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Abstract: High-altitude platforms (HAPs) are considered to be the most important equipment for
next-generation wireless communication technologies. In this paper, we investigate the channel
characteristics under the configurations of massive multiple-input multiple-output (MIMO) space and
large bandwidth at millimeter-wave (mmWave) bands, along with the moving essence of the HAP
and ground terminals. A non-stationary three-dimensional (3D) geometry-based stochastic model
(GBSM) is proposed for a HAP communication system. We use a cylinder-based geometric modeling
method to construct the channel and derive the channel impulse response (CIR). Additionally, the
birth–death process of the scatterers is enclosed using the Markov process. Large-scale parameters
such as free space loss and rainfall attenuation are also taken into consideration. Due to the relative
motion between HAP and ground terminals, the massive MIMO space, and the wide bandwidth
in the mmWave band, the channel characteristics of HAP exhibit non-stationarities in time, space,
and frequency domains. By deriving the temporal auto-correlation function (ACF), we explore the
non-stationarity in the time domain and the impact of various parameters on the correlations across
the HAP-MIMO channels. The spatial cross-correlation function (CCF) for massive MIMO scenarios,
and the frequency correlation function (FCF) in the mmWave bands are also considered. Moreover,
we conduct simulation research using MATLAB. Simulation results show that the theoretical results
align well with the simulation results, and this highlights the fact that the constructed 3D GBSM can
characterize the non-stationary characteristics of HAP-MIMO channels across the time, space, and
frequency domains.

Keywords: geometry-based stochastic models (GBSM); high-altitude platforms (HAP); Markov process;
massive multiple-input multiple-output (MIMO); millimeter wave (mmWave); non-stationary

1. Introduction

Recently, there has been a growing demand for flexible and agile connection solu-
tions due to the increasing complexity of wireless communication and the proliferation of
communication equipment [1–3]. To meet the demands, non-terrestrial networks (NTNs)
have been introduced as part of sixth-generation (6G) technologies, enabling communica-
tion from urban centers to remote areas [4,5]. The integrated air and terrestrial systems
have been widely discussed by industries and academics [6]. Non-terrestrial network
refers to networks, or segments of networks, that use an airborne or spaceborne vehicle
for transmission, including satellites, high-altitude platform (HAP) stations, unmanned
aircraft vehicles (UAVs), and so on [7]. Among them, HAP communication has gained
considerable attention among researchers and practitioners. HAP is a crucial component
of air-to-ground networks, providing access to many mobile and internet of things (IoT)
users, particularly in rural areas with limited ground base station coverage [8,9]. Com-
pared to traditional communication methods, HAP communication systems offer several
advantages, including wide coverage, high bandwidth transmission, quick deployment,
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and innovative approaches to expand and enhance communication networks [10–13]. To re-
alize high-performance HAP communication, it is crucial to accurately characterize its
propagation channel and build accurate models [14].

The HAP communication model consists of two parts: stratospheric base station
(SBS) and terrestrial mobile station (TMS), and they are constantly in motion. The SBS is
located between 17 km and 22 km above the ground, and the high-altitude environment is
very complex. Therefore, in the process of HAP modeling, it is necessary to consider the
non-stationary characteristics in the time domain and the impact of large-scale parameters
such as free space path loss and rainfall fading on the channel [15]. In [16], an efficient
Markov-chain-based channel model was proposed for HAP communication channels.
However, it did not take into account the dynamic propagation environment in practice.
In order to more accurately simulate the transmission of signals in complex propagation
environments, a 3D geometry-based stochastic model (GBSM) based on cylinders was
proposed for HAP communication system in [17]. The birth–death process of the scatterers
was considered in [18]. However, due to the high elevation angle, the Parsons pdf used was
not appropriate. In [19], Markov processes were employed to describe scatterers’ dynamic
behavior. The non-stationary characteristics in the time domain of HAP channels were
studied, and the influence of some parameters on the statistical characteristics of GBSM was
simulated in [20,21]. However, they did not consider the impact of large-scale parameters
on the channel.

Incorporating multiple-input multiple-output (MIMO) technology into HAP commu-
nication can improve spectral efficiency and reduce attenuation by utilizing spatial and
multiplexing gains [22,23]. In [24], the author constructed a 2 × 2 HAP-MIMO channel.
The non-stationary characteristics in the HAP-MIMO channel were analyzed in [25]. How-
ever, in practical applications, we often need to use massive MIMO to provide high gain
and directional beams. When using massive MIMO, there are non-stationary characteristics
in the space domain, which have not been considered in previous work.

With the development of 6G technology, it is expected that HAP communication
will achieve higher channel capacity and meet the growing data demand, especially in
emerging technologies such as autonomous driving and virtual reality [26,27]. There is a
clear need for HAP communication systems that can provide higher bandwidths and faster
data transfer rates. World Radiocommunication Conference 2019 (WRC-19) adopted the
topic of “Promoting People’s Access to Broadband Applications Provided through High
Altitude Platform Stations” and proposed a new 38 GHz–39.5 GHz frequency band for HAP
globally under a fixed business division [28]. Therefore, studying the HAP communication
characteristics in the mmWave band is also very important [29]. As the frequency increases
to the mmWave band, HAP requires a wider bandwidth. The model proposed in [30] was
extended to a wideband channel model. The statistical characteristics of non-stationary
wideband HAP-MIMO channel models were analyzed in [31,32]. However, none of the
above models have taken into account the non-stationary characteristics of wide bandwidth
in the frequency domain.

To address these challenges, we propose a non-stationary 3D wideband GBSM where
scatterers are distributed on the surface of a cylinder following Markov birth–death pro-
cesses. Large-scale parameters, such as free space loss and rainfall fading, are considered
to enhance the accuracy of the channel model. Furthermore, to analyze the non-stationary
behavior of the channel, we derive the temporal auto-correlation function (ACF), spatial
cross-correlation function (CCF), and frequency correlation function (FCF), and conduct
simulation verification. We also consider the impact of different channel parameters on
temporal ACF.

The contributions of our research can be summarized as follows.

• A wideband non-stationary 3D GBSM for HAP-MIMO communication systems at
mmWave bands is established, which consider the impact of large-scale parameters
on the channel.
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• The dynamic birth–death behavior of scatterers is modeled through Markov processes.
Based on the proposed non-stationary 3D GBSM, some important statistical properties,
i.e., temporal ACF, spatial CCF, and FCF, are derived and analyzed.

• The impacts of some parameters on ACF are compared, and the non-stationary character-
istics in time, space, and frequency domains are investigated thoroughly by simulations.

The remainder of this paper is organized as follows. Section 2 introduces the composi-
tion and transmission characteristics of the HAP-MIMO channel model. Section 3 derives
the channel statistics, i.e., the ACF, CCF, and FCF formula. The simulation settings and
results are shown in Section 4. Conclusions are drawn in Section 5.

2. Channel Model
2.1. Descriptions of 3D GBSM for HAP-MIMO Channel

Typically, geometric modeling methods based on ellipsoids, hemispheres, and cylin-
ders are used [33–35]. However, the ellipsoid model is only suitable for situations where
the receiver is higher than the scatterers. The channel model based on hemispheres usually
assumes that the elevation and azimuth angles of the propagation path are correlated.
These models can only be applied to specific scenarios and are not perfectly applicable
to HAP environments. Nevertheless, the model based on cylinders can adapt to open
channel environments and is particularly suitable for situations with high transmitting
ends. Therefore, we choose the cylinder model for the HAP channel.

This paper considers a downlink channel with nT transmit antennas and nR receive
antennas in SBS and TMS, respectively. As shown in Figure 1, we propose a 3D GBSM for
HAP-MIMO channel and demonstrate its line-of-sight (LoS) and non-line-of-sight (NLoS)
paths, which is the foundation for constructing a uniform linear array with any number of
antennas. The two connecting lines between HAP and points m as well as n, represent the
LoS path. The two lines that reach the midpoint S represent the NLoS path. The height of
the cylinder is H, and the radius is R. We assume that there is no scatterer in the SBS, and the
SBS moves at a speed of va. Sn (n = 1, 2, . . . , N) denotes scatterers located on the surface
of the cylinder. Scatterers and the TMS move together at a speed of vb. δT and δR denote
the distance between two adjacent antenna elements at the TMS and the SBS, respectively,
angles ψR denotes the elevation angle of the TMS antenna element in the x–y plane, angles
θT and θR describe the antenna orientations. The heights of OT and OR are HT and HR,
respectively, and the projection distance between them on the x–y plane is D. The elevation
angle of OT relative to OR is βT ,which is approximately equal to arctan(HT/D). For the
ease of reference, we summarize the parameters of the proposed model in Table 1.

We assume that both the receiving and transmitting ends utilize uniformly linear
arrays for their antenna configurations. Therefore, the channel between the HAP and the
TMS can be modeled as

H(t; τ) =

 h1,1(t; τ) . . . h1,nR(t; τ)
...

. . .
...

hnT ,1(t; τ) · · · hnT ,nR(t; τ)


nT∗nR

, (1)

where the matrix element hnTnR(t; τ) represents the channel impulse response (CIR) of the
subchannel between the nR-th receive antenna and the nT-th transmit antenna.

Table 1. Definition of the parameters in the 3D HAP-MIMO model.

Parameter Meaning

nT , nR The number of transmit antennas and receive antennas, respectively.

HT , HR The height of TMS and SBS, respectively.

δT , δR
The spacing between two adjacent antenna elements at the TMS and the
SBS, respectively.
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Table 1. Cont.

Parameter Meaning

va, vb The velocity of TMS and SBS, respectively.

βT The elevation angle of TMS relative to SBS.

H The height of the cylinder.

R The radius of the cylinder.

Sn The position of the nth scatterer.

ψR The elevation angle of the TMS antenna element in the x–y plane.

θT , θR The antenna orientations of TMS and SBS, respectively.

O1

q

n

m

s

ΘT 

βT

OT

OR

H

R
ΘR 

HT

HR

D
xx

zz

0 x

z

0

p

δ 

s

LoSNLoS

Figure 1. 3D GBSM with LoS and NLoS components for HAP-MIMO channel.

The general form of the S–T communication channel follows a Rice distribution, which
effectively describes the statistical characteristics of the channel. Considering the geometric
model depicted in Figure 1, it is evident that the channel impulse response is a result of the
superposition of LoS components and NLoS components. i.e., [32]

hpn(t; τ) = hpn,LoS(t; τ) + hpn,NLoS(t; τ), (2)

where

hpn,LoS(t; τ) =

√
K

K + 1
e−j 2π

λ d(p,n)ej2πt f LoS
pn (t)δ(τ − τLoS), (3)

hpn,NLoS(t; τ) =

√
K

K + 1
1√
N

N

∑
i=1

e−j 2π
λ (d(p,s)+d(s,n))+jφ(i)ej2πt f NLoS

pn (t)δ(τ − τ
(n)
NLoS), (4)
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where K and λ denote the Ricean factor and carrier wavelength, respectively; d(p, n)
denotes the distance between p and n; f LoS

pn (t) and f NLoS
pn (t) denote the Doppler frequency

of the LoS components and NLoS components, respectively; φ(n) denotes the phase
introduced by the nth scatterer; τLoS and τ

(n)
NLoS are the travel times of the LoS and NLoS

waves, respectively; δ denotes the Dirac delta function. The Doppler frequency f LoS
pn (t) and

f NLoS
pn (t) can be written as [32]

f LoS
pn (t) = fTmaxcos(π − αLoS(t)− γT) + fRmaxcos(αLoS(t)− γR), (5)

f NLoS
pn (t) = fTmaxcos(γT) + fRmaxcos(αn(t)− γR)cosβn(t), (6)

where fTmax = va/λ and fRmax = vb/λ denote the maximum Doppler frequencies associated
with SBS and TMS, respectively. αLoS(t) denotes the azimuth angle of arrival (AAoA) of
LoS components at the TMS. αn(t) and βn(t) denote the azimuth angle of departure (AAoD)
from the scatterer and the elevation angle of departure (EAoD) from the scatterer.

In the HAP channel, during the propagation of signals, electromagnetic waves are
reflected, scattered, and diffracted due to factors such as buildings, trees, vegetation, terrain,
and sea surface along the propagation path. This results in the signal reaching the receiving
end being mixed with echoes propagated from multiple paths. The arrival time of each
component of the multipath field at the receiving end is different, and multipath signals of
different phases overlap with each other, causing interference to the signal and distorting
the original signal. Errors may occur. Therefore, it is necessary to study the impact of this
multipath effect on the channel and model the multipath effect accordingly.

The number of time-varying multipath is represented by N(t). The time-varying
number of multipath can be represented by a Poisson distribution for modeling the number
of multipath. Its probability density function can be written as

Ppoisson(N(t)) =
ρN(t)

N(t)!
e−ρ, (7)

where ρ denotes the mean of N(t).
The delay of the k-th path is represented by the τk(t), where the LoS path delay is

between the HAP and the ground station. The NLoS path component delay can be obtained
based on the increment of the LoS path delay, and its distribution is affected by the commu-
nication scenario and elevation angle. The delay increment of each multipath relative to
the straight path is described using an exponential distribution, and its probability density
function can be written as

Pexp(∆τk(t)) =
1
b

e−
∆τk(t)

b , (8)

where b denotes the mean delay increment of each path.
The amplitude of the k-th path is represented by ak(t). Its probability density function

can be expressed as

P(ak(t)) =
ak(t)
σk

2 exp
(
− ak(t)

2σk
2

)
, (9)

where 2σk
2(t) represents the average power of the Rayleigh distribution.

2.2. Birth–Death Process

The clusters in the HAP-MIMO channel represent groups of signal paths that result
from reflections, diffractions, and scattering phenomena. These clusters exhibit dynamic
characteristics due to the movement of the SBS and the changing positions of scatterers in
the environment. The Markov birth–death process is a stochastic model that describes the
evolution of a system where elements can either “birth” or “die” over time, with transition
probabilities between different states.

To be able to talk about a Markov process, the three properties of stationarity, regularity,
and independence, on which the derivation of the characteristics is based, should be
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satisfied. Stability refers to the fact that the probability of a system’s state transition remains
constant over time. We assume that the statistical properties of the HAP channel are stable
over a long time scale, meaning that the statistical properties of the channel do not change
over time. Regularity requires that the state transition probability of the system is finite
and non-zero. In HAP channel modeling, we assume that there is a non-zero probability
of transitions between channel states, and these probabilities are finite. Independence
refers to the fact that the future state of a system depends only on the current state and is
independent of past states. In HAP channel modeling, we assume that the transition of
channel states is independent of previous states, meaning that future channel states only
depend on the current channel state.

In the context of HAP-MIMO channel modeling, the clusters are represented as states
in the Markov process, and the birth and death events correspond to the creation or
disappearance of clusters as the wireless environment changes [36]. The variability of the
wireless channel over time primarily arises from the mobility of the TMS and the SBS.
As these entities move, the wireless channel experiences change due to variations in path
loss, shadowing, and interference conditions. Such dynamic characteristics contribute to
the time-varying nature of the wireless channel in this context. Therefore, the time-varying
channel fluctuations caused by the motion of the above two during the period from t to
t + ∆t can be expressed as [19]

δP(t, ∆t) = δSBS(t, ∆t) + δTMS(t, ∆t), (10)

where δSBS(t, ∆t) and δTMS(t, ∆t) represent time variation caused by SBS and TMS, respec-
tively, and can be defined as

δSBS(t, ∆t) =
∫ t+∆t

t
vSBS(t)dt, (11)

δTMS(t, ∆t) =
∫ t+∆t

t
vTMS(t)dt. (12)

Due to the short time interval, we assume that SBS and TMS are in uniform motion.
The above two equations can be simplified as [19]

δSBS(t, ∆t) = vSBS(t)× ∆t, (13)

δTMS(t, ∆t) = vTMS(t)× ∆t. (14)

Therefore, δP(t, ∆t) gives the degree of correlation between CIR at different time
instants. We introduce a Markov birth–death description that leads to the time-varying
number N(t) of clusters for CIR realizations. It can be divided at any time into newly
generated and previously existing clusters. The Markov process can be described by the
generation rate of clusters (λG) and the recombination rate of clusters (λR). The expectation
of the total scatterer number is given by [19]

E{N(t)} = N(t0) =
λG
λR

. (15)

Each cluster survives from one CIR at t to the next one at t+∆t with the following probability:

Psur(∆t) = e−λR
δP(t,∆t)

Dc , (16)

where Dc is the related factor that changes with the scenario. The expected number of new
clusters generated by Markov processes during the period [t, t + ∆t] is

E{new(∆t)} =
λG
λR

(1 − e−λR
δP(t,∆t)

Dc ). (17)
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We use scenario movement δP(t, ∆t) to describe the correlation between two clusters.
When the δP(t, ∆t) value is high, the correlation between the properties of the existing
clusters at t and the newly generated clusters at t + ∆t decreases. Figure 2 shows the
image of the multipath components (MPCs) of the birth–death process, which assumes
λG = 0.13/m and λR = 0.03/m.

Figure 2. An example of the MPCs evolution process in the time domain (λG = 0.13/m, λR = 0.03/m).

Since both SBS and TMS are moving, the distance between clusters is time-varying,
during the generation process of the new cluster, the time delay can be approximated as

τl = τLoS(t), (18)

where τLoS(t) represents the time-varying delay of the LoS path, and can be expressed as

τLoS(t) = DLoS(t)/c, (19)

DLoS(t) = d(p, n) + va∆t + vb∆t. (20)

Indeed, at the beginning, some scatterers are generated at the TMS end. Specific
clusters may be removed from the CIR as time progresses, while new clusters may emerge.
Additionally, the parameters associated with the surviving clusters changes within a time
interval (∆t) due to the movement of SBS and TMS. To capture this dynamic evolution of
the surviving clusters, it is necessary to incorporate an appropriate model that accounts for
the changes in cluster parameters over time (∆t). This evolution process allows for adapting
cluster characteristics in response to the movement and varying conditions in the wireless
channel. By integrating these dynamics into the model, a more accurate representation of
the CIR and their correlation over time can be achieved.
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2.3. Large-Scale Parameters

HAP is located at the altitude of the stratosphere, and its propagation environment
is very different from traditional ground communication or low altitude communication
systems. The complex propagation environment requires large-scale parameters to char-
acterize it. Due to the relatively long propagation distance between HAP and ground
terminals, path loss increases with distance, and free space loss is the most basic part,
which can help us accurately evaluate signal attenuation. The weather conditions in the
stratosphere can also have a significant impact on signal propagation, and our HAP channel
is located in the mmWave band with a high frequency, so rainfall attenuation is also an
important factor that we need to consider. Therefore, it is important to consider large-scale
parameters, such as free space loss and rainfall attenuation, in HAP channel modeling.

When wireless signals propagate through the atmosphere, they encounter various
atmospheric components that affect their transmission. The primary atmospheric compo-
nents contributing to this attenuation are dry air molecules and water molecules in the
atmosphere. To calculate the attenuation caused by atmospheric absorption on transmission
signals, we can refer to the ITU-R P.676 [37], which provides an atmospheric molecular ab-
sorption attenuation prediction model. The oblique path gas attenuation can be estimated
by dividing the atmosphere into exponentially increasing layers, determining the specific
attenuation (dB/km) of each layer and the path length (km) passing through each layer.
The product of the specific attenuation of each layer and the path length passing through
each layer can be summed up to provide a very approximate estimation. The molecular
absorption loss is represented by [37]

Agas =
imax

∑
i=1

ωi Hi, (21)

where Hi denotes the distance of the path and ωi denotes the ratio decline, which relates
to dry air pressure, water vapor partial pressure, and ambient temperature. We use the
simulation data of the global annual average reference atmosphere in the ITU-R P.835 [38].

The rainfall process introduces a significant complexity to the attenuation of the HAP
channel. To compute the attenuation caused by rainfall on transmission signals in the
HAP channel, we can refer to the rainfall attenuation prediction model provided in the
ITU-R P.618 [39]. This prediction model incorporates factors such as the actual propagation
distance, rainfall rate, and height of the rainfall in the HAP channel. This model can replace
the path loss caused by rainfall in the HAP communication environment with an equivalent
tilted path and unit kilometer attenuation. The rainfall attenuation can be expressed as [39]

Arain = γR × LE, (22)

which can be derived from the ITU-R P.618 recommendation. Where γR denotes unit
kilometer ratio fading. It is related to rainfall rate and communication frequency. LE
denotes effective inclined path length. The length of the tilted path is related to the
communication elevation and orbit height and requires frequency correlation coefficient
correction to obtain an effective tilted path length.

3. GBSM Non-Stationary Channel Statistical Properties

In this section, we present the distribution of scatterers and derive formulas for
temporal ACF, spatial CCF, and FCF. The cylinder model based on GBSM is shown in
Figure 3, we use different distributions to describe the azimuth and elevation angles of
scatterers, respectively. We assume that the azimuth angles φz and elevation angles θz of
the received signal are independent, φz follows von-Mises distribution, and θz follows
Laplacian distribution [31,40]. Specifically, the von-Mises distribution can simulate some
typical channel characteristics well, such as multipath scattering in the HAP channel.
Moreover, the parameters of the von-Mises distribution can reflect the correlation and
spatial coherence characteristics of the channel, which more comprehensively describes the
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channel state transition process. Similarly, the Laplacian distribution has similar advantages
in describing elevation angle distributions. It can well describe phenomena such as high
correlation and vertical signal attenuation in the HAP channel. The scatterers distribution
map can be outlined as follows

f1(φz) =
exp(k1(φz − φz))

2π I0(k1)
,−π ≤ φz, φz ≤ π, (23)

f2(θz) =
π

4θm
cos(

π(θz − θz)

2θz
), θz − θm ≤ θz ≤ θz + θm ≤ π/2, (24)

where I0(.) is the zero-order Bessel function and k1 controls the density of f1(φz), setting
k1 = 0 incurs isotropic scattering, i.e., f1(φz) = 1/2π. As k1 increases, the scattering be-
comes increasingly non-isotropic. φz, and θz are the mean values of φz and θz, respectively,
and θm denotes the maximum elevation angle in the communication environment.

Figure 3. Scatterers in the cylinder distribution-map.

The non-stationary nature of the channel can be reflected through the correlation
function. This chapter models the channel model for non-stationary characteristics in the
time, space, and frequency domains. By calculating and comparing the consistency of the
changes in the two parameters of the correlation function, the non-stationary nature of the
channel with the changes in the above parameters can be verified separately [41].

Rqm,pn(t, f ; ∆r, ∆t, ∆ f ) = E[h∗qm,pn(t, f )h∆r(t + ∆t, f + ∆ f )]

= K
K+1 RLoS

qm,pn(t, f , ∆r, ∆t, ∆ f ) + 1
K+1

M
∑

m=1
RNLoS

qm,pn(t, f , ∆r, ∆t, ∆ f )
, (25)

where (.)* denotes complex conjugate operation, E [.] denotes the statistical expectation operation.

3.1. Temporal ACF

Considering the birth–death process, the survival probability of a cluster in the range
of t to t + ∆t is e−λRPc(va∆t+vb∆t). The proposed GBSM normalized ACF between q − m link
and p − n link can be defined as [41]

Rqm,pn(t, ∆t) = RLoS
qm,pn(t, ∆t) + RNLoS

qm,pn(t, ∆t), (26)
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RLoS
qm,pn(t, ∆t) = e−λRPc(va∆t+vb∆t)×
K

K+1 e−j2π(d(p,l)(t)−d(q,m)(t+∆t)) × e−j2π∆t( fTmaxcos(γT)+ fRmaxcos(π−γR))
, (27)

RNLoS
qm,pn(t, ∆t) = e−λR(vTMS∆t+vSBS∆t) × 1

K+1

∫ Rmax
Rmin

∫ βmax
βmin

f1(φz)× f2(θz)

×e−
2π
λ (d(p,s)(t)+d(s,n)(t)−d(q,s)(t−∆t)−d(s,m)(t−∆t))

×e−
2π
λ (va+vb)∆t cos(αn(t)−γR) cos(βn(t))dαdβ

, (28)

where Rmin and Rmax denote the minimum and maximum horizontal distance between the
scatterer s and OR, and the symbols βmin and βmax denote the minimum and maximum
EAoD, respectively.

3.2. Spatial CCF

In wide-sense stationary uncorrelated scattering (WSSUS) channels, the spatial CCF
depends on the relative SBS and TMS antenna element spacing δT and δR, respectively.
However, for non-stationary systems, spatial CCF is not only related to relative antenna
spacing but also to time t. Therefore, based on this dependency, the spatial CCF of the
non-stationary channel model can be referred to as the local spatial CCF and can be
expressed as [41]

Rqm,pn;∆q,∆p(t, f ) = RLoS
qm,pn;∆q,∆p(t, f ) + RNLoS

qm,pn;∆q,∆p(t, f ), (29)

RLoS
qm,pn;∆q,∆p(t, f ) =

K
K + 1

E[hLoS∗
qm,pn(t)h

LoS
qm,pn;∆q,∆p(t)e

j2πΩ f ,1 ], (30)

RNLoS
qm,pn;∆q,∆p(t, f ) =

K
K + 1

n

∑
i=1

E[hi∗
qm,pn(t)h

i
qm,pn;∆q,∆p(t)e

j2πΩ f ,2 ], (31)

Ω f ,1 = f (τLoS
qm,pn(t)− τLoS

qm,pn(t + ∆t)), Ω f ,2 = f (τi
qm,pn(t)− τi

qm,pn(t + ∆t)), (32)

where n denotes the number of scatterers and τ denotes the delay of each path.

3.3. FCF

We mainly consider the HAP channel in the mmWave bands, where signals are
subjected to stronger attenuation and multipath effects, leading to frequency fading and
other phenomena during signal propagation. Therefore, we need to discuss the correlation
function and non-stationary characteristics of HAP channels. By setting the time increment
∆t and the antenna space increment ∆q, ∆p to zero, FCF can be expressed as [41]

Rqm,pn(t, f ; ∆ f ) = RLoS
qm,pn(t, f ; ∆ f ) + RNLoS

qm,pn(t, f ; ∆ f ), (33)

RLoS
qm,pn(t, f ; ∆ f ) =

K
K + 1

E[hLoS∗
qm,pn( f )(

f
fc
)LoS∗

hLoS
qm,pn( f + ∆ f )(

f + ∆ f
fc

)LoSej2πΩ f ,1 ], (34)

RNLoS
qm,pn(t, f ; ∆ f ) =

1
K + 1

n

∑
i=1

E[hi
qm,pn( f )(

f
fc
)

γi
∗

hi
qm,pn( f + ∆ f )(

f + ∆ f
fc

)
γi

ej2πΩ f ,2 ]. (35)

4. Results and Analysis

In our simulation process, we consider HAP-MIMO communication scenarios. Un-
less otherwise specified, the following parameters are selected: f = 38 GHz, nT = 64, nR = 2,
βT = 60°, θT = θR = 45°, ψR = 0°, HT = 20 km, HR = 10 m, k = 4, µ = 0°, H = 100 m, R = 200 m;
we refer to a typical densely built area in London and set the average height of scatterers as
Hmean = 17.6 m and σ = 0.31, K = 3 dB, va = 50 m/s, vb = 5 m/s, λG = 0.13/m, λR = 0.03/m,
n = 40. Figure 4 shows that the attenuation increases with increasing rainfall intensity in
the HAP channel.
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Figure 4. Path loss for different rain-rates.

In Table 2, we compare our model with Model in [31] and Model in [32].

Table 2. Comparison among our model and Model in [31] and Model in [32].

Our Model Model in [31] Model in [32]

GBSM GBSM GBSM

Consider birth–death process Consider birth–death process Not consider birth–death process

Consider large-scale parameters Not consider large-scale parameters Not consider large-scale parameters

Consider temporal ACF Consider temporal ACF Consider temporal ACF

Consider spatial CCF Consider spatial CCF Not consider spatial CCF

Consider FCF Not consider FCF Not consider FCF

From the table, it can be seen that our manuscript considers non-stationary character-
istics from time domain, space domain, and frequency domain, and also takes into account
the influence of large-scale parameters on channel attenuation. By considering these factors,
our model can more accurately describe the characteristics of actual channels.

Due to the mutual movement between SBS and TMS, the channel model exhibits non-
stationary characteristics in the time domain. Figure 5 shows the variation of time-domain
normalized ACF with time interval ∆t at three different starting times t = 0 s, t = 2 s, and
t = 4 s. As shown in the figure, the temporal ACF for different simulation starting times has
significant differences. The theoretical results and simulation results are basically consistent.
Therefore, the proposed model can characterize the non-stationary characteristics in the
time domain.
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Figure 5. Temporal ACF results at different times.

Figure 6 depicts the variation of the temporal ACF with different elevation angles
βT at t = 0 s; as shown in the figure, the increase in βT leads to a sharp decrease in
temporal correlation. In the HAP system, when the elevation angle changes, the length
and propagation time of the signal propagation path also change accordingly. This results
in different multipath signals reaching the TMS at different phases, thereby affecting
the temporal ACF of the signal. As the elevation angle increases, the signal propagation
environment changes more dramatically, the diversity of signal propagation paths increases,
and multipath effects become more significant. Therefore, the impact of HAP motion on
time correlation is decreasing.
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Figure 6. Temporal ACF results at different elevation angles (t = 0 s).



Electronics 2024, 13, 678 13 of 17

Figure 7 shows the temporal ACF between the isotropic environment k = 0 and the non-
isotropic environment k = 4 and k = 10. It can be seen that, as k increases, the distribution of
scatterers becomes more concentrated and the correlation becomes higher.
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Figure 7. Temporal ACF results at different degrees of scatterer aggregation (t = 0 s).

Due to the drastic changes in the channel caused by the near-field effect with the
antenna array, the massive MIMO channel we use exhibits non-stationary characteristics
in the space domain. We calculate the changes in the space domain normalized cross-
correlation function with the array element spacing ∆p for three sets of transmitting
and receiving antenna pairs p = 1, q = 1, p = 32, q = 1, and p = 64, q = 2, respectively.
Figure 8 shows that the spatial CCF of different receiving and transmitting antenna pairs
is significantly different. This is because different antennas have different positions and
directions in space. Due to the different positions and directions of different antennas,
the propagation paths experienced by the signals they receive will also vary. This results in
signals between different antennas having different delays and phase differences, leading
to changes in spatial CCF. The theoretical and simulation results are in good agreement.
Therefore, the proposed channel model can describe the non-stationary nature of channels
in the space domain.

Due to the non-uniform fading characteristics of wideband at different frequency
points, the GBSM channel model of HAP exhibits non-stationary characteristics in the fre-
quency domain. In Figure 9, it can be seen that the normalized CCF in the frequency domain
varies with the frequency interval ∆ f at three different starting frequencies f = 38 GHz,
f = 38.5 GHz, and f = 39 GHz. From the figure, it can be seen that the CCF at different
simulation frequencies has a significant difference. Our HAP channel is located in mmWave
and has a large bandwidth, wideband HAP channel has different fading characteristics at
different frequency. Therefore, it exhibits non-stationary characteristics in the frequency
domain. The theoretical results and simulation results are basically consistent. Therefore,
the proposed channel model can describe the non-stationary nature of channels in the
frequency domain.
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Figure 8. Spatial CCF under different antenna spacing.
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Figure 9. CCF under different frequencies.

The cumulative distribution functions (CDF) of the stationary bandwidth of our
channel model at different frequencies and the model in [31] and the model in [32] are
shown in Figure 10. The threshold is chosen as 0.9. The model in [31] and the model
in [32] did not consider FCF, and the stationary bandwidth is infinite. The channel whose
bandwidth less than the stationary interval can be considered as frequency stationary.
Therefore, in the case of wide bandwidth at the mmWave band, it is necessary to consider
the non-stationary characteristics of the frequency.
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Figure 10. Comparison of stationary bandwidth [31,32].

5. Conclusions

In this paper, we investigated a non-stationary 3D GBSM for HAP-MIMO commu-
nication systems at mmWave bands. We utilized a cylinder-based geometric modeling
method to construct the channel and derived the channel impulse response. The Markov
process was used to describe scatterers’ birth–death process. The impact of large-scale
parameters, such as free space loss and rainfall loss was considered in our proposed model.
Furthermore, we derived the temporal ACF and obtained the effects of parameters such as
elevation angles and scatterer distribution on the correlation of the model. Additionally,
we obtained the spatial CCF and FCF and conducted simulation. Theoretical results were
consistent with the simulation results, which showed that the constructed 3D GBSM model
could effectively characterize the non-stationary characteristics of HAP-MIMO channels in
the time, space, and frequency domains.

The significance of this work lies in the fact that it provides a comprehensive and
accurate model for HAP-MIMO communication systems at mmWave bands. The non-
stationary 3D GBSM takes into account the large-scale parameters and can effectively
describe the non-stationary characteristics in time, space, and frequency domains. This
model can be used to optimize the design of HAP-MIMO systems and improve their
performance. Our work can help fill the gap in existing literature on the non-stationary
characteristics of frequencies at the mmWave band, and supplement some research on
path loss. In future work, we plan to continue improving our non-stationary 3D GBSM by
introducing more large-scale parameters and using machine learning methods to adjust the
parameters to improve the accuracy of the model.
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