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Abstract— Vehicle-to-vehicle (V2V) wireless communication
systems are fundamental in many intelligent transportation appli-
cations, e.g., traffic load control, driverless vehicle, and collision
avoidance. Hence, developing appropriate V2V communication
systems and standardization require realistic V2V propagation
channel models. However, most existing V2V channel modeling
studies focus on car-to-car channels; only a few investigate truck-
to-car (T2C) or truck-to-truck (T2T) channels. In this paper,
a hybrid geometry-based stochastic model (GBSM) is proposed
for T2X (T2C or T2T) channels in freeway environments.
Next, we parameterize this GBSM from the extensive channel
measurements. We extract the multipath components (MPCs)
by using a joint maximum likelihood estimation (RiMAX) and
then determine the cluster types based on their evolution pat-
terns. We classify the determined clusters into line-of-sight,
single-bounce reflections from static interaction objects (IOs),
single-bounce reflections from mobile IOs, multiple-bounce reflec-
tions, and density multipath components (DMCs). Particularly,
we model multiple-bounce reflections as double clusters following
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the COST 273/COST2100 method. This paper presents the com-
plete parameterization of the channel model. We validate this
model by comparing the delay spread and the angular spreads
of arrival/departure obtained from the proposed model with the
measurement data.

Index Terms— GBSM, truck-to-truck communications,
truck-to-car communications, channel measurements, channel
parameter estimation.

I. INTRODUCTION

INTELLIGENT transportation systems (ITSs) have drawn
much attention and expectations from the transportation

and wireless communication industries as ITS is a promising
solution to traffic congestion and problems in street security
[1], [2]. Accordingly, vehicle to vehicle (V2V) communi-
cations have been played a significant part for developing
the ITS functionalities, e.g., traffic load control, driverless
vehicles, and collision prevention. Therefore, V2V communi-
cations have received much attention from the academia and
the industry, e.g., [4], [5]. Most of the related studies in this
area focus on dedicated short-range communications system
for ITSs, e.g., IEEE 802.11p [6] and IEEE 802.11bd [7].
V2V is also an important communication scenario for 5G
and beyond 5G (B5G)/6G communications systems [8]–[10].
Therefore, numerous studies from both the 3GPP and the
academia have explored the application of LTE or 5G-NR for
V2V communications [11]. Particularly, the studies consider
LTE-V and the 5G sidelink technology developed in 3GPP
Release 16 as an alternative to the 802.11p/bd standards.
Regardless of what technology will be ultimately chosen, V2V
communications will be widely applied in the future to provide
safe and trustworthy connections with short latency and high
data speeds needed by ITSs.

The study of propagation channels is a fundamental aspect
in any wireless communication system design, network opti-
mization, and performance evaluation [12]. Therefore, to real-
ize advanced ITS networks that meet the above requirements,
the corresponding wireless channels need to be thoroughly
studied. Compared to the usual cellular communication sce-
narios, the V2V channels, especially in the freeway scenario,
have the following features [13]:

1) V2V channels are usually time-varying and nonstation-
ary due to the movements of the receiver (Rx) and
transmitter (Tx) vehicles.

2) The denseness and speed of vehicles (both Tx/Rx vehi-
cles and other vehicles) strongly impact the nonstation-
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ary nature of V2V channels; this state is much more
pronounced in the freeway scenario than in other com-
mon scenarios.

3) The Tx and Rx are all placed at relatively low altitude
(approximately 1–2 m for car-to-car (C2C), 1.5–2.5 m
for T2X); thus, the changes in V2V channels are greater
in the azimuth region than in the elevation region.

4) Due to the low altitude of the Tx/Rx and the environment
(usually surrounded by other vehicles and buildings),
the communication distance is relatively small (approx-
imately 20–300 m).

5) Compared to other V2V scenarios, e.g., urban street
canyons, the highway V2V scenario has more vehicles
present in the environment, albeit it has fewer buildings
around the Tx/Rx vehicles.

Several measurements under highway V2V scenarios have
already been conducted owing to its special nature and impor-
tance in transportation communication. These studies include
single-input single-output (SISO) channel measurements in the
2.4 GHz [14], 5 GHz [15], 5.2 GHz [16], [17], 5.9 GHz
[18]–[26], and 59.6 GHz band [27]; multiple-input single-
output channel measurements in the 5.75 GHz band [28]; and
multiple-input multiple-output (MIMO) channel measurements
in the 5.2 GHz [29]–[31], 5.3 GHz [32], [33], and 5.6 GHz
band [34], [35]. However, the above papers focus on C2C
communications; only a few channel measurements involved
trucks. Furthermore, these measurements usually see trucks as
obstacles: [26], [36]–[39] studied the obstructed fading of the
truck, whereas [28], [40] mainly focused on the diffraction
around a truck. Ref. [41] measured the SISO shadowing char-
acteristics and delay spread in both urban and highway sce-
narios and viewed trucks as obstacles; likewise, the study did
not measure multi-antenna characteristics. Ref. [42] conducted
truck-to-truck (T2T) measurements in a truck platoon, but the
results were restricted to pathloss and diversity gain. Research
on truck-to-car (T2C) and T2T MIMO channel models (known
as T2X channel model) is very limited despite being an
important scenario, especially in a freeway environment. T2X
channels behave differently from C2C due to the relatively
higher height of trucks; thus, cars around the Tx/Rx are less
likely to block the signal, thereby leading to greater reflection
from the cars in different/opposite lanes.

Future measurements should then inform which channel
models can be used for system design and simulations. Both
802.11bd and 5G-NR anticipated the use of MIMO transmis-
sion for this purpose as it is very suitable for satisfying the
demands of low latency and high data speeds communica-
tions [43]. Thus, a channel model needs to be suitable for
the MIMO system simulations. According to the modeling
method, the existing channel models could be divided into
different types: i) deterministic channel models, which deter-
mine the multipath components (MPCs) deterministically by
using ray-tracing or ray-launching [44]; ii) nongeometrical
stochastic channel models that characterize MPCs without
having to consider any potential geometry, e.g., 3-D V2V
models in [45] and the stochastic models in [15], [46]; and
iii) geometry-based stochastic channel models (GBSMs) that
model the interaction objects (IOs) in different random distri-

butions and then adopt a simplified ray tracing to acquire the
real impulse response. Specifically, it can be further separated
into regular-shape GBSMs (RS-GBSMs), i.e., deploy the IOs
in a regular-shape-like circles [47], ellipses [48], rings [49],
or two cylinders model [50]; and irregular-shape GBSMs (IS-
GBSMs), i.e., reconstruct a physical geometry map of the
environment to model the position and distributions of the IOs
in different scenarios [17], [51]–[54], [62].

IS-GBSMs inherently capture the characteristics of
double-directional channel to analyze MIMO channels; thus,
it naturally suits nonstationary environment [55], [56] and
provide good agreement with measurements because they are
parameterized from them. Furthermore, they could be readily
extended to other scenarios by modifying the geometry map.

It has been found in numerous channel measurements that
obtained MPCs are usually allocated in clusters [57]. Mean-
while, many well-known channel models and standards have
been developed based on a cluster structure, e.g., the Saleh-
Valenzuela model, COST 2100/259, and 3GPP Spatial Model.
Using hybrid IS-GBSM is an efficient way of reproducing
the cluster construction of channels. For example, COST
259 integrates the traditional GBSM and stochastic models
by deciding intercluster parameters on the geometry map of
environments and intracluster parameters on the statistic char-
acteristics of channels. Because intracluster features are mod-
eled as distributions with no geometric detailed information,
the hybrid IS-GBSM is better than the traditional GBSM in
realizing the trade-off between model intricacy and accuracy.
However, most of the existing IS-GBSM [17], [51], [62] con-
sider only the single bounce reflection during the propagation,
which is not necessarily true according to the observations
in [53].

In our previous work [53], we have proposed a geometrical
cluster-based hybrid IS-GBSM for C2C communications in
urban street canyon scenarios. In this paper, we expand our
study to T2C and T2T communications in freeway scenarios.
We parameterize the model based on the wide measurement
activity conducted in the freeway circumstance in Los Angeles,
CA, USA. The major contributions of this paper can be
summed up as follows:

• We performed an extensive campaign to measure the
MIMO propagation channels between T2C and T2T in
a freeway environment.

• We obtain the MPC parameters through high-resolution
algorithm; we then extract and characterize the clusters
from the measurement data based on the cluster evolu-
tion pattern. By cross-checking the measurement video
and the channel properties of each cluster, we classify
all clusters into different types, including twin clusters,
to model the multiple-bounce reflection, and thus make
the model more accurate.

• We parameterize the model for both T2C and T2T chan-
nels and give a complete model parameter list.

• We validate the proposed parameterization by comparing
the synthetic data generated by the proposed model to the
measurement data collected from another part of the free-
way. The data we use to verify our model were collected
from a different part of the freeway, and we compare them
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to the data utilized for the model parameterization. This
shows that our own model can stand for typical freeway
environments.

The rest of the paper is arranged as follows. Section II
briefly describes the channel measurement campaign, which
acts as the foundation for the parameterization and valida-
tion of the proposed GBSM. Section III introduces the gen-
eral data processing progress, including the MPC parameters
estimation, tracking, and clustering. Section IV describes the
proposed model outline and details the general construction
of the model. We also outline here the different type of
clusters of the channel model and parameterize the clusters
from the measurement. Section V compares the synthetic data
generated by the channel models to the actual measurement
data. And lastly, Section VI draws the conclusions.

II. A TRUCK-TO-TRUCK/CAR MEASUREMENT CAMPAIGN

This part presents the details of the conducted T2C and
T2T MIMO channel measurement campaign. The proposed
T2X channel model is developed based on this measurement
campaign, i.e., we draw the parameters of our model from this
measurement. To limit the scope, this paper gives only a brief
introduction; [58] gives a more detailed introduction on the
antenna arrays and the measurement.

A. Measurement Setup

We conducted the V2V measurement campaigns by using a
self-built real-time MIMO channel sounder depicted in [58].
The system contains a pair of NI-USRP RIO, which we used
as major radio frequency transceivers. The USRPs are linked
to two eight-element uniform circular arrays (on both Tx and
Rx side) through electronic switches.

A pair of eight-element uniform circular arrays were linked
to the USRPs through electronic switches. The multitone
waveform is selected to serve as a detection signal and was
approximated at the Zadoff-Chu sequence. Each snapshot sam-
ple has a duration of T0 = 640μs, which consisted (8 × 8)
samples of detection signals (including protection periods),
and is required in-between the samples to determine the time
of the Tx and Rx switches. The transmission signals were done
in bursts, consisting of 60 concatenated MIMO snapshots;
thereafter, a dead time was inserted to allow the acquired data
to stream into a local hard disk. The bursts were repeated every
100 ms. The Rx and Tx reference clocks were synchronized
via a pair of GPS-disciplined Rb clocks, which synchronized
the rates of recurrence and timing at the Rx and Tx.

The major system settings is given in Table I and Fig. 1
shows the measurement setup. Fig. 1(a) displays the vehicles
used in the measurement: the red SUV was the Rx vehicle,
whereas the white truck was the Tx vehicle (in the T2T
measurements, two identical trucks were used for both Tx and
Rx); Fig. 1(b) shows the antenna arrays on top of the vehicles.
Note that the position of the antenna arrays on the vehicles and
the shape of the vehicles can influence the communications
channels. Specifically, we found that the container of the truck
significantly impacts the communications channels, as detailed
in the Section III.

Fig. 1. Vehicles used in the measurement campaign. (a) used vehicles, i.e.,
the red SUV as the Rx vehicle, the white truck as the Tx vehicle; (b) antenna
arrays on top of the vehicles.

TABLE I

SYSTEM SETUP OF THE T2X MEASUREMENT CAMPAIGN

B. Measurement Environment and Road Traffic

We conducted the channel measurement along the I-10
freeway in Los Angeles, USA. Each major lane of the highway
consists of five lanes, with scattered buildings and vegetation
on every side of the highway. The external border of the
street is protected by sound barriers or concrete walls. The
two major lanes of the highway are divided by a 0.50-meter-
tall metallic rail. The Rx and Tx vehicles were traveling at
the velocity of 20–30 m/s in actual traffic conditions (light to
heavy traffic, etc.). Note that these conditions are not typical
in Los Angeles, where the stop-and-go type of traffic is more
common. However, the flowing traffic present during our mea-
surements is typical in highway environments. Fig. 2(a) gives
the scenario information of the measurement campaign. The
red solid line, i.e., Part I, represents the part of the highway
where we collected the data for the model parameterization.
The blue dashed line, i.e., Part II, represents the stretch
of highway where the data for the model verification were
collected. We put panoramic cameras near the Rx and Tx to
help us record the environment during the entire duration of the
measurement. Figs. 2(b) and (c) are the recorded snapshots in
the video from the Tx truck for the T2C and T2T, respectively.

Authorized licensed use limited to: Southeast University. Downloaded on December 19,2022 at 05:39:59 UTC from IEEE Xplore.  Restrictions apply. 



HUANG et al.: GEOMETRY-BASED STOCHASTIC MODEL FOR TRUCK COMMUNICATION CHANNELS IN FREEWAY SCENARIOS 5575

Fig. 2. Measurement environment. The red solid line and the blue dashed
line in (a) represent the roads where we collected the data for the model
parameterization and model verification, respectively; (b) and (c) are snapshots
of the video recorded from the Tx side for T2C and T2T, respectively.

The video was used to help replicate the propagation environ-
ment, distinguish different clusters, and calibrate the position
and speed of the Rx and Tx provided by the GPS estimations.
For detailed information, see Sections III and IV.

III. MEASUREMENT DATA PROCESSING

A. Estimation of MPC Parameters

Similar to our previous C2C channel modeling work in [53],
an effective and accurate iterative maximum likelihood estima-
tion (MLE) process, i.e., the joint maximum likelihood estima-
tion (RiMAX), is conducted to extract the MPCs. RiMAX can
perform a joint MLE of these entire set of specular path (SP)
parameters. In particular, the method can converge consid-
erably quicker than the commonly used space alternating
generalized expectation-maximization [59] algorithm, as used
in [45], to estimate the MPCs from the V2V channel measure-
ments. Furthermore, dense multipath components (DMCs) is
also considered in the RIMAX method, which is a signifi-
cant part in V2V channels. Note that, there are mainly two
major differences between our implementation in [60] and
the conventional RIMAX procedure [61]: i) the SP signal
data model contains a phase shift in the antennas when it
switches to another antenna elements; ii) new obtained path is
only identified at the end of the MIMO snapshot rather than
at the beginning. To reconstruct fast time-varying channels,
it requires further pre-define the whole parameter vector model
before extracting the new SPs. Therefore, the signal model is
given as

H(t) = Hsp(t) +Hdmc(t) + n(t) (1)

where Hdmc(t) and n(t) denote the DMCs and the noise,
respectively. Particularly, the DMCs are modeled, according
to [61], as zero mean complex Gaussian distributions, whereas
noise is considered as the white Gaussian noise. The SPs in

(1) is further modeled as

Hsp(f, t) =
L∑

l=1

bR(ΩR,l)bTT(ΩT,l) · rle−j(2πfτl−νlt) (2)

where bR(ΩR) is the Rx antenna response at the azimuth
domain, whereas bT(ΩT) is the Tx antenna response at the
azimuth domain. The notations rl, τl, and νl are the weight fac-
tor, the path delay, and the Doppler of the lth path, respectively.
The detailed information of conducted RIMAX procedure is
given in [60].

Considering that most of the IOs in the freeway scenario are
distributed at a similar height as those of the Rx/Tx vehicles,
e.g., [45], a pair of uniform circular arrays is used at both the
Rx and Tx sides. Our study thus concentrates on the azimuth
domain, with the azimuth of arrival (AoA) and the azimuth of
departure (AoD) angles ranging within [−180◦, 180◦].

From the extraction results, we find that each MPC with
AoD within the range of [−90◦, 90◦] is repeated within (as
reflected on) the range of [−180◦,−90◦] and [90◦, 180◦],
which is mainly due to the mirror reflection of the container
of the truck. For example, Fig. 3 plots the line-of-sight (LoS)
MPCs in T2C channels with AoD at around [−50◦, 50◦], and
the “mirror MPC” of the LoS with AoD at around [125◦, 180◦]
and [−180◦, 140◦]. Every solid dot stands for an extracted
MPC, the color stand for the MPCs’ power (in dB), whereas
the dots’ size represents the delay (bigger size indicates lower
delay). Note that, the data in Fig. 3 is specifically collected in
an open area to verifying the “mirror MPCs”. Both T2C and
T2T channels exhibit this “mirror MPC” of the LoS since
similar trucks were used.1 The “mirror MPCs” are caused
by the reflection of the container; thus, they do not contain
information about the interaction of the objects behind the
truck, e.g., cars or buildings, but repeat only the MPCs within
[−90◦, 90◦]. Therefore, to simplify the model, we process
only those MPCs with AoD and AoA within the range of
[−90◦, 90◦] and [−180◦, 180◦], respectively, for the T2C chan-
nel data and those MPCs with AoD and AoA within the range
of [−90◦, 90◦] and [−90◦, 90◦], respectively, for T2T channel
data.

Fig. 4 displays the MPCs’ evolution in the AoA domain over
time. Fig. 4(a) is collected from T2C channels and Fig. 4(b)
is collected from T2T channels. Specifically, Fig. 4(a) shows
a large number of MPCs (in addition to those MPCs that
change angles and appear/disappear similar to the NLOS case
discussed below) that can be constantly observed in consecu-
tive snapshots, with AoA at around +/−180◦ (corresponding
to the back of the Rx vehicle, as the coordinate displayed
in Fig. 2(b)). Those MPCs belong to the LoS or the ground
reflection (which are hard to be distinguished from the LoS
part [53], [62], [63]), considering the geometrical relationship
between the location of Tx and Rx.

On the other hand, Fig. 4(b) shows no such LoS MPCs.
This is consistent with the physical environment where the
container of the truck blocks the LoS, as shown in the truck
antennas in Fig. 1(b) and the video sample in Fig. 2(b).

1This is a common setting for the truck antenna. However, using a different
truck model may lead to different propagation environments.

Authorized licensed use limited to: Southeast University. Downloaded on December 19,2022 at 05:39:59 UTC from IEEE Xplore.  Restrictions apply. 



5576 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 70, NO. 8, AUGUST 2022

Fig. 3. Illustration of the mirror reflection of the container of the truck: (a) the
LoS and “mirror MPCs” of the LoS in T2C channels; (b) the coordinates of
the Tx/Rx vehicle.

Fig. 4. Extracted MPCs by using RIMAX in [60]. (a) MPCs from T2C
channels; (b) MPCs from T2T channels.

In addition, numerous MPCs come from different angles and
show clear evolution patterns, which might be due to the
reflections of the local IOs, e.g., other cars and buildings
near or going toward the Rx and Tx vehicles. Specifically,
the average coherence time of the T2C channels is approxi-
mately 0.06s, whereas the average coherence time of the T2T
is approximately 0.007s. Since the T2T channels are NLoS
channels whereas the T2C channels are LoS channels, the
T2C channels thus have relatively larger average coherence
time. The coherence time is related to the Doppler spread of
the clusters, a smaller coherence time indicates to a bigger
Doppler spread of the clusters, which is usually caused by a
higher moving speed of the corresponding scatterers (relative
to the Tx/Rx), and ultimately leads to stronger evolution of
the dynamic clusters.

Fig. 5. Samples of cluster identification results for MPCs, where the four
types of the clusters, i.e., LOSC, MC, SC, and TC, are labeled. (a) T2C
channels and (b) T2T channels.

B. Cluster Identification

As briefly discussed in Section I, a cluster-based model
can determine a good trade-off between model complexity
and model accuracy; thus, we apply such approach to our
model. We can see in Fig. 4 that the MPCs are distributed
in groups/clusters, which show obvious similarity in the evo-
lution pattern over time—they correspond to the (relative)
moving pattern of the IOs in the environment. Therefore,
these evolving clusters can be recognized by tracking and by
clustering the MPC parameter estimation results in consec-
utive snapshots. Several cluster identification algorithms have
been proposed for time-varying V2V channels, e.g., [64]–[68].
In this work, we adopt the tracking joint clustering algo-
rithm [68] to identify the clusters based on their own evo-
lution patterns over time, which is inherently suitable for our
problem. To limit the range of this paper, we concentrate on
the modeling procedure. Ref. [68] provides a more detailed
information about the clustering procedure.

Fig. 5 offers a case of time-varying cluster identification
outcomes for MPCs in (a) T2C channels and (b) T2T channels
by using the algorithm in [68]. In Fig. 5, the different colors
stand for the different cluster IDs. The geometry cluster-based
model is built based on the different types of clusters caused
by different types of IOs; thus, we categorize the clusters into
the following four types:

• LoS cluster (LC): mainly composed of LoS MPCs and
unresolvable ground reflections;
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Fig. 6. Illustration of the TC extraction principle. Generally, the MPCs are
determined as multiple bounce component if the lines connecting the AoA
and AoD do not intersect at a point that lies on the ellipse that corresponds
to the delay.

• Mobile cluster (MC): mostly composed of single-bounce
reflections from mobile IOs, e.g., moving cars on the
road;

• Static cluster (SC): mostly composed of single-bounce
reflections from static IOs, e.g., buildings on the side of
the road; and

• Twin cluster (TC): mostly composed of the multi-bounce
reflection from any IOs.

Example of identified four types clusters are labeled in Fig. 5
as well.

In the RiMAX, the DMC is modeled as single exponential
decay construction (rather than as clusters) and are uniform in
the azimuth.

We identify the category of each cluster based on the
measurement video and by cross-checking the AoA, AoD,
and delay of each cluster. In single-bounce reflections, the
lines connecting the AoA and AoD must intersect at a point
that lies on the ellipse that corresponds to the delay, i.e., the
blue area in Fig. 6. Specifically, if an MPC’s AoD, AoA,
and the delay cannot be consistent within a single-bounce
reflection progress geometrically, it will be identified as a
multi-bounce path. For example, a component departing from
one side of the street and arriving at another side of the
street is clearly multi-bounce, i.e., case 1 in Fig. 6. In another
word, the AoA and AoD of the MPC show the opposite signs.
Moreover, to ensure accuracy, all extracted TCs are verified
through visual inspection according to the measurement video.
In multi-bounce reflections, on the other hand, the detailed
propagation progress is difficult to determine because the IOs
are unknown, except for the one causing the first and the last
reflection. Moreover, it is even harder to determine how many
bounces have happened during the propagation. Hence, we use
the twin cluster approach introduced in [69] and also adopted
in the COST 273 and COST 2100 [72]. In this model, the first
and last IOs in the propagation progress are modeled without
considering the specific propagation details between these two
IOs and uses the excess delay as the pseudo-distance between
the first IOs and the last IOs.

Based on the identified and categorized clusters, a GBSM
is presented in the following section.

IV. GBSM FOR T2X

This part introduces the GBSM for T2X channels. We first
elaborate the model framework, then detail how the model

parameters are extracted, and present tables containing the
whole set of model parameters.

A. General Model Framework

The general model outline is consistent with our C2C model
for the street canyon in [53]. The key idea in [53] is to set dif-
ferent types of IOs by using different stochastic distributions,
set different channel characteristics to the reflected clusters
from these IOs, then calculate the corresponding signal con-
tributions based on the generated clusters, and finally fully sum
all the signal contributions up. To achieve that, we reconstruct
the geometrical map according to the physical setting of the
measurement campaign, as illustrated in Fig. 7. Specifically,
the notation Wlane is the width of each lane in freeway and
Wbuildings is the width of the building area on the two sides of
the street. The IOs in Fig. 7 are further categorized into two
types: mobile IOs, e.g, moving cars in the street; and static
IOs, e.g., the architectures on both sides of the road. In the
model, all static IOs (buildings) are randomly distributed in
the building area, with coordinates {xsi , ysi}, The details are
provided in the Section IV-B.

The measurement campaign has the Rx car, with coordi-
nates {xR(t), yR(t)}, running in front of the Tx truck, with
coordinates {xT(t), yT(t)}. The Rx car and the Tx truck are
traveling along the road with length LLength, where the vR
and vT are the moving velocities of the Rx car and Tx truck,
respectively. The vehicles in the other lanes are moving around
the Rx car and the Tx truck at coordinates {xmi(t), ymi(t)}
and velocity of vmi , where i is the index of other vehicles.
Note that the speed of the Tx/Rx and that of each vehicle
can be set to a different value in accordance with the physical
environment.

In our work, the reflected paths caused by each IO are mod-
eled as independent dynamic (time-varying) clusters, which
have different channel characteristics, i.e., AoD/AoA, delay,
intracluster delay/angular spread as well as the number of
cluster members. As described in (1), the signal model is
divided into two components: SPs and DMCs. Such that, the
time-varying double-directional channel response of SPs, hsp

is modeled as the sum of all MPCs in all clusters, as given as

hsp(t, τ,ΩR,ΩT ) =
N∑

n=1

Ln∑
l=1

αn,le
jχn,l × δ(τ − Δτn,l − Tn)

× δ(ΩR − ΔωR,n,l − ΩR,n)
× δ(ΩT − ΔωT,n,l − ΩT,n) (3)

where N is the total number of the cluster and Ln is the
number of MPCs in the nth cluster, Tn is the delay of the nth
cluster-center, ΩR,n and ΩT,n are the AoA and AoD of the
nth cluster-center, respectively. For the nth cluster, Δτn,l is
the delay of the lth MPC with respect to the cluster center,
whereas the ΔωR,n,l, ΔωT,n,l are the AoA and AoD of the
lth MPC with respect to the cluster center, αn,l is the com-
plex amplitude of the lth MPC inside the nth cluster, ejχn,l

is path phase, and δ(·) represents the Dirac delta function.
The coefficient χn,l is modeled by using stochastic variables,
which is equally allocated over [0, 2π). Note that this part
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Fig. 7. Geometry map of the V2V channel model. A time-varying Tx, with coordinates {xT(t), yT(t)}, is moving at a speed of vT. The Tx truck moves
in the direction of the x-axis and communicates with the Rx that has the coordinates {xR(t), yR(t)}. The Rx car moves at a speed of vR and travels in
the direction of the x-axis on a street with the length of LLength. Two types of scatterers are presented: (a) static discrete with coordinates {xsi , ysi}, i.e.,
buildings; and (b) mobile discrete with coordinates {xmi (t), ymi (t)} and velocity vmi , i.e., other vehicles. The geometric relations between Tx, Rx, and
static/mobile scatter are also given.

is modeled as time-variant; as such, we can thus acquire the
channel components for each spatial subchannel of the MIMO
channel by summarizing the whole channel using (3) at each
antenna element.

Both the T2C and T2T measurement campaigns were con-
ducted in the same freeway; however, the Rx was mounted on
a truck instead of a car. Therefore, we use the same model
structure in both the T2C and T2T, but changed only the
model parameters. Note that we determined the speeds of the
Tx/Rx in the T2C and T2T measurement campaigns from
the measurement video and GPS data; thus, they will be
different for the T2C and T2T.

In the single-bounce reflection propagation, the AoD and
AoA of the cluster center are determined according to the
geometric relationships among the physical positions of the
Tx, Rx, and IOs, whereas the delay is determined according
to the propagation distance. These are presented as MC and
SC in Fig. 7. We determine the cluster center of the LC using
similar methods, but use only the Tx and Rx without any other
IOs. Note that there is no LC in the T2T channels because
the container of the truck blocks the LC. In our model, the
propagation involving a multi-bounce reflection, the first IO,
and the last IO are randomly selected from the IOs. The AoD
and AoA of the TC’s center are thus decided based on the
physical positions of the Tx, Rx, and first/last IOs. In addition,
the delay of each TC’s center is determined based on the
propagation distance among the Tx-first IO and the Rx-last
IO, in addition to the randomly generated excess delay (shown
as TC in Fig. 7).

According to the cluster categories introduced above, (3)
can be rewritten as

hsp(t, τ,ΩR,ΩT ) =
LLC∑
l=1

hLC(t, τl,ΩR,l,ΩT,l)

+
NMC∑
n=1

LnM∑
l=1

hMC(t, τn,l,ΩR,n,l,ΩT,n,l)

+
NSC∑
n=1

LnS∑
l=1

hSC(t, τn,l,ΩR,n,l,ΩT,n,l)

+
NTC∑
n=1

LnT∑
l=1

hTC(t, τn,l,ΩR,n,l,ΩT,n,l)

(4)

where LLC is the total number of the paths in the LC, similarly,
LnS andNSC are the paths in the nSth SC and the total number
of SCs, respectively. Likewise, NTC and NMC are the total
number of TCs and MCs, respectively, whereas LnT and LnM

are the total number of paths in the nTth TC and the nMth
MC, respectively.

B. Scatterer Model

We have previously mentioned that the IOs in Fig. 7 are
reconstructed based on the measurement environment; thus,
the IO distributions are also modeled based on the physical
environment. The mobile IOs are modeled as time-varying
discretes and then randomly placed in a lane with fixed y-
coordinates, which is at the center of each lane. In other
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TABLE II

ENVIRONMENT PARAMETERS

words, each vehicle is moving along its own lane. The initial
x-coordinates of each vehicle are also modeled as a continuous
uniform distributions (xm ∼ U [xmin, xmax]), with a certain
density by the side of the x-coordinate. After initializing the
simulation, each IO, Rx, and Tx are moving independently
with their own time-varying speeds, vm, vR, and vT. Based
on the initial position, velocity, and simulation time, we can
derive the coordinates of each IO, Rx, and Tx.

Particularly, the static IOs’ x-coordinates are modeled as
a continuous uniform distribution along the length of free-
way (xsc ∼ U [xmin, xmax]), where xmin and xmax are the
x-coordinates of the beginning and the end of the freeway,
respectively. Similar to the vehicles, the density of the sta-
tic IOs (χSC) is a constant by the side of x-coordinate.
Moreover, the static IOs can be set on both sides of the
freeway, and the y-coordinates of the static IOs are thus mod-
eled as zero-mean Truncated Gaussian distributions (ySC ∼
N (y2,SC, σSC, y2,sc − Wbuildings/2, y2,sc + Wbuildings/2)
and ySC ∼ N (y1,SC, σSC, y1,sc − Wbuildings/2, y1,sc +
Wbuildings/2)). We place a minimum space Dp on all IOs,
Rx, and Tx to avoid generating IOs that are too close to each
other. In another words, the IOs will be regenerated if it falls
into other IOs’/Tx’s/Rx’s protection space.

We also adopt here the visibility region (VR), which has
been defined in the COST 259 [70], [71] and used in the COST
2100 [72] and our previous C2C model [53]. The general idea
in setting the VR is that only those IOs located in the VR
regions of the Tx/Rx are involved in the propagation progress
and cause single/multi-bounce reflections.2 The details of this
VR are explained in [53]. The VR of the static and mobile
IOs, i.e., DSVR/DMVR, are extracted from the measurement
data.

Table II presents the environment parameters, including
those of the road for the model parameterization, i.e., Part I,
and of another part of the road for the model verification, i.e.,
Part II. To implement the model for different freeway scenar-
ios, we suggest setting the environment parameters according
to the environment of interest.

2Assuming there is no blockage between the Tx/Rx and IOs.

TABLE III

INTERCLUSTER PARAMETERS

C. Cluster Structure

As a hybrid IS-GBSM, we model the channels in two steps.
First, the channel characteristics of the cluster centers are
modeled, e.g., inter cluster channel characteristics, followed by
the MPCs in every cluster, i.e., intracluster channel properties.
In this case, each IO (within the VR region) in the propagation
environment can generate an SC/MC, with several MPCs
following the intracluster properties. This is confirmed in both
the T2T and T2C measurement data sets. The inter/intracluster
parameters in each type of cluster, i.e., LC, MC, SC, and
TC, are individually estimated by utilizing the nonlinear LS
regression approach. Furthermore, as shown in our previous
work [53], the log-distance weighted fitting can “equalize”
the impact of the different amount of sampling data points on
fitting parameters. Hence, we also apply this in this paper to
extract the appropriate parameters.

1) Intercluster Parameters: mainly contains the number of
clusters, delay, cluster power, AoD, and AoA of every cluster
center. As illustrated in Section IV-B, the AoA and AoD are
determined based on the geometrical relationships among the
Tx, Rx, and IOs, whereas the delay of each cluster center
can be derived according to the propagation distance. Next,
the total cluster power (in dB) is modeled by using the well
known Log-distance model [12]:

PL = P (dref) + 10 · γ · log
(

d

dref

)
+Xδ (5)

where PL(dref) is the intercept cost of pathloss at refer-
ence distance dref (which is set to 1 m in this paper). The
parameter γ represents the pathloss coefficient that quantifies
the power fading changes along with the propagation dis-
tance, and Xδ represent the effect of the shadowing, which
is modeled as a zero-mean Gaussian distributed random vari-
able. Furthermore, the correlation distance of the shadowing
(dcor) is also modeled based on the widely used Gudmundson
model.

Table III summarizes the intercluster parameters extracted
from the T2C and T2T channel measurements.

2) Intracluster Parameters: mainly include the MPC prop-
erties inside the clusters. The main Intracluster parameters
includes:

• Number of MPCs within each cluster3: In each cluster,
the total number of MPCs L is modeled as a Poisson

3Parameter within each cluster indicates the intracluster parameter.
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distribution:

f(L = k;λL) =
e−λLλk

L

k!
(6)

where parameter λL is the distribution coefficient.
• Delay offset within each cluster: In each cluster, the

cluster center is determined as the MPC that has the
maximum amplitude; in another word, the delay center of
the cluster is the delay of the cluster center (the MPC with
maximum amplitude). The delay offset is defined as the
difference value between the delay center and the delay
of the other MPCs. We model the delay offset for the
rest of the MPCs and delay center based on the truncated
Gaussian distribution:

f(Δτ ;μΔτ , σΔτ , τmin, τmax)

=
1

σΔτ
ψ

(
Δτ−μΔτ

σΔτ

)
Ψ

(
τmax−μΔτ

σΔτ

)
− Ψ

(
τmin−μΔτ

σΔτ

) (7)

with the range of [τmin, τmax]. The parameter ψ is the
normal Gaussian distribution coefficient, with unit vari-
ance and zero mean:

ψ(x) =
1√
2π
e−

1
2x2

(8)

where Ψ(·) is cumulative distribution function (CDF) of
ψ(·).

• Angular offset within each cluster: Similar to the
delay center, the angular center is defined as the AoD
and AoA of the cluster center. Such that, the AoA and
AoD offset between the angular center and the remaining
MPCs are modeled as the widely used zero-mean Laplace
distribution:

f(Δω; bΔω) =
1

2bΔω
e
− |Δω|

bΔω . (9)

• Amplitude of the MPCs within each cluster: In each
cluster, the total cluster power (αcluster) is computed
according to the pathloss calculated by (5) and corre-
sponding propagation distance, which is determined by
the geometrical map. From the measurement data, we find
that the MPC amplitude varies according to its position in
the cluster. This indicates that the amplitude of each MPC
is related to its angular offset and delay offset. Hence,
we model the normalized angle delay power spectrum of
each cluster as the product of a two-sided exponential
function and two zero-mean Laplace functions (of delay,
AoD and AoA offset). The power allocation weight factor
at each angle is calculated as

wαl,n
(Δτl,n,ΔωR,l,n,ΔωT,l,n)

= ebΔτl,n
Δτe

− |ΔωR,l,n|
bα,R e

− |ΔωT,l,n|
bα,T (10)

where Δτl,n, ΔωR,l,n, and ΔωT,l,n are the generated
delay, AoA offset, and AoA offset of the lth MPC in the
nth cluster, respectively, and bΔτl,n

is determined based
on Δτl,n:

bΔτl,n
=

{
bΔτ1 Δτl,n ≥ 0
bΔτ2 Δτl,n < 0.

(11)

Such that, each MPC power in all cluster is allocated
according to the weight factor wαl

. The all set of intra-
cluster parameters is given in Table IV.

Based on the data processing results, we can individually
extract the above intracluster parameters of the LC, MC, SC,
and TC. Fig. 8 shows the intracluster parameter fitting results
of the LC: Fig. 8(a) shows the CDF of the number of MPCs
within each clusters, which is fitted by the Poisson distribution;
(b) shows the CDF of the delay offset within each clusters,
which is fitted by the truncated Gaussian distribution; whereas
Fig. 8(c) and (d) show the probability density function (PDF)
of the AoD and AoA offset which are fitted by using the
zero-mean Laplace distribution. All the distribution coeffi-
cients are provided in Table IV.

Similar to LC, the intracluster parameters of MC can be
acquired using the same method, as given in Figs. 9(a)–(d);
likewise, the intracluster parameters of SC can be obtained
through similar procedures. Unlike the MC and SC, the
propagation progress of the multi-bounce reflection is very
difficult to reconstruct, as discussed in Section III-B, and we
thus model it as TCs, as illustrated in Fig. 7. We compute
the excess delay by using TC delay subtract LOS delay,
which is consistent with the TC model in [53]. The CDFs
of the excess delay and delay offset, MPC number are given
in Fig. 10.

D. DMC

The DMC is considered to follow a zero-mean complex
Gaussian process. Note that the DMCs are jointly modeled
with noise. Its shape, as a delay function, is an exponentially
decaying function plus a constant. The constant value can
then be ascribed to noise, whereas the exponentially decaying
function is ascribed to the DMCs [60]. The model assumes
the DMC process is only correlated in frequency, where the
frequency domain correlation matrix is a Toeplitz matrix [61],
and its power delay profile (PDP) follows a single exponential
decay model:

Ψ(τ) =

⎧⎪⎪⎨
⎪⎪⎩

0 τ < τd
1
2
α1 τ = τd

α1e
−βd(τ−τd) τ > τd.

(12)

The βd coefficient is the decay coefficient element and mod-
eled by the log-normal distribution:

f(βd;μβd
, σβd

) =
1

βdσβd

√
2π
e−(lnβd−μβd

)2/2σ2
βd (13)

where α1 represents the peak power, and τd repre-
sents the starting delay modeled by the Poisson distrib-
ution f(τd;λτd

). The distibution coefficients are provied
in Table IV.

The coefficient α1 is set to 10% power of the whole chan-
nels, which conforms to the channel measurements. Besides,
we have modeled DMCs as spatially independent in RiMAX;
thus, they are modeled as uniformly allocated in angular
domain, Ωdmc ∼ U [−π, π]. All the parameters are given in
Table IV, while Ref. [60] presents a more comprehensive
argument of the DMC model. Some other papers, e.g., [62],
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Fig. 8. Intracluster parameters for LC. (a) CDF of the amount of MPCs within clusters with the Poisson distribution fitting results; (b) CDF of delay offset
with the Truncated Gaussian distribution fitting results; (c) PDF of AoA offset distribution with the Laplace distribution fitting; and (d) PDF of AoD offset
distribution with the Laplace distribution fitting.

Fig. 9. Intracluster parameters for MC. (a) CDF of the amount of MPCs within clusters with the Poisson distribution fitting results; (b) CDF of delay offset
with the Truncated Gaussian distribution fitting results; (c) PDF of AoA offset distribution with the Laplace distribution fitting; and (d) PDF of AoD offset
distribution with the Laplace distribution fitting.

Fig. 10. Intracluster parameters for TC. (a) CDF of TC excess delay with truncated Gaussian distribution; (b) CDF of the amount of MPCs within clusters
with Poisson distribution fitting results; (c) CDF of the delay offset with the Truncated Gaussian distribution fitting results; (d) PDF of AoA offset with the
Laplace distribution fitting; and (e) PDF of AoD offset distribution with the Laplace distribution fitting.

also provide a different distribution of the diffuse scatterers
on highways, namely, along the sides of the highway. This
was motivated by the specific structure of the highway con-
sidered in these studies, which had vegetation on the sides
that act as diffuse scatterers. In our setup, we consider the
structures on the side of the highway as noise-reduction walls,
which tend to have a more specular reflection. Thus, the
DMC in our case can be seen as explaining any mismatch
between the specular model and the measurement results,
thereby making an angularly uniform distribution a reasonable
approximation. However, we note that different distributions

might also be applicable depending on the geometry of the
highway.

The implementation of the overall model is the same as that
in the C2C model in [53]; to avoid duplication, we refer the
reader to that paper for the step-by-step application recipe.

V. MODEL VALIDATION

In this part, we validate the T2C and T2T model accuracy
through the delay and angular spread of the data generated
by the proposed models and collected from the measurement.
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TABLE IV

INTRACLUSTER PARAMETERS

Specifically, both models are evaluated based on the measure-
ment data gathered from another part of the freeway and on
the data used for the model parameterization.

In this work, the proposed GBSM is verified by using
the RMS delay spread and the angular spreads. A total of
600 independent iterations are conducted to clear up the
dependence among the random variable initiation. The RMS
delay spread can be calculated as follows [12]

τ (t)
rms =

√√√√∑L
l=1(τ

(t)
l − τ

(t)
m )2|h(t)

l )|2∑L
l=1 |h(t)

l |2
(14)

where τ (t)
m is the mean excess delay and can be expressed as

τ (t)
m =

∑L
l=1 τl|h(t)

l |2∑L
l=1 |h(t)

l |2
. (15)

The angular spread is calculated according to the definition of
Fleury [73], as follows

λ
(t)
ASD/ASA =

√√√√∑L
l=1 | exp (iφ(t)

1/2,l) − μ
(t)
φ1/2

|2|h(t)
l |2∑L

l=1 |h(t)
l |2

(16)
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Fig. 11. Contrast between the proposed T2C model and the measured T2C channels. (a)–(c) are the contrast among synthetic data and measurement data
for model parameterizations, where (d)–(e) are the contrast among synthetic data and measurement data collected from another part of the freeway.

Fig. 12. Comparison between the proposed T2T model and the measured T2T channels. (a)–(c) are the comparison between the composed data and the
measurement data for model parameterizations, where (d)–(e) are the comparison betweeen the synthetic data and the measurement data collected from another
part of the freeway.

where the μ(t)
φ1/2

is the mean direction of the power angular
spectrum. This, in turn, can be calculated as:

μ
(t)
φ1/2

=

∑L
l=1 exp (iφ(t)

1/2,l)|h(t)
l |2∑L

l=1 |h(t)
l |2

. (17)

Fig. 11 compares the CDF of the RMS delay spread and
the CDF of the angular spread of arrival/departure of the
composed data generated by the proposed T2C models and the
measured T2C channels. Particularly, Figs. 11(a)–(c) compare

the synthetic data with the measurement data for the model
parametrizations (Part I in Fig. 2(a)4.), whereas Figs. 11(d)–(e)
compare the synthetic data with the measurement data that
measured from another part of the freeway (Part II in
Fig. 2(a)5). In Fig. 12 the CDF of the angular spread and
the RMS delay spread of the measured T2T models and the

4Contains ten MCs and ten SCs according to the environment parameters
5Contains seventeen MCs and seven SCs according to the environment

parameters
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measured T2T model are compared similarly. The physical
environment parameters of both Parts I and II are given in
Table II. Note that for the simulations of Part I and Part II,
we modify only the physical environment parameters in accor-
dance with the measurement, whereas the model parameters
in Table III and Table IV remain the same. It can be found
from the results that the synthetic data of both T2C and
T2T channels match the corresponding measurement data very
well. This indicates that the proposed T2C and T2T models
achieve good model accuracy and can be flexibly extended to
similar scenarios by modifying the environment parameters in
Table II, without additional measurements.

VI. CONCLUSION

In this paper, a cluster-based T2X MIMO channel model
has been proposed, which is proved that can characterize the
properties of the wireless channel and maintaining the sim-
plicity of the model. Specifically, the model parameterization
is based on the extensive measurement data that had been
collected from a freeway environment. We have categorized
the MPCs into five groups according to the observations from
the measurement campaign: LC, MC, SC, TC, and DMC.
Next, each type of cluster has been characterized individually,
and the model parameters has been extracted from the channel
measurement data by conducting the RiMAX method. Then,
the completed model parameterization has been provided.
Eventually, we have simulated the model and compared the
simulation results with the measurement data. The results show
great agreement in terms of the angular spread and the RMS
delay spread. Then, the model has been validated by com-
paring it with the channel measurement data collected from
another part of the freeway different from the one for model
parameterization. This then verifies that this model could be
productively expanded to similar freeway scenarios. Accord-
ingly, we conclude that the proposed model can accurately
reconstruct the measured MIMO V2V channel according to
the matched two second-order statistics; hence, it could help
in emulating wireless V2V systems in the future.
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