and SA in the time domain are larger, which means
the channel is characterized by low time variance but high
frequency selectivity. Thus, time and frequency stationarities
should be independently considered in the system design.

D. Spatial Stationarity

The spatial stationarity is evaluated using the individual spa-
tial correlation matrices and the complete spatial correlation
matrix, which are shown for the location at 90 degrees at an
altitude of 8 m in Fig. 11(a) and Fig. 11(b) respectively.

Fig. 11(a) indicates the elements of the antenna array which
have a correlation of ρ > 0.85 with a dashed line and
the elements which have a correlation of ρ > 0.80 with a
dashed or solid line. This gives a clear indication that the
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antenna elements.

Fig. 11: Spatial correlation matrices of the antenna array for
a UAV at 90◦ with respect to the base station and at a height
of 8 m.

elements closest to the chosen antenna element have the largest
correlation to it, which is expected. The threshold of ρ is an
empirically chosen value, further investigation is necessary to
determine the stationarity region.

Fig. 11(b) shows the correlation of each antenna element
to all the other elements. This results in the correlation on
the diagonal being one and we can see two offset diagonals
with slightly higher correlation than the others, one 8 ele-
ments above and one 8 elements below the main diagonal.
These correspond to the indices of the neighboring antenna
elements above and below the main antenna element, so we
can conclude that the behavior of the spatial correlation seen
in Fig. 11(a) is similar to all antenna elements.

V. CONCLUSION AND FUTURE WORK

In this paper, we presented our contributions towards mea-
surement system design, channel data collection and channel
stationarity analysis of A2G MaMIMO channels. First, we
introduced the first A2G MaMIMO channel measurement
system using a lightweight USRP mounted on a drone and
64-antenna MaMIMO BS. Second, we used this measurement
system to capture the previously unmeasured A2G MaMIMO
channel. We conducted measurement campaigns to collect
dense MaMIMO-UAV channel data at three different alti-
tudes of UAV, 8 m, 11 m and 24 m. Third, we performed
multidimensional channel stationarity analyses in three do-
mains: temporal, frequency, and spatial stationarity. We first
introduced a novel metric, stationary angle, which proves
to be crucial for designing beamforming systems for large
antenna arrays. This metric is supplementary to the traditional
stationary distance to evaluate the temporal stationarity of the
MaMIMO channel. In Section IV-B we show that the sta-
tionary angle is more meaningful when evaluating MaMIMO
channels. The results show that the SD ranges from 2.2-3.6 m,
while the SA is 8.7-11.5◦, which provides a reference for
physical layer design. We observed that the stationary angle
at 24 m is 11.5 deg compared to just 8.7 deg at 11 m,
indicating that the channel is more stable for higher-altitude
UAVs. For frequency stationarity, we found that the height
at 24 m has a larger RMS delay spread, corresponding to a
narrower coherence bandwidth. Moreover, the similar average
scaling factor α ranging from 0.23 to 0.27 between these
two parameters for three heights, indicates that this factor
is environment-dependent. Finally, the spatial correlation was
analyzed considering an individual element and the whole
array. We found that by decreasing the correlation threshold
from 0.85 to 0.8, the number of correlated elements in the
vicinity of the main element increases from 4 to 11. This
observation can be utilized for reducing channel estimation
overheads in the spatial domain for MaMIMO systems.

Although this paper studies comprehensive space-time-
frequency channel behaviors at three typical heights of UAV
(higher, lower, parallel), compared to the height of BS, more
diverse trajectories should be considered in future work. Re-
cently, we collected a more extensive data set featuring more
complex trajectories (straight lines, circles) and different chan-
nel conditions (LOS and non-LOS). Following the analyses in
this work, we will investigate A2G channels in more diverse
trajectories using the recently collected data. This extensive
data set is already open to the public [45] for research use.
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