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Abstract: Next-generation wireless communication networks are expected to offer extremely high
data rates supported by very low latency and radically new applications, which require a new
wireless radio technology paradigm. However, it is crucial to assist the radio link over the fast
varying and highly dynamic channel to satisfy the diverse requirements of next-generation wireless
networks. Recently, communication via autonomous electric vertical takeoff and landing (eVTOL)
has gained momentum, owing to its potential for cost-effective network deployment. It is considered
one of the most promising technologies conceived to support smart radio terminals. However, to
provide efficient and reliable communications between ground base stations and eVTOLs as well as
between eVTOLs and other eVTOLs, realistic eVTOL channel models are indispensable. In this paper,
we propose a nonstationary geometry-based stochastic channel model for eVTOL communication
links. The proposed eVTOL channel model framework considers time-domain nonstationarity and
arbitrary eVTOL trajectory and is sufficiently general to support versatile C bands. One of the
critical challenges for eVTOL is the fast vertical takeoff and landing flight patterns affecting the
regular propagation communication channel. Moreover, we present a new method for estimating
the SNR over the non-stationary fast dynamic time-variant eVTOL channel by utilizing the sliding
window adaptive filtering technique. Furthermore, we present an information–theoretic approach to
characterize the end-to-end transmission delay over the eVTOL channel and prove that the optimal
transmission scheme strongly depends upon the eVTOL link configuration. In addition, to analyze
the occurrence of deep fade regions in eVTOL links, we analyze the outage probability, which is an
important performance metric for wireless channels operating over dynamic fading channels, and
make an important observation that the outage probability increases non-linearly with the eVTOL
height. Furthermore, we consider the commercially available eVTOL specifications and data to
validate the channel model and analyze the Doppler shift and latency for the exponential acceleration
and exponential deceleration velocities profiles during the takeoff and landing operation. This paper
provides a new and practical approach for the design, optimization, and performance evaluation of
future eVTOL-assisted next-generation wireless communications.

Keywords: eVTOL; Doppler shift; exponential acceleration/deceleration velocity profile; latency;
next-generation wireless communications

1. Introduction

With the recent progress beyond 5G and 6G wireless technology, ultra-reliable and
low-latency communications (URLLC) have attracted much attention due to their potential
applications in automated driving, vehicular-to-vehicular communications, and factory
automation [1]. Recently, along with unmanned aerial vehicles (UAVs), there has been
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a significant growth in the use of flying cars and electric vertical takeoff and landings
(eVTOLs) to significantly reduce traffic congestion. It is well known that the space–air–
ground integrated network (SAGIN) will be one of the key technologies for next-generation
wireless systems [2]. It is reported that the autonomous air vehicle communication system
will play a critical role in building the SAGIN [3].

While autonomous air vehicles, UAVs, and eVTOLs could eventually become one
of the defining killer apps for the next-generation wireless systems, they exhibit unprece-
dented command and control, as well as connectivity requirements, in a 3D propagation
environment. Due to the high possibility of continuous severe fading over the eVTOL chan-
nel, the delay violation is inevitable [4]. Moreover, unlike conventional ground-to-ground
(G2G) or base-station-to-ground (B2G) communications, communication links involving
aerial vehicles have different physical characteristics.

There have been studies showing eVTOL with multiple modes of applications, includ-
ing connectivity to meet the platform data service requirements. Proper processes have
to be chosen to meet each application system’s characteristics. To increase the reliability
to meet the Quality of Service (QoS) requirements, the reliability and latency have to be
optimized. In addition, the standard provided coding methods must be part of the protocol.
The Low-Density Parity-Check (LDPC) code was adapted by the 3rd Generation Partner-
ship Project Organization (3GPP). The tradeoff between the ULL speed and bandwidth
shows the results of meeting these criteria. A short description about the few wireless
channel models are presented in Table 1.

1.1. Background and Motivation

It is worth mentioning that, since eVTOL is newly emerging, it has not been explored
much from the communication perspective. Moreover, the few studies that have been
conducted on eVTOL and UAV channel modeling are still in their infancy. In general, the
channel models can be broadly categorized into stochastic and deterministic models. A
deterministic aerial channel model based on the finite difference time-domain method was
proposed for UAV [5]. However, the deterministic channel models have their limitations, as
they need a very detailed description of a location or site-specific channel environment to
predict the propagation behavior and, therefore, require a large amount of computation time.
Conversely, in the stochastic channel models, the propagation parameters are represented
in a probabilistic manner and can, therefore, adapt to various scenarios. Stochastic channel
models can be further divided into geometric-based stochastic models and non-geometrical
stochastic models.

A non-geometric-based narrowband channel model for UAV-to-ground communica-
tion was presented in [6]. The authors characterized the channel model without assuming
any scattering geometry. Moreover, they also ignored the very fundamental property of the
UAV channel, which is time non-stationarity. Recently, a few studies have been conducted
considering the time non-stationarity of the UAV channel environment. For instance,
a space-time non-stationary geometric-based stochastic channel model for 6G massive
multiple-input multiple-output (MIMO) mmWave UAV communication was proposed [7].
The authors considered the impact of the moving speed, altitude, and moving direction
on the performance evaluation. In another similar study, considering a UAV-to-ground
wireless channel, a non-stationary channel model was proposed [8]. In particular, a 3D
non-stationary geometric-based stochastic channel model for UAV-to-ground MIMO links
was obtained. The model was generic to multiple frequency bands, including mmWave.
The statistical properties, including the delay spread and the power delay profile, were
analyzed for various channel conditions and frequencies. With a similar objective, a 3D non-
stationary channel model for UAV-to-ground communication MIMO link was obtained [9].
In particular, an angular estimation algorithm was developed to estimate the real-time
azimuth angle of departure, the elevation angle of departure, the azimuth angle of arrival,
and the elevation angle of arrival. The following important channel models, based on
the 3GPP, standards are illustrated in Table 1. Further, in addition to the enhancement of
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performance brought by the accuracy in channel modeling, some research has further used
channel model and key performance indicators (KPIs) obtained from outdoor experiments
for UAV positioning [10], which have significant impacts on UAV applications in critical
verticals. Recently, a comprehensive analysis on low latency UAV communication was
documented [11]. The authors obtained the capacity bound for the UAV channel and
presented the information–theoretic-based framework to analyze the latency over different
link geometries.

Table 1. Next-generation wireless channel models.

Channel Model Application Description

3D Channel [12] WINNER II/WINNER +
3GPP concept with altitude

taken into account to fill in the
gaps of 2D channel modles

3D Channel on outdoor urban
[13]

Urban microcells (UMi) and
urban macrocells

Various measurement
activities in different
frequency bands and
scenarios at Aalborg,

Denmark

5G Millimeter-Wave Bands
[14]

Model of mmWave up to
100 GHz

Compared channel data with
NYUSIM model to show

channel efficiency and
multipath effects

1.2. Contributions

The design of a next-generation wireless system with an eVTOL communication link
requires knowledge about the propagation characteristics in which the envisioned system
will operate. A key characteristic of the eVTOL channel is its temporal variability and
inherent non-stationarity, which has a major impact on the reliability constraint and latency.
However, to the best of the authors’ knowledge, no detailed investigations have been
conducted in modeling and characterizing the eVTOL communication channel. Motivated
by this, in this article, we characterized the eVTOL channel and subsequently conducted a
performance analysis in terms of latency and outrage probability. The main contributions
of this paper are listed below:

• We develop a channel model for wireless links in eVTOL communications, which
include BS-to-eVTOL and eVTOL-to-eVTOL channels. In characterizing the non-
stationary eVTOL channel, we consider the eVTOL moving direction, link configura-
tion, and the speed of the eVTOL;

• We present a new method for estimating the SNR over a fast time-variant dynamic
eVTOL channel by utilizing the sliding window adaptive filtering technique with the
least mean square approach;

• The fading distribution that describes the widest range of fading behavior exhibited
by the non-stationary eVTOL communication channel is derived. It is anticipated
that the PDF presented in this paper is valuable for estimating the performance of
the modern eVTOL communication links, either through computer simulations or
analytically;

• We develop an optimization framework to minimize ground-to-eVTOL and eVTOL-
to-eVTOL communication costs while ensuring quality-of-service constraints such as
communication link capacity, reliability, and end-to-end transmission delay;

• Subsequently, we consider the commercially available eVTOL specifications and data
to validate the channel model and analyze the Doppler shift and latency for the
exponential acceleration and exponential deceleration velocity profiles during the
takeoff and landing operation;

• Due to the non-stationary dynamic channel of the eVTOL link, it is critical to an-
alyze the occurrence of an outage due to the fall of the SNR below the respective
predetermined threshold. To this end, we analyze the outage probability and make
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an important observation that the outage probability increases non-linearly with the
eVTOL height. It is an important performance observation for eVTOL links operating
over dynamic fading conditions to identify the deep fade regions.

2. System Model and Channel Characterization

The system model under consideration is illustrated in Figure 1.

Figure 1. Illustration of the system model.

The complex channel impulse response between the moving source x and the moving
destination y can be represented by the superposition of the LOS and NLOS components
as follows [7]:

h(t, τ) =

√
K

K + 1
hLOS

xy (t, τ) +

√
1

K + 1
hNLOS

xy (t, τ), (1)

where hLOS
xy (t, τ) can be modeled as shown:

hLOS
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whereas hNLOS
xy (t, τ) can be modeled as below:
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Rxy(t)

∑
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∑
mr=1


 AV

y

(
θmr

E,y, θmr
A,y

)
AH

y

(
θmr

E,y, θmr
A,y

) T exp
(

jφmr
V
) √

Θ−1
mr exp

(
jφmr

VH
)√

Θ−1
mr exp

(
jφmr

HV
)

exp
(

jφmr
H
)


×

 √
Pmr

x (t)AV
x

(
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Pmr
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(
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2π fcτmr
xy (t)δ

(
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xy (t)
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.

(3)

The description about the system’s parameters are listed in Table 2.
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Table 2. System parameters.

Parameter Description

K K-factor

fc Carrier frequency

AV
x (AH

x ) Source antenna pattern for vertical (horizontal) polarization

AV
y (AH

y ) Receiver antenna pattern for vertical (horizontal) polarization

θLOS
E,x (θLOS

A,x ) Elevation (azimuth) angle of departure of the LOS component

θLOS
E,y (θLOS

A,y ) Elevation (azimuth) angle of arrival of the LOS component

Rxy(t) Total number of paths at time instant t for NLOS link

Ar
F Attenuation of the rth path

vx Velocity of the transmitter x

vy Velocity of the receiver y

v Relative velocity between the transmitter and the receiver

Θmr Cross-polarization power ratio

Mr Number of rays in the rth path

Ns Number of samples

w(n) Gaussian noise at time index n

σ2
NLOS Variance of the NLOS fading components

δ Step size

Nc Length of the codeword

Px Transmit power

Tb Bit duration

dxy Distance between the transmitter x and the receiver y

2.1. Base-Station-to-eVTOL (B2E) and eVTOL-to-eVTOL (E2E) Link Characteristics

Utilizing (1), (2), and (3), the narrowband process corresponding to the rth propagation
path can be represented as follows:

hr
xy(t) = Ar

F exp
[

j
(

φ0 − 2π fcτr
xy(t)

)]
× exp

[
j
2π

λ
vxt cos

(
θr

A,x − θV,x
)

cos
(
θr

E,x − θH,x
)]

× exp
[

j
2π

λ
vyt cos

(
θr

A,y − θV,y

)
cos
(

θr
E,y − θH,y

)]
.

(4)

The representation in (4) accounts for the fact that the overall channel response can be
interpreted as a sum of the specular component and the diffused nonspecular components.
Furthermore, the in-phase and the quadrature portions of the diffuse component are due to
the sum of a large number of small and independently distributed phased waves [15]. Ar

F ∈
C denotes the attenuation of path r. vx and vy represent the velocities of the transmitter
and the receiver, respectively.

Due to the time-variant channel conditions, we considered block-oriented trans-
mission, so that the eVTOL communication system can adapt to the changing channel
conditions and can, therefore, optimize the transmission for each block. With sampled
time-variant discrete-time channel hxy[nc] , hxy(ncTs, 0), the received signal can then be
modeled as below:

Y[nc] =
√

Pxd−α
xy hxy[nc]X[nc] + w[nc], nc ∈ {0, 1, · · ·, Nc}, (5)
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where Px is the transmit power and w[m] ∼ CN (0, σ2
w) is circular symmetric complex

Gaussian distributed white noise with zero mean and variance σ2
w. d is the distance

between the transmitter and the receiver. α denotes the path loss exponent. Utilizing (4),
hxy[nc] can be obtained in a simplified form:

hxy[nc] =
Rxy

∑
r=1

Ar
F exp(j2π f r

DTsnc), (6)

where f r
D ∈ R denotes the Doppler shift of the rth path and is a function of the angle of

departure, angle of arrival, velocities of the transmitter and the receiver, and the carrier
frequency fc. Moreover, the covariance matrix of the channel over the given block is
defined as follows:

Ξhxy = E

 h2
xy[0] · · · hxy[0]hxy[Nc − 1]

...
. . .

...
hxy[Nc − 1]hxy[0] · · · h2

xy[Nc − 1]

. (7)

We point out that the rank of the channel covariance matrix Ξhxy is the minimum of
Rxy and Nc and can, therefore, be defined as rank(Ξhxy) = min(Rxy, Nc).

2.2. Fading Characterization for eVTOL Communication Link

Next, we present the framework to obtain the general PDF of the fading envelope of
hxy. Since hxy is the sum of independent random propagation paths, the PDF of the fading
envelope can readily be obtained by using the characteristic function approach [16]. The
characteristic function of hLOS

xy component is given by J0

(
q
√

M2
c + M2

s

)
, where J0(·) is the

Bessel function of the first kind of order zero. q ∈ R+ is a continuous positive real number
such that 0 < q < ∞. Mc and Ms are defined as shown in (8) and (9), respectively:

Mc = AV
y
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)
AV
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+AH

y
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θLOS

E,y , θLOS
A,y

)
AH

x
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θLOS

E,x , θLOS
A,x

)
cos
(

φLOS
H

)
,

(8)

and

Ms = AV
y

(
θLOS

E,y , θLOS
A,y

)
AV

x

(
θLOS

E,x , θLOS
A,x

)
sin
(

φLOS
V

)
+AH

y

(
θLOS

E,y , θLOS
A,y

)
AH

x

(
θLOS

E,x , θLOS
A,x

)
sin
(

φLOS
H

)
.

(9)

The characteristic function of the NLOS component is given by exp
(
−q2σ2

NLOS
2

)
[17].

Following this, the general form of the envelope PDF can be written:

fhxy

(
hxy
)
=

∞∫
0

hxyqJ0
(
qhxy

)
J0

(∣∣∣hLOS
xy

∣∣∣q) exp

(
−q2σ2

NLOS
2

)
dq . (10)

The integral in (10) is obtained in a closed form, as depicted in (11):

fhxy

(
hxy
)
=

∞

∑
k=0

(
−1

2

)k( 1
k!

)2 h2k+1
xy

σ
2(k+1)
NLOS

G1,1
1,2


∣∣∣hLOS

xy

∣∣∣2
2σ2

NLOS

∣∣∣∣ −k
0, 0

. (11)

The derivation steps of (11) are illustrated in Appendix A.
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Remark 1. Although the expression for fhxy(hxy) in (11) is in the form of an infinite series, it
converges quickly for finitely small values of the summand k. The convergence is evident from the
result depicted in Figure 2. To test the convergence of the (11), we apply the D’Alembert (or Cauchy)
Ratio Test and prove that (11) converges quickly with small values of the summand, as shown in
Figure 2. The derivation of the D’Alembert (or Cauchy) Ratio Test is illustrated in Appendix B.

Based on the D’Alembert Ratio for (11), as obtained in Appendix B, Figure 2 con-
firms the convergence of the expression derived in (11). As can be readily seen from the
D’Alembert (or Cauchy) Ratio Test in Appendix B, Ch ≤ 0 < 1, ∀k, thereby satisfying the
D’Alembert Ratio Test for convergence.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
h

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

C h

k=102
k=103
k=104
k=105
k=106

Figure 2. Convergence test for the expression derived in (11).

To measure the dispersion or the spread of the fading values, we plotted (11) for
different values of the variance of the diffused components σ2

NLOS, as illustrated in Figure 3.
It can be seen that increasing the variance results in a wider spread of the fading channel
and a flatter fading distribution. Moreover, a lower σ2

NLOS results in a higher decay rate,
indicating a smaller dynamic range of fading channel and a lower probability of extreme
fading events. To simulate (11), about 120 terms are required for summation to achieve
accuracy at the 6th significant digit.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
h

0.0

0.2

0.4

0.6

0.8

1.0

f h
(h
)

σ2
NLOS=0.25

σ2
NLOS=0.5

σ2
NLOS=1

Figure 3. PDFs of the wireless links for different values of σ2
NLOS.
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The random channel realizations were obtained to analyze the phase and magnitude
distribution for the B2E and E2E links over different multipaths. The results presented in
Figures 4 and 5 correspond to the phase distributions for the E2E and B2E channel links,
respectively. Results indicate that for the E2E link, the angular spread of the channel is
lower when compared to that of the B2E link, as can be seen from the phase distribution
profiles illustrated in Figures 4 and 5.

Figure 4. Phase distribution of E2E channel link for different multipaths.

Figure 5. Phase distribution of B2E channel link for different multipaths.

Figures 6 and 7 show the received power distributions of the E2E and B2E fading
channels, respectively. In obtaining these results, the transmit power was set to 35 dBm.
The receiver position was set to (10, 10, 75) m. For the E2E link, the transmitting eVTOL
was located at (0, 0, 50) m, whereas, for the B2E link, the transmitter position was set to
(0, 0, 0) m. The results reveal a few important observations. They indicate that the B2E link
was mainly composed of multipaths with diffused power levels. However, the analysis of



Electronics 2023, 12, 2838 9 of 21

E2E links shows that there exists a specular dominating multipath component along with
the components with diffused power.

Based on Figures 6 and 7, the statistic distribution views for the received power
between B2E and E2E show similarities for the first five significant paths. However, the
instant magnitudes array, that includes all five paths at each time stamp, shows a distinct
pattern between B2E and E2E.

Figure 6. Power distribution of E2E link for different multipaths.

Figure 7. Power distribution of B2E link for different multipaths.

As shown in Figure 8, the normalized received power arrays of E2E and B2E demon-
strate different behaviors in most data samples that could be recognized by unsupervised
t-SNE projection. This observation further motivates the distinguished modeling of the
B2E and E2E channels.

Further, to validate the argument that the B2E link is mainly composed of the multipath
with diffused power levels, Figure 9 illustrates the variance in the received signal samples
over different time intervals. In obtaining these results, we considered 50 samples in
each interval. The results indicate a higher variance in the signal received over the B2E
link when compared to the variance in the signal received over the E2E link. This shows
that the multiple paths in the B2E link over different intervals can have a wider range
of signal strengths, and, when these multiple copies of the signal arrive at the eVTOL,
they can interfere constructively or destructively, leading to highly random variations in
the received signal strength when compared to the signal received over the E2E link. As
the relative phases and delays of the multipath components vary with time, the resultant
signal strength at the eVTOL fluctuates, leading to variations in the observed variance
in the fading samples. The different variances observed in each time interval in a B2E
fading channel are a manifestation of the random and time-varying nature of multipath
propagation, where the combined effects of the multipath components result in fluctuations
in the received signal strength.
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Figure 8. t-SNE View for the distribution of the received power of E2E and B2E links.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Interval

0.0

0.1

0.2

0.3

0.4

0.5

Va
ri
an

ce

B2E
E2E

Figure 9. Illustration of the fading variance over different intervals.

Figure 10 illustrates the channel characterization. The results indicate that, when
compared to that of the E2E link, there is no significant or dominating component or path
in the B2E link, and, therefore, the total received signal in the B2E link is a result of the
combined effect of multiple diffused random components. Physically, the results can be
interpreted as the higher changing level of constructive or destructive interference between
the multipath components. Moreover, the results depicted show that, for the B2E links, the
signal arrives at the receiver from different directions or angles. This also indicates that
these multiple diffused paths have different lengths and may experience different levels
of attenuation, phase shifts, and delays. As a result, the received signal at the eVTOL can
arrive from different angles, leading to large variations in the angle of arrival in the case
of the B2E link. In practical scenarios, large variations in the angle of arrival can have
important implications for eVTOL communication systems. Large variations can lead to
significant fluctuations in the received signal strength and, thereby, potentially impact the
performance of the system. Understanding and characterizing the angle of arrival variations
in eVTOL channels is crucial for designing robust eVTOL communication systems that can
mitigate the effects of multipath propagation and maintain reliable high-quality wireless
connections.
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1 2 3 4 5 6
Multipath Index

-3.0 dB

-2.0 dB

-1.0 dB

0.0 dB

1.0 dB

2.0 dB

3.0 dB

4.0 dB

5.0 dB

Fa
di
ng

 (
dB

)

Dominating
Component

E2E, Path 1, Angle of Arrival: −49.20°
E2E, Path 2, A gle of Arrival: 77.92°
E2E, Path 3, A gle of Arrival: −10.11°
E2E, Path 4, A gle of Arrival: −62.18°
E2E, Path 5, A gle of Arrival: −84.16°
E2E, Path 6, A gle of Arrival: −69.05°
B2E, Path 1, A gle of Arrival: 170.45°
B2E, Path 2, A gle of Arrival: −68.99°
B2E, Path 3, A gle of Arrival: 148.30°
B2E, Path 4, A gle of Arrival: −93.11°
B2E, Path 5, A gle of Arrival: −9.55°
B2E, Path 6, A gle of Arrival: −1.36°

Figure 10. Illustration of the multipath components of E2E and B2E links.

2.3. Noise and SNR Estimation

Due to the non-stationary channel, we approximated the power of a signal by the short-
term power average of that signal over the Ns number of samples, such that Ns >> Nc,
leading to the following:

E
[
Y2(n)

]
≈ 1

Ns

Ns

∑
j=1

Y2(n + j). (12)

Similarly, the time-variant noise power is approximated as the short-term power of
the noise signal w(n), given by the following:

E
[
w2(n)

]
≈ 1

Ns

Ns

∑
j=1

w2(n + j). (13)

Following (12) and (13), the SNR at any time index n can be approximately obtained
as below:

χ ≈

Ns
∑

j=1
Y2(n + j)

Ns
∑

j=1
w2(n + j)

. (14)

We point out that, due to the time-variant channel characteristics of the BS-to-eVTOL
and eVTOL-to-eVTOL, the noise signal w(n) is difficult to measure in a real system. There-
fore, we adopted a normalized least mean square method to estimate the noise signal w(n).
The method to estimate the signal and the noise for the eVTOL communication link is
illustrated in Figure 11.

In Figure 11, Z(n) =
[
Z0(n), Z1(n), · · ·, ZNZ−1(n)

]T represents the filter of length NZ,
whose coefficients can be obtained adaptively using the time-recursive approach:

Z(n + 1) = Z(n) + δŵ(n)
x(n)

Ns
∑

j=0
x2(n + j)

, (15)
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where δ denotes the step size and x(n) =
[
x(n), x(n− 1), · · ·, x(n− NZ + 1)

]T . Utilizing
the signals flow diagram in Figure 11 and the definition of Z(n + 1) provided in (15), the
estimation of w(n) can be written as follows:

ŵ(n) = Y(n)−

δ
Ns

∑
j=1

Y(n− j)
x(n− j)

Ns
∑

j=0
x2(n + j)


T

x(n). (16)

Figure 11. Signal and noise estimation approach for the eVTOL communication links.

2.4. SNR Estimation

Considering the noisy received signal and utilizing (7), (14) and (16), the modified
channel covariance matrix is given by the following:

Ξ̂hxy = E


h2

xy[0] +
1
χ̂ · · · hxy[0]hxy[Nc − 1]

...
. . .

...
hxy[Nc − 1]hxy[0] · · · h2

xy[Nc − 1] + 1
χ̂

. (17)

It is to be noted that Ξ̂hxy takes into account the impact of the noise at the receiver. Expand-
ing the channel into an orthogonal basis function φj[nc], j ∈ {0, 1, · · ·, Z− 1}, the channel
coefficients can then be written as shown:

ĥxy[nc] =
Z−1

∑
j=0

φi[nc]bj ≈ hxy[nc], (18)

where bj denotes the basis expansion coefficient that can be estimated as follows:

bj =
Nc−1

∑
nc=0

φ∗j [nc]x̂∗[nc]Y[nc]. (19)

Remark 2. As illustrated in (19), estimating bj requires the knowledge of x[nc].

Figure 12 illustrates the performance of the proposed SNR estimation method. In
analyzing the performance of the SNR estimation method, the impulse response was chosen
to be random, with samples generated using the distribution derived in (11). In obtaining
the results depicted in Figure 12, the Gaussian noise was added to the system response,
and the simulation was carried out for two different initial SNR values: −5 dB and 30 dB.
Due to the time-variant random fading, the real-time SNR varies, and the results clearly
show the significant performance of the proposed SNR estimation approach. They depict
that the SNR estimates are very close to the real-time SNR.
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Figure 12. SNR estimation.

The SNR estimation error and the impact of the window size on the proposed method
are illustrated in Figure 13, for different values of the true SNR, as shown in Figure 13a,b.
The estimation error plots provide useful insights into the accuracy of the proposed method
based on the sliding window adaptive filtering technique with the least mean square
approach. A few observations made on the basis of the results obtained are listed below:

• The results show that the SNR estimation is relatively accurate with minimal bias.
However, occasional spikes in the estimation error indicate instances of higher fading
fluctuations;

• It can also be seen that the smaller window size can result in higher spikes in the estima-
tion error. This can be attributed to the limited number of samples used for smoothing,
which, in turn, make the estimation error more sensitive to random fluctuations. It
can also be concluded that a larger window size can lead to smoother estimation error
plots with reduced variations. Therefore, the choice of an appropriate window size
depends on the specific requirements of the communication system, balancing the
need for accurate estimation and the desired responsiveness to SNR variations.

(a) (b)
Figure 13. Estimation error and the impact of the window size. (a) Estimation error (True SNR =−5 dB).
(b) Estimation error (True SNR = 30 dB).

3. Results and Discussions

In this section, the derived channel characteristics of the eVTOL link are evaluated
through simulations and numerically. We investigated the impact of eVTOL link config-
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urations on the received SNR and the fading statistics in terms of the Rician K factor. In
addition, the results are provided to analyze the latency and the outage probability. To
achieve a good statistical average, 10,000 realizations were generated for a given set of
parameters. The empirical estimate of the fading statistics was obtained by averaging the
results over 5000 realizations. The Meijer G-function in (11) was implemented in Python us-
ing the “mpmath” library. For (11), about 120 terms are required for summation to achieve
accuracy at the 6th significant digit. Unless otherwise stated, the simulation parameters are
as illustrated in Table 3.

To analyze the shift in the carrier frequency due to the Doppler effect, we considered
the following eVTOLs specifications: EHang 216 [18], Wisk Cora [19], and the Joby S4 [20].
We considered the exponential deceleration velocity profile for the eVTOL landing with
initial velocities equal to 62 mph, 110 mph, and 165 mph for the three eVTOLs [19]. As illus-
trated in Figure 14, the results show that different eVTOLs experience different frequency
shifts. This information is important in designing efficient eVTOL communication systems
and ensuring optimized signal reception.
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Figure 14. Frequency shift due to the exponential deceleration velocity profile for the eVTOL landing
for different eVTOLs.

The latency analysis relative to the time-of-flight of the eVTOL for the takeoff and land-
ing scenarios over different carrier frequencies is illustrated in Figure 15. The initial eVTOL
height for the landing scenario was considered as 100 m and the initial speed was set to 62
mph. The landing velocity profile was considered as exponential deceleration, whereas, for
the takeoff scenario, the velocity profile was considered as exponential acceleration. The
results presented highlight the important observations that need to be considered while
designing the eVTOL communication links. Moreover, as expected, as the carrier frequency
increased, the latency reduced.

The SNR profile relative to the eVTOL height for different eVTOL locations is illus-
trated in Figure 16. Importantly, as can be seen, the SNR profile against the eVTOL heights
shows different behavior over different regions. For instance, at the eVTOL height of less
than 220 m, there is an optimal height corresponding to the maximum achievable SNR in
different eVTOL locations or regions. In this area, the location or horizontal distance of
B2E (hdB2E) has a significant impact on the received SNR. A maximum 69 dB difference
could be introduced with hdB2E ≈ 112 m. This height range often corresponds to the
range of eVTOLs taking off and landing, where communication latency and reliability are
crucial. To achieve the same level of received SNR, reducing the hdB2E is crucial for power
efficiency in G2E communication during eVTOL landing and takeoff. Compared to other
aircraft, eVTOL landing, and takeoff patterns are dominated by vertical movement. Thus,
a distributed Radio Units (RU) design to reduce dB2E could be a promising approach in
future eVTOL standards and infrastructure to increase power efficiency. As the height
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increases beyond 220 m, the impact of the eVTOL location decreases. This can be attributed
to the fact that, in general, the lower the height, the lesser the probability of forming the
LOS link in an urban environment. Moreover, the performance obtained for the location
Xe = 0 and Ye = 0 serves as an upper limit. For this upper limit, the performance decreases
exponentially with the increase in height. This is an important observation that should be
considered while evaluating the latency analysis of the eVTOL communication link over
different link geometries.
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eVTOL landing - 5.0 GHz

Figure 15. Delay relative to the Doppler shift for eVTOL channel.

Table 3. System parameters

Parameter Value

Pm 35 dBm

Packet size 32 bytes

Rice factor of B2E link 5∼12 dB

Rice factor of E2E link 10∼12 dB

Noise spectral density N0 [21] −174 dBm/Hz

LOS (NLOS) shadow fading standard deviation 4 (6) dB

Carrier frequency fc 3.5 GHz (C band)

Window size 50
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Figure 16. Received SNR profile for ground-to-eVTOL link over different link geometries.



Electronics 2023, 12, 2838 16 of 21

Further, based on the observations shown in Figure 17 and the above analysis, we
conclude that the design of the geometric distributed radio unit (RU), used commonly
in Open RAN(O-RAN) architecture, could be leveraged to achieve high power efficiency,
given the same receiver sensitive requirements (or SNR requirements) of eVTOLs. As
illustrated in Figure 17, with the split of RU, DU (Distributed Unit), and CU (Centralized
Unit), geometrically distributed RUs are connected with nearby EVOTLs, which allows
a lower transmit power, higher SNR, or lower latency realization, depending on the use
scenarios and requirements. On the left side, where multiple RUs are deployed, eVTOLs
are connected to the nearby RU based on the propagation distance and channel condition.
Given the same number and distribution of eVTOLs on the right side, all eVTOLs are
connected to the center RU, resulting in a longer propagation distance. The benefits gained
through the distributed RUs are critical to the eVTOL’s reliability in reducing latency and
stabilizing connection, especially in the landing and taking-off stages.

Figure 17. Power consumption comparison with distributed radio units and single radio unit.

Figure 18a shows the power consumption comparison between the SRU and the DRU
communication system with multiple eVTOLs randomly distributed in the space. DRUs
allow for the deployment of multiple radio units at different locations within a network.
This distributed architecture improves the coverage by reducing the signal attenuation and
overcoming obstacles such as buildings or terrain. In obtaining the results illustrated in
Figure 18, we considered 10 eVTOLs randomly distributed in the space, with their location
coordinates generated randomly such that Xe was uniformly distributed in the range
[−50, 50] meters, Ye was uniformly distributed in [−50, 50] meters, and Ze was uniformly
distributed in [10, 50] meters. The coordinates of the SRU were set to (0, 0, 0). For the
analysis, we considered 5 DRUs with random ground locations, such that their X and Y
coordinates were uniformly distributed in the range [−25, 25] meters with Z coordinates
set to zero. The random distributions of the eVTOLs during each realization are illustrated
in Figure 18. Under each random realization, each eVTOL is connected to the nearest DRU.
Interestingly, from Figure 18a, it can be seen that DRUs offer resiliency in eVTOL-supported
wireless communication systems, helping to optimize the performance of the system and
maintain consistent quality of service without increasing the power level.

In eVTOL communications, as illustrated in the channel model, the received signal can
be written as the sum of a complex exponential and a narrowband Gaussian process. To
analyze the LOS and diffused components, the Ricean K factor is an important parameter.
The Ricean K factor indicates the link quality. It provides information about the relative
strength of the direct LOS component compared to those of the scattered NLOS components.
In Figure 19, the impact of the eVTOL link configuration on the Ricean K factor is depicted.
For the link configuration where (Xe, Ye) ≈ (Xt, Yt), the K factor is independent of the



Electronics 2023, 12, 2838 17 of 21

eVTOL height. This is due to the fact that, under this scenario, increasing the eVTOL
height increases the path loss for the LOS and diffused components proportionately. On
the contrary, for the cases when Xe − Xt >> 0 or Ye −Yt >> 0, the K factor increases with
increasing height. This can be attributed to the fact that increasing the height results in
increased path loss, for both the LOS and the diffused components. However, the LOS
probability also increases with height when either or both of the conditions, i.e., Xt >> 0
and Ye −Yt >> 0, are satisfied. This results in an increase in the K factor with the height.
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Figure 18. Power consumption analysis for SRU- and DRU-based eVTOL communications. (a) Com-
parison of the power consumption over SRU and DRU communication systems. (b) Random realiza-
tion of eVTOLs in the space at different instants.
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Figure 19. K factor relative to different link configurations.

To achieve better system performance in terms of transmission delay, the eVTOL
should fly at a proper location, which is a trade-off between temporal stability and spa-
tial diversity. Figure 20 illustrates the impact of finding the optimal eVTOL location on
minimizing the transmission delay. From the results, we make important observations, as
listed below:

• Specifically, for eVTOLs operating in a region just above the ground BS, i.e., (xe, ye) ≈
(xt, yt), the delay increases with increasing heights. This behavior can be attributed
to the fact that, in a region just above the BS, the probability of forming LOS links is
higher, which in turn results in a higher K factor and better performance;

• On the contrary, if eVTOL moves to a location such that Xe − Xt >> 0 and Ye −Yt >>
0, the delay decreases with the height initially and then increases gradually with
the height. This is because, in a region with lower height and Xe − Xt >> 0 and
Ye −Yt >> 0, increasing the height increases the probability of forming the LOS link
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and, thereby, reduces the transmission delay. However, on increasing the height further
beyond a certain threshold, the path loss also increases significantly. This results in
an increase in the transmission delay with increasing height. For example, with
(Xt, Yt, Zt) set to (0, 0, 0) and (Xe, Ye) set to (0, 40), the transmission delay decreases
with increasing the eVTOL height Ze from 50 m to 70 m. However, increasing Ze
further results in increasing the transmission delay.
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Figure 20. Delay analysis in terms of codeword length.

The outage probability relative to the target required SNR for different eVTOL heights
is illustrated in Figure 21. The target SNR, i.e., the outage threshold, defines the value of the
SNR below which the received signal outage occurs. That is, if the received instantaneous
SNR value falls below the target SNR, the performance degrades. The following important
observations can be deduced from the results obtained:

• As expected, as the height of the eVTOL increases, the outage probability increases.
Moreover, the outage probability also increases with increasing outage threshold;

• Another important observation that can be inferred from the results is that, at a con-
stant target SNR value, the outage probability increases non-linearly with the height.
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Figure 21. Outage probability relative to the target SNR.

An important conclusion is immediate from the results, that there exists a saturation
floor in the behavior of the outage probability, Poutage(ξTh), where ξTh is the outage thresh-
old (also known as target SNR). This implies that the Poutage ξTh increases with ξTh and
saturates at the higher values of ξTh. However, it is important to note that, in obtaining
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these results, the transmitter is assumed to be located at (Xt, Yt, Zt) = (0, 0, 0), whereas, the
receiver is considered to be vertically located above the transmitter at different positions
given by (Xe, Ye, Ze) = (0, 0, Z). Since, in this particular scenario, increasing the height
increases the transmission distance, this, in turn, increases the path loss. Therefore, as
illustrated in the figure, increasing the height results in a higher probability of the commu-
nication link undergoing an outage. Moreover, as ξTh represents the minimum value of
SNR that is required for the desired performance, increasing ξTh requires a higher value of
the instantaneous received SNR to avoid the outage. Therefore, increasing ξTh increases
the chances of the communication link undergoing an outage.

4. Conclusions

In this paper, for the first time, we have characterized the non-stationary and fast
dynamic time-variant eVTOL communication channel for future wireless networks. The
proposed eVTOL channel model can be generalized to the ground-to-eVTOL and eVTOL-to-
eVTOL channels with arbitrary eVTOL trajectories. In characterizing the eVTOL channels,
we have considered the eVTOL moving direction, the speed, and the link configuration.
Moreover, we have presented a new method for estimating the SNR over dynamic eVTOL
channels by utilizing the sliding window adaptive filtering technique. More importantly, we
have considered the commercially available eVTOL specifications and data and analyzed
the impact of eVTOL landing and takeoff velocity profile on the Doppler shift and the
latency. Moreover, the fading distribution that describes the widest range of eVTOL link
fading behavior over the non-stationary channel is derived. Furthermore, we have analyzed
the outage probability and made an important observation, that the outage probability
increases non-linearly with the eVTOL height. This analysis helps in identifying the deep
fade regions over the eVTOL channel. We anticipate that the channel characterization
presented in this paper will be valuable for estimating the performance of future eVTOL
communication links. Our future work will include the investigation of the security aspect
of the eVTOL communication link. A formal vulnerability detection method, such as digital
twins, will be developed to analyze the security threats and will be tested with a fuzzing
process to show the areas of weaknesses that would require further research to substantiate
the robustness of the secured data links.
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Appendix A

Utilizing the identities [22] (eq. 6.4) and [23] (eq. 11) and applying some mathematical
manipulations, the integral in (10) can readily be obtained in a form given by the following:

fhxy

(
hxy
)
=

∞

∑
k=0

(−1)kh2k+1
xy

22k+1(k!)2

∞∫
0

tkG1,0
0,1

[
σ2

NLOS
2

t
∣∣∣∣ −0

]
G1,0

0,1


∣∣∣hLOS

xy

∣∣∣2
4

t
∣∣∣∣ −0, 0

dt .
(A1)
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Applying the identity [24] (eq. 07.34.21.0011.01), the integral in (A1) can readily be obtained
in a closed form, as depicted in (11).

Appendix B. D’Alembert (or Cauchy) Ratio Test for the Convergence of (11)

To prove the convergence of fhxy(hxy) in (11), we used the D’Alembert (or Cauchy)
Ratio Test, proposed in [25]. For a fixed value of k, the kth and the (k + 1)th terms are
written as follows:

qk =

(
−1

2

)k( 1
k!

)2 h2k+1
xy

σ
2(k+1)
NLOS

G1,1
1,2


∣∣∣hLOS

xy

∣∣∣2
σ2

NLOS

∣∣∣∣∣∣∣
−k
0, 0

 (A2)

and

qk+1 =

(
−1

2

)k+1( 1
(k + 1)!

)2 h2k+3
xy

σ
2(k+2)
NLOS

G1,1
1,2


∣∣∣hLOS

xy

∣∣∣2
σ2

NLOS

∣∣∣∣∣∣∣
−k− 1

0, 0

. (A3)

Taking the ratio of Equations (A2) and (A3), with some mathematical manipulations,
we obtain the following:

qk
qk+1

=

(−2)(k + 1)2σ2
NLOSG1,1

1,2

[
|hLOS

xy |2
σ2

NLOS

∣∣∣∣ −k
0, 0

]
h2

xyG1,1
1,2

[
|hLOS

xy |2
σ2

NLOS

∣∣∣∣ −k− 1
0, 0

] . (A4)

Next, to check the convergence, we applied the D’Alembert Ratio Test, which states that if
qk+1

qk
≤ r < 1 for all sufficiently large k and r is independent of k, then ∑k(qk) is convergent.

Mathematically, it can be written as follows:

lim
k→∞

qk+1
qk


< 1, convergence;
> 1, divergence;

= 1, indeterminate.
(A5)

Then, applying the D’Alembert Ratio Test to (A4), the following can be readily seen:

Ch = lim
k→∞

qk+1
qk

=

h2
xyG1,1

1,2

[
|hLOS

xy |2
σ2

NLOS

∣∣∣∣ −k− 1
0, 0

]
(k + 1)2(−2)σ2

NLOSG1,1
1,2

[
|hLOS

xy |2
σ2

NLOS

∣∣∣∣ −k
0, 0

] ≤ 0. (A6)

Thus, from the definition of the D’Alembert Ratio Test, as depicted in (A5) and (A6), this
states that the infinite series fhxy(hxy) in (11) converges.
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