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Vehicle-to-vehicle (V2V) communication has been widely researched recently since the potential abilities of improving traffic
efficiency and reducing accident rates. Since the high vehicle mobility, a huge number of accidents happen on highway. So, it is
necessary to study the highway channel characteristic to ensure the driving safety. Due to the high speed of vehicles, there
exists serious nonstationarity of highway channel, leading to the dissatisfaction of the wide-scene stationary uncorrelated
scattering (WSSUS) assumption. Thus, a distant channel model is needed. In this paper, we carried out a measurement
campaign of highway channel. Based on the measured data, we conduct a birth and death channel model, which is depicted by
Markov chain. We propose the first-order model and the second-order model, respectively. The steady probabilities and
transition probabilities are given. To compare the two models, we utilize the multipath living time and Kullback-Leibler (KL)
distance. What is more, autocorrelation function (ACF) is used to describe the nonstationarity.

1. Introduction

Vehicles have been an important role in people’s life. How-
ever, more and more traffic accidents occur with the rapid
increase of vehicle ownership. According to the data pro-
vided by the World Health Organization (WHO), over
1.25 million people are killed in traffic accidents, and tens
of millions are injured or disabled every year. Therefore,
how to deal with the problems caused by vehicles is immi-
nent [1]. With the rise of intelligent transportation, informa-
tion technology and automobile industry are becoming
deeply integrated, and vehicle-to-everything (V2X) has been
an important part of intelligent transportation system (ITS),
which can connect vehicles with surrounding vehicles, peo-
ple, transportation infrastructures, and cloud. As a structural
part of V2X, V2V communication systems have drawn great
attention for the potential to reduce accident rates and
improve traffic efficiency [2, 3].

Dedicated short-range communication (DSRC) and cel-
lular vehicle-to-everything (C-V2X) are the two main tech-
nologies of V2X. DSRC is proposed by the United States
based on IEEE 802.11p. The communication based on DSRC

can be achieved without the cellular network. It has been in
development for a long time and has been promoted in the
United States as the main solution of V2X, but its commer-
cial progress is not very well, and the evolution route is not
clear for new applications such as autodriving [4]. C-V2X
is designed by the third-generation partnership projection
(3GPP) based on the fourth-generation (4G) mobile com-
munication technology, which was completed in 2016. C-
V2X can utilize the existing cellular network infrastructure
to reduce deployment costs and provide low latency, high
reliability, high transmission rates, and secure communica-
tion in high-speed mobile environments. This contributes
to a better application for C-V2X in some countries than
DSRC.

As the medium of transmitted information, wireless
channel is the basis of wireless communication system
design [5]. Knowledge of the propagation channel is vital
for V2V communication systems designers since its proper-
ties will ultimately dictate system performance. Highways
are commonly used for people to travel, and the vehicles
are fast-moving. Accordingly, it is very important to accu-
rately describe the channel characteristics of highway to
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ensure people’s safety [6]. Measurement and modeling are
the most efficient ways to get the accurate channel character-
istics for the link-level simulation and system-level design.
However, unlike traditional cellular network channel, V2V
channel varies over time and does not satisfy the assumption
of wide-scene stationary uncorrelated scattering (WSSUS).
Thus, distinct channel models are required.

In the existing literatures, several works have studied the
influence of the velocity and direction of transmitters,
receivers, and scatterers on nonstationarity of V2V channel,
but fewer papers deal with the nonstationarity of highway.
Sen and Matolak described measurements and results of
delay spread, amplitude statistics, and correlations for sev-
eral V2V scenarios at 5GHz in [7]. In [8], a nonstationary
channel model considering mobile scatters for street wide-
band was proposed. In [9], the influence of velocity variation
of both receivers and moving scatters on nonstationary
channel was investigated. In [10], the impacts of antenna
array rotation were incorporated for a three-dimensional
channel model, and the stationarity regions of suburban,
urban, and underground parking environments were pro-
vided in [11]. Based on multiple-input and multiple-output
(MIMO) V2V communication, the research in [12] pre-
sented a three-dimensional (3D) wideband geometry-based
channel model. From the aspect of correlation, the authors
in [13] analyzed the nonstationary V2V channel using the
time-variant temporal correlation function (TCF) and
derived the closed-form TCF expression for nonline-of-
sight (NLoS) scenarios. In [14], the local region of station-
arity is adopted to analyze the nonstationarity of V2V radio
channels in seven scenarios.

In this paper, the birth and death progress is used to
model the highway V2V channel based on Markov chain.
Steady-state probability and transition probability of the
first-order model and the second-order model are given,
which can be used to simulate the nonstationary channel.
We also utilize the time autocorrelation function (ACF) to
describe the nonstationary features. To demonstrate the per-
formance of the models, we compare the lifetime fitting
degree between measured data and simulated data, respec-
tively, and further verify of the first-order model and
second-order model by adopting KL distance.

The remainder of this paper is outlined as follows. In the
next section, we introduce our measurement campaign and

data processing method separately. Then, our channel
models are described in Section 3. The validation of the
models is in Section 4. Finally, the conclusions are drawn
in Section 5.

2. Channel Measurement Campaign

2.1. Scenario and Equipment of Measurement. The research
group measured the V2V channel of highway in Shanghai
Lingang autonomous and informationalized vehicle integra-
tive testing and demonstration zone, China. The measured
highway road was built as the same standard as common
highway scenarios, including the guideposts and plants on
both sides of the road. The transmitting vehicle and the
receiving vehicle moved towards from an initial distance of
about 600 meters and then moved away after meeting. The
antennas were located on the top of the vehicles. The mea-
surement scenario is shown in Figure 1.

The measurement system concludes vector signal gener-
ator, spectrum analyzer, transceiver antenna system, and
synchronization unit. Vector signal generator R&S
SMW200A and spectrum analyzer R&S FSW 67 are used
at Tx and Rx to compose a frequency domain channel
sounder. GPS timer rubidium clocks are used to provide
10MHz reference clock. A single-input multiple-output
(SIMO) mode is used in this measurement, with two anten-
nas at Rx. The gain of each antenna is 6 dBi, and each
antenna is omnidirectional. The distance between the receiv-
ing antennas is about 10 cm, and the top of antenna is 2m
from ground. The total transmitter power of the vector sig-
nal generator and the power amplifier is 21 dBm, so the total
transmitted power is 27 dBm due to the antenna gain. The
signal used for measurement is orthogonal frequency divi-
sion multiplexing (OFDM) signal containing 2560 subcar-
riers, each signal has 256 zero-complementing subcarriers,
that is, the effective number of subcarriers is 2048. The mea-
sured frequency point, bandwidth, transmission power, and
other parameters are configured based on 3GPP TR 36.885,
which are according to V2X testing standard. The detail of
parameter configuration is shown in Table 1.

2.2. Extraction of the Channel Parameters. After data con-
taining channel information is obtained from measurement
campaign, the channel parameters need to be extracted.

Figure 1: The photo of measurement scenario.

Table 1: The parameter configuration of measurement system.

Parameter Value

Carrier frequency 5.9GHz

Bandwidth 20MHz

Transmit power 27 dBm

Transmit signal OFDM

Transmit antenna Omnidirectional antenna

Receiving antenna Omnidirectional antenna

The height of antenna 2m

SIMO 1 × 2
Antenna spacing 2 wavelengths
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The first and the most important step is to get channel
impulse response (CIR), which contains large-scale fading
information and small-scale fading information, as shown in

h t, τð Þ = 〠
L

l=0
al tð Þe−j2πf D tð Þtδ τ − τl tð Þð Þ, ð1Þ

where τ is time delay and L is the number of resolvable mul-
tipaths. alðtÞ, f DðtÞ, and τlðtÞ represent amplitude, doppler
shift, and time delay of the lth resolvable multipath at instant
time t, respectively. δðτÞ denotes the Dirac delta function. It
can be seen from Equation (1) that CIR contains a variety of
important channel parameters, such as path loss, delay
spread, and Doppler spread. Thus, the correct extraction of
CIR will affect the accuracy of subsequent channel analysis.
The following steps are the methods to extract CIR:

(1) Convert the collected intermediate frequency (IF)
signal into baseband signal by downconversion and
low-pass filtering

(2) Get the original CIR by sliding correlation between
the resulting baseband signal and the transmitted
OFDM signal

(3) Use precise synchronization, coarse synchronization,
and the addition of window function to combat the
energy leakage of CIR

(4) Get final CIR in the time domain by inverse Fourier
transferring

After CIR is obtained, effective multipath recognition is
required to extract multipath components. Denoising and
multipath searching are the two steps to identity effective
multipaths:

(1) Denoising: there are both valid multipath compo-
nents and invalid noise components in the measured
CIR, which are distinguished by setting noise thresh-
old. In order to avoid the influence of the fixed value
noise threshold in the decision when the signal-to-
noise ratio (SNR) is low or the noise fluctuate
greatly, we adopt a dynamic noise threshold that
retains the taps whose multipath power is higher
than the noise threshold and forces the taps below
the noise threshold to zero

(2) Multipath searching: the local maximum method is
used to search multipath. This step is to remove the
noise “burr” which is higher than the noise decision
threshold and further improve the accuracy of multi-
path extraction. Firstly, the maximum power differ-
ence is defined as ΔP, which represents the
acceptable minimum power difference between the
peak and the neighbour valley. Then, search for the
power and location of the peak above the noise thresh-
old, and whether the peak is a noise “burr” is deter-
mined by comparing each peak power with ΔP

Based on the extracted multipath, the variation of multi-
path distribution with the distance is shown in Figure 2.

In Figure 2, the x-axis is the distance between the transmit-
ting vehicle and the meeting point; the y-axis is the number of
distinguishable multipaths at each point. We divide the whole
measurement region into 4 parts according to the dynamic
change of effective multipath [15]: toward area (TA), Similar
to the first-order model (AA), as shown in Table 2.
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Figure 2: The variation of multipath distribution with the distance.

Table 2: Division of different areas.

Area Distance Average multipath number

TA [-500m, -200m] 5

CA [-200m, -100m] 4

CEA [-100m, -40m] 3

AA [-40m,0m] 2
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3. Channel Modelling

3.1. Birth and Death Progress for Nonstationary Channel. In
general, the tap delay line (TDL) model based on Equation
(1) can be used to describe the multipath variation charac-
teristics of wireless propagation environment, provided that
the scenario satisfies WSSUS assumption [16]. But in V2V,
the fast-moving vehicles and low transmitting and receiving
antenna heights will cause the channel characteristics change
frequently and rapidly, so that the channel no longer meets
the WSSUS assumption, leading to a seriously nonstation-
ary. As a result, the number and intensity of multipath com-
ponents often change. In this scenario, the traditional TDL
model cannot describe the multipath variation accurately;
however, an improved TDL model based on birth and death
progress can be used to describe the nonstationary channel,
as shown in Equation (2) [17]:

h t, τð Þ = 〠
L

l=0
zl tð Þal tð Þe−j2πf D tð Þtδ τ − τl tð Þð Þ:zl tð Þ ∈ 0, 1f g:

ð2Þ

The difference between Equation (1) and Equation (2) is
zlðtÞ, which controls the “ON” or “OFF” of the lth path, rep-
resenting the persistence of multipath in random progress.
For example, for a sequence that zlðtÞ = 111001, it means
that the multipath can be detected in the first three intervals,
then disappears at the following two intervals, and at the end
of time, it can be detected again.

For the tap persistence process, we use Markov chain to
model the birth and death progress, which is frequently used
in continuous process modelling. We developed first-order
two-state Markov chains and second-order four-state Mar-
kov chains, respectively. For the first-order Markov chain,
the steady-state probability matrix and transition probability
matrix are used to characterize it, as shown in Equations (3)
and (4), respectively [18]:

SS1 =
S1,0

S1,1

" #
, ð3Þ

TS1 =
P1,00 P1,01

P1,10 P1,11

" #
, ð4Þ

where S1,i represents the steady probability of state i, P1,ij
represents the probability of transition from state i to state
j. There are two states “0” and “1” in the first-order Markov
chain, which denote “OFF” and “ON” of multipath, respec-
tively. Note that because SS1 and TS1 are probability matrix,

we have the Equation of
S1,0 + S1,1 = 1
P1,i0 + P1,i1 = 1

(
.

Due to the rapid change of measured channel, the chan-
nel state is less correlated. Considering higher-order model
can simultaneously observe channel states in longer time to
track the channel variations deeper in the past, we employ
the second-order Markov chain to model the V2V channel,
but the modelling complexity will also increase. There are
four states for the second order Markov chain, which are

Table 3: Comparison table of states of second-order Markov chain.

State The relationship with “0,” “1” Physical meaning

1
zl t‐1ð Þ = 0
zl tð Þ = 0

(
Both of the adjacent time do not exist multipath.

2
zl t‐1ð Þ = 0
zl tð Þ = 1

(
There exist multipath at the current time but no multipath at the previous time.

3
zl t‐1ð Þ = 1
zl tð Þ = 0

(
There exist multipath at the previous time but no multipath at the current time.

4
zl t‐1ð Þ = 1
zl tð Þ = 1

(
Both of the adjacent exist multipath.
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Figure 3: The comparison of the probability of “on” state in each
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shown in Table 3. Similar to the first-order model, SS2 and
TS2 are the steady state probability matrix and transition
probability matrix, as shown in

SS2 =
S2,1

S2,3

S2,2

S2,4

" #
, ð5Þ

TS2 =

P2,11 P2,12

0 0
0 0

P2,23 P2,24

P2,31 P2,32

0 0
0 0

P2,43 P2,44

2
666664

3
777775, ð6Þ

and we have

S2,1 + S2,2 + S2,3 + S2,4 = 1,
P2,i1 + P2,i2 = 1 i ∈ 1, 3f gð Þ,
P2,j3 + P2,j4 = 1 j ∈ 2, 4f gð Þ:

8>><
>>: ð7Þ

3.2. Channel Model Based on Markov Chain. In this section,
we utilize the first-order Markov chain and the second-order
Markov chain to model the V2V highway scenario channel
in the area of TA, CA, CEA, and AA, respectively.

The comparison of the multipath steady probabilities in
various regions is shown in Figure 3. In Figure 3, the results
of the two models are shown, and the probabilities are S1,1
and S2,4 actually. Since we always select the first arrival
diameter as tap 1, the probabilities of tap 1 for each subre-
gion are fixed to 1. Figure 3 indicates that S1,1 and S2,4 of
each zone decrease with the increase of multipath delay,
which means the long-delay paths have a higher probability
of “OFF” state. This is because of the long multipath trans-
mission time and the large number of reflections, resulting
a low energy when echo reaches the receiving end and be

flooded by noise, showing that the tap does not exist multi-
path. By observing the curves of each area, it can be found
that the curve at tap 2 is denser than others, which means
that each area has a higher multipath survival probability
at the second tap. It may because the multipaths of the sec-
ond tap are generated by fixed scatterers around the test sce-
nario, such as trees, fences, and signs on both sides of the
road. What is more, through the probabilities of different
regions at the same tap, we can know that TA has the highest
probability, followed by CA, CEA, and AA. This result indi-
cates that the farther multipaths are more likely to survive,
while those near the meeting position have a weaker life.
This is because the highway environment is more spacious,
and the channel nonstationarity is not particularly obvious
when the vehicles are far away. When the vehicles are close
to each other, the nonstationarity is exacerbated due to the
relative motion between the vehicles, resulting in lower sur-
vival probability. We can also find that the second-order
model generally has a lower probability of survival than
the first-order model; the reason is the first-order model
only considers the current state, while the higher-order
model tracks several moments, which makes the prediction
more accurate. Table 4 and Table 5 provide the parameters
of the two models, respectively. The values not to be listed
can be calculated by P1,i0 + P1,i1 = 1, P2,i1 + P2,i2 = 1ði ∈ f1, 3
gÞ, and P2,j3 + P2,j4 = 1ðj ∈ f2, 4gÞ.

From Figure 3, it can be observed that the probability
distributions of TA and CA regions are approximately sub-
ordinated to the trigonometric function, while those of
CEA and AA regions are subordinated to the exponential
distribution due to the serious nonstationarity. Thus, we fit
S1,1 and S2,4 of TA and CA regions as Fourier function,
and exponential fitting of CEA and AA regions are carried
out, as shown in

P lð Þ = a0 + a1 cos lwð Þ + b1 sin lwð Þ, ð8Þ

P lð Þ =m exp nlð Þ, ð9Þ
where a0, a1, b1, w, m, and n are fitting parameters and l is
the tap index. The value of fitting parameters is shown in
Table 6.

3.3. The Correlation Characteristic. Under the assumption of
WSSUS, the channel correlation is only related to time inter-
val rather than the time instant. But in actual V2V scenario,
the movement of scatters and vehicles will cause the channel
to change with time, which is leading to time-variable corre-
lation. To characterize the nonstationarity from the point of
view of correlation, the autocorrelation function (ACF) is
used to depict it, as shown in

ACF τð Þ = E h∗ tð Þh t + τð Þf g, ð10Þ

where τ is the time interval and h∗ðtÞ is complex conjugate
of hðtÞ. According to Equation (10), we can see that ACF
indicates the similarity between the CIR at time instant t
and time delay τ. That is to say, a higher ACF means a stron-
ger dependence of hðt + τÞ on hðtÞ.

Table 4: Channel model for the first-order Markov chain.

Taps Delay (μs) S1,0 S1,1 P1,00 P1,11

TA

1 0 0 1 0 1

2 0.43 0.0023 0.9977 0.1017 0.9979

3 0.76 0.0461 0.9539 0.3102 0.9666

4 0.92 0.2570 0.7430 0.5860 0.8568

5 0.79 0.5353 0.4647 0.7393 0.6996

CA

1 0 0 1 0 1

2 0.49 0.0309 0.9691 0.2392 0.9757

3 0.98 0.1956 0.8044 0.5839 0.8988

4 0.90 0.4550 0.5450 0.7742 0.8115

CEA

1 0 0 1 0 1

2 0.39 0.0819 0.9181 0.2293 0.9312

3 0.61 0.3396 0.6604 0.5578 0.7727

AA
1 0 0 1 0 1

2 0.15 0.5664 0.4336 0.6640 0.5611
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Figure 4 illustrates the time varying ACF. We compare
ACF of the four subregions at TAP 2. The comparison of
TAP 2 and TAP 3 is also given under AA area. There can
be found that the correlations are greater than 0.8 in the first
0.5ms and then dropped to 0.6 at about 0.72ms, which indi-
cates the nonstationary channel of highway scenario only
has strong correlation in a short time. In addition, we can
see with the increase of time, the ACF curves decrease rap-
idly at the first and then change slowly. The is because the
multipath component is stronger in the initial period of
time, leading to the sharply decline of ACF. When ACF
decreases to a certain value, the multipath intensity is negli-
gible compared with direct path, leading to a relatively stable
curve. Besides, it is obvious that the strength of direct path is
the highest in TA. Through the comparison of TAP 2 and
TAP 3, a conclusion can be drawn that the nonstationarity
will be aggravated as the increase of multipath delay.

4. Application of Model

Multipath lifetime can be used to describe the possible dura-
tion of each potential path, which is of great significance for
the studying nonstationary channels. We use TS as the unit
persistent period; the steady-state probabilities and transi-
tion probabilities obtained in Section 2 are used to derive
the multipath survival time. When the first-order model is
adopted, the indicator is mathematically shown in

LT1 nð Þ = S1,1 ∗ P1,11ð Þn−1n = 1, 2, 3,⋯, ð11Þ

where n denotes the number of TS in lifetime. When the
second-order model is adopted, the indicator is shown in

LT2 nð Þ = S2,4 ∗ P2,44ð Þn−2n = 1, 2, 3, 4,⋯: ð12Þ

According to AA has the most severe nonstationarity in
the subregions, we take this area to demonstrate the effec-
tiveness of our models. The real survival time is calculated
from the measured data; LT1ðnÞ and LT2ðnÞ are calculated
according to Equation (11) and Equation (12), respectively.
We plot the comparison of the three results in Figure 5.

As shown in the figure, the survival probabilities
decrease exponentially with time, which is familiar with the
tendency of steady probability. Notice that when n equals
to 1 and 2, LT1ðnÞ equals to S1,1 and S2,4, respectively.
Hence, the value of measured data and the first-order model
at the first and second TS are the same in Figure 5. In addi-
tion, most survival paths are concentrated in the first three
TS. Through the comparison between the measured data
and the two models, it can be observed that there is little dif-
ference between the simulated data and the measured data in
the first three TS. But with the increase of TS, the second-
order model shows a better performance.

In order to further judge the property of the two models,
we adopt Kullback-Leibler distance, i.e., KL distance, which
can be used to measure the difference between two groups
of discrete probability distributions, as shown in Equation
(13) [4]:

KL = 〠
M

i=1
D ið Þ log2

D ið Þ
S ið Þ

� �
, ð13Þ

where DðiÞ and SðiÞ are the measured data and model data,
respectively, and M is the number of points of calculated
data. Note that the smaller of the KL is, the better of the

Table 5: Channel model for the second-order Markov chain.

Taps Delay (μs) S2,1 S2,2 S2,3 S2,4 P2,11 P2,23 P2,31 P2,44

TA

1 0 0 0 0 1 0 0 0 1

2 0.43 0.0002 0.0021 0.0021 0.9956 0 0.0755 0.1132 0.9981

3 0.76 0.0143 0.0318 0.0318 0.9221 0.4360 0.1581 0.2537 0.9709

4 0.92 0.1506 0.1064 0.1064 0.6366 0.6697 0.3401 0.4676 0.8897

5 0.79 0.3957 0.1396 0.1396 0.3251 0.8020 0.4320 0.5612 0.7561

CA

1 0 0 0 0 1 0 0 0 1

2 0.49 0.0074 0.0235 0.0235 0.9456 0.3091 0.1200 0.2172 0.9781

3 0.98 0.1142 0.0814 0.0814 0.7230 0.6671 0.2971 0.4671 0.9210

4 0.90 0.3523 0.1026 0.1028 0.4423 0.8395 0.4294 0.5504 0.8674

CEA

1 0 0 0 0 1 0 0 0 1

2 0.39 0.0188 0.0631 0.0631 0.8549 0.3133 0.1936 0.2043 0.9404

3 0.61 0.1894 0.1500 0.1503 0.5103 0.6238 0.3621 0.4745 0.8122

AA
1 0 0 0 0 1 0 0 0 1

2 0.15 0.3761 0.1903 0.1904 0.2433 0.6918 0.4940 0.6091 0.6039

Table 6: The value of fitting parameters.

Region The first-order model The second-order model

a0, a1, b1,w½ �
TA [0.485, 0.430, 0.327, 0.442] [0.480, 0.509, 0.227, 0.430]

CA [0.509, 0.562, 0.015, 0.378] [0.579, 0.586, -0.258, 0.334]

m, n½ �
CEA [1.71, -0.412] [1.804, -0.492]

AA [2.890, -1.047] [4.505, -1.503]
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consistency between DðiÞ and SðiÞ is. For our model, we take
the measured multipath survival time as DðiÞ and the sur-
vival time calculated by the two models as SðiÞ. The KL dis-
tances of subregions are shown in Table 7.

It can be seen that both the first-order model and the
second-order model have a satisfactory description effect
on nonstationary channel. But the performance on the prop-
agation path with longer delay is not as well as those with
shorter delay. The reason is the longer delayed multipath
components occur more reflexes, which will be affected by
the surrounding environment seriously. That is to say, there
happens greater uncertainty in propagation process; thus,
the model accuracy is reduced. Comparing the lower-order
model with the higher-order model, it can be found that
each KL distance of the second-order model is smaller than
that of the first-order model, which proves the second-order
model has better performance. To sum up, to consider the
modelling complexity and accuracy at the same time, the
first-order model can be adopted for the smaller delay taps,
and the second-order model can be adopted for the larger
delay taps. It is a way of improving little modelling complex-
ity in exchange for higher modelling accuracy.

5. Conclusions

This paper presents a study on nonstationary characteristic
of V2V channel for highway scenario. We conducted a chan-
nel measurement campaign of V2V in Shanghai, China; the
measurement scheme and data processing method are intro-
duced. To characterize the nonstationary properties, we uti-
lize the birth and death progress based on the first-order and
second-order Markov chain. Steady-state probability and
transition probability of the two models are provided in this
paper, which can be used to simulate the channel. We also
give the fitting parameters of the probability of “ON” state
in each subregion. Moreover, the autocorrelation function
of the channel is provided to indicate the correlation charac-
teristic of time-varying channel. Finally, we use the multi-
path survival time and KL distance to validate the accuracy
of the two models, and compare the performance of the
models. The result is both of the two models have good
description effect on nonstationary channel, but the
second-order model is better for large delay taps. Therefore,

we can utilize the first-order model for the small delay taps
and the second-order model for the large delay taps to guar-
antee the accuracy and complexity of channel model at the
same time.
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