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Abstract—We show the results of a measurement cam-
paign done in an industrial hall, and analyse a frequency-
selective 2×2 multiple-input multiple-output channel. The
transmitter is kept static while the receiver moves across
a positioning board between line-of-sight and obstructed
line-of-sight. We compare capacities, delay spreads and
fading patterns of different antenna settings. We observe
that higher outage capacity is achieved when using co-
polarized rather than cross-polarized dipoles. The settings
with higher capacity rates also show lower root-mean-
square delay spread values, due to the presence of a strong
line-of-sight component. We observe how polarization and
antenna alignment influence the fading patterns.
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I. INTRODUCTION

5G ultra-reliable low-latency wireless communication
(URLLC) links are an important component for wireless
automation and control systems in future production
environments. Nevertheless, due to complex structures
and reflective materials commonly found in industrial
environments, an abundance of multi-path components
(MPCs) can be expected, which makes the task of de-
signing URLLC systems challenging. An important step
towards understanding and exploiting the propagation
effects in such cases is collecting on-site empirical data
and evaluating key statistical metrics that can then be
used to develop a suitable channel model.

A channel sounding campaign with a signal band-
width of 100 MHz is done in [1], where the authors
observe an exponentially decaying power delay profile
(PDP) with maximum excess delay of ≈ 500 ns. A
similar trend is observed in [2] where delay spreads for
line-of-sight (LoS) and non-LoS (NLoS) are analyzed.
However, the measurements performed are single-input-
single-output (SISO).

In this paper, a software-defined radio (SDR) based
channel sounder is used to capture the characteristics of
a 2 × 2 multiple-input-multiple-output (MIMO) wire-
less link, set in an industrial hall. The collected data
is then used to analyze fading patterns, and derive

frequency-dependent channel capacity values and root-
mean-square (RMS) delay spreads.

Contributions of the Paper:

• We analyze the characteristics of wireless,
frequency-selective 2 × 2 MIMO channels in an
industrial environment.

• We compare different antenna settings in terms of
capacity and RMS delay spread, and observe the
changes in the fading patterns.

Notation:

We denote a scalar by a, a column vector by a and
its i-th element with ai. Similarly, we denote a matrix
by A and its (i, `)-th element by ai,`. The conjugate
transpose of A is given by AH. The Q × Q identity
matrix is denoted by IQ. We define the Frobenius norm
of a matrix as ‖A‖F. The absolute value of a is denoted
by |a|. We denote the set of all complex numbers by
C. We define the notation a = vec(A) = vec

(
(ai,`)

)
∈

CMN×1, where vec(A) denotes the vectorized version
of matrix A, formed by stacking the columns of A into
a single column vector.

II. MIMO CHANNEL CHARACTERISATION

We want to observe the behavior of different antenna
settings and compare them in terms of outage capacity.
We also want to obtain statistical data and metrics that
can be used to model the channel. The receiver (Rx) an-
tenna is moving across the two-dimensional positioning
table, hence the channel properties are changing with its
position. Therefore, an indexing notation alternative to
time is chosen, namely position indexes x ∈ {1, ..., X},
and y ∈ {1, ..., Y }. Each position pair (x, y) consists
of M channel snapshots. For simplicity, we use k ∈
{1, ...,K}, where K = XY , to describe each position
pair (x, y). We define M as the length of the stationarity
region, for which we assume the channel to be station-
ary. Therefore, we describe the MIMO wireless channel



using the channel matrix G[m, q; k] ∈ CMT×MR , and
its vectorized version g[m, q; k] = vec(G[m, q; k]),
where q ∈ {1, ..., Q} denotes the frequency (subcar-
rier) index and m ∈ {1, ...,M} denotes the station-
arity region snapshot index. The channel matrix en-
tries are frequency dependent channel transfer functions
gi,j [m, q; k], between transmit antenna i and receive
antenna j.

The Frobenius norm of the frequency-selective
MIMO channel over all subcarriers is used to describe
the fading patterns, as it represents the total energy of
the MIMO channel [3]. It is calculated as

‖g‖2F [k] =
1

QM

M∑
m=1

Q∑
q=1

MT∑
i=1

MR∑
j=1

|gi,j [m, q; k]|2 . (1)

Capacity: The channel information is unknown at
the transmitter (Tx), so no power allocation schemes
such as water-filling are used. Instead we assume the
transmit power to be equally distributed over both Tx
antennas. The space-variant MIMO channel capacity for
frequency-selective channels can be computed as in [4]:

C[k] =
1

Q̂M

M∑
m=1

Q/2+Q̂/2∑
q=Q/2−Q̂/2

log2 det

(
IMR

+
ρ

MT
GH[m, q; k]G[m, q; k]

)
, (2)

where ρ = Pt/N0 presents the average SNR at the
Rx side, with Pt being the total transmit power and
N0 the noise floor level. This formula is derived from
a more general one, presented in [5]. It is important
to average only over the bandwidth that corresponds
to the analyzed system. Averaging over a larger band-
width increases the steepness of the capacity cumulative
distribution function (CDF) curve [4] and leads to
inaccurate calculations of outage capacity values. Thus,
we take Q̂ subcarriers from the middle of the total signal
bandwidth. For each region in space the capacity is then
averaged over its M snapshots.

LSF: We can describe the Doppler-delay statistics of
the channel by calculating the local scattering function
(LSF) [6] for every stationarity region k of every MIMO
channel. The LSF is a multi-taper estimate [7] of the
scattering function, obtained as:

P̂τ,ν; i,j [k;n, p] =
1

I1I2

I1I2∑
w=1

|G(Gw)
i,j [k;n, p]|2 , (3)

where n ∈ {1, ..., Q} is the delay bin index. The win-
dowed frequency transfer function G(Gw)

i,j is calculated

as

G(Gw)
i,j [k;n, p] =

M/2−1∑
m′=−M/2

Q/2−1∑
q′=−Q/2

gi,j [m
′ − k, q′ − k]Gw[m′, q′]e−j2π(pm

′−nq′) . (4)

The Doppler shift is indexed by p ∈
{−M/2, ...,M/2− 1}. The window function

Gw[m′, q′] = ui1 [m′ +M/2]ũi2 [q′ +N/2] , (5)

is constructed using band-limited discrete prolate
spheroidal sequences (DPSS) [8] ui1 , indexed with
i1 ∈ {1, ..., I1}, and ui2 , indexed with i2 ∈ {1, ..., I2},
while w = i1I2 + i2. Integrating over the LSF in the
Doppler domain gives us the space-variant PDP as

P̂τ ; i,j [k;n] =
1

M

M/2−1∑
p=−M/2

P̂τ,ν; i,j [k;n, p] . (6)

An important parameter that influences the design
of OFDM systems in scatterer-rich environments is the
delay spread, which can be interpreted as the multipath
richness of the channel. We obtain the RMS delay
spread as [9]

στ ; i,j [k] =

√√√√√√√√
N∑
n=1

(nτs)2P̂τ ; i,j [k;n]

N∑
n=1

P̂τ ; i,j [k;n]

− τ̄i,j [k]2 , (7)

where

τ̄i,j [k] =

N∑
n=1

(nτs)P̂τ ; i,j [k;n]

N∑
n=1

P̂τ ; i,j [k;n]

, (8)

and τs is the resolution in the delay domain. In cal-
culating the RMS delay spread, we apply two power
thresholds according to the power threshold criterion
[10]. We set the noise floor threshold, to disregard
spurious noise components that might be mistaken for
MPCs, and the sensitivity threshold that disregards any
components that are to weak to be taken into account.
We then only consider delay indexes that have higher
power than both of them (see Fig. 5).

III. CHANNEL SOUNDER IMPLEMENTATION

The main component of each channel sounder node
is an SDR universal software radio peripheral (USRP),
which is controlled and configured by a host com-
puter. Sounding interval synchronization and trigger-
ing is done using a common pulse-per-second (PPS)
signal, provided by GPS disciplined rubidium oscilla-
tors. On the Tx side, the signal is amplified with an
external, 27 dB power amplifier. We use the switched-
array principle for MIMO operation, i.e. a different



transmit-receive antenna combination is active during
each sounding interval as shown in Fig. 1. For this
purpose, TTL logic PIN-diode switches are used on
both sides.

time
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Fig. 1. Antenna switching pattern of a single MIMO snapshot

A. Sounding Principle

A complex baseband multi-tone (OFDM based)
sounding sequence,with sampling rate 1/TS is trans-
mitted in equidistant bursts (snapshots). The sequence
consists of Q subcarriers, spaced by ∆f = 1/T , thus
the total signal bandwidth is B = Q∆f . Each sequence
consists of three identical copies of the sounding signal,
followed by a silent period. The first half of the first
signal copy is used as a cyclic prefix and the last half
of the last copy as a guard period. The middle part (two
copies of the signal) is used to obtain the oversampled
spectrum of the received signal, as shown in Fig. 2. The
silent period allows time for antenna switching, buffer
emptying and data recording. The sounding signal itself
is designed so that it has a low crest factor [11] over
its duration T . This is achieved by optimizing the
subcarrier phases with the algorithm proposed in [12].
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Fig. 2. Sounding signal structure. Two signal copies are cut out from
the middle of the transmitted sounding sequence at the Rx side. The
spectrum is then obtained via oversampled FFT.

The q-th subcarrier of the received signal between
transmit antenna i and receive antenna j can be written
as Yi,j [q] = X[q]GRF

i,j [q]Gi,j [q] where X[q] is the
known transmitted signal and Gi,j [q] is the wireless
channel transfer function. The radio frequency (RF)
chain transfer function GRF

i,j [q] is introduced by the
hardware components. In order to obtain it, we measure

the transfer function of each MIMO channel via a
direct cable connection between the corresponding Tx
and Rx antenna ports. It is then used to calculate
the calibrated channel transfer functions as Gi,j [q] =
Yi,j [q]/X[q]GRF

i,j [q].

IV. MEASUREMENT CAMPAIGN

1) Sounding Parameters: We use MT = 2 Tx
and MR = 2 Rx antennas. The carrier frequency of
fc = 3.5 GHz is chosen for its planned use in 5G
applications. The used multi-tone signal consists of
Q = 601 subcarriers, spaced ∆f = 250 kHz, which
gives the total signal bandwidth of B = 150 MHz. The
signal is optimized so it has a crest factor of 1.25.
The sounding signal is T = 4.26µs long, hence the
whole sounding sequence is 3T = 12.8µs. The interval
between single snapshots is set to Tsnapshot = 500µs.
Therefore, the total length of one full MIMO snapshot
is MRMTTsnapshot = 2 ms. The summary of chosen
measurement parameters is given in Tab. I.

TABLE I
MEASUREMENT PARAMETERS

Parameter Value
Antenna configuration 2× 2 MIMO

Carrier frequency 3.5GHz
Measurement bandwidth 150MHz

MIMO snapshot rate 2ms

2) Campaign Setup: The measurement campaign
was carried out in a Siemens factory hall in Vienna,
Austria, with plenty of complex metallic structures
surrounding the measurement setup and covering the
ceiling. The layout of the setup and its environment
is shown in Fig. 3. The Tx antenna is kept static at
all times, while the Rx antenna is moving across the
2 m×1 m wooden positioning board. Both antennas are
mounted at a height of h = 1.25 m. The Rx antenna is
moving across the shorter side of the board (Y-axis),
with a maximum velocity of v = 1 m/s. With each run,
the Rx antenna shifts closer to the Tx by one half of
the carrier frequency wavelength λ/2 = 4.25 cm, on
the X-axis. Each run is repeated X = 44 times before
the Rx antenna reaches the positioning plate end, i.e.
the Rx antenna moves 22λ across the X-axis, during
one measurement. The effective area of the Rx antenna
movement is thus 92 cm on the Y-axis and 187 cm on
the X-axis. A metallic reflecting plate is placed half-
way between the nodes, thus creating NLoS conditions
for a part of the Rx trajectory.

3) Antennas: We use dual-polarized cross-dipole
antennas depicted in Fig. 4, with 5 dBi gain each.
The alignment and the active dipole combinations are
changed and compared in terms of aforementioned
performance metrics. Afterwards, the geometry and the
Tx antenna position are changed to create additional
scenarios. Tab. II lists the settings of all measurement
scenarios together with the reference Scenario 0, where
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Fig. 3. Aerial view diagram of the factory hall and measurement
equipment layout. Distances are given in cm. The red-dashed line
depicts the Rx antenna trajectory

the reflecting plate is not present. In each scenario both
nodes always use the same antenna configuration and
alignment.
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Fig. 4. Front view diagram of the used antennas. Each antenna set
consists of two cross-dipole antennas, A1 and A2, separated by a
metallic plate and spaced λ/2. The antenna structure can be either
horizontally (a) or vertically (b) aligned. Two of four dipoles are
always active on each side of the link.

TABLE II
MEASUREMENT SCENARIOS

Scenario Alignment Active dipoles
0 No reflecting plate Vertical A1.1+A2.2
1 with reflecting sheet Horizontal A1.1+A2.1
2 with reflecting sheet Horizontal A1.1+A2.2
3 with reflecting sheet Horizontal A1.2+A2.2
4 with reflecting sheet Horizontal A1.2+A1.1
5 with reflecting sheet Vertical A1.1+A2.1
6 with reflecting sheet Vertical A1.1+A2.2
7 with reflecting sheet Vertical A1.2+A2.2
8 Tx on double distance Vertical A1.1+A2.2
9 Tx on triple distance Vertical A1.2+A2.2
10 Constant NLoS Vertical A1.1+A2.2
11 Added reflecting sheets Vertical A1.1+A2.2
12 Tx elevated at h = 3.5m Vertical A1.1+A2.2

4) Metric Evaluation: For metric evaluation we
choose the stationarity region of M = 42 MIMO
snapshots, as it corresponds to the Rx antenna moving
by almost one full wavelength at v = 1 m/s. This
corresponds to Tstat = MTsnapshot = 84 ms in time,

and Y = 15 evaluations in each run. In calculating the
RMS delay spread, the noise threshold of 15 dB above
the noise floor is chosen together with the sensitivity
threshold of 35 dB below the strongest component.

V. RESULTS

1) PDP: An exponentially decaying PDP is observed
in the measurements, as it has been shown in [1] and
[2]. The maximum excess delay ranges between 400 ns
and 600 ns, as presented in Fig. 5.
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Fig. 5. PDP of a single MIMO channel showing a typical delay
spread in the measurement environment.

2) Capacity: The system bandwidth is B̂ = 20 MHz,
so to obtain capacity we sum over Q̂ = 81 subcarriers.
All measurements are normalized with the average path-
loss value obtained for Scenario 0. An SNR value of
ρ = 20 dB is used in the calculations. The capacity
CDFs of different antenna configurations are shown in
Fig. 6. As our focus is on the reliability aspect, we look
at the outage capacity values. The co-polarized dipole
pairs perform better due to the higher average SNR
between the antenna pairs, as there is no cross-polar
discrimination (XPD). Settings with vertically aligned
antennas show better performance. In Scenario 4 the
dipoles are not spatially separated and this yields the
worst performance.
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Fig. 6. Capacity CDFs for different antenna settings. The dashed lines
present vertically aligned configurations while the full lines present
horizontally aligned ones. The dotted line presents Scenario 0, with
no reflecting plate to introduce NLoS conditions.

Fig. 7 shows the capacity CDFs of additional sce-
narios together with one of the standard settings with
the reflecting plate. When the Tx is placed behind a
corner (constantly in NLoS) performance drops, while
the setting with added reflective sheets gives the highest
capacity.
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Fig. 7. Capacity CDFs for different scenarios. All the scenarios use
the same antenna settings

3) RMS delay spread: In Fig. 8 we see that scenarios
that showed higher capacity values show lower RMS
delay spread. Since they have a strong LoS component
over all the channels the RMS delay spread value is
smaller.
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Fig. 8. CDFs of RMS delay spreads for different antenna settings.

4) Fading patterns: Fig. 9 shows the fading patterns
obtained from (1), for Scenarios 1, 3 and 7. Upon
changing the polarization of the dipoles from vertical to
horizontal, we observe a two-path fading pattern. The
fading dips occur at roughly every 8λ as the Rx moves
down the X-axis. The pattern difference is likely caused
by polarization-dependent diffraction coefficients. We
see that changing the antenna alignment (in Scenario
7) also has an impact on the fading pattern.
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Fig. 9. Fading patterns over the positioning table for Scenario 1
(horizontal polarization and alignment), Scenario 3 (vertical polariza-
tion, horizontal alignment) and Scenario 7 (horizontal polarization,
vertical alignment). For better resolution, the stationarity region of
length M = 5 is used.

VI. CONCLUSIONS

In this paper we analyze the properties of a
frequency-selective 2 × 2 MIMO channel in an in-
dustrial environment, and compare different antenna
settings. We observe that using co-polarized anten-
nas yields higher outage capacity values. Aligning the
antenna array vertically rather than horizontally also
improves capacity values. Changing dipole polarization
and antenna alignment impacts the fading patterns.
The maximum excess delay is shown to vary between
400 ns and 600 ns. Based on the obtained data we will
develop a stochastic industrial channel model, with an
exponentially decaying PDP and the LoS component in
the first delay tap.
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