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On-Site Permittivity Estimation at 60 GHz through
Reflecting Surface Identification in the Point Cloud

Usman Tahir Virk, Sinh Le Hong Nguyen, Member, IEEE, Katsuyuki Haneda, Member, IEEE and Jean-Frederic
Wagen, Member, IEEE

Abstract—Accurate site-specific radio propagation simulations
provide an important basis for cellular coverage analysis. The
quality of these simulations relies on the accuracy of environmen-
tal description and electrical properties of constituent materials.
This paper presents a novel method of on-site permittivity
estimation. The method utilizes an accurate geometrical database
of the environment for identifying flat and smooth surfaces
producing reflections. The method exploits a limited number
of on-site channel sounding to extract reflected multipaths, and
compare them with ray-tracing based on the environmental
database. The permittivity of the identified reflecting surfaces
is estimated by solving an inverse reflection problem. The
method was experimentally tested with a limited radio channel
measurements at 60 GHz in a large empty office room. The
identified reflecting surfaces are classified according to their mean
permittivity estimates, showing their consistency with physical
material evidence and the permittivity database in the ITU
recommendation. The estimated permittivity values are visualized
as a three-dimensional map, giving an intuitive understanding of
materials constituting the environment. Our work demonstrates
on-site permittivity estimation and material classification without
the need for isolated measurements of composite materials in an
anechoic chamber or in-situ measurements of built environments.

Index Terms—Millimeter wave, point cloud, ray-tracing, sur-
face identification, permittivity, visualization.

I. INTRODUCTION

ITHIN the last decade, wireless data traffic has been

increasing at a phenomenal rate. As recent statistics
indicate [1], [2], there will be a 10,000-fold increase in
wireless data traffic over the next 20 years, mainly driven
by applications requiring large bandwidth. Dealing with this
magnitudinous demand for high data rates with reliable com-
munication will require enabling technologies with suitable
radio spectrum. A viable solution may be fifth generation
(5G) wireless networks operating in a wide frequency range
including the millimeter wave spectrum. For this purpose,
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5G standards have been developed by the telecommunication
industry in alliance with the scientific community. Deployment
and successful role out of 5G wireless systems requires
realistic site-specific coverage estimates.

Radio channel measurements serve as ground-truth for radio
coverage simulations. However, measurements are usually
cumbersome and constrained to quality equipment and other
resources. In addition, the coverage study requires a huge sam-
ple size of channel parameters to resemble the reality, which
is not always available from measurements subject to practical
restrictions. Therefore, site-specific radio wave propagation
simulations calibrated with a limited number of measurements
play a key role in the coverage analysis. Various techniques to
simulate radio wave propagation are available, either based on
full-wave electromagnetic methods such as Finite-difference
time-domain (FDTD) [3]-[6] and references therein, or the
optical approximation of radio wave propagation known as
ray-based models, e.g., [7]-[13] and references therein among
others.

Building structures and materials strongly influence radio
wave propagation [14]-[20], and therefore the service cov-
erage. The site-specific radio propagation simulations always
require an authentic source for material electrical properties
irrespective of the implemented technique. The reflection
loss associated with specular multipath can be evaluated by
employing the Fresnel reflection coefficients, provided that the
permittivity of the reflecting surface is known. The modus
operandi to obtain the permittivity of a given material sample
is through isolated material measurements, which is widely
reported in the literature [21]-[28]. However, this approach
does not easily allow the determination of the permittivity of
built-in composite materials for varying environments. To cope
with this issue, in-situ measurements within the environment
are conducted for specific building structures to evaluate the
reflection loss, as presented in [16], [18], [19], [29]-[31]. This
reflection loss is then used to determine the permittivity of
the reflecting surface by regression analysis, as reported in
[15], [17], [20], [32]-[35]. Although this process provides a
reasonable estimate of permittivity for the built-in reflecting
surface of composite materials, it is an exceedingly difficult
task to identify and cover all surfaces comprehensively in a
given environment.

We, therefore in this article, propose a novel method to
estimate permittivities of composite materials in built environ-
ments. We exploit radio channel sounding campaign where it
is possible to obtain a large number of multipaths estimates
based on a limited number of measurements of the radio
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environments. We utilize these multipaths for comprehensive
characterization of materials in a physical environment by
solving an inverse reflection problem. The inverse problem
fuses the measured multipaths with the physical environment
through: 1) ray-tracing using accurate three-dimensional (3D)
description of the environment, 2) reflecting surface identifica-
tion, and 3) permittivity estimation. Our goal is to demonstrate
that a small number of channel sounding allows comprehen-
sive estimates of permittivity in an environment, giving rise to
a 3D permittivity map. Hence, thorough measurements of each
composite material in a built-environment are not required.
The main contributions of this article are as follows.

1. Detailed analytical formulation of the novel method for
on-site permittivity estimation in built environments, at-
tributing multipaths from limited channel sounding to the
environment.

2. Demonstrated feasibility of the proposed method in a
large empty office, creating a 3D permittivity map of the
environment at 60 GHz radio frequency.

3. Demonstrated soundness of the estimated permittivities
by showing their consistency with those reported in the
ITU recommendation.

The rest of the paper is organized in four sections: Section II
formulates the method analytically and identify the necessary
inputs to the method. It also discusses the favorable conditions
for adequate performance of the proposed method in terms
of reliable estimates of material permittivities. Section III
presents the exemplary radio channel measurements at 60 GHz
in a large empty office and multipath extraction for demon-
strating the proposed method. Section IV provides the 3D
permittivity map of the environment, where the identified
reflecting surfaces corresponding to the measured multipaths
are colored with the permittivity estimates. Their validity is
discussed through comparison with physical material evidence
and the ITU-R document. Finally, the paper is concluded in
Section V.

II. ON-SITE PERMITTIVITY ESTIMATION
A. Conditions

Before describing the method itself, we define two con-
ditions where the method works most suitably to estimate
the permittivity of materials in the environment. These are
the availability of 1) accurate geometrical database of the
environment and 2) rich single-bounce specular reflections.

1) Accurate geometrical database of the environment:
Availability of accurate geometrical database of the environ-
ment of interest is a prerequisite for obtaining sound matching
of multipaths from measurements and ray-tracing. When pub-
licly available geometrical representation of the environment
is used, many measured multipaths fail to find their ray-
traced counterparts because of the inherent inaccuracies and
irregularities in the geometrical representation of the environ-
ment. These inaccuracies may include missing objects that
are electrically large-enough for producing reflections, such
as signboards in outdoors and bookshelves in indoors. This is
more prominent at higher radio frequencies as physically small
and flat objects can be electrically large-enough to produce

reflections. The accurate geometrical database can be acquired
through modern laser scanning equipment. It is called a point
cloud and is a set of points in the Cartesian coordinate system.
We assume in this paper that the point cloud is available for
the site of interest in which the comprehensive permittivity
estimates are required.

2) Single-bounce specular reflections: The second condi-
tion that makes the proposed method function properly is the
abundance of single-bounce specular reflections. As long as
a sufficient number of single-bounce specular reflections are
available to cover a given environment, the proposed method
performs robustly regardless of the frequency. The specular
multipaths reflects off flat and electrically large surfaces,
particularly, when their first Fresnel zones fall well within
the surfaces. The width of the first Fresnel zone is given
by Wgp = 2 C’l\l‘iﬁé, with A as the wavelength, and d; and
ds as the propagation distances at any point on a straight
line between the link ends, indicating that it decreases with
increasing radio frequency or decreasing propagation distance.
Reflections are therefore observed more frequently from flat
surfaces when they are close to the transmitting (Tx) and
receiving (Rx) antennas, and/or the radio frequency is higher.
This condition physically justifies the use of image sources
in conjunction with the Friis’ equation. Generally, for multi-
bounce specular reflections, the Friis’ equation is

I
PG = G () [ I (1)
— UTxURx drd 2|
T i=1

where PG is the path gain, Gr, and GRry are the Tx and Rx
antenna gain, respectively, A is wavelength of the propagating
wave, d, is the path length, and |T';| is the Fresnel reflection
coefficient of the ¢-th reflecting surface. Depending on the
orientation of the reflecting surface, |I'| can be categorized into
either a parallel or perpendicular polarization [36], denoted by
the subscripts || and L, respectively. By using (1), it is possible
to evaluate |T'| empirically from the measured multipaths and
hence inverse reflection problem can be solved to estimate the
permittivity of the reflecting surface.

By considering a fine delay resolution in measurements, it
is possible to isolate single-bounce specular reflections that
provide estimates of |I'| in a most straightforward manner.
Higher-order specular reflections can also be used to estimate
the same for each interacting surface. When considering a
multipath that interacts with surfaces i—times, |I'| of ¢ — 1
surfaces must be known in order to obtain the |I'| for a surface
of interest. In this case, uncertainty of |I'| estimates from
1—1 surfaces accumulates and hence the permittivity estimates
are less accurate compared to the case of single-bounce
paths. Therefore, we restrict the specular paths only to single-
order to obtain most accurate permittivity estimates. Excluding
multiple-bounce paths from the measurements would limit
the total number of available paths for permittivity estimates.
However, we show in the next section that performing several
line-of-sight channel sounding with short Tx-Rx separation
distances suffices for a comprehensive characterization of
permittivity in a large empty office.
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Fig. 1. Flowchart for the generation of permittivity map.

B. Method

The method requires three inputs: 1) accurate physical
structural data of the environment of interest, in the form
of point cloud in this paper 2) specifications of the channel
sounding, e.g., the radio frequency and location coordinates
of the Tx and Rx antennas, and finally 3) a set of multipaths
extracted from the channel sounding data for each Tx-Rx link.
The set of measured multipaths ranging from 1 < n < N; in
the Tx-Rx links varying between 1 <! < L are defined by

N
Q) = { o 7 0, o1, w1, 05} @)

where, for the n-th multipath in the [-th Tx-Rx link, p, €
C2%2 is the polarimetric path gain matrix, 7, is the prop-
agation delay, ¥* and ¢1* are the elevation and azimuth
angles-of-departure (AoD) at the Tx, and 5% and ¢5* are
the elevation and azimuth angle-of-arrival (AoA) at the Rx. It
must be noted that the available parameters in (2) depends on
channel sounder configuration. A wideband channel sounder
with proper synchronization between the Tx and Rx sides is
required to have 7, while angular estimates may come from
antenna array measurements or directional antenna scanning.
Our method works even when some parameters in (2) are not
available, as will be demonstrated in Section IV.

The method is designed in three main steps, namely: 1) ray-
tracing, 2) multipath matching and surface identification and
3) permittivity estimation. The flowchart in Fig. 1 illustrates

b
n=1

Fig. 2. Vectorial representation of ray-tracing in point cloud.

the overall estimation process with different steps referred by
corresponding equations that are described in the following.

1) Ray-tracing: The first step exploits ray-tracing to iden-
tify multipath trajectories from the Tx to the Rx antenna. The
trajectories are defined on the global coordinate systems, while
the interactions of rays with the antennas and the reflecting
surfaces are specified with respect to the local coordinates
of the surface. The origin of the global coordinate system is
defined within the point cloud description of the environment.

The ray-tracing evaluates the incident and the outgoing
angles, o and (3 of a ray, respectively at each point 7, in
the point cloud on a local coordinate system. This requires the
normal vector, or simply the normal, to a local surface formed
around a particular point and vectors of the incident and
outgoing rays. The normal at each point is estimated by fitting
a local plane with eight of its neighboring points, similar to
the method described in [37]. For this study, eight neighboring
points are found to work best with the available density of
the point cloud and to correctly identify the local surfaces
and corresponding normals. The normal, the ray vectors and
a point of interest is represented in Fig. 2. The incident and
the outgoing ray vectors on each point in the point cloud are
calculated by v; = rpx — 7, and vs = TRx — Tp Where Ty
and rgry are the position vectors for the Tx and Rx antenna
locations, respectively. With these vectors and the normals
n, the corresponding incident o and outgoing S angles are
obtained through,

a, 8 = arccos ('vkn) (k=1,s). 3)

vk |m|

On the global coordinate system, the AoA and AoD can be
obtained for the azimuth and elevation domains using

Vg v .
1) = arccos (kpk> (k=1,s), 4)
|| |vp
Vp g U )
¢ = arccos (pkx> (k=1,8), (5)
|vp k|||
where u, = [1 0 0] is a unit vector on the z-axis; vy =
v — %) u,, refers to the projection of the incidence or

the outgoing vector v, onto the z-y plane, with u, = [0 0 1]
being the unit vector along the z-axis.

For ray-traced specular paths, the Snell’s law of reflection
holds when incident angle « is equal to the reflection angle
5. In case of a sparse point cloud, a situation may arise when
the actual reflection point is left undocumented and it is not
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possible to match the measured path with the corresponding
ray-traced path. To solve this problem, a suitable threshold
margin ~;y, is introduced that represents the acceptable differ-
ence between v and 8 depending on the density of the given
point cloud. As the sparsity of the point cloud increases, a
relatively higher value of vy is needed to compensate for the
missing reflection points. The specular reflections condition is
applied to the set of single-bounce ray-traced paths fulfilling
|atns — Bns| < ~4n, where n' refers to the index of a ray-
traced specular path. In addition to satisfying the Snell’s law,
the ray-traced paths must also originate from a large-enough
flat surfaces. It has been demonstrated in [38] that at least first
Fresnel reflection zone is required for accurately modeling the
specular reflection in a point cloud. Therefore, the points in the
point cloud falling into the first Fresnel zone of a reflecting
surface are of our interest. For an n’-th ray-traced specular
path, indices g of these points are found, according to the
image theory, as

. A
0= arg{ o(a) = 7l < 5 |,
! (©)

Timg(q) — T7x(q)

c

)

(q) =

where 7, refers to the delay of a ray-traced path between
the Tx antenna and the image source of the Rx with position
vectors rrx and Tiyg, respectively and c being the speed of
light in free space.

Finally in order to select a flat reflecting surface, we
calculate the roughness depth dpjane (root-mean-squared (rms)
height) of the identified first Fresnel zone. A surface is con-
sidered as flat and responsible for specular contribution, only
if it satisfies the flatness criteria, dplane < Omax, Where dmax is
a maximum predefined roughness depth. Theoretically, dmax
must fulfill the Rayleigh smoothness criteria'. This implies
that the selection of d,,,x depends on the radio frequency and
the point cloud density. With a too sparse point cloud to be
able to form a valid surface, it is difficult to estimate the true
rms height of the surface profile. The set of single-bounce
specular-reflected ray-traced paths are now described, partly
in the same manner as measured multipaths (2), by

’

N
l T T R R
Q%) = {an’a 577/7 Tn', wn/xv n’x7 wn’xv n’X} ) (7)

n’'=1
where « and 3 are the incident and outgoing angles of n'-th
path, respectively. The total number of ray-traced paths for the
I-th link is defined by N;'.

2) Specular Multipath Matching and Reflecting Surface
Identification: Reflecting surface identification in the point
cloud is performed by matching specular multipaths from
measurements and ray-tracing under uncertainties related to
the density of the point cloud, estimates of multipath parame-
ters and Tx-Rx locations. These uncertainties are represented
by threshold margins i}, for the elevation AoD at Tx and
RX, ¢ for the azimuth AoD at Tx and Rx, and 7y, for the
propagation delays of paths. These threshold margins specify
the minimum differences between measured and ray-traced

15p1ane < Omax = , where « is the incident angle of the ray-path.

8cosa

paths such that they correspond to each other and hence are
associated uniquely to the reflecting surfaces. For specular
multipath matching, we require AoA, AoD and delay of the
multipath. An index of a path from the ray-tracing 7’ that has
the closest parameters to the n-th measured path is found by

7 = arg{hn = To| < Tems [, — 5| < Ui,
n/

6% — 6| < 6} (@ = Tx,Rx).

This is repeated for all the measured paths and the optimal
values for threshold margins .y, ¢t and 7y, are chosen
heuristically. In general, reflecting surfaces in a propagation
environment have different orientations, i.e., vertical, hori-
zontal or slanted. Hence, all the identified surfaces at this
stage are further attributed to their orientations with the aid
of normals so that permittivities are evaluated based on the
correct polarization.

3) Permittivity Estimation: The permittivity estimation for
the points on a reflecting surface is based on solving the
inverse reflection problem. The magnitude of the Fresnel
reflection coefficient |T'| is calculated from the measured gain
of multipath, p,,. The free-space path gain of a reflected
multipath is given by

®)

A

2
PGrs = G1<GRrx <47Tdr> ) )

where reflection point on a surface is selected so that d, is
the shortest path. Taking the ratio of (1) and (9) and solving
for the reflection coefficient yields the magnitude of reflection

coefficient as,
/| PG
| = .
PGFS

It is noteworthy to mention that only magnitude of the reflec-
tion coefficient is considered because it is difficult to estimate
their phase accurately due to inaccuracies of the complex
antenna radiation pattern and antenna location estimates in
the channel sounding. Also, estimating the real part of the
complex permittivity is more substantial as the magnitude of
its imaginary part is typically much smaller than the real part.
From geometrical optics, the Fresnel reflection coefficients are
given by relative permittivity €, of a reflecting surface and
wave incidence angle a as

cosa — \/ € — sin® a

(10)

r, = , (11)
cosa+ Ve — sin? o
r —€,cosa + \/er—sin2o¢ (12)
= .

€ coS+ \/ € — sin? a

The expressions (11) and (12) are valid when the first medium
is air (¢, = 1, u = 1) and the second medium is a
dielectric [14], [39]. The reflection coefficient in (11) is always
negative, while in case of (12), the reflection coefficient is
negative for incident angles smaller than the Brewster angle
and it is positive for incident angles greater than the Brewster
angle. Re-arranging (11) and (12) and solving these for the
permittivity yields

1-1,71°
J‘} +sin? o, (13)

Er(FJ_a Oé) = COS2 [0} |:]m
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&), a) = ! {

2 cos? o

1r|]2
1—|—FH

{1 . \/(1 —T)% — 4cos? asin® a(l + F|)2}
1=Ty) '
14

The permittivity corresponding to each point on the reflect-
ing surface is calculated using (13) and (14) for vertically
and horizontally oriented reflecting surfaces?, respectively.
It is important to note that (13) and (14) are invalid for
I' = —1, whereas (14) is also invalid for the grazing incidence
(o =7/2). For |T'| — 1 in (10), (13) and (14) result in large
permittivity values representing the metal surfaces. Since we
only have the magnitude of the reflection coefficient available
from (10), allocating an appropriate sign to the reflection
coefficient allows us to correctly estimate the permittivity
of the reflecting surface through (13) and (14). Hence, the
reflections coefficients corresponding to the two polarizations
in the permittivity range between 1 to 100 are determined as

r, =-1,

-1, Ogagag:1
= e:=100 )
+I, ap <a<m/2

(15)

where ap is the Brewster angle corresponding to the per-
mittivity €. The sign of the reflection coefficient is inde-
terminable within the region bounded by the permittivity
curve for ozg:l < a < ag:mo’ with agzl = 51° and
ag='% = 84.3°. We call this as the ambiguity region
for reflection coefficient. The most affected range of of is
70° — 80°, where there is a risk of maximum 40% ambiguity.
However, practically, this is not a serious drawback of the
proposed method as the channel sounding is usually performed
for multiple links. In the channel sounding, a surface may
produce specular reflections corresponding to multiple links
with varying incident and reflecting angles. It may be possible
that one of these links have a reflection from the surface
that falls into the ambiguity region, but other links may not
have the same problem. When calculating the permittivity of
a surface, we choose a median value of reflection coefficients
from different links in order to reduce the impact of ambiguous
estimates. The more number of links covered in the channel
sounding, the less likely it is that a reflecting surface suffers
from ambiguous permittivity estimates.

III. MILLIMETER WAVE RADIO CHANNEL SOUNDING AND
MULTIPATH DETECTION

The on-site permittivity estimation method described in
Section II is substantiated by radio channel measurements at
60 GHz in a large empty office. We chose the experimental
setup such that it meets the conditions for the effective use
of the proposed permittivity estimation method, defined in
Section II-A; the high radio frequency of the measurements
and few link-blocking and scattering objects in the office
provide us with abundant single-bounce reflections for a

2It is possible to determine the permittivity for skewed or slanted surfaces,
please see the appendix for further details.
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Fig. 3. Schematic of the radio channel sounder.

comprehensive estimation of the permittivity of materials
constituting the environment. The point cloud of the office
was obtained in conjunction with this measurement using a
laser scanner [40]. The following subsections provide a brief
overview of the measurements and the subsequent multipath
parameter estimation process.

A. Experimental Setup and Channel Sounding

The radio channel sounding was performed using the setup
illustrated in Fig. 3. Vector network analyzer (VNA) is the core
data acquisition component of the setup that allows delay-
and phase-synchronized measurements of transfer functions
over wide bandwidths of radio channels. The VNA used in
this channel sounder setup allows us to obtain absolute phase
change due to the device under test, i.e., the radio channel
in our case. The intermediate frequency (IF) signals from
the VNA are mixed with those of a local oscillator (LO)
using frequency up- and down-converters. The IF signal at
the VNA is swept from 4 to 8 GHz, while LO supplies
a 16.5 GHz continuous wave signal, resulting in the radio
frequency (RF) range from 61 to 65 GHz. The 4 GHz band-
width allows a fine delay resolution of 0.25ns. The phase
of the LO signal is locked to the VNA using a 10MHz
reference signal from the VNA. The Tx and Rx antennas are
a standard gain horn and a bicone, respectively. The bicone
is omnidirectional on the azimuth plane with maximum 5 dBi
gain, while it covers only a narrow range of the elevation
angle with 11° half power beamwidth. The horn antenna has
20 dBi gain with about 18° half power beamwidth both on
the azimuth and elevation domains and with 35 dB cross-
polarization discrimination. This measurement setup provides
the effective isotropic radiated power (EIRP) of 30 dBm and
allows the maximum measurable pathloss of 130 dB. Angular
characteristics of radio channels can be measured by rotating
the Tx horn antenna using an electromechanical rotator. The
measurements were accomplished with the azimuthal scan of
360° using a 1° step; the elevation scan was not considered.
In the measurements, we only considered vertical-to-vertical
(VV) polarization configuration of the Tx and Rx antennas.

The sounding site is a large and empty modern office room
with an approximate dimension of 18 x22x3 m? as depicted in
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Fig. 4. Layout of the measurement site specifying positions of the Tx and
Rx antennas, plasterboard (PB,) walls, plywood (PWD,) walls and glass
windows (GW); where x is the index number.

Fig. 4. The figure includes setups of 12 Tx-Rx links, measured
with a single Tx position and 12 Rx positions. The Tx and Rx
antenna heights were kept fixed at 194 cm. To ensure static
radio channels during antenna scanning and frequency sweeps
of the VNA, human activity in the room was restricted.

B. Multidimensional Multipath Detection

A set of multipaths are estimated from the 60 GHz radio
channel measurements based on the local maxima search in
the power angular-delay profile (PADP); the local maxima are
considered as the candidates of the paths reflected off the
flat and electrically large surfaces in the room. For each Tx-
Rx link, a PADP is calculated by taking the inverse discrete
Fourier transform of the channel transfer function H(¢;, f;)
over pointing angles of the Tx horn antenna ¢; and frequency
samples f;; where 1 <7 < 360 are the indices of the pointing
angles in the range from 0°-359° and 1 < 57 < 2001 are
the indices of the frequency samples in the range from 61—
65 GHz, respectively. The multipath detection consists of local
maxima search in the PADP above the noise level, providing
their coarse estimation of the power, delay and azimuth AoD.
Specifically, for a single pointing angle of the Tx horn antenna,
the local maxima are defined as peaks in the channel impulse
response (CIR). The powers of the peaks are at least A Pyean
greater than the local mean of the CIR over a sliding delay-
window T7,. In this analysis, 7, and APy, are heuristically
determined as 1.25ns and 5 dB, respectively. Fine estimates of
the power, delay and the azimuth AoD of each multipath are
then obtained by matching the shape of the PADP around the
coarsely detected peaks with those from band- and angular-
limited power profiles, given by the sinc-function and the main
beam pattern of the Tx horn antenna, respectively [41]. To

Permittivity (e,)

5 100 15 20 25 30 35 40 45 50

10

Y[m] X[m]

-10 -10
Fig. 5. Unclassified permittivity map visualizing reflecting surfaces colored
with estimated permittivity values.

Point cloud

Metal
Plywood/Plasterboard & = 2.5
Glass ¢, = 6.7

Concrete € = 6.1
Floor € = 12.7
Ceiling €, = 18.3

Fig. 6. Classified permittivity map visualizing reflecting surfaces colored with
mean permittivities.

obtain the propagation path gain, the combined Tx-Rx antenna
gain is de-embedded from the measured path gain estimate
with the assumption that the path arrives in the horizontal
two-dimensional (2D) plane, i.e., wa = 0°, which is due to
the limited configuration of the channel sounder where only
azimuth AoD is available, as described in the Section III-A.
For further details on this method, the readers are referred
to [42] and the references therein. Only a limited subset of
multipath parameters defined in (2) are available from the
present channel sounding as denoted by

PY = (VY 1, o TN (16)

where p¥V, 7,,, ¢X* is the path gain for VV polarization of
the Tx and Rx fields, delay, and azimuth AoD of the n-th path,
respectively, with total N; number of paths in the [-th Tx-Rx
link.

IV. 3D PERMITTIVITY MAP

The method proposed for permittivity estimation in Section
IT is implemented using MATLAB. The method is applied
to the point cloud and multipaths from the empty office

0018-926X (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2018.2829798, IEEE

Transactions on Antennas and Propagation

1
®  Proposed Method (points)
Proposed Method (mean €= 2.47)

— 08
=5
5
‘061
&
[
<}
o
504t
3 -
= - g on
Q
A 02F

0 | | | | |

0 15 30 45 60 75 90

Incident angle [a°]

Fig. 7. Comparison of theoretical and estimated magnitude of the reflection
coefficients |I' | for the plywood wall (PWD1).

measurements described in the Section III. For the point cloud
employed in this study, the position accuracy of each point
acquired through the laser scanner is in the order of 5 mm.
The reflecting surfaces are identified and their permittivity e,
is estimated. It is found in this analysis that the reflecting
surfaces at the measurement site can be considered horizontal
or vertical, and that all the identified surfaces are flat and large-
enough compared to the first Fresnel zones of the multipaths.
With the available point cloud density of the empty office,
Yn = 1° and 6o = 5mm are used as specular reflection
and maximum allowable surface roughness, respectively. Other
factors that influence the choice of a suitable value for d,ax
are the laser scanning accuracy and the operating frequency.
Since the combined Tx-Rx antenna gain is compensated from
the measured specular multipaths only in 2D as described in
the Section III-B, this causes an uncertainty in the permittivity
estimation which is more profound for reflecting surfaces on
the ceiling and floor. With the aid of delay and azimuth AoD
of the multipath reflecting off the ceiling and floor, they can be
easily distinguished from each other during specular multipath
matching process. In summary, the measurements and data-
processing uncertainties results a variability of 1 — 3 dB in
the magnitude of reflection coefficient corresponding to the
points on the reflecting surfaces, which is then translated
to the estimated permittivity. This can be more intuitively
explained with Fig. 7 that illustrates the relationship between
the magnitude of reflection coefficient |I'| and incident angle
«. The dots in the figure represent Fresnel reflection coefficient
estimates from the proposed method for the plywood wall
(PWD,), while the line shows Fresnel reflection coefficients
with the estimated permittivity of the same wall. For this
wall, the range of incident angle is limited to 0° — 45°.
The estimated magnitude of reflection coefficient follows the
theoretical curve with the estimated mean permittivity of the
same wall.

A. Unclassified Map

The point cloud colored with the estimated permittivity is
visualized in Fig. 5, and is referred to as an unclassified map
hereinafter. Not all the points are colored because reflections

were not observed from them in the measurements; they
are left undesignated and colored in gray. We have used 60
multipaths per Tx-Rx link on average to color the point cloud.
The estimated €, values vary slightly over each reflecting sur-
face partly due to the measurement uncertainty. However, this
variation remains less than 2 in terms of the standard deviation
for the estimated ¢, of each surface. This variation is due to
the fact that all the points on a reflecting surface that meet (8)
for a particular link are assigned with the same estimate of the
reflection coefficient, whereas, the estimate comes from only
one sample point on the surface. ¢y, = 1° and 7, = 2ns
are used as the optimal values of the threshold margins for
matching measured and simulated multipaths according to the
criteria given by (8). We manually try several combinations
of different values for the threshold margins and consider
the optimal combination as the one that has minimum values
and allows maximum matching of measured and ray-traced
paths at the same time. A single set of threshold margins are
used for all the surfaces in the environment. In principle, the
number of colored points in Fig. 5 increases by allowing more
threshold margins and detecting more reflecting surfaces, but
at the cost of more variation of the permittivity estimates. Our
case demonstrated that measuring only 12 Tx-Rx links allowed
the permittivity estimates as comprehensive as Fig. 5. A few
exemplary surfaces identified in the considered environment
are individually illustrated in Fig. 8(a-d) overlaying the raw
estimated permittivity e, values. Despite the fact that only
azimuth AoD (¢) is available from measurements, the compar-
ison of propagation delay (7) of measured and ray-traced paths
allows us to obtain more than one specular reflection point
on these reflecting surfaces. Figure 8(a-b) depicts plywood
wall partitions with a blue and orange decorative paints,
respectively. The estimated permittivity values, €, ranging
between 1.5 — 4.5 are overlaid, with the mean value of 2.5.
Figure 8(c) represents glass windows with €, varying within
5.5 — 8 and with the mean of 6.7. Figure 8(d) shows metal
heaters below glass windows as effective reflectors. Since they
are not dielectric materials, their estimated €, are much greater
than other surfaces in the environment and are around 30 on
average.

B. Classified Map

By applying a heuristic clustering method to points accord-
ing to their permittivity estimates, the reflecting surfaces are
classified into their constituent materials. In this heuristic clus-
tering method, the neighboring reflecting points with similar
permittivity estimates are grouped together, and the material of
the reflecting surface constituting these points and their mean
permittivity are compared with the physical material evidence
and the values available in the ITU recommendation [14],
respectively. The mean permittivity of a reflecting surface is
obtained by averaging the raw permittivity estimates of all the
points on the surface, which also averages out the uncertainties
in these estimates. The 3D permittivity map with the material
and permittivity classification is illustrated in the Fig. 6. The
classified mean permittivity values are tabulated in Table II,
along with their physical evidence and corresponding values
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TABLE 1T
MEAN ESTIMATED PERMITTIVITY, €, AND IDENTIFIED MATERIAL OF
SURFACES WITH ITU-R VALUES.

Mean estimated ITU-R contender Classified
€r €r material
2.6 2.9 Plasterboard
2.5 24 Plywood
6.7 6.27 Glass
6.1 5.31 Concrete
12.7 — Floor (NI)
18.3 — Ceiling (NI)
>20 — Metal

in the ITU-R recommendation. The floor and ceiling material
could not be identified accurately, and hence, are marked with
the label not identified (NI). The estimated mean permittivity
values of the classified materials are consistent with the ITU-
R values according to Table II, thus showing the validity of
our method. For ease in visualization, the panoramic view
of the environment is presented in Fig. 9, highlighting the
identified regions of reflections with mean permittivity, €.
The figure illustrates the southern and the northern half of
the environment, respectively, which includes plywood and
plasterboard walls, glass windows, and metal heater surfaces.

V. CONCLUSION

This paper presented a novel method for on-site permittivity
estimation of different materials in built environments. The

method identifies reflecting surfaces and solves the inverse
reflection problem from a limited set of multipath channel
sounding. Two conditions are identified to guarantee the proper
functioning of the proposed method, i.e., availability of accu-
rate geometrical database of the environment and dominance
of single-bounce reflection in radio propagation. The proposed
method is experimentally verified at 60 GHz in a large
empty office room where the mentioned two conditions are
satisfactorily met. The method performs matching of measured
multipaths with those from ray-tracing using the accurate point
cloud description of the given environment. The reflecting
surfaces are classified according to the estimated permittiv-
ity, yielding consistent observations with physical material
evidence and values presented in the ITU recommendation.
The estimated permittivity values and subsequent material
classification are visualized as a 3D map by coloring the point
cloud of the environment, giving an intuitive understanding
of material dielectric properties. It has been successfully
demonstrated that dielectric properties can be characterized
on-site using a limited set of channel sounding campaign,
without conducting isolated measurements of the composite
materials in an anechoic chamber or in-situ measurements of
built environments. The evaluated permittivity map plays a
crucial role in site-specific radio wave propagation simulations
intended for 5G small-cell coverage study.

3During the measurements campaign, the window blinds were cleared off.
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APPENDIX

For a a skewed or slanted surface, the permittivity is
evaluated in combination of (13) and (14) since the incident
field to the surface contain both parallel and perpendicular
component. The electric field at the Tx antenna is transformed
from spherical to the cartesian coordinate system. The electric
field E; incident onto a reflecting surface is decomposed into
its parallel EiH and perpendicular E;- components according
to the local coordinate system of the surface as

Elel”uH +EiJ_UJ_,

n x k; ki xu
o —— u - —

ln <kl 1 Jki x|’

(17)
ug

where w)| and w are the unit vectors of the parallel and per-
pendicular polarizations for the slanted surface, respectively,
and n and k; refers to the surface normal and propagation
vector of the incident field, all defined on the global coordinate
system. Thus, the total electric field reflected off the slanted
surface is

E, =T Elu| + T Bt

o — n x k, ol —
Fonxk] T

e x ) (18)

[[Rer > 2!y ||

The unit vectors, uh and v/, specify the direction of parallel
and perpendicular components of E., respectively and k, is
its propagation vector. The electric field at the Rx antenna is
derived by transforming E, from cartesian to antenna’s spher-
ical coordinate system, multiplied with the free space green’s
function. When dual-polarized field measurements and/or re-
flection measurements from a slanted surface are available,
the permittivity of the surface is estimated by minimizing
the difference between empirical and theoretical magnitude
of the reflection coefficients for the two polarizations, denoted

as I'emp and T'gpeo, respectively. The minimizing function is
formulated as,

G(&) = (IT)pl = ITheol)? + (ITdnp] — Tiheo)?. (19)
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