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ABSTRACT Communications in the mmWave spectrum are gaining relevance in the last years as they are
a promising candidate to cope with the increasing demand of throughput and latency in different use cases.
Nowadays, several efforts have been carried out to characterize the propagation medium of these signals with
the aim of designing their corresponding communication protocols accordingly, and a wide variety of both
outdoor/indoor locations have already been studied. However, very few works endorse industrial scenarios,
which are particularly demanding due to their stringent requirements in terms of reliability, determinism, and
latency. This work aims to provide an insight of the propagation of 60 GHz mmWave signals in a typical
industrial workshop in order to explore the particularities of this kind of scenario. In order to achieve this, an
extensive measurement campaign has been carried out in this environment and a stochastic channel model
has been proposed and validated.

INDEX TERMS Industrial communication, millimeter wave measurements, millimeter wave propagation.
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I. INTRODUCTION
Communications in the mmWave spectrum (30-300 GHz) are
gaining notoriety in the last years, as they are a promising
candidate to cope with the increasing demand in differ-
ent sectors as mobile internet, multimedia, 5G, autonomous
driving, smart manufacturing, virtual reality, and healthcare,
among others [1]. The main advantage of these frequen-
cies is the huge amount of available license-free bandwidth,
which allows to increase the throughput and robustness of
communications. Several standards that operate over these
frequencies can be found in the literature [2], being the most
extended ones 5G New Radio (NR) [3] and 802.11 (amend-
ments 802.11ad [4] and 802.11ay [5]).

An important aspect for the development of standards as the
ones mentioned above is the propagation medium, also known
as the channel. A characterization and modeling of this aspect

is necessary to estimate the intensity of small and large scale
fading effects (shadowing, multipath, etc.) in order to design
and validate the protocols accordingly. This process can be
carried out in two different manners. The first alternative uses
the propagation properties of materials and the fundamental
laws of electromagnetism for the modeling process leading
to deterministic results. Techniques as ray tracing fall within
this category. The other method uses on site measurements to
extract metrics in any given scenario, which are later used to
adjust parameters of stochastic channel models. Some exam-
ples of this kind would be the 3GPP [6] and WINNER 1I [7]
models.

Nowadays, several measurement campaigns and model-
ing efforts can be found in the literature for the mmWave
spectrum. These works cover a wide variety of scenarios for
the different industrial, scientific and medical (ISM) bands,
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where both outdoor [8] (street, rural, campus, etc.) and in-
door [9] (residence, office, etc.) sites are considered. Some
works present measurements in industrial scenarios but these
are rather scarce, as will be described later in this section.

The different use cases for communication systems in in-
dustry are oriented to managing the processes that are carried
out within a factory [10]. This includes tasks as monitoring
and remote control of elements as production lines, robotic
arms or logistic robots, and the communications related to
them need to provide some guarantees in terms of determin-
ism and robustness in order to ensure the proper operation.
The adoption of mmWave frequencies for these applications
may be a key enabling technology that provides a sufficient
performance to cope with the most demanding scenarios, but,
despite its potential, this possibility has not been completely
analyzed yet.

This work aims to provide an insight of the propagation of
mmWave signals in 60 GHz Industrial, Scientific and Medical
(ISM) band in a typical factory workshop. To achieve this, a
measurement campaign has been carried out first in a work-
shop using the double directional channel sounder presented
in [11]. Three different areas are characterized in total using
30 Line-of-Sight (LoS)/Non-Line-of-Sight (NLoS) positions,
and the complete azimuth response of each position has been
obtained measuring the channel impulse responses (CIRs) in
3° steps with a bandwidth of 2.16 GHz. A stochastic channel
model that represents the observed propagation has been elab-
orated later, where aspects as the received power, excess delay
or departure/arrival directions have been modeled. The model
has later been compared with two existing channel models in
order to observe the differences between industrial and more
ordinary scenarios.

The main contributions of this work are the following:

1) A measurement campaign of mmWave signal propaga-
tion in a workshop is carried out. Double directional
Channel Impulse Responses (CIRs) from 30 positions
that are divided in three zones have been acquired,
and all the results have been submitted to the NIST’s
NextG channel model alliance public repository [12]
(Measurements in a University Workshop with Indus-
trial Equipment dataset).

2) A stochastic channel model that represents the observed
propagation is elaborated and validated, where the re-
ceived power, delay and orientation of the multipath
components are estimated based on the scenario and
distance. This is available in the NIST’s NextG channel
model alliance public repository as well.

3) An initial assessment of the performance that the
802.11ad standard can provide in industrial settings is
carried out. To achieve this, the performance that the
standard achieves over the proposed model is compared
to the performance over other two models that represent
generic indoor scenarios.

The rest of the article is organized as follows. Section II

presents a literature review of mmWave measurement cam-
paigns in factory environments. All the information related to
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the measurement campaign carried out in this work, including
details of the equipment and scenarios, is described in Sec-
tion III. The postprocessing of the measured data is detailed
in Section IV. Section V describes the elaborated stochastic
channel model, where all the propagation parameters are de-
tailed. The validation of the stochastic model is carried out in
Section VI. In Section VII, a preliminary channel performance
test can be found, where the elaborated industrial model is
compared to models that describe more generic scenarios.
Finally, Section VIII concludes this article.

Il. EXISTING EHF BAND MEASUREMENT CAMPAIGNS IN
INDUSTRIAL ENVIRONMENTS

This section discusses the existing mmWave measurement
campaigns in industrial environments that can be found in
the literature. Table 1 shows a summary of the main attributes
of each work, and details regarding each individual work are
provided next.

Several industrial scenarios as a mechanical room, exper-
imental hall, particle accelerator ring and two maintenance
tunnels are tested in [13]. Here, the Talon AD7200 router [26]
is employed as a 60 GHz signal source and the channel in-
formation is obtained using two criteria: by capturing IEEE
802.11ad packets and by down-converting and storing the
signal. This information is used to estimate the throughput
the 802.11ad standard can offer in each scenario, and a fitting
to a multipath propagation model is provided as well. This
model groups the multipath components in clusters, and the
computed metrics are the number of clusters, number of com-
ponents per cluster, delay spread (DS) and expected power of
each cluster and component.

Propagation inside a high-precision machining workshop
is characterized in [14] for the 3.7 and 28 GHz frequency
bands. A sliding correlator double band channel sounder that
provides a bandwidth of 2 GHz per frequency band is used
for the measurements. A total of 76 positions are measured in
total (38 LoS and 37 NLoS), and propagation metrics as path
loss (PL) (fitted to the folating intercept (FI) and alpha beta
gamma (ABG) models), Delay Spread (DS) and Transmitter
(Tx)/Receiver (Rx) aximuth spread (AS) are extracted from
them as well.

A sake factory and a subway station are measured in [15].
The factory environment is composed of a 38.5 x 31.2 m?
floor that contains a corridor and two rooms, and four Tx
and five Rx positions are measured here in total. The station
presents a total length of 152 m, from where the Tx and Rx
are placed at three different locations each. A frequency mod-
ulated continuous wave sounder that operates at the 28 GHz
spectrum is used to obtain the data from both environments.
Some postprocessing is done to the data as well, from where
metrics as the Path Loss (PL) (fitted to the Floating Inter-
cept (FI) model), DS and receiver Azimuth Spread (AS) are
extracted.

The PL from three different scenarios is characterized
in [16] for the 24 GHz spectrum. These environments are a
university workshop, a production hall and a storage room.
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TABLE 1. Indoor Industrial Channel Measurement Campaigns in the Mmwave Spectrum

Ref. | Freq. (GHz) Environment Metrics
Pipe room, hall,
[13] 60 p.accelerator ring, tunnels Cluster num, pow, delay, path
[14] 3.7,28 Machining workshop PL, DS, AS(Rx)
[15] 28 Sake factory, subway station | PL, PDP, AS(Rx)
(16] 24 ‘Workshop, production hall, PL
storage hall
[17] 28 Machine hall PL, DS, AS(Rx)
[18] 28 Warehouse PL
[19] 28 Machine room PL, DS, AS(Tx), ES(Tx)
[20] 28 Optic fiber cable laboratory PL, DS, AS(Rx)
[21] 142 Manufacturing lab hub PL, DS, AS(Tx,Rx)
[22] 6’7263735'75’ Production hall PL, DS, AS(Tx), ES(Tx)
[23] 3'53,’93 2'5’ Textile factory PL, DS, RICIAN-K
[24] 28 Digital fabrication PL, DS, AS(Rx)
[25] 28, 60 Light and heavy industries PL, DS, AS(Tx,Rx), RICIAN-K

The channel sounder employed during the measurements is
composed of a signal generator, frequency band converters,
omnidirectional antennas, and a spectrum analyser. A total of
26 tones that are spaced 10 MHz apart are generated for the
sounding, adding up to a total bandwidth of 250 MHz, and
several distances and antenna altitudes are tested in all the
sites with this, considering both LoS and NLoS cases. The
obtained data are used to perform a PL estimation, which is
fitted to the close-in (CI) and FI models, and these parameters
are also compared to the results of other works.

Measurements from a circle-shaped machine hall are pre-
sented in [17]. A sliding correlator channel sounder with
a bandwidth of 2 at 28 GHz is employed to obtain the
CIRs. Four configurations are measured in total: two different
heights and swapping the Tx/Rx ends, as one of them is static
during all the process. A total of 40 positions are measured
per configuration, which means that 160 measurements are
provided in total. These data are processed to obtain metrics
as PL (fitted to the Close-In (CI) and FI models), signal block-
age, DS and AS, both in departure and arrival.

Signal propagation inside a smart warehouse filled with
automatic guided vehicles is characterized in [18] for the
28 GHz spectrum. A frequency domain channel sounder is
employed to carry out these measurements, which captures
1001 points in a span of 1 GHz. Three conditions are mea-
sured in total: one LoS and two NLoS, the latter being
provoked by placing one and two containers. The results are
processed to obtain power delay profile (PDP) and PL-related
metrics.

Measurements are carried out in [19] inside a machine room
with a size of 35 x 16 m?. A frequency domain sounder that
operates in 28 GHz spectrum is employed for the measure-
ments. This sounder uses monopole antennas in both ends,
and takes 801 points spanned across 4 GHz in each acqui-
sition. Three conditions are measured in total: none, partial,
and total obstruction of the LoS component. The data are
processed as well, from where metrics as PL (fitted to the
FI model), DS and AS (estimated with the Space-Alternating
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Generalized Expectation-Maximization (SAGE) [27] algo-
rithm) are obtained.

Propagation through an optic fiber laboratory is character-
ized in [20] for 28 GHz frequency band. This measurement
campaign uses a pseudo-random noise (PN) channel sounder
that provides a total bandwidth of 2.4 GHz, and provides two
datasets. The first one measures the PL at various distances
(57 positions) and the second tests several antenna orienta-
tions (12 positions). The obtained results are employed to
estimate the PL (fitted to the CI and FI models), DS, and
receiver AS.

In [21], sub-terahertz measurements are carried out in a
corridor that separates various machining laboratories and
conference rooms. CIRs are acquired via a sliding correlator
channel sounder that offers a total bandwidth of 500 MHz in
baseband and is centered at 142 GHz, and horn antennas are
used as well to obtain double-directional responses. Thirteen
measurements are carried out in total, from where 11 are LoS
and 2 NLoS. These are processed later to obtain PL (fitted
to the CI model), DS, and departure/arrival AS, considering
the directional and omnidirectional CIRs separately as well as
copolarization and cross-polarization of antennas.

Multiband measurements can be found in [22] for a pro-
duction hall. This room has a total size of 171 x 74 m2, and
four sections can be divided: three production lines and a
storage area. Measurements are performed over these sections
with a 15-b Pseudo-Random Noise (PN) sounder that has
a total bandwidth of 6.75 GHz and is capable of acquiring
the directional CIR of the 6.75, 30, and 60 GHz frequency
bands simultaneously. The data are processed to estimate the
PL (fitted to the Alpha Beta Gamma (ABG) model), DS and
departure AS/elevation spread (ES) inside the environment.

An additional multiband measurement campaign can be
found in [23]. Here, propagation through a 120 x 40 m? tex-
tile factory is characterized using a frequency domain channel
sounder. The channel sounder is configured to acquire 501 fre-
quency points per measurement, which cover a span of 1 GHz
and is centered at 3.5, 38.5, and 39.5 GHz. A total amount of
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15 positions are characterized, distributed along two corridors
surrounded by looms. The obtained data are used to per-
form PL (fitted to the ABG model), DS, and Ricean-K value
estimations.

A digital fabrication facility is characterized in [24] for the
28 GHz spectrum. Here, a 13 x 13 m? manufacturing zone
is characterized by measuring 13 positions that combine the
none, partial, and total obstruction of the LoS component sce-
narios. The results are processed to obtain some propagation
metrics as the PL (fitted to the CI model), DS, and AS of
arrival. The effects of co/cross polarization of antennas are
also observed for these metrics.

At last, a ray-tracing based propagation characterization
is carried out in [25] for simulated light/heavy industrial
sites. This work uses a simulation tool known as Wireless
InSite [28] to model the propagation of signals that operate in
28 and 60 GHz mmWave spectrum using the shooting bounc-
ing ray (SBR) technique. The outputted results include the
PL, LoS probability, Rician-K factor, DS, and AS/Elevation
Spread (ES), both in departure and arrival.

As it can be seen, most of the presented works are centered
at 28 GHz frequency band and there are very few contribu-
tions focused on 60 GHz one. The latter is of special interest
for communication systems, since the protocols 802.11ad/ay
operate over these frequencies and future standards will likely
use it as well. Since industrial settings contain fundamental
differences compared to other generic scenarios as labora-
tory/office (considerably bigger rooms, dense scenarios, lots
of reflectors/scatterers, etc.), existing generic measurements
and models are not suitable to represent them. In this regard,
several channel models as the 3GPP, NYUSIM, METIS or
MiWEBA already exist in the literature, but most of them do
not represent industrial scenarios. There are only two models
that have recently included an Indoor Factory (InF) scenario:
3GPP and NYUSIM. However, these present some limita-
tions, since none of them has explored 60 GHz frequency band
(3GPP used measurements up to 28 GHz and NYUSIM based
its metrics in a 142 GHz measurement campaign introduced
in [21]), and a bandwidth as large as 2.16 GHz cannot be
properly represented with them. The lack of a specific mea-
surement based industrial channel model in 60 GHz spectrum,
together with the scarcity of empirical data related to this
scenario are the main motivations behind this article.

lIl. MEASUREMENT CAMPAIGN

This section describes the channel sounding equipment and
configuration as well as the selected sites to perform the mea-
surements.

A. CHANNEL SOUNDER
A general picture of the channel sounder is provided in Fig. 1
and all the details of its elaboration and operation can be found
in [11].

This device is capable of sounding any frequency in
57-65 GHz range, with a carrier frequency step of 540 MHz.
Regarding the direction, both Tx/Rx ends are equipped with

606

Coaxial (1) Coaxial (1)
5 P

c'g's;ia\ @

Coaxial(Ref CLK)

UsB a2 o ds & cra
— A T UsB

Ethernet I

Control PC 2

e 82 A05)]
t MDO41048-6

Ethernet Ethernet
e ———— [ P g g >

Control PC1

FIGURE 1. General picture of sounding system.

Radiation Pattern at 62.5 GHz

—E-Plane
—H-Plane

. Gain (dBi)

| s ' L

-45 30 -15 0 15 30 45
Boresight angle (deg)

FIGURE 2. Antenna radiation pattern of channel sounder [29].

highly directional lens horn antennas that have a high front-
to-back ratio, whose radiation pattern can be seen in Fig. 2.
These can be mechanically steered in any orientation in the
azimuth in 0.1° steps, allowing to acquire highly directional
CIRs. As for the operation, this channel sounder generates a
complex baseband chirp signal that covers a total bandwidth
of 1.08 GHz and is simultaneously sent to two destinations:
a front-end that up-converts to the mmWave spectrum and
transmits through the air interface and an oscilloscope that is
used for the acquisition. The receiver front-end performs the
down-conversion and forwards the signal to the same oscillo-
scope, and the CIR is obtained by de-convolving both Tx/Rx
sequences.

In this measurement campaign, the channel sounder was
configured to perform complete azimuth scans in 3° steps
for two contiguous frequency bands in the mmWave spec-
trum: 59.94 GHz (59.4-60.48 GHz) and 61.02 GHz (60.48—
61.56 GHz). A total amount of 28800 CIRs were mea-
sured per position, covering a bandwidth of 2.16 GHz. The
mmWave carrier frequencies were selected to cover the chan-
nel 2 of the IEEE 802.11ad/ay standards. In order to avoid
excessive acquisition times and memory requirements, each
capture was limited to 10 K samples in time, which proved
to provide a dynamic range of around 40 dB. Each position
took approximately 12 h to sound, and the generated data
occupies 1.8 GB after the CIR extraction. A summary of the
most relevant parameters of the sounder for this campaign can
be found in Table 2.
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TABLE 2. Sounder Configuration and Operation Parameters

Category Parameter Value
Signal type Chirp
Sounding signal Freq. Range (MHz) [-540 to 540]
Duration (ns) 4000
Band conversion Center freq. 1 (GHz) 59.94 [59.4..60.48]
Center freq. 2 (GHz) 61.02 [60.48..61.56]
Type Horn
Antennas Gain (dBi1) 30
HPBW (°) 6
Center (LoS) (°) 0
Azimuth orient. Step (°) 3
Range (°) [-180 to 180]
L Sampling rate (Gsps) 2.5
Acquisition Num%er%)f sampleI; 10000
Data type CIR
Results per position | Number of captures 28800
Total memory (GBytes) 1.8

B. SELECTED SCENARIOS

The measurement campaign was carried out in a workshop
that belongs to the university of Mondragon. This scenario
is very similar to the industrial workshops presented in [14],
[16], [17], where narrow corridors separate diverse sets of
machines in dense environments. Three different zones were
selected to perform the measurements: one that contains three
vertical machining centers, another one that has three milling
stations and a corridor-like environment that is between two
hydraulic presses. A total of 30 different positions were ac-
quired in total (10 per zone: 19 LoS and 11 NLoS) during
Jan-Feb 2022, and the recordings were performed at night,
where the machines were turned OFFand there was no hu-
man blockage. All the measurements are available in the
NIST’s NextG Channel Model Alliances public repository in
the Measurements in a University Workshop with Industrial
Equipment dataset [12]. Details regarding the individual sites
are provided next.

VOLUME 4, 2023

1) VERTICAL MACHINING CENTER

The vertical machining center (VMC) can be seen in Fig. 3.
The environment is composed of three stations along some
tool holders and metallic pillars. The wall next to the Tx
node contains some metallic lockers as well. The stations have
the shape of big empty boxes that are mainly composed of
metallic surfaces. These elements contain doors or movable
panels to access the interior, which are typically made of
transparent materials as plastic. During the measurements, all
these stations were empty and opened, and the tool holders
remained in the same position. As for the selected positions,
both LoS and NLoS scenarios were considered for the 1-6 and
7-10 Rx positions, respectively.

2) MILLING STATION

Fig. 4 shows the milling station zone (Mill). This scenario is
composed of three milling machines that are surrounded by
have some drilling stations, two vertical machining centers
and some lockers. The largest milling machine (which is be-
low positions 17, 18, and 19) also contains a large metallic
plate on its back to collect chips. The milling stations are
almost entirely made of metallic elements and present an
irregular shape. Their height is also similar to the one of
the sounder, meaning that a partial obstruction of the LoS
component is present in all the Rx positions.

3) HYDRAULIC PRESS

The hydraulic press area (HPress) can be found in Fig. 5. This
scenario is composed of big and dense metallic machines that
are expected to completely reflect the signals that incise on
them. These machines are two hydraulic presses, an hydraulic
press shear and an hydraulic press brake. Narrow corridors
separate these machines and the building walls, which are
located below the Tx in Fig. 5, are mostly covered in metallic
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FIGURE 5. Hydraulic press zone. (a) Picture of hydraulic press. (b) Layout of hydraulic press.

components as tools, plates, and similar. As for the positions,
3 LoS and 7 NLoS Rx locations were selected in total.

IV. DATA POSTPROCESSING

The process that extracts the relevant information from the
measurements is detailed in this section. A summary of all the
steps can be found in Fig. 6, and an explanation of each is
provided next.

The first step of the postprocessing was to join the CIRs
of the contiguous frequency bands to achieve a bandwidth of
2.16 GHz. This was possible because the channel remained
invariant during the complete measurement step.

Each position was processed separately after obtaining all
the corresponding CIRs. The maximum detected power was
extracted from each CIR first, which contained the infor-
mation of a specific antenna orientation combination. This
information was used to locate the different multipath com-
ponents, and a power mask was passed to the data to carry out
such task. A threshold of —110 dB of relative power between
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the Rx/Tx signals was defined in this step, since it is the lowest
value that can be applied without the interference of noise
floor peaks.

As the spatial resolution of the measurements provides
several samples within the half power band width (HPBW)
region of the antennas, the same multipath component can be
detected in contiguous orientations. These directions do not
contain more than one multipath component, but rather arti-
facts that the antennas create when the signal travels through
a direction that is not the boresight. In order to obtain the
information of the real multipath component, the directions
that contained energy were grouped in the next step using their
proximity in delay and orientation as criteria.

An example of the processing carried out so far can be
seen in Fig. 7 for the position 1 of the Vertical Machin-
ing Center (VMC) scenario. Here, a heatmap of the channel
gain is displayed first using the maximum power of all the
(360/3)* = 14400 CIRs, and the groups of the directions that
are above the power threshold are shown next. The colors

VOLUME 4, 2023



IEEE Open Journal of the
Industrial Electronics Society

Perform
measurements

—_— Categorize elements
Per position: Draw based on:
heatmap: Max power Received power vs
p A
in (AoD, A0A) FSPL
v v
Detect orientations ( Store data: \
where: Power
power = threshold Delay
—T AoD
AoA
\ Reflectortype )
v
0
Group valid

orientations based on
delay and angle

For each group:
Extract the element

with the highest
power

FIGURE 6. Flowchart of postprocessing steps.

identify the different groups and the numbers are used to order
them from the shortest to the largest delay.

The next step was to check the individual CIRs that were
above the power threshold, since each one of them could con-
tain more than one multipath component. However, each CIR
showed just one multipath component in the time domain,
which was attributed to the highly directional responses that
are obtained with the employed antennas. Once the check
for multiple multipath elements was completed, the relevant
information was extracted from the previously introduced
groups. To do so, the real path was assumed to be only in
the direction that yields the highest power, and, consequently,
the rest of the elements within the group were discarded. As
for the strongest element, its power, delay, angle of departure
(AoD) and angle of arrival (AoA) were stored for the stochas-
tic model elaboration.

V. STOCHASTIC MODEL ELABORATION

The main structure of the elaborated stochastic channel model
is introduced first in this section. Then, the parameterization of
the model is presented, where formulas to implement aspects
as the PL or delay are presented. At last, an existing imple-
mentation of the model is shown, where a table that contains
all the required parameters to implement the model in any
development tool is provided as well.

A. MODEL DESIGN

The starting point for the channel model design was the tapped
delay line (TDL), since this model represents the propagation
as a summation of multipath components of different gain,
phase shift, and delay, which is an approach that is well
aligned with the available data. The structure of the Tapped
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Delay Line (TDL) can be seen in (1), where g, represents the
amplitude of the tap n, 6, is its corresponding phase shift and
7, is the delay

N
ht) =" Bue’™s (t — 7). (1)

n=0

The measurements contain the directional response in the
azimuth as well, which is why an extension of this model is
proposed in this article. The extended TDL model can be seen
in (2),

N
h(t, daoD> Paoa) = Z Bue’®8 (t — 1,) 8 (¢aoD — PaoD(n))

n=0
X 8 (¢a0a — Daoam)) - 2)

where the parameters ¢aop(:) and ¢aoa() have been included
to represent the angles of departure and arrival in the azimuth
plane.

In order to implement the model proposed in (2), the
amount of multipath components, as well as their power,
delay, and orientation must be previously known. These met-
rics are statistically inferred from the available measurements
where formulas to represent these aspects in a stochastic or
deterministic manner are elaborated.

The PL of the multipath components was observed first
in individual positions, from where a great variation of the
received power was detected in comparison to the free space
path loss (FSPL), which is computed with the Friis trans-
mission (3). Here, Pr, Pr and Gr, Gg represent the power
and maximum antenna gains in Tx/Rx in the linear domain,
respectively, X is the wavelength of the signal in meters, and
d is the physical separation between both ends in meters.

Pr _ Gror (2 ’ 3)
pr T \4ra)

This variation could be detected because the channel
sounder has a dynamic range of 40 dB, and the main reason
for such a wide power spread was the composition of the
different surfaces that form the measured environments. The
dimensions, shape, material, and orientation of the different
objects that surrounded the antennas during the measurements
were very diverse, where some of them reflected almost all the
power to the receiver side and others acted more as scatterers,
spreading the impinged signal across all the directions.

Typical channel models only consider two cases: LoS and
NLoS. However, as these measurements have multipath com-
ponents that can vary almost 40 dB, it was concluded that
modeling all the NLoS components together would introduce
a high error, and splitting this data into smaller regions was
proposed as an alternative. Here, the energy arriving from
all the multipath components (E;) was compared to a Free
Space Path Loss (FSPL) reference that was generated for their
corresponding delay, and one of the following four categories
was assigned to them depending on the result:
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1) LoS: FSPL > E; > (FSPL — 10) dB, antennas are ori-
ented close to (0,0).

2) Very Strong Reflector (V.S. Refl.): FSPL > E; >
(FSPL — 10) dB, antennas are not oriented close to
(0,0).

3) Strong Reflector (S. Refl.):
(FSPL — 20) dB

4) Weak Reflector
(FSPL — 30) dB

As it can be seen, four regions were defined in total. The
first two are very similar, since a surface that reflects most
of the impinged energy generates a gain that can be observed
in the LoS case. In order to differentiate these, the antenna
orientations were considered, where the directions that are
close to the case of both antennas being aligned are considered
as LoS and the rest are very strong reflectors. Two lower
power categories were defined for the multipath components
that arrived with less energy: strong and weak reflectors. Each
of the presented categories has an exact range of 10 dB, which
was chosen as an arbitrary delimiter that fits well with the
data. With this, three power ranges that cover all the values
above the —110 dB threshold that was previously introduce to
detect the multipath components were defined in total.

The model design concluded with the categorization of
multipath in NLoS. The next step was to elaborate the for-
mulas that compute the amount of multipath components and
their corresponding power, delay and orientation, which is
discussed in the next section.

(FSPL — 10) > E; >

(W. Refl.): (FSPL —20)> E, >

B. MODEL PARAMETERIZATION

This section describes the process carried out to generate the
formulas that compute the parameters that are introduced to
the extended TDL model. All the estimations were carried
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out for each scenario independently, where the measured LoS
and NLoS positions were split as well to generate independent
models for these cases. A set of parameters was estimated for
the LoS path (when it was present) and the three NLoS cate-
gories: very strong, strong and weak reflectors. The process to
make these estimations is detailed next.

1) NUMBER OF MULTIPATH COMPONENTS

The amount of multipath components (referred as NReflectors
in this work) showed a correlation with the relative distance
between stations, as the closest positions were the ones that
showed the highest amount of multipath. For this reason, a lin-
ear regression was proposed to model this behavior, where the
Tx/Rx separation is the independent variable and the amount
of multipath components depends on it. The formula that
applies the coefficients from the regression is shown in (4),
where ay is the intercept point and Sy represents the distance
(d in meters) dependant slope. Additionally, the parameter X,
is also included in the formula to represent the regression error
as a random variation of the channel. This parameter uses
the mean squared error (MSE) of the regression in a random
Gaussian variable that has the N(0, MSE) distribution

Nre.(d) = ay + 108y logo(d) + X5 “4)
2) PATH LOSS

Regarding the PL (which is denoted GReflectors in the
model), there are two widely accepted single frequency band
models in the literature that can be implemented: CI and FI.
Since these models have proved to be suitable candidates to
represent the propagation in countless papers, this work has
analyzed their structures and selected the one that adapts best
to the available data.
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TABLE 3. R-Squared Value Comparison of PL Models

R2 LoS NLoS
LoS | VS.Refl. | S.Refl. | W.Refl. | V.S.Refl. | S.Refl. | W.Refl.
VMC CI | 0.67 0.03 0 0 0.09 0 0
FI | 0.67 0.42 0.5 0.47 0.21 0.36 0.55
. CI | 07 0.5 0 0 - - -
Mill FI | 032 0.54 0.52 0.4 - - - |
HPress CI | 0.85 0.7 0 0 0.7 0 0
FI | 0.86 0.73 0.4 0.21 0.72 0.59 0.05
TABLE 4. RMSE Value Comparison of PL Models
LoS NLoS
RMSE LoS | VS.Refl. | S.Refl. | W.Refl. | V.S.Refl. | S.Refl. | W.Refl.
VMC CI | 2.15 5.17 5.46 5.62 4.55 5.86 4.05
FI | 2.15 4 2.18 1.21 4.22 2.6 1.31
Mill CI | 3.1 4.16 5.11 6.47 - - -
FI | 2.35 3.98 2.39 1.16 - - -
HPress CI | 0.99 4.38 4.44 11.5 2.73 5.95 6.1
FI | 0.92 4.14 2.44 2.07 2.67 1.55 0.9

The CI model, which is also known as the log-distance
model, is shown in (5). Here, FSPL(f, dp) is the free space
PL given by the Friis propagation (3) for any frequency f in
Hz and a reference distance dy (typically 1 m), d represents
the distance in meters, ng is the PL exponent (its value is
2 in vacuum) and X<' is a random Gaussian variable that
represents the large-scale PL fluctuation

G4 (f, d)[dB] = FSPL(f, do)

+ 10nglogo(d/do) + XE'.  (5)

The FI model can be found in (6), where « is the floating
intercept point in dB, B¢ represents the slope and, as with the
CI model, XUF T indicates the large-scale PL fluctuation with a
random Gaussian variable

Grep. (d)[dB] = ag + 108 logo(d) + X, . (6)

In order to check for the suitability of the models, both
the root mean square error (RMSE) and R-Squared metrics
were computed for all the multipath component types in each
scenario. The Root Mean Square Error (RMSE) provides the
error between estimated and observed data, and it is computed
as described in (7), where x; and %; are the observed and
estimated samples at index i and N represents the total amount
of samples. On the other hand, the R-Squared metric, which
is also known as the coefficient of determination, represents
how accurate are the predictions of the regression. This metric
computes the proportion of the variation in the dependent vari-
able that the regression can predict, and the result is provided
as a percentage in the [0..1] range. The formula to compute
this can be found in (8), where x; and X; correspond to the
observed and estimated samples at index i and X is the mean.

RMSE:JZ(X"—_)E")Z.
N

> — %)?
Y02

(7
R*=1 (®)
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The performance metrics for all the scenarios can be found
in Tables 3 and 4. As it can be seen, both models show similar
results in the LoS path. However, this is not the case for the
reflections, where the FI clearly outperforms the CI model.
This is because the CI model uses the FSPL as its intercept
point, which is at least 10 dB away from the weakest multipath
components because this metric was used to classify them.
Since the FI model is well suited to represent these cases and
there is no a clear difference in the LoS case, the FI model was
selected to represent the PL.

3) EXCESS DELAY ESTIMATION

As for the arrival times of the multipath components, these
were calculated as random offsets of the delay that cor-
responds to the LoS path, and the model addresses this
metric as TReflectors. The excess delays of all the de-
tected multipath components were computed first, and the
Kolmogorov—Smirnov test [30] was used in order to deter-
mine the probabilistic distribution that represents them best.
Here, 24 different distributions were tested in total, from
where a different best approach was proposed depending
on the scenario. Even if the best approach was changing,
the generalized extreme value (GEV) distribution showed a
significant performance in all the tests, where its p-value
was less than 0.2 below the best distribution in the worst
cases. As using a different distribution for each scenario
would introduce an unnecessary complexity to the model,
it was decided to model all the multipath component de-
lays using the Generalized Extreme Value (GEV) probability
distribution.

The probability density function (PDF) of this distribution
is shown in (9), where the three parameters that are required
to define it can be differentiated: the location (u); scale (o);
and shape (k). An individual set of values was computed per
reflector type in each scenario, as the excess delay was sig-
nificantly lower in the weakest reflectors and NLoS scenarios.
This distribution can generate negative values, which is not
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FIGURE 8. Azimuth angle combination regions.

possible when generating an excess delay. As the value must
be positive, the model was configured to generate numbers
until a value that is greater than zero is obtained.

1
PDFggy = —l(x)k+1€_t(x)
o

(1K (5) " k£ 0

t(x) = G0 f =0,

€))

4) ORIENTATION IN AZIMUTH

The modeling process of the azimuth orientation, which is
referred as AReflectors in the model, began by estimating the
paths that each multipath component travelled through during
the measurements. The layouts of the sites, as well as the
Angle of Departure (AoD), Angle of Arrival (AoA), and delay
of each component were used to perform these estimations,
from where most components showed to be first-order reflec-
tions (i.e., signals that reflect just once before reaching the
destination). Additionally, these multipath components were
in angle combinations that showed a clear pattern if they were
drawn in the heatmap that was presented in Fig. 7. This pattern
can be seen in Fig. 8 as a blue dashed line [generated with the
formula provided in (10)] in the frame that is employed to
display the heatmaps

+180 — /1802 — (A0A + 180)2, AoA < 0
—180 4 /1802 — (A0A — 180)2, AoA > 0.
(10)

As it can be seen, three types of regions can be differenti-
ated in the frame: LoS, first order and second order.

The LoS region is reserved for the LoS component, and it
is always centered at the (0,0) direction, which represents that
both antenna boresights are aligned.

The majority of multipath components arrived in the first-
order region, which contains the directions where the signal
can arrive to the destination with just one reflection. The data
extracted from the measurements showed that approximately
8 out of 10 multipath components fall within this region and
that they have the shortest delays, since they correspond to the
shortest paths. Considering these points, the first 80% of the

AoD[°] = {
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multipath components that the model generates are assigned
to random locations within this region, and the previously
introduced blue dashed line is employed as a reference in this
process. The measured orientations were assumed to belong
to this line, and the distance between them and the closest
point of the line was used to estimate the Mean Squared Error
(MSE) of the approximation. The model also generates ran-
dom directions that are uniformly distributed along the line,
and adds some variation to them with a random number that
follows the N (0, MSE) distribution.

At last, the remaining 20% of the multipath components
are assigned to the second-order region. These elements cor-
respond to paths that contain at least two reflections, and their
behavior does not follow any clear pattern as in the previous
case. Since all directions seem to be equally likely, this region
is modeled following a uniform random distribution.

C. IMPLEMENTATION OF THE MODEL

The previously designed model has been implemented in
MATLAB under the millimeter Industrial Channel Model
(mmICM) name. It is available in the NIST’s NextG channel
model alliance public repository under the Measurements in a
University Workshop with Industrial Equipment dataset [12].
The complete list of required parameters to build the model
are provided in Table 5, where the values related to the number
of multipath reflector types (NReflectors), their corresponding
gains (GReflectors), arrival times (TReflectors), and direction
in the azimuth (AReflectors) are defined for all the scenarios.
This information, along the previously provided formulas, is
sufficient to implement the channel model in any development
tool.

The model can be configured to operate under different

conditions by specifying the values of 10 parameters

1) Scenario: “VMC,” “Mill” or “HPress”
“VMC”).

2) Distance: Tx/Rx separation (m) (default: 5).

3) LoSPresent: “True” or “False” (default: “True”).

4) SamplingRate: Baseband sampling rate (SPS) (default:
2.16E9).

5) SpatialRes: Spatial resolution (°) (default: 1).

6) NSamples: Number of samples in time (default: 1E3).

7) RandNumGen: “default” or any integer (default: “de-
fault”).

8) MinDetPow: Minimum detectable power (dB) (de-
fault: -120).

9) TxAntennaRP: Radiation pattern in Tx (dBi) Coeffi-
cients must follow the spatial separation defined in
SpatialRes. An empty array equals to the omnidirec-
tional antenna (default: []).

10) RxAntennaRP: Radiation pattern in Rx (dBi) Coeffi-
cients must follow the spatial separation defined in
SpatialRes. An empty array equals to the omnidirec-
tional antenna (default: []).

These parameters can be specified when the channel model

object is created or when a realization of a channel is

(default:
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Parameter List for Model Realization

NReflectors GReflectors (FI model) TReflectors AReflectors
Scenario Type an BN Xo(MSE) | ac[dB] Ba X,(MSE) k o " MSFEaop | MSEaoa
LoS - - - -67.229 | -2.050 4.646 - - - - -
LoS V.S. Refl. 9.87 -0.975 2.152 -82.398 | -1.474 16.121 0.465 | 10.620 | 11.790 174.482 135.807
S. Refl. 9.812 | -0.341 4.429 -93.964 | -1.191 4.804 0.522 8.388 8.425 306.780 776.625
VMC W. Refl. 9.027 | -1.024 0.516 -101.337 | -0.839 1.454 -0.160 | 6.932 7.048 475.275 369.812
V.S.Refl. | 9.651 | -1.004 1.398 -80.153 | -1.541 18.135 0.210 8.522 | 10.374 292.136 307.641
NLoS | S.Refl. 12.651 | -1.004 1.594 -95.808 | -1.038 6.821 0.281 9.916 9.966 266.050 200.611
W. Refl. 12355 | -1.614 1.336 -96.806 | -1.449 1.826 -0.239 [ 4292 5.284 692.398 593.386
LoS - - - -61.284 | -3.422 6.042 - - - - -
Mill LoS VS.Refl. | 9.166 | -0.895 5.35 -74.273 | -2.248 15.880 0.225 | 10.345 | 16.538 267.523 313.587
S. Refl. 15.7 -1.487 2.414 -92.065 | -1.371 5.669 -0.004 | 10.116 | 15.540 311.442 428.072
W. Refl. 9.646 | -1.025 3.858 -102.804 | -0.660 1.343 0380 | 4.679 6.128 180.131 432.904
LoS - - - -66.190 | -2.017 0.886 - - - - -
LoS VS. Refl. | 19.321 | -2.084 0 -72.452 | -2.606 17.203 0.629 7.248 7.379 1282.296 533.146
S. Refl. 20.66 | -1.042 2.18 -91.541 -1.423 5.965 0.074 | 6.843 | 12.793 2776.315 1355.769
HPress W. Refl. 14.347 | -1.549 1.013 -104.204 | -0.492 4311 -0.002 | 5.376 5.831 1332.435 1005.028
VS.Refl. | 5501 | -0.697 0.953 -71.272 ] -2.751 7.201 -0.401 | 9.246 | 11.822 85.398 118.098
NLoS | S. Refl. 29.757 | -3.902 2.025 -96.835 | -0.932 2.354 0.616 8.970 | 10.280 326.516 240.519
W. Refl. 9.774 -1.27 0.472 -107.362 | -0.166 0.808 -0.354 | 5.453 5.516 940.708 764.533
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Example CIR generated with the model. (a) Heatmap of maximum gain per direction. (b) Boresight CIR of directional/omni antennas.

performed. There are four functions that allow to interact with
the channel model object:

1) generateChannel(params): Performs a realization of the
channel with the configuration specified in “params.”
The realization is divided in two main steps. The
information that describes the reflectors is generated
first (NReflectors, GReflectors, TReflectors, AoD, and
Ao0A). The second step performs a convolution be-
tween each reflector and the antenna radiation pattern
in order to determine the reflector gain in the spatial
domain.
cir = generateCIR(aod,aoa,plot): Generates the com-
plex baseband CIR of a given antenna orientation
specified by the AoD and AoA parameters. The param-
eter plot is a boolean that generates a plot of the CIR in
dB when set to “True.”
displayHeatmap(): Displays a heatmap where the max-
imum amplitude of each antenna orientation combina-
tion can be seen in dB.
displayConfig(): Displays a list with the values of the
configuration parameters the model is working with.

2)

3)

4)
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Additional information related to the channel model can
be found by introducing the help mmICM command in MAT-
LAB. This command provides an example model run as well,
where the same channel realization is generated with both
directional/omni antennas. Fig. 9 shows both the heatmap and
the CIRs that are achieved with this test.

The validation presented in this section has the aim of demon-
strating that the channel realizations generated with the model
are in accordance with the observed data. In order to achieve
this, a comparison between the measurements and model
generated data has been carried out as described in [31],
where the cumulative distribution function (CDF) of the ex-
cess delay and dispersion in azimuth is used as the reference
metric.

A. EXCESS DELAY CDF

The validation of the dispersion in time has been carried out
by comparing the excess delays relative to the LoS path. This
comparison has been generated for each reflector type in all
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TABLE 6. Mean Excess Delay Comparison Between Measurements and Model

LoS Excess Delay (ns) NLoS Excess Delay (ns)
Measure Model Measure Model
Mean Avg. std Mean Avg. std

V.S.Refl 24.905 27.781 | 10.614 17.130 18.281 5.164
VMC S.Refl 18.665 22425 | 9.862 18.919 20.403 | 4.149
W.Refl 10.202 11.282 1.752 6.972 7.564 1.676

V.S.Ref 25.304 25.304 | 2.898 - - -

Mill S.Refl 21.363 21.518 1.497 - - -

W.Refl 10.680 11.593 | 2.181 - - -
V.S.Ref 17.927 23.699 | 14.203 14.469 15.130 | 2.722
HPress S.Refl 17.2801 17.288 1.450 22.265 29.455 | 14.191
W.Refl 8.9774 9.581 1.376 7.244 8.198 1.252

VMC delay CDFs in LoS
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FIGURE 10. Reflector excess delay CDF in VMC LoS.

the scenarios, separating the LoS/NLoS cases in two different
categories. An example of such comparison for the VMC LoS
scenario can be found in Fig. 10.

The measured excess delay has been compared with the
averaged value of 100 realizations of the model for each sce-
nario. As it can be seen in Table 6, the mean excess delay is
slightly higher for the model in all the cases. The difference
does not exceed 10% of the mean value from the measure-
ments in most cases, with the exception of VMC LoS and
Hydraulic Press Area (HPress) NLoS, where this difference
is of 30% for some reflectors. These particular cases have
multipath components that arrive in a wider time interval,
which means that the estimations have a larger standard de-
viation and diverge more from the original measurements.
In any case, the difference of the excess delay is never
larger than 30% of the measured values which, since it is a
lower deviation than the one reported in [31], it is consid-
ered to be sufficiently accurate to represent the dispersion in
time.

B. AZIMUTH DISPERSION CDF

As explained in the previous section, the azimuth angles of the
reflectors were selected based on the regions defined in Fig. 8.
The first-order region used the curves from the figure [de-
scribed in (10)] for multipath component placement, whereas
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FIGURE 11. Reflector azimuth dispersion CDF in VMC LoS.

the second-order uses a uniformly distributed random location
from all the possible angle combinations. As the first-order
region was the only one estimated with the measurements, the
validation is carried out to this part alone.

The curves defined in (10) were selected for the validation
of the azimuth. Here, the relative distance between the real
positions and the curves was used to compute the Cumulative
Distribution Function (CDF) of the dispersion. An example
of this comparison can be found in Fig. 11 for the VMC LoS
scenario.

The mean dispersion of the measured values was computed
for all the LoS/NLoS scenarios as well as the average of 100
realizations of the model for the same conditions, the obtained
results can be found in Table 7. A slightly lower dispersion
was observed for the model generated data in all the cases,
where the difference between the means was of 8° in the worst
case scenario. As the approach of the curves defined by (10)
was based solely on first order reflections and higher order
reflections do exist in the first-order region, it was concluded
that this difference was reasonable enough to validate the
orientation in azimuth of the model.

Vil. CHANNEL PERFORMANCE ASSESSMENT
The channel performance testing aims to provide a prelimi-
nary assessment of the reliability that a commercial mmWave
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TABLE 7. Mean Azimuth Dispersion Comparison Between Measurements and Model

LoS Azimuth Dispersion (°) NLoS Azimuth Dispersion (°)
Measure Model Measure Model

Mean Avg. std Mean Avg. std
VMC AoD 12.5075 10.4306 | 1.3697 12.795 9.9917 1.9995
AoA 13.6881 7.6022 1.0439 12.503 6.9698 1.4267

Mill AoD 10.5645 9.8746 0.8608 - - -

AoA 12.3268 7.3785 0.7744 - - -
HPress AoD 25.1962 19.8683 | 2.8343 16.962 10.241 1.9929
AoA 18.602 14.6555 | 1.9807 15.482 7.2527 1.2884

standard can achieve in an industrial site using the model
developed in this work. To do so, the IEEE 802.11ad standard
has been selected, since it is an extensively tested version
and simulation tools, related literature works and commercial
equipment are already available. The newer 802.11ay version
was considered as well, however two main drawbacks were
identified in the process. On one hand, the new mechanisms
were mainly oriented to improve just the throughput, which is
not a particularly demanding feature for industrial communi-
cations. On the other hand, no simulation tool or equipment
was available to work with this version due to its novelty.
Considering these points, the 802.11ay version was discarded
and its predecessor was selected for the channel performance
assessment.

This test has been carried out using the Monte Carlo sim-
ulations, where an IEEE 802.11ad physical service data unit
(PSDU) is modulated and transmitted using the same channel
realization with different levels of additive white Gaussian
white noise (AWGN). The bit error rate (BER) obtained after
performing the demodulation is stored and averaged at the end
of the test, from where the Bit Error Rate (BER)/signal-to-
noise ratio (SNR) curves are achieved. The WLAN toolbox
from MATLAB [32] was used to perform the modem op-
erations, as it includes functions to work with the IEEE
802.11ad standard. These simulations were carried out with
the mmICM proposed in this article, as well as two additional
indoor channel models that represent the mmWave spectrum,
which are the 802.11ay [33] and the NYUSIM [34] models.

The 802.11ay channel model [33] follows a quasi-
deterministic (QD) approach with ray tracing. Three different
scenarios can be selected for the realizations, which are an
open area hotspot, street canyon and a large hotel lobby.
The 3-D environment is created first with the given dimen-
sions, and a Tx/Rx pair is placed in a specific location.
Other parameters are also used to specify antenna dimensions,
beamforming, and similar settings. With this, the model would
be ready to process any input signal, and this process is done
by generating both deterministic (depending on the layout)
and stochastic (random events) rays that are later combined
to elaborate a CIR. In this work, the hotel lobby scenario was
selected with a physical separation of 5 and 10 m between
Tx/Rx. A single patch antenna was set in each end in order to
get a radiation pattern as isotropic as possible, and both ends
were faced toward each other.

The NYUSIM model [34] follows a stochastic approach
that groups the multipath components in time clusters that
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possess different spatial lobe sizes along the CI model for
PL estimation. The available scenarios for testing are urban
microcell, urban macrocell, rural macrocell, indoor hotspot,
and InF. There are a total of 28 configuration parameters in
the model, where aspects as Tx/Rx separation, LoS presence
or blockage can be defined. The model estimates the channel
parameters by performing N different simulations where the
receiver is placed at random locations between a predefined
set of ranges. Some of the generated outputs are files that con-
tain data related to AoD/AoA power spectrum or the Power
Delay Profile (PDP). The Monte Carlo simulations carried
out in this comparison are done with the configuration that
approaches best tot the other models, which is the InF scenario
with a fixed physical separation of 10 m and a single patch
antenna in both ends. Unfortunately, the minimum distance
this model operates over is of 10 m, which is why it is not
possible to include its results in the 5 m simulations.

Regarding the Physical Service Data Unit (PSDU) structure
for the simulation, the study presented in [10] was taken as
the starting point. This work summarizes the requirements for
industrial communication use cases that can be found in sev-
eral studies, along with its own proposal. The most demanding
scenario for Class 1 communications (which contemplates
closed loop regulatory control applications) has been con-
sidered for the packet generation, where the requirements
to fulfill are an update period of 0.25 ms, network size of
30 nodes and a payload of 64 B per packet. A total throughput
of 30.72 Mbps was calculated for this scenario, and after
analyzing the 802.11 standard [4], it was concluded that the
most suitable modualtion and coding scheme (MCS) was the
one, which provides a throughput of 385 Mbps along being
the most robust alternative the standard can offer. The Monte
Carlo testing was configured to perform 1ES5 iterations in total,
and Signal-to-Noise Ratios (SNRs) in the (-10:2:10) dB range
were tested in each.

The obtained results can be found in Fig. 12. As it can
be seen, the standard achieves a similar performance over
the mmICM and 802.11ay model, at least in the 5 m sim-
ulation. This is in accordance with the measurements from
both models, since a predominant LoS component is always
present in the CIRs and first-order reflections are at least 10 dB
lower. On the other hand, the difference that both approaches
present at 10 m could be explained with the techniques that the
models use to generate multipath. In mmICM, the amount of
multipath components decreases as distance arises, whereas
the ray-tracing approach used in 802.11ay does not consider
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SNR vs BER in AWGN channel (5 meters, LoS)
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FIGURE 12. Performance of an 802.11ad link evaluated with the mmICM, 802.11ay and NYUSIM models. (a) Performance at 5 meters. (b) Performance at

10 meters.

the separation between stations and has a fixed amount of
multipath. The 802.11ay model could be suffering a greater
multipath at 10 m, which is why its BER is slightly higher.
At last, a significantly worse performance can be appreciated
with the NYUSIM channel. In this case, the measured power
difference between the LoS path and reflected rays in [21] is
similar to the one of the other works, but the model uses an-
other approach to estimate the channel. The NYUSIM models
the arrival of a multipath component as a group of rays that
have very similar amplitudes and delays. This applies to the
LoS path as well, which means that the multipath suffered in
this model is significantly worse than the other ones. If this is
added to the fact that the modem lacks to ability to cope with
heavy multipath, the observed noise floor could be explained.
At last, the error rate seen with the mmICM is similar to
the one of the more generic indoor scenarios, which could
indicate that mmWave communications can have the potential
to operate in industrial settings.

VIIl. CONCLUSION

This article proposes an industrial 60 GHz mmWave stochas-
tic channel model elaborated from a measurement campaign,
which models a setup that is mostly unexplored in the lit-
erature and provides all the function to implement it in any
simulation tool. The measurements were carried out in a uni-
versity workshop that was divided in three different zones.
These zones contained vertical machining centers, milling
stations and hydraulic presses, and 30 positions (19 LoS
and 11 NLoS) were measured in total. A post processing of
the measured data was performed with the aim of obtaining
propagation metrics as PL, number of multipath components
and dispersion in time and azimuth. A channel model named
mmlICM was created based on these metrics, and a validation
process was carried out to verify its similarity compared to
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the measured values, where it was concluded that the overall
behavior of the model was suitable to represent the observed
environments. At last, a preliminary performance assessment
of the 802.11ad standard was conducted over the model pro-
posed in this work and two generic indoor models that can be
found in the literature. Here, the expected BER was computed
for several SNRs, from where a similar performance was ob-
served in all the environments. Future works will be focused
on making more advanced tests with the model, as well as
expanding it with additional environments and configurations.
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