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ABSTRACT: An easy-to-use DTR model combined with a patched-wall
model is proposed to predict the path loss for out-of-sight propagation on
a single floor through interior walls. The model demonstrates an accurate
prediction, and is ¨erified by comparison of the predicted path loss with
the measured one of 2.44-GHz radio propagation at four different sites.
Q 1997 John Wiley & Sons, Inc. Microwave Opt Technol Lett 14,
56]59, 1997.
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I. INTRODUCTION

There have been a number of recent investigations on indoor
w xradio propagation modeling 1]9 because of its practical

importance for wireless local area networks and personal

Contract grant sponsor: National Science Council of Taiwan; Contract
grant number: NSC 85-2221-E-009-35.

w xcommunication networks 10, 11 . These articles have devel-
w xoped both empirically based statistical models 1]5 and

w x w xtheoretical models 6]9 . In Reference 6 , the authors used
absorbing screens to calculate the excess loss in offices. In

w xReference 7 , the authors have developed a site-specific
model by using the ray-tracing method to predict propagation
based on blueprint representation. The concept of effective
building material properties is developed.

Ž .In this article, a direct-transmitted ray DTR model com-
w xbined with a patched-wall model 12 is proposed to predict

Ž .the path loss for out-of-sight OOS propagation on single
floors in office buildings if the direct-transmitted path is not
blocked by metallic objects. Our model is not only easy to
use, but also is reasonably accurate. The predicted path loss
is compared with the measured one of 2.44-GHz radio propa-
gation at four different sites.

II. MEASUREMENT SETUP AND EXPERIMENTAL SITES

Ž .A. Measurement Setup and Procedure. Narrow-band CW
signal strength measurements were made at 2.44 GHz. A 0-
or 13-dBm CW signal was transmitted by a half-wavelength
dipole antenna at a height 1.6 m above the ground. The
transmitting system, including a signal generator, a section of
cable, and the transmitting antenna, has been calibrated in
an anechoic chamber to measure the 1-m transmitting field
strength in free space. The receiving antenna is also a half-

Ž .wavelength dipole antenna Anritsu MP663A with the same
height. Both the transmitting and receiving antennas are
vertically polarized during the measurement. The receiver
Ž .Advantest R3261A can instantaneously measure the signal
strength between 0 and y110 dBm over 10 kHz for 2.44
GHz. The value of the received power is acquired automati-
cally by a personal computer with a GPIB card. At each
measured position, the measured field strength is obtained by
a spatial sector average over nine grid subpoints with a
quarter-wavelength spacing between neighboring subpoints.
To assure that the propagation channel is time stationary
during the measurement, the measured data have been aver-
aged on screen over 10 instantaneous sampled values.

B. Experimental Sites and Patched-Wall Models. Measure-
ments were made at four different sites, which are all located
on the ninth floor of Engineering Building Four at the
National Chiao-Tung University in Hsin-Chu. Figure 1 shows
the layout of site No. 1. The walls of room 911A are made of

Figure 1 Layout of measurement site No. 1. There are nine receiv-
ing positions. Several patches are used to form the walls of room

Ž .911A 9 = 10 = 3 m
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Figure 2 Layout of measurement site No. 2. There are eight
receiving positions. The patched-wall model is used to describe the
surrounding walls of the receiving positions, which is at room 912A
Ž .8 = 6 = 3 m

Figure 3 Layout of measurement site No. 3. There are two receiv-
Ž .ing positions. The size of room 906 7 = 3 = 3 m is smaller than

other sites

Figure 4 Layout of measurement site No. 4. The transmitting and
Žreceiving antennas are in two different rooms, room 912A 8 = 6 =

. Ž .3 m and 911A 9 = 10 = 3 m

gypsum board or concrete. A patched-wall model is employed
to describe and shape the surrounding walls of the receiving
positions by introducing patches of different sizes and dielec-
tric constants. These patches are used to represent the sur-
faces of gypsum-board walls, concrete walls, or wooden doors.
The dimensions and dielectric constants of each patch are
decided, respectively, by the physical size and the material it
represents. There are some metallic objects, such as an air
conditioner, file cabinets, bookcases, and blackboards, in room
911A, as shown. These metallic objects may block the direct-
transmitted ray. T and R represent the positions of thex xi
transmitting and receiving antennas, respectively, where i s
1, . . . , 9. In Figures 2]4 the layouts of measurement site Nos.
2]4 are illustrated, respectively. In each measurement site
the patched-wall model is used to shape the surrounding

walls. To verify the DTR model, the receiving positions are
properly chosen so that the direct-transmitted path is not
blocked by the metallic objects at each site.

For all the measurements, the transmitting antenna is
held stationary and placed in a corridor or an office room,
and the receiving antenna is placed at different locations in
the rooms.

III. PROPAGATION MODEL AND COMPARISONS

A. Propagation Model. For radio-wave propagation in indoor
environments many researchers have employed a two-dimen-
sional ray-tracing method to determine the received field

w xstrength 6, 7 . Many rays, such as direct, transmitted, re-
flected, and multiply transmitted or reflected rays, are traced
and to see whether they are received or not. In our study,

Ž . Ž .only a direct-transmitted -refracted ray if exists is traced
and used to compute the average path loss for OOS propaga-

Ž .tion. This direct-transmitted ray DTR , determined by the
principle of geometric optics, may experience transmissions
Ž .refractions more than once before it arrives at the receiving
antenna. The complex received field is given by

Ž . Ž . Ž .E s E G G L d T u , 1ŁR 0 t r i
i

where E is the field in free space 1 m away from the0
transmitting antenna, and G and G are the field-amplitudet r
radiation gains of the transmitting and the receiving anten-

Ž .nas, respectively. L d is the free-space path loss with a total
Ž .path length d. T u is the transmission coefficient of the rayi

with incident angle u propagating through the ith patchedi
wall, which stands between the transmitting and receiving
antennas. In our model, the structure of the wall is consid-
ered to be multilayered, and the transmission coefficient
Ž . w xT u is calculated by the ABCD matrix and is given by 13i

2
Ž . Ž .T u s . 2i Ž .A q BrZ q Z C q DrZt 1 t

The notations A, B, C, and D are computed by

A B A B A B1 1 2 2 N NA B Ž .s ??? . 3
C D C D C D C D1 1 2 2 N N

Coefficients in each matrix on the right-hand side of the
equation above is determined by dielectric constant, perme-
ability, layered thickness, and refractive angle of the corre-
sponding layer. For example, for layer m,

A s D s cos q l , B s jZ sin q l ,m m m m m m m m

Ž .m s 1, . . . , N , 4
j sin q lm m Ž .C s , A D y B C s 1, 5m m m m mZm

1r22n1 2q s k cos u s k 1 y sin u ,m m m m iž /nm

Ž .k s k ? n , 6m 0 m

where u is the refractive angle. Notation l is the layerm m
thickness and n is the index of refraction. k is the free-m 0
space wave number. It is noted that z s vm rq .m m m
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Figure 5 The measured and predicted path losses of 2.44 GHz for
receiving positions at measurement site No. 1. The predicted path
loss is computed by the DTR and 2D models

B. Numerical Simulations and Comparisons. In the numerical
Ž .simulation made with the direct-transmitted ray DTR model,

the dielectric constants of windows, gypsum-board walls, and
concrete walls are chosen to equal 2.4, 5 y j0.062 and 7 y j0.6
w x14, 15 , respectively. To compare the computed path loss
with the measured one at site No. 1, both the DTR model

Ž .and a two-dimensional 2D ray-tracing model are employed.
The 2D ray-tracing model not only traces the direct-trans-
mitted ray, but also includes multiply transmitted or reflected
rays. Its algorithm and formulation can be found in Refer-

w xence 7 . In Figure 5 it is found that the DTR model gives an
accurate prediction with m s 0.81 dB and s s 1.55 dB,e e
where m represents the mean of the error and s is thee e
standard deviation of the error. This comparison shows that

Ž .the direct-transmitted ray if it exists is the dominant path
for OOS propagation in an indoor environment. Those trans-
mitted and reflected rays may give little contribution to the
average received field strength. Figures 6]8 show the pre-
dicted path loss computed by the DTR model and the mea-
sured one at site Nos. 2]4, respectively. The DTR model still
gives a consistent prediction accuracy with reasonable values
of m and s at different sites.e e

Figure 6 The measured and predicted path losses of 2.44 GHz for
receiving positions at measurement site No. 2

Figure 7 The measured and predicted path losses of 2.44 GHz for
receiving positions at measurement site No. 3

Figure 8 The measured and predicted path losses of 2.44 GHz for
receiving positions at measurement site No. 4

V. CONCLUSION

An easy-to-use and reasonably accurate direct-transmitted
ray model is proposed to predict the path loss for out-of-sight
propagation on single floors in office buildings if the
directed-transmitted path is not blocked by metallic objects.

Ž .In this situation, the direct-transmitted ray if it exists is the
dominant path, and those transmitted and reflected rays give
little contribution to the average received field strength.
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ABSTRACT: A technique de¨eloped for tapered transmission lines is
presented for the design of optical filters. Optical filters with graded index
profiles are analyzed by solution of the nonlinear Riccati equation.
Numerical results show that the method pro¨ides accurate solutions and
computes the frequency response of the filters faster than the matrix
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I. INTRODUCTION

Recently the use of high-quality graded-index films as antire-
flection coatings on various optical devices, on narrow-band

w xhigh rejection filters, and on nonpolarizing beam splitters 1
has garnered increased attention as the fabrication technol-

Žogy has developed. Graded-index layers inhomogeneous lay-
.ers potentially provide less scattering, less stress, and better

Ž . w xadhesion than step-index films homogeneous layers 2 . The
w xmatrix method 3 is extensively used to analyze homoge-

neous layers, and can also be utilized for the analysis of an
inhomogeneous layer by dividing an inhomogeneous refrac-
tive index profile into a large number of homogeneous ones.

w xSossi 4 introduced the Fourier-transform method for the
design of optical filters, and the method has been developed

w x w xfurther by Verly and Dobrowolski 1 , Bovard 5, , and
w xFabricius 7 . This Fourier-transform method, one of the

design tools, generates continuous refractive index profiles
corresponding to desired frequency spectra. In microwave
studies, design techniques and analytical tools have been
developed for multisection transformers and tapered trans-

w xmission lines 8 .
In this article we describe the analysis of an optical filter

with a step-index profile, which can be considered as a
multisection impedance transformer. We obtain reflection
coefficients for normal and oblique incidence by calculating
the input impedances at successive boundaries. We analyze
graded index profiles by solving the nonlinear Riccati equa-
tion with the Runge]Kutta numerical method. An optical
filter is designed by applying the Fourier transform to the
Riccati equation, and the resultant graded index profile ap-
proaching to the target spectrum is obtained by repeating
design procedures.

II. TRANSMISSION-LINE THEORY

A. Homogeneous Layers. We first consider two homogeneous
layers, consisting of an incident medium and an exit medium,

Ž .as shown in Figure 1 a , to discuss reflection and transmission
of s-polarized waves from the boundaries of lossless media
with a step-index profile. Assuming the field of the form

yj b Ž x sin u iqz cos u i. Ž .E s E e a , 1i 0 y

we have the reflected field from Snell’s law of reflection

yj b Ž x sin u iyz cos u 1. Ž .E s E G e a , 2r 0 b y

where G is the reflection coefficient at the boundary and Eb 0
is the amplitude of the incident field. From Maxwell’s equa-

w xtions and the boundary condition, G is found to be 9b

h cos u y h cos u2 1 1 2 Ž .G s , 3b h cos u q h cos u2 1 1 2

where h is the intrinsic impedance of a medium. Reflectioni
coefficient at a distance z s yl away from the interface is
given by

Ž .E ylr y j2 b l cos u 1Ž . Ž .G yl s s G e . 4bŽ .E yli
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