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Abstract—This paper investigates different methods to estimate
the channel correlation properties over time for millimeter wave
(mm-Wave) vehicle-to-vehicle (V2V) channels. The proposed
metrics are applied on three V2V scenarios measured at 26 GHz.
The correlation properties are derived from the Power Delay
Profile (PDP) and the Local Scattering Function (LSF). The
results are then analyzed in terms of quasi-stationary time
intervals obtained from each approach.

Index Terms—V2V, Measurement, Channel, Stationary-region,
Correlation, Local Scattering Function.

I. INTRODUCTION

The recent interest in autonomous driving vehicles and
the rising demand in embedded infotainment such as video
streaming will increase the demand for high speed vehicle
to vehicle (V2V) data connection [1]. The main challenge to
achieve such connection is having access to a large bandwidth
which is only possible using millimeter wave (mm-waves) as
the current V2V band around 5 GHz only allocates a view
MHz to V2V communication. Therefore in the last few year
the Ka band has been investigated for V2V communication [2].

A well-known issue in V2V, and more in general mobile-
to-mobile channels, is the stationarity over time. A channel is
considered stationary when its first and second order statistical
moments are independent of absolute time of observation [3] .
Classically, mobile channels are time dependent and the chan-
nel statistics are valid for a given time interval, i.e. the quasi-
stationary region. The stationary region is usually identified by
means of temporal correlation a certain threshold, e.g. 0.7, 0.8
and 0.9 [4]. However in literature different metrics have been
considered, which could yield to different conclusions. In [5]
the quasi-stationary region is evaluated for V2I scenarios at
1.9 GHz based on the temporal correlation coefficient. Using
the same method, the quasi-stationary regions were determined
for V2I and V2V at 5.9 GHz in [6]. The Local Scattering
Function (LSF) collinearity can be also considered to evaluate
the correlation properties in both time and frequency, as done
in [7] for V2V highway and urban scenarios at 5.2 GHz. Also
based on the LSF, results were presented at a frequency of
5.2 GHz for various V2V scenario (rural, tunnel, road crossing,
bridge) in [8]. In [9] another method based on the analysis
of the small scale fading correlation properties is presented
for V2V measurement in the same frequency range. Few

articles were studying mm-wave for V2V communication such
as [10] where the correlation properties are evaluated based
on the Pearson coefficient metric for V2V measurements at
60 GHz. At mm-waves the correlation properties are presented
in [14] for V2V crossing and same direction same scenario.
The main objective of this work is to evaluate the different
metrics and evaluate them by means of measurements results
in order to quantify the quasi-stationary regions of V2V
channels. The paper is organized as follows: sec. II presents
the mm-wave V2V channel measurement campaign for three
different scenarios and mobility conditions; sec. III presents
the different metrics considered and results shown in sec. IV.
Finally sec. V concludes the paper.

II. MEASUREMENT CAMPAIGN

Mm-Wave V2V channel measurements were conducted
using real time channel sounder in order to record the
time-varying channel impulse responses (CIRs). The channel
sounder consists of two units, i.e. transmitter (Tx) and receiver
(Rx) subsystems. Each of the two units was embarked in a
van. Monopole antennas with 1.5 dBi gain were mounted on
the roof of vans at a height of 2.1 m. The center frequency was
26 GHz with a bandwidth of 1 GHz resulting in a time delay
resolution of 1 ns. A code length of 2047 ns was used which
corresponds to a maximal theoretical measurement distance
of 614.4 m. The time between two consecutive acquisitions
was set to 80 µs, allowing a maximum Doppler frequency of
6.25 KHz. The measurement time was set to 20 s enabling a
recording of 250 000 CIR for each scenario.
The measurement were conducted in different types of en-
vironments: Street canyon (Fig. 1a), Suburban environment
(Fig. 3a) and Building obstruction (Fig. 5a).

III. DATA PROCESSING

A. Power delay profile

From the measured CIR h(t, τ) we derive the time-variant
PDP h′

m(t, τ) by averaging over N consecutive acquisitions
spaced by ∆t:

h′
m(t, τ) =

1

N

N−1∑
n=0

|h(n∆t, τ)|2 (1)



By doing this operation, the small-scale fading is mitigated.
The averaging factor N , is here considered to match a window
of 15λ, based on average speed, in order to compare with
previous results in literature [5]. Considering these parameters
the averaging time window is set to 3.1 ms.

B. Local scattering function (LSF)

The LSF is used to obtain a channel description as function
of the time t, the delay τ , the frequency f and the Doppler
frequency ν. To calculate the LSF, first H(t, f) is calculated
using the Fourier transformation of the CIR h(t, τ). The
channel cross correlation function RL is then derived using
equation (2) as detailed in [11] .

RL(t, f,∆t,∆f) =∫∫
[H(t, f +∆f) ·H(t−∆t, f)]d∆td∆f

(2)

From the channel cross correlation function the local scat-
tering function is obtained from (3).

LSF (t, f, τ, ν) =
RL(t, f,∆t,∆f)e−j2ω(ν∆t−τ∆f)d∆td∆f

(3)

For our measurement campaign we calculate the local
scattering function with a frequency interval ∆f = 15.6MHz
and a time interval ∆t = 8ms.

IV. METRICS

A. Pearson correlation coefficient (PCC)

Using the Pearson correlation coefficient from (4) with µh
′
m

the mean value of the PDP h′
m and σhm the standard deviation.

With this metric two PDPs at different time intervals t1 and
t2 are compared regarding their energy distribution over the
delay. The Pearson coefficient was used in [10] to estimate the
correlation as function of the time lag ∆t.

ρ(t1, t2) =
E[(h′

m(t1, τ)− µh
′
mτ (t1))(h

′
m(t2, τ)− µh

′
mτ (t2))]

σh
′
mτ (t1)σh

′
mτ (t2)

(4)

B. Temporal PDP correlation coefficient (TPCC)

The temporal correlation coefficient was introduced in [5]
for V2I measurement. This method evaluates the similarity
in terms of energy from two PDP at fixed delay and different
times instant similarly to PC. However compared to the PC, the
TPCC is normalized by the PDP holding the most total energy
as detailed in (5) and not the mean and standard deviation.

ρ(t1, t2) =

∫
h′
m(t1, τ) · h′

m(t2, τ) dτ

max (
∫
h′
m(t1, τ)2 dτ,

∫
h′
m(t2, τ)2 dτ)

(5)

C. Cross correlation coefficient (CCC)

Where TPCC and PCC metric only calculate the correlation
coefficient by comparing the energy at fixed delay positions,
the CCC is based on the cross correlation of two PDP
at different time instant as detailed in (6). This offers the
possibility to compare PDP based on the shape of their energy
distribution.

ρ(t1, t2) = max
∆τ

∫
h′
m(t1, τ) · h′

m(t2, τ +∆τ) dτ√∫
h′
m(t1, τ)2 dτ,

∫
h′
m(t2, τ)2 dτ

(6)

D. Local Scattering Function Correlation Coefficient (LS-
FCC)

Previous metrics are applied on PDP, in this section, the
correlation properties are derived using the LSFs which depend
on the measured frequency, Doppler frequency, delay and time,
as follows:

C(t, f, τ, ν) = |LSF ((t, f, τ, ν)|2 (7)

ρL(t1, t2) =
Nτ∑
n=0

Nt/2−1∑
n=−Nt/2

Nf/2−1∑
n=−Nf/2

C(t1, f, τ, ν)⊙ C(t2, f, τ, ν)

||C(t1)||2 · ||C(t2)||2

(8)

This metric was used for different V2V measurement and
is detailed in [8]. The energy C (7), of the two LSFs at t1
and t2 is multiplied element-wise product over the delay τ ,
Doppler frequency ν and the measured frequency f and then
added. The LSFCC is scaled down using the product of the
Froebius norm of the two LSF at fixed time instant as detailed
in (8).

V. RESULTS

A. Street canyon scenario

Fig. 1, shows the street canyon scenario with (a) the
environment and (b) the PDP.

(a) Environment street canyon scenario

(b) PDP

Fig. 1: Street canyon scenario



(a) PC (b) TPCC

(c) CCC (d) LSFCC

Fig. 2: Correlation properties street canyon scenario

Fig. 2 shows correlation properties derived from the street
canyon scenario. We note a strong shape similarity regarding
the correlation properties between the PC (a) and the TPCC
(b). However the correlation values are higher using the PC
method while covering the same region as the TPCC method.
For both TPCC and PC we also have a second correlation
zone from 5 s to 20 s caused by some symmetry in the PDP.
Using the CCC method (c) the correlation coefficients are
always greater than 0.6 throughout the measurement duration.
A high correlation is expected because the shape of the power
delay profile is barely changing during the scenario as only
the delay is slightly varying and some MPCs are changing
over time. However we still observe some smaller region
visible around the diagonal line, these are matching the region
observe with TPCC and PC method. The LSFCC (d) results
are differing from the three other methods as the Doppler
frequency correlation is also evaluated in this method. We
note that the highly correlated region with the CCC methods
matches a time period were the delay, thus the distance
between vehicles is constant, meaning constant speed and no
Doppler frequency shift.

B. Crossing scenario

Fig. 3, shows the crossing scenario with (a) the environment
and (b) the PDP.

When comparing correlation properties for the crossing
scenario in Fig. 4 strong similarity between the PC (a) and the
TPCC (b) is still present. In fact, with both of these methods
the channel is mostly uncorrelated due to the relative mobility
of both vehicles. Note that the second correlated zone forming
a cross like shape is caused by the symmetry of the PDP
between the first 10 s and last 10 s. Using the CCC (c) method,
we observe a high correlation during the whole measurement.
However the average correlation coefficient is lower than in the
previous scenario. The LSFCC (d) method is showing a low
correlation properties for the crossing scenario as both Doppler
frequency is strongly varying over time in this scenario.

(a) Environment crossing scenario

(b) PDP

Fig. 3: Crossing scenario

(a) PC (b) TPCC

(c) CCC (d) LSFCC

Fig. 4: Crossing scenario correlation properties

C. Building obstruction scenario

Fig. 5, shows the building obstruction scenario with (a) the
environment and (b) the PDP.

(a) Environment building obstruction scenario

(b) PDP

Fig. 5: Building obstruction scenario



(a) PC (b) TPCC

(c) CCC (d) LSFCC

Fig. 6: Building obstruction scenario correlation properties

For the building obstruction scenario in Fig. 6, the TPCC
(a) and PC (b) methods both show one strong correlation
zone around 5 seconds. A second zone corresponding to the
obstruction period is also visible using the TPCC (a) but barely
with PC (b). The CCC (c) methods shows 3 distinct regions,
the first one before 6 seconds corresponding to instants prior
to the obstruction were the correlation is relatively strong
(ρ > 0.6). The second one is located from 6 to 10 seconds
corresponding to the obstruction time therefore having a low
correlation coefficient (ρ < 0.3). The third one after 10
seconds when both Tx and Tx are back in LOS with strong
correlation(ρ > 0.6). The LSFCC (d) methods still shows weak
correlation results except for few periods right before and after
obstruction.

TABLE I: Comparing quasi-stationary time results in [s] for
each scenario and each methods for ρ = 0.7

Scenario 1 Scenario 2 Scenario 3
Mean Std Mean Std Mean Std

PC 1,51 0,79 0,06 0,04 0,29 0,37
CCC 0,70 0,45 0,04 0,01 0,13 0,14

LSFCC 19,46 2,09 14,64 6,07 1,15 1,33
PC 0,18 0,11 0,13 0,14 0,10 0,10

From correlation properties we derive the quasi-stationary
time by identifying the regions were the correlation coeffi-
cients are above a threshold of 0.7. Tab. I summarized for
each method and for the three scenario the mean and the std
of the quasi-stationary region. We note that the LSFCC always
estimates the lower quasi stationary region, followed by the
TPCC and PC methods and the CCC.

VI. CONCLUSION

In this article, we presented different methods to estimate
the channel correlation properties and the quasi-stationary
time: the PC, TPCC, CCC and LSFCC methods. The different
methods were applied on three V2V scenarios: a following
scenario, a crossing and a building obstruction. The outcome
of each method for each scenario were compared and dis-
cussed based on the statistics of the quasi-stationary time

obtained. As conclusion, we determined that the PCC and
TPCC methods are relatively similar, as expected. In terms
of shape of the correlation zone the two methods are almost
identical but the PC methods return higher correlation than the
TPCC. However those metrics could have limited information,
since any scenario including relative mobility will results being
weakly correlated. The CCC methods leads to comparing the
shape of the PDP without considering the absolute time of
arrival. Therefore this methods seems more relevant than the
PC and TPCC for mobile channel as a stationary region is
defined by its statistics and relative mobility doesn’t necessary
mean the channel is not-stationary. Finally the LSFCC method
shows interesting applications as it estimates the energy dis-
tribution over several parameter such as delay, Doppler and
frequency. However using the LSFCC metric as presented
in this paper is affected by Doppler frequency variation and
energy distribution over delay changes, which would result
into low correlation for speed variation.
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