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A Ray-Tracing Method for Modeling
Indoor Wave Propagation and Penetration

Chang-Fa YangMember IEEE,Boau-Cheng Wu, and Chuen-Jyi Ko

Abstract—in this paper, a ray-tracing method for waves prop- area of the ray tubes. Wave propagation and penetration in
agating inside building structures is presented. Ray tubes are electrically large two-dimensional (2-D) and three-dimensional

used to model the wave propagation and penetration and all the (o_ ; ; ; ; ;
significantly reflected and transmitted ray tubes from interfaces Ezyl?t)raizggrzrgpfoo;éﬁs may be determined by applying this

are included. Also, the cross sections of the ray tubes at the .
field points are evaluated to find the spreading factors of the A 2-D moment method (MM) [8] is employed to compare
waves and then the geometrical optics (GO) contributions at with the ray-tracing method for 2-D lossy structures where

the locations of the receiving antenna. A program has been poth flat and stair-shaped slabs above a lossy ground are
developed according to this ray-tracing technique that can be ayamined. The MM can provide numerically exact solutions,

applied to simulate waves transmitted through and reflected o . . .
from electrically large complex two-dimensional (2-D) and three- but is limited by the available memories and CPU time of the

dimensional (3-D) bodies. To verify this ray-tracing program, 2-D Computer resources. However, by choosing the objects as small
moment method (MM) solutions for wave propagating in a two- as just a few wavelengths, accurate MM results can be obtained
room structure and also through a stair-shaped wall above a to verify the ray-tracing program. For the 3-D problems, field
lossy ground are used to compare with those obtained from the \ya55rements in a corridor on different floors and inside a
ray tracing. Besides, comparisons of field measurements and ray- . , L
tracing simulations at 900 and 1800 MHz performed in a corridor staircase of the NTUST's buildings are performed and _the
on different floors and inside a staircase are shown. The effective results at 900 and 1800 MHz are compared with those obtained
complex dielectric constants of the building structures determined from the ray tracing. A vector-network analyzer, an amplifier,
from a free-space method are employed in the simulations and and two dipole antennas were used in those measurements.
a vector network analyzer is used for the field measurements. Open-site measurements with the two antennas separated 1 m
Good agreements are obtained. In addition, measured results for
waves penetrating an exterior wall with metal-framed windows at apart and Iocated_ 1.3 m above the ground were used as the
1290 MHz are employed to test the ray-tracing solutions, which reference for the indoor measurements. On the other hand, a
indicate that scattering from the metal frames may be significant 3-D ray-tracing program was developed to model the radio-
for field points near the windows. This ray-tracing program can wave propagation and penetration in buildings. The building
be applied to evaluate the channel characteristics for the indoor structures are modeled as lossy dielectric blocks with uniform
wireless communications. . . . .
complex dielectric properties measured by using a free-space
_ Index Terms—Geometrical optics, indoor radio communica- approach [9]. Comparisons of the measured and simulated
tion, ray-tracing method. results are shown; besides, measured data reported in [10]
for waves at 1290 MHz coming through an external wall
|. INTRODUCTION with metal-framed windows from a far distance are taken to

HIS paper presents a ray-tracing method for simulatinexaImine the ray-tracing simulations.
baper p y 9 9The ray-tracing method is described in Section Il.

indoor radio wave propagation and penetration. Simil . .
problems had been studied by other investigators [1]-[7]. Tog ction Ill presents the comparisons of the 2-D MM and the

. : rr’;\ey-tracing solutions. The field measurements and ray-tracing
path loss per transmission of slab structures and multip . . ) .

) . . : . .'simulations for indoor wave propagation and penetration are
reflections from boundaries were included in their ray—tracm(ﬂ . . . . . .

. . . . . discussed in Section IV. Conclusions are given in Section V.
techniques to determine the geometrical optics (GO) contribu-
tions. In our method, those GO rays are traced by including
multiple reflections and transmissions not only in the buildings,

but also inside the material structures. The waves from aThe waves from a transmitting antenna can be modeled as
transmitting antenna are simulated by shooting many réyany ray tubes shooting from the location of the antenna [11].
tubes, each composed of four rays, in all directions baskuour ray-tracing program, every ray tube is composed of four
on the far-field pattern of the antenna, and the spreadifys defined by the increments éfand ¢ (A6 and A¢) in
factors of the GO fields are evaluated from the cross-secti®¢al spherical coordinates centered at the antenna, as shown
in Fig. 1, and the ray tubes have about the same solid angle
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Fig. 1. Ray tubes are composed of four rays definedA#y and A¢ in the local spherical coordinates centered at the transmitting antenna and the
solid angles of the tubes are about the same.

P1(xLyl,z1)

Fig. 2. A ray propagates fron; to P, on an intercepting plane.

to determineAd/ sin 6, which is then adjusted fak¢ to obtain
an integer number of cells along tle coordinate. Besides,
for the dipole antenna, the axis of the dipole is chosen to be
the local » axis of the spherical coordinates so that the field
strengths of the initial tubes are symmetrydirand the tubes
along the localz axis can be neglected. Only the significant
radiation regions need to be covered by those ray tubes, which
are then traced one by one to find their GO contributions at
the location of the receiving antenna.

The basic ray-tracing procedure is described below.

which is obtained from the relatioR, Py - 7, = 0. For a
\ finite-size interface, it is also necessary to check whether
the incident point is within the boundary of the interface
Po (ab,c) or not. All interfaces that may be illuminated by the ray
o P tube should be tested to find the incident points and the
2 (x2,y2,22) S . . .
incident point with the shortest path length frdfis the

true intercepting point. Except for the initial rays from
the transmitting antenna, poif is on an interface, too.
< Thus, for each interface that may start the ray tracing,
n=(n1,n2,n3) based on the relative geometry of the structures, a list

of the searching order over the other interfaces to find

the incident point may be generated before starting the

ray-tracing procedure to improve program efficiency.
2) When a ray tube incidents on an interface, a reflected
and a transmitted ray tube is generated according to
Snell's law and the local plane wave approximation.
The reflection and transmission coefficients derived for
a plane wave illuminating a flat interface of two loss-
less materials are employed [12]. However, complex
dielectric constants are used instead of the lossless
ones in the reflection/transmission coefficients and the
propagation constants so that low lossy materials such
as concrete and brick walls may be simulated. Multiple
reflections/transmissions inside the materials are traced
to properly determine the ray-tube penetrations through

1) Each ray of the ray tubes is traced to find an incident building structures.
point (as shown in Fig. 2) where a ray propagates from 3) A ray tube will be terminated if:

a pointP;(x1,y1, 71 ) to an incident points(xa, y2, 22)
on an intercepting interface. The coordinates of the

1) it exits outdoor or leaves the simulated domain;

incident pointP, can be determined from the following 2) it hits any edge of the structures (i.e., diffractions

expression:

are neglected);

(22, y2,22) = (w1, Y1, 21) + 88 (1) 3) the magnitude of the E-field is less than a threshold.

wheres is the directional vector of the incident ray and
s is the path length of the ray. For a flat interface defined
with a normal unit vector. = (n1,n2,n3) and a point
Fy = (a,b,c) on the interface, the path length is given

by

For 3), the total length of the ray paths from the
transmitting antenna to the present location is used
to approximate the spreading factor of the E-field. A
convergence test should be performed to set the proper
threshold, which is defined as the percentage of the
reference field strength at 1 m from the transmitting

_ —(n1z1 4+ noyr 4+ n3z1) + (an1 + bne 4 cns) 2) antenna. If both the reflected and transmitted rays are

s1n1 + S22 + S3n3 significant, one of the ray tubes is stored by pushing
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it into a “stack,” while the other one is continuously

traced. The data set for each stored ray tube includes

the directional vectors, positions, total path lengths, and
E-field phasors (excluding the spreading factor) of the

four rays. If both ray tubes are ended, a previously saved
ray-tube data set is then popped from the stack and the
ray-tracing procedure is started again. When the stack

is empty, a new initial ray tube from the transmitting
antenna is traced until finished. Multiple reflections and
transmissions through walls, ceiling, stairs, floors, ang,, 7upe
other electrically large bodies can be simulated both )
in air and in the structures to properly model wave °
propagation and penetration in buildings.
When a ray tube enters the room containing the receivifit§- 3 A ray tube passing a receiving antennaiat
antenna, as shown in Fig. 3, a test is then performed to

determine whether or not this tube passes through the 55 shown in Fig. 3 may be evaluated to approximate the
receiving pointR. The ray tube entering the receiving cross-sectional ared.

:3821 P:Nal g ﬁli r%?r:gi)gds?n Ogéggrgf }[ﬁe Z,tt? 32{‘3?55 tgr? dr«’ay SSince .both reflection and trans.mission ray tubes are traced
been terminated in 3) already. The procedure of the t gtteach mterfa_ce and the spreading factor is determined frpm
is described below ' FRe cross-sectional area of.the ray tube,.thls ray-tube trac.lng
) o ) _ method can be applied to find the reflection and transmission

a) Find the four intercepting poins;’s of the ray-tube contributions for rather complicated structures. In addition to
incident on a plane that is perpendicular to one Gfy; slabs, shapes like wedges, rectangular cylinders, stairs,
the four rays and contains the receiving point. o cyrved blocks can be analyzed by using this approach

b) Determine the four angles;’s formed byO;’s and {4 correctly evaluate the GO contributions including multiple

Rwith 0 < a; < . _ reflections and transmissions.
c) If the sum of the four angleg;’s is less thar2r,

then the ray tube does not pass throdgiHowever,
1.9997 was actually employed instead & in
the comparison and double precisions were used to
avoid possible numerical mistakes in determining A ray-tracing program for both 2-D and 3-D structures
the interception. The E-field vector phasors of thbas been developed according to the procedure described in
tubes passing the receiving point are superposedtte previous section. To simulate 2-D cases, the 3-D ray-
obtain the E-field at this field point [11]. All the field tracing technique is modified slightly by fixing the center
points in the receiving room may be checked anaf each ray tube along the cross-sectional plane of the 2-D
evaluated during 4) to obtain the field distribution®bjects and using the arc-length instead of the area in (4)
more efficiently. for determining the spreading factor. This section presents
From the geometrical optics, the E-field of the ray tube BY-tracing results for waves propagating in 2-D structures,

equation: The solutions determined by the MM is numerically exact, as

. . long as the segmentation of the objects is small enough. Due
E=E,- {H E} : {H Ti} : {H e—%lf} -SF (3) to the limitations of the computer memory and CPU time,
the MM is usually applied for analyzing smaller objects in

where E, is the E-field at a reference poing, {HR‘} wavelengths. On the other hand, the ray-tracing method is a

and {Hi‘} are, respectively, the reflection and transhigh—frequency approximation technique, which requires the

mission coefficient dyads along the whole ray patrgimensions of the objects be in the order of wavelengths or

{He—wi} is the product of the propagation phase Var{g’:trger for apcurate results. .Therefore, the ray-tracing met_hod
ations and exponential losses for this ray contribution "o"¢ suitable for modeling the indoor wave propagation
starting fromrg, and SF is the spreading factor. From
the conservation of energy flux in a ray tube [12], S

can be obtained by using

I1l. COMPARISONS OF THERAY-TRACING
METHOD AND THE MOMENT METHOD

or wireless communications. However, by choosing structures
ith dimensions around a few wavelengths, the MM can be
used to check and verify the ray-tracing program.
A 2-D problem shown in Fig. 4 was simulated by using
SF = /Ay /VA (4) both the MM [8] and the ray-tracing method. An infinite
unit electric-line source is located in the right-side room
where Ay and A are the cross-sectional areas of the ragnd the E-fields inside the other room are evaluated in the
tubes at the reference point and the field point:, presence of a lossy half-space. Some results at the frequency
respectively. The sum of the areas of the four triangled 450 MHz are given in Figs. 5 and 6 for lossless and lossy
on the intercepting quadrilateral at the receiving poirstructures, respectively. The size of the structures is just a few
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Fig. 4. An infinite line source radiates into a 2-D two-room structure.

wavelengths and can be accurately solved by the MM. Those
dimensions are also large enough for the ray-tracing method.
However, due to the GO approximations, some discontinuities
exist in the ray-tracing results. Also, the locations and values
of the peaks and valleys are slightly different between those
two solutions. Higher order modes in MM (i.e., diffractions
from edges and surface waves due to the lossy ground) will
cause stronger resonance in the enclosed room and also remove
the discontinuities. Nevertheless, the overall field variations

o]
[
o

3 . AN e
. erall field v ER I ) s
obtained from those two methods are still quite similar. The & .54 ,:a_\\ \,V'&\\\\ \

; : O RN
good agreements between them verify most part of the ray- = ’,.‘\\\\W’.Q\\\\\..g’h““\//l'
tracing program, since only the directions of the rays are > *® /,,.“\\\,‘//It‘s\\%,/,’&\'#//,’ ’
restricted and 2-D spreading is used for solving the 2-D 3 g+ .‘,"l””‘\\\&/’lﬁ/&y’é’%‘l‘
problems. Besides, the fields in the lossy case are about three .“‘\1/"///////\\“

. . 0o [} 7] ' ‘, o 2.0
times lower than those in the lossless case and, therefore, the (] 5 . N A

good comparisons also suggest that the use of the complex ". '
dielectric constants in the lossless formula seem appropriate 28

even for such a lossy material.

. . 7
Fig. 7 shows a stair-shaped wall above a lossy ground ”U

illuminated by an infinite line source (Tx). The fields over (b)

the left side of the wall (Rx) were evaluated by using bothy 5. E-field distributions at 450 MHz in the left-side room of Fig. 4 for

the ray-tracing method and the MM. The results are given lgssless structureg, = 2) determined from (a) the ray-tracing method and
Fig. 8, where the frequency is at 900 MHz and the compld® the MM.

dielectric constant of the wall.7— j1.2 is to model reinforced

concrete (RC) structures [9]. Since more discontinuities exigtvector network analyzer (VNA—HP8510C or HP8753B),

in the stair-shaped structures than those of the flat slabsaif amplifier, and two dipole antennas were used to perform
Fig. 4, the ray-tracing solutions in Fig. 8(a) indicate morghe measurements in a building at our university, as shown
abrupt field variations and larger errors due to the stronggf Fig. 9. Results with the antennas located in a corridor,

higher order modes not included in the ray tracing. Howevesp different floors, and inside a staircase were tested and
the ray-tracing results can still predict the overall level of thegmpared.

fields and locate the about positions of the peaks and valleysgor the indoor measurements, a total of 883, data

especially at locations away from the wall. Since the raysints from 398 to 2798 MHz were measured at each field
may bounce between different sections of the stairs, multipd@sition with the dipole antennas being half wavelength long
reflections inside the stair-shaped wall need to be traced afdgog MHz. To remove outside noises/signals and improve
the variations of the spreading factor after reflections amgle signal-to-noise (S/N) ratio, an average of 32 consecutive
transmissions should be properly evaluated,_ i.e., (4), to findbasurements had been taken at each frequencySFhef

the correct GO rays reflected from or transmitted through thgs \/NA with the two antennas separated 1m apart and located
stair-shaped wall.

1.3 m above the floor near the center of the region between the
elevator and the lower boundary of Fig. 9(a) were used as a
IV. COMPARISONS OF THERAY-TRACING reference. By dividing the measuréd; raw data of the field
SIMULATIONS AND FIELD MEASUREMENTS

points with the reference at each frequency under the same
This section presents field measurements and ray-tracimgasurement setup, the system parameters of the VNA and

simulations for indoor radio-wave propagation and penetraticamplifier, cable losses, antenna factors, and mismatch effects

0.0
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Fig. 6. E-field distributions at 450 MHz in the left-side room of Fig. 4 fore;, g £ fielq distributions at 900 MHz over the left side of the stair-shaped
lossy structurege, = 2 — j1) determined from (a) the ray-tracing method
and (b) the MM.

=

Fall @ er=6.7-j1.2 (RC)
Floor : er=10.-j

.0
A+ 0.33m  (900MHz)

&
57
%
e R T

* aie [onie Eleric
1
2754 1754 \zsx\ 1

////érgu:; (lossy//};i/;/f space) ///% -

structure shown in Fig. 7 determined from (a) the ray-tracing method and (b)
the MM.

the floor is 3 m and the surrounding walls are at least 3 m
away, the direct-path field of the reference dominates.
For a plane wave incidence, the measused of the VNA

is proportional to the receiving antenna pattern in the reverse

direction of the incident wave multiplied with the component

of the incident E-field along the plane of the incident direction
and the receiving dipole axis [13]. The ray-tracing program
can be used to simulate the indoor wave propagation and
penetration for determining the GO E-fields in the incident
plane and then multiplying with the receiving antenna pattern
factor to obtain the ray contributions to the receiving antenna.
The phasor sum of all the significant ray contributions is
evaluated at each field point. The setup for measuring the

reference is also simulated by using the ray-tracing program.
Fig. 7. An infinite line source radiates into a 2-D stair-shaped structure. Then, by dividing the phasor sum at each field point with
can be removed for a linear system. Fig. 10 plots an examjhét evaluated for the reference, a ray-tracing calculated ratio
of the open-site reference measurements, which indicate than be obtained to compare with the measuggd ratio.
those dipoles perform best at frequencies around 900 MHz dndthe simulations, ideal sinusoidal current distributions and

fair around 1800 MHz. Because the height of the ceiling fromntenna patterns were assumed for the dipole antennas. Thus,
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Fig. 9. A corridor in a building of National Taiwan University of Science and Technology (NTUST) for performing field measurements. (a) Top view.
(b) Side view looking along the: direction. (c) Side view looking along theg direction.

for a z-polarized dipole of lengtl2/ located at the origin, the  For the case in a corridor, the transmitting antenna was fixed
following two equations [13] at a location, while the receiving antenna was moved along
f(z) —a.l,sinflh—|z) (A) (5) an L—_shaped path, ie., Sgctions A a_nd B in Fig. 9 with _both
the dipoles polarized vertically (thedirection). As shown in
Fig. 9, some of the walls are composed of the RC and brick
Br,0) = s J60Ln ;o cos(Bhcosb) — cos fh (V/m) Structures, which were indicated in the blueprint of the corridor
’ T sin and also verified by the material property measurements. The
6) correct modeling of the walls is important since the path—loss
were used to approximate the current and the radiating @ifference between the RC and brick walls is significant.
field in free space. Also, the building structures were modelé&dgs. 11 and 12 compare the measured and simulated ratios of
with homogeneous slabs and blocks having effective complthe E-fields along thd.-shaped corridor for different antenna
dielectric constants obtained from a free-space method ush®jghts and frequencies. Also, ray-tracing results with three
transmission measurements at normal incidence [9]. Thus, odlfferent A¢’s are presented in Fig. 12 for the 900-MHz case
the major effects of the structures were considered. with different transmitting and receiving antenna heights to

zZ
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TABLE | —40
CPU TiME AND ERRORS FOR THECASE _s50
GIVEN IN FiG. 12(@)wITH A 5% THRESHOLD =
o —-60
A6  |CPU Time on| Average Errors Standard Average Errors Standard : ~70
(Degrees)| Pentium-166 | (Compared with Deviations (Compared with Deviations 8
(H:M:S) | Measurcments) | (Compared with 40=1° (Comparcd with :é_ —80
(dB) Measurements) Simulations) AB=1" g ~90
(dB) dB) Simulations) (dB) _ 100
1.0 57:16 | -0.429 3.98 0 0 & o
1.5 24:34 | -0.426 3.98 -0.084 1.03 190
2.0 13226 | -0.316 3.70 -0.004 0.97 0.4 0.8 1.2 1.6 2.0 2.4
25 8:22 | -0.250 3.53 0.103 1.35 Frequency (GHz)
3.0 5:39 | -0.486 3.75 -0.089 292 Fig. 10. An example of the open-site measurements. The dipole antennas
are a half-wavelength long at 900 MHz.
TABLE I
CPU TiME AND ERRORS FOR THECASE GIVEN . .
N Fic. 12(b) WiTH A 0.5% THRESHOLD Fig. 13 plotg the geometry of the setup for the d|p0l§
antennas on different floors and also the measured and sim-
AO  |CPU Time on| Average Emors | Standard | Average BT | Standard ulated S, ratios at frequencies of 900 and 1800 MHz with
(Degrees)| Pentium-166 | (Compared with Deviations (Compared with Deviations . . . . .
(H:M:S) | Measurements) | (Compared with 26-1° (Compared with both the dipoles polarized horizontally along thalirection.
(@B) Measurements) Simu;ations) A0=1° The receiving antenna (Rx) was moved along a straight path
B i § . . .
s €0 _|Smusion @)} directly above the transmitting antenna (Tx). As shown in
10 | 1:5026| -0878 3.10 0 0 Fig. 13(b) and (c), the simulations and measurements are
L5 45:00) -0.760 522 0.118 2.50 close in part of the path, but may be more than 5 dB
2.0 23.42| -0.874 5.17 0.004 2.50 different at locations away from Tx. The measurements of
25 14:10|  -0.699 5.06 0.179 282 the dielectric constants of the ceiling used in the simulations
30 922 | -1458 5.85 0,580 351 were taken at the location of Tx under normal incidence.

Therefore, the differences of the results are most likely due
to the inhomogeneity of the ceiling, which are modeled as

show the convergence of the solutions. In addition, Tablegm?mogeneous flat slabs in the S|mu|at|ons.

and Il compare the amounts of CPU time on Pentium 166The g(_eometry .Of the .measurem.ent §|te for waves brop-
needed to perform the 900-MHz simulations and also "ﬁatlng in a staircase is plotted in Fig. 14, where Tx is
the averages and standard deviations over the differen ted on the third floor and Rx is moved along a cross

between the simulations and measurements in decibels ?&Ih (Sections A and B) on the stage between the second and

five different A@’s. The average values of the measured da@rd floors. Results of the field measurements and ray-tracing

in decibels are only slightly lower than those obtained frorﬂmulations are ;hown_in Fig. 15 for frequgncies at 900 an_d
ray-tracing simulations. However, the standard deviations 2800 MHz. The dielectric constant of the stair structure used in
about 4 dB in Fig 12(5) and 5 dé in Fig. 12(b). The value Otpe simulations was assumed to be that of the RC wall since the
AG(A¢ = A8/ sin 6) significantly affects the required runningfree-.space method fqr measuring the dielectric congtant is not
time and should be small enough to obtain convergent resuﬂg.pl'cable for the stairs. .Better agreements are achieved at the
A A4 of 3 is already good enough for this case. For all othé}’gher frequency. The differences between the measurements

cases measured at the NTUST shown in this paper, only {2 Simulations may be due to the following reasons.
simulated data with\@ = 1° are presented. 1) The diffractions from the edges of the stair structures
The simulated results shown in Figs. 11 and 12 follow the  are not included in the simulations.
trend of the measurements. Most of the peaks and valleys o) The dimensions of each stair step are less than a wave-
the measurements also coincide well with those of the sim-  length at 900 MHz. Since the ray-tracing method is a
ulations, although the scattering from following objects were  high-frequency approximation technique, larger error is
not included in the simulations: roughness and inhomogeneity ~€xpected at the lower frequency for smaller dimensions.
of the walls, edges of the structures, power cables in plastic3) The effective complex dielectric constants used for the
pipes hung on the ceiling, electrical wires inside the structures, stairs and side walls are only a rough approximation
and other details. For the waves propagating inlﬂ:ﬁhaped for the Composite bU|Id|ng structures. Also, since the
corridor, the reflections from the ceiling of the upstairs and  building structures are modeled as homogeneous blocks,
the floor of the downstairs are negligible due to the higher ~ the scattering due to the inhomogeneous composite
round-trip attenuation through the ceiling and floor. Actually, ~ materials can cause significant modeling errors in phases
a 2-D approach by considering only the rays propagating in and magnitudes.
the horizontal and vertical planes on the same floor may beNevertheless, the agreements between the measurements
applied to obtain results close to those from the 3-D ray-tracimgd simulations for the complicated stair geometry are still
program much more efficiently [7]. good.
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Fig. 12. Comparisons of the field measurements and ray-tracing simulations along the corridor for the antennas located at different heights;(Rx: 1.96

1.3 m) and polarized vertically. (a) Section A, 900 MHz. (b) Section B, 900 MHz. (c) Section A, 1800 MHz. (d) Section B, 1800 MHz.
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Fig. 13. Comparisons of the field measurements and ray-tracing simulations for the antennas located at different floors and polarized hovizgntally al
the y direction. (a) The measurement site. (b) Results at 900 MHz. (c) Results at 1800 MHz.

Table Il lists the amounts of CPU time on Pentium 166adiation sphere from Tx can be traced to determine those
spent in the ray-tracing simulations for those measuremeatsgular regions. Then, detailed tracing for all the tubes in
performed at the NTUST. The 3-D ray-tracing program bgnly those regions is performed.
using ray tubes withA8 = 1° and A¢ = Af/sind are Fig. 16 demonstrates a comparison of the measurements and
employed in those calculations, where the ray tubes @ainulations for waves penetrating through an exterior wall
traced one by one. Considerable improvement of the runningth windows. The measured data are taken from [10], where
efficiency may be achieved by first finding the angular regiomsroom of 16 mx 6 m is illuminated by a Tx at a distance
of ray tubes that may enter a receiving boundary including &f 888 m away from the wall and incident at an angle &f 3
the Rx locations. Some test rays equally covering the whad the normal of the wall surface and the locations of the
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Fig. 14. A staircase in a building of the NTUST for performing field measurements.

Rx were only 1 m behind the inner surface of the exteridralf-wave dipole at 1290 MHz is transmitting instead of the
wall. A vertically polarized Yagi array of 23 elements andragi array for simulating this far-zone illumination. The E-

a standard dipole antenna were used as the Tx and Rxfigid strength in dBmV/m for the half-wave dipole with 20-dB
those measurements. The geometry of the room modeledampere maximum current is plotted in Fig. 16(b) compared
our ray-tracing simulations is plotted in Fig. 16(a), togetherith the results presented in [10] (the dimension of the field
with the material properties assumed and a vertically polarizettength of the measured data is not clear and the antenna
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TABLE Il scattered fields from those frames can be strong and
ComPARISONS OFCPU TIME REQUIRED TO RUN THE RAY-TRACING SIMULATIONS result in fast fading and field variations.

WITH A# = 1° FOR THE CASES TESTED IN THE BUILDING OF NTUST .
3) The concrete posts of the exterior walls attenuate the

CPU Time on CPU Time on fields significantly as shown both in the measured and
Cases Threshold|  peptium-166 Cases Threshold|  periim-166 simulated data.

(%) (H:M:S) (*%) (H:M:S)
Figl1(a) | 5.0 10520 | Figll() | 0.5 1:53:05
Fig.11(c) 5.0 1:05:06 Fig.11(d) 0.5 1:44:07 V. CONCLUSIONS
lglot) | 50 717 Fglab) | 03 120:26 A ray-tracing program has been developed for modeling
Fgl2e) | 50 12032 | Figlad) | 05 L4155 indoor wave propagation and penetration. Multiple reflec-
Fig13() | 1.0 31123 | Figl(© | 10 2:03:44 tions and transmissions of ray tubes inside and among walls,
Fig.15@) | 10 45453 | Fegls®) | 10 3:09:59 ceilings/floors, and other building structures are traced to
Fig15() | 10 52933 | Figls@d) | 10 4:02:48 determine the GO contributions. Each ray tube is composed

of four rays defining byA# and A¢ in a local spherical

fact K The effects of the window coordinate system centered at the transmitting antenna, and the
actors are unknown). The effects of the window frames a lid angles of the initial ray tubes are kept approximately the

not included in the simulations. From this comparison, SOMe e Tq accurately model the spreading of the tubes reflected
observations are given below. or transmitted through complex structures, the ray tubes are
1) Since the path of the Rx locations is nearly normal t9aced and the cross-sectional areas of the tubes are evaluated
the incident rays and parallel to the exterior and interigft the receiving locations to determine the spreading factors
walls, the GO contributions should vary smooth alongased on the conservation of energy flux in a ray tube.
the path, as is indicated in the ray-tracing results. Ray-tracing solutions for a 2-D two-room structure and
2) The ripples with about a one wavelength separatiefiso a 2-D stair-shaped wall above a lossy ground have
occur in the measurements and the trend of the fiegden compared with those determined from the MM. Good
strength is slowly varied too. Those phenomena may bgreements have been obtained. Also, field measurements to
due to the scattering effects of the array of the lonfind the field distributions in a corridor, on different floors,
metal window frames parallel to the vertically polarizednd inside a staircase have been performed by using a vector
incident fields. Also, the array of the frames are closeetwork analyzer, an amplifier, and two dipole antennas.
to the Rx and parallel to the receiving path. Thus, thieine-of-sight measurements in a large empty region with the
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Fig. 16. Penetrations of waves at 1290 MHz through an exterior wall with metal-framed windows for a case reported in [10]. (a) Geometry and material
properties used in our ray-tracing simulations. (b) Comparisons of the ray-tracing simulations and the field measurements given in [10].

transmitting and receiving antennas separated by 1 m w&€ walls, brick walls, and floors determined from a free-
employed as the reference of the field measurements. Themace method were employed in the simulations. The simulated
the ray-tracing program has been applied to evaluate the fietddutions mostly follow the trend of the measured results.
at 900 and 1800 MHz in the buildings for comparisons witkurthermore, measured data at a frequency of 1290 MHz
the measurements. The complex dielectric constants of them [10] for waves penetrating an exterior wall with several
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metal-framed windows are employed to examine the raji] H. Kim and H. Ling, “Electromagnetic scattering from an inhomoge-
tracing solutions at receiving locations close to the windows. neous object by ray tracing|EEE Trans. Antennas Propagatol. 40,
ing f h tal f . tant for thi pp. 517-525, May 1992. ) ) )
Scatt_e”ng rom the metal frames seems important for this cagey c. A. Balanis, Advanced Engineering ElectromagneticNew York:
This ray-tube tracing method may be applied to model the Wiley, 1989. _ ‘
wave propagation in and penetration through arbitrary shagéd Y{\(’)'rl'(-j \?\}i?éﬁmfggi”d G. A. Thieleintenna Theory and Design New
of electrically large building structures that do not excite ' ' '
significant diffracted fields to the receiving locations. Results
obtained from this ray-tracing program can be employed

to study the channel characteristics of the indoor wirele - ?h_ang-FS gagg (S’8g—M’82) ﬁaslgggngl Taipei, g
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