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Abstract—Wireless fidelity (Wi-Fi) communication technolo-
gies hold significant potential for realizing the industrial Internet
of things (IIoT). In this paper, both single-input single-output
(SISO) and polarized multiple-input multiple-output (MIMO)
channel measurements are conducted in an IIoT scenario at
the less congested Wi-Fi band, i.e., 5.5 GHz. The purpose is to
investigate wireless characteristics of communications between
access points (APs) and terminals mounted on automated guided
vehicles (AGVs) as well as those surrounding manufacturing
areas. For SISO channel measurements, statistical properties
including the delay power spectral density (PSD), path loss (PL),
shadowing fading (SF), delay spread (DS), excess delay (ED),
K-factor (KF), and amplitude distribution of small-scale fading
(SSF) are analyzed and compared with those observed in an office
scenario. For MIMO channel measurements, results show that
there are multiple dense multipath component (DMC) processes
in the delay PSD. An estimation algorithm based on the algorithm
for a single DMC process is proposed to effectively process
the multi-processes data. Moreover, delay, angular, power, and
polarization properties of DMCs are investigated and compared
with those of specular multipath components (SMCs). Further-
more, effects of DMCs on singular values (SVs) and channel
capacities are explored. Ignoring DMCs can overestimate SVs
and underestimate channel capacities.

Index Terms—IIoT scenarios, wireless channel measurements,
channel characterization, specular multipath components, dense
multipath components.
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DVANCEMENTS in Internet of things (IoT)

technologies—identification [1], communication [2],
[3], computation [4], sensing, etc.—have propelled industrial
IoT (IIoT) applications. IIoT enables the seamless integration
of sensors, controllers, and various devices into industrial
production processes, enhancing automation and efficiency. In
manufacturing scenarios, automated guided vehicles (AGVs),
mobile robots, and robotic arms are indispensable. Hence,
wireless networks are preferred for those mobile devices
by offering flexible deployment, convenient maintenance,
and low costs. Meanwhile, customer premises equipment
(CPE) can extend network accessibility, integrating legacy
equipment into wireless networks.

Amidst wireless communication technologies, wireless fi-
delity (Wi-Fi) emerges as a versatile solution for industrial
networks due to its utilization of unlicensed spectrum and the
extensive existing infrastructure. The latest Wi-Fi 6 is specifi-
cally designed for high-density and high-capacity services. It
operates seamlessly across 2.4 GHz and 5 GHz bands, leverag-
ing advantages of each band. Notably, the 5 GHz band offers a
larger number of non-overlapping channels and can therefore
enhance network capacities and reduce interferences. Other
newly introduced technologies such as orthogonal frequency-
division multiple access (OFDMA), target wake time (TWT),
etc., can significantly improve the spectral efficiency [5].
Therefore, strategic deployment of Wi-Fi 6 alongside CPE
enables wireless connectivity of industrial devices. However,
IIoT scenarios are characterized by higher ceilings, larger floor
spaces, and more intricate obstructions [6]. Wireless com-
munications between access points (APs) and CPE mounted
on AGVs or production machinery can encounter intricate
multipath effects. To successfully design and deploy Wi-Fi
networks in IIoT scenarios, conducting channel measurements
and characteristic analysis at Wi-Fi bands is necessary [7].

The existing channel measurements in IIoT scenarios are
summarized in Table I. Basically, the measured frequency
bands can be classified as five types, i.e., the fifth generation
(5G) new radio (NR) bands, not special bands, industrial scien-
tific medical (ISM) bands, ultra-wideband (UWB) bands, and
Wi-Fi bands. For 5G NR bands, channel measurements were
conducted at 3.5 GHz [8]-[10], 3.7 GHz [11], 3.75 GHz [12],
4.1 GHz [13], 4.9 GHz [14]-[16], and 28 GHz [11], [15]-
[20]. The investigated channel characteristics mainly focused
on path loss (PL), shadowing fading (SF), delay spread (DS),
delay power spectral density (PSD), and angular spreads (ASs)
at milimeter wave bands. For not special bands, multiple-
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input multiple-output (MIMO) channel measurements were
conducted at 3 GHz [21], 1.35 GHz [22], and 1.3 GHz [23].
Results in [21] found that the power of dense multipath
components (DMCs) accounted for 23% to 70% of the total
channel power and the reverberation time was nearly constant.
In [22], polarized properties of specular multipath components
(SMCs) and DMC:s in a large industrial hall were compared.
Authors in [23] analyzed the delay PSD, cross-polarization
ratio (XPR), DMC power ratio, and reverberation time of
different polarization pairs. These measurements highlighted a
significant effect of DMCs on the total power and investigated
the polarized properties of DMCs. However, angular properties
of DMCs and their effects on the system performance are not
explored. Besides, channel characteristics at these frequency
bands cannot accurately describe those at Wi-Fi bands.

In terms of Wi-Fi frequency bands, i.e., 2.4-2.4845 GHz
and 5.15-5.85 GHz, several channel measurements at ISM
bands [24]-[28] and UWB bands [29], [30] covered part Wi-
Fi bands. The interested ISM bands are 915 MHz, 2.45 GHz,
and 5.8 GHz. Authors in [24] conducted single-input single-
output (SISO) channel measurements at 5.8 GHz in various
industrial environments and analyzed results about the PL, DS,
and coherence bandwidth. In [25], frequency domain channel
measurements were performed from 800 MHz to 2.7 GHz
to study the PL, SF, and their effects on channel capacity.
In [26]-[29], virtual antenna arrays (VAAs) were employed
to investigate the amplitude distribution of the small-scale
fading (SSF). The Salen—Valenzula (S—V) model was adopted
in the UWB communication with parameters obtained from
measurements. Authors in [30] performed SISO measurements
at 3-8 GHz and channel properties including PL, SF, DS, and
excess delay (ED) were analyzed. Authors in [31] performed
three types of MIMO channel measurements at 2.37 GHz
and 5.4 GHz to obtain statistical distributions of the eight
large-scale parameters (LSPs), such as K-factor (KF), DS, etc.
In [32], MIMO channel measurements were conducted in an
aircraft manufacturing plant at 2.4 GHz and 5.4 GHz. Two
exponential functions were employed to model the delay PSD.
However, antenna heights in these channel measurements are
nearly the same, while [28] and [31] imitate communications
between AP and terminals. Besides, investigated statistical
properties of these channel measurements are incomplete and
exclude characteristics of DMCs.

In summary, existing channel measurements in IloT sce-
narios mainly focus on characterizing 5G NR bands, while
only a few works are related to Wi-Fi bands, especially the
less congested 5 GHz Wi-Fi band (5.15-5.85 GHz). Antenna
heights in these channel measurements are nearly the same,
which cannot provide an accurate analysis of channel charac-
teristics for the scenario between APs and industrial terminals,
particularly in AP-AGV scenario. In the AGV communication
situation, the receiving antenna is set at a very low height,
leading to more severe multipath fading compared to that at
higher antenna heights. In addition, current investigations of
channel characteristics at 5 GHz Wi-Fi bands are incomplete,
particularly in studying the LSF, angular, polarization, and
DMCs characteristics. To fill the above gaps, we conduct
both SISO and MIMO channel measurements at 5.5 GHz

in an automobile manufactory. Two typical Wi-Fi application
scenarios are considered, i.e., communications between APs
and industrial CPEs installed on AGVs and manufacturing
equipment. Based on channel measurements, a comprehensive
characterization is conducted and compared with results in
an indoor office scenario [33]. The main contributions and
novelties of this paper are summarized as follows.

1) Both SISO and MIMO channel measurements and char-
acteristics analysis are conducted at 5.5 GHz between
APs and terminals in IIoT application scenarios. The
channel measurement dataset, along with channel char-
acterization, not only furnishes parameters essential for
IIoT channel models but also provides guidance for de-
signing and optimizing Wi-Fi systems in IIoT scenarios.

2) A novel estimation algorithm is proposed to accommo-
date the multiple DMC processes in the delay PSD,
which is a unique property in the measured IIoT sce-
nario. The first-order difference method is applied to
detect transition points in the slope of each process
and base delays are normalized so that they can be
iterated under an equivalent number of frequency points.
The proposed algorithm enhances the power extraction
efficiency from 79% to 99.6%, thus exhibiting superior
performance over the existing algorithms with a single
DMC process.

3) A comprehensive channel characteristic analysis is con-
ducted. For SISO channel measurements, statistical
properties including the delay PSD, PL, SF, DS, ED, KF,
and amplitude distribution of SSF are studied. Regarding
MIMO channel measurements, the delay, angular, power,
and polarization characteristics of SMCs and DMCs are
analyzed and compared. Furthermore, effects of DMCs
on singular values (SVs) and channel capacities are
explored. Results show that incorporating both SMCs
and DMCs leads to a decrease in SVs and an increase in
channel capacities compared to results with only SMCs.

The rest of this paper is structured as follows. Section II
outlines the channel measurement campaign in IloT scenarios.
In Section III, the method of estimating channel parameters of
SMCs and DMC:s is described. Measurement results and anal-
ysis are presented in Section IV. Section V draws conclusions
of this paper.

II. CHANNEL MEASUREMENTS
A. Measurement Environment

Channel measurements are performed by a time domain
channel sounder, as depicted in Fig. 1. It includes a transmitter
(Tx) and a receiver (Rx) and more detailed information of this
sounder can be found in [33].

The measurement campaigns are conducted in a large
automobile manufactory with a size of 156x100x14.6 m3.
This manufactory can be primarily divided into an idle section
and the other section comprising three assembly lines. Three
channel measurement cases are conducted in both line-of-sight
(LOS) and non-LOS (NLOS) scenarios within the area of
assembly lines. Due to the restrictions, photography was not
permissible during measurements. Fig. 2 presents a layout of
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TABLE I
SUMMARY OF CHANNEL MEASUREMENTS IN IIOT SCENARIOS.
. Frequency | Bandwidth Antenna Antenna .
Ref. Environment (GHz) (MHz) Configuration Height (m) Channel Properties
Automobile . . Delay PSD, DS, ED, ASD, ASA,
(8] assembly factory 35 160 6464 MIMO Tx: 4.1, Rx: 1.5 ESD, ESA, channel rank
9] Large workshop 3.5 160 64 x64 MIMO Tx: 3 Delay PSD, amplitude of SSF, DS
[10] Machine workshop 3.4-3.8 400 SIMO (VAA) / Power decay rate, delay PSD, DS
Machining 3.7: SISO ] ] PL, SF, DS
[t workshop hall 37,28 12000 | 5g. gimo (vaa) | T 185, Rx: 144 delay PSD, angular PSD, ASA
[12] AGV to AGV 3.75 100 SISO Tx, Rx: 0.8 Received power, DS
[13] Manufacturing plant 4.1 100 SISO Tx: 3.7, Rx: 1.5 PL, SF, DS, KF
Tx:2.5, Rx: 2.5
49 100 Tx:2.5, Rx: 1.9
[14]-[16] Factory 23 300 SISO Tx:1.9. Rx: 1.9 PL, SF, DS, KF
Tx:1.9, Rx: 0.9
Fiber optic SISO & SIMO Tx, Rx: 0.84
[17] cable laboratory 28 2400 (VAA) Tx., Rx: 1.6 PL, SF, DS, angular PSD, ASA
[18] Japanese sake factory 28 100 SISO & SIMO (VAA)| Tx: 2.5, Rx: 1.8 PL, SF, DS, angular PSD, ASA, ESA
[19] Manufacturing zone 28 2000 SIMO (VAA) Rx: 1.6 PL, SE, DS, ASA, XPR
. . . . ] . PL, SF, DS, delay PSD
[20] Circle-shaped machine hall 28 2000 SIMO (VAA) Tx: 7, Rx: 1.7&4 angular PSD, ASD, ASA
[21] Workshop for reparation 3 100 8x 8 MIMO (VAA) Tx: 1.5, Rx: 1.5 DMC power ratio and reverberation time
[22] Large industrial hall 1.3 22 12x12 MIMO (VAA)| Tx: 1.6, Rx: 1.6 DS, XPR, DMC power ratio
. . . DMC reverberation time,
[23] Flower auction warehouse 1.35 80 8 x8 MIMO Tx: 6, Rx: 2 XPR, delay PSD, DMC power
Warehouse, Tx, Rx: 1.9
[24] manufacturing shop, 5.8 600 SISO Tx: 1.57, Rx: 1.85 PL, DS, coherence bandwidth
mechanical workshop Tx: 1.57, Rx: 1.4
[25] Assembly shop ,'electromcs 0.8-2.7 1900 SISO Tx: 1.8, Rx: 1.8 PL, SF, channel capacity
room, mechanical room
Assembly shop, electronics 5x 18 MIMO . . Delay PSD, power decay rate,
(26] room, mechanical room 0.8-2.7 1900 (VAA) Tx: 1.8, Rx: 1.8 amplitude of SSF
[27] Machinery room 2-6 4000 QX%Z, AN/[\I)M 0 / Power decay rate
[28] Production rooms 0.84 3200 4x12 MIMO (VAA) Tx: 6, Rx: 2 Power decay rate, amplitude of SSF
[29] Factory hall 3.1-10.6 7500 7x7 MIMO (VAA) Tx: 1, Rx: 1 Power decay rate, amplitude of SSF
[30] Smart production lab 3-8 5000 SISO Tx, Rx: 1-2 PL, SE, DS, ED
. 54 200 32/30x50 MIMO ] . SF, DS, KF, ASD,
(311 Five factory halls 2.37 50 32%56 MIMO Tx: 2-8, Rx: 2 ASA. ESD, ESA, XPR
[32] |Aircraft manufacturing plant| 2.4, 54 |100 & 500| 4x4 MIMO (VAA) Tx: 1.5, Rx: 1.5 Delay PSD, DS
SISO: delay PSD, PL, SF, DS, ED, KF,
. . . and amplitude of SSF
Ehfr Automobile manufactory 5.5 320 32><Sé§LOM§LMO T)’(lix%.z’SR)l;x(')i ,;,g; ! MIMO: delay, angular, power, and
pap o polarization properties of SMCs and DMCs,
effects of DMCs on SVs and capacity

the measurement area and offers a concise depiction. Each
assembly line is 156 14 m? and consists of several operating
islands equipped with operating platforms, mechanical arms,
slide rails, and metal materials. Between the assembly lines,
there are pedestrian walkways with a width of 5 m. On
one side of each assembly line, metal pillars are evenly
distributed and APs are spaced on these metal pillars. In
addition, numerous irregularly shaped steel grids exist on the
ceiling and the ground floor is very smooth.

B. Measurement Setup

For SISO channel measurements, two identical omnidi-
rectional antennas are used at Tx and Rx sides to obtain
characteristics of the PL, DS, ED, etc. The omnidirectional
antenna works at 2-8 GHz with a gain of O dBi. The
radiation pattern of the omnidirectional antenna exhibits a
wide elevation beam with a 3 dB beamwidth of 140°. Here,
omnidirectional antennas are employed to analyze propagation

Fig. 1. Time domain 32x64 MIMO channel sounder.

channel characteristics independent of the antenna direction-
ality. The obtained channel parameters, such as DS and KF,
serve as vital inputs to IIoT channel models. For MIMO
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Fig. 2. Measurement positions of (a) SISO and (b) MIMO channel measurements in IIoT scenarios.

channel measurements, the Tx antenna consists of a 4 x4 dual-
polarized uniform planar array (UPA) and the Rx antenna
is a 4x8 dual-polarized uniform cylindrical array (UCA).
Both Tx and Rx antenna arrays work at 5.15-5.85 GHz.
Antenna elements are spaced with an interval of half the
wavelength at 5.5 GHz. Rayleigh distances of Tx and Rx
antenna arrays are 0.4912 m and 0.8006 m, satisfying the far-
field assumption. The Tx and Rx antenna gains are 8.8 dBi and
8 dBi, respectively. The front-to-back gain, axial XPR (@0°),
and sector XPR (@+60°) of each antenna element at both
sides are 17 dB, 15 dB, and 10 dB, respectively.

C. Measurement Cases

In order to explore comprehensive channel characteristics
at Wi-Fi frequency bands in IIoT scenarios, both SISO and
polarized MIMO channel measurements are conducted. The
carrier frequency is set as 5.5 GHz, which is an unlicensed
Wi-Fi band. Considering the obvious multipath effect in IIoT
scenarios and capability of the channel sounder, the measure-
ment bandwidth is set as 320 MHz to guarantee the high delay
resolution. Two typical communication scenarios involving
interactions between APs and terminals are considered. The
first scenario focuses on wireless communications between
an AP and the CPE installed on AGVs. The measurement
route aligns with the AGV’s actual moving trajectories to
capture realistic channel conditions. The second scenario is
the communication link between the AP and various ter-
minals scattered around the manufacturing area. Therefore,
measurement points are distributed across the manufacturing
area. During channel measurements, the Tx antenna is used
to simulate the AP, while the Rx is used to imitate industrial
terminals. Totally, there are three measurement cases and they

provide a comprehensive evaluation of the wireless network
at Wi-Fi bands in IIoT scenarios.

1) Case 1: To explore channel properties of communica-
tions between APs and the CPE mounted on AGVs, SISO
channel measurements are carried out. The Rx antenna is set
at a height of 0.3 m to simulate actual AGV conditions, while
the Tx antenna is positioned at a height of 4.8 m, similar to the
height of an actual AP. Measurement positions are distributed
along two separate routes, each with a length of 90 m. The
distance between adjacent Rx positions is 1 m, resulting in a
total of 180 Rx positions. To analyze the power fluctuations
when varying the Rx positions across several wavelength
ranges, there are 7 locally amplified positions, designated
as RxAl-1 to RxA1-7 in Fig. 2. The Rx antenna is moved
with step size of 0.2 m (approximately four wavelengths
at 5.5 GHz) to form a 5x10 UPA, enabling the study of
amplitude distribution for SSF.

2) Case 2: SISO channel measurements are performed to
investigate wireless channel characteristics between APs and
terminals suited in the manufacturing area. Heights of Tx and
Rx antennas are set as 4.8 m and 1 m, respectively. The Tx
position in Case 2 remains consistent with that in Case 1,
i.e., Tx1 in Fig. 2. A total of 188 Rx positions are distributed
around the manufacturing area, with a spacing of 1 m between
adjacent Rx positions. The three-dimensional (3D) distances of
all positions are 6—48.1 m in Case 1, 4.6—40.9 m in Case 2, and
3.1-39.7 m in office scenarios. Based on the antenna height
and antenna beamwidth, the covered 3D distance between
the Tx and Rx is larger than 5.1 m. Hence, we ignore these
positions with 3D distances smaller than 5.1 m in the analysis.
Similarly, there are 8 locally amplified positions, indicated as
RxA2-1 to RxA2-8 in Fig. 2.
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TABLE II
CONFIGURATIONS FOR THREE MEASUREMENT CASES.
Cases Scenarios Antenna Type H‘:?gtﬁ?l(l;) Miji)ssl;:iir::m

1 AGV’s Omnidirectional Tx: 4.8 Tx: 1
trajectory antennas (SISO) | Rx: 0.3 Rx: 180, RxA: 7

5 Manufacturing | Omnidirectional Tx: 4.8 Tx: 1
area antennas (SISO) Rx: 1 Rx: 188, RxA: 8

3 Manufacturing Tx: UPA Tx: 4.5 Tx: 2

area Rx: UCA Rx: 1.35 Rx: 92

3) Case 3: To study the angular and polarized characteris-
tics of wireless channels between APs and terminals around
the manufacturing area, 3264 polarized MIMO channel mea-
surements are conducted. Antenna heights of the Tx and Rx
are 4.5 m and 1.35 m, respectively. There are two Tx positions,
with Tx2 located adjacent to a wall and 50 LOS positions
distributed on one side of the Tx position. Meanwhile, Tx3 is
situated at the center of an operation island and surrounded by
42 LOS positions. To distinguish position numbers in Case 1
and Case 2, the numbering of 92 positions in Case 3 is
designated as Rx1°-Rx92’. In addition, the local coordinate
systems (LCSs) of Tx and Rx antennas are provided in Fig. 2.
Three measurement cases are summarized in Table II.

III. MEASUREMENT DATA PROCESSING

During the measurement data processing, the channel im-
pulse response (CIR) is firstly obtained by calibrating out
effects of the system response from the raw measurement data.
For SISO channel measurements, the peak search algorithm is
used to extract MPCs from the delay PSD with a threshold
determined by the maximum power and noise floor. Then,
the received power is estimated by summing the power of
all MPCs’ path gains. More details can be found in [33].
For MIMO channel measurements, SMCs and DMCs are
estimated to describe the wireless channel. The channel pa-
rameter estimation is based on the maximum likelihood (ML)
principle. For SMCs, the state-of-the-art dual-polarized space-
alternating generalized expectation-maximization (SAGE) al-
gorithm [34] is employed. Channel parameters of each path
can be extracted, including the amplitude, delay, elevation
angle of arrival (EoA), azimuth angle of arrival (AoA), eleva-
tion angle of departure (EoD), and azimuth angle of departure
(AoD). Regarding DMCs, their parameters in the delay PSD
and angular PSD are estimated by a Levenberg-Marquardt
algorithm with Fisher scoring. Traditionally, DMCs in existing
channel measurements are estimated by a single DMC process
within the delay PSD model. However, measurement results
in IIoT scenarios reveal that there are multiple independent
DMC processes. Therefore, the approach in [35] is extended
to accommodate and effectively process such multi-process
measurement data in IIoT scenarios.

A. SMCs

Let Hyeos(f) € CMrXMrxM; denote the measured channel
transfer function matrix, which is obtained by fast Fourier
transform (FFT) of CIR hpeas(T) € CMrXMrxMy  Here,

Mr = 64, My = 32, and M; are the number of Rx
antennas, Tx antennas, and frequency points, respectively.
Vectors of frequency points and delay indices are denoted
by f € RMs and 7 € RM7, respectively. The complex and
real domains are represented by C and R. SMCs are char-
acterized by the parameter set g = [01, 05, ...,071], where
0, = [0F%; ¢R; 0F; ¢ 715 vec(ay)]. Here, symbols R, R, 6T,
#7, and 7, denote the EoA, AoA, EoD, AoD, and propagation
delay, respectively. Besides, oy = [V, ™ af!V, off] €
C?*2 is the complex amplitude matrix of four polarization
modes, and vec(-) denotes the vectorization operation. The
estimated dual-polarized transfer function matrix of SMCs can
be characterized by the superposition of L individual paths as

s(f; ©s) ZFR (68, oF)uFr (6], ¢1)Te?>™ ™. (1)

In (1), radiation patterns of Rx and Tx antenna arrays
are represented by Fr(OR,¢F) € CMr*2 and Fr(6],¢)) €
CMrx2 | respectively. The transpose operation is denoted by
()T. A comprehensive description of the initialization and
iteration process can be found in [34]. In a word, the estimated
parameters ©g maximize the likelihood function

2
O = arg max { VeC{Hmeas(f)} — vec {ﬂs(f; @s)} }
©s F
2
where || - || is the Frobenius norm.
B. DMCs

The measured channel transfer function matrix of DMCs
Hp meas (f) € CMrxMrxMs jg calculated by subtracting SMCs
from the measurement data as

HD,meas(f) = Hmeas(.f) - I:IS(f; ®S) (3)

The measured covariance matrix is represented by

RD,meas = vec (HD,meaS (.f) ) vec (HD,meas (f)) " (4)

where (-)f is the Hermitian transpose. The estimation of
DMC s is based on correlation matrices in frequency and spa-
tial domains. The delay PSD is characterized by an exponential
decay distribution as [35]

«p, T <Tq
¥(r) = /2, T=T4 (5)
apeBalr=ma) 1> 1,

where By, a1, ag, and 74 are the power decay rate, maximum
power, minimum power, and base delay related to the Tx—
Rx distance, respectively. The parameter vectors describing
correlation matrices of K uncorrelated DMC processes in the
delay domain are denoted as 0 = [af, BY ,Td} Hence, the
covariance matrix in the frequency domain is given by the sum
of covariance matrices of K independent DMC processes and
white noise as

ﬁ(ep) = apl + toep (/q, (GF) K (OF)H) € CMyxMy (6)

where I is an identity matrix and toep(-) is the Toeplitz
function. Besides, the sample of frequency correlation matrix
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is writen as k (0) = 25:1 K (0’;) and the k-th component
is calculated similar to [35].

The joint azimuth—elevation angular PSD is fitted by the
multimodal von Mises-Fisher (VMF) distribution and an ex-
ample at the Rx side is given by

Q R
f0,0,0%) =) & ?

q27r2

1

2

PUATAICRD) (7

5)

where angular parameters at the Rx side are represented

q=1

by 05 = [68::.i08q] and O3, = [Jy. ¢l ry ],
Here, @ is the number of components and €, is the pro-
portion of each component with Zq 1 q = 1. Besides,

ns > 0 is the concentrated parameter of DMCs and u}} =
[cos(9} ) cos(py ), cos(h ) sin(py ), sin(0R)] is the direction
of arrival angle determined by the AoA ¢} and EoA oX.
Symbol I, () is the modified Bessel function of the first
kind and the spherical unit vector is denoted by (9, ) =
[cos (1) cos(p), cos(¥) sin(ip), sin(¥)]7. Under the condition
of m}; = 0, the angular PSD reduces to a uniform distribution.
The angular PSD and parameters at the Tx side are similar to
those at the Rx side and will not be explained in detail.

It is assumed that the covariance matrix of DMCs can be
factorized into a Kronecker product. Hnece, the estimated
covariance matrix of DMCs is represented by

R(Op) = R(0:) @ R(O}) @ R(O}) (8)

where ® is the Kronecker product. Besides, R(6}) € CMrxMr
and R(8%) € CMrxMr jndicate the estimated covariance
matrices in the angular domain at both Tx and Rx sides. The
optimization of DMC parameters ©p = [0; 0%;0}] can be
performed by maximizing the log-likelihood function as [36]

e, = arg@max{ —In (det ( (@D))) —tr (fl(@D)_lRDymeas) }
)]

where det (-), tr(-), and (-)~" denote the determinant, trace,
and inverse of a matrix, respectively. Since parameters in delay
and angular domains are assumed to be independent of each
other, they are estimated separately to reduce the complexity.

To solve the ML problem, an initial solution is first pro-
vided and it significantly impacts the algorithm’s convergence
efficiency. For delay parameters, identifying the base delay
associated with each DMC process is important. By observing
the measured delay PSD, we can find that there exist multiple
independent DMC processes. To detect the transition points in
the slope of each process, the first-order difference technique is
applied, thereby determining the dataset of each DMC process
with different data lengths. Then, the initialization approach
in [35] is adopted to estimate initial channel parameters of
each dataset. Given that each DMC process spans a unique
duration, it is crucial to normalize the base delays so that they
can be computed under an equivalent number of frequency
points. As for the angular parameters, an initial approxima-
tion is derived from the Bartlett spectrum. Subsequently, the
Levenberg-Marquardt algorithm with gradient function and
fisher information matrix (FIM) is employed to get iterative
results. Detailed calculations of these functions can be found
in [35]. Using the estimated SMC and DMC parameters, the
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Fig. 3. Comparisons of (a) initial and (b) iterative estimation results for one

DMC process as well as (c) initial and (d) iterative estimation results for three
DMC processes.

CIR can be synthetically reconstructed and compared to the
measurement result. Firstly, a matrix of zero-mean complex
Gaussian distributed values z € CMs*MeMr jg introduced.
Then, the Cholesky decomposition is performed to obtain
the transform matrix Ly with ﬁ(@p) = LFLI'? in the delay-
frequency domain and L with R(64) = Lo L% in the angular
domain. Finally, transfer function matrices of the estimated
DMCs and full channel can be obtained by

Hp(f; Op) (10)
H(f) = Hs(f; ©s) + Hp(f; Op). (11)

Fig. 3 compares estimation and measurement results of a
single DMC process and those of three DMC processes during
both initialization and iteration phases. For a single DMC
process, there is an obvious difference in power decay rates
between the initial estimate and iterated solution, indicating
the presence of at least two distinct slopes. The iterative result
captures about 79% of the total power. In the proposed method,
three independent DMC processes are modeled in the delay
PSD. Fig. 3(c) shows the initialization results based on this
assumption. After an iterative process with ten iterations, the
estimated delay PSD aligns closely with the measurement data,
capturing about 99.6% of the total power, thereby demonstrat-
ing a satisfactory match.

= LFZLA

IV. MEASUREMENT RESULTS AND ANALYSIS

In this section, we present a comprehensive analysis of
channel characteristics for SISO and MIMO channel mea-
surements in IIoT scenarios. The obtained LSPs such as DS,
KF, and ASs, play an important role in generating accurate
SSF channel models. By illustrating the effects of DMCs
on SVs and channel capacities, we highlight the critical
importance of accurately incorporating DMC characteristics
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into IIoT channel models. Therefore, the comparative analysis
of channel characteristics between SMCs and DMCs provide
a basis for the development of DMC models.

A. SISO Measurement Results and Analysis: Delay PSD, PL,
SF, ED, DS, KF, and Amplitude Distribution of SSF

1) Delay PSD: Fig. 4 displays the measured delay PSDs
of positions Rx71 in Case 1 and Rx281 in Case 2, which are
located at identical positions with different heights of Rx an-
tennas. During channel measurements, the Tx antenna is at the
right rear of the metal pillar and the link between the Tx and
Rx is obstructed by the metal pillar. Hence, the LOS path is
not dominant and they are considered as NLOS positions. The
estimated MPCs, indicated by ‘*’ in Fig. 4 are distinguished by
applying a threshold. The threshold is determined by the larger
value of 10 dB above the noise floor (Threshold1l) and 20 dB
below the maximum power (Threshold2). It is evident that a
reflection path with stronger power exists in Case 2, thereby
resulting in a higher threshold for determining MPCs in Case 2
compared to Case 1. This leads to the extraction of more MPCs
in Case 1 and similar received power (denoted as Pr in Fig. 4)
as in Case 2. Furthermore, the delay PSDs exhibit abundant
MPCs and evident trailing in IIoT scenarios. For SISO channel
measurements, it is difficult to distinguish SMCs and DMCs
from the delay PSD without the angular information. Channel
characteristics are analyzed based on the all extracted paths,
thereby including SMCs and DMCs. Comparisons between
SMCs and DMCs are demonstrated through MIMO channel
measurements.

2) PL and SF: The PL helps to conduct the link budget,
determine the numbers and locations of required APs, and
assess the intra-network interference. There are two empirical
PL models available for fitting measurement results, i.e., close-
in (CI) PL model and floating intercept (FI) PL model [14].
The equations of these models can be expressed by

PL = 32.4 + 20log,,(f.) + 10nlog,,(d) + X,
PL = 3+ 10nlog,y(d) + Xo,-

(12)
(13)

The center frequency and distance between Tx and Rx are
denoted as f. and d, respectively. The fitted parameters include
the path loss exponent (PLE) n, the intercept 8 in dB, and the
SF X, assumed to follow a normal distribution with a mean
of zero and a standard variance of ¢ in dB. If n = 2 ineq. 12,
the PL of free space is obtained. To keep a fair comparison
between the CI and FI models, the intercept of the CI model
is designated by 32.4 + 20log;,( fe).

Fig. 5 demonstrates the PL of measurement and model
results in Case 1, Case 2, and office environments. The PL
of IIoT scenarios is lower than those of the office scenario
and free space. Due to the larger physical size and more metal
objects in factory environments, there are rich scattering MPCs
that can increase the received power. In IIoT scenarios, the
PL results in Case 1 and Case 2 exhibit minimal disparity.
In Case 1, the Rx antenna height is merely 0.3 m, which is
significantly lower than most scatterers. Hence, the number
of MPCs that satisfy the threshold is larger and the received
power is high. In Case 2, there exists a higher probability of
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Fig. 4. Measured delay PSDs in IIoT scenarios at (a) position Rx71 of Case 1
and (b) position Rx281 of Case 2.

receiving wall reflection paths with strong power compared to
that in Case 1. Consequently, there is negligible difference
in PL between both cases. The PL of Case 2 in NLOS
scenarios has two segments with the second segment being
5-10 dB higher than the first. This increase in PL is attributed
to locations Rx340-368 where the height of Tx antenna is
slightly lower than that of nearby scatterers on the operation
island and the blockage loss is larger.

Parameters of the two fitted PL models and 3GPP TR
38.901 [37] (referred to as 3GPP in the subsequent context)
model are summarized in Table III. Notably, the PLE values
for IIoT scenarios are smaller than those of 3GPP model,
which aligns with findings from [14], [17], [20], [25]. The
difference between CI and FI models is slight in LOS scenarios
but due to the presence of two segments in NLOS scenarios
of Case 2, the parameters of FI model differ from those of the
CI model. When excluding the data from the second segment,
the three parameters (n, 8, o) for CI and FI models are (1.61,
47.25, 1.33) and (1.15, 53.7, 1.2), respectively.

3) ED and DS: ED and DS characterize the channel dis-
persion in the time domain. DS determines the guard interval
length in orthogonal frequency-division multiplexing systems
and tap lengths in equalizer designs when combating inter-
symbol interference [8]. Among the MPCs that satisfy the
threshold, ED refers to the delay difference between the last
MPC and the first MPC, i.e., ED = 71, — 71. The DS can be
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Fig. 5. PL of measurement, CI model, and FI model results for Case 1,
Case 2, and office scenarios in (a) LOS scenarios and (b) NLOS scenarios.

TABLE III
PARAMETERS OF CI AND FI MODELS IN LOS AND NLOS SCENARIOS.

Cases LOS scenario NLOS scenario
Parameters CI FI 3GPP CI FI 3GPP
model | model | model | model | model | model
n 1.56 1.79 2.15 1.65 1.11 3.57
IloT-Case 1 | B | 47.25 | 4453 | 4591 | 47.25 | 5536 | 33.41
o 1.6 1.52 4 1.91 1.76 5.7
n 1.63 1.54 2.15 1.69 0.59 3.57
IloT-Case 2 | B | 47.25 | 4828 | 4591 | 47.25 | 62.55 | 33.41
o | 212 2.11 4 2.63 2.23 5.7
n | 226 2.09 1.73 2.61 2.57 3.83
Office B | 47.25 49.31 47.25 47.25 47.71 47.25
o 1.85 1.76 3 3.13 3.13 8.03
calculated as [38]
Zlel PlTl2 Zlel Pim
DS = | =t Zis (14)
> b > b

where 7; and P, are the delay and power of [th MPC,
respectively.

Fig. 6 illustrates the cumulative distribution functions
(CDFs) of measured EDs in Case 1, Case 2, and office
environments. It is evident that EDs are significantly lower
in LOS scenarios compared to NLOS scenarios for both
IIoT and office environments, due to the complex scattering
environment in NLOS scenarios. Moreover, higher ED values
are observed in Case 1 owing to the lower height of the
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Fig. 6. CDFs of the measured ED in Case 1, Case 2, and office scenarios.

TABLE IV

PARAMETERS OF DS AND KF IN LOS AND NLOS SCENARIOS.
Parameters | Scenarios | IIoT-Case 1 | IIoT-Case 2 | Office
LOS 741 -7.53 -7.58

Hig(DS(s) NLOS 6.31 6901 733
LOS 0.76 0.71 0.29

T1g(DS(s) NLOS 0.1 0.16 0.16
LOS 2.12 3.44 0.57

Fig(KF) NLOS 496 3.66 212
LOS 7.67 7.66 4.77

g (KF) NLOS 354 353 3.16

receiving antenna and a larger number of MPCs. In addition,
EDs in office environments are relatively smaller than those in
IIoT scenarios where there are abundant metal objects. In [8],
the size of the measurement area is 115x28x10 m3 and the
maximum 3D distance is about 118 m, larger than that in this
work. Values of the ED for both LOS and NLOS scenarios
were found to be 0.9-1.4 us and 0.4-1.7 us, respectively. Cor-
responding EDs in [30] were within the intervals of 0-140 ns
and 0-200 ns for LOS and NLOS conditions, respectively.
They are much smaller than results in [8] and this work since
the maximum 3D distance is about 9 m. Therefore, larger
measured 3D distance results in larger ED.

Fig. 7 presents the measurement and log-normal distribution
fitting results of DS in Case 1, Case 2, and office environ-
ments, with the corresponding distribution parameters listed in
Table IV. The DS and ED exhibit a similar trend because of
analogous reasons. However, certain values may deviate from
the expected distribution when Tx—Rx distance is small since
the dominant LOS path can result in smaller DSs. Therefore,
standard deviations in Case 1 and Case 2 are large. The DS in
Case 1 is larger than that in Case 2 because of richer MPCs.
Compared with results in the literature, distribution param-
eters of DSs are different because of different measurement
configurations and environments. However, authors in [14]
investigated the effect of antenna heights on DSs and revealed
that a lower antenna height can result in larger DSs, which is
consistent with our findings.

4) KF: The calculation of KF is consistent with the
moment-based method in the frequency domain [39]. Fig. 8
presents the measurement and normal fitting results and distri-
bution parameters are provided in Table IV. The KF in Case 1
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Fig. 8. KF of measurement and fitting results in Case 1, Case 2, and office
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is smaller than that in Case 2 due to the lower antenna height.
Results in [15] also showed that higher antenna heights can
decrease the probability of blockage and lead to a higher KF.
In addition, the KF in IIoT scenarios is larger than that in
office scenarios as some Rx positions are suited near to Tx
without any obstructions between them. These positions have
smaller DS and the strong LOS path leads to a higher KF.

5) Amplitude Distribution of SSF: There are 7 and 8 locally
amplified positions in Case 1 and Case 2, respectively. The
amplitude distribution of all frequency points for each ampli-
fied position is analyzed across 50 local positions. Fig. 9(a)
is the amplitude distribution at position RxA1-5, fitted well
a by Rician distribution instead of Rayleigh distribution. The
LOS path is dominant at this position and the KF calculated
based on distribution parameters is 6.45 dB. In addition,
the amplitude distribution of position RxA1-4 also follows a
Rician distribution and its KF is 3.82 dB. Fig. 9(b) depict
the well-fitted Rayleigh and Rician distributions at position
RxAZ2-1. These two distributions coincide with each other due
to a small KF of 0. Except positions RxA1-4 and RxAl-5,
all other positions exhibit Rayleigh distributions in their am-
plitude distributions, consistent with results in [28] and [29].
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Fig. 9. Amplitude distribution of SSF for measurement and fitting results in
IIoT scenarios at (a) position RxA1-5 and (b) position RxA2-1.

B. MIMO Measurement Results and Analysis: Delay, Angular,
Power, and Polarization Characteristics of SMCs and DMCs

1) Delay Characteristics: In order to compare estimation
results with only SMCs and those with SMCs and DMCs
to measurement results, the delay PSD averaged over all
polarized antennas under the LOS condition is illustrated in
Fig. 10. Several strong SMCs with powers within 20 dB of
the peak power exhibit obvious peaks in delay PSDs. These
reflection paths and the LOS path can be well extracted by the
SAGE algorithm and account for 59.59% and 44.91% of the
measured power in office and IIoT scenarios, respectively. The
Tx—Rx distances of these two positions are comparable, while
the power fraction of SMCs in the IIoT scenario is smaller
than that in the office scenario, indicating the rich scattering
in IIoT scenarios. Additionally, measured delay PSDs exhibit
obvious long trailing and are not entirely sparse within the
delay domain, which is analogous to previous studies [8], [9],
[20], [23], [32]. The trailing effect in IIoT scenarios exhibit a
longer duration than that observed in office scenarios.

Considering the power proportion of SMCs and the shape
of measured delay PSDs, it can be concluded that only
SAGE algorithm is insufficient for extracting complete channel
information. The channel is expected to comprise of both
SMCs and DMCs. By combining estimation results of both
SMCs and DMCs, the full average delay PSDs can closely
match measurement results, which highlights the importance
of the DMC modeling in the delay domain. Furthermore,
the existence of DMCs may impede the detection of weaker
SMCs [40]. This is due to that the SAGE estimator relies on
the successive interference cancellation and every estimated
path will be subtracted from the measurement data. When
powers of SMCs are lower than those of DMCs, they will
not be detected.

2) Angular Characteristics: Fig. 11 shows the joint angular
PSD based on SAGE estimation results at position RxH22 in
office scenarios [33] and position Rx11’ in IIoT scenarios.
Only MPCs whose power is within 20 dB of the power of
the LOS path are used for analysis, and powers of MPCs
with same angles are combined. In IIoT scenarios, there are
a number of paths with EoA less than 0° and the ground
reflection is very obvious. For office scenarios, MPCs are
around the LOS path and the ESA is smaller.

Angles of DMCs cannot be extracted as individual paths like
those of SMCs. Therefore, the Bartlett beamforming method is
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Fig. 10. Delay PSD of measurement and estimation results at (a) position
RxH35 in office scenarios and (b) position Rx40’ in IIoT scenarios.
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Fig. 11. Joint angular PSD of estimation results at (a) position RxH22 in
office scenarios and (b) position Rx11’ in IIoT scenarios.

employed to investigate angular PSDs of DMCs. The dynamic
range of Bartlett beamforming results is affected by the signal-
to-noise ratio (SNR) and the size of the antenna array. Higher
SNR and larger antenna array can increase the dynamic range.
The Bartlett beamforming is calculated as

P =tr (|H(f)Frr (9, 0)" (Frr (9, 0)Frr(0,90)") !
Frr (9, 0)H(f) )

where H(f) € il:ls(f;@s),HD,meas(f),I:ID(f;@D)}. Assuming
a uniform spatial covariance matrix across all frequency points,
as stated by (8), the mean angular spectrum can be computed
over My frequency points.

Fig. 12 illustrates angular PSDs of estimated SMCs, mea-
sured DMCs, and estimated DMCs at position Rx82" in the
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Fig. 12. Angular PSD at position Rx82’ in IIoT scenarios for results of (a)
estimated SMCs, (b) measured DMCs, and (c) estimated DMCs.

IIoT scenario. Here, measured DMCs are obtained by subtract-
ing estimated SMCs from measurement results. For an obvious
comparison of their angular PSDs, the maximum dynamic
range in Fig. 12(a) is set for these three subfigures. It can be
found that angles of SMCs are more concentrated than those
of DMCs and powers of SMCs are larger. The assumption that
the angular PSD of DMCs is uniformly distributed for both
departure and arrival angles is not appropriate. The energy
distribution of some DMC angles is centered around SMC
angles, indicating the correlation between SMCs and DMCs.
In addition, the estimation results by VMF distribution exhibit
a good agreement with the measurement results.

ASs describe the channel dispersion in the angular domain
and can be calculated by the normalized angles [41]

ZzL:1 Py
Y P

—
S PG

AS = -
2 B

(16)
and

L

¢1 = angle {exp ( j (&1 — angle | 3 exp (jd) - P, >>
=1

(7)



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. XX, MONTH 2024 11

TABLE V

PARAMETERS OF ASS IN LOS SCENARIOS.

ASs Parameters | IIoT %il:(})’r;n((}z;r) Office flf)}t]s)ll:o{n((}ﬁg)
aso )| e [UF] 0% | ooe | ons
asacy| meosn [01 T O] 0%
BSD )| 560 |50 | oas | o | o4l
Bsa )| ey o] o3 | ois | o

Here, ¢; can be four angles, ¢; is the corresponding normal-
ized angle, and angle(-) calculates the angle of a complex
value. The logarithmic values of the four measured ASs are
fitted by using the normal distribution, and their mean values
Hig(as(e)) and standard deviations ojg(as(c)) are presented in
Table V. The ASD is greater than ASA in both IIoT and office
scenarios, because the Tx is close to the wall and numerous
metal objects surround the Tx antenna, causing signal diver-
gence in all directions. The ESD is smaller than ESA as a
result of downward radiation from the Tx antenna, limiting
effective angle range to half of EoA. In IloT scenarios, ESA
exceeds that of office scenarios owing to diversified scatterer
heights compared to close proximity between scatterer and
antenna heights in office scenarios. The measurement results
exhibit significant difference with those obtained by the 3GPP
channel model [37], which may be attributed to differences in
the measured environments and positions.

3) Power Characteristics: Fig. 13 illustrates the power
fractions of DMCs in both IIoT and office scenarios [33]
under LOS propagation conditions. The proportion of power
occupied by DMCs in indoor scenarios is comparable to that
of SMCs, ranging from 30% to 70%. It is consistently reported
in [21]-[23] that DMCs contribute to a large ratio of the total
power. Hence, the presence of DMCs cannot be disregarded
in the measurement data. Furthermore, the power fraction of
DMCs in office scenarios is slightly higher than that in IIoT
scenarios. On one hand, the measured office environments also
contain many scatterers and metal objects that can contribute to
DMCs. On the other hand, the DMC power fraction is related
with the Tx-Rx distance and the measured Rx positions are
closer to the Tx position in IIoT scenarios compared to that
in office scenarios, resulting in a lower DMC power fraction.

Fig. 14 shows the PL of measurement results, estimated
SMCs, and measured DMCs in office and IloT scenarios. To
determine MPCs from the averaged delay PSD, a threshold
is set as 20 dB below the maximum power. Then, the total
received power is calculated as the summation of path powers
above the threshold. Different from the two-step model in [42],
the PL is fitted only by the log-distance model. For both sce-
narios, the PL exponent (PLE) of SMC results is larger while
the PLE of DMC results is smaller than that of measurement
results. Therefore, the power ratio of SMCs gets smaller and
that of DMCs gets larger with the increase of the distance.

4) Polarization Characteristics: Fig. 15 is an illustration
of the delay PSD for four polarization combinations in office
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Fig. 13. The fraction of DMC powers in office and IIoT scenarios.
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Fig. 14. PL of measurement results, estimated SMCs, and measured DMCs
in (a) office scenarios and (b) IIoT scenarios.

and IIoT scenarios. For MPCs with small delays and strong
powers, the received powers of co-polarized antennas are not
necessarily higher than those of cross-polarized antennas since
received powers of different polarized antennas are influenced
by the relative position of Tx and Rx antennas. For MPCs with
larger delays and weaker powers, the horizontal-polarized Rx
antenna tends to receive more powers compared to its vertical-
polarized counterpart regardless of the polarization state of Tx
antennas. Given that the Tx antenna is horizontally oriented, it
exhibits higher radiation efficiency in the horizontal polariza-
tion direction, thereby leading to a higher received power for
the horizontal-polarized Rx antenna over the vertical-polarized
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Fig. 15. Delay PSD of measurement results for four polarization combinations
at (a) position RxH11 in office scenarios and (b) position Rx20’ in IIoT
scenarios.

one. Moreover, the IIoT scenario involves pronounced ground
reflections, which can enhance the power received by vertical-
polarized Rx antennas. Therefore, the difference in received
powers of different polarized antennas will be reduced for
MPCs with larger delays and weak powers in IIoT scenarios.

To investigate the statistical characteristics of the polarized
received powers, XPRs for H and V polarizations as well as
the circular polarization ratio (CPR) are calculated as

XPRyy(dB) = 101og,, m (18)
P p

XPRy(dB) = 10log;, m (19)
P p

CPR(dB) = 10log,, m (20)
) P

where pyy(7p), Puy(7p), Pyu(Tp), and pyy(7p) are delay
PSDs of four polarization combinations. Table VI presents the

normal fitting parameters for measurement results, estimated
SMCs, and measured DMCs. In both scenarios, mean values
of XPRy and CPR are larger than 0 dB while mean values
of XPRy is smaller than O dB. It is evident that the received
powers for horizontal-polarized antennas are higher than those
for vertical-polarized antennas.

For the delay PSD, there are a lot of MPCs in each delay bin.
The power at each delay bin is the fading result after multipath

TABLE VI
PARAMETERS OF XPR AND CPR BASED ON DELAY PSDS IN OFFICE AND
IIOT SCENARIOS.

Components XPR Office HoT
o o " o
XPRy 4.23 1.71 1.35 2.61
Measurement XPRy -3.38 2.41 -0.3 3.22
CPR 4.43 1.14 0.94 1.22
e XPRy 4.6 2.92 1.4 4.07
Esghmd‘ged XPRy | 377 | 392 | 042 | 453
CPR 4.93 1.91 0.83 1.78
Measured XPRy 3.44 0.39 1.29 0.63
DMC XPRy -2.91 0.72 -0.68 0.98
CPR 3.87 0.47 1.25 0.46
TABLE VII

PARAMETERS OF XPR AND CPR BASED ON ESTIMATED SMCS IN OFFICE
AND IIOT SCENARIOS.

MPCs XPR Office IIoT

m o o o
XPRy 20.58 6.21 17.92 7.24
LOS path XPRy 13.08 5.75 15.74 7.43
CPR 1.33 3.55 0.45 432
XPRy 7.89 9.85 43 9.11
NLOS paths XPRy 2.25 9.03 2.28 9.17
CPR 3.49 8.62 0.71 8.71

effects. Based on the dual-polarized SAGE algorithm, channel
parameters of each path can be extracted. XPRs for H and V
polarizations as well as the CPR are calculated as

! ot
XPRj; = 10log,, (W) (21)
l
l ‘a?/VP
l
! o™
CPR' = 10log,, <|alVV|2) (23)
l

In LOS scenarios, XPRs are computed separately for the
LOS path and NLOS paths. In the ideal condition, the LOS
path has no polarization rotation and only co-polarized pow-
ers are received. Hence, the XPR would approach infinity.
However, in channel measurements, cross-polarized powers
of the LOS path can be received due to various non-ideal
factors. Therefore, the XPR of the LOS path describes the
maximum measurable depolarization extent due to these non-
ideal effects [43]. Table VII summaries the normal distribution
parameters of XPR and CPR results for LOS and NLOS paths.
For the LOS path, mean values of XPRy and XPRy are much
larger than those for NLOS paths.The presence of numerous
metal objects makes MPCs susceptible to polarization rotation.
The XPRy is larger in office scenarios while XPRy is larger
in IIoT scenarios, which are consistent results in Table VI. As
mentioned before, the existence of ground reflections enhances
the power received by the vertical-polarized antennas.

C. Effects of DMCs on SV and Channel Capacity

1) SV: The SVs of a MIMO channel matrix indicate the
number of parallel independent sub-channels available and
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Fig. 16. First three SVs of measurement and estimation results in (a) office
scenarios and (b) IIoT scenarios.

determine the capacity of each data stream. The calculations
are performed in the frequency domain with the normalization
factor  applied to all sub-channels in order to normalize the
channel transfer function matrix, which is expressed by [44]

E [inmm%} _ Mr Mg o4)

and
(25)

Here, E [] is the expectation operator and H(f) is the normal-
ized channel matrix. The SVs can be obtained through singular
value decomposition at each frequency point

H(f) = UDVZ. (26)

In (26), U € CMxMr and V ¢ CMrXMr gre unitary
matrices, and D € RMr*Mr jg a diagonal matrix composed
of all SVs. Fig. 16 illustrates the measurement and estimation
results of the first three SVs in office [33] and IloT scenarios,
which account for 62.63% and 68.03% power of the channel
matrix, respectively. It is evident that the disparity between
the measurement results and estimations with only SMCs is
greater than those with both SMCs and DMCs. This highlights
once again the significance of DMCs.

2) Channel Capacity: The channel capacity is calculated
based on the normalized channel matrix H(f)

C-F [1og2 (det L + - f)Hm @7)

1 T T T T T o T T T I e
=
——— Office: Measurement ¢’ e
0.9 " |= = =Office: SMC ,‘I f 1
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Fig. 17. Channel capacity of measurement and estimation results in office
and IIoT scenarios.

where p denotes the SNR, I, represents the identity matrix
of the order Mg, and det || calculates the determinant of a
matrix. The channel capacity of measurement and estimation
results in IIoT and office scenarios [33] under a SNR of 5 dB
is illustrated in Fig. 17. Relative errors of estimation results
with only SMCs are 36.79% and 39.82% in office and IIoT
scenarios, respectively. However, relative errors of estimation
results including both SMCs and DMC:s in these two scenarios
are 3.68% and 4.17%. Neglecting the DMCs will lead to an
underestimation of the channel capacity.

V. CONCLUSIONS

This paper has conducted both SISO and polarized MIMO
channel measurements at 5.5 GHz with a bandwidth of
320 MHz in IIoT scenarios. Two typical communication
scenarios, i.e., APs and industrial terminals installed on AGVs
as well as those distributed across the manufacturing area, have
been explored. For SISO channel measurements, various chan-
nel characteristics including the delay PSD, PL, SF, DS, ED,
KF, and amplitude distribution of SSF have been investigated.
Results have shown the PL in IIoT scenarios is comparatively
smaller than those observed in office scenarios and free space,
while the difference between PL results of Case 1 and Case 2
in IIoT scenarios is small. Besides, both DS and ED for Case 1
and Case 2 have been found to be larger in IIoT scenarios
as compared to those obtained from office scenarios. Results
have shown that DS and ED are larger while KF is smaller in
Case 1 due to the lower antenna height compared to Case 2. In
terms of MIMO channel measurements, delay, angular, power,
and polarization characteristics of SMCs and DMCs have been
analyzed and compared. The average delay PSD has shown
multiple DMC processes in IIoT scenarios, and therefore the
estimation algorithm for multiple DMC processes has been
proposed based on the algorithm for a single DMC process.
Angular PSDs in IIoT scenarios have been found to exhibit an
obvious ground reflection. Besides, results in both scenarios
have shown the existence of DMCs and the power fraction of
DMCs accounts for 30% to 70%. In addition, the polarization
status has pronounced effects on the received power and the
horizontal-polarized Rx antennas tend to receive more power.
Finally, the effect of DMCs on SVs and channel capacities
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have been explored. Results have shown that ignoring DMCs
can overestimate SVs and underestimate channel capacities.
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