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Abstract—Distributed massive multiple-input multiple-output
(MIMO) communication is envisioned as one of the key
paradigms of future MIMO systems. To investigate non-wide-
sense stationarities (non-WSSs) in distributed massive MIMO
channels, this paper first presents an indoor channel measure-
ment campaign, where distributed arrays with a total of 128 ele-
ments were implemented. Then relying on the correlation matrix
distance (CMD) method, the stationary distance and stationary
frequency of the measured channels are estimated. Results show
that the space non-WSS in the measured channels is significantly
affected by locations of the distributed arrays. However, the
impact of array locations on the measured frequency non-WSSs
is marginal. Besides, even for a specific channel, the estimated
stationary distances at the base station (BS) and user equipment
(UE) side are different. The results provide insights from the per-
spective of channel non-WSS for future modelling of distributed
massive MIMO channels and deployment of distributed antennas
in practical systems.

Index Terms—6G wireless communication, distributed massive
MIMO, channel measurements, channel non-wide-sense station-
arity.

I. INTRODUCTION

Distributed massive multiple-input multiple-output (MIMO)
communication, also known as cell-free massive MIMO [1],
is viewed as a promising technology for sixth-generation
(6G) wireless communication networks. With this technology,
individual or grouped antennas are distributed over a large
geographical area, featuring both large-scale antenna gain
and spatial multiplexing gain [2], [3]. Research on prop-
agation channels in distributed massive MIMO systems is
ongoing. One important channel characteristic is channel wide-
sense stationarity (WSS), which means that the channel’s
statistical properties remain unchanged in a certain domain,
e.g., time/space/frequency [4]. Correspondingly, the maximum
intervals in the time/space/frequency domain, where channels
are viewed as wide-sense stationary, are defined as stationary
time/distance/frequency.

The assumption of the channel being wide-sense stationary
may not hold in distributed massive MIMO systems. On the
one hand, in the space domain, the deployment of large-
scale antenna systems results in multipath components (MPCs)
being visible for only parts of the antennas while being
invisible to others. This leads to varying channel statistics over
the antennas, which is referred to as space non-WSS. Several
studies have demonstrated that space non-WSS in massive

MIMO channels is prominent. Large power variations were
observed over the large-scale array in channel measurements
reported in [5]. Then, to model space non-WSS channels,
the concept of ‘visibility regions’ for the large array was
proposed in [6]. The behaviors of channel non-WSS in a
large-scale uniform linear array were studied in [7]. However,
these studies are mainly focusing on channels with co-located
massive MIMO arrays. In distributed massive MIMO channels,
the distributed access points (APs) at the base station (BS) end
and the movement of the user equipment (UE) will further
make the channels spatially variable. The related space non-
WSS behavior needs to be investigated.

Furthermore, when a wide communication bandwidth is
implemented in a system, the transmission coefficients of
a signal vary over the different frequency components [8].
This leads to frequency-varying channel statistics and results
in frequency non-WSS in the channels. The study in [9]
found that the K-factor varies with frequency in the measured
vehicular channels. A frequency-dependent path gain and
correlations between scatterers were introduced in [10] and
[11] for characterizing frequency non-WSS in channels. Note
that these studies only consider single-link MIMO channels.
There is still a gap in the literature about frequency non-WSS
characterization of multi-link channels, which is one of the
key features of distributed massive MIMO channels.

To the best of our knowledge, the characterization of
non-WSS in distributed massive MIMO channels, here also
strengthened by using actual measurement data, has not been
fully explored in the literature. To fill this gap, a multi-link
distributed massive MIMO channel measurement campaign
is presented here. Then the space-time-frequency correlation
matrix distance (CMD) is introduced as a measure of channel
non-WSS. Finally, the multi-link space and frequency non-
WSS behavior in measured channels is investigated, and the
impact of antenna location on channel non-WSSs is evaluated.

The remainder of this paper is organized as follows. Sec-
tion II introduces the environment and setup for the channel
measurements. Then, Section III presents the CMD-based
method for evaluating channel non-WSS. Section IV outlines
the characterization of channel non-WSSs based on measure-
ment data. Finally, conclusions are drawn in Section V.



Fig. 1. Photo of the measurement environment (left) and top-view geometry
with the UE trajectory based on LIDAR output (right).

II. MEASUREMENT ENVIRONMENT AND SETUP

The measurement campaign was performed in an indoor
lab room, as depicted in Fig. 1. The room dimensions are
approximately 15x6x2.5 m®. There are numerous objects
in the room, e.g., desks, chairs, steel storage cabinets, and
screens, which contribute to various reflections, scattering,
diffraction, and blocking behaviors of the signal propagating.
The measurements were performed at a carrier frequency
of 5.7 GHz with 400 MHz bandwidth. A wideband USRP-
based distributed massive MIMO channel sounder [12] was
used for collecting the channel data. A total of eight uniform
planar arrays were deployed at the BS end. They are here
referred to as ‘panels’, and are evenly distributed along one
side of the room, as shown in Fig. 1. The space between
the adjunct panels is approximately 60 cm. Each panel was
implemented with 2 x 4 dual-polarized patch elements (16
ports in total). At the UE end, a single monopole antenna was
fixed on a robot that can move via remote control. Before
the measurements, back-to-back calibration was performed to
eliminate responses from the sounding system, connectors,
and cables. For system synchronization, two GPS-disciplined
Rubidium (Rb) clocks were deployed at the BS and UE
ends, respectively. The sounding signal, a 1024-length Zadoft-
Chu sequence, was transmitted from the monopole antenna.
During the measurements, the robot moved from one end
of the room toward the panels with a constant speed of
0.012 m/s. Its trajectory and exact positions were recorded
by a LIDAR sensor. In total, the channel links from all panels
were measured along an approximately 12-meter-long route,
as shown in Fig. 1, with 128x1017 snapshots collected.

III. METRIC OF CHANNEL NON-WSS STATIONARITIES

The channel space/frequency WSS is referred to as a finite
region in the space/frequency domain in which channel statis-
tic properties are considered unchanged [4]. Several methods
have been widely used for evaluating WSSs of channels,
including CMD, average power density profile (APDP)-based,
spectral divergence (SD), and shadow fading correlation-based
metrics. Among them, the CMD method is able to show
detailed information of channel WSSs at both the BS and UE
side [13]. It is implemented by analyzing similarities between
channel correlation matrices along the space or frequency
axis. If the similarity level is above a specific threshold, then

the channel within that span of space or frequency can be
viewed as statistically wide-sense stationary. The time-space-
frequency correlation matrix of the channels from the p-th
antenna array at time instant ¢; and frequency f,, is defined
as
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where L and W are the lengths of the sliding windows in
the space and frequency domain, respectively. Note that the
sliding windows should be large enough to accurately estimate
correlation matrices but also small enough that within these
intervals the channel’s statistical behaviors can be viewed
as unchanged [13]. Here, the lengths are determined based
on the coherence distance D). and the coherence bandwidth
B. of the channels since these are space and frequency
intervals, respectively, in which channels can be considered
as unchanged. Given a constant speed vy g of the UE, the
intervals can be obtained as the minimum space and frequency
intervals that fulfill the condition when the channel’s auto-
correlation function (ACF) o(Ad) and frequency correlation
function (FCF) A(Af) decrease to specific thresholds c¢f} and
cgb [14], [15], respectively, i.e.,
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Then, based on (1), the space-time-frequency CMD between
two distributed arrays, p and ¢, the time instants ¢; and ¢;, and
frequencies f,, and f, is defined as
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By setting arrays p = ¢ and time instants ¢; = t;, (6) is re-
duced to the CMD dg(p, ti, fm, fn) in the frequency domain.
Then the stationary frequency B; is given as the maximum
frequency difference over which dg(p,t;, fm, frn) remains
below a certain threshold thh, and is expressed as
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with carrier frequency and bandwidth denoted as f. and
B, respectively. Similarly, to investigate the spatial evolu-
tion at both BS and UE sides, the CMD dZ°(p,q,ti, fim)
and d%%(p,ti,t;, fn) can be obtained from (6) by setting
t; =145, fm = fn and p = q, fn = fm, respectively. Then the
stationary distance D2%(p, q,t;, f,,) at the BS side is given
by

Dfs(paqathfm) - (pmax _pmin) - Ad (9)

where Ad represents the space between the distributed arrays,
and

Pmin = arg max dgs(pa Q7ti7 fm) Z dfhs
1<q<p
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with the total number of distributed arrays denoted as Mr.
The stationary distance DYZ(p,t;,t;, fm) at the UE side is
given by

DYE(p, ti, fm) = (tmax — tmin) - VU E (1)

where
tmin = arg pax, d9E (p, fm.tist;) > dGFE 0
s = arg,_min QY (p, s tirty) = d5E 1P

The results of By, Df S and DEE are related with the thresh-
olds df;l, dtBhS , and dijhE , respectively. The less restrictive the
threshold is, the larger the stationary distance/frequency is. In
this paper, a suitable threshold value df;, = d5% = d4F = 0.2
is considered, as recommended in [13].

IV. MEASUREMENT RESULTS AND ANALYSIS
A. Sliding window

As mentioned, the sliding window length in (1) is de-
termined by evaluating the coherence time and coherence
bandwidth of the channels. Figs. 2a and 2b illustrate the
absolute values of the ACF and FCF of the measured channels,
respectively. Different ACF and FCF behaviors are observed
during the movement of the UE and from different panels,
meaning that the second-order channel statistics vary spatially,
and are further indicating that the channels are space non-
wide-sense stationary. To determine D, and B, the thresholds
cb and ¢k in (2) and (3) are both set to 0.5, as suggested
in [14]. For instance, the channel ACF and FCF of panel
1 at t = 200 s drop below 0.5 when Ad = 0.13 m and
Af = 12 MHz, which are then viewed as the corresponding
coherence distance and bandwidth, respectively. The channel
ACFs and FCFs are measured at each time instant and in
each panel, and the coherence distance D. and the coherence
bandwidth B, are evaluated using (2) and (3), respectively,
which are summarized in Table I. According to the results,
the lengths L and W of the sliding window in the space and
frequency domains are set to be less than the mean values of
D, and B, i.e., 0.1 m and 20 MHz, respectively.
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Fig. 2. The absolute values of the ACF (a) and FCF (b) of the measured
channels from panel 1 and 2 at ¢ = 200 and 400 s.

B. Space-frequency non-WSS

Based on the space-time-frequency CMD metric presented
in Section III, the space and frequency non-WSS of the
measured distributed massive MIMO channels are evaluated.
Firstly, the box chart of the measured channel stationary
distance DY¥ at the UE end is shown in Fig. 3. The chart
consists of the maximum, minimum, 75% percentile, 25%
percentile, median, and average values of the measured DV ¥,
It is found that the channels from panel 4 exhibit the largest
maximum and 75% percentile values of DY¥, while channels
from panel 5 show the largest average values. The smallest
minimum and average values are observed in channels from
panel 1 and 2, respectively. There is a trend that the channels of
the side panels (i.e., panel 1, 2, 7, and 8) tend to exhibit smaller
DY than those of the middle panels (i.e., panel 4 and 5). This
is reasonable since the panels on the sides are closer to the
sidewalls of the room, making them more likely to receive



COHERENCE TIME AND COHERENCE BANDWIDTH AS MEASURED FROM

TABLE I

DIFFERENT PANELS.

Panel Coherence distance, Coherence bandwidth,
D. (m) B. (MHz)
1 0.14 23.8
2 0.13 253
3 0.12 24.1
4 0.13 27.6
5 0.11 222
6 0.12 222
7 0.11 19.5
8 0.17 359
Mean 0.13 25.1
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Fig. 3. Box chart of channel stationary distance DYF as measured from
different panels.

those MPCs reflected or scattered from the walls. Compared
to the dominant line-of-sight (LoS) path, these MPCs are less
stable. They may appear and disappear more frequently during
the movement of the UE, resulting in a shorter stationary
distance at the UE end.

Fig. 4 illustrates the comparisons of the stationary distance
DBS at the BS end as measured from different panels. For
the same panel, the stationary distance changes with time.
This means that during the movement of the UE, due to the
rich scattering environment in the measured room, the MPCs
with varying levels of ‘stability’ appear and disappear in the
channels, thus contributing to a dynamic non-stationarity of
channels. For instance, for the channels from panel 5, the
largest stationary distance Dfs = 3.42 m is found when
t = 600 s, while the smallest one with 1.14 m is observed
at ¢ = 200 s. Furthermore, compared to those of the panels
near the sidewalls, the channels of the middle panels tend to
exhibit larger DPS. These results are consistent with those
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Fig. 4. Comparisons of stationary distance DB as measured from different
panels.

found in DYZ, indicating that in the measured environments,
the locations of the distributed panels have a significant impact
on channel space non-WSS. The mean, standard deviation, and
minimum values of BYF and B2® measured from different
panels are summarized in TABLE II. Note that even for
channels from a specific panel, the stationary distances BYF
and st are different, which provides insights into future
modeling of distributed massive MIMO channels.

The stationary frequency B as measured during the move-
ment of the UE is depicted in Fig. 5. For a specific panel, it
can be found that a larger stationary frequency is generally
observed when the UE is further from the starting point,
i.e., closer to the panels. Moreover, a stationary frequency
over 350 MHz is measured in several panels when the UE is
extremely close to them. At this time, the measured channels
can be viewed as frequency wide-sense stationary over almost
the whole measured bandwidth. Compared to the environment,
we conjecture that this is because when the UE moves to-
wards the panels, the LoS component becomes stronger and
more dominant. Since it is much more stable compared to
other weaker reflected or scattered MPCs, it results in larger
stationary intervals in the frequency domain. Furthermore, the
cumulative distribution functions (CDFs) of the measured BSF
from different panels are shown in Fig. 6. Unlike the results
of stationary distance, the locations of the distributed panels
do not exhibit a strong impact on the stationary frequency in
the measured environment. The mean, standard deviation, and
minimum values of BY measured from different panels are
also summarized in TABLE II.

V. CONCLUSIONS

In this paper, an indoor distributed massive MIMO channel
measurement campaign has been performed. Based on the
measurement data, the channel space and frequency non-WSS
have been investigated. The channel stationary distance and
stationary frequency have been extracted via the space-time-
frequency CMD method. From the results, different space non-
WSSs have been observed from different distributed anten-
nas. Channels from those antennas near the sidewalls of the
room are more likely to exhibit smaller stationary distances,
resulting in more significant space non-WSS. However, for
channel frequency non-WSS, marginal differences have been
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observed in the channels from different panels. These findings
will provide insights to the practical antenna deployment in
future distributed massive MIMO systems from the channel
non-stationarity perspective. In addition, different stationary
distances have been observed at the BS and UE ends for
specific measured channels, contributing to insights into future
modeling of distribute massive MIMO channels.
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