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Abstract—This paper presents a comprehensive analysis of
the polarization characteristics of specular and dense multipath
components (SMC and DMC) in a large industrial hall based
on frequency-domain channel sounding experiments at 1.3 GHz
with 22 MHz bandwidth. 29 positions were measured under Line-
Of-Sight (LOS) and Obstructed LOS (OLOS) scenarios. The
RiMAX maximum-likelihood estimator is used to extract the
full-polarimetric SMC and DMC from the measurement data
by taking into account the polarimetric radiating patterns of the
dual-polarized antennas. Cross-polar discrimination (XPD) and
co-polar ratio (CPR) values are presented from the measured
and de-embedded channelsas well as the polarimetric delay
and angular spread distributions. Strong de-embedded SMC
depolarization is obtained for the horizontal polarization in
OLOS scenarios. Additionally, DMC depolarization is observed
to be weaker than previously reported for indoor environments
but constant across LOS/OLOS, polarization, and distance.The
results also show that the co-polar (cross-polar) DMC powerto
total channel power ratio is equal to 15% (40%) for LOS and
40% (60%) for OLOS and that this ratio does not correlate signif-
icantly with transmitter-receiver distance. Finally, the validity of
the room electromagnetics theory was confirmed for transmitter-
receiver distances larger than 15 m with no significant difference
between polarized subchannels.

Index Terms—MIMO systems, indoor propagation, maximum
likelihood estimation.

I. I NTRODUCTION

OVER the course of the last decade, the physical view of
the radio channel has undergone an important change.

Before that, the radio channel was commonly considered to
be but a collection of specular multipath components (SMC)
that have well-defineddiscrete locations in the different radio
channel dimensions (e.g., space, frequency, time, etc.). Nowa-
days, it is widely accepted that part of the radio channel is also
continuousacross these dimensions. This part is put under the
umbrella of dense multipath components (DMC). Among other
sources, DMC originates from distributed diffuse scattering
on electrically small objects and is typically observed as the
decay slope of the power delay profile [1]. DMC models for
indoor environments [2], [3], [4], [5], [6], [7] rely on the room
electromagnetics theory for diffuse scattering observed in re-
verberation chambers [8], [9]. In this theory, the reverberation
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components power density is described as an exponentially de-
caying function of delay. More recently, a distance dependent
model was reported for indoor radio channels where the power
delay profile is described as the sum of primary SMC and
DMC [10]. Naturally, the introduction of DMC in the physical
model of the radio channel means that common radio channel
parameters have to be re-evaluated for dense multipath as well.
Moreover, contemporary radio channel models are expected to
encompass a complete polarimetric description of the physical
radio link. However, a joint polarimetric analysis of SMCand
DMC in indoor or related scenarios is missing in the literature
to the authors’ knowledge.
This contribution fits within this effort: we present for the
first time a comprehensive analysis of the SMC and DMC
cross-polarization discrimination (XPD) and co-polar ratio
(CPR) parameters in a high-volume industrial environment.
The analysis is based on frequency-domain channel sounding
experiments at 1.3 GHz with 22 MHz bandwidth. The Ri-
MAX maximum-likelihood estimator is used to extract the
full-polarimetric specular and dense multipath components
from the channel sounding data [1]. Section II presents the
measurement environment, experimental procedure, as wellas
the data processing. A detailed polarimetric analysis of the
measured and de-embedded channels is presented in Section
III. Before concluding, an analysis of the DMC reverberation
time is presented and the validity of the room electromagnetics
theory is discussed for this environment. In this work, matrices
(vectors) are denoted with upper (lower) case boldface letters
(e.g.A, or a).

II. M EASUREMENTS ANDDATA PROCESSING

A. Measurement environment and procedure

The propagation environment under consideration is a large
industrial hall located in Zwijnaarde, Belgium. The hall has
dimensions 21.3 x 77.2 x 12.2 m3 and is dedicated to the
research of concrete technology. The main inventory consists
of large metallic machinery used to test the robustness of small
to large concrete structures. The dominant building material
for walls, floor, and ceiling is concrete. The windows are
located near the ceiling and a large metallic industrial door
closes off one end of the hall. Figure 1(a) presents a view of
the industrial hall.
Multidimensional channel sounding measurements were per-
formed in the industrial hall. A 4-port vector network analyzer
(VNA) of reference Agilent E5071C was used to probe the full
polarimetric radio channel in a 22 MHz bandwidth centered
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around 1.3 GHz inMf = 1601 uniformly spaced frequency
points. This central frequency was selected to describe the
physical propagation phenomena for the mobile and WiFI
standards without emitting in the licenced bands. At both
link ends, a virtual antenna array was created by an antenna
mounted on an automated rotating arm. At both transmit (Tx)
and receive (Rx) side, dual-polarized antennas were used,
installed at 1.60 m above ground level. The virtual array was
a planar horizontal uniform circular array (UCA) with radius
15 cm and consisting ofMT = MR = 12 antenna elements.
A 500 m optical fibre was deployed for the transmitting side
with a RF to Optics / Optics to RF interface to allow the Tx to
move within a 500 m radius of the Rx. The 4-port VNA allows
measuring simultaneously the Vertical (V ) and Horizontal (H)
components of Rx. A 50 dB isolation switch was placed
behind Tx to manually switch betweenH andV . The system
was through calibrated to remove the attenuation introduced
by the optical system setup and the RF cables. In addition, the
VNA power was set to 10 dBm and an additional 1 W power
amplifier was placed at the transmitting side to increase the
receiver SNR.The dual-polarized antennas for Tx and Rx are
identical 1.6 mm thick FR4 (ǫr = 4.35) square patches. The
size of the copper ground plane is 11.06 cm x 11.06 cm and
55.9 mm x 55.9 mm for the active region. Via-hole SMA feeds
were positioned horizontally and vertically at 1.575 cm from
the center of the active region to obtain orthogonal modes
betweenV andH with 50 Ω characteristic impedance. Both
antennas display a 22 MHz bandwidth measured for a return
loss lower than -10 dB. Figure 2 presents the measured co- and
cross-polar far-field radiating patterns for theH andV ports
at 1.3 GHz. As shown, the antennas have a minimum 15 dB
XPD with computed120◦ and100◦ beamwidth at half power
measured in the azimuth and elevation plane, respectively.
Figure 1(b) depicts the 29 measurement locations considered
in this work. The selected scenarios were either Line-Of-Sight
(LOS) or Obstructed Line-Of-Sight (OLOS). For 26 links, Tx
was moved around the hall whereas Rx was fixed. For the
3 remaining links, Tx and Rx were both moved. The locations
of the Tx (Rx) are shown as blue circles (red squares). Tx
and Rx locations sharing the same number form a Tx - Rx
measurement pair. In addition, the black squares representthe
tall concrete supports at each side of the hall.

B. Specular and Dense Multipath Component Estimation

Typically, the full polarimetric channel matrix is given by:

H =

(
hHH hHV

hV H hV V

)
, (1)

where the sampled array response vectorhXY ∈
C

MRMTMf×1 can be written as the sum of an SMC part
sXY and a DMC partdXY . The subscriptsX andY denote
the polarization of the transmitting and receiving antenna,
respectively.X and Y are either horizontal (H) or vertical
(V ). It is commonly assumed thathXY follows a multivariate
circularly symmetric complex Gaussian distribution [1]:

hXY = sXY

(
θXY
s

)
+ dXY

(
θXY
d

)
(2)

(a)

(b)

Fig. 1. Measurement environment. (a) Industrial hall. (b) Tx (circles) - Rx
(squares) measurement pairs. The black squares indicate the position of the
tall concrete supports at each side of the hall.

(a) (b)

(c) (d)

Fig. 2. Normalized far-field radiating patterns forV V (a),V H (b), HV (c),
andHH (d) (in dB) measured at 1.3 GHz. The patterns have been normalized
with respect to the maximum gain for each port.
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hXY ∼ Nc

(
sXY

(
θXY
s

)
,RXY

(
θXY
d

))
. (3)

The parameter vectorθXY
s groups the parameters associated

with the SMCs. On one hand, these include the geometrical pa-
rameters that define each specular path in the propagation envi-
ronment: the angles of arrival/departure and the time-delay of
arrival. The geometrical SMC parameters are identical across
all four polarization subchannelsXY . On the other hand,θXY

s

also includes the complex amplitudeγXY of the SMCs. The
complex amplitude will differ between different polarization
subchannels because of the polarization-dependency of elec-
tromagnetic interactions (reflections, diffractions, etc.).

The DMC partdXY

(
θXY
d

)
is fully determined by the chan-

nel covariance matrix. The covariance matrix is assumed to
have the following structure involving Kronecker products[1]:

RXY

(
θXY
d

)
= IMR

⊗ IMT
⊗ RXY

f

(
αXY
0
, αXY

1
, βXY

d , τXY
d

)
.

(4)
In (4), I represents the identity matrix. The dense multipath

field is modeled as uncorrelated in the spatial (angular) do-
mains (IMR

and IMT
) but correlated in the frequency (time-

delay) domain
(
RXY

f

)
. The DMC power delay profile as a

function of time-delayψXY (τ) is described by an exponential
decay:

ψXY (τ) = αXY
1

e−βXY
d (τ−τXY

d ) + αXY
0

. (5)

In (4) and (5),αXY
1

, βXY
d , τXY

d , andαXY
0

are four parame-
ters which fully describe the DMC of polarization subchannel
XY and are gathered into the DMC parameter vectorθ

XY
d .

Deterministic and stochastic maximum-likelihood estimators
of θXY

s andθXY
d , respectively, are obtained from the channel

sounding data using the iterative multipath estimation algo-
rithm RiMAX [1]. To this end, the de-embedding of the full-
polarimetric complex radiation patterns of the measurement
antennas was performed to assess the full polarimetric complex
gains for each path. Our approach is based on the concept of
the Effective Aperture Distribution Function (EADF) detailed
in [11].

C. Polarimetric rms Delay Spread Characteristics

The root-mean-square (rms) delay spread relates to the
maximum data rate without inter-symbol interference (ISI)and
is, therefore, one of the key characteristics when designing
wireless wideband communication systems. It is calculatedas
the square root of the second central moment of the Power
Delay Profile (PDP) [12]. Here, the PDP is obtained from
each polarimetric channel matrix (1) and averaged over all Tx
- Rx links to remove the small-scale fading:

PDPXY (τ) =
1

MTMR

MT∑

m=1

MR∑

n=1

|F−1 (hXY (f,m, n)) |2,

(6)
where τ is the time-delay,f the sampled frequency, and

F−1 the inverse Fourier operator. As an example, Fig. 3

presents the measured polarimetric PDP for a LOS (posi-
tion 15) and OLOS (position 18) shadowing scenario. The
exponential decay of the PDP indicates the presence of DMC
for both scenarios and all polarization links. In addition,the
strong peaks in the PDP shape are attributed to the SMC but
cannot be distinguished from each other due to the limited
bandwidth. The polarimetric rms delay spreadτXY

rms (in ns) is
computed from (6) and is given by:

τXY
rms =

√√√√
∑

p PDPXY (τp)(τp)2∑
p PDPXY

−

(∑
p PDPXY (τp)(τp)∑

p PDPXY

)
.

(7)

A 20 dB threshold from the peak of the PDP was selected
for the computation ofτXY

rms. Note that the difference between
the peak and thermal noise was greater than 35 dB for all
polarimetric PDP measured for this work. Figure 4 presents
the Cumulative Distribution Function (CDF) ofτXY

rms for the
LOS and OLOS scenarios. In addition, Table I presents the
τXY
rms values averaged over all positions for the LOS and OLOS

scenarios. Firstly, it is noted that the observed spreads are
within the range of values found in indoor scenarios at this
frequency [12]. The delay spread values are less than 65 ns
and 70 ns for LOS and OLOS, respectively. However, it is
observed that the LOS co-polar values are more spread out
compared to any other scenarios or polarization resulting in a
smaller averaged rms delay spread of 35 ns. This is attributed
to the fact that SMC are rather strong for the LOS co-polar
scenarios. The same observation is made at 11 GHz for office-
type environments in [13]. This finding will be discussed in
the next section.
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Fig. 3. Example of measured polarimetric PDP for a LOS (position 15)(a)
and OLOS (position 18) (b) shadowing scenario.

TABLE I
AVERAGED POLARIMETRIC RMS DELAY SPREAD (IN ns)

τHH
rms τHV

rms τV H
rms τV V

rms

LOS 35 52.5 51.8 35.5

OLOS 50.2 56.2 56.7 50.2

III. R ESULTS

Since the measured polarimetric channels include both the
contribution of the propagation (i.e. SMC and DMC) and



4 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. XX, NO.XX, JULY 2014

τ
XY
rms (ns)

0 20 40 60 80 100

P
r
[τ

X
Y

r
m
s
<

X
]

0

0.2

0.4

0.6

0.8

1
LOS

HH
HV
VH
VV

(a)

τ
XY
rms (ns)

0 20 40 60 80 100

P
r
[τ

X
Y

r
m
s
<

X
]

0

0.2

0.4

0.6

0.8

1
OLOS

HH
HV
VH
VV

(b)

Fig. 4. Cumulative Distribution Function (CDF) ofτXY
rms (in ns) for the LOS

(a) and OLOS (b) shadowing scenarios.

transmission channel (i.e. antennas), the physical interpretation
of the propagation phenomena might be rather different or
misleading if the polarimetric SMC/DMC and antenna effects
are included or de-embedded. A comparison between both ap-
proaches is needed as the former relates to general propagation
effects typically discussed in the litterature (III-B) whereas the
latter provides a deeper comprehension of those effects (III-C).

A. Estimated Measured Power

In this subsection, the total measured powerPT as well
as the estimated SMC and DMC power (PSMC andPDMC )
are investigated as a function of polarization, shadowing
condition, and Tx-Rx distance. Both SMC and DMC were
initially reconstructed over the 22 MHz bandwidth. Also,
the small-scale effects were separated from the large-scale
effects by averaging, for each position, the received powerof
the 144 spatial subchannels. Figure 5 presents the LOS (left
column) and OLOS (right column) data for all polarization
subchannels. The results indicate that the power is decreasing
with distance but that it also fades more rapidly for OLOS
scenarios. The estimated path loss exponent for LOS scenarios
varies between 1.7 (HV /V H) and 1.8 (HH /V V ), whereas
values above 2 were found for OLOS scenarios (2.2 for
HV /V H and 2.65 forHH /V V ) in agreement with values
reported in [12]. For the co-polar links, the contribution of
the SMC to the total power is larger for LOS ((a) and (g))
than OLOS ((b) and (h)) due to the LOS and primary specular
components (single-order reflections) [10]. However, the SMC
and DMC power are closer to each other for the cross-polar
links HV (c) andVH (e) under LOS scenarios. This effect
is attributed to the depolarization mechanisms for the higher-
order specular components. This is confirmed by the fact that
the DMC power becomes stronger than the SMC for OLOS
scenarios since the LOS and primary specular components
are missing or strongly attenuated. It is noteworthy that the
SMC and DMC power show on average a strong correlation
of 0.90 (LOS) and 0.95 (OLOS). This implies the DMC can
alternatively be interpreted as the non-coherent superposition
of paths with weaker signal-to-noise ratios (SNR) which still
follow the specular power decay as a function of distance [14],
[15].

In addition, Fig. 6 presents the DMC to total power ratio
PDMC/PT (in %) for each polarization link as a function
of distance. The results indicate that the normalized DMC
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Fig. 5. PT , PSP , andPDMC as a function of distance (in m) forHH (1st

row), HV (2nd row), V H (3rd row), andV V (4th row), and for LOS (left
column) and OLOS (right column).

power is strongly dependent on the link shadowing [16] but
also on the polarization. Conversely, the normalized DMC
power does not appear to strongly correlate with Tx-Rx
distance: this is confirmed by permutation hypothesis tests,
which concluded that Spearman’s rho correlation coefficient
does not differ significantly from zero (calculated on the
normalized DMC power of all four polarization subchannels
combined:p-values of 0.48 and 0.61 were obtained for LOS
and OLOS, respectively).For the smallest OLOS distance, it
is noticed a larger DMC power ratio forHH compared to
V V . This difference is attributed to the presence of horizontal
and vertical concrete slabs located half a meter away from the
Tx antenna array which partially obstruct the LOS. Here, this
effect is believed to be attributed to the Brewster angle forthe
HH polarization as also reported in [13]. The most dominant
SMC will be highly attenuated if they present low elevation
angles and undergo grazing reflections with large angles of
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Fig. 6. PDMC/PT (in %) as a function of distance (in m) forHH (a),HV
(b), V H (c), andV V (d), and for LOS (red) and OLOS (black) scenarios.

incidence. In contrast, the DMC is presumably not affected
by this as this mechanism is likely more isotropic in nature
and not clustered around the Brewster angle.
The mean valueŝµ and standard deviationŝσ of the nor-
malized DMC power are presented in Table II for each
polarization subchannel and link shadowing condition. For
the co-polar links, the results are found to be in agreement
with recently reported values for indoor [17] and industrial
environments [18]. The contribution of DMC to the total
channel power is noticeably larger for the cross-polar links
when compared to the co-polar links. For OLOS, the cross-
polar normalized DMC power on average even exceeds 60%,
indicating that these channels could be modelled relatively
accurately by only considering their DMC (as it is done in
the original room electromagnetics model [4], [6]).

TABLE II
PDMC/PT (IN %)

HH HV VH V V

µ̂ σ̂ µ̂ σ̂ µ̂ σ̂ µ̂ σ̂

LOS 12.6 9.5 43.6 11.8 40 13.6 12 5.8

OLOS 40.6 17.8 64.6 10.2 61.4 11.3 33.8 13.2

B. Measured XPD and CPR

Typically, the XPD and CPR values are studied directly
from the measured polarimetric transfer functions or indirectly
from the PDPs computed from (6). However, this approach
suffers two major drawbacks. First, the polarimetric contri-
bution of the SMC and DMC to the radio channel cannot
be assessed. Also, since the antenna effects are included, it
follows that the description of the polarization mechanisms
via the XPD or CPR is only meaningful for the case where
omnidirectional antennas are being used for the measurement.

Directive antennas are classically used in polarimetric channel
sounding systems and this work falls into this scheme. Hence,
the purpose of this study is to highlight the fact that the
analysis of the XPD/CPR from the measured channel might
be incorrectly interpreted when the polarimetric patternsof the
virtual array is not de-embedded.

The XPD forH andV as well as the CPR are given for
each position by:

XPDH(dB) = 10 log
10

(∑
p PDPHH(τp)∑
p PDPHV (τp)

)
, (8)

XPDV (dB) = 10 log
10

(∑
p PDPV V (τp)∑
p PDPV H(τp)

)
, (9)

CPR(dB) = 10 log
10

(∑
p PDPHH(τp)∑
p PDPV V (τp)

)
. (10)

Table III presents the averaged〈XPDH/V 〉 and 〈CPR〉
values estimated from the measured LOS and OLOS scenarios.
In spite of the fact that the reported XPD values are close
to those found in the literature for indoor environments [19],
[20], [21], it is noted that there is slightly more depolarization
with V thanH . This is attributed to the 1 dB gain difference
measured between theH andV ports of our patch antennas
and confirmed by the averaged CPR values for both LOS and
OLOS.

TABLE III
MEASUREDAVERAGED XPD & CPR VALUES (IN dB)

〈XPDH〉 〈XPDV 〉 〈CPR〉

LOS 12.2 11.05 0.97

OLOS 8.48 7.58 0.5

The measured XPD and CPR results were compared with
those presented in [13] at 11 GHz in office-type environments.
For a fair comparison, only the measurements in [13] that were
taken in LOS in large halls (an entrance hall and an event hall)
of similar size as our industrial hall were considered. For these
halls, the measured LOS XPD values range between 10 and 21
dB. The average LOS XPDs in Table III (11-12 dB) are on the
low end of those reported and in line with their observation that
XPD appears to increase with frequency due to the increased
scattering losses in the cross-polar transmissions. The metallic,
highly scattering inventory of our industrial hall does not
seem to drastically alter the power distribution between the
measured co- and cross-polar transmissions. Furthermore,the
CPR values in [13] range between -6 and 7 dB: this is
consistent with our average CPR value of 1 dB in Table III.

C. De-embedded SMC and DMC

In this subsection, the SMC and DMC are de-embedded
from the measured channels with RiMAX by taking into
account the measurement antennas. RiMAX is an iterative
algorithm wherein a fixed number of SMC are estimated for
each iteration step along with the DMC. Here, the number of
new SMC per iteration was set to 5 as originally suggested
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in [1]. 50 iterations were chosen such that the maximum
number of SMC was potentially 250. The reliability of each
new SMC is checked with an SNR criterion [1], [18]. The
algorithm stops itself when all 5 SMC fail the criterion.

The mean number of estimated paths per position was found
to be around 139 and 85 for LOS and OLOS scenarios,
respectively. Physically, this difference can be attributed to
the fading mechanisms of the OLOS scenarios. For those
scenarios, the SMC with longer delays would exhibit lower
SNR and directly fall under the DMC umbrella since the
DMC power ratio was shown to be strong. Consequently, it is
expected that the number of estimated SMC is lower than for
LOS scenarios.

1) Polarimetric rms Angular Spread Characteristics: For
each position, the angle of arrival and departure were estimated
for each pathp. Since a horizontal UCA was used at both Tx
and Rx, the estimated elevation angles were considered not
sufficiently accurate and were discarded for the analysis. The
angles of arrival (ϕAz,p

RX
) and departure (ϕAz,p

TX
) in azimuth

are observed to be widely spread out which is attributed to
the complexity of the scenario (highly metallic, very large
number of metallic scatterers, etc.). A deeper understanding
of the double-directional properties of the channel is provided
by the statistical distribution of the rms angular spreadϕZ−XY

rms

where Z is either Tx or Rx. Similarly to the polarimetric
rms delay spread, a 20 dB threshold was used to compute
the polarimetricϕZ−XY

rms given by:

ϕZ−XY
rms =

√√√√√
∑

p |γ
p
XY |

2

(
ϕAz,p
Z

)2
∑

p |γ
p
XY |

2
−



∑

p |γ
p
XY |

2

(
ϕAz,p
Z

)

∑
p |γ

p
XY |

2


.

(11)

Figure 7 presents the CDF of the polarimetric rms angular
spread for Rx

(
ϕRX−XY
rms

)
and Tx

(
ϕTX−XY
rms

)
for the LOS and

OLOS scenarios. In addition, Table IV presents theϕZ−XY
rms

values averaged over all positions for the LOS and OLOS
scenarios. The data indicate thatϕRX−XY

rms are more spread out
on average for LOS and OLOS scenarios ((a) and (b)) com-
pared toϕTX−XY

rms ((c) and (d)), respectively. In addition, the
LOS spread values are found to be in-between the minimum
and maximum OLOS values. These mechanisms are believed
to be attributed to the dense distribution of scatterers or
equivalently to the low (high) scattering mean free path around
the Tx (Rx) position. For instance, Tx was always located
behind or nearby metallic equipment/machinery and concrete
materials whereas Rx was located in a more open volume
with few scatterers around. In other words, the receiving
aperture is expected to be much larger than the emitting
one. Consequently, the probability of receiving paths from
a wider collection angle is also expected. Obviously, this
effect is amplified when OLOS scenarios are considered (i.e.
largerϕRX−XY

rms and lowerϕTX−XY
rms values). Furthermore, it is

observed that the spread values are uniform across polarization
links for OLOS indicating that the depolarization mechanisms
are similar for those scenarios. In contrast, the presence of

weakly depolarized SMC in the LOS scenarios (LOS and first-
order paths) contribute to obtaining non-uniform polarimetric
spread values.

Finally, we note that a clustering-based polarimetric chan-
nel model could be developed from the de-embedded data.
However, the development of such a complete channel model
would require separate extensive studies and is outside the
scope of this paper. Indeed, this paper primarily focuses on
the XPD/CPR characteristics of the SMC and DMC for the
investigated scenario.
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Fig. 7. CDF (in ◦) of ϕRX−XY
rms (top row) andϕTX−XY

rms (bottom row) for
the LOS (left column) and OLOS (right column) shadowing scenarios.

TABLE IV
AVERAGED POLARIMETRIC RMS ANGULAR SPREAD (IN ◦)

HH HV V H V V

LOS
ϕ
RX
rms 53.2 70.4 73.7 34.8

ϕ
TX
rms 43.7 58 49.4 29.9

OLOS
ϕ
RX
rms 69.3 72.8 82.4 65.2

ϕ
TX
rms 28.1 33.9 30 24.5

2) De-embedded XPD and CPR: The de-embedded SMC
XPD and CPR were investigated per estimated pathp for
each position. It is noteworthy that all estimated paths were
considered for this study. The XPD and CPR per path are
given by:

XPDp
H(dB) = 10 log

10

(
|γp

HH |2

|γp
HV |

2

)
, (12)

XPDp
V (dB) = 10 log

10

(
|γp

V V |
2

|γp
V H |2

)
, (13)

CPRp(dB) = 10 log
10

(
|γp

HH |2

|γp
V V |

2
.

)
. (14)
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Fig. 8. CDF of〈XPDp

H
〉, 〈XPDp

V
〉, and〈CPRp〉, for LOS (a) and OLOS (b)

scenarios.

The Cumulative Distribution Function (CDF) of〈XPDp
H〉,

〈XPDp
V 〉, and 〈CPRp〉 are presented in Fig. 8 for LOS and

OLOS scenarios. First, one observes that the LOS and OLOS
distributions show an identical behaviour. However, larger
XPD values are observed for LOS scenarios since the low-
order components are less affected by de-polarization mecha-
nisms. It was also found that the distributions can be well fitted
by normal distributions. Table V presents the fitted normal
distribution parameterŝµ and σ̂2.

TABLE V
FITTED NORMAL DISTRIBUTION PARAMETERS FORSMC (IN dB).

XPDp

H
XPDp

V
CPRp

µ̂ σ̂2 µ̂ σ̂2 µ̂ σ̂2

LOS 7.41 10.58 11.6 8.62 -4.65 10.5

OLOS 4.66 10.52 10.11 8.74 -6.15 10.59

The results demonstrate that the propagation characteris-
tics are rather different betweenV and H polarized paths:
H polarized paths suffer more from depolarization thanV
polarized paths. As shown, the power imbalance between
〈XPDp

H〉 and〈XPDp
V 〉 contrasts greatly with the averaged XPD

computed directly from the measured channels (Table III from
section III-B). For specular paths with low elevation (i.e.,
nearly parallel to azimuthal plane), theH polarization will
undergo more depolarization than theV polarization because
of the Brewster angle effect[22], [23], [13]. Conversely, for
specular paths with high elevation, the Brewster angle effect
will cause V polarized paths to depolarize more thanH
polarized paths. The paths with high elevation in the latter
case are commonly those that reflect off the high ceiling.
These paths are characterized by a large path length and thus
low power. One can thus argue that the XPD forV polarized
paths is generally higher than forH polarized paths because
V depolarization occurs more frequently for insignificant low-
power paths. This leads us to conclude that buildings with high
ceilings, such as industrial halls, favorV polarization overH
polarization.

Figure 9 presents a more detailed statistical study of the
SMC XPD as a function of distance for LOS and OLOS
scenarios. The LOS component has been removed to avoid
any strong bias as it does not suffer from depolarization mech-
anisms. Boxplots were used to assess the XPD distribution

of the polarized SMC. For each blue box, the central red
marker is the median and the edges of the box extend to the
25th and 75th percentiles. For the sake of comparison, the
averaged XPD of the measured channel and DMC are also
depicted. Permutation tests on Spearman’s rho concluded that
the SMC and DMC XPDs do not correlate significantly with
distance (p-value> 0.14 for H /V and LOS/OLOS). The only
exception was the DMC XPD forH polarized waves in OLOS
conditions (Fig. 9(c); Spearman’s rho equalled -0.52 and was
found significant at ap-value of 0.03). However, it appears
that SMC and DMC XPD do generally decrease with distance
showing that depolarization increases with distance(the same
trend is found for the large halls in [13]). Nevertheless, the
depolarization mechanim is very slow.

From the boxplot statistics, the median SMC XPD and
DMC XPD values averaged over all positions are summarized
in Table VI. First, larger de-embedded XPD values for DMC
are found compared to values of 0 dB reported recently in
indoor environments [21]. This shows that full depolarization
is not achieved in this large volume environment. Again, this
may be attributed to the position asymmetry of the arrays when
measuring the environment due to the high ceiling but also due
to the spatial distribution of the scatterers. Then, it appears the
DMC depolarization is almost constant across LOS/OLOS and
H /V polarization with a mean value of 4.45 dB and standard
deviation less than 3 dB for distances greater than 15 m. The
SMC and DMC XPD values forH are very similar (5.72 vs.
5.29 for LOS and 6.11 vs. 6.84 for OLOS) highlighting the
fact that they are both affected by the same propagation effects.
Conversely, a larger depolarization is observed forV polarized
DMC compared toV polarized SMC (11.53 vs. 5.17 for LOS
and 9.98 vs. 4.16 for OLOS). Hence, the depolarization forV
channels is strongly caused by DMC propagation mechanisms.

Finally, the results highlight the fact that the polarimetric
SMC and DMC obtained with the de-embedding approach
provide a deeper physical comprehension of the radio channel
propagation mechanisms compared to the classical one (sec-
tion III-B) and should be applied in future studies.

TABLE VI
AVERAGED MEDIAN XPD FOR SMC & AVERAGED XPD FOR DMC (IN

dB)

SMC DMC

〈XPDp

H
〉0.5 〈XPDp

V
〉0.5 〈XPDH 〉 〈XPDV 〉

LOS 5.72 11.53 5.29 5.17

OLOS 6.11 9.98 6.84 4.16

D. DMC Reverberation Time

Finally, the polarimetric DMC reverberation timeτXY
r of

the environment was computed. The reverberation time is
computed from the decay slope of the DMC by:

τXY
r =

BW

βXY
d

, (15)

whereBW is the measurement bandwidth in Hertz. Fig-
ure 10 presentsτXY

r (in ns) as a function of distance for
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Fig. 9. Measured, de-embedded SMC, and DMC XPD values (in dB)as a function of distance (in m) forH (left column) andV (right column) and for
LOS (top row) and OLOS (bottom row) scenarios. Boxplots statistics were computed for the SMC. For each blue blox, the central red mark is the median,
the edges of the box are the25th and75

th percentiles, the whiskers extend to the most extreme data points not considered outliers (red crosses).

LOS and OLOS scenarios. The results demonstrate that the
reverberation time is almost constant across polarizationand
distance. It appears to be slightly dependent on distance when
the Tx - Rx distance is within 15 meters. On the other hand,
no dependence can be found for distances greater than 15 m
and also the difference between LOS and OLOS is found to be
small enough to be neglected. A mean value of 75 ns (70 ns)
is found for LOS (OLOS) for distances beyond 15 meters
and mean value of 70 ns (66 ns) if all positions are taken into
account. The standard deviation is 4.3 ns and 5 ns for LOS and
OLOS, respectively. Therefore, one can conclude that, despite
the large volume of the environment and high ceiling, DMC
follows the Room Electromagnetics theory [4]. Hence, simple
DMC models can be used to design more advanced channel
models as proposed in [10].

IV. CONCLUSION

The joint polarization characteristics of SMC and DMC
have been investigated in a large industrial hall, based on
frequency-domain channel sounding experiments at 1.3 GHz
with 22 MHz bandwidth. 29 positions were measured under
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Fig. 10. Polarimetric reverberation time (in ns) as a function of distance
(in m) for LOS (left) and OLOS (right) scenarios. The dotted vertical line
indicates the 15 m distance.

either strong LOS or OLOS scenarios. The full-polarimetric
SMC and DMC were estimated with RiMAX by de-
embedding the polarimetric radiating patterns of the dual-
polarized measurement antennas.The computed polarimetric
delay and angular spread distributions were physically related
to the fading mechanisms as well as the Tx/Rx location in
the environment. Measured XPD values for theH and V
polarization are balanced for both LOS and OLOS scenarios
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and are shown to be in agreement with smaller volume
indoor environments. In comparison, strong de-embedded
SMC depolarization is observed for theH polarization in
OLOS scenarios. On the other hand, DMC depolarization is
observed to be weaker compared to previous studies in non-
industrial environments due to the high ceiling but nearly
constant across all shadowing conditions, polarizations,and
distances. The results also show that the co-polar (cross-
polar) DMC power to total channel power ratio is equal to
15% (40%) for LOS and 40% (60%) for OLOS and that this
ratio does not correlate significantly with transmitter-receiver
distance. Finally, a mean reverberation time of 70 ns with low
standard deviation validates the room electromagnetics theory
for transmitter-receiver distances larger than 15 m with no
significant difference between polarized subchannels.
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