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Abstract—In this paper, we present the channel measurement
results of vehicle-to-vehicle (V2V) measurement campaign car-
ried out in Oulu city center, Finland. The measurements were
conducted with EB Propsound CSTM at 2.3 GHz and 5.25 GHz
center frequencies. The antennas were installed on the roof of the
vehicles and the measurements were performed for single-input
multiple-output (SIMO) antenna configuration. The campaign
results are presented in the form of path loss, delay spread (DS),
maximum excess delay, the standard deviation of slow fading
(SF) and K-factor. Furthermore, we propose the method for
calculating correlation distance for large scale parameters in V2V
channel and present the results for correlation distances of SF,
DS and K-factor. The correlation distances less than 11 meters
were observed.

I. INTRODUCTION

Sophisticated processing capabilities of the advanced com-

munication devices are motivating to study highly varying

channel conditions and design the communication systems

suited for them. This has increased the interest in the study of

Vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I)

communication systems that require faster and reliable data

transmission in highly varying channel conditions. V2V com-

munication systems were studied to implement intelligent traf-

fic application for congestion management and for the public

safety in [1]. In addition, V2V and V2I communications are

the technologies which can be utilized in the fifth generation

(5G) mobile and wireless communications systems. Since both

the link ends are moving and the antennas are close to the

ground level, the propagation characteristics are significantly

different in comparison to the traditional base station to mobile

station (BS-MS) propagation scenario [2].

Numerous measurement campaigns have been carried out

to study V2V channel characteristics, e.g., [3], [4], [5], [6],

[7]. The previous research has covered the frequency bands

from 2.4 GHz to 5.9 GHz. Several parameters, e.g., path loss

and K-factor, with different traffic densities, terrain conditions,

distances, the speed of vehicles and antenna configurations

have been reported. Some research works have been focused

on the directional analysis of V2V propagation channels [8]

and the impact of vehicle obstacles in line-of-sight (LOS) V2V

communications [9]. Due to the movement of the transmitter

(Tx) and the receiver (Rx) and the existence of many mov-

ing scatterers in the propagation environment, the stationary

period of V2V channel is shorter in comparison to BS-MS

propagation scenario [10]. However, to the best of author’s

knowledge the correlation distances for large scale parameters,

e.g., the correlation distance for delay spread, are missing in

the existing literature for V2V channel.

The correlation distance is a key parameter in a geometry-

based stochastic channel model (GSCM). It dictates how long

the channel is stationary. A GSCM for multiple-input multiple-

output (MIMO) V2V communications has been proposed in

[11]. It presents a large set of parameters including the corre-

lation distance for the amplitude gain for the LOS component,

mobile scatterers, static scatterers and diffuse components,

which were extracted from the measurements. However, the

model is proposed only for rural and highway environments.

On the other hand, the existing BS-MS channel models, e.g.,

International Mobile Telecommunications-Advanced (IMT-A)

channel model [12], are widely used and most of them

are publicly available. Therefore, there is also an option to

extend these models to support V2V communication, which

needs, e.g., the adjustment of parameters. This motivates us

to carry out V2V radio channel measurements and analyze

the parameters which are applicable to the GSCM in urban

environments for the V2V communication.

The rest of this paper is organized as follows. In the

next section, the measurement equipment and environment

are described. The principles of data analysis and method for

calculating correlation distance for V2V channel is presented

in Section III, followed by the measurement results in Section

IV. The discussion about the future work and the conclusions

are drawn in Section V and Section VI, respectively.

II. MEASUREMENT EQUIPMENT AND ENVIRONMENT

A. Measurement Equipment and Settings

The measurements were conducted with EB Propsound

CSTM [13] at the center frequency of 2.3 GHz and 5.25

GHz. The measurement device uses direct sequence spread

spectrum (DSSS) technique for channel sounding. The im-

pulse responses (IRs) of the channel samples are obtained

by correlating the received signal with the spreading code

used in transmission. Sounding in spatial domain is employed

by switching through multiple antennas in time domain. The

antenna elements are switched through almost instantaneously,

so that the channel response remains constant within the

antenna switching period. The antenna switching period should



Fig. 1: Measurement setup.

TABLE I: Measurement Settings

Parameter 2.3 GHz 5.25 GHz

Bandwidth [MHz] 100 200

Transmission power [dBm] 23 23

Antenna configuration 1 x 56 1 x 50

Tx antenna gain [dBi] 1 1

Rx antenna gain [dBi] 6 6

Code length [chips] 255 511

Measurable delay [µs] 5.11 5.11

Relative speed of Tx and Rx [km/h] 0–20 0–20

Maximum Doppler shift [Hz] 170 292

Snapshot duration [ms] 1.7 1.0

be shorter than channel coherence time. This sets the lim-

itation to the useable antenna configuration for urban V2V

measurements where several moving scatterers are present.

Therefore, the measurements were performed for single-input

multiple-output (SIMO) antenna configuration. A vertically

polarized dipole antenna and an omnidirectional antenna array

(ODA) were used as Tx antenna and Rx antenna, respectively.

The ODA consists of 28 (56 feeds) and 25 (50 feeds) dual

polarized elements in 2.3 GHz and 5.25 GHz, respectively.

The antennas were on the roof of cars with the heights of 1.6

m and 2.5 m on the Tx side and the Rx side, respectively

(Fig. 1). The information of GPS positions was recorded in

order to calculate the link distance between the Tx and the

Rx. In addition, GPS data was recorded by a navigator and

a spectrum analyzer for cross-checking the Tx and the Rx

positions in the data analysis phase. The main measurement

settings are presented in Table I.

B. Measurement Environment

The measurements were performed at the city center of

Oulu, Finland. The vehicles were driving either in the same

direction (SD) or in the opposite direction (OD). One of the

targets was to evaluate the effect of different traffic densities.

Therefore, the SD measurements were performed in the low

traffic (LT) density conditions and the OD measurements were

performed in the high traffic (HT) density conditions, i.e., dur-

ing the rush hour. The measurement environment consists of

four to six storey buildings and one lane streets per direction.

For the OD measurements, the results are presented only for

line-of-sight (LOS) part of the routes, i.e., the Tx and the Rx

were on the same street. Non-line-of-sight (NLOS) part of the

routes are left for the future work. The measurement device has

the upper limit for received power which is approximately -20

dBm. Therefore, the transmission power was turned off before

Tx and Rx passed by each other and turned on again after

passing in the OD measurements. The measurement routes

are presented in Fig. 2.

III. DATA ANALYSIS

The recorded IRs of the different Tx-Rx antenna pairs for

each time sample channels were combined to a single IR

presenting the combined channel. The combined IR which had

at least 23 dB dynamic range (the highest peak to noise level)

was accepted for the analysis. The noise threshold was set to

20 dB below the strongest path of combined channel and the

paths within 20 dB from strongest path were included to the

analysis.

A. Path Loss and Shadow Fading

The recorded data was averaged over ten wavelengths of

movement in order to remove the random fluctuations of the

channel, i.e., fast fading. However, the speed of the vehicles

was not constant since it was depending on the traffic flow.

Therefore, the averaging interval had to be chosen carefully.

In our data analysis, the number of averaged snapshots have

been determined according to

NS =
10λ

veffSdur

, (1)

where Sdur is the snapshot duration and veff is the effective

speed of vehicles which is calculated as [2]

veff = max
{
√

v2Txi
+ v2Rxi

}

, i = 1...M, (2)

where vTxi and vRxi are the instantaneous speed of Tx and Rx

over the measurement duration M, respectively. The measured

path loss is calculated as [14]

PL = −10 log
10
(

N
∑

τ=1

|hτ |
2) +GT +GR, (3)

where hτ is the channel coefficient for the path delayed by

τ , N is the number of paths included to analysis and GT and

GR are the antenna gains at Tx and Rx. The expected path

loss (EPL) was derived using a linear polynomial fit of the

measured path loss using logarithmic link distance. The EPL

can be presented as [14]

EPL = B + 10n log
10
(d), (4)

where B is the PL intercept, d is the distance between Tx

and Rx and n is the path loss exponent. The slow fading (SF)

is calculated from the difference of measured path loss and

expected path loss.



(a) LOS parts for SD measurements (b) OD measurement routes

Fig. 2: Measurement routes.

B. Delay Parameters and K-Factor

The delay spread (DS) is calculated according to [15]

DS =

√

√

√

√

∑

Lr

n=1
|h(τn)|2(τn)2

∑

Lr

n=1
|h(τn)|2

− τ2
m
, (5)

where τn is the delay of the nth path, Lr is the number of

paths and τm is the mean excess delay calculated as [15]

τm =

√

√

√

√

∑

Lr

n=1
|h(τn)|2(τn)

∑

Lr

n=1
|h(τn)|2

. (6)

The maximum excess delay is the delay between last path and

first path.

The K-factor is determined by the ratio of the power of

direct path divided by the sum power of all other paths. It is

calculated by using the method of moments [16].

C. Correlation Distance

The correlation distance tells how long the channel can

be assumed to be stationary for a certain parameter. The

correlation distances (∆d)c for large scale parameter δ is

calculated from autocorrelation. Since both the link ends are

moving, we propose the following method for the correlation

distance calculations

A(δ) = E[δ(deff) · δ(deff +∆deff)], (7)

where δ is the evaluated large scale parameter, deff is the

effective distance traveled by transmitter and receiver, which

is calculated as

deff =
√

d2Tx + d2Rx, (8)

where dTx and dRx are the distances traveled by Tx and

Rx, respectively. The value for the correlation distance is

determined by the intercept point of the correlation curve and

a function y = e−1 (Fig. 3).

Fig. 3: Correlation distance for large scale parameters in V2V

measurements.

IV. MEASUREMENT RESULTS

The path loss results are presented on Figs 4– 7. The black

dots indicate the measured path loss, solid red line presents the

expected path loss and dashed blue line is the free space loss.

The path loss exponent is close to the free space loss exponent

2 in SD measurements and slightly above the free space loss

exponent in the OD measurements. This is caused by different

traffic densities since the SD measurements were performed

in low traffic density conditions and the OD measurements

were performed in the rush hour. In general, the path loss

exponent is also depending on the antenna height and the

antenna position on the roof of vehicles [17]. The higher

the antennas are, the less the other vehicles block the signal.

Furthermore, the radiation pattern and the type of the antennas

have an effect on the path loss exponent.



Fig. 4: Path loss for the SD measurements at 2.3 GHz.

Fig. 5: Path loss for the SD measurements at 5.25 GHz.

The large variation of measured path loss on Fig. 7 at the

distance around 42 m was caused by traffic flow when the

measurement vehicles were standing on the traffic queue. The

difference between expected path loss and free space loss is

negligible and the variation of measured path loss around

the expected path loss is smaller in the SD measurements

at 5.25 GHz than in the other scenarios. This is caused by

smaller number of moving scatters, i.e., other cars, between

the vehicles than in the other measurement scenarios. This

also explains the smaller standard deviation of slow fading,

delay spread and maximum excess delay. The measurement

results are summarized in Table II, where µ and σ indicate

the mean value and standard deviation of analyzed parameter,

respectively.

The result of correlation distance for the SD measurements

is presented as an average of LOS paths (Fig. 2(a)). For

the OD measurements, the results of correlation distance are

presented as an average of two routes (Fig. 2(b)). The corre-

lation distance values are quite similar to a single parameter,

e.g., DS, for each measurement scenario excluding the OD

measurements at 2.3 GHz. The smaller values of correlation

Fig. 6: Path loss for the OD measurements at 2.3 GHz.

Fig. 7: Path loss for the OD measurements at 5.25 GHz.

distance in the OD measurements at 2.3 GHz are partly caused

by insufficient IR dynamic range during the measurements.

This affects the amount of IRs which were approved for

analysis and thus for the results of correlation distance.

Similar statistic for the correlation distance of large scale

parameters has not been found for V2V channel in the existing

literature. Therefore, we compare the obtained results of

correlation distances to the urban microcell (UMi) BS-MS

LOS scenario in [12], which is the closest to V2V scenario

by means of antenna heights. There are no significant differ-

ences in the correlation distance for delay spread and shadow

fading in comparison with parameters in [12]. However, the

obtained correlation distance for K-factor is much smaller in

comparison to the results of [12]. Since Tx and Rx are moving

simultaneously, the propagation channel is more dynamic and

the propagation characteristics in terms of small scale fading

are different in comparison with a traditional BS-MS scenario.

Moving scatters, i.e., other cars, cause strong reflections to

the measured V2V channel, which has likely shortened the

correlation distance for the K-factor.



TABLE II: The summary of measurement results

Parameter Statistic
2.3 GHz 5.25 GHz

SD LT OD HT SD LT OD HT

Path Loss
n 1.95 2.18 2.02 2.13

B 48.0 45.5 45.2 49.8

Delay spread (DS) [ns]
µ 30.7 33.3 24.1 28.3

σ 17.8 18.7 15.6 23

Maximum excess delay [ns]
µ 203 234.8 147.3 228

σ 115.8 121.8 88.3 174.6

Slow Fading (SF) [dB] σ 4 4 3 4

K-factor [dB]
µ 14.9 10.2 14.6 15.9

σ 4.8 5.7 8 6.4

Correlation distance [m]

DS 6.6 5.5 7.9 6.8

SF 9.4 6.5 9.7 9

K-factor 7.4 4.4 8.4 10.3

V. FUTURE WORK

The analysis of NLOS parts in SD measurements will be

carried out. The directional analysis of measurement data

will be performed utilizing ISIS (Initialization and Search

Improved SAGE) algorithm [18] and the statistics of azimuth

angles of arrival (AoA) and elevation angles of arrival (EoA)

will be investigated.

VI. CONCLUSIONS

Vehicle-to-vehicle radio channel measurements were carried

out at center frequencies 2.3 GHz and 5.25 GHz with a SIMO

antenna configuration in an urban environment. The measured

data was analyzed and the results were presented for path loss,

delay spread, maximum excess delay, shadow fading, K-factor

and the correlation distance of large scale parameters. Due to

movement of Tx and Rx, low antenna heights and the existence

of many moving scatterers in the propagation environment, a

shorter correlation distance was observed for V2V channel

in comparison to the existing results of BS-MS propagation

scenario.
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