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Abstract—The development of communication systems for in-
telligent transportation systems (ITS) relies on their performance
in high-mobility scenarios. Such scenarios introduce rapid fluctu-
ations in wireless channel properties. As a promising solution for
vehicle-to-everything (V2X) communication, the orthogonal time
frequency space (OTFS) approach has emerged. Nevertheless,
the performance of OTFS systems is closely tied to time- and
frequency diversity of the wireless propagation channel. However,
there is a lack of understanding of the stationarity of the wireless
channels, especially in the millimeter wave (mmWave) frequency
bands. In this paper, we address this research gap by conducting
a comprehensive stationarity analysis of measured sub-6 GHz and
mmWave high-speed wireless channels. We evaluate the spatial
stationarity of a scenario, where the transmitter is moving at
high velocity. Furthermore, we investigate the influence of the
transmit antenna orientation on the channel spatial stationarity.
We could show that the spatial stationarity is proportional to the
wavelength.

Index Terms—V2X communications, sub-6 GHz, mmWave,
OTFS, WSSUS, ITS

I. INTRODUCTION

Development of new technologies in the field of intelligent
transportation systems (ITS) is seen as one of the major
methods to increase the safety and efficiency of passenger
and freight transport. These new technologies require wireless
connectivity to exchange large amounts of sensor data between
users in real-time, thus achieving expanded situational aware-
ness [1]. However, exchanging large amounts of data requires
large bandwidths (high data rates) that are not available in
the traditionally utilized sub-6 GHz frequency bands. This is
the motivation to employ the less congested millimeter wave
(mmWave) band for vehicle-to-everything (V2X) communica-
tion systems, offering rich available spectrum resources.

High-mobility scenarios, present in vehicular communica-
tion, pose significant challenges due to high Doppler spread,
and thus fast time varying channel impulse responses [2].
To address challenges posed by time-varying channels, the
orthogonal time frequency space (OTFS) modulation [3],
[4] and other two-dimensional spreading schemes [5] have
been proposed instead of traditionally utilized orthogonal
frequency-division multiplexing (OFDM). OTFS outperforms
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OFDM [6] by exploiting time- and frequency-diversity of a
doubly-dispersive channel since its basis functions basically
act as a two-dimensional spreading sequence in time and
frequency. However, achieving the full potential of OTFS is
dependent on the channel properties and the selected time-
frequency symbol dimensions [7]. Since the dimensionality
of an OTFS symbol is limited by the channel statistics, it is
of high interest to evaluate the maximum transmitter (TX)
spatial shift for which channel statistics can be approximated
as invariant, meaning the channel is stationary. This spatial
shift provides us with limits for validity of the OTFS symbol
parametrization.

Channel stationarity evaluations for vehicular scenarios in
sub-6 GHz [8], [9], demonstrate the dependency of stationarity
on the observed scenario. Recent studies of the stationarity in
the mmWave vehicular channels are presented in [10], [11].
While [10] provides an investigation of the 28 GHz band, mea-
sured in a highway scenario, [11] presents the results of the
stationarity in the 60 GHz frequency band in an urban scenario.
These investigations provide an initial understanding of the
stationarity for dynamic scenarios, across multiple frequency
bands. However, since channel stationarity is strongly linked
to the observed scenario, conducting comparable stationarity
investigation of multiple frequency bands requires the investi-
gation of multi-band measurements within the same scattering
environment. The first multi-band stationarity investigation
for high-velocity scenario is given [12], suggesting shorter
stationarity time in mmWave compared to sub-6 GHz channels.
We identify a research gap in the study of spatial stationarity
for dynamic multi-band channels and highlight the need to
define and explain parameters influencing channel stationarity.

Contribution: In this paper, we investigate the spatial sta-
tionarity of measured high-mobility multi-band channels. We
present a method to evaluate the stationarity of the channels
measured while the TX is moving at high velocity along the
predefined trajectory. The stationarity evaluation is performed
by estimating the Doppler spectral density (DSD) variation,
occurring when the axis of the TX trajectory is shifted in the
spatial domain. We evaluate the maximum spatial offset of
the predefined TX trajectory for which the channel statistics
stay approximately constant. Furthermore, we evaluate the
influence of the antenna orientation on the channel spatial
stationarity.
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Fig. 1: Measurement laboratory environment.

Notation: Bold uppercase letters denote matrices such as A
and bold lower case letters denote vectors such as a. By
Alu,v] and alu] we denote (u,v)" and u™ element of a
matrix and vector, respectively. All-ones matrix is denoted by
1 and discrete Fourier transform (DFT) matrix by F, with
the dimension given as an uppercase letter in the subscript.
Hadamard product is denoted via the operator ®. Frobenius
inner product and Frobenius norm are denoted as (A, B)p =
D uw A u,v]Blu,v] and [|Allr = \/(A, A)r, respectively,
where (-)* denotes the complex conjugate. Further, 2-norm is
given by ||a|| = vVaTa. We use the superscripts (-)T and ()1
for transposed and Hermitian transposed, respectively.

II. MEASUREMENT SETUP

The measurement setup is described in [13], [14] and con-
sists of a moving TX and a static receiver (RX). The moving
TX is based on an antenna moving along the predefined trajec-
tory around a rotation axis at a constant velocity [15]. The TX
is mounted on a sliding board that can be moved in the range
of 33cm and 81 cm along the x and y-axis, respectively. This
TX shift allows for measurements to be performed at multiple
spatial positions in the sub-6 GHz and mmWave bands. We
use horn antennas with half-power beamwidth (HPBW) of
30° at the RX and monopole antennas at the TX for both
frequency bands. This allows reproducible measurements and
direct comparison of the measured wireless channel in terms of
fading environment and channel statistics. The reproducibility
of the measurement setup is quantified in [16].

A. Measurement Campaign

Performing repeatable measurements is not feasible in real
vehicular scenarios because of the dynamic scattering envi-
ronment. Therefore, we opt for a measurement in a controlled
indoor laboratory environment as shown in Fig. 1. The TX
antenna is moving at the rotary unit at a velocity of 100 km/h
(see Fig. 3). The channel is recorded on a 1.4 m long trajectory
as the TX travels across the arc segment from —40° to 40°.
By taking just a segment of an arc, we have a high-speed,
approximately translatory motion, characteristic for vehicular
scenarios. Here, we focus on multiband channel character-
istics comparison, under high-velocity movement. The RX
antenna is placed 7.5m away from the TX antenna and is
static on a laboratory table. For a fair multi-band comparison
and reproducibility of the measurement scenarios, the fading
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(b) Measurement II: Positions
are mutually separated by 0.4 A
to obtain a fair comparison in
terms of wavelength.

(a) Measurement I: Positions are
mutually separated by 4.7 cm to
obtain a fair comparison in terms
of antenna positions.

Fig. 2: Detailed view of measured positions. The sub-6 GHz
and mmWave positions are represented by blue and red color,
respectively.

environment is kept static with no people or moving objects
in the room during the measurements.

We conduct measurements at center frequencies of
2.55 GHz (sub-6 GHz) and 25.5 GHz (mmWave) and different
spatial positions according to the two rectangular grids, where
z € {0,...,Ny — 1} and y € {0,..., Ny, — 1} as shown
in Fig. 2. Firstly, we conduct measurements at 126 different
TX positions, where the positions on the x- and y-axis are
mutually separated by 4.7 cm, as shown in Fig. 2a. The blue
and red rectangles indicate the measured region for sub-
6 GHz, and mmWave, respectively. In this case, TX antenna
traces (paths) are identical for sub-6 GHz and mmWave and
we obtain a fair comparison in terms of antenna position as
described in [17]. Secondly, we perform measurements at 126
different TX positions that are mutually separated by 0.4 \ as
shown in Fig. 2b. Here, the positions of the TX antennas for
sub-6 GHz and mmWave are not identical, but the separation
between the positions is equal in terms of wavelength, as
given in [18]. Thereby, we obtain a fair comparison of wireless
channels in terms of wavelength.

After performing the measurement and post-processing, as
described in [17], we obtain a time-variant channel transfer
function Hgyg, with S and @ samples in the time and
a=0°

a = —40° a = 40°
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Fig. 3: Rotary trajectory of the TX.



frequency domain, respectively.
ITI. STATIONARITY EVALUATION

A wireless channel is described by its channel transfer
function, H € C®*@Q, with sampling time and frequency
denoted as Ty and f;. Since the assumption of stationarity for
non-wide-sense stationary uncorrelated scattering (WSSUS)
channels is not fulfilled in general, we sequence the channel
transfer function in subregions over which we assume the sta-
tionarity a priori. We denote these subregions as local channel
transfer functions (LCTFs) H*), of N and M samples in the
time and frequency domain over which WSSUS is fulfilled
approximately. Here, k; denotes the index of each LCTF

kel K, Kt:{S_NJ+1, (1)
Ay
with time shift A7 between two consecutive LCTFs.

In order to minimize the variance of the spectral estimate,
we use a multitaper spectral estimator by applying two-
dimensional spectral window functions, based on discrete
prolate spheroidal sequence (DPSS) [19],

Hew) = g o G, 2)

G = s®T5®) where u € [1,---, I, v € [1,---,J]
denotes the window function. s(*) and §(*) are DPSSs, de-
scribed by the energy concentration bandwidth defined as a
multiple of the fundamental frequency (2W,, 2W%), and the
number of sequences (I, .J), in the time and frequency domain,
respectively. The described approach generates time-frequency
(TF) limited spectral estimates with low sidelobes.

We estimate the windowed Doppler-variant impulse re-
sponse S(ow) = FyHFww)FH By uniform weighting over
the estimated windowed Doppler-variant impulse responses we
estimate the local scattering function (LSF)

600 = LS~ gt G
Further, we estimate the DSD at the kt‘h time instance
R 1,
(kt) = 7C(kl)1Mx1' )
By PV = [p,(jl)p- ,f),(jK‘)} we denote the time-dependent

DSD, defined over the predefined rotation trajectory.
A. Spatial Stationarity for Predefined TX Movement

In order to observe if the channel stays stationary as the
rotation axis of TX moves along the x and y-axis by (Ax, Ay),
we estimate the variation of DSD in the spatial domain. By
15,(,“’) we denote the DSD, of the channel when the rotation
axis is at the position (x,y) and the TX makes the movement
along the predefined trajectory. For a numerical representation
of the DSD variation, we introduce a metric collinearity,
bounded in the range [0,1], where the value 1 shows identity
between the compared DSDs,

1
Az, Ayl = — .
<P(zr yr) P(x +Az, yr+AZ‘/)>F (5)
& EX(AI) \/HP(-Lnyr ’P(-Lr"rAJ,,yr'i‘Ay)
€y By F

where U is the normalization matrix, defined by the number
of possibilities for each (Ax, Ay) shift

UlAz, Ay] = (N — [Az[ + 1) (Ny — [Ay| + 1) (6)

The TX shift is in the range Az € [-Ny + 1,---, Ny — 1],
Ay € [-Ny+1,- -+, Ny—1]. Furthermore, the values of x(2%)
and y(A%) are defined as

X(A$) . [07 Ce 7Nx]7 V Ax € [Ova — 1] 7
|Ax|,- -+, Ny, V Az e [-Ny+1,0]

y(Ay) [0 A 7]\/vy], A4 Ay S [O,Ny — 1] (8)
Ay~ Ny], ¥V Ay e [-Ny+1,0[.

We define channel spatial stationary, based on the maximum
spatial shift of the TX rotation axis for which the collinearity
is above the cut-off value
1, ¥V ~[Az,Ay] > 0.9

([Az, Ay] = {

0, otherwise.

€))

B. Influence of the Antenna Orientation on the Spatial Sta-
tionarity

Here, we want to examine how the orientation of the TX
antenna influences the spatial stationarity. As the TX moves
along the rotary trajectory, the antenna orientation changes
as well. Therefore, we select the extreme positions along the
path and evaluate the spatial DSD variation. We introduce the
metric correlation coefficient p, where a value of one shows
the identity of the compared vectors. For each selected antenna
orientation, defined by the center of the kfh LCTF definition
region, we calculate the correlation coefficient as

(k) -

- (k[;mr,yr)Tf)(k[;rr+AI,yr+A;/)

3y Pv Dv . (10)

~ (K ~ (K A A
Irex(AI); Hp(V T, Yr) p(y G+ AT Y+ y)H

ey ()

IV. NUMERICAL RESULTS
A. Spatial Stationarity for Predefined TX Movement

We evaluate the spatial channel stationarity for a high-
velocity scenario by analyzing the channel measurements
described as given in Section II. The rotary axis moves along
the x and y-axis, taking 126 spatial positions. At each (x,y)
position of the rotary axis, we measure the channel as the TX
moves along the rotation trajectory (a € [—40°,40°]), and
estimate the DSD, P{"). We evaluate the spatial stationarity
by calculating collinearity (Eq. (5)) between the estimated
DSDs, as the rotary axis moves in the x-y domain by (Az,
Ay).

Estimating DSD starts with specifying the LCTF over a
specific number of symbols in the time domain, N. Here, a
tradeoff has to be made - choosing higher /V, provides a better
DSD Doppler resolution but increases the risk of violation
stationarity within one LCTF. For estimating the DSD in the
25.5GHz band, we set N = 25 (2.5ms) samples in the time
domain. As the center frequency decreases, the Doppler shift



decreases proportionately. Therefore, we define the LCTF over
N = 100 samples (10 ms), to keep the Doppler resolution on a
comparable level. We opt not to increase the LCTF time span
further in order to avoid risking the violation of the WSUS
assumption. By adopting the size of LCTF to provide better
LSF resolution, we allow for fair multiband comparison in
order to investigate the influence of the frequency-selective
propagation mechanisms. For all evaluations, we set the LCTF
over the whole measured bandwidth, B = 100MHz (M =
100), Ay = 2, and DPSS window function with the following
specification: W, =1, Wy =2,1=2,J = 3.

First, we observe the channel impulse responses obtained
in the measurement campaign I, where the sub-6 GHz and
mmWave channels measurement positions are mutually sep-
arated by 4.7cm (see Fig. 4 and Fig. 5). We observe larger
spatial stationarity in the case of sub-6 GHz. Furthermore, both
frequency bands show longer stationarity when the rotation
axis is shifted in the x than in the y direction. This is due to
the specific scenario, where the movement in the y direction 800 ' i ' ' ' 1
means moving closer or away from the door (Fig. 1). Here, the 0.95
position of the door plays a significant role, as strong channel 600§ 1
components originate as a diffraction around the door frame, 400 1 |
as shown in [17]. We observe that the sub-6 GHz channels, 0.85
measured as the TX moves along the predefined trajectory, are 200
stationary for the shift of the trajectory axis in the order of
400 mm in the y, corresponding to 3.4 A, and at least 300 mm
in the x direction. On the other side, mmWave channels show 200 F
stationarity over the spatial shift of 47 mm in the y, and under 0.65
47 mm in the x direction. Here, we notice the requirement for -400 ]
a better spatial resolution of the stationarity investigation in 600 I |
the mmWave domain. 0.85

In order to investigate spatial stationarity scalability with -800 ; ; ; " " 4 05
the center frequency, measurement II is performed, where the 800 200 -100 0 100 200 300
measurement positions are chosen with 0.4\ separation with x shift [mm]
respect to the center frequency. The measurement grid for sub- ~ Fig. 5: Stationarity evaluation for f. = 25.5 GHz; measurement
6 GHz stays unchanged, and the mmWave measurement grid L
is downscaled by a factor of 10, providing a better spatial
resolution. Comparing Fig. 5 and Fig. 6 we conclude, the
spatial stationarity under the predefined rotary movement for
25.5 GHz band is in the order of 30 mm in the y, corresponding
to 2.5 A and 47 mm in the x direction. From this measurement
we hence conclude that the spatial stationarity region is
approximately downscaled with the increased center frequency
for this scenario.
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Fig. 4: Stationarity evaluation for f, = 2.55 GHz.
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B. Influence of the Antenna Orientation on the Spatial Sta-
tionarity

While the RX antenna is static for all measurements, the
TX antenna has a different orientation as it moves along the
rotation trajectory. We compare the channels estimated over

y shift [mm]
collineartiy

the trajectory segment of 4.00°, centered at a) o = —38°,

b) a = 0° and ¢) o = 38° (Fig. 3). For each of the

three TX orientations, we obtain the correlation coefficient -30 20 -10 0 10 20 30
of the DSDs as the TX makes a spatial shift by (Az, Ay). x shift [mm]

Fig. 7 shows the cumulative distribution function (CDF) of  Fig, 6: Stationarity evaluation for f, = 25.5 GHz; measurement
the correlation coefficient for the three TX orientations. We [I.

can notice that the TX orientation o« = 0° shows the highest
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Fig. 7: Stationarity evaluation dependent on TX antenna ori-
entation, f. = 25.5 GHz.

values of DSD spatial correlation, followed by o = 38°. This
is to be understood by discussing the TX and RX positioning
and the measurement environment (Fig. 1). When the TX is
at the position @ = 07 its radiation pattern aligns with the
main lobe of the RX antenna, hence the strongest component
propagates directly through a thin brick wall A. The presence
of a single dominant channel component enlarges stationarity,
as shown in [11]. Furthermore, for the orientation o« = 38°, TX
is oriented towards the door, allowing for diffraction around
the door frame. Therefore, the strong diffraction component
dominates the channel, enlarging the stationarity region. As
the TX takes the position @ = —38°, it is tilted away from
the door and TX and RX antennas are misaligned, allowing
for multiple attenuated reflections of wall B to reach the RX,
without a dominating channel component.

V. CONCLUSION

In this paper, we evaluated the spatial channel stationarity
for a high-velocity multi-band scenario. We investigated the
channels in the 2.55GHz and 25.5GHz frequency bands,
measured at 126 positions in the spatial domain. For each
position, the channel is measured while the TX moves along
a perfectly identical trajectory, with a velocity of 100 km/h. We
estimated the DSD for each position and evaluated its variation
as the rotary axis makes a shift in the two-dimensional space.
We, estimated the spatial stationarity in the order of 400 mm =
3.4 X for 2.55 GHz and 30 mm = 2.5 A for 25.5 GHz frequency
band for our chosen scenario. Hence, the spatial stationarity
is proportional to the wavelength. Finally, we showed that
the antenna orientation influences the spatial stationarity, by
filtering specific channel components. We showed that the
presence of dominant channel components contributes to larger
spatial stationarity.
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