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ABSTRACT

The next generation of wireless LAN and PBX systems will make use of the unlicensed band at 2.5 GHz.
Deployment of these systems inside buildings requires an understanding of propagation characteristics within
buildings. Because the wavelength is small compared to building dimensions, ray methods can be used to predict
propagation, but they require knowledge of the transmission and reflection properties of walls. This paper reports
on transmission measurements made at walls made of gypsum board on metal studs, and at concrete block walls
using directive antennas. The measurements ate found to give good agreement with theoretical results that
account for the periodic nature of the wall structure.

wireless local area network (w-LAN), Statistical

1. Introduction analysis of r1adio communication channels in

buildings based on the experimental data of the

The prediction of propagation characteristics impulse response and the CW path loss may be
inside buildings is important for the design and adequate to obtain the design parameters of
deployment of wireless communication systems indoor wireless communication systeros such as
such as personal communication setvice (PCS), the receiver sensitivity, bit error rate (BER), data
wireless private branch exchange (w-PBX), and transmission rate, link budget based on the

distribution function of the received power, and
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so forth. The technical literature has many reports
on the measurcments and statistical analysis in
various UHF bands %%, However, statistical
analysis will not be sufficient to design for the
optimum deployment of a communication systems
in the particular building with its unique internal

structure.

In order to avoid expensive measurements in
individual buildings prior to the installation of a
wireless communication systems, or to avoid
adjustments afterward installation, many theoretical
prediction models using ray tracing have been
developed to predict the path loss and delay
spread by accounting for the building floor plan
43¢ One of the most important factor to
determine the accuracy of these prediction models
is believed to be knowledge of the transmission
and reflection characteristics of interior and
exterior walls, whose contributions to path loss is
cumulative  as  signals launched from the
transmitting antenna interact with multiple walls
|

A common type of interior wall construction in
the office building consists of gypsum boards
mounted on metal studs, as shown in cross
section in Figure 1(a). In order to asses scattering
from the metal studs inside the gypsum board
wall, measurements were made at 2.4 GHz in a
large, unfumnished building. The paricular wall
used for the study had double layers of gypsum
board of total thickness 1.25 inches on either side
of the metal studs that are separated by about 2
ft. The results of experirnents are compared with
the theoretical results accounting for and
neglecting the effect of the metal studs. The
specular components of the reflected and
transmitted ficlds are found to be dominant for
incident angles of 40 from the normal to the
wall, although both measurements and calculations
show some scattering due to the metal studs.

Another type of interior walls of stores,
warchouses, factories, etc., are commonly made of
concrete blocks having webs and voids, as shown
in Figure 1(b). In order to study the effect of the

webs and voids, which are nearly periodic, on the
transmission of UHF radio waves through concrete
block walls, measurements were made at 2.6 GHz
at a wall composed of concrete blocks that are
17.5 inches long by 8 inches high by 3.5 inches
thick with three air voids per a block. These
measurements are compared with a rigorous
theory for a wall structure with strictly periodic
voids having the same dimensions and a periodic
spacing equal to the average of the actual wall,
Both the theory and measurements show the
strong diffraction into non-specular components, at
2.6 GHz.

. Experimental procedure

The transmitter consisted of a standard gain
horn antenma (Tx) driven by a WAVETEK signal
generator with frequency range 1-4 GHz. The
transmitter was placed on a plastic table for the
measurements at the gypsum board wall, and on
the mobile industrial cart for the concrete block
wall measurements, The receiver system consisted
of an identical standard gain horn antenna (Rx), a
HP8592A  spectrum analyzer and a Laptop
computer for data acquisition, and was mounted -
on a mobile industrial cart. Both receiving and
transmitting antennas had a vertical E-field
orientation and their center lines stood 32 inches
above the floor.
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Fig. 1 Cross section of two interior walls and
antenmas setup

As shown in the Figure 1, Tx was aimed to
give an angle of incidence fj at a point on the
wall located a distance r away from the
transmitter. This position was fixed during each
set of measurements. To measure the transmitted
power, Rx was aimed at the same point on the
opposite side of the wall, and was moved along a
circle of a radius r. The received power was
recorded as a function of the receiver angle 6w
For the gypsutn board wall measurements, r was
11 feet 4 inches, and two different aim points
were used. In one set of measurements the aim
point was on a metal stud, while in the other set
it was midway between two studs, For
measurements at the concrete block wall r was 6
ft. In order to avoid interference by reflected or
diffracted fields, receiver was located in very
large empty rooms whose walls are made of
either plaster boards or concrete blocks. For each
set of measurements, the system was calibrated by
measuring the received power when the two horns
faced each other at boresite in a large open space
at a separation equal to 2Xr plus the wall
thickness. Wall loss is then obtained by
subtracting this calibration loss from the measured
propagation loss through the wall. Antenna pattern
measurements were also made in a large open
space by rotating Rx off boresite while Tx was
kept stationary. The antenna pattemn was then
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used in a plane wave spectral approach to predict
the variation of the received signal with A in

order to compare with the measurements.

. Theoretical modeling of the
plane wave transmission
coefficients

The walls considered in this study are
approximately periodic structures, The periodicity
of the gypsum board wall is due to the metal
studs inside, while that of the concrete block wall
is due to the air voids and webs, as shown in
Figure 1. For a plane wave incident in the x-z
plane, the Floquets theorem '™
transmitted fields be the sum of diffracted orders
(mn = =1, £2 ), and the specular order (n = 0)
which makes the same angle with the normal to

require that the

the wall as the incident plane wave. The resulting
electric field can be expressed as

E (x.z)= Z Texp(—jp,x - jC,z) @

where T, is the transmission coefficient
corresponding to n™ diffraction order, Here

B, =k, sin, +n%d£
¢, =P @

where d is the period of the structure and ko is
the wavenumber in the air., While the sum in (1)
extends over all n from -o© to +oo, when
calculating the ficlds away from the wall surface,
it is only necessary to account for the propagating
diffraction orders, for which C, is real, ‘

For a gypsum board wall with period shown in
Figure 1 and at a frequency of 2.6 GHz, the
diffraction orders for n as high as 10 can
propagate along z, depending on the angle of
incidence. The transmission coefficients can be
found using the moment method as described in
references”'™'Y to account for the current induced
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(a) Periodic metal stud of gypsum board wall
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(b) Equivalent transmission line model of gypsum board
wall ignoring metal stud

Fig. 2 Schematic diagram of the gypsum board wall

on the periodic metal studs shown in Figure 2(a)

Ignoring scattering by the metal studs, the
transmission coefficient for the double dielectric
layer separated by an air gaps can be calculated
using the equivalent transmission line model as
shown in Figure 2(b).
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Fig. 3 Power transmission properties through the
gypsum board wall at 2.4 GHz

Figure 3 shows the power transmission
coefficients of the specular (n =0) and n = *1

orders at 2.4 GHz as a function of the angle of
incidence calculated by the two methods. The
strong variations of the coefficient obtained
ignoring the metal studs results from multiple
reflection between dielectric layers, and are
sensitive to separation and frequency. Accounting
for the periodic metal studs, the amplitude of the
specular order is somewhat smaller, while the
amplitudes of 1 diffraction orders are seen to be
considerably  smaller than the transmission
coefficient obtained ignoring metal studs. The
slight asymmetry evident between the +1 and -1
orders’ transmission coefficients is a result of the
asymmetric shape of the studs. Higher diffraction
orders also have small amplitude, so that the
specular component carries the most of the power
for this structure.

In the case of the concrete block wall, at most
only the n = 0, =1, *2 diffraction orders can
propagate. The 1 orders propagate for -90 <@,
< 14.24 and -14.24 < g ,< 90, respectively, while
2 orders do so for -90 <@;,< -3094 and
-30.94 <@y 90, respectively. The theory for
computing transmission through a concrete block
wall is given in reference!’”. In Figure 4 we have
plotted the transmission coefficient for the n = 0,
+1 diffraction orders. It is seen that the =1
orders are generally comparable in amplitude to,
and sometimes greater than, the n = 0 specular
order. Thus the concrete block wall gives a
greater spreading of the energy than is expected
for the gypsum board wall.
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Fig. 4 Power transmission properties through the
concrete block wall at 2.6 GHz
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IV. Predicting the received signal
via Spectral decomposition

The coefficients described in the previous
section are for an incident plane wave. However,
in the measurements, the walls were illuminated
by a beam having the angular spread shown by
the horn patterns in Figure 5. In order to
compare the measured transmission through the
walls with the plane wave theory, it is necessary
to account for the angular spreading of the
incident field, and for the finite angular resolution
of the receiving hom. To this end the field
radiated by the hormn antenna, as shown in Figure
5, is decomposed into a plane wave spectrum.
Neglecting variation of the wall in the vertical (y)
direction, the plane wave decomposition can be
restricted to the horizontal (x,z) plane.

Angle ir&degree

STA
(A

Normalized power in dB

-60

90 -90

=2.6
1=2.44

Fig. 5 Radiation pattern of a hotn antenna at 2.4 and
2.6 GHz

The plane wave spectrum of Ey(k,) of the field

E,(x,0) incident on the wall is given by the
Fourier transform

E,(k,)= [E,(x0)""dx (3)
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Fig. 6. Relative position of antennas and a wall

Assuming distance h shown in Figure 6
between the transmitting antenna and the wall is
large enough so that the wall is in the far field
region of the transmitting hom, the radiated field
at the plane z=0 is given by

- iy (x~rsing,, )2+h2

E (x,2=0)=A0'-9,)

y

\[(x —rsinf,, )2 +h @

where 6° = arctan[(r sin G - x)/h], Ou is the
angle of incidence of the beam axis, as shown in
Figure 6, and A( @) is antenna radiation patterns
shown in Figure 5. Because we lack phase
information about A(@), we assume that it is
real. Using this expression in (4), the plane wave
spectrum is

Enlk )= A ~6,)
®)

W ETRRETTR
V (x~ rsin@,,)* + #* ¢

— kX
dx

Asymptotic evaluation™ of expression (5) leads
to the approximated expression
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2 s
Ein(kx) == T A(a_ 01‘11)3 '
©®
e_jh - eilz,rsinﬂ,,,
THE_ A
#= kD"
where o = arcsin (kyk).
Each spectral plane wave incident on the wall
excites diffraction orders, so that the transmitted
field at (x,z) due to the plane wave is

By (52)= DB,k Je e R

where the sum is taken over the propagating
plane wave for z >> A and ke = ke + 2n/d.
In (7), the coefficient Tu(ks) describes the
transmission into the n diffraction order having
transverse wave number Kn.

The antenna pattern in Figure 5 can be viewed
as giving the relative amplitude A(#) with which
the receiving horn detects a plane wave amiving
at an angle 4. Thus the received voltage of the
hom located at (r, #+) is proportional to

2 A6~ ) TAkIEu(k,) -
@

=ik rainGy,  — N K — ke’ vsin8y
e e

H k
0" = tan| "
where (/\/kz‘kfn]-

The total received voltage due to all plane
waves radiated by the source is found by
substituting (6) for Eu(ks) and integrating over the
plane wave spectrum. For r>> A the integration
is taken only over the propagating plane wave so
that the voltage is given by

&
(%t
k
[ ZAW@ -6,)A(a— 0,)T k) -
9
5 —;‘h\/—k’—_kx‘efk,rsxn B, = Hemrsin By ©

(F- rHM

e ~ N = hulreondy dkx

As in the case of the measurements, the
computations are normalized to the power
received when the two horns face each other at
boresite for the same separation used in the
measurements. For the computation of reference
power, Gu =0, To = &no and kum = k«
Numerical integration is used to evaluate (9).

V. Results and discussion

Figure 7 compares the measured and computed
results for transmission through the gypsum board
wall for normal incidence. The dots and triangles
refer to measured transmission loss taking the
aiming point between studs and on a stud,
respectively. There appears to be no systematic
difference  for the two  aiming  points.
Measurements are a little lower than the results
predicted by ignoring the studs, while they are
well matched to the predictions made accounting
for the *1 diffraction orders, in addition to the
specular component, in the angle range between
-60° and 60° . Outside this angle range, the
measured transmission is stronger than the
predictions, which is believed to be due to
neglecting  the  higher  diffraction  orders’
contribution. The angular asymmetry of the
theoretical predictions is due to the asymmetry of
the studs themselves, and this asymmetry is
evident in the measurements.

Angle in degres
0

90 F «90

Normalized power in dB

“s====" ealculated with stud
— calculated without stud

ed alming beh stud
measured alming on stud

A

Fig 7. Transmitted power through the gypsum
board wall with normal incidence
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Fig. 8 Transmitted power through the gypsum
board wall with an incident angle of

-30 degree with respect to normal

The measured and computed transmission loss
for the case of oblique incidence at -30° from
normal direction are shown in Figure 8. As in
the case of mnormal incidence, the specular
components are seen to be primarily responsible
for camying the incident energy away from the
wall, and in the vicinity of the specular direction
good agreement is found for the theory ignoring
scattering by the metal studs. In the range from
0" to 30° and from -60° w0 -90° the
-variation of the transmitted power is in closer
agreement with the theory that includes scattering
by the studs. However, the scattering of 1
diffraction orders is not sufficient to explain the
strong transmission found in the range from 30°
to 60° .

The transmission loss obtained for normal
incidence on a concrete block wall are shown in
Figure 9. Measurements, represented by filled
circles, are seen to be in good agreement with
the theory. Comparing the theoretical results of
Figure 7 and Figure 9, it is seen that the strong
excitation of the n = 1 diffraction orders in the
concrete blocks causes significant scattering of the
incident energy into non-specular directions, while
for the gypsum board those diffraction order are
relatively small, as shown in Figure 3. Results for
incidence at -30° on a concrete block wall are

1882
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Normalizad power in dB

calculated
- measurad

Fig. 9 Transmitted power through the concrete
block wall with normal incidence

Angle in Dag.

Normalized power in dB

calculated

- measured

Fig. 10 Transmitted power through the concrete
block wall with an incident angle of
-30 degree with respect to normal

shown in Figure 10. Again good overall
agreement is obtained between theory and
measurements. It is seen from Figure 10 that the
energy is spread over an angular range that is
almost as wide as for the case of normal
incidence. This can be explained by the fact that
for incidence near -30° the transmission
coefficients of +1 diffraction order are larger than
that of specular order, as seen from Figure 4.
These experiment results justify modeling the
concrete block wall as a periodic structure. Since
large retail stores make extensive use of concrete
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block construction, scattering of energy at such
walls may effect coverage and delay spread of
systems operating in the 2.5 GHz band. At 900
MHz since the n = 1 diffraction orders do not
propagate away from the wall, so that reflection
and transmission take place only in the specular
direction.

IV. Conclusion

The results of experiment and theoretical
modeling of transmission characteristics of two
typical interior walls are given in this paper. For
the gypsum board wall, the simplified model that
ignores the effect of metal studs is adequate for
describing  transmission because the transmitted
power of the specular mode is much stronger
than that of the diffraction orders. However when
the scattering effect of the metal studs included,
the better agreement with the measured
transmission loss is found. For a smaller spacing
between metal studs, scattering effects may
become more important. The rigorous model of
the concrete block wall, which predicts the
existence of space harmonics in the frequency
band above 1 GHz, gives an accurate description
of the transmission through the wall.
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