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Abstract

:

With the increasing requirements for unmanned aerial vehicle (UAV) communication in various application scenarios, the UAV-assisted emergency communication in urban transportation scenario has received great attention. In this paper, a novel UAV-assisted UAV-to-vehicle (U2V) geometry-based stochastic model (GBSM) for the urban traffic communication scenario is proposed. The three-dimensional (3D) multi-mobilities of the transmitter (Tx), receiver (Rx), and clusters are considered by introducing the time-variant acceleration and velocity correspondingly. The velocity variation of the clusters is used to simulate the motion of vehicles around the Rx. Moreover, to describe the vehicles’ moving states, Markov chain is adopted to analyze the changes in cluster motion states, including survival, death, dynamic, and static states. By adjusting the scenario-specific parameters, such as the vehicle density ( ρ ) and dynamic–static ratio ( Ω ), the model can support various urban traffic scenarios. Based on the proposed model, several key statistical properties, namely the root mean square (RMS) delay spread, temporal autocorrelation function (ACF), level-crossing rate (LCR), power delay profile (PDP), and stationary interval, under different clusters and antenna accelerations are obtained and analyzed. The accuracy of the proposed model is verified by the measured data. The results demonstrate the usability of our model, which can be provided as a reference for the design, evaluation, and optimization of future communication networks between UAV and vehicles in urban transportation emergency communications.
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1. Introduction


In addition to enhancing the performance indexes of fifth-generation (5G) communication and studying its channel characteristics, the future sixth-generation (6G) communication will attach more importance to the flexibility and dimensionality of the network and realize space–air–ground–sea networks by integrating unmanned aerial vehicles (UAVs) with satellite, ground, and ocean communication technologies [1,2,3,4,5]. As an important part of 6G communication, UAV communication can serve as mobile base station to provide extensible network coverage [6]. It has gained widespread usage in various application scenarios, including ground communication, environmental monitoring, disaster rescue, and military operations.



Due to their advantages of flexible deployment, strong adaptability, and wide coverage, UAVs are considered in emergency communication [7]. UAVs, as base stations, can increase the service ranges of cellular networks and provide high-quality communications [8,9]. They can not only resolve the limitations of facilities construction caused by terrain, climate, and natural disasters, but also effectively guarantee the popularization of emergency communication services [10,11,12]. Meanwhile, they can further improve the capacity and level of emergency communication and make the communication services more stable. As a typical application scenario, UAV-assisted urban transportation emergency communication has attracted increasing attention. For instance, traffic congestion impedes signal transmission, leading to difficulties in normal data transmission. Additionally, during urban transportation communication, the buildings and vehicles around the cars may interfere with vehicle-to-vehicle (V2V) communication. Therefore, it is meaningful to develop UAV-assisted emergency communication in urban transportation. To better design the future UAV-assisted emergency communication system, an accurate UAV-assisted multi-mobility channel model that can describe the real propagation characteristics is essential.



1.1. Related Works


Currently, a multitude of studies have been conducted on UAV air-to-ground (A2G) channel measurements and modeling [13,14,15,16]. Based on the measurement method, the characteristics of UAV channels are studied according to a large number of UAV channel measurement data. In [17], the UAV A2G channel measurement was carried out at 5120 MHz with a 20 MHz bandwidth. For different scenarios, the parameters of the aircraft motion state and transmitter–receiver ranges, as well as the influence of shadowing caused by wings and engines, and the root mean square (RMS) delay spread were presented. The results indicated that in a topography characterized by medium mountainous regions, the channel is primarily influenced by line-of-sight (LoS) propagation, accompanied by moderate levels of multipath effects. In [18], an airport surface area channel measurement at the 5 GHz band was conducted and the power delay profiles (PDPs) were studied. In [19], channel measurements at the center frequencies of 2.585 GHz and 3.5 GHz in a hilly scenario were presented. The key channel characteristics were analyzed, including the path loss (PL), shadow fading (SF), Rician K-factor, RMS delay spread, and temporal autocorrelation function (ACF). The results can guide the construction of future UAV communication systems in hilly scenarios. Channel measurement is the most intuitive method of studying wireless channels. Databases are often used to develop empirical models or for comparison to analyze and validate models. However, the establishment of databases is expensive and time-consuming.



There are two simulation-based methods, namely the deterministic modeling method and stochastic modeling method. Ray tracing (RT) is an important deterministic modeling technique that accurately illustrates the electromagnetic wave propagation behavior. In [20], an urban UAV-to-UAV (U2U) communication at 1420 MHz scenario was studied through measurement and RT methods. The delay and power distribution of the multipath components (MPCs) were investigated. In [21], RT simulations at 28 GHz and 60 GHz were used to analyze the behavior of an A2G millimeter-wave (mmWave) system. However, the use of the deterministic method to simulate time-varying channels can cause significant computational complexity and inconvenience for research and optimization. In stochastic channel modeling, a channel model is established by describing the propagation channel as a random process. Considering the unique channel characteristics of air-to-air (A2A) channels, a series of A2A geometry-based stochastic models (GBSMs) have been investigated. In [22], a three-dimensional (3D) non-stationary A2A GBSM considering a Markov mobility model is proposed. It mainly focuses on the study of UAV movement in 3D space. In [23], a 3D non-stationary wideband A2A GBSM is proposed, which introduces the velocity and trajectory changes of the transmitter (Tx) and receiver (Rx). By introducing 3D arbitrary movement and time-domain non-stationarity, a 3D non-stationary wideband A2A GBSM is proposed [24]. Based on the proposed models, some typical characteristics are further investigated. In [25], a geometric-based mobile-to-mobile channel model for mmWave communications was proposed. The cluster-based non-isotropic scattering at both ends of the radio link was abstracted as a two-ring model, and some typical statistical properties were investigated. Based on the standardized modeling method, a 3D non-stationary wideband multiple-input multiple-output (MIMO) channel model was proposed. Key statistical properties, such as the spatial cross-correlation function (CCF), temporal ACF, Doppler power spectral density (PSD), level-crossing rate (LCR), average fading duration (AFD), and stationary interval, were investigated and analyzed [26,27]. In [28], a 3D non-stationary wideband end-to-end channel model was presented. Important statistical properties of the channel model were analyzed, including the Doppler PSD, RMS delay spread, stationary interval, temporal ACF, and spatial CCF. In [29], a 3D GBSM for A2A communications was presented. Based on the proposed model, some essential channel characteristics were analyzed, such as the space–time correlation function (STCF), Doppler PSD, RMS delay spread, and stationary interval. In [30], a space–time–frequency (STF) non-stationary UAV channel model with a 3D continuously arbitrary trajectory as well as self-rotation was proposed. Some important channel characteristics were analyzed, such as the STCF, Doppler PSD, PDP, and stationary interval. It was shown that a increase in acceleration causes a lower temporal correlation, higher spatial correlation, flatter distribution of Doppler PSDs, and smaller stationary intervals. In [31], a 3D V2V GBSM was proposed. Important statistical properties, such as the STCF, CCF, ACF, and Doppler PSD, were analyzed. Simulation results showed that the vehicular traffic density (VTD) had an important influence on the statistical properties of the channel model.



There are some studies that have conducted wireless channel modeling for urban transportation. For instance, in [32], a UAV-assisted A2G MIMO channel model for urban environments was provided. The channel capacity and channel correlation were investigated. In [33], the narrow-band characteristics of A2G propagation in UAV-assisted communication systems was explored. In [34], a mmWave A2G channel model for low-altitude urban areas was studied. Some typical channel characteristics were obtained by measuring the influence of rotating the directional horn antennas in both the azimuth and elevation angles. In [35], the characteristics of electromagnetic wave propagation were considered, and the electromagnetic field distribution of mobile communication base stations in complex urban environments was simulated using the RT method and high-frequency asymptotic method.




1.2. Motivation and Contributions


Many existing channel models focus on UAV A2G communication in common scenarios, such as suburban environments and campuses, and rarely consider the propagation channel of urban transportation in emergency situations. Moreover, most of the conducted research works consider the influence of UAVs’ movement and the static scatterers between the Tx and Rx. For urban transportation emergency communication, the unique characteristics of the propagation channel should be considered, such as the vehicle density  ρ  around the Rx, multi-mobility, and vehicle moving state. We still lack an accurate U2V channel model to describe the UAV-assisted urban transportation communication channel. The main contributions of this work are listed below.



(1) A novel UAV-assisted multi-mobility channel model is proposed, which involves the acceleration of the Tx, Rx, and clusters around the Rx. Meanwhile, the velocity variation of clusters is considered to simulate the motion of vehicles around the Rx.



(2) For the UAV-assisted communication in urban transportation scenario, Markov chain is introduced to describe the vehicles’ moving states, which can make the evolution process of clusters more realistic.



(3) The impacts of scenario-specific factors such as vehicle density  ρ , the dynamic–static ratio  Ω , and the acceleration of clusters, on channel characteristics are introduced and analyzed. Moreover, the statistical properties of the U2V channel model, including the temporal ACF, time-variant PDP, stationary interval, LCR, and RMS delay spread, are studied and the simulation results are verified through analysis results and measurement data.



The rest of this article is organized as follows. In Section 2, the proposed channel model is described in detail, including the birth and death process of clusters along with the evolution of the Markov chain. Some statistical properties, such as the temporal ACF, RMS delay spread, time-variant PDP, stationary interval, and LCR, are derived in Section 3. In Section 4, the simulation results for various statistical characteristics are analyzed. Finally, the conclusions and future work are given in Section 5.





2. A Novel UAV-Assisted Communication Channel Model for Urban Transportation


2.1. UAV-Assisted Communication Architecture for Urban Transportation Scenario


A novel UAV-assisted communication network architecture for urban transportation emergency communication is shown in Figure 1. To better serve the intelligent urban transportation network and improve the communication quality during traffic jams, a UAV is introduced to serve as a mobile station to provide auxiliary communication. The UAV is set as Tx and the vehicle is set as Rx. When transmitted through the propagation channels, the signal is affected by two factors. One is the fixed obstacles and irregularly moving objects, including the urban streets and the buildings along them, and the other is regular mobile obstacles, such as the moving vehicles around the Rx. For the regular mobile vehicle obstacle, it also contains several cases, such as the acceleration process of the vehicle, the deceleration process of the vehicle, and the static state of the vehicle. Moreover, the moving direction relative to the Rx in the same direction or in reverse on the same road should be considered. Based on the basic UAV-assisted communication network architecture, the channel model and characteristics are further investigated.




2.2. UAV-Assisted Communication Multi-Mobility Channel Model


The propagation channel between the Tx and Rx can be described as a multi-mobility MIMO channel model, considering the mobility of the Tx, Rx, and moving vehicles around the Rx. During the modeling process, the fixed obstacles and irregular moving objects between the Tx and Rx are abstracted as a twin-cluster model to depict the multi-bounce (MB) propagation path, as shown in Figure 2a. The mobile obstacles with regular moving trajectories are abstracted as a single-cluster model to mimic the single-bounce (SB) propagation path, as shown in Figure 2b. The MB paths are mainly caused by the pedestrians around the road, vehicles changing direction, buildings, trees, etc. The SB path describes propagation paths mainly caused by moving objects with regular trajectories, which are mainly vehicles moving in the same direction or in reverse on the same road near the vehicle.



Figure 2a depicts the MB path within the model. To simplify the description of the model, only the nth (n = 1, …,   N  p q   (t)) cluster is illustrated in detail, in which   N  p q   (t) is the total cluster number between the Tx and Rx at the time instant t. In the nth cluster,   C n A   denotes the first bounce cluster, and   C n Z   denotes the last bounce cluster.   C n  A *    and   C n  Z *    constitute their respective positions after undergoing a shift for a given period. The propagation path between   C n  A *    and   C n  Z *    is abstracted as a virtual link with a given delay.   C n  A *    has a velocity of   v n A  (t) and   C n  Z *    has a velocity of   v n Z  (t). The initial velocity of Tx is   v T  (0), while the acceleration of Tx is   a T  (t). Symmetrically, the initial velocity of Rx is   v R  (0) and the acceleration of Rx is   a R  (t). Additionally,   ψ n  M B , T   (t) and   ψ n  M B , R   (t) refer to the unit vectors that extend from Tx to   C n A   and Rx to   C n Z  , respectively.



Figure 2b displays the SB path within the model. Referring to the MB path, only the n′th (n′ = 1, …,   N  p q  ′  (t)) cluster is illustrated in detail.   C  n ’   C O S B    designates the single cluster, and   C  n ’   C O S B *    constitutes their respective positions after undergoing a shift for a given period. Similar to the MB path, the Tx, Rx, and   C  n ’   C O S B    can move with a certain acceleration and initial velocity.   v  n ’   C O S B   (t) is the velocity of   C  n ′   C O S B *   . Additionally,   ψ  n ’   S B , T   (t) and   ψ  n ’   S B , R   (t) encompass the unit vectors that extend from Tx, Rx to   C  n ′   C O S B   , respectively. The unit vector that extends from Tx to Rx is   ψ  L O S   (t).



2.2.1. Description of Channel Model


Let us consider a multi-mobility MIMO system deploying pth antenna units at the UAV (Tx) and qth antenna units at the vehicle (Rx), respectively. Then, the channel impulse response (CIR) between the pth Tx antenna element and the qth Rx antenna element, i.e.,    h  p q    ( t , τ )   , can be represented by the superposition of the LoS, the MB, and the SB components. It can be expressed as [36]


   h  p q    ( t , τ )  =    K R    K R  + 1      h  p q   L O S    ( t , τ )   +   1   K R  + 1     (   h  p q   M B    ( t , τ )   +   h  p q   S B    ( t , τ )   )   



(1)




where   K R   is the K-factor.



The MB and SB parts constitute the NLoS case. The MB and SB components can be established as twin-cluster and single-cluster models, respectively. For the MB component, it mainly considers the influence of some fixed obstacles and irregular moving objects and can be expressed as [37]


          h  p q   M B    ( t , τ )  =  ∑  n = 1    N  p q    ( t )     ∑  m = 1   M n          F  q , V    (  ζ  E , m , n  R  ,  ζ  A , m , n  R  )         F  q , H    (  ζ  E , m , n  R  ,  ζ  A , m , n  R  )       T  ×              e  j  χ  m , n   V V          κ  m , n   − 1     e  j  χ  m , n   V H             κ  m , n   − 1     e  j  χ  m , n   H V         e  j  χ  m , n   H H         T         F  q , V    (  ζ  E , m , n  T  ,  ζ  A , m , n  T  )         F  q , H    (  ζ  E , m , n  T  ,  ζ  A , m , n  T  )       T  ×           P  p q , m , n    ( t )    ×   e  j  Φ  m , n   M B    ( t )    · δ  ( τ −  τ  p q , m , n    ( t )  )         



(2)







For the SB component, it focuses on the influence of regular mobile obstacles around the Rx and can be expressed as


          h  p q   S B    ( t , τ )  =  ∑   n ′  = 1    N  p q  ′   ( t )     ∑   m ′  = 1   M  n ′  ′          F  q , V    (  ζ  E ,  m ′  ,  n ′   R  ,  ζ  A ,  m ′  ,  n ′   R  )         F  q , H    (  ζ  E ,  m ′  ,  n ′   R  ,  ζ  A ,  m ′  ,  n ′   R  )       T  ×              e  j  χ   m ′  ,  n ′    V V          κ   m ′  ,  n ′    − 1     e  j  χ   m ′  ,  n ′    V H             κ   m ′  ,  n ′    − 1     e  j  χ   m ′  ,  n ′    H V         e  j  χ   m ′  ,  n ′    H H         T         F  q , V    (  ζ  E ,  m ′  ,  n ′   T  ,  ζ  A ,  m ′  ,  n ′   T  )         F  q , H    (  ζ  E ,  m ′  ,  n ′   T  ,  ζ  A ,  m ′  ,  n ′   T  )       T  ×           P  p q ,  m ′  ,  n ′     ( t )    ×   e  j  Φ   m ′  ,  n ′    S B    ( t )    · δ  ( τ −  τ  p q ,  m ′  ,  n ′     ( t )  )         



(3)




where    F  p , V    ( )    and    F  p , H    ( )    are the antenna patterns of Tx/Rx for vertical and horizontal polarizations.   χ  m , n   V V   ,   χ  m , n   V H   ,   χ  m , n   H V   , and   χ  m , n   H H    are modeled as random variables uniformly distributed over   ( 0 , 2 π ]  , which are initial phases for four different polarization combinations.   κ  m , n   − 1    is the cross-polarization power ratio.    P  p q , m , n    ( t )    represents the power of the mth ray of the nth cluster between the pth Tx antenna and the qth Rx antenna. The meanings of the similar variables in (3) are the same as those above, so we will not repeat them here. Furthermore,    Φ  m , n   M B    ( t )    and    Φ   m ′  ,  n ′    S B    ( t )   , respectively, represent the phase shift caused by the relative movement of multiple clusters/single clusters with antennas. In the MB case, the clusters A and Z represent the nearest clusters to the Tx and Rx antennas, respectively. The    Φ  m ,  n A  ,  n Z    M B    ( t )    represents the phase shift caused by the mth ray of the nth cluster pair, i.e., cluster A and cluster Z (   n A  ,  n Z   ), which is expressed as [38]


          Φ  m ,  n A  ,  n Z    M B    ( t )  =  Φ  m ,  n A    T / A    ( t )  +  Φ  m ,  n Z    R / Z    ( t )            = 2 π  ∫ 0 t   (  f  m ,  n A    T / A , M B    ( t )  +  f  m ,  n Z    R / Z , M B    ( t )  )  d t +  Φ  m ,  n A  ,  n Z    M B    ( 0 )  ;         



(4)




where    Φ  m ,  n A  ,  n Z    M B    ( 0 )    denotes the initial phase, which is a random constant uniformly distributed over the interval (0,2 π ). Furthermore,    f  m ,  n A    T / A , M B    ( t )    denotes the Doppler frequency component corresponding to the motion of the Tx antenna and cluster A.    f  m ,  n Z    R / Z , M B    ( t )    denotes the Doppler frequency component corresponding to the motion of the Rx antenna and cluster Z. These components can be expressed as follows [39]:


         f  m ,  n A    T / A , M B    ( t )  =   <  v p T   ( t )  −  v  m ,  n A   A   ( t )  ,  ψ  m ,  n A    T / A , M B    ( t )  >  λ         



(5)







Note that    f  m ,  n Z    R / Z , M B    ( t )    can be determined as in the above formula to substitute    v p T   ( t )    for    v q R   ( t )   ,    v  m ,  n A   A   ( t )    for    v  m ,  n Z   Z   ( t )   , and    ψ  m ,  n A    T / A , M B    ( t )    for    ψ  m ,  n Z    R / Z , M B    ( t )   .  λ  represents the carrier wavelength, which can be approximated as a constant. Moreover,    v p T   ( t )    and    v q R   ( t )    denote the velocities of the Tx and Rx antenna arrays, respectively.    v  m ,  n A   A   ( t )    and    v  m ,  n Z   Z   ( t )    correspond to the velocities of clusters A and Z, respectively. The calculation of these velocity parameters is provided below. Additionally,    ψ  m ,  n A    T / A , M B    ( t )   ,    ψ  m ,  n Z    R / Z , M B    ( t )    denote the unit vectors in the departure and arrival directions, respectively. It can be expressed using the following formula:


         ψ  m ,  n A    T / A , M B    ( t )  =    C  m ,  n A   A   ( t )  −  A  p  T   ( t )     | |   C  m ,  n A   A   ( t )  −  A  p  T   ( t )   | |           



(6)




where    ψ  m ,  n Z    R / Z , M B    ( t )    can be determined by substituting   C  m ,  n A   A   for   C  m ,  n Z   Z   and    A  p  T   ( t )    for    A  q  R   ( t )   .    C  m ,  n A   A   ( t )   ,    C  m ,  n Z   Z   ( t )    represents the coordinates of clusters A and Z at time t, respectively, while   A  p / q   T / R   (t) denotes the coordinates of the pth Tx antenna and qth Rx antenna at time t. Regarding the velocities    v X   ( t )    of the antenna arrays and clusters, X can be described as {T, R, A, Z, COSB (cluster of SB)}. The expression of the velocity can be obtained as follows:


       v X   ( t )  =  v X   ( 0 )        c o s  α  A 0  X  · c o s  α  E 0  X        s i n  α  A 0  X  · c o s  α  E 0  X        s i n  α  E 0  X       T  + ∫  a X   ( t )        c o s  β  A  X   ( t )  · c o s  β  E  X   ( t )        s i n  β  A  X   ( t )  · c o s  β  E  X   ( t )        s i n  β  E  X   ( t )       T  d t      



(7)







It should be noted that    v X   ( 0 )    represents the magnitude of velocity at time t = 0 s and    a X   ( t )    represents the magnitude of acceleration at time t.   α  E 0  X   is the elevation angle of velocity at time t = 0 s and   α  A 0  X   is the azimuth angle.   β E X   denotes the elevation angle of acceleration and   β A X   denotes the azimuth angle. Thus, the coordinate    A 0  T / R    ( t )    of the first antenna of the Tx antenna array and the Rx antenna array can be given by the following formula:


       A 0  T / R    ( t )  =  (  x 0  ,  y 0  ,  z 0  )  + ∫  v  T / R    ( t )  d t      



(8)




where (  x 0  ,   y 0  ,   z 0  ) is the initial coordinate of the first antenna. The coordinates of the pth Tx antenna and the qth Rx antenna at time t can be expressed as


      A  p  T   ( t )  =  A 0 T   ( t )  +  ( p − 1 )  ·  δ T  ·       c o s  γ  A  T   ( t )  · c o s  γ  E  T   ( t )        s i n  γ  A  T   ( t )  · c o s  γ  E  T   ( t )        s i n  γ  E  T   ( t )       T      



(9)






      A  q  R   ( t )  =  A 0 R   ( t )  +  ( q − 1 )  ·  δ R  ·       c o s  γ  A  R   ( t )  · c o s  γ  E  R   ( t )        s i n  γ  A  R   ( t )  · c o s  γ  E  R   ( t )        s i n  γ  E  R   ( t )       T      



(10)







Note that   δ  T / R    represents the distance between adjacent antennas of the Tx and Rx arrays. The elevation angle of the Tx or Rx antenna array at time t is   γ E  T / R   (t), and the azimuth angle of the Tx or Rx antenna array is   γ A  T / R   (t). They can be calculated by    γ A  T / R    ( t )  =  μ A  t  , and    γ E  T / R    ( t )  =  μ E  t  , respectively. The rotational speeds of the Tx and Rx antenna arrays are   μ A   and   μ E  .   d 0 A  ,   d 0 Z  , and   d 0  C O S B    are the initial distances from the cluster to the antenna.    C n A   ( t )    represents the coordinates of the center of cluster A,    C n Z   ( t )    represents the coordinates of the center of cluster Z, and    C n  C O S B    ( t )    represents the coordinates of the center of the SB cluster, which can be expressed by the following formula:


       C  n  A   ( t )  =  A  p  T   ( t )  + ∫  v n A   ( t )  d t +  d 0 A       



(11)






       C  n  Z   ( t )  =  A  q  R   ( t )  + ∫  v n Z   ( t )  d t +  d 0 Z       



(12)






       C n  C O S B    ( t )  =  A  p  T   ( t )  + ∫  v n  C O S B    ( t )  d t +  d 0  C O S B        



(13)







The coordinates of rays can be expressed as


      C  m , n   A / Z    ( t )  =  C  n   A / Z    ( t )  +  [ Δ  x m  , Δ  y m  , Δ  z m  ]      



(14)




where   Δ  x m   ,   Δ  y m   , and   Δ  z m    are random variables conforming to a 3D Gaussian distribution. Similar to the MB case, the parameters of the SB case can be obtained. The Doppler shift    Φ   m ′  ,  n ′    S B    ( t )    can be given by the following formula:


          Φ   m ′  ,  n ′    S B    ( t )  = 2 π  ∫ 0 t   (  f   m ′  ,  n ′    T , S B    ( t )  +  f   m ′  ,  n ′    R , S B    ( t )  )  d t +  Φ   m ′  ,  n ′    S B    ( 0 )          



(15)




where   Φ   m ′  ,  n ′    S B    (0) is the initial phase and is a random constant uniformly distributed over (0, 2 π ).    f   m ′  ,  n ′    T , S B    ( t )    and    f   m ′  ,  n ′    R , S B    ( t )   , respectively, represent the Doppler frequencies determined by the movement of the cluster, Tx antenna, and Rx antenna, which can be expressed as


         f   m ′  ,  n ′    T , S B    ( t )  =   <  v   m ′  ,  n ′    C O S B    ( t )  −  v T   ( t )  ,  ψ   m ′  ,  n ′    T , S B    ( t )  >  λ         



(16)







By substituting    v T   ( t )    for    v R   ( t )    and    ψ   m ′  ,  n ′    T , S B    ( t )    for    ψ   m ′  ,  n ′    R , S B    ( t )   ,    f   m ′  ,  n ′    R , S B    ( t )    can be determined.    v   m ′  ,  n ′    C O S B    ( t )    is the velocity of the cluster.    ψ   m ′  ,  n ′    T , S B    ( t )    and    ψ   m ′  ,  n ′    R , S B    ( t )    are the unit vectors of the departure angle and arrival angle, which can be expressed as


         ψ   m ′  ,  n ′    T , S B    ( t )  =    C   m ′  ,  n ′    C O S B    ( t )  −  A  p  T   ( t )     | |   C   m ′  ,  n ′    C O S B    ( t )  −  A  p  T   ( t )   | |           



(17)







Referring to expression (17),    ψ  m ’ , n ‘   R , S B    ( t )    can be acquired by substituting    A  p  T   ( t )    for    A  q  R   ( t )   .    C  m , n   C O S B    ( t )    is the coordinate of the unique cluster. Moreover, the power   P  p q , m , n   (t) can be expressed by the following formula [39,40]:


          P  p q , m , n    ( t )  = e x p  ( −  τ  p q , m , n    ( t )     r τ  − 1    r τ   σ τ    )   10  −   Y n  10           



(18)







Note that   Y n   is a cluster shadow in the form of dB.   r τ   is the delay scalar,   σ τ   is DS, and   τ  p q , m , n    is the delay of the path, which can be expressed as


   τ  p q , m , n    ( t )  =  (  D  p , m , n  T   ( t )  +  D  q , m , n  R   ( t )  )  / c +  τ  C , l i n k    



(19)




where c is the speed of light;   τ  C , l i n k    denotes the time delay caused by the propagation distance of the virtual link between   C  m , n  A   and   C  m , n  Z   and can be expressed as


   τ  C , l i n k   = −  r τ   σ τ  · ln  u n  +   d  m , n   c   



(20)




where   d  m , n    is the distance between   C  m , n  A   and   C  m , n  Z  , and   u n   is a random quantity uniformly distributed within (0, 1) [40].    D  p / q , m , n   T / R    ( t )    is the distance between the Tx/Rx antenna and the ray within the cluster, which can be expressed as


   D  p , m , n  T   ( t )  =  | |   C  p , m , n  A   ( t )  −  A  p  T   ( t )   | |   



(21)






   D  q , m , n  R   ( t )  =  | |   C  q , m , n  Z   ( t )  −  A  q  R   ( t )   | |   



(22)







For the LOS case, similar to the calculation of the NLOS component, the related expressions of the LOS component can be obtained.




2.2.2. Cluster Evolution with Markov Chain


To describe the dynamic and static states of clusters, and the influence of the cluster density on the channel model, the vehicle density ( ρ ) and dynamic–static ratio ( Ω ) are proposed.



The ratio of the number of dynamic clusters (  N  d y n a m i c   ) to the number of static clusters (  N  s t a t i c   )  Ω  is expressed as follows:


     Ω =   N  d y n a m i c    N  s t a t i c        



(23)







The statistical average number of cars in the valid observation length (within 20 m of the front and rear of the Rx) at the same time (  N  v a l i d   )  ρ  is expressed as follows:


  ρ = E (  N  v a l i d   )  



(24)







Due to the continuous movement of the Tx and Rx antenna arrays, as well as the clusters, the clusters that exist at a given moment may not be visible at the next moment, and new clusters may appear at any time. Such a process can be described as the birth and death of clusters. A cluster is deemed to survive only after it is observed by both the Tx and Rx antennas. If the trajectories of the antenna arrays are divided into several short segments, and the channel within each segment is considered constant, then, for a given vehicle track segment   δ d  , the survival rate of cluster   P  l i v i n g    can be expressed as follows [36]:


          P  l i v i n g   =  P  l i v i n g  T  ·  P  l i v i n g  R         = e x p  ( −  λ R   (   δ d   D C S   +   δ T   D C A   )  )  · e x p  ( −  λ R   (   δ d   D C S   +   δ R   D C A   )  )         



(25)







Note that   D C S   represents the scene correlation factor in the time domain [37],   D C A   denotes the scene-dependent correlation factor in the array domain, and   λ R   is the recombination rate. The change of the motion state of clusters is shown in Figure 3. In the application scenario, the dynamic clusters, such as cars and pedestrians, exhibit two random states of motion, namely a dynamic state and static state. This random process has no memory, meaning that the state at time t + 1 is independent of other random variable conditions, given the state at time t. Therefore, the random process conforms to the Markov property and can be described by the Markov chain model. The Markov chain is a random process with the Markov property and exists within a discrete exponential set and state space. It comprises a state space, initial state, and state transition probability matrix. The state space refers to the set of all possible states, while the initial state is the state of the system at time 0. The state transition probability matrix denotes the probability of the system transitioning from one state to another state at any given time. The conditional probability of the Markov chain satisfies the following relationship [41]:


         P  (  X  t + 1   |  X t  , . . . ,  X 1  )  = P  (  X  t + 1   |  X t  )         



(26)




where X is a Markov chain. According to the Markov chain, the flowchart to determine the state of the cluster is as given in Figure 4.



Here, the probability of the clusters remaining static at time t is as follows:


          P  s t a t i c    ( t )  =  (  P  s t a t i c    ( t − 1 )  ·  P  s t a t i c − > s t a t i c    ( t )  +  P  d y n a m i c    ( t − 1 )  ·  P  d y n a m i c − > s t a t i c    ( t )  )  ·  P  l i v i n g          



(27)







Among them,    P  s t a t i c   ,  P  s t a t i c − > s t a t i c   ,  P  d y n a m i c   ,  P  d y n a m i c − > s t a t i c     are the probability of the cluster being static, the probability of the cluster remaining static, the probability of the cluster remaining dynamic, and the probability of the cluster changing from dynamic to static. The probability of the cluster remaining dynamic at time t is described as follows:


          P  d y n a m i c    ( t )  =  (  P  d y n a m i c    ( t − 1 )  ·  P  d y n a m i c − > d y n a m i c    ( t )  +  P  s t a t i c    ( t − 1 )  ·  P  s t a t i c − > d y n a m i c    ( t )  )  ·  P  l i v i n g          



(28)







It should be noted that   P  d y n a m i c − > d y n a m i c    and   P  s t a t i c − > d y n a m i c    are the probability of the cluster remaining dynamic and the probability of the cluster changing from static to dynamic, respectively. A summary of the key parameter definitions is given in Table 1.






3. Typical Statistical Properties of Proposed Model


3.1. Temporal ACF


The temporal ACF reflects the non-stationarity property of the channel in the time domain. Moreover, it can be illustrated by two CIRs in different time instants, namely   h  p q    (t) and   h  p q    (  t − Δ t  ). The specific expression of the temporal ACF is


         R  p q    ( t , Δ t )  = E   h  p q    ( t )  ·  h  p q  *   ( t − Δ t )          



(29)







Substituting (1) into (29), the temporal ACF consists of two parts, i.e., the LoS part and NLoS part:


         R  p q    ( t , Δ t )  =    K R    K R  + 1     R  p q   L O S    ( t , Δ t )   +  1   K R  + 1    ∑  n = 1    N  p q    ( t )      R  p q   N L O S    ( t , Δ t )           



(30)







The NLOS component, including the MB case and SB case, is expressed as


   R  p q   N L o S    ( t , Δ t )  =  R  p q   N L o  S  M B      ( t , Δ t )  +  R  p q   N L o  S  S B      ( t , Δ t )   



(31)






         R  p q   N L o  S  M B      ( t , Δ t )  =  P  l i v i n g    ( t , Δ t )  E  {  ∑  n = 1    N  p q    ( t )     ∑  m = 1    M n   ( t )     a  m , n    ( t )   e  j (  Φ  m , n   N L o  S  M B      ( t )  −  Φ  m , n   N L o  S  M B      ( t − Δ t )  )   }         



(32)






          Φ  m , n   N L o S    ( t )  = 2 π ∫    < Δ v  ( 0 )  − ∫  (  a  T / R    ( t )  −  a  A / Z    ( t )  )  d t ,  ψ  m , n   N L o S    ( t )  >   λ  d t         



(33)




where    a  m , n    ( t )    is the amplitude expressed by    a  m , n   =    P  p q , m , n    ( t )   P  p q , m , n    ( t − Δ t )      and   Δ v ( 0 )   represents the velocity difference between   v T   and   v A   or   v R   and   v Z   at time 0. The expression of    R  p q   N L o  S  S B      ( t , Δ t )    is similar to    R  p q   N L o  S  M B      ( t , Δ t )   .



The LOS component is calculated as


   R  p q   L O S    ( t , Δ t )  =    P  pq   L o S    t  ·  P  pq   L o S     t − Δ t      e  j (  Φ  p q   L o S    ( t )  −  Φ  p q   L o S    ( t − Δ t )  )    



(34)








3.2. RMS Delay Spread


The RMS delay spread   σ τ   is established to capture the degree of transmitting signal dispersion in the time delay domain. It can be mathematically expressed as follows:


      σ τ  =     η 2  ¯  −   (  η ¯  )  2        



(35)




where


       η 2  ¯  =  ∑  n = 1    N  p q    t      ∑  m = 1    M n   t      P  p q , m , n    t   τ  p q , m , n  2   t        



(36)






      η ¯  =  ∑  n = 1    N  p q    t      ∑  m = 1    M n   t      P  p q , m , n    t   τ  p q , m , n    t        



(37)








3.3. Time-Variant PDP


The time-variant PDP    P  p q    ( t , τ )    directly reflects the power distribution along the delay of MPCs. This can be mathematically expressed as


   P  p q    ( t , τ )  =  ∑  n = 1    N  p q    ( t )      ∑  m = 1    M n   ( t )     P  p q , m , n    ( t )  δ  ( τ −  τ  m , n    ( t )  )    



(38)







The    P  p q    ( t , τ )    is a time-variant function influenced by the time-variant delays of the rays within clusters. These delays correspond to updates in geometric information within the propagation space. It should be noted that only surviving clusters contribute to the PDP [40]. The change in PDP is a result of the evolution of clusters, which is dependent on the vehicle’s speed and trajectory. Therefore, different trajectories and velocities will result in distinct PDP trends.




3.4. Stationary Interval


The stationary interval is the maximum interval in which the channel remains stationary. The length of the stationary interval is determined by the characteristics of the channel, as well as the requirements of the specific application. In certain cases, a sufficiently long stationary interval is necessary to ensure that the channel’s statistical properties remain stable. However, shorter stationary intervals can be employed in other applications to enable quicker adaptation to changes in the channel. To calculate the stationary interval, the local stationary region (LRS) method is utilized [36]. Initially, the correlation coefficients between two PDPs at time t and   t + Δ t   are computed, which can be derived as


  c  ( t , Δ t )  =    ∫  P  p q    ( t , τ )  ·  P  p q    ( t + Δ t , τ )  d τ    m a x   ∫  P  p q     ( t , τ )  2  d τ , ∫  P  p q     ( t + Δ t , τ )  2   d τ )       



(39)







The stationary interval    T s   ( t )    is the maximum time duration over which the LRS correlation coefficient exceeds a given threshold, i.e.,   c  t h r e s h   , and can be calculated as


      T s   ( t )  = m a x   Δ t | c  ( t , Δ t )  ≥   c  t h r e s h        



(40)








3.5. LCR


The envelope LCR is a fundamental second-order statistical parameter that plays a crucial role in characterizing the envelope fading associated with a signal, by capturing key features of its dynamic temporal behavior. Specifically, the calculation of the LCR enables the estimation of the rate at which the channel undergoes changes over time. The LCR is mathematically defined as the expected number of crossings made by the signal envelope across a predefined threshold from top to bottom (or bottom to top). The calculation of the LCR can be found in [27].





4. Results and Analysis


Figure 5 illustrates the temporal ACFs of the U2V channel model under different moving accelerations of clusters around the Rx. Here, different motion states of the clusters are considered, including static to dynamic, dynamic to static, and dynamic to dynamic. Moreover, the state of dynamic to dynamic contains both increased acceleration and decreased acceleration. In the simulation, we can observe that within a time difference, the analytical results match well with the simulation results, showing the validity of the proposed model under different motion states. In addition, the temporal ACFs present different variation trends under different states, which show that the changes in acceleration will have an influence on the temporal ACFs. During the given time difference, when the cluster moves from a static to a dynamic state with a fixed acceleration 7.5 m/s   2  , the temporal ACF declines the fastest. Meanwhile, when the cluster moves from a dynamic to a static state with a fixed acceleration −7.5 m/s   2  , the temporal ACF falls the slowest. In the case of variable acceleration, the temporal ACF with increased acceleration declines faster than that with decreased acceleration. From the figure, it can be seen that the channel changes faster with the increase in acceleration, which brings a smaller coherence time. The temporal ACFs present a slower variation trend with decreased acceleration. Hence, the moving velocity and motion state of the vehicles around the Rx will have an influence on the temporal ACFs.



Figure 6 illustrates the cumulative distribution functions (CDFs) of the stationary interval for clusters with different acceleration. The joint effects of different dynamic–static ratios  Ω  and accelerations of clusters on the stationary intervals are investigated. From Figure 6, it can be observed that a decreased  Ω  will lead to a larger stationary interval when all other conditions are kept consistent.  Ω  denotes the ratio of the cluster number from the dynamic state to static state. With a decreasing ratio, the number of vehicles around the Rx becomes much smaller, and the channel tends to be stable. Moreover, under the same conditions, the stationary interval of the channel in vehicle deceleration motion is larger than that of the acceleration motion case. Hence, the dynamic–static states and the acceleration of clusters around the Rx have some effects on the stationary interval.



Figure 7 shows the time-varying PDP corresponding to different  Ω . The initial velocity of the UAV is set as 1 m/s, and the acceleration is set as 0.5 m/s   2  . The setting of vehicles is the same. For vehicles near the Rx, the acceleration is 2 m/s   2  , the maximum speed is 10 m/s, and random motion states are assigned, e.g., acceleration, deceleration, uniform speed, etc. From Figure 7a–d, we can observe the variations in the cluster parameters, such as the power, the delay, and the phenomenon of clusters’ birth and death. It can be seen that the LoS is the left-most path with the shortest delay and strongest power. As  ρ  increases, more clusters survive and more possible paths exist, which is consistent with our actual scenarios. Furthermore, the impacts of any 3D UAVs and vehicles can be described by extending the model.



Figure 8 illustrates the impact on the LCR with different accelerations of the Tx, Rx, and cluster. The initial velocity of the cluster is set as 3 m/s. The initial velocity of the Rx (   v R   ( 0 )   ) is set as 1 m/s. The initial velocity of the Tx (   v T   ( 0 )   ) is set as 5 m/s. The vehicles move straight while the UAV remains on a circular trajectory. The time is set as t = 1 s. The results show that the peak value of the LCR increases as   a T  ,   a R  , and   a C   increase. The channel changes faster over time as the acceleration increases, and the stationarity of the channel decreases. Notably, the impact of the rising   a C   on the LCR is more significant than that of   a T   or   a R   at the same envelope level, which is consistent with reality.



Figure 9 shows the RMS delay spreads with different  Ω  and  ρ . The acceleration of the cluster is set at 5 m/s   2  , with an initial velocity of 0 m/s. The vehicle is set as the Rx moves along a straight-line trajectory, with an initial velocity of    v R   ( 0 )    = 5 m/s and acceleration of   a R   = 0 m/s   2  . Meanwhile, the UAV is implemented as the Tx moves along a straight-line trajectory. The initial velocity of    v T   ( 0 )    = 5 m/s and acceleration of   a T   = 0 m/s   2   are set. The time range analyzed is 0–5 s. From this figure, it can be observed that the RMS delay spread becomes smaller with an increased  Ω , indicating that higher  Ω  leads to more stationary channel conditions. Additionally, the results show that the RMS delay spread increases with a growing cluster density  ρ , i.e., traffic density, and a higher  ρ  can lead to a larger delay spread in the channel. It can be concluded that the traffic density around the Rx will cause more path propagation, which results in a large delay spread.



In Figure 9, the CDFs of the RMS delay spread utilizing the corresponding measured data and WINNER+ suburban macro-cell scenario for reference are provided. By setting the same parameters as in the real measurement, the CDFs of the delay spread in the case of  Ω  = 0 and  ρ  = 28 match well with the measurement data, which shows that the introduction of  Ω  and ρ makes the channel model more practical.




5. Conclusions


In this paper, a novel UAV-assisted U2V channel model for the urban traffic communication scenario has been proposed. The model supports 3D multi-mobilities of UAVs, vehicles, and clusters between the Tx and Rx. The scenario-specific parameters, such as the vehicle density and dynamic–static ratio, have also been introduced to mimic various urban traffic scenarios. Moreover, the joint cluster evolution mechanisms, including the birth–death process and dynamic–static Markov chain, have been developed to present the motion state changes of vehicles around the Rx. Based on the proposed model, the most important statistical properties, such as the PDP, stationary interval, temporal ACF, LCR, and RMS delay spread, have been derived and analyzed. The influence of the motion states of the clusters, including acceleration,  Ω , and  ρ , on the channel characteristics have been studied correspondingly. To mimic the non-stationarity of the U2V channel, related channel statistical properties have been investigated. When the cluster moves from a static to a dynamic state with fixed acceleration, the temporal ACF declines faster, and when the cluster moves from a dynamic to a static state, the temporal ACF declines slower. Meanwhile, for the variable acceleration cases, the temporal ACF with increased acceleration declines faster than that with decreased acceleration. Furthermore, with a decrease in the dynamic–static ratios of clusters around the Rx, the stationary interval becomes larger, and with an increase in vehicle density, the delay spread tends to be larger. Finally, the simulation results have shown good agreement with the measurement data, verifying the correctness and availability of the proposed model.
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Figure 1. The framework of UAV-assisted communication in urban transportation. 
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Figure 2. A 3D non-stationary U2V GBSM with multi-mobility of Tx, Rx, and clusters. (a) The multi-bounce case of the propagation channel and (b) the single-bounce case of the propagation channel. 
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Figure 3. State transition diagram of a cluster in a Markov chain. 
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Figure 4. Markov chain code flowchart. 
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Figure 5. Absolute value of temporal ACF (  v T  (0) = 5 m/s,   a T   = 3 m/s   2  ,   v R  (0) = 3 m/s,   a R   = 1 m/s   2  ,  ρ  = 50,  Ω  = 1). 
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Figure 6. CDFs of stationary interval with different cluster accelerations, (  v T  (0) = 5 m/s,   a T   = 3 m/s   2  ,   v R  (0) = 3 m/s,   a R   = 1 m/s   2  ,  α  = 0,  β  = 0.7854,   P  l i v i n g    = 0.997). 
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Figure 7. Time-variant PDPs of the UAV-assisted communication channel model. (a)  ρ  is 5, (b)  ρ  is 15, (c)  ρ  is 25, and (d)  ρ  is 35. (  v T  (0) =   v R  (0) =   v C  (0) = 10 m/s,   a T   =   a R   = 0.5 m/s   2  ,   a C   = 2 m/s   2  ,   r τ   = 2.5, NLOS:   σ τ   = 0.32, LOS:   σ τ   = 0.63). 
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Figure 8. Envelope LCRs for the UAV-assisted communication channel model (  v T  (0) = 5 m/s,   v R  (0) = 1 m/s,   v C  (0) = 3 m/s,  ρ  = 50,  Ω  = 1). 
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Figure 9. CDFs of RMS delay spread (  v T  (0) = 5 m/s,   a T   = 3 m/s   2  ,   v R  (0) = 3 m/s,   a R   = 1 m/s   2  ,  α  = 0,  β  = 0.7854,   P  l i v i n g    = 0.997). 
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Table 1. Summary of key parameter definitions.
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	Symbol
	Definition





	    ζ  A , m , n  T  /  ζ  E , m , n  T    
	AAoD and EAoD of the mth ray in the nth cluster



	    ζ  A , m , n  R  /  ζ  E , m , n  R    
	AAoA and EAoA of the mth ray in the nth cluster



	    ζ  A , l o S  T  /  ζ  E , l o S  T    
	AAoD and EAoD of the LoS component



	    ζ  A , l o S  R  /  ζ  E , l o S  R    
	AAoA and EAoA of the LoS component



	    C  n  A  /  C n Z    
	Coordinates of center of cluster    C n A  /  C n Z   



	    C  m , n  A  /  C  m , n  Z    
	Coordinates of scattering points of mth ray in cluster    C  n  A  /  C  n  Z   



	    N  p q    ( t )  / N  ’  p q    ( t )    
	Time-variant cluster number in MB/SB path



	    N m  /   N ’   m ′     
	Ray number in the nth cluster in MB/SB path



	  Ω  
	Ratio of the number of dynamic clusters to the number of static clusters



	  ρ  
	Density of the vehicle (the statistical average number of cars in valid observation length)



	    A 0 T  /  A 0 R    
	Coordinates of the first Tx/Rx antenna



	    γ E T  /  γ E R    
	Elevation angles of Tx/Rx antenna array’s direction



	    γ A T  /  γ A R    
	Azimuth angles of Tx/Rx antenna array’s direction



	    δ T  /  δ R    
	Distance between adjacent antennas of the Tx/Rx antenna array



	    α A x   ( 0 )  /  α E x   ( 0 )    
	Azimuth/elevation angle of x’s velocity at time 0; x can be T, R, A, Z, COSB



	    β A x   ( 0 )  /  β E x   ( 0 )    
	Azimuth/elevation angle of x’s acceleration; x can be T, R, A, Z, COSB



	    D  m , n  T  /  D  m , n  R    
	Distance between the T/R and the    C n A  /  C n Z    via mth ray



	   λ R   
	Recombination rate of clusters



	   P  s t a t e    
	Probability of states for the cluster



	    D  p / q , m , n   T / R    ( t )    
	Distance between the Tx/Rx antenna and the ray within the cluster



	    f   m ′  ,  n ′    T / R , S B    ( t )    
	Doppler frequencies of Tx/RX for SB case



	    v X   ( t )    
	Velocity of Tx, Rx, cluster A, cluster Z, or cluster of SB



	    a X   ( t )    
	Acceleration of Tx, Rx, cluster A, cluster Z, or cluster of SB
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
R R






media/file4.png
v

—__
—_——

TouE)

/

cow 7R

R*
£
'\ I 7
X
iy Y

R





nav.xhtml


  electronics-12-03015


  
    		
      electronics-12-03015
    


  




  





media/file18.png
CDF P(UT<abscissa)

p—

O
=

<
o0

<
q

g
o)

<
W

S
™~

<
o

<
b

0.1

a -©0--0=08p=28t=0-5s
d Q=0p=28t=0-5s -
& -H=-:0=08p=60t=0-5s
——— WINNER+ suburban macro-cell | |
Measurement i
0.5 1.5 2 2.5 3 3.5
RMS delay spread, o (s) x 107





media/file16.png
Envelope LCR N(r,t)

— O =3m/s? aR = 5 mis? aC=5mis2 t=10s pPIN
150 | —pp— T = 3 2 aR = -5 s aC = 7 m/s? =10 s .
al =5m/s? aRk =-5m/s? aC =3 m/s? t=10s b
== T _ g m/s2 ak =5 m/s2 aC =3 m/s2 t=10s
e gl = 3m/s? aR = 3 mis? 2% =3 mss” t=10s
===l =3 ms? aR =1 mis? a® =3 mAis? t=10s
")

100

50

» ] | ]

-15 -10 -5 0
Envelop level, r (dB)






media/file2.png





media/file5.jpg
Keep[moving

Geeratlng

cluster Dead(can not

be observed
by Tx and Rx)

Keep static





media/file3.jpg
@

Rt





media/file1.jpg





media/file7.jpg
begin

|

Generate initial clusters
with moving state and
static state

+

YES "
Time running out? ———=  finish

NO

Has any cluster  YES  Clear the data
died or not? of dead clusters

o

Update the state of
clusters using Markov
chain

Randomly
generate the data
of new clusters

Are there clusters  YES
generating?

NO






media/file10.png
i i
N oo ©

<
o)

Absolute value of local temporal ACF
©c © © o ©
— N W ~ )

-]

|
: _ 2
Analytical ag .= | Dynamic_7'5 m/s
. . _ 2
% Simulationag, .. Dynamic_7'5 m/s
. - O Em Em 1 e} 2 ] 2
\, Analytical from aDynamicl—S m/s” to aDynamicZ_7'5 m/s
. . . _ 2 _ 2
X_‘\\ \\ O  Simulation from aDynamicl—S m/s” to aDynamicZ_7'5 m/s
3 : _ 2 _ 2
3 E\ A\ Analytical from aDynamicl_7'5 m/s” (o aDynamicZ_S m/s
2 . : . 2
Ly A\ O  Simulation from aDynamicl_7 5m/s? o Ay namico =D VS
K 3 :
X \\ &\ ——— Analytical Ap namic -> Static =" m/s’
> o, . . _ 2
3 ﬂ\\ } A Simulation Ay namic > Spagic="7-> /s
3 N =
3 AN
% L 7
3 ~
-* ﬂ\ A ‘\~ -
% \ A N,
i A\Q
B \ N
‘.‘ n \ \u\ i
B \ A S,
% \ A ~
% B .
. 2 :
> = I LA
. ~ o A
x... O il -~ A A
00‘*....... n g
S Wy
p 4 X “ g g DM .g ? ) 4 P 4 %

-]

0.2 0.3 0.4
t=0s Time difference,Af(s)

0.6





media/file12.png
CDF P(Ts<abscissa)
S © o © o o©
(\) W ~ ) @) ~

o
[

—p—= =75m/s” Q=095

static->dynamic

= 75m/s° Q=0
=-75m/s> Q=095

- -

el T el

a . .
dynamic->static

a . .
dynamic->static

0.01

0.02 003 004 005 006 007 0.08
Stationary intervial, Ts






media/file9.jpg
o o © o ©
o 5 32 = °

lue of local temporal ACF

o
b

0.3

0.2

Absolute v:

0.1

'ﬁ\k

\

S T —

XSmO a0y

- = = Aalyical from

o Simubion fomay, .,

Analyical fom g

O Simulaion fom ay .

nalgtical i > saie =73

A simulion ay .

0

0.1

02 03 0.4
t=0s Time difference,At(s)






media/file0.png





media/file14.png
vehicle density=>5

—_ T T 0

g % § _2

o

-7 r i

2 4

8 ————

814} b g @
;
o0 — , =
&2y = — E
e . 8

9 i

§28-

Q35 1 1 1 f 1 1 10

Delay, 7 (1)

(a)

vehicle density=25

T

£
o E S R
- % = 4
ke
3] 3 w
314 f e T
d': = = =" 0)"
o | ; .- g
g2y i =
5| g = 8
2281 - = ,
z | F =
Q 35 ] 5 F I I & =g | 10

o 1 2 3 4 5 6 7T 8 9 10

Delay, 7 (us)

(c)

-20

-40

-60

-80

-100

-120

-40

-60

-80

-100

vehicle density=15

Delay, 7 (u8)

(b)

vehicle density=35

. — 0
E * SR
= ]
E‘? B i = —— _;4
o) ; = N
5 | *
2141 o 6
o -
521
® 18
B ‘ ) 1
Sl
A5 I
9 10

Delay, 7 (i)

(d)

—_ T T T T 0

g ! gj 12

o

27 —- 14

2 .

814-

T4 16

‘:D -

521

; - 18

V] = .

2 28} B i

. : _ = -

Q35- - e = SNy, i | | 1 1 10
0 12 3 4 5 6 7 8 9 10

Time, t(s)

Time, t(s)

-100

-120





media/file8.png
~ begin

\\\‘xr ///
Generate 1nitial clusters
with moving state and

static state

-~ Time running out? -

No|

Has any cluster YES

dled or not"?

7

~

NO

~ finish

a

\\\ ] /A//

Clear the data
of dead clusters

-l
-«

Y

Update the state of
clusters using Markov
chain

T

e -~
-

 Are there clusters  YES
~_generating?

Randomly
generate the data
of new clusters

I

NO ‘






media/file11.jpg
e
3

o
ES

&

o

CDF P(Ts<abscissa)
g

e
P

—— =75mis* =095

o

2t sdynamic
=75 mis

Lagnamic>satic

@2 =75mis> Q=095

aynamic>sitic

0.04 005 006 007 008

Stationary intervial, Ts





media/file6.png
|(l:.
Generating
cluster

Dead(caTn not
be observed
by Tx and Rx)

Keep static





media/file15.jpg
100

Envelope LCR N(r,t)

Envelop level, r (dB)





media/file17.jpg
0.9
0.8
0.7

0.6

05

2
1
v
O

04

CDF P

03

02

d - - p=281

-0~ Q=08p=281=05s

n - 8- 0=08p=601=05s
——— WINNER+ suburban macro-cell
|—— Measurement

05 1 15 2 25

RMS delay spread, o,_(s)






