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Abstract—Multiple concepts for future generations of wireless
communication standards utilize coherent processing of signals
from many distributed antennas. Names for these concepts
include distributed MIMO, cell-free massive MIMO, XL-MIMO,
and large intelligent surfaces. They aim to improve communica-
tion reliability, capacity, as well as energy efficiency and provide
possibilities for new applications through joint communication
and sensing. One such recently proposed solution is the concept
of RadioWeaves. It proposes a new radio infrastructure for
distributed MIMO with distributed internal processing, storage
and compute resources integrated into the infrastructure. The
large bandwidths available in the higher bands have inspired
much work regarding sensing in the mmWave- and sub-THz-
bands, however, sub-6 GHz cellular bands will still be the main
provider of broad cellular coverage due to the more favorable
propagation conditions. In this paper, we present results from a
sub-6 GHz measurement campaign targeting the non-stationary
spatial channel statistics for a large RadioWeave and the temporal
non-stationarity in a dynamic scenario with RadioWeaves. From
the results, we also predict the possibility of multi-static sensing
and positioning of users in the environment.

Index Terms—channel characterization, channel measurement,
distributed MIMO, dynamic, RadioWeaves, sensing

I. INTRODUCTION

With the advances of the fifth and sixth generation (5G
and 6G) of mobile communication systems, new application
fields are emerging; fields like vehicle-to-everything, machine-
to-machine communication, and smart cities [1]. Furthermore,
new frequency bands are becoming available for communica-
tion which enables applications where sensing and communi-
cation co-exist in the same band and using the same infrastruc-
ture [2], [3]. One proposed solution is RadioWeaves [2] which
combines distributed arrays and large intelligent surfaces [4]
to achieve high reliability and low-latency communication.
Fading statistics are of great importance for the design of
radio channel models and radio systems and to enable the
development or investigation of e.g. network schemes and
coding techniques [5], [6].

Channel measurements are needed to extract the relevant
parameters for realistic channel models. In [7]–[11] measure-
ments of distributed channels have been conducted, and for
the topic of joint communication, work has mainly been done
in the mmWave-bands in [12], [13]. Finally, theoretical work
and simulations have been performed in [14] for a sub-6 GHz
RadioWeave scenario for sensing.

Fig. 1: The indoor environment where the measurements were taken. It is
a rich scattering environment with furniture or computer equipment along a
majority of the walls.

The commonly used assumption of wide-sense stationary
channels is not valid for RadioWeaves due to the large
aperture. There are two types of non-stationarities discussed
in this paper. The first is related to the large aperture and the
distributed MIMO (D-MIMO) in which the plane wave prop-
agation assumption breaks down, i.e., operation in the near-
field. Furthermore, different sub-arrays of the RadioWeave
experience different channels, e.g. line-of-sight (LoS), non-
LoS, or the distance to the user. The second is the temporal
non-stationarity due to the fact that the channel statistics will
change over time in dynamic scenarios.

To the best of our knowledge not much effort has been
devoted to RadioWeaves with very large arrays or in dynamic
scenarios. We measure a RadioWeave with over 15000 antenna
elements at sub-6GHz, so that the spatial properties of the
RadioWeave can be studied. Further, a whole new multi-
link measurement system has been developed to measure the
dynamic properties of the RadioWeave channels. With the
gained insights we explore the possibilities of sub-6GHz
channels for joint communication and sensing.

II. MEASUREMENT CAMPAIGN

To investigate the spatial non-stationarity due to the large
antenna aperture, and the temporal non-stationarity occurring
in dynamic scenarios two measurement systems were used.
The systems are; 1) The RUSK LUND channel sounder for
synthetic array measurements. It is a wide-band switched array
channel sounder described in [15], 2) a new distributed multi-
link channel sounder to capture the dynamics of the channel.

The new channel measurement system is built around the
National Instruments (NI) universal software radio peripheral
(USRP) hardware. More specifically, the NI-USRP 2953r



platform. The USRP consists of two RF boards with an analog
bandwidth of 40MHz and a tuneable carrier frequency ranging
from 1.2GHz to 6GHz. Henceforth, a radio refers to one of
these boards – i.e. one USRP consists of two radios. Each
USRP connects to an external Rubidium (Rb) oscillator, which
provides a 10MHz reference frequency and a 1 pulse-per-
second output signal to align the snapshots in the distributed
system. Before each measurement campaign, one of the Rb-
oscillators is selected as the primary and is used to synchronize
the clocks on the other Rb-units. The NI LabVIEW software
framework is used on the host computers to configure the
radios and to acquire and store the data. The system is based
on a time-division multiple access scheme that assigns all
participant radios a unique time slot to transmit. During that
slot, all other radios in the setup receive and store the received
complex-valued samples.

The hardware for the multi-link system is summarized in
Tab. I.

TABLE I: Hardware for the multi-link measurement system.

Hardware Description

7 NI-USRP 2953r 40MHz The radios with RF heads
3 SRS FS725 10MHz frequency standard
1 SRS FS740 10MHz frequency standard with GNSS
7 Host computers Radio control and logging data
1 Hoverboard Acting as mobile user
12 Patch antennas Part of the RadioWeave
1 Monopole antenna On the mobile unit

The channels were measured in an indoor office-like envi-
ronment at Lund University, see Fig. 1 and Fig. 2. The room
dimensions are approximately 6m× 15m× 2.5m.

A. Wide-band Large Synthetic Array Measurement

At the transmitter side, 16 monopole antennas (BJTEK MA-
2458) were used as 16 static single-antenna users. The user
antenna has a quasi-omnidirectional radiation pattern in the
azimuthal plane, and its vertical peak gain direction is tilted
slightly upwards. At the receiver side, a 3D RadioWeave in
the form of large scale array was formed. Specifically, a
vertical linear array with 32 dual-polarized patch elements was
mounted on a trolley and manually moved along a predefined
L-shaped trajectory. The channel measurement from the users
to the linear array was triggered by a wheel encoder after every
2.513 cm of movement (approximately half a wavelength),
therefore the horizontal spacing distance between synthetic
array elements is half a wavelength. This should the fulfill the
sampling theorem. As shown in Fig. 2, the 3D RadioWeave
(dimension 3.4m × 8.8m × 1.5m) consists of two mutu-
ally perpendicular synthetic planar arrays (part-1 and part-2),
where part-1 consists of 350 × 32 = 11200 patch elements
and part-2 consists of 135×32 = 4320 patch elements, so the
RadioWeave contains a total of 15 520 elements. A summary
of the system parameters is listed in column Wide-band of
Tab. II.

Five different static user location setups were used: 1) all
users closely located in a row parallel to RadioWeave part-
1; 2) all users closely located in a row perpendicular to

RadioWeave part-1; 3) all users located around a water filled
human-like phantom to simulate body shadowing effects; 4)
users randomly distributed in a small area (dense random);
5) users randomly distributed in the room (wide spread) and
a metal shelf filled with books was used as an environment
shadowing object. In the first three setups, LoS propagation
conditions apply to all users to the RadioWeave.

B. Dynamic Multi-link Measurement

The antennas described in II-A were also used during the
dynamic multi-link measurements. That is, at the transmitter
side, directive patch antennas were used along its sides, and
at the user side a single omnidirectional monopole was used.
The system parameters used in the measurement campaign are
summarized in column Dynamic of Tab. II.

A Zadoff-Chu sequence of length 449 was used for pilot
signals. When a radio is active it was set to transmit 4
repetitions of the signal. The first one can be used as a cyclic
prefix and the rest can be used for averaging to increase the
signal-to-noise ratio (SNR).

Four different scenarios were measured to investigate the
channel properties for the environment depicted in Fig. 1.
The scenarios were: 1) the user moving along a trajectory
with a shelf in the environment, 2) the user moving along the
same trajectory without a shelf in the environment, 3) a person
walking along a trajectory with a shelf in the environment, and
4) a person walking along a trajectory without a shelf in the
environment. The user was moving along a given trajectory,
c.f. red line in Fig. 2 and Fig. 1. In scenarios 1 and 2 the user’s
direction and speed were manually controlled with a remote
control (over Bluetooth), and the speed was limited to 1m/s.

Due to unavailable RF hardware the multi-link measurement
data have not been back to back calibrated. The analysis in
this paper still holds but all the power levels will be denoted
as Uncal. power. And since there are no analysis done using
the impulse response the uncalibrated delay will not pose a
problem at this point.

TABLE II: Channel sounding parameters.

Description Dynamic Wide-band

RadioWeave antennas 12 15 520
user antennas 1 16
carrier frequency 5.6GHz 5.6GHz
frequency spacing 78.125 kHz 625 kHz
bandwidth 35MHz 240MHz
signal length 12.8 µs 1.6 µs
signal repetitions 4 1
snapshot length 665.6 µs N/A
repetition rate 200Hz N/A
max. resolvable velocity 5m/s N/A
transmit power 11dBm 27dBm

III. ANALYSIS AND RESULTS

1) Non-stationary Power Distribution: Fig. 3 shows the
power distribution across the 3D RadioWeave based on the
measured signals from the 3rd and 15th users of the wide
spread setup. High power intensity is observed on the sub-
arrays close to the users and a maximum power variation of
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surface with the indices of the radios are shown in the left figure, and the user moving trajectory is denoted with red solid line.

60 dB is observed across the RadioWeave. The non-uniform
power distribution is due to the very large dimension of the
array and the distances between the base station (BS), users,
and the scatterers are smaller than the Rayleigh distance,
i.e., near-field propagation. Different sub-arrays experience
different propagation environments owing to differences in
geometry and antenna radiation patterns. Moreover, propaga-
tion paths may only be visible for a portion of the array due
to shadowing from objects in the environment or a human
body. Therefore, the received power from each user may
vary significantly across the array elements. The spatial non-
stationary property can potentially be exploited to reduce
the computational complexity of algorithms, e.g., parametric
channel estimation or localization, by processing only the
measurement data from power-concentrated sub-arrays. In
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Fig. 3: Received power over the 3D RadioWeave given the measured signal
from the 3rd user of setup wide spread. The user position is marked with a
pink “x”. The black dashed lines denote the projection of user coordinates on
the RadioWeave.

the dynamic scenario the temporal non-stationarity is clearly
illustrated in Fig. 4 where the estimated K-factor of the Ricean
distribution is plotted as a function of time. It should be noted
that the high estimated K-factor in the beginning and in the
end is due to the estimator since at those moments the user
was static and the ratio between the dominant component and
the multipath components (MPCs) becomes large. Further, in
Fig. 4 it is a clear that there is dominant (power) component
at around 6 seconds for link 3 which is closes to the user in

the beginning. Then, as the user travels along the trajectory
and the Euclidean distance to radio unit 6 decreases which
results in an increasing K-factor from approximately 15 s.A
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Fig. 4: Examples of variations of small scale fading statistics in the dynamic
case. The CDFs show the fading statistics in the three encircled regions. Here
the legend describes the link between (Tx, Rx) with indices from Fig. 2

typical realization of the small-scale averaged power is shown
in Fig. 5. The results are from the (robot) user moving along
the trajectory with a shelf obstructing parts of the RadioWeave.
It clearly shows how the received power is proportional to
the LoS distance between the user and each radio unit in the
RadioWeave. It also agrees with Fig. 4 in the sense that when
the power received from radio unit three, the K-factor is also
at its highest.
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Fig. 5: Small-scale averaged received power at the user – radio 13 – moving
along the trajectory, and a shelf as an obstructing object.

2) Fading Statistics: Rapid fluctuation of received ampli-
tude within a few wavelengths is called small-scale fading
(SSF). The fluctuation is caused by the superposition of



different MPCs. The small-scale averaged amplitude over each
small spatial area typically varies over a larger spatial scale
(tens to a few hundreds of wavelengths) due to shadowing
by environmental objects or human bodies, i.e., large-scale
fading (LSF) [16]. In this section, we analyze the SSF and
LSF statistics by collectively analyzing the measurements of
all 16 users in the wide spread and body shadowing setups,
see Fig. 2. For the dynamic measurements, the SSF statistics
are investigated within time frames where the channel can be
approximated as stationary.

For the wide spread setup where the users are widely
distributed in the room – larger variations of the distance
and distance-dependent path loss are observed, and the path
loss exponent is estimated to be 2.5 using a linear unbiased
estimator. In the body shadowing setup, where the users are in
very close proximity to the water-filled phantom the transmit
signal is largely shadowed leading to an estimated path loss
exponent of 3.3. Fig. 6 shows the cumulative distribution
functions (CDFs) of the large scale fading. It can be seen that
the LSFs is well described by Gaussian distributions, but the
difference between the fading statistics due to body shadowing
and environment object shadowing is notable.

We further study the small-scale amplitude statistics. To get
insights into the non-stationary property of the SSF over the
RadioWeave it is segmented into 18 sub-arrays, each with a
physical size of 1.3m× 1.2m. The empirical CDFs of small-
scale amplitudes for each sub-array and their fitted statistical
distributions (Rayleigh, Ricean and Gamma) are shown in
Fig. 7 for the 3rd user in the wide spread setup.

body shadowing: empirical LSF
fitted Gaussian dist. N (0, 5.21)

wide spread: empirical LSF
fitted Gaussian dist. N (0, 12.45)
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Fig. 6: Large-scale fading statistics for the wide spread and body shadowing
measurements.

According to the non-stationary power distribution shown
in Fig. 3, the indexes of power concentrated sub-arrays are
highlighted in red. For sub-arrays that are distant from the
user, small-scale amplitudes are well described by a Rayleigh
distribution or a Ricean distribution with a small K-factor. The
lack of a strong Ricean channel is contrary to the fact that a
line-of-sight (LoS) propagation condition applies to most of
the sub-arrays. Given the presence of many highly reflective
scatterers in the small measurement environment, most of the
specular MPCs are compact in the delay domain and have
amplitudes comparable to that of the LoS path. Further, the
antenna radiation pattern of the user leads to a low antenna
gain in the direction of some sub-arrays. For these power-

concentrated sub-arrays, small-scale amplitudes are poorly
characterized by either Rayleigh or Ricean distributions, while
the Gamma distribution yields a better fit.
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Fig. 7: Small scale fading statistics of different array segments for the 3rd
user of setup wide spread.

3) User Separability: We investigate the potential ability
of the RadioWeave to spatially separate proximate users.
We use the channel condition number as the indicator of
the degree of mutual orthogonality among user signals [17].
For the setups parallel and perpendicular, we select four
equally-spaced users and the measurement matrix is given as
Hs = [hs,1, . . . ,hs,U ] where hs,u denotes the normalized
channel measurements of the uth user and sth setup. The
channel condition number κ is obtained as the ratio between
the maximum- and minimum singular values of Hs, i.e.,
κ =

σmax

σmin
, and κ ∈ [1,∞). A small value close to 1 indicates

a better spatial separability and higher achievable sum-rate
given a fixed transmit power [18].

Previous work [17] with real channel measurements have
shown that massive multiple-input multiple-output (MIMO)
may provide unsatisfactory performance on the user spa-
tial separation if the channels to different users are highly
correlated, e.g., in LoS conditions. However, when the ar-
ray size is increased to the level of RadioWeave, spatial
separability can be greatly improved in these challenging
situations. Fig. 8 shows the channel condition numbers given
different user spacing distances {0.12, 0.24, 0.36, 0.48, 0.6}m
and different polarimetric transmission schemes. In general,
the result demonstrates excellent user spatial separability of
the 3D RadioWeave even for the smallest user spacing. This
is enabled by the large array aperture which provides high
spatial resolution and the spreading scatters which help to de-
correlate channels to different users.

The channel condition number for the parallel setup is
smaller than that of the perpendicular setup, which can be



explained by users of the parallel setup benefiting more from
part-1 of the RadioWeave due to its larger aperture compared
with the aperture of the perpendicular setup from part-2.
Moreover, we notice that different polarimetric transmissions
make no major difference on the separability.

parallel: v2v v2h v2dual
perpendicular: v2v v2h v2dual

0.12 0.24 0.36 0.48 0.6
2
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Distance between adjacent users (m)
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Fig. 8: Channel condition numbers. The notations {v2v, v2h, v2dual} denote
different polarimetric transmission from the user to array elements, e.g., v2h
represents vertical-to-horizontal transmission, and v2dual represents vertical-
to-(horizontal & vertical transmission).

4) Maximum Ratio Transmission: Wireless power transmis-
sion is one of the promising applications of RadioWeaves.
The large array aperture of the RadioWeave helps to form
very narrow beamwidth with a minimum extent of λ/2 to
the targeted users [2], i.e., maximize the power density at the
target user and minimize power dispersion to nearby users.

Maximum ratio transmission [19], which maximizes the
SNR at the user side, is used to perform a preliminary eval-
uation of the wireless power transmission capability and the
interference suppression capabilities of the RadioWeave. Fig. 9
shows the leakage of power to neighboring antennas for the
parallel and perpendicular user setups and 2D RadioWeave
(part-1 only) and 3D RadioWeave (part-1 and part-2). The am-
plitude of the plots in Fig. 9 can be approximately interpreted
as the power density at the jth user’s position when performing
maximum ratio transmission to the ith user. Intuitively, the
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Fig. 9: Power leakage with maximum ratio transmission to neighboring users
with the 16 user setups parallel and perpendicular.

higher the concentration of power on the diagonal, the better
the power transfer capability and the better the possibility
to limit interference in the communication case. When 2D
RadioWeave is used as shown in Fig. 9a and Fig. 9b, the
2D RadioWeave shows better capability for focusing power to
the target user for the parallel setup than the perpendicular
setup, which is attributable to the large array aperture along the
y-axis and subsequently narrow beamwidth in the respective
angular domain. The 3D RadioWeave further extends the array
aperture along the x-axis which leads to major improvement
in the perpendicular setup, as shown in Fig. 9b and Fig. 9d.

5) Sensing Analysis: At 5.6GHz and a max relative ve-
locity of 1m/s we expect to see Doppler shifts up to 20Hz.
Local Fourier transforms in the time domain are performed for
all the subcarriers, the ensemble mean is then taken, providing
the Doppler spectrum at each time index.

In Fig. 10 the time-varying Doppler spectrum is depicted
for the active sensing scenario – when the (robot) user, moved
along the predefined trajectory. The top plot shows the user
moving away from radio element 3 resulting in negative
Doppler components. Further along the trajectory the user
approaches radio element 8 to then move away. The movement
is visible in the bottom of Fig. 10 where the Doppler crosses
zero.
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Fig. 10: Time-varying Doppler spectrum for the active sensing scenario; with
the user moving along the trajectory and with a shelf obstructing parts of
the RadioWeave. Top: link (3,13), and bottom: link (6, 13); c.f. lower left of
Fig. 2 for radio locations.

For clarity – in Fig. 11 we show the small-scale averaged
power instead of the instantaneous power for the passive sens-
ing scenario (multi-static radar) when a person was walking
along the trajectory. Different power variation patterns are
observed for all the links at the two radio unit positions. Two of
the links of radio unit 6 are selected for additional processing.

The results are shown for links (3,6) and (8,6) in Fig. 12.
Even though the user walked at approximately 1m/s there
are Doppler shifts in excess of 20Hz. Given the evolution of
the Doppler frequency in time, these contributions most likely
come from the arms swinging back and forth, indicating the
potential of using RadioWeave for activity detection based on
the received micro-Doppler profile.

IV. CONCLUSIONS

This paper presented two RadioWeave measurement cam-
paigns performed in a rich scattering indoor environment.
We used different setups in terms of array configurations,
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static/dynamic user behaviors, LoS, obstructing propagation
conditions, and signal bandwidth to simulate different Ra-
dioWeave deployment scenarios. In particular, we introduced
a new multi-link channel sounder that can capture channel
dynamics in real-time. Based on the measurements, we demon-
strated the deterministic and statistical non-stationary charac-
teristics of the RadioWeave channel. We show the importance
of taking non-stationarities into account – both spatial and
temporal – by splitting the large RadioWeave into sub-arrays
for which the statistics are stationary. The temporal and spatial
power variations over the RadioWeave are significant. The
non-stationary properties can potentially be exploited to reduce
the computational complexity by processing only the most rel-
evant sub-arrays, e.g., measurements from power-concentrated
sub-arrays. In addition, we demonstrated the great potential of
using RadioWeave for spatial separating closely located users,
wireless power transfer, and sensing.

Joint communication and sensing is a promising concept for
beyond 5G communication standards, and our results suggest
that the sub-6 GHz channels offer several paths for future
work. Machine learning methods offer promise, as the inter-
RadioWeave links experience different channels with different
information that could be used for positioning. Another ap-
proach could be to use the information available in the Doppler
spectra in combination with the signal strength.
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