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Abstract

Analysis and modeling of wireless communication systems
are dependent on the validity of the wide-sense stationar-
ity uncorrelated scattering (WSSUS) assumption. However,
in high-mobility scenarios, the WSSUS assumption is ap-
proximately fulfilled just over a short time period. This pa-
per focuses on the stationarity evaluation of high-mobility
multi-band channels. We evaluate the stationarity time, the
time over which WSSUS is fulfilled approximately. The in-
vestigation is performed over real, measured high-mobility
channels for two frequency bands, 2.55 and 25.5 GHz. Fur-
thermore, we demonstrate the influence of the user veloc-
ity on the stationarity time. We show that the stationar-
ity time decreases with increased relative velocity between
the transmitter and the receiver. Furthermore, we show the
similarity of the stationarity regions between sub-6 GHz
and mmWave channels. Finally, we demonstrate that the
sub-6 GHz channels are characterized by longer stationar-
ity time.

1 Introduction

High-mobility communication is gaining momentum in the
vehicular domain, high-speed railways, uncrewed aerial ve-
hicles (UAVs) communications, etc. However, in order to
offer reliable data communication, further understanding of
high-mobility wireless channels is required. Furthermore,
channel modeling is dependent on the exact characteriza-
tions of the actual, measured channels. Since the communi-
cation participants are moving at a high velocity, we have to
deal with rapidly changing propagation conditions. There-
fore, the validity of the wide-sense stationarity uncorrelated
scattering (WSSUS) assumption is limited in both time and
frequency. Furthermore, capacity requirements introduce
a heavy burden on the crowded sub-6 GHz spectrum. As
a possible solution, data offloading in a less characterized
millimeter wave (mmWave) spectrum is proposed. Hence,
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in this paper, we compare the stationarity characteristics of
multiband measurements, at 2.55 and 25.5 GHz. It is essen-
tial to determine the maximal time duration over which the
WSSUS assumption is approximately satisfied. We define
this time duration as stationarity time.

The theoretical approach of statistical characterization of
non-WSSUS channels is given in [1, 2]. The author in-
troduces time-frequency (TF) dependent power spectrum
representation, known as local scattering function (LSF).
Furthermore, the author defines the WSSUS as satisfied
as long as the LSF is constant over a given time and fre-
quency range. Multiple works analyze the stationarity of
measured sub-6 GHz wireless channels, [3, 4, 5, 6]. They
conclude that the minimum stationarity region is on the or-
der of 40 ms in the time domain. The authors of [6] inves-
tigate the influence of the communication participants’ ve-
locity on the stationarity time. Based on the measurements,
they argue that higher relative speed lowers the station-
arity time. First stationarity evaluations of high-mobility
mmWave channels are provided in [7, 8]. [7] analyzes the
stationarity time of 28 GHz channels in highway environ-
ment. Their results demonstrate the stationarity time in the
range of 2-9 ms, when the relative speed between TX and
RX is 100 km/h. The authors of [8] show stationarity time
of 5-16 ms for an 60 GHz urban scenario and the relative
speed of 56 km/h. Finally, [9] evaluates multi-band station-
arity in a static environment. The authors demonstrate that
the channels with a center frequency above 6 GHz are char-
acterized by shorter spatial stationarity regions, than con-
ventional channels in the sub-6 GHz spectrum.

Contributions of the paper: In this paper we present chan-
nel stationarity evaluation of measured high-speed chan-
nels. To our best knowledge, this work presents the first
stationarity evaluation of real channels, obtained by repeat-
able measurements. Repeatable measurements mean that
we measure the channel multiple times (where we variate
just a specific parameter), while moving along the exact
same path, and the scattering environment stays constant.
Therefore, it enables us to differentiate between the im-
pacts of individual parameters (movement velocity and cen-
ter frequency). To the best of our knowledge, we present the
first evaluation of the influence of the participants’ velocity
on the distribution of the mmWave spatial stationarity, and
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the length of the stationarity time. Secondly, we provide a
comparison of the channel stationarity for sub-6 GHz and
mmWave channels.

2 Measurement Setup
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Figure 1. Measurement setup: TX defined movement.

In this paper we evaluate measured high-mobility channels.
The measurement campaign is performed in a controlled in-
door lab scenario. The transmitter is placed on a 1 m long
rotary arm (Fig. 1). The measurement is performed once
the rotary arm achieves a constant velocity. For each sce-
nario, the channel is measured along the exactly same path,
as the rotary arm moves from α = −40o to α = 40o an-
gle relative to the vertical axis. For the multi-band mea-
surements, different transmit antennas are placed at the ex-
act same position. The receiver is fixed in the neighboring
room 8 m away from the transmitter. This setup enables a
fair comparison between sub-6 GHz and mmWave systems
in terms of small-scale and fast-fading in a high-mobility
scenario. In each scenario bandwidth B = 100 MHz is set,
and contains 500 channel measurements in the time do-
main. In order to keep a constant number of time sam-
ples the subcarrier spacing is set to 400 kHz and 1 MHz
for the velocity 40 km/h and 100 km/h, respectively. In this
paper we evaluate the measured channel at 2.55 GHz and
25.5 GHz and velocity 40 km/h and 100 km/h. The mea-
surement setup is explained in detail in [10, 11].

3 Stationarity evaluation

The measured channel, described in Section 2, is defined by
its time-variant channel transfer function

H[s,q] = H(sTs,q fs), (1)

where s ∈ [1, · · · ,S] are time and q ∈ [1, · · · ,Q] frequency
indices, and Ts and fs sampling time and frequency. Since
the high-mobility channels are non-WSSUS, we define the
TF subregions, over which we assume stationarity. We de-
note these regions as local channel transfer function (LCTF)
Hkt [s

′,q′], spanning over NTs and M fs length in time and
frequency, respectively. s′ and q′ are local time and fre-
quency indices and kt denotes the index of each local region

kt ∈ [1, · · · ,Kt], Kt =

⌊
S−N

∆t

⌋
+1, (2)

with time shift ∆tTs between two consecutive LCTFs. When
choosing N we have to find a trade-off between the accuracy
of stationary evaluation and LSF Doppler resolution. By
increasing N, we risk violating the stationarity assumption,
but gain the LSF Doppler resolution, which is inversely pro-
portional to NTs. The channel is measured over a bandwidth
of 100 MHz, leading to a delay resolution of 10 ns. Hence,
we assume stationarity over the whole bandwidth and fo-
cus on determining the stationarity time. When calculat-
ing the LSF, we aim to minimize the variance of the spec-
tral estimate. Therefore, we use a multitaper spectral esti-
mator by applying two-dimensional spectral window func-
tions, Gw[s′,q′] = ui[s′]ũj[q′], which generates TF limited
spectral estimates with low sidelobes, as given in [12]. ui
and ũ j are discrete prolate spheroidal sequence (DPSS), de-
scribed by its energy concentration bandwidth (2Wt, 2Wf),
and the number of sequences (I, J), in the time and fre-
quency domain. Here, we deal with a trade-off between the
spectral resolution and sidelobe level. We set the Wt = 2,
I = 2 and Wf = 1, J = 1 DPSS parameters in the time and
frequency domain, respectively. Further, we define the win-
dowed channel transfer

Ĥ(Gw)
kt

= Hkt ⊙Gw, (3)

where ⊙ denotes the Hadamard product. Next, we obtain
the windowed Doppler-variant impulse response

Ŝ(Gw)
kt

= FNĤ(Gw)
kt

FH
M, (4)

Fi and FH
i representing discrete Fourier transform (DFT)

and inverse DFT (IDFT) matrix of size i. We calculate
the LSF by applying uniform weighting across the IJ win-
dowed Doppler-variant impulse responses

Ĉkt =
1
IJ

IJ

∑
w=1

∣∣∣Ŝ(Gw)
kt

∣∣∣2 . (5)

We define the channel stationarity region as a time period
over which the LSF is approximately constant. Therefore,
we perform a dual-time LSF comparison employing the
collinearity spectral distance metric

γ
(t)[kt,k∆t ] =

⟨Ĉkt , Ĉk∆t ⟩F√∥∥Ĉkt

∥∥2
F ·

∥∥Ĉk∆t

∥∥2
F

, (6)

where ⟨A,B⟩F =∑i, j A[i, j]B[i, j] and ∥A∥F =
√
⟨A,A⟩F are

the Frobenius inner product and Frobenius norm, respec-
tively. kt and k∆t denote the time indices of the reference
and shifted LSF, respectively. Collinearity is a bounded
metric with values between 0 and 1, where 1 indicates iden-
tical and 0 completely dissimilar matrices. For the evalua-
tion we define the channel stationary, as the time duration
over which collinearity is above the defined cut-off value

tstat[kt] = (N +(k∆t −1)∆t)Ts,

∀k∆t : γ
(t)[kt,k∆t ]> 0.9. (7)
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4 Results

In order to establish a comparable movement representation
across different velocities, we define α =̂(kt −0.5)∆tTs and
∆α =̂(k∆t −0.5)∆tTs. They denote the angular center posi-
tion on the arc (Fig. 1) of each reference and time-shifted
LSF. As explained in Section 3, choosing the size of the
LCTF is a trade-off between the accuracy of the station-
arity evaluation and the LSF Doppler resolution. On one
side, choosing a higher value of N can jeopardize the as-
sumption of stationarity over one LCTF. On the other side,
by setting N lower, we decrease the LSF Doppler resolu-
tion. With an increased velocity of the TX, Doppler shift in-
creases proportionally. By setting the same angular move-
ment, over which the LCTF is defined, we achieve the same
LSF Doppler resolution compared to the maximal Doppler
shift, for both velocities. At the frequency band 25.5 GHz
we set N = 25 for both velocities, which corresponds to
4◦ rotary arm angular movement. For all evaluations pre-
sented in this paper, we keep the LCTF time shift ∆t = 2,
corresponding to 0.32◦ of angular resolution.

Fig. 2 shows the stationarity evaluation for fc = 25.5 GHz.
The diagonal shows the collinearity of the LSF to itself.
As we move along the x-axis, away from the diagonal, we
compare the LSF with the following LSFs in the time do-
main. Observing the stationarity evaluation for 25.5 GHz
frequency band for a TX velocity of 40 km/h (Fig. 2a) and
100 km/h (Fig. 2b) we notice their high similarity in the
spatial stationarity distribution. Fig. 3 shows the compari-
son of stationarity time between different velocities. For a
fair comparison in the time domain, we set the same LCTF
time length of 2.5 ms for both velocities. We notice that
the stationarity time peaks, visible at lower velocities, are
scaled down, with increased velocity.

Further, we evaluate the stationarity time for the frequency
band 2.55 GHz. Because the Doppler shift is proportional
to the center frequency, sub-6 GHz experiences a much
lower Doppler shift compared to mmWave. Therefore, in
order to maintain the Doppler resolution high, we increase
the length of the LCTF at the cost of spatial resolution. We
set N = 100, corresponding to 16o of angular movement.
First, we observe larger stationarity regions compared to
the mmWave channels. Secondly, we notice similarities be-
tween the two frequency bands:

• low stationarity regions at α < −27◦ and 14◦ < α <
25◦, and

• large stationarity regions −27◦ < α < 14◦ and α >
25◦.

These similarities between the sub-6 GHz and mmWave
band can be explained by the fact, shown in the recent lit-
erature, that significant scatterers are visible in both fre-
quency bands [13, 14, 15].

5 Conclusion

In this paper we evaluated stationarity regions of measured
high-mobility multi-band wireless channels. We defined

the stationarity region as the maximal time duration, over
which the local scattering function (LSF) stays approxi-
mately constant.

The measurement campaign was performed in a controlled
lab environment. Such an environment enabled us to per-
form repeatable measurements and show the influence of
the specific parameters. We demonstrated the high simi-
larity of stationarity in the spatial domain when compar-
ing the scenarios where the transmitter was moving at dif-
ferent velocities. Further, that means that the stationarity
time is scaled down with an increased velocity. Moreover,
we demonstrated the similarities in spatial stationarity be-
tween the sub-6 GHz and millimeter wave (mmWave) wire-
less channels. Nevertheless, we showed that the sub-6 GHz
channels are characterized by larger stationarity regions in
the time domain.
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(a) TX velocity 40 km/h, local stationarity region 6.25 ms =̂ 4.00o
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(b) TX velocity 100 km/h, local stationarity region 2.50 ms =̂ 4.00o

Figure 2. Stationarity evaluation for fc = 25.5 GHz, B=100 MHz.

-40 -30 -20 -10 0 10 20 30 40

2

3

4

5

6

7

8

9

10

11

12

v = 40 kmh

v = 100 kmh

α [◦]

st
at

io
na

ri
ty

tim
e

[m
s]

Figure 3. Stationarity time for fc = 25.5 GHz; TX velocity
40 vs. 100 km/h; local stationarity region 2.50 ms.
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Figure 4. Stationarity evaluation for fc = 2.55 GHz;
TX velocity 100 km/h, local stationarity region 10.00 ms
=̂ 16.00o.

measured non-WSSUS 60 GHz mmWave V2V
channels,” pp. 1–5, 2022. [Online]. Available:
https://arxiv.org/abs/2210.02923

[9] Y. Tan, C.-X. Wang, J. O. Nielsen, and G. F. Peder-
sen, “Comparison of stationarity regions for wireless
channels from 2 GHz to 30 GHz,” in 2017 13th Inter-
national Wireless Communications and Mobile Com-
puting Conference (IWCMC), 2017, pp. 647–652.

[10] F. Pasic et al., “Comparison of sub 6 GHz and
mmWave wireless channel measurements at high
speeds,” in 2022 16th European Conference on An-
tennas and Propagation (EuCAP), 2022, pp. 1–5.

[11] ——, “High-mobility wireless channel measurements
at 5.9 GHz in an urban environment,” in 2022 Inter-
national Balkan Conference on Communications and
Networking (BalkanCom), 2022, pp. 100–104.

[12] D. Slepian, “Prolate spheroidal wave functions,
Fourier analysis, and uncertainty-V: The discrete
case,” Bell Syst. Techn J., vol. 57, no. 5, pp. 1371–
1430, May 1978.

[13] D. Dupleich et al., “Multi-band propagation and radio
channel characterization in street canyon scenarios for
5G and beyond,” IEEE Access, vol. 7, pp. 160 385–
160 396, 2019.

[14] M. Boban et al., “Multi-band vehicle-to-vehicle chan-
nel characterization in the presence of vehicle block-
age,” IEEE Access, vol. 7, pp. 9724–9735, 2019.

[15] M. Hofer et al., “Wireless vehicular multiband mea-
surements in centimeterwave and millimeterwave
bands,” in 2021 IEEE 32nd Annual International Sym-
posium on Personal, Indoor and Mobile Radio Com-
munications (PIMRC), 2021, pp. 836–841.

This paper’s copyright is held by the author(s). It is published in these proceedings and included in any archive such as IEEE
Xplore under the license granted by the “Agreement Granting URSI and IEICE Rights Related to Publication of Scholarly
Work.”


