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RECOMMENDATION ITU-R P.2040

Effects of building materials and structures on radiowave
propagation above about 100 MHz

(Question ITU-R 211/3)
(2013)

Scope

This Recommendation provides guidance on the effects of building material properties and structures on
radiowave propagation. Basic principles and building loss measurements affected by building materials and
structures are also discussed.

The ITU Radiocommunication Assembly,

considering
a) that electrical properties of materials and their structures strongly affect radiowave
propagation;
b) that it is necessary to understand the losses of radiowaves caused by building materials and
structures;
c) that there is a need to give guidance to engineers to avoid interference from outdoor to

indoor and indoor to outdoor systems;

d) that there is a need to provide users with a unified source for computing effects of building
materials and structures,

noting

a) that Recommendation ITU-R P.679 provides guidance on planning broadcasting-satellite
systems;

b) that Recommendation ITU-R P.1238 provides guidance on indoor propagation over the
frequency range 900 MHz to 100 GHz;

c) that Recommendation ITU-R P.1406 provides information on various aspects of
propagation relating to terrestrial land mobile and broadcasting services in the VHF and UHF
bands;

d) that Recommendation ITU-R P.1411 provides propagation methods for short paths in
outdoor situations, in the frequency range from about 300 MHz to 100 GHz,

recommends

that the information and methods in Annex 1 should be used as a guide for the assessment on the
effects of building material properties and structures on radiowave propagation loss.
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Annex 1

1 Introduction

The purpose of this Recommendation is to provide guidance on the effects of building material
electrical properties and structures on radiowave propagation. This task will be accomplished in
three parts. The first part, the Introduction, will provide a high-level discussion of outdoor-indoor
and indoor-outdoor propagation scenarios and definitions of some relevant terms. The second part
will provide detailed quantitative theoretical results for electromagnetic plane wave interactions
with lossy half-planes, slabs, scattering objects, apertures and other structures, in order to elucidate
the dependences on material property values, frequency, angle of incidence and polarization. In
addition, results from the theory of waveguides and resonant cavities forming the boundaries in
separable coordinate systems will be considered. The second part will also provide results from the
theory of the electrical/magnetic properties of materials, in order to promote understanding of the
frequency (and other) dependences of material electrical/magnetic properties. Finally, the third part
will provide methods for measuring and reporting material properties, along with compilations of
common building material measured properties. The document will provide the user with a unified
source for computing the effects of building materials and structures on system performance.

1.1 Description of scenarios

1.1.1  Outside-inside propagation: issues concerning entry-loss reference field

A difficulty with defining the entry loss reference field is that the presence of the building will
modify signal strengths outside it. Figure 1 illustrates, in somewhat simplified form, the issues
involved. The three sections of the figure show:

a) A relatively isolated outdoor point receives a direct and ground-reflected ray. In fact both of
these rays, in an urban environment, may well arrive from a distant source via diffraction
over a building to the left of the figure. For propagation at small angles to the horizontal,
there will be fairly simply and mainly vertical lobing, that is, maxima and minima when the
point is moved vertically.

b) Without moving the point, a building is placed just behind it. It now receives two additional
rays reflected from the building, one of which is also ground-reflected. The lobing pattern
will now have fine structure in both the vertical and horizontal directions.

c) The point is now moved inside the building. For the purposes of illustration the frequency
is assumed to be high enough such that only rays entering a window are significant. At a
lower frequency, where penetration through the wall is significant, the ray pattern would
change.
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FIGURE 1

Simplified ray diagrams for outdoor and indoor points
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Although multipath propagation causes lobing, the power-sum of multiple rays approximates to the
spatially-averaged field. In general, therefore, the presence of a building behind a receiver can be
expected to increase the received signal strength. Inside the building, particularly close to the
illuminated external wall, a larger number of rays is likely to be received, although many will be
attenuated by transmission, reflection or diffraction. It is thus possible to have a stronger signal
inside than outside.

1.1.2  Building propagation loss

Figure 2 shows the different kinds of building losses encountered in an outdoor-indoor and indoor-
outdoor scenario. The definitions are given in the next sections.

FIGURE 2
Different kinds of building propagation loss
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1.2 Definition of building entry loss

The building entry loss is the difference between the spatial median of the signal level outside the
illuminated face of a building and the signal level inside the building at the same height above
ground, with multipath fading spatially averaged for both signals.

1.3 Definition of building shadowing loss

The building shadowing loss is the difference between the median of the location variability of the
signal level outside the illuminated face of a building and the signal level outside the opposite face
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of the building at the same height above ground, with multipath fading spatially averaged for both
signals. It can be considered as the transmission loss through a building.

14 Definition of (e.g. wall) penetration

Signals outside a building enter an enclosed building by penetration mostly through walls. Wall
penetration can also refer to the penetration through partitions inside buildings. Inside buildings,
wall penetration loss is the difference between the median of the location variability of the signal
level on one side of a wall, and the signal level on the opposite side of the wall at the same height
above ground, with multipath fading spatially averaged for both signals. It can be considered as the
transmission loss through a wall.

1.5 Definition of aperture penetration

Aperture penetration is the penetration of signals from one side of a wall to the other side through
openings on the walls like windows.

1.6 Definition of building exit loss

The building exit loss, which is the reverse definition of building entry loss, is the difference
between the median of the location variability of the signal level inside the illuminated face of a
building and the signal level outside the building at the same height above ground, with multipath
fading spatially averaged for both signals.

2 Basic principles and theory

Radiowaves that interact with a building will produce losses that depend on the electrical properties
of the building materials and material structure. In this section, theoretical effects of material
electrical properties and structure on radiowave propagation will be discussed.

2.1 Theory of material electrical properties

2.1.1 Introduction

This section describes the development of simple frequency-dependent formulae for the permittivity
and conductivity of common building materials. The formulae are based on curve fitting to a
number of published measurement results, mainly in the frequency range 1-100 GHz. The aim is to
find a simple parameterization for use in indoor-outdoor ray trace modelling.

The characterization of the electrical properties of materials is presented in a number of different
ways in the literature. These are described in § 2.1.2 in order that the measured data can be reduced
to a common format.

2.1.2 Method

2.1.2.1 Definitions of electrical constants

The method only deals with non-ionized, non-magnetic materials, and throughout we therefore set
the free charge density, ps, to zero and the permeability of the material, U, to the permeability of free
space .

The fundamental quantities of interest are the electrical permittivity, €, and the conductivity, G.

There are many ways of quantifying these parameters in the literature, so we first make explicit
these different representations and the relations between them.
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2.1.2.2 Derivation

The starting point is the wave equation derived from Maxwell’s equations. Under the above
assumptions, the wave equation for the electric field E is:

- azE ajf
V2E —ely—— =ply—= 1
Ko 2 o, (1)
where:
E : (vector) electric field intensity (V/m)
Jr: current density of free charges (A/m?)
€: dielectric permittivity (F/m)
lo: permeability of free space (N/A%) = 4m x 107" by definition.
In a conductor, J , s related to E through Ohm’s Law by:
J; =cE Q)
where:
6 : conductivity (S/m).
Combining equations (1) and (2) gives:
- O°E O
V2E —glly—— =}l (0 — 3
Ho W o0 3)
Writing E in exponential notation:
E=Eyellork7) )
where:
E"O . value of E fort= 7 =0 (V/m)
k (vector) wave number (m ') magnitude = 27/A where A is the wavelength in m
o:

angular frequency (s™') = 2nf where fis the frequency in s™'
and substituting in equation (3) gives

k* —suowz + jopyo=0 (5)
where £ is the magnitude of k.

Equation (5) shows that the electric field intensity propagates as an attenuated sinusoidal wave.
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2.1.2.3 Non-conducting dielectric

In a non-conducting dielectric (6 = 0) the field is unattenuated and from equation (5) the velocity of
propagation, v (= w/k), is:
1

(6)
Jevo

€ is conventionally written in terms of the relative permittivity, €., and the permittivity of free space,
€0, as:

v=

e=¢, & ()

from which the velocity of propagation is:

= 8
" @®)

c 1s the velocity of light in free space (= 1/,/€gll ). In other words, \/Z is the refractive index of

the dielectric medium.

2.1.2.4 Conducting dielectric

When ¢ # 0, the wave attenuates as it propagates. We can extend equation (8) to include this case
by defining a complex relative permittivity €. by equation (8), with v = w/k given more generally
by equation (5):

. O
el=g, —j— ©)
€00

This shows that the relative permittivity, €, (defined for a pure dielectric) becomes the real part of

the more general, complex relative permittivity €;. defined for a conducting dielectric. One problem

is that there are no universally accepted symbols for these terms, and the literature contains a
number of different definitions. The symbol ¢, itself is sometimes used for the complex relative
permittivity, and sometimes for its real part.

To avoid this ambiguity, we will write €. in the form:
& =¢, - Je, (10)

and use the symbol €' for complex relative permittivity and 8;, for its real part, avoiding the use of

the symbol €,. Using equation (9), the imaginary part of €. is simply:

& =" (11)

Note that the sign of the imaginary part of €. is arbitrary, and reflects our sign convention in

equation (4). In practical units, equation (9) gives a conversion from 8;', to ©:

6= 0.05563¢. fo, (12)
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Another formulation of the imaginary part of €. is in terms of the loss tangent, defined as:

n

tan§="2 (13)
EI"
and so:
tan=—> (14)
0]
From equation (10) this gives immediately:
e =¢ (1—jtand) (15)
and in practical units:
6 = 0.05563¢, tan & £y, (16)

Another term sometimes encountered is the O of the medium. This is defined as:
O=— (17)
c

and is the ratio of the displacement current density dD/dt to the conduction current density J;. For
non-conductors, O — 0. From equations (14):

O=1/tand (18)

Yet another term encountered is the complex refractive index n° which is defined to be /€' .
Writing #° in terms of its real and imaginary parts:

n‘=n—jn =4 (19)

s'r , z—:; and ¢ are given from equations (10) and (12) by:

e, =(n)’ ()
e =2nn (20)
6=0.1113nn" fgy,
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2.1.2.5 Attenuation rate

A conducting dielectric will attenuate electromagnetic waves as they propagate. To quantify this,
substitute equation (5) in equation (4) and simplify using equations (14):

E=E, exp{j(cot—\/a',(l—jtan 8)k, f)} 1)

where:

/EO . (vector) wave number (m™") in free space.

The imaginary part under the square root sign leads to an exponential decrease of the electric field
with distance:

E < E exp(—|77|/A) 22)

A little algebra shows that the attenuation distance, A, at which the field amplitude falls by 1/e is:

1 2co0s0
A=—r | (23)
ko lgr (1-cosd)

This can be evaluated by calculating tan 6 from e'r and ¢ and inverting to obtain cos 6. However, a

more direct evaluation is possible in the two limits of ¢ — 0 (dielectric limit) and ¢ — e (good
conductor limit). By choosing the appropriate approximation of the term under the square root sign
in equations (21) these limits are:

A 1 2
dielectric = -
ko ler tand

24)

and:

1 2
A conductor = - (25)
ko ler \ tand

Equations (24) and (25) are accurate to about 3% for tan 6 < 0.5 (dielectric) tan 6 > 15 (conductor).
Aconductor 18 usually referred to as the “skin depth”.

For practical purposes the attenuation rate is a more useful quantity than the attenuation distance,
and is related to it simply by

A

=%=8.686/A (26)

where:

A : attenuation rate in dB/m (with A in m).
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Substituting equations (24) and (25) in equation (26) and converting to practical units gives:

()
Agiotoctric =1636—
lelectric er (27)

Aconductor =545.83,/0 f, GHz

2.1.3 Frequency dependence of material properties

In the literature, the real part of the dielectric constant, 8; , 1s always given, but often the frequency
is not specified. In practice for many materials, the value of e'r is constant from DC up to around

5-10 GHz after which it begins to fall with frequency.

The value of ¢ is usually a strong function of frequency in the band of interest, increasing with
frequency. This may be one reason why the imaginary part of the dielectric constant, or the loss
tangent, is often specified in the literature: equations (12) and (16) show that these terms remove a
linear frequency dependence compared to the frequency dependence of G.

For each material a simple regression model for the frequency dependence of ¢ can be obtained by
fitting to measured values of G at a number of frequencies.
2.1.4 Models of material properties frequency dependence

In order to derive the frequency dependence of material properties, the values of the electrical
constants of the materials can be characterized in terms of the measurement frequency, real part

(e;) and imaginary part (8;) of the relative permittivity, loss tangent (tan d) and conductivity (G).
Note that the loss tangent can be derived from the conductivity and the imaginary part of the
relative permittivity.

For the conductivity, there is usually statistically significant evidence for an increase with
frequency. In this case the trend has been modelled using the simple formula:

o=a P (28)

where f'is the frequency in GHz. This is a straight line on a log(c)—log(f) graph. The trend line is the
best fit to all available data.

For the relative permittivity one can assume similar frequency dependency:

8; :afCl})Hz (29)

However in almost all cases there is no evidence of a trend of relative permittivity with frequency.
In these cases a constant value can be used at all frequencies. The constant value is the mean of all
the values plotted. Some examples are given in Table 4 of § 3.
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2.2 Effects of material structure on radiowave propagation
2.2.1 Plane wave reflection and transmission at a single interface

2.2.1.1 Oblique incidence on dielectric media

The case of a sinusoidal plane wave incident obliquely to a plane interface separating two uniform
dielectric media is considered. There are three important theorems for this case that follow from
geometrical considerations.

1) The vector wave numbers of the reflected and transmitted (refracted) waves lie in the plane
of incidence, i.e. the plane defined by wave number &, of the incident wave and the normal
to the interface. This is taken to be the x-z plane in Fig. 3.

2) The angles of incidence and reflection are equal (both 0; in Fig. 3).
3) The angle of refraction, 6,, is related to the angle of incidence by Snell’s law.
1 . 1 .
—sin6; =— sin 6, (30)
G €

where ¢, = c/(gl; )1/2 and ¢, = c/(ezuz)l/z are the respective wave speeds in the two media, €,

and €, represent the complex relative permittivity of the two media, and W, and U, represent the
relative permeability of the two media.

These theorems ensure that the exponential space-time factors, exp{ j((ot—k-r)}, for the three

waves (k =k, kI’, k, , respectively) are identical at all points in the interface.

FIGURE 3

Reflection and refraction of plane waves at plane interface
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The reflection and refraction coefficients are considered separately for the two cases below:
Case I — The incident electric field, £}, is normal to the plane of incidence.

Case II — The incident electric field, £}, is parallel to the plane of incidence.

Case I — (E-vector normal to the plane of incidence.)

The reflection and refraction coefficients, Ry and Ty, are derived as equations (31a) and (31b) based
on the electromagnetic boundary condition.

RNz—ul tan0; +1, tan 0, s¥n(61—62) (31a)
W tanel +Uy tan92 Hi=H2 sm(61 +92)
T = 21, tan 9, 2cos0;sin0O, (31b)

N_].,Ll tan91+u2 tan92 Hi=t2 sin(91+92)
The simplified forms shown for magnetically equivalent materials apply to the common special

case of non-magnetic materials. In addition, angles 0, and 6, are not independent, being related by
Snell’s law as shown in equation (30). These coefficients can be represented as:

RN:Hmlzz cos6) —pp4Nyo” —sin” Oy M15” cosB) —ny,” —sin” 6 (32a)

M1n122 COSGI +M2\/T]122 —sin2 61 M=tz T]lzz COS91 +\/T]122 —Sin2 61

2loM;p cos O, 25086,

TN:
2 [2 2, H=H 2 [ 2 .2
WMy~ cosO) +HpyMyp” —sin“0; 712 mppTcosB +nyp " —sin” 6

Case II — (E-vector parallel to the plane of incidence.)

(32b)

The reflection and refraction coefficients for Case I, Rp and Tp, are similarly derived based on the
electromagnetic boundary condition as:

RP:—Sl tan61+£2 tan62 tal’l(el—ez) (333)
g tan@;+e,tanB, Hi=H» ~tan(0;+6,)

_ 2g151n0;/cosB, 2c0s0;sin0,
F g tan®; +e,tan®, Mi=H2 sin(0; +0, )cos(8; -6, )

RP :LLZ COSGl - 1’]122—Sin2 61 COSGl —\mlzz—sinz 61 (343,)

Wy COS91 +M1\/ﬂ122 —sin2 61 Hi=Ha COSGI +\/T]122 —sin2 91

(33b)

2, cos0; 2cos0;

Ly cosOp +Ly ﬂlzz—Sinzel =2 COSOI+\[ﬂ122—Sin291

where 1, represents the relative complex permittivity of Medium 2 based on Medium 1.

€9 —JjOH/®
nip= [H2 [F27/020 (35)
u Vg —jo/w

o1 and G, represent the conductivity of the two media and ® is the angular frequency.

TP=

(34b)
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The formulas give the reflection and refraction coefficients for electromagnetic waves in a plane.

2.2.1.2 Normal incidence on a conductor

Consider the special case of a wave in vacuum (= air) impinging on a good conductor (g >>®€oK,)
at normal incidence. Where, g is conductivity, ® is angle frequency, € is permittivity in vacuum,
and . is relative permittivity. As suggested in Fig. 4, the incident wave of amplitude £, travelling
in the +z direction, sets up the reflected wave of amplitude El' and the (damped) transmitted wave

of initial amplitude £, .

When the conducting region is sufficiently thick, we may neglect a reflected wave approaching the
interface from the right.

FIGURE 4

Reflection of a plane wave at the surface of a conductor (normal incidence)
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The electric fields of the three linearly polarized, monochromatic, plane waves are expressed as
follows:

Incident: Ee’ (@r=¥o2) (36)
Reflected: E|e/(@*¥%0?) (37)
1
e
Transmitted: E,e "¢ (38)

where K, = w/c is the vacuum wave number, d is the skin-depth parameter of the conductor and
expressed as follows:

1

5:[#j2 (39)
OUoK, 8

where, |y is permeability in vacuum, K, is relative permeability of the medium. The plane-wave
fields are transverse; hence only tangential components exist at the boundary plane (z=0). The

cups on the symbols £, and Ez signify that the amplitudes are complex quantities, i.e. that the
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reflected and transmitted waves may not be in phase with the incident wave of prescribed amplitude
and phase.

The magnetic fields of the three waves are expressed as follows;

Incident: Blej (or—x0z) _ £ e/ (0r—Kyz) (40)
C
Reflected: Ble’ (or+102) _ £ oJ(@riz) @1
C
A z - z .
= g J((’)t_j = j(())t—j
Transmitted: Bye de 3 z(l_ j)E—%e 8¢ 5 42)
al

Again, the magnetic vectors lie in the same plane, perpendicular to that of the electric vectors, and
are tangential to the boundary.

The following equations for the tangential components are derived from the boundary conditions at
z=0.

E1+E1,:E2 (43)
=, . C‘ -
Ey-E{=(1-J) E, (44)
oK,

These yield the (complex) reflection and transmission coefficients for the electric field amplitudes
as follows:

_ —(l—j)[ SC j+1 s
Rp=fi- DO z—{l—(l+ j)M} (45)
l (l_j)((DSCK ]“ c
m
Fpel2o 2 (14))2%n (46)
El . C C
(1—])(0)8K J+1

wdK,, )
5 1+(1— ’”j S
R,=|Rg| = € J - =2%m (47)
2 C
( u)SKmJ
1+| 1+
C

Conservation of energy requires that the power transmission coefficient, i.e. the fraction of the
incident power dissipated in the conductor is expressed as follows:
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400K,
Tp :l_Rp = c 7= 200K, (48)
oK, ¢
1+ 1+
C

For a good conductor (g—, 5—0), the wave is almost perfectly reflected.

2.2.2 Plane wave reflection and transmission through single and multilayer slabs
2.2.2.1 Single slab

2.2.2.1.1 Method

If we assume that the building material is a homogeneous dielectric single-layer plate with a smooth
surface, with the geometry shown in Fig. 5, we can express the transmission coefficient, 7, of the
building material as:
12 ;
(=R exp(- (8- kd)
1-R"? exp(—j28)

(transmission coefficient) (49)

where:

8=2m%- Yn—-sin’ @
ko =21

thickness of the building material
wavelength in free space

complex permittivity

D 3 &

angle between the incident ray and the plane of the surface normal to the
reflecting surface (0 < 0 < 90°) (Fig. 5).

In equation (49), R’ is given by Ry or Rp,
Ry (E-vector normal to the reflection plane) (50)
Rp (E-vector parallel to the reflection plane) (51)

where R, and R, are Fresnel’s reflection coefficients for the interface between air and a dielectric
medium when the electric field is perpendicular and parallel to the incident plane, respectively.

2.2.2.1.2 Calculation results

The transmission loss of a dielectric wall of a building is calculated for concrete with complex
permitivities provided by Recommendation ITU-R P.1238, § 7. The results are presented in Fig. 6.
In this figure, the vertical axis and horizontal axis show the transmission loss in dB and the
thickness of the wall normalized by the wavelength in free space (d/A), respectively. The results of
0 =0°, 30° and 60° are plotted.
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FIGURE 5
Transmission geometry
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FIGURE 6

Calculated transmission loss of single-layer concrete wall in case of TE incidence
Concrete material with complex permittivity =n =7.0 — 0.85 at 1 GHz
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2.2.2.2  Multilayer slabs

If we assume that the building material is a homogeneous dielectric multi-layer slab with a smooth
surface, the reflection and transmission characteristics can be evaluated by the reflection and
transmission coefficients based on Recommendation ITU-R P.1238, which are defined by:

EI"
Ry = ff (52a)
Ey

Rp==L (52b)

Ty =—& (52¢)

Tp=—"L£ (52d)

where E represents the complex amplitude of the E-fields and the superscripts i, », and ¢ denote
incident, reflected, and transmitted E-fields, respectively. The subscripts N and P denote the E-field
components normal or parallel to the reflection plane, respectively, where the reflection plane is the
plane in which both the incident and reflected rays lie (see Fig. 7 for the geometry). The incident
and reflected E-fields are defined at the reflecting surface while the transmitted E-field is defined at
the surface opposite to the reflecting surface. The reference directions for Ep and Ey, and the
direction of propagation always form a local right-handed orthogonal coordinate in this order. The
reference directions of Ey for incident, reflected, and transmitted E-fields are defined to be
identical.

FIGURE 7

Geometry for calculating reflection characteristics

Normal to
surface

P.2040-07

From complex permittivity m, the reflection coefficient is given by:

R _cos0—4n —sin” @
N =

cosG+\/n —sin’ 0

(E — field component normal to the reflection plane) (53a)
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cos0—4/M —sinze/n2
RP:

\/ 5 5 (E — field component parallel to the reflection plane) (53b)
cos0++/Mn —sin“6/1m

where 0 is the angle between the incident ray and the normal to the reflecting surface as shown in
Fig. 7.

For the special case when the incident E-field is circularly polarized, changes in the amplitude and
phase of the received signal from the reflected E-field can be represented by reflection coefficient
R for circular polarization given by:

Ry +R . o
Rc = NP (Circular polarization) (53c¢)

The above formulas are applicable when the penetration loss of the building material is large so that
no significant wave is reflected back to the reflecting surface. When this is not the case, the effect of
multiple internal reflections inside the building material must be taken into account.

When the building material is represented by N dielectric slabs, and the thickness and the complex
permittivity of the m-th layer (m =1, 2, ... N) are given as dj, and n,,, respectively, the reflection
and transmission coefficients are given by:

By
RN [ U (543)
Ay
Gy
R,=20 54b
p= (54b)
L (54¢)
N AO
To= (54d)
P~ FO
Here Ag, Bg, Fo, and Gq are determined from the recursion formulas as:
exp(o
Am ZW[AmH(H'YmH)+Bm+l(1_Ym+l )] (553)
)
B, ZW[AmH (I_Ym+1 )+Bm+1 (1+Ym+l )] (55b)
)
Fo= expg ) [Frt (4,0 )4+ Gy (1=, )] (55¢)
-9
Gy = eXp(2 ) [Frpt (0= W1)4 Gy (1474 )] (35d)
Ayi1=1 (362)
B4 =0 (56b)

Gra1 =0 (56d)
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Wm+l — Cosem-i-l nm (578.)
€050, | Myt

Ym+l — COSem_H Nim+1 (57b)
cos9,, \ n,

Mo ="Nn+1=1 (57¢)
d,, =Jjk,,d,, cosH,, (58a)
2n
k,, = n Mo (58b)
2n
ko =kn1=—= (58¢)

where:
A : wavelength in free space
0,,: angle of refraction in the m-th layer

On+1: angle of refraction in air to the right of the last plane boundary.

Appendix 1 provides a method for calculating reflection and transmission characteristics for
multi-layered materials by using the ABCD matrix formulation as an alternative computational
method.

2.2.2.3 Total internal reflection
The angle of refraction 0,, is related to the angle of incidence 0;, by Snell’s law as stated in
equation (30)

1 . 1 .

—sin®; =—sin0, (59)
G )

where ¢; and ¢; are the respective wave speeds in the two media as shown in Fig. 3.

Substituting the index of refractions n; = ¢/c; and n, = ¢/c; to equation (59) will result in:
l’ll . .
—-sin; = sin 6, (60)
ny

If ny > ny, then sin 0; < sin 6,. This implies that sin 6, will reach the maximum value of 1 before
sin 0;. The maximum value that 6; can have is then limited to:

sin,="2 (61)
m
where 0. is called the critical angle of incidence.

When the angle of incidence exceeds the critical angle of incidence, the incident wave is completely
reflected; this state is referred to as “total internal reflection”.
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2.2.24 Divergence and focusing of waves

The total electric field of the incident and reflected wave in medium 1 of Fig. 3 is considered. For
Case I, consider the special case of free space in medium 1 and perfect conductor in medium 2,
where the electric field component is normal to the plane of incidence as shown in Fig. 3.

The electric field of the incident wave and reflected wave can be expressed as follows:

Incident: Eyi = Eje ko (rsinO+zcosty) (62)
Reflected: £, = Eje ko (xsin 0 —zcosby) (63)
where kg 1s the vacuum wave number.
The reflection coefficient of a perfect conductor is —1, therefore
E =—E, (64)
The total electric field of the incident wave and reflected wave in free space can then be expressed
as:
E= Eyi +Eyr _ Ele—jko(xsin91+zcos91) _Ele—jko(xsinel—zcosel) (65)

E=—2jE, sin (k,z cos0,)e /**sn® (66)

In medium 1, when the x value is kept constant, the variation of the electric field at the z axis results
in the divergence and focusing of wave independent of time. This wave is called a standing wave,
and is a result of the interference between the incident and reflected wave. To illustrate this effect,
the magnitude of the total electric field for £, =1, ky= 30, x = 0, and incident angle = 10° is plotted
in Fig. 8.

FIGURE 8

Magnitude of total electric field for Case I of medium 1

057

-1 —0.8 —0.6 0.4 0.2 0
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P.2040-08
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2.2.3 Effects of non-uniform structures

2.2.3.1 Scattering from periodic objects (regular structures)

When a plane electromagnetic wave incidents a periodic structure, as shown in Fig. 9, and passes
through the apertures, the power of the waves from the periodic apertures is maximized under
condition (67) and is minimized under condition (68).

d(sin O + sin @) = nA and (67)
d(sinf +sin@) = (n + %) A (68)
where:

d: distance between apertures

0: angle of incident

¢ : angle of departure

A:  wavelength

n: aninteger.

FIGURE 9

Scattering from periodic objects

P.2040-09

The cycle of maxima can be estimates using equation (69) under the condition L >> d.

AL
D="" 69
p (69)
Under the condition 6 = 0, the intensity of wave / can derived by:
. z(na . j . z(nd . j
sin“| —sme [sin”| ——sin@
_ 1o A A (70)

m’ (nasin )Z(Ttdsin jz
p P e
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where:
Io: intensity at =0
m: number of apertures

a: aperture width.
2.2.3.2 Electromagnetic plane wave penetration through apertures and structures
2.2.3.2.1 UTD simulation and measurement results

2.2.3.2.1.1 Introduction

A window in a building wall can usually be treated as an aperture, because the penetration loss
through a glass window is generally smaller than that through surrounding surface walls made from
other materials such as stone, brick and concrete.

There are many empirical or theoretical methods for evaluating the influence of the aperture on
building entry loss. The examples below are evaluated using the geometrical optics (GO) approach.

A three-dimensional (3D) box with an open aperture is defined, and calculations results given for
different aperture sizes. These calculations are compared with measurement.

2.2.3.2.1.2 Method

The assumed model is given in Fig. 10. Angle 0 is the angle between the incident ray and the plane
normal to the aperture (0 <0 <90°). Figure 11 shows the geometrical model for evaluating the
influence of the aperture on the building entry loss. A three dimensional (3D) model is assumed.
The top and bottom of Fig. 11 are the floor plan and the elevation diagram, respectively.

FIGURE 10

Assumed model

P.2040-10
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FIGURE 11

Geometrical model for evaluating the influence of the aperture on the building entry loss

Building wall

Top: floor plan

Bottom: elevation

P.2040-11

The parameters given in Fig. 11 are given below.
d: distance of receiver Ry from the aperture of the building
T: thickness of the building wall (all walls are assumed the same)
a; : vertical size of the room
ay: vertical size of the aperture
b1: horizontal size of the room
b>: horizontal size of the aperture
¢ : depth of the room from the aperture.

It was assumed that the aperture was set at the centre of the building wall.
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The following waves are considered in the analysis:
1) Direct wave (line-of-sight (LoS) region).

2) 1-4 times reflected waves from any surface.

3) Diffracted waves from the wedges of the aperture.

4) Diffracted-reflected waves from the wedge of the aperture and the wall of the room.
5) Reflected-diffracted waves from the wall of the room and the wedge of the aperture.
2.2.3.2.1.3 Calculation results

Two cases, A and B, are considered. The difference between the two cases is the size of the
aperture. The dimensions of the aperture and room are shown in Table 1. The frequency is 5 GHz.
Vertical polarization is considered. The material and complex permittivity of the building walls are
assumed to be concrete and 7.0-j0.85, respectively. The reflection and diffraction coefficients used
in the 3D geometrical optics are the Fresnel reflection coefficient and UTD diffraction coefficient,
respectively. The angle 0 is 40°. The reception antenna (Rx) is moving along a straight line that is
through the centre of the aperture and parallel with y-axis in Fig. 11. The transmission antenna
height is the same as the reception antenna height.

The result is shown in Fig. 12. In these figures, the vertical axis and horizontal axis represent the
excess loss from the free-space loss at d = 0 m and the distance from the aperture, d, respectively.
The results of Cases A and B are plotted.

TABLE 1
Dimensions used in calculation
Case A Case B
d (Moving distance from the aperture) (m) 0-3 (5-cm step) 0-3 (5-cm step)
T (cm) 5 5
a; (m) 2.32 2.32
a, (m) 2.32 1.3
by (m) 2.64 2.64
b, (m) 2.64 1.3s
¢ (m) 3.6 3.6
0 (°) 50 50
Area of aperture (m?) 6.12 1.69

2.2.3.2.14 Measurement

The measurements of the building entry loss were carried out in a general apartment. The geometry
of the measurements is similar to that in Figs 10 and 11. The room and aperture dimensions are
similar to those given in Table 1. However, the assumed aperture type for the measurements is only
used in Case B. Angle 6 is 50°. The frequency is 5.2 GHz. The Tx and Rx antennas are a
directional antenna whose beam width in the horizontal plane is 60° and an omnidirectional
antenna, respectively. The polarization is vertical. The measurement results are presented in Fig. 12
with the calculated results for both Cases A and B. Although the calculated results for Case B seem
to overestimate the excess loss in the midrange of “d” by comparison with the measured results, the
calculated results for Case B is in good agreement with the measured results in terms of the
tendency. That is, the entry loss becomes small as “d” becomes large in the NLoS region. Of
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course, these phenomena strongly depend on many factors such as the room dimensions or the
location of the Rx antenna; nevertheless, we can recognize the mechanisms of the influence of the
aperture on the building entry loss.

FIGURE 12

Building entry loss at 5.2 GHz
Frequency, polarization, and 0 are 5.2 GHz, Vertical, and 50°, respectively
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2.2.3.2.2 The uniform geometrical theory of diffraction (UTD) for a wedge obstacle
2.2.3.2.2.1 Method

The uniform geometrical theory of diffraction can be used to predict the diffraction loss due to a
finitely conducting wedge. Suitable applications are for diffraction around the corner of a building
or over the ridge of a roof, or where terrain can be characterized by a wedge-shaped hill. The
method requires the conductivity and relative dielectric constant of the obstructing wedge, and
assumes that no transmission occurs through the wedge material.

The method for computing the diffraction loss due a finitely conducting wedge is given in
Recommendation ITU-R P.526. It takes account of diffraction in both the shadow and LoS region,
and a method is provided for a smooth transition between these regions.

2.2.3.2.2.2 Comparison of measured and calculated results

The simple measurements of the diffraction loss against a conducting wedge of 90° were carried out
in an anechoic chamber. The geometry of the measurement setup is shown in Fig. 13. The
transmitting antenna, Tx was fixed and the receiving antenna, Rx was moved to shadow region
from lit region. The frequency was 5.2 GHz, and both vertical and horizontal polarization cases
were tested. The measured results are shown in Fig. 14 with the calculated results using UTD.
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FIGURE 13

Geometry of measurement
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FIGURE 14
Measured and calculated results for diffraction loss of conducting wedge
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The measured results are in very good agreement with the calculated results using UTD when both
vertical and horizontal polarization cases are considered.

2.2.3.2.3 Electromagnetic equivalence principle

The electromagnetic equivalence principle is used to estimate an electromagnetic field, and the

concept is illustrated in Fig. 15.

Electric and magnetic fields are respectively radiated by an electric current and magnetic current
within virtual boundary S. Here, the electric field and magnetic field inside virtual boundary S are
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respectively represented by E: and H., and electric field Eo and magnetic field Ho outside of

virtual boundary S are represented by Eo and ﬁo, respectively.

FIGURE 15

Equivalent electromagnetic current

P.2040-15

a) Magnetic field and the b) Electric field and the
equivalent electric current equivalent magnetic current

From the boundary condition, electric field and magnetic field must be continuously at the virtual
boundary S. The following equations are given.

nx(Ho—H;i)=0

S (71)
—nX(Eo—Ei)=0

Here, from the vector product of the electric and magnetic currents at boundary S and the normal

vector for boundary S , equivalent electric current J, and equivalent magnetic current M, can be
expressed as:

Js =nxHo
L (72)
Ms =-n XEO

Therefore, without information regarding the original electromagnetic source, the electromagnetic

field outside the boundary can be estimated from the information regarding the electromagnetic
field at the boundary.

2.2.3.2.4 Babinet’s principle

Babinet’s principle states that the diffraction patterns of two complementary screens as shown in
Fig. 16, i.e. one has apertures where the other is opaque, and vice versa, are such that the vector
sum of the respective diffracted amplitudes, y; and y, (not intensities) at any point is equal to the
amplitude of the original wave when no screen is present, Wy. Thus, if the diffraction pattern of a
certain aperture is known, the pattern of the corresponding obstacle can be obtained readily.
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FIGURE 16
Babinet’s principle
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2.2.3.3 Waveguides and resonant cavities

2.2.3.3.1 Theory on frequency characteristics of attenuation constant in waveguide
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A waveguide may comprise of a hollow space surrounded by lossy dielectric materials. In the case
of a building structure, a corridor, underground mall, or tunnel can be considered as a waveguide.
The radiowave power that propagates in a waveguide is attenuated according to the distance. It is
well known that a waveguide has frequency characteristics such as the cut-off frequency that varies
according to the shape. In this section, a formula is presented to derive the attenuation constant for

the frequency characteristics in a waveguide.

The cross-section of a square waveguide structure is shown in Fig. 17. In this case, the intrinsic
constants of the lossy dielectric material are different for the sidewalls and for the ceiling and the

floor.
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FIGURE 17

Cross-section of waveguide and material constants
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In Fig. 17, a is the width and b is the height of the waveguide (m), /#; and 4, are the root mean
square roughness of the Gaussian distribution of the surface level, and 0 is the tilt of the root mean
square (rad). The complex permittivity values for materials €,; are calculated as follows.

* | oo O; .
€, =€~ J(er,- o j i=12 (73)

where €,; is the relative dielectric constant and ©; is the conductivity. The quantity €,;” is the loss
tangent of the materials, ® is the angular frequency and ¢ is the permittivity of free space.

The basic attenuation constant is formulated as follows.

_ * .2 -
€ 1 A €1 1
Lbasic,h = Kh7\’2 Re rl " + - __Im 4 * + 4 *
a3\/er1 -1 b3\/er2 -1) 2™ |a (Erl _1) b (Srz _1)
-  (dB/m) (74)
* %12
1 €9 7\4 1 87‘2
Lbasic,v = KV7\'2 Re . + 2 + ——1Im 4 * + 4 *
a3\/8r1 -1 b3\/£r2 -1) 2™ |a (grl _1) b (erZ _1)

Ky and K, are constant values that are dependent on the section shape. The constant values
dependent on the section shape are given in Table 2.
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TABLE 2
Constant values for various cross-section shapes
Shape Circle Ellipse Square Arch-backed
Kiy 5.09 4.45 4.34 5.13
K, 5.09 4.40 4.34 5.09

The formulas mentioned above are valid based on equation (75) representing the condition of
constraint.

Ve -1
Do NEA T

€1

A<<mb,/€,, 1

Unique characteristics in square shape case

(m) (75)

The attenuation constant due to roughness, which is regarded as local variations in the level of the
surface relative to the mean level of the surface of a wall, is formulated in equation (76).

3+

L

roughness,h

(dB/m) (76)

2 2
v 220 M hy
=K, A (a—z + pe)

L

roughness,v

The attenuation constant due to the wall tilt is formulated in equation (77).

202
)
Lijjep =Kp——
(dB/m) (77)
%6’
Ltilt,v = Kv T
Therefore, the total attenuation constant in a square shape case is the sum of the above losses as
follows.

Ly= Lbasic,h + Lroughness,h + Ltilt,h

(dB/m) (78)

Lv = Lbasic,v +Lr0ughness,v +Ltilt,v

2.2.3.3.2 Applicability of waveguide theory

The waveguide theory shows good agreement with the measured propagation characteristics in the
corridor in the frequency range of 200 MHz to 12 GHz in case there is no pedestrian traffic in the
corridor.
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Effect of pedestrian traffic on waveguide

Figure 18 shows a comparison of the theoretical and measured attenuation constant values during
the day (when pedestrian traffic is present), and during the night (when the corridor is empty).
Theoretical values are calculated based on the parameters given in Table 3.

TABLE 3
Parameters used in underground calculation
Width Height Tilt Roughness Material constant
(m) (m) (degrees) h, h, € €12 o o,
Underground 6.4 3.0 0.35 04 | 02 15 10 0.5 0.1
FIGURE 18
Attenuation constant comparison for day and night
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Figure 18 shows that the waveguide theory is applicable to realistic propagation characteristics in
the corridor in the frequency range of 200 MHz to 12 GHz at night. However, the waveguide theory
is not applicable to realistic propagation characteristics during daytime, because the received power
is attenuated by pedestrian traffic.

Therefore the waveguide theory is applicable to situations where there is no influence from
shadowing obstacles.

2.3 Theory and results for frequency selective surface materials

2.3.1 Frequency selective surfaces

The power of scattering waves varies with roughness of surfaces. In this section, a theory for
calculating scattered fields from the surface having round convexity array is described. First, for
parameterizing the roughness of the surface, the rough surface is defined by using a round
convexity array formed by locating circular cylinders periodically. Second, the reflection coefficient
of the scattered fields is defined by using the lattice sums characterizing a periodic arrangement of
scatterers and the T-matrix for a circular cylinder array. Third, a numerical result that shows the
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frequency-depending characteristic of the reflection from the round convexity’s surface is shown.
Finally, a measurement result is shown to explain that the power of scattering waves varies with the
frequency of an incident wave when there is a round convexity array on the surface of a building.

2.3.2 Theory for wave propagation around the surface of round convexity array

By making periodical round convexity array on a surface of a building, as shown in Fig. 19,
reflection/scattering waves can be controlled larger than those from the flat surface. The theory to
calculate the scattered waves from the periodic arrays of circular cylinders can be used to define the
propagation waves around a convexity array of a surface.

FIGURE 19

The surface of round convexity array
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FIGURE 20
Geometry of a periodic array of circular cylinders
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When the identical circular cylinders are situated periodically in an x axis as shown in Fig. 20, the
power reflection coefficient R, for the v-th propagating mode with &, > 0 is given as:

“__|pT - ac|? (79)

R, = Ko sin @it
where ko = 21/ Lo, Ao is the wavelength of the waves indenting in angle ¢”. In equation (79),
pY and a$® are obtained as follows:

2() ™ (exy+ k)™
(0 (xv"{ v) (mZO)
hkyk{
Pv = 2(_j)|m|(kxv_jkv)|m|
hiey k™

(80)
(m<0)
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a=0-T- L) T a" (81)

where I is the unit matrix, k,, = —kqcos ™+ 2vm/h, k, = k3 — k2, and h is the periodic
space between each round convex. L is a square matrix whose elements are defined in terms of the
following lattice sums:

Linn = X20 HO , (kolh)edkathe” 4 (—1ym=nye gl (ke 1n)eikothe” (82)

where H,(,f is the m-th order Hankel function of the first kind. T is the T-matrix for the scattered
fields and is given by the following diagonal matrix for the incident electric field EX* and the
incident magnetic field H*, respectively.

TE — _ Verm(kd) Jm (Ko@) = Jm (kd) J;m (Kod) (83)
mn VEr T (k) HSD (ko @)= i (k) H P (ko) T

Jin (k) Jm (Ko@) —VEr Jm (kd) Jin (Ko d)
H o= 0 e Smn (34)

I (k) HSD (ko d) —Er T (k) HIM (Ko d)

where €, is the relative permittivity of the dielectric cylinder, J,, is the m-th order Bessel function,
the prime demotes the derivative with respect to the argument, and §,,, denotes the Kronecker’s

delta. a'™ denotes a column vector whose elements represent unknown amplitudes of the incident
field.

al" = [(j)re=Ime" (85)

2.3.3 Calculation results

The calculation result of a power reflection coefficient is shown in Fig. 21. The result is calculated
by using equation (79) in the case that the electric field EL" is transmitted in the angle ¢"'=90° to the
dielectric round convexities whose diameter and permittivity are d=0.3%4 and €,=2.0, respectively. In
the result, there is the frequency band that the incident wave is reflected almost completely by the
surface even if its material is a lossless dielectric substance.
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FIGURE 21

Power reflection coefficient R, as functions of the normalized wavelength &/A,
at normal incidence electric field Ei"
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2.3.4 Measurement

The measurements of the scattered waves from the building having the round convexity array were
carried out. Figure 22 shows the comparison of the scattered waves from the building between the
flat surface and the surface with round convexity arrays. The scattered waves from the building
were measured in various reflected angles @  between 30° to 90°, when the electric field is
transmitted in the angle ¢”. The incident angle and reflection angle are defined as shown in Fig. 23.

FIGURE 22

Geometry of a periodic array of circular cylinders

— Round convexities (4/A, = 1.37)
— —Round convexities (h/A, = 0.73) 7|
----- Flat surface

40 : : : : :
40 60 80

¢ (degree)

P.2040-22



34 Rec. ITU-R P.2040

FIGURE 23

A plane figure of the compositional diagram
for measurements
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The measurement results show that the power of the scattered field from the surface having a round
convexity array becomes larger than that from the flat surface, and can be controlled by the period
between and diameter of each round convexity. Note that the relative permittivity and the
conductivity of the building material were estimated as €,= 6.0 and 6 = 0.1 S/m, respectively.

3 Compilations of electrical properties of materials

Representative data on material electrical properties can be hard to find, as characteristics are
expressed using different combination of parameters, and the relative permittivity may be quoted at
frequencies that are not close to that of interest. A table of representative material properties has
therefore been compiled using the curve-fitting approach described in § 2.1.4.

Data from eight sets of material electrical properties (a total of more than 90 separate
characteristics) given in the open literature have been collated, converted to a standard format and
grouped into material categories. For each group, simple expressions for the frequency dependence

of the relative permittivity, e'r , and the conductivity, ¢, were derived. These are:

8;, :afCli]Hz (86)

and:

o=c f&;, S/m (87)

where fGp; is the frequency in GHz and ¢ is in S/m. (e‘r is dimensionless.) The values of a, b, ¢ and

d are given in Table 4. Where the value of b or d is absent, this indicates that the value of s; or o is

constant (with value a or ¢) independent of frequency. This is equivalent to setting the value of b or
d to zero.

If required, the imaginary part of the relative permittivity €; can be obtained from the conductivity
and frequency:

£, =17.986/f (88)
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TABLE 4
Material properties
Material class Relative permittivity Conductivity Frequency range

a b c d GHz
Concrete 5.31 0 0.0326 0.8095 1-100
Brick 3.75 0 0.038 0 1-10
Plasterboard 2.94 0 0.0116 0.7076 1-100
Wood 1.99 0 0.0047 1.0718 0.001-100
Glass 6.27 0 0.0043 1.1925 0.1-100
Ceiling board 1.50 0 0.0005 1.1634 1-100
Chipboard 2.58 0 0.0217 0.7800 1-100
Floorboard 3.66 0 0.0044 1.3515 50-100
Metal 1 0 107 0 1-100
Very dry ground 3 0 0.00015 2.52 1-10 only
Medium dry ground 15 —-0.1 0.035 1.63 1-10 only
Wet ground 30 -0.4 0.15 1.30 1-10 only

The frequency limits given in Table 4 are not hard limits but are indicative of the frequency limits
of the data that were used to derive the models. The exceptions are the three ground types where the
1-10 GHz frequency limits must not be exceeded. Typical values of relative permittivity and
conductivity for different types of ground, as function of frequency in the range 0.01 MHz to
100 GHz are given in Recommendation ITU-R P.527.

The loss tangents of all the dielectric materials in Table 4 are less than 0.5 over the frequency
ranges specified. The dielectric limit approximations for the attenuation rate given in equations (24)
and (27) can therefore be used to estimate the attenuation of an electromagnetic wave through the
materials:

(0
Agielectric =163 68—, dB/m (89)
r

where 8;, and ¢ are given by equations (86) and (87).

4 Building loss measurements

4.1 Building entry loss

4.1.1 Building entry loss measurements (Europe)

Measurements have been carried out in Germany and the United Kingdom to determine values of
building entry loss and other parameters to be used in planning indoor reception of broadcasting
services.

The German measurements were made at two frequencies in the VHF band used for digital audio
broadcasting and two frequencies in the UHF band. The median values of the building entry loss
over all measurements made in buildings typical for Germany were 9.1 dB at 220 MHz, 8.5 dB at
223 MHz, 7.0 dB at 588 MHz and 8.5 dB at 756 MHz.
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The penetration loss from the front of the building (the side with higher signal level) into a room on
the opposite side has median values of 14.8 dB at 220 MHz, 13.3 dB at 223 MHz, 17.8 dB at
588 MHz and 16 dB at 756 MHz.

Over all measurements, the median values of the location variation standard deviations are 3.5 dB
for the 220 and 223 MHz signals with 1.5 MHz bandwidth and 5.5 dB for the 588 and 756 MHz
signals with 120 kHz bandwidth.

The United Kingdom measurements were made at a number of frequencies in the UHF band.

The median building entry loss at UHF was found to be 8.1 dB with a standard deviation of 4.7 dB.
However, the value for rooms on the side of the building furthest from the transmitter was 10.3 dB,

whereas the corresponding value for rooms on the side of the building nearest to the transmitter was
5.4 dB; a difference of about 5 dB.

A median value of 13.5 dB was measured for the outdoors height gain between 1.5 and 10 m. The
locations of the measurements were suburban.

The median value of the difference in field strength between ground floor and first floor rooms was
found to be 5.4 dB.

The standard deviation of the variation of field strength within rooms was about 3 dB.

The standard deviation of the variation of field strength measured for a floor of a house was
about 4 dB.

Despite differences in the frequencies and bandwidths of the measurements, there is very good
agreement between the German and United Kingdom measurements.
4.1.2 Building entry loss measurements (Japan)

Entry loss measurements were made in Japan on 12 office buildings at distances from the
transmitter of up to 1 km.

The additional path loss to points within a building was measured relative to the outdoor field
averaged along a path around the building at 1.5 m height. Note that the use of the fixed height
reference differs from the definition of building entry loss given in § 1.2, and will lead to negative
values of entry loss for higher floors of the building.

The data from these measurements has been fitted by the following expression for excess path loss
with respect to the averaged 1.5 m value:

ALoss(dB)=0.41-d —0.5-h—2.1-log(f)- 0.8 LoS +11.5 (90)

where:
d: 0to 20 m; the distance from the window (m)
h: 1.5to 30 m; the height from the ground (m)
f: 0.8 to 8 GHz; the frequency (GHz)
LoS: 1 for line-of-sight, LoS = 0 for non-line-of-sight.

4.1.3 Building entry loss — slant path measurements

4.1.3.1 UHF satellite signal measurements (860 MHz-2.6 GHz)

Representative UHF satellite signal attenuation observed within rooms located near an exterior wall
in timber-framed private homes is summarized in Table 5. For interior rooms, 0.6 dB must be added
to the tabulated values. For timber-framed buildings the attenuation shows little variation with
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weather or path elevation angle but, as the Table illustrates, there is a systematic variation with
frequency, polarization, construction materials, insulation and position within the structure. Some
aluminium-backed insulating and construction materials contribute up to 20 dB of loss.

TABLE 5
UHF signal attenuation (dB) through timber-framed buildings*

- .. Frequency (MHz) and polarization
Building condition (Horizontal: H, Vertical: V)
Exterior Insulation 860 H 860 V 1550V 2569V
(non-metallic type)
. Ceiling only 4.7 2.9 5.0 5.8
Wood siding —
Ceiling and wall 6.3 4.5 6.6 7.4
Brick veneer Ceiling only 5.9 4.1 6.2 7.0
Bricks Ceiling and wall 7.5 5.7 7.8 8.6

*  The Table is for rooms located near to the exterior wall; for interior rooms, 0.6 dB should be added.

4.1.3.2 Slant-path measurements from towers or high rise buildings

Measurements of building entry loss using 18 to 20 m towers to simulate a satellite transmitter were
performed in the bands 700 MHz to 1.8 GHz and 500 MHz to 3 GHz to determine the mean loss
and spatial variability in a variety of buildings. There are insufficient data to give precise prediction
methods, but the data in Tables 6 to 7 are indicative.

TABLE 6

Signal distributions at the average position and best position within buildings
(over the frequency range 700 to 1 800 MHz)

Average position Best position
Building Construction Elevation angle Mean | Standard | Mean | Standard
number loss deviation | loss | deviation
(dB) (dB) (dB) (dB)
1 Corner office, large 27.5° (LoS through 7.9 5.5 4.2 4.2
windows, single-story | window, azimuth
building. Concrete angle between wall
block, plasterboard, and LoS is 50°)
double-glazing.
Concrete roof on steel
beams
2 Small room with 18° (LoS through 9.1 4.4 54 3.7
windows being 5/8 of | window, azimuth
exterior wall angle between wall
and LoS is 50°)
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TABLE 6 (end)
Average position Best position
Bulldl:ng Construction Elevation angle Mean | Standard | Mean | Standard
number loss deviation | loss | deviation
(dB) (dB) (dB) (dB)
3 Corner foyer, large 16° (LoS through 15.4 8.4 9.7 6.7
reflective glass door in | window, 45° azimuth
half of one exterior angle between one
wall. External walls wall and LoS, both
concrete, internal walls | exterior walls
plasterboard on metal | jlluminated by
frame transmitter)
4 Sheet metal shack with | 25° (azimuth angle 9.7 6.3 5.2 4.9
plywood interior. One | between wall and
small unscreened LoS is 60°)
window on each of
two sides, metal-
covered door
5 Two-story wood-side | 25° (azimuth angle 9.0 4.5 5.4 3.7
house, rockwool between wall and
insulation (walls and LoS is 45°)
attic); gypsum board,
no metallic
heat-shield. No
metallic screens on
windows.
Wood-shingled roof
6 Empty sheet-metal 25° (azimuth angle 249 3.8 19.8 3.4
mobile trailer home, between wall and
metal frame windows | LoS is 45°)
with metal screens
TABLE 7
Median loss at the average position and best position within buildings
as a function of frequency
(Construction details and elevation angle as in Table 9)
Building number Average position Best position
(As in Table 6) 750-1 750 MHz 750-1 750 MHz
1 5-11dB 2-6 dB
2 5-14 dB 2-5dB
3 17-18 dB 12-13dB
4 9-11 dB 5-6 dB
5 5-11dB 3-5dB
6 20 to > 24 dB 16-22 dB
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TABLE 8

Signal distributions at the average position within buildings
(estimated over the frequency range 500-3 000 MHz)

Average position
Bulldl:ng Construction Elev(:{ltlon angle Mean loss Standard
number (degrees) aB) deviation
(dB)
1 Entry lobby in single storey building — 18 13 10
concrete tilt wall, tar roof
2 Office in single storey building — 38 9 7
block brick, tar roof
3 Two-storey wood frame farmhouse, 33 5 4
metal roof, no aluminium heat-shield
4 Hallway and living room of two-storey 41 19.5 12
woodframe house, metal roof,
aluminium heat-shield
5 Motel room in two-storey building, 37 13 6
brick with composite roof
6 Lobby of two-storey building, glass 26 12 5
and concrete, tar roof

In the first set of measurements (Tables 6 and 7), the first three buildings had elevation angles such
that the room was illuminated through a window with a direct LoS from the transmitter. The
elevation angles were below 30° to allow side illumination of the buildings.

In the case of building number 3 in these tables, losses through the reflective glass door were about
15 dB greater than when the door was open.

The results of another study are similar, with mean attenuation levels (in the frequency range
500 to 3000 MHz) varying between 5 dB for a woodframe house with metal roof and no aluminium
heat-shield, to 20 dB for a similar house with an aluminium heat-shield. Table 11 shows a summary
of the measured mean attenuation values.

Note that for some of the measurements, values obtained near a window or an open door, are
included in the averaging. In the motel (building 6), attenuation when the direct path penetrated a
brick wall was 15 to 30 dB below the LoS value. Levels inside building 4 varied from 25 to 45 dB
below the LoS value, due to the metal roof and aluminium heat-shield.

Note also that the measurements were on stationary paths. There is evidence that close-in multipath
effects will give rise to fluctuations in received signal level should the transmitter or receiver move.
This has implications particularly for low-Earth orbit (LEO) systems where the transmitter is
moving rapidly with respect to the receiver.

The measurements indicate that attenuation increases with frequency by about 1 to 3 dB/GHz in
buildings 1, 2, 4, and 6, by 6 dB/GHz in the least attenuating building (building 3), and shows
almost no change with frequency in the glass-walled building 5. Since the values given above are
averaged over the frequency range 500 MHz to 3 GHz, they are expected to be slightly optimistic
for the 1 to 3 GHz range.

For the six buildings identified in Table 8, 1.6 GHz and 2.5 GHz measurements were performed and
analysed to determine the median, 5% and 95% levels of relative signal loss when the antennas
were moved horizontally over multiple 80 cm intervals. The buildings were illuminated from the
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side, and the signals received inside the outside wall (one-wall entry). Azimuthally omnidirectional
antennas were used to receive the transmitted signals. Statistics derived from these measurements
are summarized in Fig. 24. These data indicate the magnitude and variations of fading that are
possible for signal transmission through building walls. Note that on occasions, multipath
conditions yield relative signal levels in excess of 0 dB.

FIGURE 24
20

Signal level relative to copolarized clear path (dB)
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Median, 5% and 95% levels of building entry power loss relative to unobstructed LoS at 1.6 GHz and 2.5 GHz for the six buildings
identified in Table 5 (designated by 1 to 6 in the Figure). For each building, the 1.6 GHz (L) and 2.5 GHz (S) statistics
are shown separately.
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None of the available measurements at frequency bands below 3 GHz provides information for
elevation angles above 41°. However, the large losses through metal structures (building 6 in
Tables 6 and 7; building 4 in Table 8) suggest that attenuation for a direct path through a metal roof
will be of the order of 20 dB. The losses of 15 to 30 dB for a brick wall in building 4 of Table 8 are
relevant for higher elevation angles as well.
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The elevation angle dependence of building entry loss was measured in the 5 GHz band at two
different elevation angles by using high-rise buildings to simulate the reception of satellite signals.
In an office-type room, the measured medians of the excess building entry loss were 20 dB and
35 dB for elevation angles of 15° and 55°, respectively.

4.1.3.3 Helicopter measurements to office building

The elevation and azimuth angle dependencies of building entry loss around 5 GHz were measured
at different positions within an eight-storey building on three different floors. A helicopter was used
to simulate a satellite transmitter. The received signal was continuously recorded, as well as the
position of the helicopter by means of a differential global positioning system (GPS) receiver. The
experimental conditions and averaged measurement results are summarized in Table 9. The
behaviour of the building entry loss with respect to path elevation angle is shown in Fig. 25, and the
behaviour with respect to azimuth in Fig. 26 for elevation angles of 15° and 30°.
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FIGURE 25

Building entry loss at 5.1 GHz at sections 1, 2 and 3 for floors 2, 5 and 6. The angle ¥ is
positive-defined when looking to the north and negative-defined to the south
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FIGURE 26

Building entry loss at 5.1 GHz for elevation 15° and 30° at the four different indoor antenna positions.
Numbers 1 and 2 are located close to an outer wall, whereas numbers 3 and 4 are located in the corridor
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TABLE 9

Average median building entry loss and observed range of the median building entry
loss measured at 5.1 GHz for different positions in an office building

Type of Average of the Observed range
measurements median building of the median
(helicopter entry loss for building entry
trajectory) different receiver loss
positions in the (dB)
building
(dB)
Eight-storey building with seven Elevation angle 19.1 ~5-45
storeys above ground and one extra measurements
storey placed on the former roof, (linear, perpen-
brick-walls and windows placed in dicular to the long
strips: behind the brick-wall there is a | side of the
10 cm thick concrete wall; windows | building)
made of two layers of plain non- Azimuth angle 223 ~10-42
thermal glass, storeys separated by measurements

3.5 m with 2.5 m from floor to
ceiling, two layers of plaster with
wooden laths in between separate the
rooms; interior walls facing the
corridor are in most cases made of
glass, rooms commonly furnished
with desks and bookshelves; each
storey has three sections, a corridor
with office rooms at the sides

(circular at
elevation angles of
15° and 30°)

Measurements at 2.57 GHz and 5.2 GHz using an igloo shaped flight pattern were performed
inward to three different buildings, one of them in the Graz/Austria area, another two in the
Vienna/Austria area, covering various building types. The transmitter was carried by a helicopter,
on which a steerable helix antenna was mounted. The measurements were performed with a high
resolution, pseudo random sequence based channel sounder with a chipping rate of 100 Mcps and
200 MHz bandwidth. The transmit antenna was right-hand circularly polarized (RHCP) while the
receive antenna for the channel sounder case consisted of a set of patch antennas with two

orthogonal linear polarizations covering a surface that approximates a semi-sphere.

Table 10 gives an overview of the inward building locations.
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TABLE 10
Overview on buildings measured
Building Location #R.X Facade/roof material
locations
Millennium Tower | 22™ floor Vienna 2 Metal grid and glass panels,
skyscraper 44" floor 2 coated glass with sun
protective layer/Reinforced
concrete
Graz airport Gate Area Feldkirchen 4 Steel, metal construction
Conference room near Graz 1 elements, coated glass with
sun protective layer/Steel,
metal sheets, layer of gravel
Office building Inner city office Vienna 2 Reinforced concrete/coated
FFG building, highest floor windows

The building entry loss shown in Table 11 was calculated by subtracting the Average Power Delay
Profile from an outdoor reference measurement from the Average Power Delay Profile
measurement inside the buildings. The building entry loss for various distances to the window
directed to the transmitter at 5.2 GHz is presented in Table 12.

TABLE 11
Entry loss (dB) for different elevation and relative azimuth angles at 2.57 and 5.2 GHz
Relative 2.57 GHz 5.2 GHz
o1 azimuth Elevation Elevation
Building to facade
normal 15 30 45 60 15 30 45 60
' . 0 22.86 | 24.42 21.53 23.95 30.40 27.65 32.09 29.77
Ml;lenmum 30 22.13 22.17 25.21 24.59 28.34 30.42 32.43 33.31
ower
44" floor —60 24.44 | 23.71 25.91 24.60 29.00 31.31 33.57 34.97
90 25.40 | 29.24 27.21 26.77 32.65 34.23 37.24 38.21
' ' 0 28.04 | 2831 28.13 28.28 36.53 37.55 35.38 39.45
M‘;lenmum -30 28.70 | 29.60 29.60 27.59 31.84 36.57 37.51 35.34
ower
nd ~60 3226 | 33.17 33.66 35.38 35.19 37.12 35.90 39.65
22" floor
-90 3530 | 4222 37.80 - 43.20 43.80 47.02 46.52
0 21.69 | 29.23 26.18 31.40 26.52 31.13 34.13 35.28
Office 30 26.49 | 34.90 31.10 33.00 33.12 33.49 36.51 34.08
Building 60 27.43 - 35.90 36.13 34.29 34.16 36.30 35.73
90 - 38.09 - - - - - -
0 18.18 - 23.68 23.00 28.36 35.76 - 37.97
Al -30 15.09 | 21.12 19.11 27.10 - - - 37.98
rport —
Gate Area —-60 1825 | 26.13 21.96 25.42 27.67 37.76 - -
90 - 27.71 23.69 24.61 34.31 - - -
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TABLE 11 (end)
Entry loss (dB) for different elevation and relative azimuth angles at 2.57 and 5.2 GHz

Relative 2.57 GHZ 5.2 GHZ
- azimuth Elevation Elevation
Building to facade
normal 15 30 45 60 15 30 45 60
0 11.81 12.62 — 10.84 15.19 19.68 19.37 19.09
Airport — -30 11.69 — 15.05 13.63 17.73 19.37 20.03 -
C"ﬁf(ff;lce —60 16.65 | 17.87 | 17.66 | 1635 | 22.79 - 2470 | 22.38
-90 18.52 20.10 17.43 - 25.17 24.32 23.43 -
TABLE 12

Entry loss (dB) at 5.2 GHz for different elevation angles relative to the
distance to the window directed to the transmitter located
at 0 degrees relative azimuth angle to the facade normal

Distance to Elevation
Building window

(m) 15 30 45 60
1.4 - 2530 | 31.41 | 27.80
o 2.4 - 2734 | 31.16 | 27.81
Ml”jj}ﬁ“éloszer 34 ~ | 2072 | 3164 | 3058
4.4 - 256 | 32.19 | 28.88
5.4 3040 | 29.08 | 33.43 | 30.34
0.5 30.63 | 35.07 - 38.72
Airport — Gate 2.5 30.28 | 35.01 - 37.09
Area 45 29.97 | 35.96 - 38.03

6.5 16.40 | 36.85 - -

4.1.3.4 Balloon measurements to domestic buildings (1-6 GHz)

Measurements have been made in the United Kingdom of building entry loss into a number of
domestic buildings of traditional construction. These measurements were made at 1.4 GHz,
2.4 GHz and 5.8 GHz, and used a tethered balloon to explore a range of elevation angles.

Details of measurement locations are given in Table 13.
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TABLE 13

Building Date Measurement locations
Small offices/flats 1985 Measurements in two offices (1* floor)
(3 floors)
Detached house 1905 | Kitchen (Ground) and bedroom (1% floor)
(3 floors)
Terraced house (2 floors 1880 | Living room (Ground), Bedroom (1% floor) and
and attic) study (2" floor)
Terraced house 1965 | Dining room & living room (Ground), hallway
(2 floors) (1* floor)

The measurements were made using CW transmitters suspended from a tethered helium balloon,
which allowed elevation angles up to around 70° to be explored. The receiver was switched between
an indoor measuring antenna and an external reference antenna. The measuring antenna was moved
along a 1 m track under computer control, to allow spatial averaging of measurements.

Omnidirectional antennas were used at both transmitter and receiver, and corrections were applied
for antenna vertical radiation patterns, and the difference in free-space loss between the reference

and measuring antennas.
Following the corrections described above, a data set giving the mean penetration loss for each test
location was obtained. The cumulative distribution function of these results is shown in Fig. 27, and

represents the statistics of mean local loss with respect to all 11 receiver locations, at all elevation
angles. The receiver locations were randomly chosen and were almost entirely NLoS to the balloon.

FIGURE 27
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The mean value of building penetration loss, at all frequencies, is 11.2 dB. The results shown in
Fig. 27 show a slight frequency dependence in the results. Mean values of penetration loss are
9.2dB at 1.3 GHz, 11.2 dB at 2.4 GHz and 12.7 dB at 5.7 GHz.
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Figure 28 shows the elevation dependence of the measurements (polynomial curves fitted to
measurement points).

FIGURE 28
Mean values for each frequency compared
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The results at 1.3 GHz show an anomalous increase in the penetration loss for higher elevation
angles. Examination of the measurement data shows that this effect is due to one set of
measurements and the effect of excluding this data is shown in the dotted curve.

It can be seen that, except at the lowest frequency, there is a slight decrease in penetration loss for
higher elevation angles. This decrease in building loss with elevation runs counter to the
assumptions made in some previous models. It may be that this behaviour is characteristic of
domestic buildings, where floors and ceilings are typically of light wooden construction.

Some dependence, of the averaged results, on the building floor is apparent, with the ground floor
and first floor results generally showing some 5-8 dB greater loss than those for the second floor. It
should be borne in mind, however, that only one set of measurements was made on a second floor,
and the location was a converted roof space, used as a home office.

4.2 Losses within buildings

Studies of terrestrial propagation within buildings indicate that at 2 GHz in an office building, the
loss (dB) though floors is given by 15 + 4(n — 1) where # is the number of floors penetrated. For a
residential building, the loss is typically 4 dB per floor, which serves to estimate the additional loss
of a satellite signal entering from a high elevation angle and passing downwards through a building.

4.3 Building exit loss measurements

4.3.1 Measurement configuration

Figure 29 shows a picture of the house used in the measurement. It is a typical bi-level frame house
in Japan. The site is approximately 11 m X 12 m. The outer walls have two or three windows on
each side. The outside of the exterior walls is covered by painted wooden boards and the inside of
the walls are covered with plasterboard. Glass fibre insulation fills the space between inside the
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walls. A transmitting antenna is set near the centre of the lower floor. The antenna height above the
floor level is 1.5 m. A 5.2-GHz continuous wave is transmitted from a vertically polarized dipole
antenna. A receiver connected to a dipole antenna is set on a pushcart and moved around the house.
The receiving antenna height is set at 2.2 m from the ground level to make it equal in height to the
transmitting antenna. Before conducting outside measurements, the received level is measured at
several points inside the house.

4.3.2 Measured result

Figure 30 is a contour map of the received level. High levels are expressed as dark colour and low
levels are expressed as light colours. The map shows that intense radiowaves spread out through the
windows and propagate to relatively far distances. In this figure, the white part in the upper right
corner indicates the location where we could not take measurements due to a barn. The other white
part in the upper left side is due to a hedgerow.

FIGURE 29
Photo of house

P.2040-29
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FIGURE 30

Contour map of the received level
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Figure 31 shows the distance dependency of the path loss. The abscissa is a linear scale. The blue
circles represent outdoor data and the red triangles represent indoor data. The path loss is
approximated by the following equation.

L(dB) = 20log (f(MHz)) + N log(d(m)) — 27.55+L;(dB) (91)

where N is the attenuation coefficient for distance and L, is the additional attenuation caused by wall
penetration for example. When N and L, equal 20 and 0, respectively, this equation expresses the
free-space path loss.

Three calculated lines are shown in Fig. 31. The black dashed line is the free-space path loss at
5.2 GHz. The red solid line approximates the indoor data set. Its Ly equals zero but N equals 30 for a
large decline compared to that for free space. The blue solid line has N =20 and L,= 15. The curve
parallels that for free-space curve but with a drop of 15 dB. This result indicates that the path loss
increases with a large N within the house and the increase becomes gradual after it exits the house.
This feature is clearly observed in Fig. 31.

FIGURE 31
Distance dependencies of the path loss (linear scale)
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Based on these data, cumulative probabilities of the path loss are derived in Fig. 32. The difference
between these two probabilities is approximately 18 dB. This indicates that the radiowave exits
from the house with an attenuation of approximately 18 dB and propagates with the same
attenuation coefficient in distance as that for free space.
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FIGURE 32
Cumulative probabilities of measured path loss data
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4.4 Building shadowing loss measurements

Measurements have been carried out in Australia to determine values of building shadowing loss to
be used in planning frequency sharing between the fixed-satellite service and the fixed service.

The building shadowing loss is defined as transmission loss through a building.
The frequency is 11 GHz. Polarization is vertical and horizontal.

Table 14 shows the average results of measurements at 11 GHz through the different types of
buildings.

TABLE 14
Mean and standard deviation of loss by polarization and building type
Test site Avg. loss (V-Pol) | Std.dev. | Avg.loss (H-Pol) | Std. dev.

1. Wooden building 26.4 dB 7.1 - -

(lengthways)
1A.  Wooden building 10.0 dB 7.0 8.3dB 5.0

(widthways)
2. Concrete/brick building 30.1dB 5.0 28.6 dB 5.5

Metal shed 36.4dB 4.1 35.0dB 3.2

The measurements show a high dependence on construction material in determining:
— the primary mode of propagation; and
— the amount of attenuation caused by the obstacle.

Wooden construction materials caused the lowest average attenuation of 10.0 to 25.0 dB, brick and
concrete between 25.0 and 35.0 dB and metal between 35.0 and 40.0 dB. The primary mode of
propagation for wooden and concrete structures was transmission, while the dominant mode of
propagation for metal structures was propagation by diffraction.

During propagation by diffraction, there was a high dependence on diffraction angle. As the
diffraction angle increased from the corners (i.e. towards the centre of the building shadow) the
amount of attenuation due to diffraction increased (on the order of 5.0 to 10.0 dB).
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Although there was dependence on polarization at each measurement point, there was little to no
dependence on polarization or path length from the standpoint of averaged data. The average
attenuation variation between horizontal and vertical polarizations was less than 1.5 dB.

Appendix 1
(to § 2.2.2.2)

Alternative method to obtain reflection and transmission coefficients
for building materials represented by N dielectric slabs
based on ABCD matrix formulation

Alternative formulas for equations (54) to (58) in § 2.2.2.2 are given below to obtain the reflection
(R) and transmission (7)) coefficients for a building material represented by N dielectric slabs based
on the ABCD matrix formulation. The regions on both sides of the building material are assumed to
be free space. Note that this alternative method produces exactly the same results as that given in
§2.222.

Ry = BlZy—-CZy (92a)
2A+B/ZN +CZN
= B/Zp—-CZp (92b)
2A+B/ZP +CZP
TN = 2 (92C)
2A+B/ZN+CZy
Tp= 2 (92d)
2A+B/ZP +CZP
Here A4, B, and C are the elements of the ABCD matrix given by:
A B| |4 By| |4, B,||Any By
= (93a)
C D| |¢ D) |C, D,||Cy Dy
where:
4y, =cos(B,,d,) (93b)
B, =jZ,sin(B,d,) (93c)
C, _ JsinBudi) (93d)
Zm
D, =4, (93e)

m

2 1/2
Bm:km COS(em) :km [1_[n_05in60] :l (93f)
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21
ky =— 93
Uy 932)
k,, =ko/n,, (93h)

In equations (93b)-(93h), A is the free-space wavelength, ko is the free-space wave number, 1, and
k,, are the complex permittivity and wave number in the m-th slab, 3, is the propagation constant in
the direction perpendicular to the slab plane, and d,, is the width of the m-th slab.

The wave impedances Zy and Zp for E-fields perpendicular and parallel to the reflection plane are
given by:

Zyn =Y /cosO,, (94a)
and:

Zp=Y,,c080,, (94b)

where 7, 1s the intrinsic impedance of the m-th slab given by:
1201

Yom = e (94¢)

where:
Mo =Ny+1 =1 (94d)
0)=0y+1=9 (94e)

Zo=ZN+1 (949)
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