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Statistical Modeling of Scenario-based indoor
WBAN Channels

Badre Youssef, Christophe Roblin, and Alain Sibille, Senior Member, |IEEE

Abstract— This paper presents a parametric statistical path loss
model for Wireless Body Area Network (WBAN) communications
in the context of a scenario based approach for indoor
environments. One of the specificities of WBANS is their numerous
sources of variability (subject motion and morphology, antennas,
local environment, etc.). We focus here on the influence of the
environment, in the case of empty rooms. The model, developed
for the first ultra wide band (UWB) sub-band (B =[3.1, 4.8] GHz),
takes into account the sizes of the rooms (assumed to be
parallelepipedic and empty) and the wall characteristics (via an
average reflectivity coefficient). They also involve an elaborate
categorization of environments. The following methodology was
implemented, in order to avoid time-consuming and complex
experimental campaigns while still having a relatively
representative and sufficient number of statistical samples: firstly,
a simplified ray tracing code enabled a large number of different
rooms to be sampled at moderate computational cost; secondly,
part of these simulations was supported by anechoic chamber
measurements; and thirdly, the simulations were carried out using
elaborate experimental designs, based on a categorization of
environments and a fairly comprehensive study of building
industry data. The parametric path loss models obtained
significantly reduce their variance.

Index Terms— WBAN channel, indoor on-body channel,
statistical modeling, antennas, experimental design, ray tracing.

|I. INTRODUCTION

HE “on-body” WBAN propagation channel, i.e. for which
all the radio terminals are placed on a human body, is very
special. Firstly, it often has a much larger attenuation than in
free space due to propagation mechanisms along or around the
human body (consisting of surface waves' and/or creeping
waves?). The close proximity of the terminals to the body
generally has a strong influence on the behavior of the antennas
and on the propagation mechanisms. Secondly, there are many
sources of variability, including those related to the human
subject (movement and motion, posture, morphology), to the
type and placement of the antennas (distance from the body,
orientation and polarization), and to the local propagation
environment, especially indoors (room sizes, wall materials,
subject location and orientation, etc.). This may explain the
complexity of obtaining a generic model for this type of channel
and the fact that many propagation channel models have been
proposed following different approaches [2] — [9].
In this article, we focus on the “environmental variability”;
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1 Waves propagating along a plane or quasi-plane surface (such as an axial
path along a cylinder) of a lossy medium, and comprising a “Norton surface
wave” (associated with the Sommerfeld pole) and a geometrical-optics field of

specifically, we propose a new model of the influence of the
characteristics of indoor environments on the path loss (PL) of
“on-body” propagation channels. In order to simplify the study
while focusing on the environmental contribution related to the
room size and wall electromagnetic characteristics, and to
extract representative average trend models, the rooms are
assumed to be empty. The walls are characterized by an average
reflectivity parameter calculated from Fresnel coefficients
(which depend on the relative permittivity of the materials &, =
& —j&' and on wall thickness). Moreover, this model
statistically takes into account the influence of the position and
orientation of the subject in the rooms, so we call it an “average
model”, as opposed to a “local model” which would explicitly
takes into account these two parameters.

The contribution of the environment to the propagation
channel is itself made up of specular reflections from walls,
reflections and diffraction from furniture, as well as the dense
multipath component (DMC, including the diffuse component
due to the roughness of the surfaces of the walls and furniture,
and all of the unresolved multipath components). Since our aim
is to identify the main trends in the additional energy
contributions  brought by the rooms, the parametric
(“deterministic””) modeling proposed here is limited to specular
reflections, which are most often the dominant components.

It should be noted that in publications based on
measurements (which therefore take into account all
environmental contributions [2]-[11]), the parametric path loss
models obtained are site specific (room type and size, furniture,
generally unique positioning of the subject, etc.), which is not
the aim of our approach.

From our point of view, the environmental contribution has
been insufficiently studied and taken into account in existing
channel models, both qualitatively and quantitatively. This is
probably mainly due to the difficulty and complexity of setting
up experiments, which are time consuming and costly, and are
sometimes out of reach (as some room sizes are simply not
always available).

We therefore adopt an approach based largely on simulation,
in part supported by experiment, which allows us to obtain large
and statistically representative samples at a moderate cost. The
database is obtained for the 1% Ultra Wide Band (UWB) sub-
band B = [3.1, 4.8] GHz [12], in the context of the scenario

the first order in 7. Note that the latter contribution is not always present in
“on-body” WBAN radio link, because of the fact that the antennas are generally
very close to the body (so that the geometrical-optics field vanishes — as a
“space wave”) [1]; a slight curvature of the body surface can also play a role
here.

2 Wave that is diffracted around the shadowed surface of a smooth body.
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based approach that is considered by many teams to be the most
appropriate and accurate [7], [8] and [13]. In this study, five
radio links (RL) are considered.

Compared to the state of the art, the novelty of the proposed
model lies in the following points: first, a dedicated
methodology based on the association of measurements and of
electromagnetic (EM) and Ray Tracing (RT) simulations.
Second, the specification of a statistically representative
Experimental Designs (ED), both qualitatively and
quantitatively, which was also an important part of our work.
These EDs are constructed from a categorization of
environments as realistic as possible (given the information
available in the open literature).

The paper is organized as follows: the theoretical and the
modeling approaches are presented in section 11, Experimental
Design (ED) and simulations are described in section IlI,
statistical model and results are exposed in section IV, finally
conclusions and perspectives are drawn in section V.

Il. THEORETICAL APPROACH AND MODELING

The present work deals with WBAN communications in the
context of the scenario-based approach, for five radio links:
Hip-to-Chest (H2C), Hip-to-Wrist (H2W), Hip-to-Toes (H2T),
Hip-to-Ear (H2E) and Hip-to-Biceps (H2B). This approach has
the advantage of not mixing PL results obtained under very
different propagation conditions (LOS (Line Of Sight) / NLOS
(Non Line Of Sight)) for comparable inter-antenna distances.
No fewer than 3000 empty environments classified by
categories according to certain geometrical and physical criteria
are studied here (cf. section 111.A). In order to focus specifically
on the environmental effects, the chosen subject is stationary,
standing and of average build (165 cm, 50 Kg). Multi-Slot
Antennas with a screening BackPlane (MSA-BP [14]) were
chosen because of their resilience to body proximity effects.

A. Conventions and notations

The channel Gain G, (resp. Path Gain PG) is by definition:
G, = |H,|?* (resp. PG = 10logG,), where H, is the Channel
Transfer Function (CTF, defined by ((2)-(4)). The Path Loss is
defined as PL = —PG = —101log G,.. The frequency averaging
over the band of interest, here B = [3.1, 4.8] GHz, (i.e. over a
bandwidth Af = f, — f; = 1.7 GHz) of any quantity X(f),

called the “mean value of X”, is denoted X £ ﬁféz X(Hdf.

The averaging of any quantity X(f,p;,p2, -, p;), both in
frequency and over some of the parameters p,,n € {1,2, ..., [}
(i.e. typically a statistical average) is denoted:

Xav(pklrpkzr ---:Pkm)

=E [)?
(pll' Piyr pl”) |ml,mz,---,mn¢Pk1,pk2.---.Pkm

= || .. [ X(p, 00, - d
ff f (pll P, pln)|1711,1712.---1’1”ipkl.szr---rPkm “ra

~ (X(ph'plz' ""pln»ml,mz ----- Plp#Pkq PhyrPhm @
where P, = {pi,, Pk, - Pk} 1S the subset of the m <1
random variables (r.v.) over which the average is not performed
in (1), B, is its complementary set (P, =

where n=1—-m
{pll'plz’ ’pl“}|P11.P12.---.p1m¢17k1.17k2 ----- Pkm )

E[-] is the mathematical  expectation, dupz =
pdf (py,, D1,» - D1,)AP1, dpy, - dp,, is the joint probability
measure of B, and (-)pllpzj_mplipkrpkz,m,pkm is the empirical
mean (over the set B;;). It is assumed that all the corresponding
random vectors Py, admit a joint probability density function

(pdf) pdf (p1,, P1y» s L)
B. Theory and model

The CTF H, depends on many (quasi-) deterministic
parameters and various (mostly random) sources of variability:
the considered propagation paths (related to each radio link),
the subject's movement and/or posture [10] as well as his
morphology [15], the frequency, the antennas [10], [16], [17],
and the characteristics of the environment (outdoor/indoor,
sizes and materials of the rooms, etc.), as well as the subject's
position and orientation, especially in indoor. Since the
objective of this article is to model specifically the influence of
the environment, as mentioned above, we will consider a
“typical” subject (of average build), in standing posture and
static position. We will also assume that the antennas are an
integral part of the channel. In the following, the term Path Loss
will be used for this channel (including antennas) in place of
“System  Loss” recommended by the International
Telecommunication Union (ITU-R P.341). The CTF is simply
the transmission parameter S,, (experimental or simulated) in
the reference planes of the transmitting and receiving antennas
(located in practice at their connectors):

He £ 5 = 5201n + 551“ )
Here we distinguish the “on-body” contribution S (of the
“paths” along, around or in the immediate vicinity of the body)
from that of the environment S£PV, including the effects of its
more or less close scatterers (specular reflections, diffractions,
and the so-called “dense” component, including the diffuse
radiation due to the roughness of the walls and, more generally,
all of the unresolved multipath components).
Since the goal of this paper is to identify the main trends of
a “central model” (in the sense that it depends only on the
characteristics of the environment and not on the position or
orientation of the subject), of moderate complexity, we limit
ourselves to the contribution of specular reflections in empty
parallelepipedic rooms. By further restricting to the four

reflections on the side walls (52(’1’) =1 ,) — assuming that they
constitute the dominant part of the environmental contribution
— it comes:

4

SE = ) SI + as 3
p=1

where ASEMV = g8 4 geeil 4 GHO represents the other
environmental contributions, i.e., direct specular reflections
from the floor and ceiling (which depend only on their
characteristics and the “height” of the antennas or ceiling, but
do not depend on any other characteristics of the room —
especially its size — nor on the position or orientation of the
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subject), as well as all higher order interactions (S3°).
We can show that 52(’1’) follows the form:

—]ZRD(O)

~ (£, DO, ) S (@)
p

—]kdp

S5 = K, 9)

p

where d,, is the p-th path length, D,SO) is the distance of the
subject’s “Macro-position” center (Mp, Figure 2) to the p-th
wall (expressed in (6) and (7)), k is the wave number and 1 the
subject’s orientation (Figure 2). x is a proportionality
coefficient that depends on the Antenna Transfer Functions
(ATF) 7€ [18] (worn by the subject), Fresnel reflection
coefficients and the geometry of the radio link under
consideration (which depends on the stature of the subject), and
is a fairly smooth function of f. Assuming that the HN segment
linking the nodes (“Hip-to-Node”) intersects the subject's axis
of rotation at C (Figure 1), and noting a, , the lengths of the HC
and CN segments, we can show, after a few somewhat
cumbersome but elementary calculations, that:

d =2D’(’0)+(a —a)iW) =201+ 0 las—aal) L 5
P cosa, 1o L4 Déo) ( (0)) ( )

for|a; —a,| < a K Déo) and where & () verifies [E(Y)| < 1
and £(0) = 0. Even though this approximation may be rather
rough for some scenarios®, it proves to give good results
(section 1V). Hence, the second expression of (4) is an

approximation considering that d,, = 2 - D,SO) where most often

K, depends only weakly on DISO). Eventually, the channel gain
G, will be averaged over the subject’s orientation parameter Y
in subsequent processing dedicated to the extraction of the
average model.

DI(O) =-—xXM DZ(O) =5 Y™ (6)
L w
D?EO) = E + XM D4(_0) = 7 + Ym (7)

where (xy;, ym) are the coordinates of any subject’s Mp with:

(xM':VM) € [_§+dm'§_ m] [ _+dmt dm]!
d,, the subject's half shoulder width.

Plane of incidence A Yy
' 0
Dp

Figure 1. “Hip-to-Node” geometry in the plane of incidence.

3 when the subject is close to a wall (which is therefore statistically in the
minority), notably for the H2C link; however, it should be noted that for the
latter, the relative contribution of the environment is the lowest.

Consequently, posing AS,; = SP® + ASEPY, the channel

gain G, is given by:
Ge = |8 + 5p 15(”)
p=1q=1

+2%e {As21 Z 5(”)}
q*p

For a given macro-position, the exact positioning of the
subject in the room also depends on its orientation i and on the
micro-positioning pp. The latter involves small-scale spatial
sampling along a segment oriented at the angle i on either side
of the Mp (cf. sketch of the pp in Figure 2 insert). This micro-
positioning will later be used to average out small-scale fading.

In practice, for each Mp, a random angle 1, is drawn
uniformly over [0,2x[, and 15 other values of Y (Y, = P, +
nAy, n = 1,...,15) are chosen by successive shifts of Ay = %
rad. For each value of y, 6 pp are sampled (at sub-wavelength

scale) on either side of the Mp with a step 6u = % = ch ~
3 cm (so that the actual distance to the p-thwall (p = 1, ...,4) is
7 . .
D =Dy + G — w)dusin[p —pZ], with 1 = 1,....,6).
Therefore, EC referring to “Environment Category” (defined
in section I11.A), it comes:
G (RL,EC,L,W)

= (Gc(RL, L,W, Xy1p, Yrap) 1, l’b))u»pr»yMprlp

|A521|2 +34 5@

Z Z DR (®)

©)

G (RL,EC,L,W) = (IAS,,? )+Z(|S“’)| )+

p=1

- 4 4 4
2 (Re ASz’HZS@) +ZZ (p)s(q) ) (0

p=1 p=1q=1
q#p

It can be shown that, statistically, the first two terms are
generally dominant. Indeed, the terms containing S oc e ~/kdp
or S 5" o g=ik(dp=da) gre functions that oscillate rapidly
in frequency (unless |d, — dy| < A, for the last, which
happens statistically only rarely ifq # p. Subsequently,
summing over the frequency band B tends to result in a
vanishing integral. This effect is even more pronounced when
small-scale spatial averaging is also performed.

Since the macro-positions are assumed to be uniformly
distributed over the “accessible” area of the rooms (i.e. the

| X[~ 5+ dn 5 = d]), the
mean average gain G&’ — given by (10) — is calculated as
follows (note that in the following (x,y) are the “exact”
coordinates of the subject, taking into account the micro-
positioning):

rectangle [—g + dm,g -

_ 1 _dm
G®(RL,EC,L,W -_
i ) = e w2 Aff me

< JPGRL,f,LW,x, .1, l/)))u,lpdxdydf (11)
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YA
w2l p=2
0
dm y' : Df )
[}
Dén) A
N ‘/;r
" ——— Ym ¢
Mlcro—po§|t|on|ng N B e < & S5 Gl
y -
Ym o M \ p=1
_L WMP 0 X1 L x
2 = 2
[=° *u Rotated pattern
~MRG(—Y)
in the room frame xOy
w2l p= 4

Figure 2. Room geometry and subject position (top view).

In this integral, the integrand of (11) contains terms
depending on x and/or y of the form (taking into account the

approximations explained above) —or e
p® ' p@p

D
1 1 1 1 1

1 1
Car) Wiy Sex Ty Gex)(Fay) T By

which lead, after integration, to the following terms:

(12)

1 1 In(l/dp—1) In(W/dy, — 1)
L—dn'W—d,, L-2d, ' W-=2dp,
In(L/d = 1) In(W/d = 1) 1n(L/dop = 1) In(W /= 1) (13)
(L = 2d,)(W — 2d,,) L(L —2dy) ' WW —2d,,)

On the other hand, the channel gain of each of the four
dominant paths depends on the lateral walls reflectivity, i.e. on
their (multilayer) Fresnel reflection coefficients ) for
Transverse Electric (resp. Magnetic) polarized incident waves,
recalled here for convenience (for a wall of thickness d) :

1 — e~2jkpd
1-— F||2,Le

with T the Fresnel coefficients of an indefinite plane
interface of relative permittivity &, = ¢ — ¢/ and k, =
2mf+/g,/c the wavenumber in the p-th wall. Furthermore, we
assume that the two polarizations of the specular reflections are
equiprobable, and that the incidence angle 6; (in the plane of
incidence) is uniformly distributed over [0, A8;] where Af; <
/2 is a maximal value to be set from the geometry. Although
these assumptions are rather rough, their merit is that they
simplify the modeling very significantly, while turning out to
give very good results when used for modeling the Power Delay
Profile and the Delay Spread of the indoor propagation channel
in empty homogeneous rooms [19] and [20]. The statistical fits
of the models obtained in section IV are also satisfactory, which
has led us to retain these simple assumptions.

Finally, the walls being different and possibly
inhomogeneous, we use an effective reflection coefficient,
computed as a mean coefficient7,,, averaged over both
polarizations as abovementioned, and over each homogeneous
part of the vertical walls, weighted by their respective area, i.e.:

T = TrETM = Tk Ll (14)

4 Note that more generally, the a’s also depend on the worn antennas (typically
through their mean efficiency as the averaging of G, over ¥ and f tends to

(15)

FW = JRw =

where R are the mean power reflection coefficients,
averaged overs the walls i.e.

AB;
(®n) p(pn)
RTN =1 ZZA ) f RE@0do: (10)
p n
where A4, 4 o AP s the total area of the vertical

walls, each comprlsmg n, homogeneous parts of area A(p .

and R 0) = = [ [r4m @, )| d.

The input parameters of the model must be chosen to cover
all the terms in (13) resulting from the development (10) — after
integration (11) over all the subject's positions — while
minimizing their number, as well as the complexity of the
multilinear regression model (18) (i.e. the number of its
coefficients). Note that the appearance of a Fresnel coefficient
in field 7, or power R% depends on whether the
abovementioned terms come from a linear or quadratic

contribution in 52(’1’) in (10). These constraints lead to the

following choice (to represent all the terms in (13) while
minimizing the number of product terms in (18)):

RV RV —qv In(L/dm—1)
X, = , Xy = ,x3=r‘“’7/m ,
L—dm W—dm L—dm
_qp In(W/dym—1) Fav 7
— av m — -
xg =PI =t =1 (17)

The multi-linear regression parametric models are therefore
written:

.
G (RLEC,L,W) = ap + Z X, + Qg X3Xy + UgsXsXs + AyexaXe  (18)
n=1
where (ag, ..., @y, {@mn}) = a(RL, EC) are the coefficients
of the parametric models, and §G% = G*° — G&’ are zero-
mean r.v. representing the model errors (or residuals)®.

I1l. EXPERIMENTAL DESIGN AND SIMULATIONS

The development of any statistical model is based on the
collection of data in one or more statistical samples.
Experimental Design consists in defining these samples so that
they are sufficiently representative (statistically), while at the
same time aiming to minimize the cost of their collection and/or
subsequent processing. An experimental design therefore
consists in choosing the random input parameters, their
statistics (ranges of variation, distributions, possible
dependencies, etc.), as well as the method(s) or algorithm(s)
used to generate the samples. Several ED based on a
categorization of environment types and the Latin Hypercube
Sampling (LHS) technique [21] were established.

A. Categorization of Environments

The environment/room categorization developed in this
work is based on an analysis of the specialized real estate
literature (of the French building stocks), as well as the

“omnidirectionalize” their mean realized gain patterns), as well as on the
morphology and posture of the subject.
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regulatory standards and recommendations of the building
sector, according to the following criteria: size of the premises,
room “aspect ratio” (L/W), wall thickness [22]-[24], as well as
wall materials [25]-[28]. We identified two main categories:
residential and office, which we subdivided into subclasses.

TABLE |
STATISTICAL PARAMETERS OF ENVIRONMENTS SIZES

Residential
Env. [min, max], mode, median (m)
Width Length Height
Bedroom [3,4],3.3,36 [3.1,4.8],3.7,39 24
Living room [2.8,4],3.2,33 [5,10],6.7,7.1 2.4
Office
Env. [min, max], mode, median (m)
Width Length Height
Office [2.2,3.4], 2.6, 2.7 [4,6],47,4.8 2.7
Meeting [22,5,31,33 | [4212],68,74 | 27
room
Classroom [5,8.5],6.2,6.5 [6,11.5],7.9,8.3 2.7
Corridor [0.9,4],19,2.2 [2.6, 60], 21.7, 26.2 2.7
TABLE Il
WALL THICKNESSES
Thickness (cm)
Wall Material [min, max], mode,
median
Hollow
brick [15, 30], 20, 20
Bearing wall | enforced [20, 35], 23, 25
concrete
Cinder
Block [15, 35], 20, 22
Wall Plaster [15, 30]
Bulkhead Brick? 5. 15]
Glass
Single glazing [0.4,0.6]
Glass [0.41.20.4]
Double glazing [0.41.60.4]
Wood [3, 4]
Ceiling Reinforced concrete [12, 20], 15, 15
Floor Reinforced concrete L/25 with a max. of 40 cm

1. An air gap, two thirds of the total thickness, is considered.
2. If thickness > 10cm an air gap in the middle of one third of the
thickness is taken into account.
TABLE Il
WALLS MATERIALS RELATIVE PERMITTIVITY

Complex Relative Permittivity

Material [min, max], mode, median
& g

Brick [3,6],3.8, 3.8 [0.02, 0.6]

Reinforced [3,9],5.2, 5.8 [0.1, 1.5]

concrete

Cinder Block [2.5,7],4,45 [0.1, 1.5]
Plaster [1.9, 2.9] 0.14
Glass [4,7],6,6 0.1
Wood [1.2,6]2,3 0.1

For the first category, we selected the bedroom and living

% in some cases, on 2 parameters only (the extreme values), especially when
the interval is quite small.

room, and for the second, the office, meeting room, classroom
and corridor. Wall characteristics (thickness and materials) are
summarized in Tables 11 and I1l. For the reinforced concrete, a
conductivity ¢ = 0.1 S/m is also considered.

The variability of the considered parameters (aiming for
greater representativeness) is significant compared to other
studies in which the environments were considered
homogeneous with limited variability in room size and subject
location (usually single) [3], [6], [8] — [11] and [16].

B. Experimental Design and simulations
1) Input Parameters

The input parameters of the EDs are the room
sizes (L, W, h), wall characteristics (materials and thicknesses)
related to the subclass and the location and orientation of the
subject.

As the objective of this work is to develop ‘“average”
statistical parametric models, and as the PL depends more or
less significantly on the position and orientation of the subject
(depending on the RL considered), these “hidden parameters”
do not appear explicitly in the model structure but their
statistical contribution is nevertheless taken into account on
average, since the channel gain will later be averaged over these
parameters, as was presented in section II.

The statistics of the input variables are based on the values
of four parameters® (the extreme values, x,,;, and x4, as well
as the median and mean values m, and p,), which are in part
accessible in the specialized literature (statistics of the French
building stock, laws and regulatory constraints of the building
sector, publications on the permittivity of building materials).
Indeed, the statistics of the building sector are often fragmented,
and limited to simple data such as moments of order 1 (average
and/or median). It is much more difficult to obtain information
on the variability of room sizes and their statistics (especially
their distributions), for which there is no accessible literature to
the best of the authors’ knowledge. Thus we also relied on ITU
models in some cases [29]. Regarding the thickness of the
walls, we rely on construction standards. Gathering sufficient
information on material permittivity statistics has also proven
difficult. Our estimates are based on cross-referencing various
publications and sources of information. This is why we also
rely on “common sense” and real life experience, as well as on
the “principle of parsimony” (“Occam’s razor”). Accordingly,
simple and sufficiently versatile distributions are here chosen,
with bounded support for obvious practical reasons, and whose
parameters can be easily expressed in terms of the four (or two)
parameters mentioned above. The marginal pdf of the input
variables listed in Table I-Table Il are chosen as follows: for
variables depending only on the two extreme parameters
(%min @Nd X,q,) We assume that a uniform distribution
U([Xmin, Xmax]) 1S adequate. For 4-parameter variables, we
use the beta distribution B(r, s, Xmin, Xmax), bECAUSE it is quite
versatile, has bounded support, can be symmetric or not, while
skewness and Kkurtosis can be expressed in closed-form as a
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function of its parameters. The latter can also be easily
expressed as a function of the four aforementioned parameters
Xmin» Xmax, My and p, (Table I-Table I11):

X ~ B, S, Xmins Xmax), >0, s>0 19)

(x — xmin)r_l(xmax - x)s—l

fX(x) - (xmax — xmin)r+s_1B(r' S) 1]'[Xminrxmax] (.X') (20)

with B(r,s) = T(r)I'(s)/T(r + s) the Beta function (and T
the Gamma function) [30] and 1, 5, is the indicator function of
the segment [a, b].

Categorizing environments requires to enforce certain
constraints, not only on the size of the rooms but also on their
“aspect ratio” (L/W)®. In other words, for each subclass, the
variables L and W are not independent. In order to model these
possible dependencies, which are not necessarily linear, we
choose to use copulas. In probability theory and statistics,
copulas are mathematical functions that can be used to describe
or model the dependence (hot necessarily linear) between
random variables. In particular, Sklar's theorem states that,
under certain conditions, any multivariate joint distribution can
be written in terms of univariate marginal distribution functions
and a copula that describes the dependence structure between
the variables. In other words, among many other interesting
features and properties, the use of copulas is an elegant and
efficient way to generate statistical samples of a random vector
which components are dependent. For this specific purpose,
only the marginals and the copula need to be known or
estimated separately (it is not necessary to know the joint pdf,
which can be deduced from them). Note that there are many
families of parametric copulas, whose parameters control the
strength of the dependence [31].

Concerning materials, for each subclass, the walls
considered are inhomogeneous (refer to Table 11 and Table I1I).
All the premises have a wall with a (wooden) door. Depending
on the subclass, a wall with a window is also taken into account,
either for the whole sample or for a proportion of it (office,
meeting room, corridor office). The glazed area of walls is
considered to be proportional to the floor area (around 1/5
according to the room [32]).

The subject turning on himself at each macro-position, is
represented by his “footprint™, i.e. a disk with the diameter of
his shoulder width (dy;, = 2d,,, = 50 cm here). In order to
avoid overlap of these disks, spatial sampling was performed
by combining the LHS technique with a maximin algorithm.
Moreover, in order to reduce as much as possible the
computational cost, hence the sample size, the density of Mp
(Dyp in Mp/m?) was significantly reduced from the maximal
room paving (without overlap) which most often corresponds
to a triangular mesh of density Dy, ~ 4 Mp/m? (covering =~
90.7 % of the floor area). An “optimal” density of about
Dypopt = 1 Mp/m? (i.e. a reduction by a factor of 4) proved to
be a good compromise between computational cost and
statistical representativeness. This was established by

® For example, the bedrooms are rather square while the corridors are
obviously elongated.

performing Kolmogorov-Smirnov (KS) tests on the mean
average Path Loss PL* = —10logG%’ for a few
representative environments and three clearly different RLs.

2) Ray Tracing Simulations

A simplified RT code (based on image theory) considering
specular reflections only (up to order 3) has been developed
(under Matlab®). The simplifying assumptions of the proposed
modeling are therefore the following: the rooms are empty and
the walls are smooth, so that the diffraction on the furniture (and
on the irregularities of the walls) and the diffuse scattering are
neglected. This tool allows to sample with great flexibility a
large number of environments and subject positions (and
orientations) within each room. For this study, this allowed us
to consider a total of 3000 rooms (500 per environment
subclass).

The simulation approach using a RT code that considers only
specular reflections was supported by a comparison with
experimental PL measurements carried out in 4 classrooms [16]
considering 3 radio links (H2C, H2W and H2T). The RT tool
was calibrated for the unknown parameters (wall permittivities
and thicknesses). The choice of these parameters was of course
made within typical ranges published in the literature.

TABLE IV
RooMm Sizes
Room | L(m) | W (m) h (m) Materials considered
1 8.56 8.16 3.75 brick, cinder block and
glass
2 8.13 6.51 3.60 brick, cinder block and
glass
3 593 4.80 3.60 brick, cinder block and
glass
4 5.10 5.10 247 Metal and glass

The comparison of the mean average PL*’ is shown in
Figure 3 with PL% = 10log(1/G2").

oo

T

i H2C Measurement
H2C Simulation
—2— H2W Measurement
- *H2W Simulation
—EO— H2T Measurement

H2T Simulation

I
Room3 Room4

I
Room2

Environments
Figure 3. Mean Average PL* comparison (simulations and measurements
results).

The deviations observed are typically of the order of 2 dB,
which, given the strong approximations and simplifications
made, seems satisfactory and consistent, and therefore supports
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the approach adopted.

Some studies have used RT tools that are more precise the
higher the frequency (of course, the higher the frequency, the
more justified the use of this type of asymptotic approach) [33].
Even with a simplified approach like the one presented here,
and in lower frequency domains, we have noted that the results
obtained with the RT algorithm were satisfactory [34].

3) Antennas and on-body component
The on-body contribution (S2) and the ATF in transmission

H (H(f,0,9) =relkr 4—”-w) are obtained from
no ai1(f)

Electromagnetic simulations with CST Studio Suite®, where a,
is the incident wave at antenna port, E® the radiated Far-Field,
no the free space impedance, and (0, @) the elevation and
azimuth angles [17]. The subject, of average build, is modeled
by an anthropomorphic inhomogeneous phantom (“Louis™) of
the IT’IS Foundation Virtual Population suite [35].

These simulations were previously validated by comparison
with measurements performed in an anechoic chamber with a
homogeneous whole body phantom (“Kevin”) whose
morphology is close to that of Louis [16]. A “homogenized”
version of Louis, with the same permittivity &.(f) as Kevin,
was used as an “intermediate model” to compare the simulated
and measured radiation patterns.

For the on-body contribution, the adequacy of the
simulations was evaluated by comparison with anechoic
chamber measurements of the mean PL: PL°"(RL) =

—1010g|S2"(RL)|* . The differences between the results,
presented in Table V, are generally of the order of 1 dB (~2 dB

between the measurement and “Louis homogeneous” for the
H2T RL).

TABLEV

MEAN ON-BODY PL — CST SIMULATIONS VS MEASUREMENTS

PL (dB) H2C | H2W | H2T | H2B | H2E
Simulations —Louls |75 | 707 | 550 | 700 | 67.7
Inhomogeneous
Simulations —Louis | a1 | 693 | 572 | 710 | 66.6
Homogeneous
Measurements — Kevin 49.1 69.5 578 | 72.2 | 685

18 Kb ©

Figure 4. (a) H2C, (b) H2W and (c) H2E simulated with CST with “Louis”;
(d) measurement of 5 RL on Kevin in anechoic chamber.

Similarly, for the antenna patterns, an example of azimuthal
cuts of the total Mean Realized Gain (including both

polarizations, defined as MRG = é fjfmf"‘lljf(f)llz df in [17]
and [34]) is shown for the chest and wrist antennas in Figure 6.

X 6.705
Y 6.02978

25

m—— [50lated MSA-BP (Measured)
w w w Isolated MSA-BP (!
s wm  MSA-BP on Hip (C
e MSA-BP on Hip (M

35 | | | I | I I I | I
25 3 35 4 45 5 55 6 6.5 7 75 8

f (GHz)
Figure 5 Reflection coefficient of the MSA-BP (isolated and on Hip).

The MRG (over B =[3.1, 4.8] GHz) cuts presented in Figure
6 are close to the azimuth (i.e. elevation angle 8 ~ 90°) because
the rays reflected only once over the vertical walls are most
often close to the azimuthal plane (as statistically the subject is
far from them).

Given the satisfactory agreement between simulations and
measurements in the horizontal plane, especially in the
particularly important main lobe, we subsequently rely on
simulations for elevation angles where on-body antenna
patterns are intrinsically difficult to measure (for obvious
practical reasons).

Louis (Homogeneous, CST), Chest, § = 90° | gg

Louis (Inhomogeneous,CST), Chest, 8 = 90° 75
Kevin (AC Measurement), Chest, § = 90° ] 60
———— Louis (Homogeneous, CST), Wrist, 6 = B0° 4

45

e Louiis (Inhomogeneous, CST), Wrist, 6 = 80°
Kevin (AC Measurement), Wrist, § = 80° .
150 30

165

180

195

210 330

240 300
255 o7p 285

¢ (%)

Figure 6. Simulated (CST) and measured MRG azimuthal patterns for MSA-
BP on Chest and Wrist.

IV. STATISTICAL MODEL AND RESULTS

A. Model validation with a simplified case

The structure of the model (i.e. the relevance of the
explicative variables x,, of (17)) was first validated on a “test
sample” of reduced size (100 realizations) with a simplified ED.
In this test, the six walls are homogeneous and have the same
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characteristics (permittivity and thickness), resulting in a

reduced variability, and the size statistics roughly match those

of the classroom and office subclasses. Nevertheless, the
excursion of variability in this test case remains greater than
what has been published in the literature to date.

According to common practice in statistics, the goodness of
fit of the models is assessed by classical performance
indicators, which are the coefficient of determination R2 on one
hand and the ratio y between the primary and residual variances,
on the other. The former is defined as:

I Oi— )
T — )?
where n is the number of measurements, y; the value of it

measurement, ¥; the corresponding predicted value and (y) the

average of the measurements, and the latter as:

Uégv

R? = 1)

xX= (22)

0'626?11

The differences between the model extracted for this test and
the data are small, as can be seen from the high R2 values (close
to 1). Parametric modeling also significantly reduces the
variance (y ranging between 31.6 and 385.5) as referred in
Table VI and illustrated in Figure 7 for the H2C RL. The trends
for the other links are similar.

It is interesting to note that this error appears as a zero-mean
Gaussian random variable (r.v.), contrary to the initial dataset,
which simplifies the overall modeling. This analysis therefore
validates the structure of the model, highlighting the relevance
of the explicative variables derived from the modeling.

099
095 L Normal fit (§G2*)
. % Simulation results (G")
09 Multilin. Model (G,
Multilin. Model residuals (§G)
0.75

Probability
o
(9]
T

025 | f
01 | g;é“
005 |- &
®
B
0.01
s . ‘ . ot . . . |
2 0 2 4 6 8 10 12 14 16

Gg’v =< GC >,u.w.ﬂfp 10

Figure 7. Probability plot of G2, 55“’ and residuals. Test sample (H2C).

TABLE VI
R2 AND y FOR THE “TEST SAMPLE”
RL H2C H2W H2T H2E H2B
R2 0.991 0.993 0.968 0.997 0.996
X 110.0 | 1471 31.6 385.5 | 253.8

B. Statistical Models
1) Extraction of regression models

The results presented here are the mean average gain G&"
and the multilinear regression models égv for each environment

and RL presented above. To assess the representativeness of the
results obtained, the performance indicators described
previously (R2 and y) are used. In addition, a cross-validation
technique is applied to each model to test its robustness and
ensure that there are no overfitting issues.

0.9999 -
0.9995 -

0.995 - S x

Probability
o ©
o3
T T

=3

N

o
T

Normal fit (6G2")
x  Simulation results (G2)

> Multilin. Model () B
Multilin, Model residuals (5G27)

0.005 |-

0.0005 [
0.0001 |-

)

4 2 0 2 4 6 8 10 12 14
av 7

G =< Ge>pymp x10

Figure 8. Typical case. Probability plot of G2, (i‘“’ and residuals. Meeting
room (H2W).

0.9999 -
0.9995 - :
L 3%
Normal fit (3G2")
0.995 - % Simulation results (G¢")
Multilin. Model (G )
Multilin, Model residuals (5G2")
095
075
=
3
g 05 f
<}
o
025
005 |
0.005
L x
0.0005 -
0.0001 -
1 | I L L ! !
4 0 1 2 3 4 5 6
y -7
G’(” =< G, > b, Mp x10

Figure 9. Worst case. Probability plot of G, 53" and residuals Classroom
(H2B).

0.9999
0.9995 |

0.995 - R

095

Probability
o ©°
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T T
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@
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Normal fit (§G2") B
% Simulation results (G%")

005 Multilin. Model (G, ) )
Multilin. Model residuals (6G%")
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+ ®
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0.0001 -
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05 0 05 115 2 25 3
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Gc =< G, > b, Mp x10

Figure 10. Best case. Probability plot of G&, 5;“’ and residuals. Corridor
Office (H2E).
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0.9999 - TABLE IX
0.9995 - o RANGES OF THE PL. AND THE RESIDUAL ERROR IN dB
0005 | 63.4 dB g Env. H2C | HaW | H2T | H2E | H2B
Normal fit (JPL.") Bedroom 1.3/05 | 5.3/3.3 | 1.4/05 | 3.2/1.8 | 3.8/1.9
095 1 % Simulation results (PL") Living room 1.5/0.3 | 4.9/2.3 | 1.8/0.4 | 3.3/1.5 | 35/1.7
Multilin. Model (PL, :
2 075 Multilin. Model gesid{uz)als (8PLY) O_fflce 1.3/0.6 6.4/3.6 15/0.8 4.712.4 5.0/3.3
5 | Meeting room 1.3/04 | 6.4/3.2 | 1.4/0.8 | 5.0/2.2 | 5.2/3.5
8 08 Classroom 1.6/0.3 | 4.0/23 | 1.6/0.3 | 2.6/14 | 2.7/1.6
o 025 Corridor Office | 2.4/0.8 | 9.3/3.6 | 3.0/1.2 | 7.6/2.6 | 8.3/2.8
0.05 r It can therefore be seen that the results obtained are
0.005 [ satisfactory or even very satisfactory. The values of the
00005 F 558 dB B° cogfﬂuent of determination .RZ range between 0.62_3 and 0.94.
0.0001 ‘ ‘ | . . ‘ | | This shows a good to very satisfactory goodness of fit. The ratio
0 0 10 20 30 40 50 60 70 of variances is between 3.2 and 15.8, showing a significant
PL." = —10log(< Ge >pp.muy ) reduction of variability. The model parameters for all the

Figure 11. Example of probability plot of PL%, ﬁ‘}" and residuals in dB.
Corridor Office (H2E).

1 T T

e §G9V Linear Model error
e §G4V Normal fit

0.9 [

0.8 -

0.7 -

0.6 -

05F

CDF

04 r

03 r

0.2r

0.1F

0 | I | . .
-5 -4 -3 -2 1 0 1 2 3 4

G %107
Figure 12. CDF residuals §G2¥. Corridor Office (H2E).
The performance indicators have been calculated in Table
VII and Table VIII and illustrated in Figure 8 (typical case),

Figure 9 (worst case, with maximal deviation) and Figure 10,
Figure 11 and Figure 12 (example of best case).

configurations studied are presented in the Appendix.

Last but not least, as expected, the range of variability is
greater for NLOS RL (subject to a body masking effect),
between 2.6 and 9.3 dB, see Table IX, e.g. 7.6 dB for the H2E
link in corridor office (Figure 11), whereas for links that are
quasi-LOS (H2C and H2T) the difference is smaller, typically
between 1.3 and 3.0 dB.

2) Cross-validation

Cross-validation tests were carried out with separate but
smaller test samples (due to long simulation times)’. This
choice is based on the following considerations: 1. the models
are based on a physical approach to the problem (notably linked
to its geometry), and 2. they are average channel gain models,
extracted from data from which small-scale or frequency-
selective fading has been “smoothed” by frequency, small-scale
(micro-positioning) and angular averaging. As a result, a fairly
smooth behavior of the models as a function of the input
variables is expected, so that it seems very likely that any
possible overfitting problem can be detected quite easily, even
with relatively modest sample sizes. The representativeness of
these test samples was assessed by calculating the R2, which in
some cases deteriorated very slightly (cf. Table X).

TABLE VII
COEFFICIENT OF DETERMINATION R2
Env. H2C H2wW H2T H2E H2B
Bedroom 0.73 0.69 0.76 0.78 0.71
Living room 0.79 0.73 0.75 0.80 0.74
Office 0.81 0.77 0.78 0.79 0.74
Meeting room 0.83 0.75 0.73 0.82 0.73
Classroom 0.76 0.70 0.75 0.81 0.68
Corridor Office | 0.92 0.89 0.91 0.94 0.92
TABLE VIII
VARIANCE RATIO y
RL H2C | H2W | H2T | H2E | H2B
Bedroom 3.7 3.2 4.2 45 3.5
Living room 4.8 3.7 4.0 5.1 3.8
Office 5.2 4.4 4.5 4.7 3.9
Meeting room 6.0 4.0 3.8 55 3.7
Classroom 4.1 3.3 4.1 5.3 3.2
Corridor Office 12.6 9.4 10.7 15.8 12.6

’ Note that the representativeness of these test samples was verified (using
KS tests) by comparing them with the training samples.

TABLE X
COEFFICIENT OF DETERMINATION R2

Env. H2C H2W H2T H2E H2B
Bedroom 0.70 0.67 0.73 0.75 0.69
Living room 0.78 0.68 0.69 0.76 0.73
Office 0.78 0.73 0.78 0.78 0.68
Meeting room 0.81 0.71 0.68 0.79 0.72
Classroom 0.74 0.66 0.71 0.71 0.68
Corridor Office 0.88 0.88 0.90 0.92 0.91

TABLE XI

Dcor OF KS TESTS (D, = 0.23)
EnV. DCDF

H2C H2W H2T H2E H2B
Bedroom 0.10 0.09 0.10 0.09 0.05
Living room 0.10 0.14 0.09 0.09 0.10
Office 0.06 0.15 0.12 0.10 0.11
Meeting room 0.08 0.06 0.10 0.09 0.14
Classroom 0.09 0.10 0.10 0.11 0.12
Corridor Office 0.11 0.15 0.09 0.09 0.06

Authorized licensed use limited to: Telecom ParisTech. Downloaded on July 10,2024 at 17:48:43 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.




This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAP.2024.3421369

IEEE Transactions on Antennas & Propagation 10
Recall that a Kolmogorov-Smirnov test (KS test) assesses TAsLE XII
the statistical adequacy of two samples by calculating the MODELS PARAMETERS FOR BEDROOM
maximal distance between their (cumulative distribution | Model Bedroom
Param. H2C H2wW H2T H2E H2B

functions (CDFs). More precisely, for each sub-sample pair, the
distance D.pr between both CDFs is compared with a threshold

o 159-10° 2.12-10°® 6.02:10° | -2.12:107 | -3.82-10°

D,,» Which depends on the size n and m of each sub-sample @ | 25410° | 7.0900° | 262:10° | 696:10° | 322:10°
(Dpm = 0.182 here), in order to define the statistical @ -151-10% | 587-10* | 2.90-10* | -1.80-10° | -4.60-10*
representativeness according to a confidence interval a. s -1.43-10% | -7.94.10° | -2.65-10° | -2.08-10° | -7.39-10°

The KS test is successful in all cases, as the null hypothesis o 574.10% | 88810° | 291.10° | 372105 | 148.10°

(i.e the two samples have the same statistic) is not rejected
(@s Depr < D) With a confidence interval equals to 1 — a
with @ = 0.01 (a much stricter value than the commonly used @s | 10710° | 537-10% | 276-10° | 663-10° | 363.10°
value @ = 0.05) (Table XI). s -152:10% | 9.09-10* | 427.10° | 7.46-10° | 4.25.10"

05G8v 5.21-107 7.26-10°® 1.65-107 6.40-10° 3.99-10°®

az -1.20-10° | -9.17-10* | -3.92-10° | -8.34-10* | -4.52-10"

V. CONCLUSIONS AND PERSPECTIVES

The methodology proposed in this work, combining TasLE X111
electromagnetic and RT simulations with measurements to MODELS PARAMETERS FOR LIVING ROOM
assess, validate and calibrate the simulation results, has made it Model Living room
Param. H2C Haw H2T H2E H2B

possible to obtain significant sample sizes. In addition, the
development of experimental designs based on in-depth data

ay 1.65-10° 2.32:107 7.65-10° 8.93-10° 7.52-10°®

collection concerning the types of environments considered @ | -267-10% | -2.93-10% | -7.18-10% | -2.25-10° | -7.43-10°
(variability of room size and material characteristics) has a 7.75:10° | 9.73:10° | 2.36-10% | 5.97-10* | 207-10°
enabled simulation campaigns of significant size to be carried s 719-10° | 153.10°5 | 6.70-10° | -6.82.10° | -2.39-107

out, offering a much broader and more realistic statistical
representativeness than that published in the literature to date.
This representative statistical variability of the “environment”

as 155-10* | -1.13-10° | -6.98-10° | 1.55-10° 4.67-10°
az 2.25-10°% 1.84-10% 4.45-10° 1.73-10* 5.29-10*

parameters has, to our knowledge, never been reached in the @ | 1.78:10° | 213.10% | -215-10% | 2.21-10% | 3.20-10°

context of WBAN communications (qualitatively and s -4.22-10° | -2.24-10° | -4.79-10° | -3.27-10* | -6.41-10"

quantitatively). _ _ _ ose | 365107 | 562.10° | 137107 | 44810° | 3.41.10°
Despite the complexity of the environments considered

(inhomogeneity of the walls and high variability of the TABLE XIV

excursion considered for the input parameters), the parametric MODELS PARAMETERS FOR OFFICE

PL models obtained — functions of input variables Model Office

(“explicative” variables) derived from the physics and | Param H2C H2W H2T H2E H28

geometry of the problem — made it possible to significantly @ | 12610° | 498107 | 51410° | -1.08-10° | -9.60-107

reduce its random variability (i.e. its “unexplained” part), while 2 -6.82:10% | -8.02:10° | -1.71-10° | -1.27-10% | -1.05-10*

maintaining moderate complexity. o 5.68:102 | 5.33.10° | -9.29-10* | 1.21.102 | 1.13.107

Accordingly, this approach might be extended toward a local
model, which would also take into account the positioning of
the subject in the room (Mp and ), in addition to their

as 3.49-10* 3.33-10° 2.15-10° 6.29-10° 5.89-10°
a, -4.80-10% | -1.01-10° | -9.29-107 | -1.06-10° | -1.25-10°
-3.74-10° | 4.07-10* 405-10° | -8.35:10* | -1.09-10°

characteristics. The results presented above lend some 3
credibility to the success of such an extension, although azs 110-10? | -318-10" | -6.14-10° | 2.40-10° | 265-10°
considerably more complex, which is currently under s -1.90-10% | -6.96-10* | -2.83.10° | -4.53.10* | -1.53-10*
development. Oscev | 526107 | 9.78-10° | 268107 | 927-10° | 7.04.10°
Finally, as indicated in the introduction, further work is also
required to take into account the presence of scattering objects TABLE XV
in rooms (furniture, etc.), as well as diffraction and diffuse MODELS PARAMETERS FOR MEETING ROOM
scattering phenomena. Model Meeting room
Param. H2C H2w H2T H2E H2B

o 2.16-10° 5.06-107 7.00-10°® 2.03-107 | -5.17-10°
a 1.49-10° 457108 7.74-10° 3.16-10° 2.87-10°
a 5.34-10° 1.72-10° 4.32:10° 9.39-10* 4.69-10"
as 2.24-10° 1.46-10°® 1.23-10° | -7.66-10° | -7.47-10°
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ass 1.85-10° 6.96-10° 2.41-10* 4.26-10" 3.69-10*

VI. APPENDIX

A. Models parameters

The model parameters for all the scenarios considered (i.e.
(RL,EC)) are shown in Table XII. Recall that the model errors
5G& are all zero-mean normal r.v. of standard deviation OsGav.
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