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ABSTRACT 
A theoretical model is developed to predict the propagation loss of UHF 
radio waues in large modern offices with low metallic partitions. It is 
found that in addition to free-space propagation loss, the shadowing loss 
due to the blockage by the low partitions in the out-of-sight situation 
becomes the dominant one. The shadowing loss can be efficiently 
formulated by using the theory of single or double knife-edge diffraction. 
The model has been uerijied by an experiment conducted at 905 MHz, 
1.75 GHz, and 2.44 GHz in large offices. The model shows reasonable 
accuracy. 0 I996 John Wiley & Sons, Inc. 

1. INTRODUCTION 
Radio propagation in the UHF band has been proposed as a 
basis for radio local area networks (RLANs) and personal 
communications services (PCS) [l, 21. The ultimate goal of 
PCS is to provide instant communications between individu- 
als located anywhere in the world, at any time. In particular, 
when providing service in densely populated buildings, which 
would have traffic many times greater than that of vehicular 
mobile radio systems, a floor or even a room may represent a 
cell [3]. Hence, there is a need to establish a prediction model 
of propagation losses that takes into account various config- 
urations and building materials. An accurate prediction model 
can make planning and installation of these systems as easy 
and cheap as possible. In addition to the great deal of 
experimental data and the many empirically based models 
that have been reported, theoretical models that use the 
ray-tracing method [4,5] or that involve the waveguide model 
[6] have been proposed to predict propagation losses on the 
same floor of office buildings. The major goal of this research 
is to investigate the effects of the geometrical structure on 
radio propagation in building rooms and corridors. The ef- 
fects of objects (low partitions, desks, chairs, cabinets, and 
furnishings, etc.) inside the room on radio propagation have 
not been investigated in detail because of practical complex- 
ity and difficulty [4]. Here, a theoretical model is developed 
and can easily predict the propagation loss in a large office 
with low metallic partitions, which are common geometrical 
features in modem offices. The shadowing loss due to the 
blockage by the low partitions is formulated by the theory of 
single or double knife-edge diffraction [7, 81. Experiments 
with radio waves at 905-MHz, 1.75-GHz, and 2.44-GHz radio 
frequencies on fixed indoor links in two different office 
buildings are conducted to verify the accuracy of the model. 

The rest of the article is organized as follows. The mea- 
surement equipment, environments, and results are described 
in Section 2. In Section 3, the theoretical model used to 
predict field strength is developed, and the computed results 
are compared with the measured ones. Conclusions are drawn 
in the last section. 

2. MEASUREMENT EQUIPMENT, ENVIRONMENTS, 
AND RESULTS 

The field strength was measured in two different large offices, 
No. 1 and No. 2. Detailed parameters of the four experiments 
are given in Table 1. All measurements were made with the 
transmitting antenna held stationary, while the receiving an- 
tenna was placed in different locations in the same room. 
The layout of office No. 1 is shown in Figure 1, which is 
located on the second floor of a three-story reinforced- 
concrete building. The front and back walls are made of 
concrete, and the right and left side walls are constructed of a 
4-m-high aluminum window frame, extending from ground to 
ceiling. Besides the low metallic partitions, there are wooden 
desks, chairs, filing cabinets, and concrete pillars inside the 
office. The layout of office No. 2 is illustrated in Figure 2. It 
is situated on the third floor of another building. In this 
room, only the left side wall is constructed of an aluminum 
window frame; the rest of the walls are made of concrete. 
Furnishings similar to those in office No. 1 were also found in 
office No. 2. The height of the partitions is the same; 1.35 m 
above the floor. 

Figure 3 is a block diagram of the measurement system. 
Half-waveIength dipole antennas with 2.15 dB of gain relative 
to the isotropic antenna were used throughout the 1.75-GHz 
and 2.44-GHz measurements in the transmitter and receiver. 
Two types of antennas were used in 905-MHz measurement. 
The receiving antenna is a quarter-wavelength monopole 
antenna, and the transmitting antenna is a half-wavelength 
dipole antenna. In the 1.75-GHz and 2.44-GHz cases, a 
frequency converter is added right before the receiver to 
downshift the receiving frequency. 

Because all of the objects inside the office can serve as 
scatterers or reflectors to the radio wave, they cause the 
received signal to exhibit strong variations as the receiving 
antenna is moved over a short distance on the order of 0.5 
wavelength. In our experiment, the section average of field 
strength at each measuring point is obtained by averaging 
over nine measured subpoints within a circle of radius equal 
to 0.75 wavelength. The data of each subpoint are time- 
averaged signals over a suitable time period with a 10-Hz 
data sampling rate. 

In Figure 4, the measured and free-space propagation 
losses (in decibels, with respect to 1-m free-space propagation 
loss) of Experiment I are illustrated by the solid and dashed 
lines, respectively. The former line is fitted by the method of 
least-square regression from the measured data with attenua- 
tion slopes equal to -33.5 (dB/decade). For Experiments 
11-IV, the attenuation slopes are equal to -38.5 (dB/de- 
cade), - 37.3 (dB/decade), and - 37.0 (dB/decade), respec- 
tively. It is observed that excess loss of four measurements 
ranges from 6 to 24 dB, which may be due to the shading of 
the low partitions. This will be verified in the next section. 

3. THEORETICAL MODELS 

In our model, waves reflected from rough ceilings, aluminum 
window frames, or furnishings are neglected. Because the low 
partitions are attached to the ground, the ground reflections 
can be ignored. Therefore, it is believed that the excess path 
loss is mainly due to shading losses from the low metallic 
partitions. Modeling the radio waves diffracted by the low 
partitions is our major concern. The theories of single and 
double knife-edge diffractions are used to formulate the 
diffraction losses of the low partitions. 
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Experiment I is carried out 

The layout of office No. 1 (30 m X 10 m X 4 m), in which 

A. Single Knife-Edge Diffvction. Compared with the propa- 
gation wavelength, the thickness of the low partition is thin 
enough that it can be neglected. Hence the theory of single 
knife-edge diffraction is employed to evaluate the diffraction 
loss of one partition. According to the theory in Reference [7] 
and the geometry given in Figure 5, the electric field after 
diffraction is given by 
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Figure 2 The layout of office No. 2 (20 m x 10 m X 3 m), in which 
Experiments 11-IV are carried out 

where Ef is the free-space electric field, and is equal to 

e- jkd 

Ef  = E Q ~ ,  (2) 

with d = d ,  + d ,  representing the distance between the 
transmitter and the receiver. Here, E, and k represent the 

Experiment 

I I1 I11 IV 

Site Office No. 1 Office No. 2 Office No. 2 Office No. 2 
Frequency (MHz) 905 905 1750 2440 

Polarization vertical vertical vertical vertical 
h, (m) 1.8 1.8 2.5 2.5 

Test points 17 10 15 17 

pl (dBm) 0 10 10 10 

h, (m) 0.85 1 .o 1 .o 1.0 
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Figure 3 Measuring system block diagram and equipment descrip- 
tion 
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Figure 4 The measured and free-space propagation losses (in deci- 
bels with respect to 1-m free-space propagation loss) of Experiment I 
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Figure 5 Geometry for single knife-edge diffraction 
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Figure 6 The Epstein-Peterson diffraction model for double knife- 
edge diffraction 

relative source amplitude and free-space wave number, re- 
spectively. F( u )  is the diffraction coefficient given by 

where u is the Fresnel diffraction parameter given by 

with 

h = ( h ,  - h,) - ( h ,  - 
n- 

(3) 

The received field strength E, = 2010g,,lEdl is given by 

B. Double Knife-Edge DifSraction. Because there is more than 
one low partition blocking the direct path for some measur- 
ing points, the multiple knife-edge diffraction model is em- 
ployed to give a more accurate prediction. To simplify the 
computation, only double knife-edge diffraction is consid- 
ered. Here, we use the Epstein-Peterson diffraction-loss 
method [8], which has been proven to be an accurate model, 
to compare with the rigorous analytical solution [9], to com- 
pute the double knife-edge diffraction loss due to two sepa- 
rated partitions. The Epstein-Peterson diffraction is an exten- 
sion of the single knife-edge diffraction, and its construction 
is shown in Figure 6. The received field strength after double 
knife-edge diffraction is evaluated as the sum of two single 
knife-edge diffractions whose geometries are given in Fig- 
ure 6 for paths T-01-02 and 01-02-R. It can be evaluated by 
using Eqs. (1) and (4) with d = d ,  + d ,  + d, and F ( u )  = 

F(UI)F(U*). 
From Figure 6, 

2 ( d ,  + d 2 )  ' I2 

" = "[ Ad,d2 ] 
and 

2(d2 + d,) 
" = " . [  hd,d, ] 
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+t I It is noted that all the partitions are the same height, and 
u1 and u2 can be positive or negative. 

C. Comparison between Measured and Predicted Field Strengths. 
In Figures 7-10, the measured and predicted field strengths 
are illustrated as a function of propagation distance for 
Experiments I-IV, respectively. It is noted that the differ- 
ence between the predicted and measured field strengths in 
Experiment IV is larger than in other experiments. This is 
because the waves scattered by rough ceiling surfaces, win- 
dow frames, or furnishings will tend toward a specular reflec- 
tion as the radio frequency is increased. Therefore, the 
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Figure 9 The measured and predicted field strengths of Experi- 
ment I11 
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Figure 10 The measured and predicted field strengths of Experi- 
ment IV 

I 
4 10 30 

propagation distance (m) 
Figure 7 The measured and predicted field strengths of Experi- 
ment I effects from any object inside the offices for indoor radio 

propagation at the higher frequency band must be taken into 
account. In order to verify the prediction accuracy of our 
model, the average of the error and its standard deviation are 
calculated for each experiment. The averaged errors are 
-2.5 dB, 0.8 dB, 0 dB, and 0.6 dB, and their standard 
deviations are 2.4 dB, 2.9 dB, 2.9 dB, and 4.9 dB, for experi- 
ments I-IV, respectively. The overall averaged error is equal 
to = - 0.4 dB. All of the values shown above are better than 
those in Reference [4]. 

t i n ,  
f=905 MHz 
hr = 1.8 rn 

100 h, =Lorn --- E 
h 

E 
> 1 =r 
% 
W 

y' 

+ 

0 

++ 
4. CONCLUSION 
In this study, models of radio propagation in large offices 
with low metallic partitions are developed based on the 
theory of single and double knife-edge diffraction. To verify 
the prediction accuracy of the models, propagation experi- 
ments at 905-MHz, 1.75-GHz and 2.44-GHz radio frequen- 
cies on fixed indoor radio links in two different offices are 
conducted. It is found that the accuracy of our models 
compares quite well with the mean-square error and the 
standard deviation of error of the field strengths, all being 
less than 5 dB. This shows that in addition to the free-space 
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Figure 8 The measured and predicted field strengths of Experi- 
ment I1 
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propagation loss, the diffraction loss due to multiple low 
partitions is the major mechanism governing the excess loss 
in out-of-sight situations. Reflections from the plasterboard 
walls, aluminum window frames, and the ground can be 
neglected. 
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ABSTRACT 
An exact analytical dispersion relation describing the propagation of TE 
s-polarized electromagnetic surface waves along the interface of a non- 
Kerr-like, nonquadratic, power-law-dependent cover and a linear dielec- 
tric substrate has been derived. The power flow carried versus the waue 
index, and the field distributions have also been computed. 0 1996 John 
Wiley & Sons, Znc. 

INTRODUCTION 
Systems involving nonlinear dielectric media and their inter- 
action with light waves are potentially useful in various im- 
portant practical applications in nonlinear optics, signal and 
data processing, and optical computers [1-8]. Most published 
articles concentrate on the behavior of nonlinear surfaces, 
and on guided waves in nonlinear Kerr-like media, where the 
refractive index depends upon the quadratic optical field 
intensity, and exact solutions [l-81 have been obtained for 
TE s-polarized nonlinear waves. There are no analytical 
solutions reported about TE s-polarized waves guided by 
non-Kerr-like nonquadratic, power-law-dependent media, 
where the permittivity of the medium can be considered a 
function of the absolute value of the electric field and can be 
written [8-131 as enk = c2 + culEl. Langbein and co-workers 
[8, 91 studied this problem by using the first integral approach 
of the nonlinear wave equation, which is subsequently used in 
satisfying the boundary conditions. The above approach is 
based on numerical techniques and was used [ll-131 in 
computing the field distributions and the power-flow config- 
urations. In this article we derive a new exact analytical 
dispersion relation of electromagnetic waves that propagate 
along the boundary of a non-Ken-like, nonquadratic, power- 
law-dependent cover and a linear dielectric substrate. Both of 
the field distributions versus the position and the power flow 
versus the wave index have also been computed. This ap- 
proach can easily be used in modeling some waveguides, 
which could be used in optoelectronics and integrated-circuit 
technology. 

STRUCTURE OF THE PROBLEM AND 
DlSPERSlON RELATIONS 
The structure consists of a linear dielectric substrate, of 
dielectric permittivity E , ,  occupying the half space z < 0 in 
Region I, and a non-Kerr-like, non-quadratic, power-law- 
dependent cover, where the permittivity can be considered as 
a function of the absolute value of the optical electric field [6, 
71 as enk = e2 + alEl, occupying the half space z > 0, in 
Region 11. We consider TE s-polarized waves that propagate 
in the x direction. It is therefore convenient to write the only 
nonvanishing components of E and H in the form 

where k is the surface wave number, and w is the angular 
frequency. 

For the two semiinfinite bounding media, the fields must 
decay to zero as z + *a, so the fields Ey(z), H,(z), and 
H z ( z )  are completely real, as is the case for nonlinear surface 
waves guided by a Kerr-like medium [2]. We start our calcula- 
tion from the Maxwell equations, 
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