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Abstract— Unmanned aerial vehicle (UAV)-to-ground (U2G)
channel models play a decisive role in the design, optimization,
and evaluation of communication systems between UAV and
ground terminal. This paper proposes a three-dimensional (3D)
model for U2G communication channels, enhanced with ultra-
wideband (UWB) features and frequency non-stationarity. This
model integrates large-scale and small-scale fading components,
introducing bandwidth-dependent path numbers and the UAV
posture matrix for realistic scenario representation. It encom-
passes specific UWB U2G channel phenomena such as the
channel hardening, UAV 3D movements, and posture variation
effect. The channel parameters, including spatial large-scale
parameters (LSPs), bandwidth-correlated path numbers, delay-
posture-correlated path power, and frequency-correlated path
phase, are generated to capture channel non-stationary char-
acteristics across time and frequency domains. Employing
ray-tracing (RT) for the path number and optimization methods
for the path delay, the proposed model ensures reliable parameter
evolution. The proposed model is assessed through key statistical
properties, including space-time-frequency correlation functions,
power delay profile, root-mean-square delay spread, Doppler
power spectrum density, and the energy variance. It is demon-
strated that both posture and bandwidth variations have crucial
effects on channel characteristics. The validity and practicability
of this research is demonstrated by comparing the simulated
outcomes with the measurement data.

Index Terms— UAV, channel model, UWB, non-stationary,
posture variation.
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I. INTRODUCTION
A. Motivations

HE increasing deployment of unmanned aerial vehicles

(UAVs) across diverse sectors, including photography,
traffic surveillance, telecommunication, and logistics, under-
scores their growing significance. UAVs, as versatile aerial
platforms, boast numerous advantages such as cost-efficiency,
ease of operation, and exceptional adaptability to varied
environments, making them as an optimal solution for
air-to-ground (A2G) wireless communication. Unlike conven-
tional ground-based communication networks, UAV-enabled
communication systems emerge as a compelling alternative
for facilitating emergency search and rescue missions. The
inherent elevated positioning of UAVs enhances the likeli-
hood of establishing direct line-of-sight (LoS) connections,
thereby ensuring more stable and reliable communication
links for UAV-to-ground (U2G) communications. Concur-
rently, ultrawide bandwidth (UWB) technology marks a
significant evolution in wireless communication, distinguished
by its adoption of a broad frequency spectrum [1], [2]. The
IEEE 802.15.4z standard delineates an ultra-wide bandwidth,
encompassing nearly 5 GHz [3], which not only supports
high data transfer rates but also provides enhanced spatial
resolution, making UWB exceptionally suitable for U2G com-
munication scenarios [4], [5].

The efficacy of communication systems is intimately tied
to channel stability, highlighting the necessity of robust chan-
nels for the uninterrupted flow of information. In the realm
of UAV-assisted communication systems, the development
of accurate and realistic channel models is imperative for
effective system analysis and design. Unique to UWB UAV
communication are its distinct attributes, such as a broad
frequency spectrum, varying flight altitudes, advanced maneu-
verability, three-dimensional (3D) orientations, and the posture
variation [6], [7], [8]. Despite these advancements, research
on the specific characteristics of UAV channels within UWB
contexts remains markedly scant, presenting an urgent require-
ment for further exploration and discovery.

B. Related Works

Channel modeling approaches for the U2G communication
scenarios are broadly classified into statistical, geometrical,
and machine learning (ML)-based frameworks [9], [10]. Sta-
tistical modeling constructs channel representations by relying
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on key empirical parameters, often derived from extensive
measurements or sophisticated ray-tracing (RT) simulations
[11].

However, these models face challenges in capturing
space-time continuity comprehensively, making them more
suitable for segmented analysis or link-level studies [12].
To address the shortcomings of purely statistical approaches,
geometry-based stochastic models (GBSMs) incorporate geo-
metric principles to accurately determine scatterer config-
urations and locations, enhancing the spatial and temporal
resolution. GBSMs employ regular or irregular geometrical
shapes to represent diverse scattering environments [13], [14],
[15]. For example, the authors in [16] utilized a prolate
spheroidal coordinate system for non-stationary mobile-to-
mobile channels, providing the joint delay-Doppler probability
density function. Additionally, the authors in [17] introduced
a GBSM tailored for uncorrelated scattering Rayleigh fad-
ing channels, which adeptly captured the temporal evolution
of signal and analyzed quasi-stationary intervals. ML-based
channel models leverage the correlations between different
channel parameters to facilitate comprehensive multidimen-
sional analysis [18], [19]. These approaches utilize both
supervised and unsupervised learning algorithms to predict
channel parameters and classify scenarios, with their perfor-
mance critically dependent on the quality and extent of the
training datasets [20], [21]. The future of channel modeling
lies in the integration of these diverse methodologies, combin-
ing the strengths of various modeling approaches to develop
more robust and versatile channel models.

In contrast to conventional communication terminals, UAVs
possess distinctive characteristics such as arbitrary motion and
postures, which add complexity to the wireless channel. For
instance, the authors in [22] examined the effects of UAV
height and trajectories on the channel non-stationarity. The
authors in [23] investigated 3D trajectories and introduced
a beam channel model. A GBSM was proposed in [24]
and [25] to evaluate the impact of UAV rotation, highlighting
its influence on statistical properties and non-stationarity. The
effects of airframe shadowing, caused by the UAV’s structure
and posture, can be addressed in [26]. However, these analyses
are limited to single-angle posture changes. Furthermore, the
authors in [27], [28], and [29] presented stochastic models
exploring specific posture variations and their impact on tem-
poral channel correlation, though they focused on wobbling
effects rather than arbitrary 3D postures. A hybrid channel
model for U2G communications was introduced in [30],
incorporating arbitrary trajectory and 3D posture variation
fading. Despite these contributions, the effects of 3D posture
on the power and phase of multi-input-multi-output (MIMO)
channels remain unexplored.

Numerous investigations have been undertaken to assess the
impact of UWB characteristics on channel behavior and to
formulate corresponding models. The work in [31] focused
on A2G UWB channel analysis, modeling the received power
and path losses. The authors in [32] explored the large- and
small-scale attributes of UWB A2G channels via empirical
measurements. The studies in [33] and [34] executed UWB
measurements and modeling, with an emphasis on multipath
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analysis. Further, [35] extended UWB channel modeling to
span 3-18 GHz, addressing both LoS and multipath com-
ponents. The research conducted in [36] explored UWB
channel sound measurements and modeling within mmWave
and sub-mmWave bands, specifically for wagon channel char-
acterization. However, these UWB studies were mainly based
on the assumption of wide-sense stationarity. The authors
in [30] provided measured stationary interval results under
different roll angles, which could validate the non-stationary
characteristics of UAV channel. In [37], the authors conducted
measurements of UAV-to-ground channels, and analyzed the
coherence bandwidth, demonstrating the non-stationary char-
acteristics. Specifically, the authors in [38] identified the
presence of frequency domain non-stationarity and chan-
nel hardening phenomena in wireless channels. For various
bandwidths, the authors in [39] developed a space-time-
frequency channel model based on empirical data. Moreover,
the authors in [40] introduced a pervasive channel model
to address non-stationarity, yet did not define bandwidth-
dependent parameters. While these studies have established
significant groundwork, a comprehensive modeling approach
that fully incorporates UWB characteristics and frequency
domain non-stationarity is still lacking.

These identified gaps underscore the necessity of developing
a UWB non-stationary U2G channel model that captures the
unique characteristics of UAVs and the UWB communication
systems, incorporating a more authentic channel parameter
generation and time-frequency evolution approach. This paper
aims to bridge these research gaps.

C. Contributions

Motivated by the existing research landscape and identified
gaps, this paper proposes a comprehensive channel model
that integrates the geometrical details, the RT approach, and
the optimization method to accurately represent the UWB
and distinct aspects of the U2G communication scenario.
The primary contributions and innovations of this work are
delineated as follows.

1) We propose a non-stationary U2G multi-input-multi-
output channel model supporting UWB and UAV-specific
features. This model addresses both large-scale and small-
scale fading effects, and provides bandwidth-dependent path
and sub-path numbers to reflect channel hardening phe-
nomena in UWB scenarios. A modified expression for
motion-induced equivalent Doppler phase is introduced to
address the frequency-variant effect across ultrawide band-
width. Additionally, the model accounts for variations in
UAV posture through path power modification, ensuring the
structural characteristics of UAV are integrated into the anal-
ysis. These enhancements collectively yield a more precise
depiction of the communication channel.

2) Generation and time-frequency-evolution procedure of
channel parameters are given. Built on spatial correlation,
the model integrates frequency-dependent and bandwidth-
dependent factors to align large-scale-parameters (LSPs) with
UWRB attributes. The RT method provides abundant data for
investigating the impact of bandwidth on the path and sub-
path numbers. Subsequently, an optimization technique is
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utilized to calculate and evolve path power, considering the
path delay and UAV posture. Furthermore, methodologies for
calculating and updating frequency-variant equivalent Doppler
phases are presented. These calculation procedures facilitate
the spatial-temporal-frequency stable evolution of channel
parameters.

3) Statistical properties of the proposed UWB U2G channel
model are given and analyzed, including spatial-temporal-
frequency correlation functions (CFs), power delay profile
(PDP), root mean square delay spread (RMS-DS), and Doppler
power spectral density (DPSD). Through comprehensive sim-
ulations, the statistical characteristics of UWB U2G channels
are analyzed, examining the impact of bandwidth on temporal
correlation function (TCF), frequency correlation function
(FCF), PDP, and DPSD. The concept of energy variance
(EV) is defined to quantify channel hardening effects, with a
detailed discussion on the impact of varying K-factors on EV.
Additionally, the validity and accuracy of the proposed model
are further affirmed through the measurement verification of
the RMS-DS, K-factor, and received power across different
flight height and bandwidths.

The remainder of this paper is organized as follows.
Section II describes a UWB non-stationary U2G chan-
nel model incorporating 3D motion and posture variation.
Section III studies the generation and time-frequency-
evolution of the model parameters. Statistical properties of
proposed model are presented and analyzed in Section IV.
Section V discusses and compares the simulated and measured
results. Conclusions are finally drawn in Section VL.

II. ULTRA-WIDEBAND U2G CHANNEL MODEL

The illustration of the proposed channel model is shown
in Fig. 1, where only the LoS path and the m" sub-path in
the n scattering path between the p transmitter (Tx) and
g™ receiver (Rx) are shown for clarity. The model accom-
modates UWB characteristics, resulting in variable scattering
cluster properties across bandwidths. Specifically, as depicted,
wider bandwidth channels exhibit an increased number of
scattering clusters but a reduced number of rays within each
cluster compared to narrower bandwidths. This phenomenon
is attributed to the wider bandwidth enhanced delay resolution,
which distinguishes previously indiscernible multipath compo-
nents. Moreover, the signal propagation paths associated with
scattering clusters are termed paths, and the internal rays are
referred to as sub-paths.

The UWB MIMO fading channel between UAV and the
ground terminal is affected by both large-scale fading and
small-scale fading, thus a channel matrix with P transmitting
antenna elements and () receiving antenna elements can be
expressed as

(Hpg = /L (d:B) L (B) - lhpp. (6.7, B)lpp (D

where B is the practical signal bandwidth, f. and f’. denotes
the carrier wave frequency and the center frequency of the
signal, Lp; represents the path loss (PL), and Lgr denotes
the shadowing fading (SF). The variables related to band-
width, including Lpy, Lgp, and hy,, g, (¢, 7, B), are obtained
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Los path
" NLoS paths

* Antenna
element

Fig. 1. Tllustration of the UWB channel model for U2G communication.

by integrating frequency-related component over f. Taking
PL as an example, our proposed method can be expressed
as

[ B dr
B B

where L"(d) is the path loss with the respect of f and d. This
approach captures the precise channel characteristics across
the bandwidth, addressing the limitations of traditional narrow-
band models. Note that if the channel parameter remains
uniform across the bandwidth, the proposed model reduced
to the traditional one.

To accurately capture the time-frequency variant small-scale
fading, the channel impulse response (CIR) between the p
transmitting antenna element and the ¢ receiving antenna
element is modeled as (3), shown at the bottom of the next
page, where K, (t, B) denotes the Rician factor, 75 (¢)and

Tpyn,, (t) denote the delays of the LoS and the non-line-of-
sight (NLoS) paths, respectively. N (¢, B) is the total number
of paths after clustering, and M, is the number of sub-paths
within the n'" path. Generally, higher bandwidth leads to a
larger N (t, B). The coefficients hy;, . (t) and hl (t) can

7fan7n
be further modeled as P
‘oL
R, () = Fpq (8) Gy () s ) )
(t) = FNF (4) ONE () @®vasrnn @ (5)

pg,m

Li(d, B) =

NL
hpqvf:'nwn
where C;q(t) denotes the power modification factor due to

the obstruction by airframe structure, qu]jn7n is the power

modification factor related to path delays, el®ra.s ) and
el®pe. s denote the motion-induced equivalent Doppler
phase of LoS and NloS paths, respectively. F. (t) and
FII)‘fIL(t) denote the antenna pattern function that take into
account the posture variation, which can be further defined
as

)
)

(6)

_ pfv(sf(t),RP(t))r S0
Ely(sf (), RP(1)] | o el

Fty (s (1), RO (¢
|:Fq;H(S$(t)7 RP(t

~— —
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TABLE I
DEFINITIONS OF KEY CHANNEL PARAMETERS
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Parameters Definitions

Parameters

Definitions

Signal bandwidth, different frequency, and
center frequency of the signal

B, f. fe

Fyq(t). Fpg (8)

Antenna pattern functions

from Tx and Rx

PL SF . . . FU/R T/R Antenna pattern components of Tx or Rx
Lyl (d, B) L (B) Path loss and shadow fading p/q vO) F, p/q; u() in vertical and horizontal planes
. o - ~ T/R T/R Angle unit vectors of LoS and NLoS paths
Ky (t,B) Time-frequency-variant Rician K-factor s;" (1), splm(t) at the Tx and Rx
(t) q nm () Delays of the LoS and NLoS path @‘T/}/IQHH @}/%HV Initial phases for different polarizations
N (t,B), My Number of paths and sub-paths Cr, (), o (1) Power modification factor
(1)'5{2';7 #/Dpa, frmm (t Traditional Doppler effect component and sy (1), Sll;(t)’ sf,,m (t), Angle unit vectors for the LoS and NLoS
L/NL t the posture variation component ~ (1) paths at Tx and Rx
Apq,f/Apg,f,mm m
. . Equivalent Doppler frequency of the LoS
T R L ¢NL q PP q y
b, /v @, Jy Azimuth angle of departure and arrival fa> Iq and NLoS
ep(t), eqlt) Vector pointing to the antenna element LT/R (to) Initial location of Tx and Rx

RR(t), RP(t) Velocity rotation matrix and posture matrix

AAoD or AAOA and EAoA or EAOA of

af® (1), IR (1) ndd

AAoD or AAOA and EAoD or EAOA of

aTl® (1), B (1) o

Nm

w, @,y Roll, yaw, and pitch angles

(1)

_{@wiA&Rﬂmr e
Fyu(sh, (0. RP0)] | L™ &,
Ey (s, (1) RE (1)
L&Jﬁm@%RWﬂJ @

where F% | () and FT;I(}H() denote the antenna pattern
components of Tx or Rx in vertical and horizontal planes,
respectively, s{’%(t) and s)/% (t) are the unit vectors of LoS
and NLoS paths at the Tx or Rx, and determined by the
angles of departure and arrival. RP(t) is the posture matrix
which will be discussed in next chapter, (I)z T <I>l I
<I>l i and <I>H/ are initial phases for different polarization
combmatlons which describe the polarization phase variation
for LoS and NLoS paths, and &, ,, is the cross-polarization
power ratio.

To simulate the proposed UWB models and facilitate the
computation of the integral calculation, a method to transform
the integral into a summation of intervals are employed. The
channel transfer function (CTF) can be obtained by performing

the Fourier transform of CIR over the whole bandwidth as

HP‘Lfc (ta fv B)

+oo )
= / hpq. 1. (t, T, B)eijzﬂdeT
0

L L o2
_qu(t)cpq(t) Ky, (t,B) H?ej @b () —j2m fry, (t)df
B Ky (t,B)+1/;
fCJrB N(t B) M,
CNE - (t
Kf tB 1 Z pq,rbm()
c n=1 m=1

pq 7" nm - ]2TrfTPq nm df (8)

Note that f is the frequency variable for Fourier transform
in (8), and f’ is used for integration to derive the channel
characteristics in the frequency domain. This formulation
captures the key contributions to the UWB channel properties,
including the Rician factor, the phase of LoS path, and the
phases of NLoS sub-paths. Moreover, these factors play a
critical role in the unique channel characteristics over the
ultra-wide frequency range.

When the bandwidth narrows, channel parameters within
this bandwidth remain relatively stable across different fre-

Ky (t, B)

hquc(t,T,B) = 7/
K (t,B)+1 /) =

f+5 n

Pt s ot )

B
N(t,B) M, f+B
! ‘ hqu (t)
= 77 Dy a1 _PGIm 7 ar s NL + 3
" Kfc(t7B)+1 - mz_:l_/(_g B fo(r — pqnm( ) 3)
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Fig. 2. Flowchart of the proposed channel generation process.

quencies, suggesting that modeling the channel at its central
frequency is sufficient for narrowband characterization. This
observation implies a simplification of the UWB model to a
conventional narrowband model under certain conditions.

In the proposed model, all frequency-variant parameters
contribute to frequency non-stationarity. Furthermore, the
parameter calculation approach within a given bandwidth
ensures that this non-stationarity is accurately captured. Conse-
quently, the model effectively accounts for the comprehensive
non-stationarity arising from the time-varying characteristics
of UAVs and the pronounced frequency dependence inherent
in UWB communication.

III. CHANNEL PARAMETERS GENERATION
AND EVOLUTION

A. Spatial-Frequency-Bandwidth-Correlated LSPs

The generation and temporal evolution of channel param-
eters are crucial for constructing an accurate channel model.
By thoroughly considering variables such as velocity, signal
bandwidth, and UAV posture angle, we generate realistic
parameters including path angles, phases, delays, and powers.
Fig. 2 presents the detailed flowchart of the proposed channel
generation process.

LSPs play a pivotal role in characterizing large-scale chan-
nel fading, which is generally stable over several meters of
movement. For instance, SF results from obstructions like
buildings or trees that block a substantial portion of the signal.
The decorrelation distance for SF, i.e., the minimum distance
a mobile terminal must move to encounter a noticeable change
in SF, is approximately equal to the dimensions of the obstruct-
ing objects. Consequently, when a mobile terminal follows
a specific path or when multiple terminals are positioned in
close proximity, their LSPs exhibit correlation with respect to
locations of Tx and Rx.

Moreover, the positioning and reflective attributes of scat-
tering clusters depend on several LSPs, including SF, Rician
factor, path delay spread, azimuth or elevation spread of
departure, azimuth or elevation spread of arrival, and cross-
polarization ratio. Typically, these LSPs follow specific
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distributions, derived directly from empirical measurement
data. For example, the Rician factor Ky, (¢, B) is mod-
eled as a Lognormal process within a given bandwidth
B (GHz). Given the positions of Tx and Rx as p =
(2T(t), y" (1), z7(t), 2R (1), yR(t), 2R (1)), the Rician factor can
be generated by

Kfc (t’ B)

f+3
- #+/f N K, logo (wret + f)df + K:log,,B
=3

+X % (p) | Ko+ /

1%

f+Z
Kslogyg (wret + fo)df + K log, B

9

where K, and K, are the reference mean value and
the reference standard deviation at a carrier frequency of
1 GHz, respectively, wpr is the reference frequency off-
set in GHz, K, and K. are frequency-dependence and
bandwidth-dependence constant, respectively, K and K, are
the frequency-dependence and bandwidth-dependence of the
reference standard deviation, respectively. Additionally, X & ~
N(0,1) is a spatially correlated Gaussian random variable
with a zero mean and unit variance, which is used for spatial
filtering to achieve continuous spatial variation [41]. As delin-
eated in (9), the Rician factor is modeled to encapsulate the
variations of both frequency and bandwidth. This methodology
can be extended to the modeling of SF, delay spread, and
cross-polarization ratio, ensuring a comprehensive reflection of
channel characteristics. Noted that the proposed model aligns
with the cluster delay line model framework. This alignment
is particularly evident in the calculation of scattering cluster
angles, where the azimuth and elevation angular spreads, with
respect to both departure and arrival paths, play a crucial role.
The principle of channel reciprocity mandates acknowledg-
ment that swapping the Tx and Rx positions inverses the role
of departure and arrival angular spreads, i.e., the departure
angular spread at the Tx becomes the arrival angular spread at
the Rx and vice versa. Additionally, the angular orientation of
each propagation ray, or sub-path, is determined by a specific
distribution, reinforcing the fidelity of model to real-world
channel behaviors.

B. Bandwidth-Correlated Path Numbers

Upon generating spatially-dependent LSPs, the initial posi-
tions of scattering clusters and the corresponding path angles
are determined. We defined the spatial intervals, where LSPs
remain constant and parameters like path power and path
phase continue to evolve, as quasi-stationary segments. As the
communication system transitions into a new quasi-stationary
segment, it dynamically generates scattering clusters based on
delay and path angles. Notably, with bandwidth expands to a
sufficiently wide extent, channel conditions evolve from their
intrinsic randomness to a more deterministic behavior. This
phenomenon is indicative of the channel hardening effect,
where the variability of channel gains diminishes due to the
increased bandwidth [42]. This effect is adequately captured
in the proposed model, which considers both frequency and
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Fig. 3. Clustering procedure with various bandwidths.

bandwidth influences. Consequently, the distribution of scat-
tering cluster exhibits distinct patterns under variant frequency
and bandwidth conditions during the time-frequency cluster
evolution process.

In this paper, we employ the RT technology to obtain
the number of scattering clusters N (¢, B). The RT technique
leverages principles of geometrical optics and electromag-
netic wave propagation, involving scenario reconstruction and
assessing whether rays emitted from the transmitter intersect
with the geometric triangular facets of scatterers obtained
through triangulation. This process facilitates the tracking of
each sub-path by identifying points of intersection. Following
sub-path generation, we utilize a Kernel-power-density-based
clustering algorithm to ascertain the number of clusters and
the quantity of sub-paths within each cluster [43]. For each
cluster sample z, the algorithm computes the density p using
the K nearest clusters as follows

px= Y exp(P,)exp (—W)

yeEK,

62— o3 o8 - 65|
- exp <_(az)y exp _W (10)

where P, is the power of another arbitrary sub-path, 7/, is
the delay of sub-path, oy denotes the standard deviation of
the sub-paths, ¢}, and ¢, represent the azimuth angle of
departure or arrival in the clustering process. It is noteworthy
that the kernel density in equation (10) can be adjusted as nec-
essary. For instance, if consideration of the elevation domain is
required, corresponding kernel density functions for elevation
angle of departure and elevation angle of arrival may be incor-
porated. Utilizing the Kernel-power-density-based clustering
algorithm, rays are categorized into distinct clusters, enabling
the determination of both path number N (¢, B) and sub-path
number M,,. Fig. 3 illustrates this process, where different
colors in the sub-figures represent varied clustering outcomes
derived from the same set of scattering path data produced
by RT technique. In scenarios with narrow communication
bandwidth, depicted in sub-figure (a), the limited temporal
resolution renders it challenging to differentiate between sub-
paths. Consequently, all sub-paths are grouped into a single
cluster, leading to multipath fading. As communication band-
width increases, as shown from sub-figures (b) to (d), the
resolution of time delays enhances, progressively allowing for
the identification of an increased number of distinct paths.
Simultaneously, the number of sub-paths within each cluster
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decreases, contributing to a reduction in the severity of fading
for each path, i.e., the channel hardening phenomenon.

This methodology for determining the path and sub-path
number parameters effectively captures the impact of band-
width, offering an accurate depiction of its influence on
ultra-wideband channels. Specifically, the total number of
sub-paths should be a constant which is user-defined, depend-
ing on the required computational accuracy. When channel
bandwidth change, the proposed model updates the path num-
ber N (¢, B) and the n'" sub-path number M,, according to the
clustering procedure based on RT method.

C. Delay-Posture-Correlated Path Power

The path power describes the amplitude intensity of a
signal along specific propagation paths, distinguishing between
LoS and NLoS components. Traditionally, channel models
normalize the power of the LoS component, with the NLoS
path power being significantly influenced by path delay. In the
proposed model, the impact of posture variation is taken into
account, and a multi-bounce parameter evolution method is
given, enhancing the realism of the proposed model. For the
LoS component, the delay is deterministically calculated based
on the geometric relationship between the Tx and Rx. Accurate
channel parameters for MIMO systems necessitate performing
these calculations for each element within an antenna array.
Initially, the instantaneous location vector for either the Tx or
Rx can be expressed as

t
LT/R(t) _ LT/R(to) +/ vT/R (tl) dt/ (11)
to
where LR () denotes the initial location of Tx and Rx. Then,
the delay of LoS path can be calculated directly by the ratio
of distance to wave speed as

Ty (1) = [[(LT (1) + ep(1)) — (LR(E) + 4 (D) | /¢

where e, (t) and e, (t) are the vector pointing to the p™ and ¢™
antenna element from the centers of Tx and Rx, respectively,
c is the wave velocity.

The calculation of NLoS path delays incorporates topol-
ogy data involving the Tx, Rx, the first -bounce scatterer
(FBS), and the last-bounce scatterer (LBS). Fig. 4 depicts
the evolution of multi-bounce small-scale parameters within
the proposed model. We designate a, ., (t) as the vector
from the position of ¢ antenna element of the Rx to the
location of the LBS at a given time . Conversely, vector
by ., (t) points to the FBS from the p™ antenna element of the

(12)
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Muti-bounce Small-scale
Parameters Evolution

g-th antenna of Rx

Fig. 4. Muti-bounce small-scale parameters evolution approach.

Tx, and c,,, () is the vector connecting the FBS to the LBS.
This configuration outlines that the signal propagation path is
constituted by the aforementioned three vectors. Moreover, the
total NLoS signal propagation delay can be expressed as

Tpann () = (2gn,, Ol + [bp.n,, )] + len,, M) /e
13)

It is evident from the illustration that a triangle is
formed by the p‘h antenna element, the q‘h antenna element,
and either the FBS or LBS. However, these two triangular
configurations alone do not suffice to solve an equation involv-
ing the three vectors. A common strategy for this dilemma
is to apply a Gaussian random process for generating the
length of vector c,,, (t), simulating the random multi-bounce
path among scatterers (referred to as the virtual-link method
in [22]). An alternative method for overcoming extra degree of
freedom in the equation is to employ optimization techniques,
minimizing the length of c,, () to deduce the lengths of
Ay, (t) and by, ,, (¢). This approach frames the problem as
the following optimization task

min flea, (O] = 7y, (1) - ¢ = [Py, ()] = ll2gn,. O]
L™ (t0) =L (t0)=bp n, (t0) +-Cnpy () =8 np, (o),
16,1, (£) | > imin s
Haqynm(t)l‘zdmin-

subject to (14)
The minimum distance dp;, is user-defined variable according
to the specific scenario. In U2G communication scenarios,
FBS and LBS positions are generally nearer to ground termi-
nals than to aerial ones. Consequently, we assign the value dpi,
to vector a, ,,,, () and employ the cosine theorem to ascertain
the interrelations among the remaining vectors as (15) and
(16), and (17) shown at the bottom of the next page.

dy,,, (t) = LT(1) — L¥(t) + agn,, (1)
Cnp () = d,, (£) = by, (£).

The prevalent single-bounce model can be acknowledged as
a subset of our comprehensive model. This simplification
occurs when the FBS and LBS locations merge, rendering
the model equivalent to the conventional single-bounce frame-
work, where ¢, (t) = 0.

15)
(16)
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Following the derivation of delay parameters, the
delay-correlated path power of can be calculated. The power
of LoS path is controlled by the Rician factor, indicating the
power ratio between LoS and NLoS components. Meanwhile,
The power distribution across NLoS paths can be determined
as

O,

o (1) = exp< Toainm (1) H) 1075F/10 (18)
where 7, represents the delay scalar, o, denotes the delay
spread, and SF, is the cluster shadow fading obeying the
Gaussian distribution. Subsequently, the relative power of the
NLoS component can be finalized through a normalization
procedure

N(t,B) M,

0/ 2 D Cpann(O):

n=1 m=1

CNL

pQ)"bn

CNL ( )

Panm (19)
Moreover, the impact of posture variation is critical in
UAV communication systems. Additional power loss emerges
when the airframe structure obstructs the signal, causing signal
blockage to the ground receiver during UAV posture changes,
as depicted in Fig. 5. Based on the positions of the UAV
and the ground terminal, the LoS direction vector s] (¢) and
the angle of departure 3] (¢) can be determined. Furthermore,
we introduce a vector set @F comprising all direction vectors
from the airframe edge to the antenna elements. ®F (slT(t))
is the vector matching the azimuth angle of s](¢), which
determines the angle 6F(t). The angle 6 (t) incorporates the
UAV posture variation, which depends on the posture matrix
RF(t). Consequently, the power modification factor can be

modeled as
o (1) = {1 05(1) + 67 (1) > T (1)

0, else (20)

where 6%(t) is computed through 65(t) = (©F (s[*(t)) ,ez),
with e; being the base vector of the Z axis, #°(t) can be
obtained by 6F(t) = (—e:RP(t), —ez). Notably, the power
modification factor accounts for posture variations along-
side the airframe structure and the transmitter and receiver
locations.

D. Frequency-Correlated Path Phase

The frequency-correlated path phase caused by the Doppler
effect is defined as the equivalent Doppler phase. The first
derivative of this phase with respect to time is the Doppler
shift. The proposed model calculates the equivalent Doppler
phase for each path by considering the relative movement
between the transmitter and receiver, the UAV’s posture varia-
tion, and the carrier frequency. The equivalent Doppler phases
can be formulated as

Dy, (1) =U(0,2m) + p 1 (1) + PR 0 s B) 2D

(I)pq finm ( ) U (0 27T') + (I)D ,0q, fsnm ( ) + q)A g, fnm (t)

(22)

L/NL o
where  ®pU- o p,, (t)  denotes  phase  variations

attributable to  the dual mobility of the terminals, and
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State 2 State 3

State 1

Obstructed path

/[\ ’/ Normal LoS path
Fig. 5. Addition power loss with different UAV postures.
L/NL

Apa.fApd, forim (t) rf:pfesents.th.e spatially modified Pha§es
for the posture variation within MIMO communication
systems.

To analyze the Doppler effect, it is crucial to compute path
angles. With the position vectors of the Tx, Rx, FBS, and
LBS defined during path delay calculations, the geometric
relationships among these vectors allow for the determination
of corresponding angles as

%(m@+%@%ﬁﬂﬂﬁ+%@»

ex-(LR(t) + eq(t)) — ex-(LT(t) + ep(t))
(23)

e, (LR(t) +eq(t)) —e, - (LT(t) + ep(t))>

af (t)= arctan2<

B (t)= arcsin(

VITRE) + eg(6) — LT — e, (0]
(24)
i (t) = -0’ () ©5)
lR(t):ﬂ'_ﬁl() (26)
al (t) = arctany S (LT t) +ep(t) + by, (t))
N ex - (LT(t) +ep(t) + by, ()
(27)
. = arcsin (LT(1) + ep(t) + by, (1) > 28
0 ( VIET() + ey(t) + by, ()] (28)
a® (t) = arctany ey - (LR() + eq(t) +agn,, (1))
o ex - (LR(D) + e, (1) + agn,, (1))

K () — arcsin ( - (LR(t) + eq(t) + ag,n,, (t)|)> 60

\/HLR +eq(t) +agn,, ()]
Subsequently, the unit vectors sj (¢), sy (t), sb (t), and
sR (t) for the LoS and NLoS paths at both the Tx and Rx
sides are defined. They can be obtained by converting the
AAoD a}, (t), AAoA af (t), EAoD } (t), and EAoA

Em (t) into Cartesian coordinates. Utilizing the angle unit
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Ny g (0= 221 / ST, (VT (D) + %, (VR (D) .
(32)

After considering the frequency-variant property due to
Doppler effect, it is shown that the rotation of MIMO antenna
array is influenced by not only the arbitrary velocity but also
the time-variant 3D UAV posture. The revised expressions
delineating the antenna phase terms for LoS and NLoS prop-
agation paths are presented as follows

ok (1) = 2rf || (LT(t) + ep(t)) RF(2)s] (1)
A,pq,f c + (LR(t) + eq(t)) RR(t)S%z(t)
NL 2n f ) +ep(t)
s 0 =5 | S0 U 0 H

(34)

where the velocity rotation matrix RR(¢) is applied to mod-
ify the position vector in line with the changing directions
of movement, aligning with the initially established defini-
tion [44]. Notably, even in the absence of UAV velocity,
posture alterations can still provoke a rotation in the coordinate
system. To accurately capture the UAV posture, a specific
posture matrix is utilized. The definitions of roll, yaw, and
pitch angles is illustrated in Fig. 1. The posture matrix R (¢),
which maps from the coordinate system of the Tx to that of
the Rx, can be expressed as (35), shown at the bottom of
the next page. Through modifying the roll, yaw, and pitch
angles, i.e., w, ¢, and -y within the defined posture matrix, the
posture dynamics of UAV are effectively integrated into the
channel model. Consequently, this method ensures an accurate
depiction of the posture variations of UAV and precisely
adjustments for spatial phase variations.

IV. STATISTICAL PROPERTIES OF U2G CHANNEL

Due to the randomness introduced by the scattering envi-
ronment in wireless channels, it is essential to analyze channel
characteristics and assess channel quality through statisti-
cal properties. This chapter will introduce and derive key
statistical properties of the channel to further analyze and
study the proposed model. Note that we make modifications
based on the traditional GBSM statistical properties for more
comprehensive analysis.

The STF CF measures the correlation between two channels
at different time instants, different frequencies, and different
antenna elements. For the sake of clarity, in this section,
we refer to Hy,q 1. (¢, f, B) as Hpq(t, f). The STF CF between
Hyo(t, f) and Hy, (t + At, f + Af) is defined as

vectors, the time-frequency-variant Doppler phase components quq,,;,; (t [ ArT ArR AL A f )
for LoS and NLoS paths can be obtained by =E [ pq (6 f) Hiz (t+ At, f + Af)] (36)
oL 271' f RN dE (31 where the expectation operator is denoted as E[-], the (-)*
D.pq.f H St — V@)l GD indicates the complex conjugate of a function, ArT and ArR
2 2
(73 (1) - ¢+ [[LT (o) — LR (to)[| — llag.n,, (D))" — IIdnm(t)II

o, (O = 5 2 (7L () - e+ |L7(to)

— LR(to)|| — Haq,nm )| = dn,, (t)b D, (

0 oy O an
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are the antenna array element spacing at the Tx and Rx,
respectively. By substituting (8) into (36), the STF CF is
obtained as (37), shown at the bottom of the next page, where
the STF CF of LoS and NLoS components are further derived
and simplified as (38) and (39), shown at the bottom of the
next page, where the f4 and f)" are the equivalent Doppler
frequency of LoS and NLoS component, which can be derived
through the time differentiation of the phase ®L . (¢) and
‘1)11;% fe;mm (t).

When the channel is wide-sense stationary in the time
domain, the temporal correlation function (TCF) can be
obtained by setting ArT = 0, ArR =0, and Af = 0, which
implies that the same antenna elements are used at both the Tx
and Rx, the TCF can be obtained by (40), shown at the bottom
of the next page. Similarly, the FCF describes the correlation
of the channel in the frequency domain. By setting ArT = 0,
ArR =0, At = 0, the FCF can be expressed as (41), shown
at the bottom of the next page.

The PDP, also known as delay power spectrum density
(Delay PSD), characterizes the channel power spectrum as
a function of variable delay 7. PDP is the inverse Fourier
transform of FCF R, (¢, f; Af) with respect to Af. It can
be determined by the following expression

Saltsim) = [

— 00

pq; fe

Ryq (t, f; Af) 2™ AT dAF. (42)
Given the limited bandwidth of transceiver equipment in
real-world scenarios, the minimum frequency separation A f
corresponds to discrete path delay 7,4, (t). Consequently,
the PDP can be calculated involving bandwidth-related param-
eters as

N(t,B) M,
Spq (¢, f7) Z Z Pogn, (£ )0 ( qu,nm(t))'
n=1 m=1 (43)

Note that the two expressions of PDP can be derived from
each other. Here, Py, ,,,, (¢, f) are the received powers for each
delay 7,4 n,, (t), which are affected by the STF evolution of
the clusters in space, time, and frequency domains, and will
further affect the delay PDP. It should be noted that when
the frequency point is fixed, equation (44) reduces to the
traditional one as shown in [40].

The RMS-DS is defined as the square root of the
second-order central moment of the PDP, and can be calculated

as
upq (t, f )) Spq (t, f37)dT

Jo (
UT)pq t f \/ Pq (t f7 )

where - pq(t; f) is the average delay and is also the first-order
moment of PDP. Note that we employ a theoretical definition
instead of the discrete approximation typically applied in the
engineering.

(44)
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TABLE II
CHANNEL SIMULATION SETTINGS
Description Value
Carrier frequency f. 28 (GHz)

Initial location of Tx and Rx
LT/R (t o )
Velocity of Tx/Rx VIR
Antenna type
Antenna gain
Track type of Tx and Rx
Azimuth of arrival angle spread
Azimuth of departure angle spread
Elevation of departure angle spread
Elevation of arrival angle spread
Mean and variance of delay spread

[0 0 150] and [0 O 1.5] (m)

10 and 20 (m/s)
Omnidirectional antenna
0 dBm
Circular and Uniform Linear
1.73 [log10(deg)]

1.21 [log10(deg)]

0.83 [log10(deg)]

0.73 [logl0(deg)]
-7.14 and 0.38 [log10(s)]

Doppler PSD, which measures the power distribution over
the Doppler frequency axis, is the Fourier transform of TCF
Ry, (t, f; At) with respect to the time interval At. It can be
calculated as

Spq(t,f;fd):/_o;

% NL . —j2m it
+[prq (t, f; At) - e 92 dAL  (45)

L . —jomfL
RE (L, i At) - e 2T lidAt

where the equivalent Doppler frequencies are employed,
enabling the proposed model to accurately reflect the phase
shifts resulting from variations in the UAV posture, thereby
aligning more closely with the actual circumstances.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we study key statistical properties of the
proposed UWB U2G channel model via numerical simula-
tions. Then, we validate the model by comparing the measured
data with the simulation results, and conduct a comprehensive
analysis.

A. Model Simulation

Within the simulation framework, the UAV and the ground
terminal are equipped with omnidirectional dipole antennas,
and the antenna pattern is shown in Fig. 6. The carrier
frequency is 28 GHz, the scenario is set as micro-cell urban.
In order to better highlight the bandwidth characteristics,
we apply the same motion trajectory in the simulations, so as
to eliminate the randomness caused by the motion of terminals.
Other channel simulation settings are listed in Table II. These
settings ensure a controlled and reproducible simulation frame-
work, enabling a focused analysis of the model’s bandwidth
characteristics under realistic conditions.

Fig. 7 compares the simulated TCFs based on the conven-
tional model in [40] and the proposed model for the U2G
channel. The conventional model does not fully account for
the influence of bandwidth, limiting its ability to simulate

COSw oSy  coswsin psiny — sinw cosy
RP(t) = |sinwcosy sinwsinpsiny + coswcos~y
—sinp cos sin 7y

cos w sin ¢ cos 7y + sinw sin 7y
sin w sin ¢ cosy — cosw sin vy
COS ¢ COS 7Y

(35)
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Fig. 6. Antenna pattern and trajectories of two mobile terminals.

various frequency ranges. The simulation results show that
the proposed model demonstrates a less pronounced decline
in TCF as bandwidth increases, indicating extended coherence
times. This is due to enhanced resolution with increased
bandwidth, making the channel more deterministic. As a result,
channel similarities over equivalent time spans are enhanced,
improving channel correlation and causing a more gradual
TCF decline. Specifically, at a TCF of 0.7, the normalized time
delays for each curve in the figures are 0.0028, 0.0063, 0.0116,
and 0.0227 seconds. These findings highlight the significant
impact of bandwidth on TCF in U2G channel models.
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Fig. 7.
model.

Comparison of TCFs between conventional model and the proposed

Fig. 8 illustrates the FCFs of the proposed model for band-
widths of 20 MHz, 200 MHz, 500 MHz, and 1 GHz, centered
at 28 GHz. As the normalized frequency difference increases,
the FCFs across different bandwidths exhibit a nearly identical
trend of decline and fluctuation. Notably, when the band-
width is wider, the relative coherence bandwidth diminishes.
This indicates that an increase in bandwidth enhances the
frequency selectivity of the channel, thus lowering frequency

Ky, (t,B)

Ky 1a5 (t+At, B)

Rpq, 55 (t, fi ArT, ArR

At,Af) =
> 8L, f) \/Kfc(t B)+1 KfC+Af(t+At B)+1 Pa.pq

R (t,f;ArT,ArR,At,Af)

L 1 NL T R
t, i Art Art At A 37
+\/Kf (t,B)+1 Kf+Af(t—|—AtB)+1qupq(’f’ r AR AL AS)(3T)
RY, o (6 £ AFT APR AL AF) = CL (1) O, (t+ At) 27 (i D)7, O (fi= T+ AT )i (1+AD) (38)
N(t,B) M,
Rzl\gdpq (tvf? ATTvATRvAt»Af) =E Z Z ngan Ean (t+ At) 2 (£ =1)mpa () =(fd ’f+Af)Tﬁa(t+At))}

n=1 m=1

Ky, (t,B)

By (8, 13 1) = \/Kfc (t, B)+1 Ky ing(t+AtB)+1

1
+ .
\/Kfc (t,B)+1 Kjyap(t+At,B)+1

N(t.B) M,

E[ Y Y O (

n=1 m=1

(39)
Kporar A+ ALB)  jor(fs—p)rt, (095, (A1)
1
eJQﬂ(fyL f)(T;j;“(t)fr;%(t+At)) (40)

Ky (t, B)

Kyoar (t+ AL B)

Byq (8, f; AF) = \/Kfc (t,B)+1 Kpyar(t+ALB)+1

—j2mAfTh, (t)

1 N(t,B) M,

1
+ .
\/Kfc (t,B)+1 Kjinf(t+At,B)+1

2 Chiin,, (1) 2727 Tﬂb(t)}

n=1 m=1

(41)
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Fig. 8. Impact of various bandwidths on FCF of the proposed model.
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Fig. 9. Impact of various bandwidths on PDP of the proposed model.

correlation. These findings align with the established behavior
of frequency-selective channels and highlight the impact of
ultra-wideband technology on coherence bandwidth.

Fig. 9 delineates the variation trends of the PDP under
diverse channel bandwidths. Notably, continuous variations
manifest in the delay and power of multipath components. The
LoS component persistently exhibits relatively high energy,
while scattering clusters born and die at different time inter-
vals. Due to the constant initial distance between the Tx
and Rx, the LoS path delay stabilizes around 0.5 us as
bandwidth exceeds 1 GHz. Increasing bandwidth leads to a
more concentrated power distribution among multipath com-
ponents, attributable to the enhanced resolution of wideband
receiving systems for multipath signals. Consequently, signal
fading becomes less pronounced, highlighting the significant
influence of bandwidth on the PDP, which is indicative of
channel hardening effect.

Fig. 10 demonstrates the impact of relative motion and
signal bandwidth on the DPSD in the proposed model. The
Doppler shift varies over time due to movement between the
transmitter and receiver, as well as changes of the UAV’s
posture. When comparing a narrowband channel at 10 MHz
with a wideband channel at 1 GHz, the figure reveals obvious
differences in the DPSD shape as frequency shifts occur.
This is because the model accounts for Doppler shifts across
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Fig. 10. Impact of various bandwidths on DPSD of the proposed model.

different frequencies when calculating the effective Doppler
phase. With a narrower bandwidth, the Doppler shift remains
relatively stable, resulting in minimal changes to the DPSD
shape. However, with a wider bandwidth, the Doppler shift
has a more pronounced effect on the DPSD shape. These
findings are particularly relevant for the design of UWB
communication systems, where managing Doppler shifts is
critical.

To elucidate the influence of ultra-wideband attributes on
the channel, we introduce an indicator, termed EV, to quantify
the fluctuation degree of the frequency-domain signal as
bandwidth varies. Assuming the transmission of an equivalent
baseband CIR with unit energy between the Tx and Rx h(t) =
V/Bsinc(Bt), the received energy can be represented as

|t
— 5 [ e pPas (6)

With a normalized ensemble average E [¢] = 1, the ensemble
variance can be calculated as [45]

B 2

— B[ % [t siany (-5 ) aas| -1

0
—ZZ vain (b ) Poge (1, f)sine? (B (ngljn(t)_T;IiIL,
n n'#n

w(t)]

47

where indistinct sub-paths are disregarded. Employing the
upper bound sinc?(x) < 1/(m%2?), the EV can be obtained
by

Us _ 7T2B2 Z Z Ppgn f) Pg,n (t7f) (48)

)
o (TN () = T (1)

Fig. 11 illustrates the EV of the proposed model across
varying Rician factors. As bandwidth B in (49) cannot be zero,
simulations start with 1 MHz. Higher Rician factors indicate
stronger LoS component, corresponding to improved com-
munication environments. With Rician factors of 1, 10, and
20, the respective rates of EV decline progressively increase,
eventually stabilizing after decreases of 33 dB, 37.81 dB,
and 40.42 dB. This demonstrates the significant impact of
the Rician factor on EV. Furthermore, it is observed that EV
gradually diminishes with bandwidth increase, signifying a
shift towards more deterministic channel fading behavior, i.e.,
the channel hardening effect. In this sub-section, we analyze
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Fig. 11. Energy variance of proposed model with various Rician factor.

the impact of different bandwidths on channel TCF, FCF,
PDP, DPSD, and EV. Specifically, as the bandwidth gradually
increases, the channel hardening effect becomes more pro-
nounced, and the channel exhibits higher determinism. The
simulation results demonstrate that the proposed UWB model
effectively captures the bandwidth-dependent behaviors of the
channel.

B. Model Validation

To validate the effectiveness and accuracy of the proposed
model, we utilize measurement data from existing and custom
measurement campaigns. The existing data provide a bench-
mark for initial comparisons, while the custom measurement
campaigns allow us to explore the multi-path characteristics.
These efforts complement the simulation analysis and evaluate
the model’s performance under practical conditions. We com-
pare proposed model’s simulation results with measured data
from measurements in [46]. The carrier frequency is set at
2.585 GHz, with measurements conducted at altitudes above
30m (high altitude) and below 30m (low altitude), where the
UAV flies linearly in the horizontal direction at a speed of
5.6 m/s. Fig. 12 illustrates the cumulative distribution functions
(CDFs) of the delay spreads for both the proposed model and
the measurement data. It is observed that, under matching
transmitter-receiver distances and movement speeds, the distri-
bution of the RMS-DS from the proposed model closely aligns
with the actual measurements, thus validating the model’s
accuracy and its support for UAV altitude variations.

Fig. 13 compares the simulated Rician factor of the pro-
posed model with measurement results in [47] across various
bandwidths. Under the same scenario settings, it is observed
that the cumulative distribution of the normalized Rx power
is more dispersed at narrower bandwidth. As bandwidth
increases, the normalized Rx power distribution becomes
more concentrated. This concentration is a manifestation of
channel hardening, which attributed to increased bandwidth
that reducing channel randomness. We also marked the Rician
factors calculated from measured results as -32.9, 6.92, and
17.6, while the simulated Rician factors from the proposed
model are -33.5, 7.3, and 17.2, respectively.

To validate the accuracy of the proposed model, a measure-
ment campaign was conducted, with settings and outcomes
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illustrated in Fig. 14 alongside the simulated results of the
proposed model. Considering the limited bandwidth capability
of drone-carried transmitting equipment, a test scenario with
abundant scatterers was chosen to underscore the impact of
bandwidth on channel characteristics. The center frequency
for the measurement was set at 3.6 GHz, with the transmitter
utilizing a self-developed software-defined radio card, and the
receiver being the NI PXI SDR platform [48], [49]. In three
distinct measurements, the bandwidth of signal was varied,
specifically to 15.36 MHz, 30.72 MHz, and 61.44 MHz.
Fig. 14(b) reveals the multipath effect of near scatterers
as notably weak, with far scatterers being indiscernible.
However, as bandwidth increases, Fig. 14(c, d) demonstrate
the successful capture of multipath components from distant
scatterers. The larger bandwidth enhances delay resolution,
as evidenced by Fig. 14(d) showcasing more multipath com-
ponents than Fig. 14(c). Aligning experimental parameters
and calibrating system delay, the simulated outcomes based
on our proposed model closely resonate with empirical data,
affirming the model’s validity and its support for variant
bandwidths.

In this sub-section, the proposed model shows excellent
agreement with measurement results in terms of RMS-DS,
Rician factors, and multipath components. These findings
confirm the accuracy of the proposed model in characterizing
ultra-wideband channel properties.
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VI. CONCLUSION

This paper has introduced a comprehensive 3D model
for U2G communication channels, which incorporates UWB
features and accounts for frequency non-stationarity. The
proposed model integrates both large-scale and small-scale
fading components, incorporating bandwidth-affected channel
parameters and a UAV posture matrix. This approach offers
a novel method for accurately representing realistic commu-
nication scenarios. Through the derivation of spatial LSPs,
bandwidth-correlated path numbers, delay-posture-correlated
path power, and frequency-correlated path phase, the model
can capture the essential non-stationary characteristics of
the channel across both time and frequency domains. The
application of RT for determining path numbers and opti-
mization methods for path delays enhances the precision in
parameter evolution, ensuring a high degree of reliability in
simulated outcomes. The phenomenon of channel hardening
has been examined. As the bandwidth increases, the number
of scattering clusters rises while the number of sub-paths
within each cluster diminishes. The evaluation of the proposed
model underscores the significant impact of bandwidth and fre-
quency variations on channel characteristics. The comparison
of simulated results with actual measurement data validates the
feasibility and effectiveness of the proposed model in depicting
U2G communication channels. By addressing the intricate
details of UWB U2G communication channels and provid-
ing a solid foundation for future investigations, this work
contributes to the field of wireless communication and UAV
technologies.
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