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A Novel and Efficient Hybrid Model of Radio
Multipath-Fading Channels in Indoor Environments

J. H. Tarng Member, IEEEWen-Shun Liu, Yeh-Fong Huang, and Jiunn-Ming Huang

Abstract—This paper presents a novel and efficient hybrid In light of the above analysis, our work presents a novel
model combining a two-dimensional (2-D) site-specific model and and efficient hybrid physical-statistical model to explore the
a statistical model to characterize multipath fading in indoor ¢54ing statistics in indoor environments. The proposed model
environments. The site-specific model describes the propagation consists of a two-dimensional (2-D) site-specific deterministic
effects of interior walls and building walls. The latter model char- R p .
acterizes the effect of scattering due to rough surface boundaries model and a statistical model. The former model incorporates
and/or randomly positioned scatterers such as furniture and per- the large-scale specific floor layouts and construction features
sonnel, which significantly affects small-scale fading. The hybrid of a propagation site, which are digitized into computer
model is computationally efficient since only the 2-D site-specific ,54rams and evaluates the signal at designated locations
model is needed. In addition to accurately predicting mean field based -tracing techni 71191, It includes th
strength, the model can effectively quantify the relative mean ased on fay rac!ng ?C nique [7] [_]' ncitl es. N ave_rage
contribution of diffused scattering with a factor r. The factor is Path loss due to interior wall or furniture obstruction, which
also an effective index to quantify the cluttering strength of the contributes to shadow fading. Furthermore, [9] employs the
propagation environment: 1) light-cluttering situation » < 0.35 patched-wall model to describe floor layout in detail by using
and 2) heavy-cluttering situation = = 0.65. Some blind tests ~ iches with different dielectric constants and sizes, thereby

validate the effectiveness of the model. A large amount of experi- . ina th dicti f field st th It i
mental data for 2.44-GHz radio at many different sites shows that 'Nc€asing the prediction accuracy or nield strength. 1L i1s a

a Nakagami distribution describes the fading distribution well. deterministic method to yield the mean signal strength and
describes the global variations of the signal. The latter model

characterizes the small-scale cluttering effect due to rough
surface boundaries and randomly positioned scatterers such
as furniture and personnel, which are seldom addressed by
. INTRODUCTION previous investigations [12]-[13]. It can effectively quantify

ADIO propagation in indoor environments has receivetie relative mean contribution of the random scattering with

R extensive interest in recent years because WLAN and p@ffactorr. Therefore, the hybrid model can evaluate the mean
sonal communications systems, using the uItra-high-frequerﬁignw as well as effectively characterize the small-scale fading.
band as a basis, have been applied inside large office pufidirthermore, the measured fading statistics and mean field
ings. Characteristics of the indoor propagation channel must$€ength of a 2.44-GHz radio propagation at various sites in
further explored to provide a reasonable cell coverage and@gildings validate the proposed model.

quantify their capacity for supporting wireless digital commu-

nication as well. Therefore, related works have developed prop- Il. HYBRID MODEL

agation models for narrow-band and wide-band transmissiongn the hybrid model, the electric field after reception by the

[1]-[9] in a complicated indoor environment. A phenomenolntenna is determined by a superposition of deterministic and
commonly known as multipath fading may both seriously influandom rays. It can be expressed as
ence the transmissions and degrade the performance of a com-
munication system operating inside buildings. E, = Eq4 + E,y (1)

The severity of this disturbance depends on the specific phys- _ - _ - .
ical properties. If the multipath channel is well characterize!her€ Bar = p* @ 3., Ey; and B, = p* e 3, By with
transmitters and receivers can be designed to match the charthe€ing the complex conjugation of unit polarization vector

and to reduce the effect of the disturbance. Since in-buildiif§ (€ receiving antenndz,, is equal to the summation of de-

propagation depends not only on the floor layout and buildiﬁﬁrmi”iSti‘_’ ray fields due to the average or le.ffective environ-
structures, but also on randomly positioned scatterers aroundifg"t: Which are computed by the site-specific model [8], [9].

transmitting or receiving antenna, the radio signal should not ber 1S @ random field with zero mean, which describes the re-
modeled only by deterministic methods [10], [11]. ceived field due to rough surface boundaries and/or randomly

positioned scatterers.

Index Terms—Fading, field strength measurement, indoor envi-
ronment, radio propagation model.

Manuscript received July 7, 1999; revised February 25, 2002. This work was  Site-Specific Model
supported in part by the National Science Council of Taiwan under Project NSC ) ) . . .
87-2213-E-009-148 and NSC 88-2213-E-009-110 and in part by the Ministry 1) Ray-Tracing TechniqueThe ray tracing technique is

of Education and the NSC, R.O.C., under Project 89-E-FA06-2-4.  yged to trace the significant direct (if existed), reflected, and
The authors are with the Department of Communication Engineering, Nfa— itted f . | . .

tional Chiao Tung University, Hsin-Chu, Taiwan, R.O.C. rans.mltte rays rom a tr‘?nsm'tter. ocation to a . receiver
Digital Object Identifier 10.1109/TAP.2003.809822 location. The transmitting unit sphere is decomposed into many

0018-926X/03$17.00 © 2003 IEEE



586 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 3, MARCH 2003

A
v
>

21 .
m Tx4 ;/’

24 7
.7 Tx2 é

RRRRRR (Tx1) . %

26 TxI  Tx3 [

LAB 910 <6 .11 . . é
(Txl) (Tx3) 7 s3m

5 - 10,12 .8 (sz)
2m (Tx2) (Tx4) (Tx2) v
4 35.1m

LAB 904

3 LAB 909 10.2m

:E:;j :concrete wall D :window glass : gypsum-board wall

«Tx 020021 22 <23
: wooden door

15 *14 13
LAB 901

Fig. 2. Floor layout of site B. The receiving position number with bracket
LAB 908 notation underline corresponds to the transmitting location.

B. Scattering Model

et T Previous investigations have proposed three models for
mobile propagation environments to describe the scattered
FEES : concrete wall [ window glass [E2] - wooden door field [15], [16]. According to their results, these models are
equivalent to each other as long as the total number of received
rays is large enough. As is generally known, the coherence
bandwidth of an indoor propagation channel is normally wider
than the signal bandwidth of current communications systems,

. . and the total number of received rays is large. Therefore, in this
ray tubes and each is treated as a source ray during the trau?W
I

Z/j : gypsum-board wall @: metallic plates

Fig. 1. Floor layout of sites A and C.

Th : ) ished b h _Qger, one of these models is chosen to describe the randomly
process. The tracing process Is accomplished by an exhausiiiyereq field due to local scatterers inside buildings. With

search of a ray tree accounting for the decomposition of t e chosen model, the angles of arrival were allowed to occur

ray at .each building-object intersection. The rgflgcted ar%lq random with equal probability for any direction. Although
transmitted rays are then treated separately in a similar fashm(g_ phases were completely random, the amplitudes were

as asource ray. It |s_r_loted that the d|ffr§\cted f'e.lq IS negle_Ctegssumed to be constant. Therefore, the receiving scattered field
2) The Site-Specific ModelThe 2-D site-specific model in- is formulated as

cludes direct, reflected, and refracted fields and describes them
by rays [8], [9]. Each propagation mechanism is treated sepa- N
rately. The complex deterministic fielid,,. is given by E.=Eo Y exp(jdn) 3)

n=1
Eip = E1mGuiGriLi(d) [T Re(0;) [[T0mi)  (2)
i 7 m

where ¢,, is a random phase that is uniformly distributed
throughout 0 to 2; IV is the total number of received rays; and
where Iy, is the field envelope 1 m away from the transmitf, is an arbitrary constant. Notably, with statistical character-
ting antenna¢y';; andG,; are the field-amplitude radiation pat-istics of the parameters in (3)E.,.| should follow a Rayleigh
terns of the transmitting and the receiving antennas, respestribution. In addition, the spatial correlation function of the
tively; L;(d) is the free-space path loss of tfth ray with an scattered field can be derived and given by

unfold lengthd; R. andT are the reflection and transmission

coefficients, respectively; art}; andé,,,; are thejth andmth Rg,,(d) = (Es.(r)E(r+d)) = NEGJ,(kd)  (4)
reflecting and transmitting angles, respectively. Notably, in the

computation of the reflection or transmission coefficient, the rethere(-) and.J, are the ensemble average and the zero-order
flecting or transmitting boundary is treated as a multilayerdgiessel function of the first kind, respectively; ahdndd are
structure and the ABCD matrix method is used [14]. In ththe free-space wavenumber and spatial distance, respectively. In
line-of-sight (LOS) propagation, the floor-reflected ray is alsaddition, the relation described in (4) will be used to generate
included and computed by using (2) with= 1. the sampled scattered fields, which are correlated to each other.
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Fig. 3. Histogram and the best fit Nakagami distribution of signal amplitude for site A. (a) Receiving position no. 1. (b) Receiving position Rec2i\t)g
position no. 3.

IIl. M EASUREMENT SETUP, SITES, AND DATA ANALYSIS receiving antenna is also a half-wavelength dipole antenna (An-
ritsu MP663A) of the same height. Both the transmitting and
A. Measurement Setup and Sites receiving antennas are vertically polarized during the measure-

ment. The receiver (Advantest R3261A) can instantaneously
Narrow-band (CW) signal strength measurements were takeeasure the signal strength betweed0 to —110 dBm over
at 2.44 GHz. A half-wavelength dipole antenna at a height 1.6an100-kHz interval. To ensure that the propagation channel is
above the ground transmits a 13-dBm CW signal. The transntithe stationary during the measurement, the measured data were
ting system, including a signal generator, a section of cable, aamkeraged on screen over ten instantaneously sampled data. The
the transmitting antenna, was calibrated in an anechoic chamimeived data were acquired automatically by a personal com-
to measure the 1-m transmitting field strength in free-space. Tibgter with a GPIB card.
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Each measured location was associated with a5\ square TABLE |
area. In this area, 2% 21-grid subpoints were chosen, and the THE PSTS/%;LEJ?; h‘f?gf?;ﬁg '1:‘\‘DAEAGAM'
received power was sampled at these subpoints. These subpoints o

were arranged in such a manner that 21 equally spaced subpoir— -
were lined along each side of the square, I2\¢4 spacing be- Site Number | Position Number| Measured (2 Measured m
tween any neighboring subpoints along each side. Site A 4 6.84c-4 1.92
There are 26 measured locations, all situated on the sarr 5 3.93¢-4 1.2
floor of Engineering Building Number Four at the Na- 6 1.96¢-4 1.80
tional Chiao-Tung University in Hsin-Chu. Both LOS and ; i'g;zj T'gg
non-line-of-sight (NLOS) propagation measurements were . g 9 40302 134
taken. Measurement at site A (no. 1-no. 5), shown in Fig. 1, i 10 33404 2.08
LOS propagation in a corridor. It also displays site C, where 14 11 2.84e-4 1.76
receiving positions (no. 13—no. 26) are chosen and the direc 12 1.88e-4 1.67
path of each position is blocked (NLOS). At sites B, seven 13 2.38e-4 119
receiving positions are located at an empty room (10.8.4 14 1.31e-4 097
x 3 m?), as shown in Fig. 2, where four transmitting positions 12 ;ig:: i'?g
are chosen. These receiving positions are carefully chosen 1 17 43505 136
include the generic propagation features. 13 96905 1.10
To describe propagation environment at each site properly ) 19 1.02¢-4 1.44
the patched-wall model [9] is employed and five kinds of  Si*®€ 20 3.32¢-4 1.13
patch are used, including wooden doors, gypsum-board walls 21 2.56e-4 1.07
window glass, concrete walls, and metallic plates. Four rect 22 1.07e-4 1.38
angular metallic patches are used to form the surfaces of th 23 L.52¢-5 1.28
bookcase or the air conditioner. Metallic objects on the floor, ;‘5‘ g':zz:g ii?
including cabinets, bookcases, standing air conditioners, an 26 1970.6 1:33

whiteboards, are treated in the ray-tracing process since they
are important reflecting articles.

to this figure, both the 2-D site-specific and the hybrid models,
B. Measurement Data Analysis which are combined with the patched-wall model, have a very

Fig. 3(a)—(c) display the histogram of the measured envelo@@Od prediction accuracy. It is because of the small addition of
at three receiving positions at site A. It is illustrated that th&e diffused term. _
measured data are well described by the curve of the best-fifNotably, the number of ray-tree levels chosen in the
Nakagami distribution. The best-fit distribution implies thaf@y-tracing process at each site must be greater than the
the parameters of the distribution such as the mean poW@aximum number of walls crossed by the direct ray between
Q and the shape parameter are properly chosen to yield athe transmitter and receiver. Here, nine tree levels are used to
minimum mean square error between the fitted and measuRsdform the simulations, which result in converged path loss.
data. The Nakagami distribution has been shown to describe
envelope fading well in multipath environments [10], [11]. 18- Computation of the Scattered Field

relates to other distributions through some simple formulas.Since the {+1)th sampled complex scattered field is related
For example, the Rayleigh distribution is a special case of thgthe ith sampled field, their relation can be described using

Nakagami distribution whem = 1. The Nakagami distribu- first-order autoregressive model (AR-1) method [19]
tion can closely approximate a Rician distribution. According

to the comparison results in Fig. 3, the Nakagami distribution;_ (; 4 1) = Eo ()R, + /1 R2 [N1(0, o) + jN2(0, o)]
demonstrates a satisfactory performance in describing the g 5
fading envelope. For other receiving positions, their parameters ®)

of the best fit Nakagami distribution are summarized in Tablev'xihereRp is the normalized? ... Both N (0, o') andN (0, o)

are independent Gaussian random variables with zero mean and
standard deviation. Since|E,,| follows a Rayleigh distribu-
A. Validation of the Site-Specific Model tion, o = /2/x(|E,.|). Herein, the value of or (|E,,|) is

The measurement of the averaged path loss at 2.44 GHz \%ggrmlned from the experimental Qata. ,TO det_errmmaore
idates the 2-D site-specific model. In the numerical simulatidifSilY: @ factor = (| Eq[)/|Ear|ave is defined with| Eq [ave
made with the site-specific model, 360 source rays are genBfing the spatially averaged deterministic envelope.
ated and traced. The dielectric constants of gypsum-board walls, ,
wooden doors, concrete walls, and ground floors are choserf-to Comparison
equal 5-0.062j, 5-0.062j, 7—0.6j, and 7-0.6j, respectively  Fig. 5 illustrates measured and computed probability density
[17], [18]. Fig. 4 presents a scatter plot of the computed path Idsmictions (pdfs) of signal amplitude of position no. 1 at site A.
versus the measured path loss at sites A, B, and C. AccordBgth the site-specific and hybrid models are employed. Notably,

IV. COMPARISON AND ANALYSIS
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Fig. 5. PDF of measured and computed signal amplitudes of position no. 1 at site A.

the data computed by the hybrid model include the cases wittodel yields much better prediction accuracy than that of the
r = 0.2, 0.3, 0.6, and 0.9. From the figure,= 0.3 yields site-specific model with a properly chosen value dfigs. 6 and

the best fit with the minimized mean square difference betwe@rdisplay measured and computed pdf of signal amplitude for
the computed and measured pdf. It is also found that the hybadpecific receiving position at sites B and C, respectively. It is
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120

o D has different propagation features from sites A, B, or C. Fol-
T b model lowing the same procedure, the optimunfor site D is small

| andequal to 0.2.

_ Figs. 9 and 10 summarize the measured and computaad
xr=0.2 Q, respectively, for the 43 receiving positions. From Fig. 9, it
°:g:° . is observed that the hybrid model yields a much better charac-
=09 terization accuracy ofn than that of the site-specific model,
i.e., the proposed model can characterize the small-scale fading
well. Both models have similar prediction accuracy of the mean
power.

1051

%0l

Probability density
2
T

N D. Blind Test

N\ T To validate the applicability of the hybrid model, it is verified
L Nt T - by the measured data acquired at other four sites, sites E—H at
it ™ ™™ different buildings on the campus. Layouts of these sites will not
be illustrated in this paper in the interests of space. Site E is on
Fig. 6. PDF of measured and computed signal amplitudes of position no. &le sixth floor of Graduate Student Dormitory no. Two. There
site B. are six receiving positions located at different rooms or in the
corridor while the transmitter is situated in a room alone. The
__________________ Sito spacitc modd diregt path doe; npt exist. Site F is located ?n a computer room in
90} 2 Hybrid model 1 Engineering Building no. Four. There are six receiving positions
~——  Measured in the room, which is filled with computers and furniture. The
1 transmitter is placed outside of the room. Site G is located in
an empty classroom in Engineering Building no. Four. Site H is
situated in the Gym, which has a large open spacex(83 x
0:r=04 1 10 m?). Only one receiving position is arranged again, with the
propagation distance being equal to 10 m. The total number of
the measured positions at these sites is equal to 14. Notably,
for sites E—H is determined by averaging the optimum range of
r obtained at sites A, B, and C, i.e.= 0.3 for light-cluttering
environments and = 0.7 for heavy-cluttering environments.
For site H, a large open area,= 0.2, which is the same as
that at site D. In Figs. 9 and 10, position numbers greater than
Y J 26 are used for blind test. There is a dashed straight line as the
boundary to split these two kinds of position, which is shown
00 0_605 0_'01 0‘615 0_'02 o};;g 0.'03 0035 0.64 YT Figs. 9 and 10_. It means that the mea;ured data of p_o§|t|on
Signal amplitude number 1-26 calibrate thefactor. From Figs. 9 and 10, it is
found that the hybrid model using the averagstill yields a
Fig. 7. PDF of measured and computed signal amplitudes of position no. 3atisfactory performance at every receiving position. This test
at site C. validates the proposed model.
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observed that the optimum values-dbr positions no. 6 and no. V. DISCUSSION

13 are equal to 0.28 and 0.7, respectively, and that the optimum i )

value ofr may be varied with the propagation environment. " the following, we analyze the factors that affeet™in-
To learn the optimum range ofin indoor environments, the cluding wall roughness, smgle/mul_tlple scatterer cluster, kind

root mean square error of the envelope’s pgh for those 26 ©f room, LOS/NLOS, and propagation distance.

receiving positions are computed using different values.of

The mean obpp, opp, versusr is illustrated in Fig. 85 pp

is acquired by averaging over 10 samples pf,. The effect of wall roughness in the buildings, including the
In Fig. 8, it is found that the optimum value efvaries in a effects of inhomogeneous wall structure due to the embedded

range from 0.25 to 0.35 for light-cluttering situations and 0.65 teindows, is discussed here. At site B, which is an empty room

0.75 for heavy-cluttering situations. This illustrates the fact thas shown in Fig. 2; is in the range of 0.240.3 when the trans-

in heavy-cluttering environments where many scatterer clustengiting and receiving antennas are not close to the wall bound-

exist, the received amplitude fluctuates in wider range than amies. Another experiment in a new empty room with a similar

that of light-cluttering environments. size, site G at the same building, is conducted; the room layout
To find the optimumr for indoor environments with a largeis shown in Fig. 11. It is found that = 0.3 (when the single

open space, site D, the lobby of the Chung-Cheng Auditoriuscatter cluster does not exist), which is close to the value found

is chosen for its large empty space (1%.21.7 x 12 n?). Site  at site B. It is also found that as the empty space increases, the

A. Wall Roughness
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Fig. 8. Mean ofr p , for eight sampled points illustrated as a functiom oft is observed that optimumis in the range of 0.20.4 for the case of light cluttering
such as at measured points 2, 3, 37, 38, and optimisin the range of 0.£0.8 for the case of heavy cluttering such as at measured points 13, 14, T1, T2.

—— Measured data
—&— Site-specific model
5 ’ —@— Hybid Model

Position No.

Fig. 9. The measured and computedare summarized for the 43 receiving positions, wheres the shape parameter of Nakagami distribution. The measured
data of position numbers greater than 26 are used for blind test. The hybrid model yields good prediction accuracy.

scattering effect of wall roughness decreases,.dgcreases. B. Single/Multiple Scatterer Cluster

It is observed that = 0.2 at point no. 43 at site D, a large

empty lobby. Therefore, wall roughness may affediut its ef- To investigate the effect of a single scatterer cluster, a mea-
fect decreases as both the receiving and transmitting antensiagment is carried out in an empty room, site G, where many
are moved away from the wall. desks and chairs are piled up to simulate the scatterer cluster as
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Fig. 10. The measured and computedare summarized for the 43 receiving positions, whereepresents the mean power. The measured data of position
numbers greater than 26 are used for blind test.

9.3355m The light-cluttering situation happens when the distance be-
tween the receiving antenna and the scatterers is larger than 12
wavelengths. From the above discussion, it is found that the
light-cluttering situation happens when the transmitting or the

. receiving antenna is some distance away from a single scatterer
\‘\dg cluster, or when the reflectors have rough surfaces.

If there are many scatterer clusters around the transmitting or
receiving antennas such as at sites C (a laboratory), E (a dormi-
tory), and F (a computer room), then a heavy-cluttering situation
will happen with large probability.

C. Kind of Room

We classify the propagation environment based on the kind of
room. These include a corridor, a laboratory, a computer room,
a dormitory, an auditorium, and an empty room. In Table II, it
is observed that in a light-cluttering environment, radio propa-
gates in an empty space such as in the corridor (Pos. no. 1-5),
auditorium (Pos. no. 43), or an empty room (Pos. no. 6-12,
34-42). The heavy-cluttering situation happens when the room
is crowded with a lot of scattering clusters such as in the labora-
tory (Pos. no. 13-22), dormitory (Pos. no. 23—-26), or computer
% : concrete wall D : windows glass room (Pos. no. 27-33).

: wooden door : gypsum-board wall D. LOS/NLOS

From Table 11, it is also found that distributes in the range

Fig. 11. Floor layout of site G (local scattererd). represents the distance gf 0.35.0.75 for NLOS environments and 0.28.35 for LOS
between theRx» and scatterers. ; ) . T, ;

environments. In NLOS environmentsmay change in a wider

range than in that of LOS environments, and classification based
shown in Fig. 11. In the measurement of signal strength distan LOS/NLOS may not be very effective.
bution, the transmitting antenna is fixed and the receiving an-Therefore, effects of the local scatterer clusters and the local
tenna is moving along a straight line. In Fig. 12, it is foundeflectors with rough surface dominate the random fluctuation
thatr decreases, i.e., the cluttering strength decreases, as thefé¢he field strength. Their effects, quantified by the scattering
ceiving antenna moves away from the single scatterer clustectorr, are mainly dependent on the distance between the local

WGTLITOL
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Fig. 12. Relative scattering factorversusd,, whered represents the distance between the receiver and the scatterer cluster.

TABLE I
RELATIVE SCATTERING FACTOR FOR43 ROSITIONS

Light-cluttering Heavy-cluttering

Position No. r factor Position No. r factor
1 0.28 13 0.7
2 0.28 14 0.7
3 0.26 15 0.3
4 0.29 16 0.3
5 0.29 17 0.28
6 0.28 18 0.29
7 0.27 19 0.3
8 0.27 20 0.7
9 0.3 21 0.72
10 0.27 22 0.7
1 0.29 23 0.69
12 0.27 24 0.72
34 0.3 25 0.68
35 0.3 26 0.7
36 0.3 27 0.71
37 0.32 28 0.67
38 0.35 29 0.71
39 0.32 30 0.71
40 0.31 31 0.65
41 0.35 32 0.67
42 0.35 33 0.26
43 0.2

tering) effects, which uses a scattering faetdvith many mea-
surements of 2.44-GHz radio at different sites, it is found that
the factorr is an effective index to describe the cluttering ef-
fect: 1) light-cluttering situatiom < 0.35 and 2) heavy-clut-
tering situationr = 0.65. It is also found that there is a large
probability that heavy-cluttering situations will happen when 1)
there are many scatterer clusters around the transmitting and/or
receiving antennas or 2) a single scatterer cluster or a reflector
with rough surface is very close to (within 12 wavelengths) the
transmitting and/or receiving antennas. The cluttering effect in
the latter situation decreases when the transmitting or the re-
ceiving antennais moved away from the single scattering object.
The blind test finds that equals 0.3 and 0.7 for light-cluttering
and heavy-cluttering environments, respectively, a reasonable
choice. Notably, in a large open area, the optimutrecomes
smaller and equals 0.2.
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