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ABSTRACT

Proliferation of indoor sensor infrastructure has created a new niche for mobile communications, yet research in indoor
radio propagation still has not generated a definite model that is able to 1) precisely capture radio signatures in 3-D en-
vironments and 2) effectively apply to radios at a wide range of frequency bands. This paper first introduces the impact
of wall obstructions on indoor radio propagation by experimental results through a full cycle of an indoor construction
process; it then exploits a dynamic 3-D indoor radio propagation model in a two-story building using radio technologies
at both 433 MHz and 2.4 GHz. Experimental measurements and evaluation results show that the proposed 3-D model
generates accurate signal strength values at all data evaluation positions. Comparing the two radio technologies, this
study also indicates that low frequency radios (such as 433 MHz) might not be attractive for indoor mobile computing

applications because of larger experimental errors or constant absence of measurement data.
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1. Introduction

When Mark Weiser first coined the phrase “ubiquitous
computing” around 1988 [1,2], the idea of “information
available at our fingertips during a walk” was stilla
dream. Today, through relentless pursuit of innovations
in wireless communication and energy efficient hardware
technology, we are gradually turning this dream into re-
ality. Smart phones and tablets, enabled with adaptive
software, have generated lucrative revenues for business
and thus have inspired numerous waves of research ef-
forts in mobile computing. In this context, location-based
services have attracted considerable attention because of
their potential to empower mobile computing with highly
personalized and context-aware services [3,4]. However,
there still exist considerable challenges, particularly in
indoor location determination. As suggested by Mahadev
Satyanarayanan [5], this challenge embodies a number of
themes that could be central to the evolution of mobile
computing. This paper continue sour previous research
[6-12] and develops and evaluates a 3Dindoor radio
propagation model that will not only help understand
radio propagation in complex indoor environment but
also contribute a set of genuinely applications that de-
pend on real-time radio propagation signatures for a wide
range of radio frequencies.

Indoor location determination typically uses a range of
technologies in order to overcome constraints of indoor
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structures and environments. These technologies include:
1) infrared [13]; 2) sound [14-17]; 3) vision [18-21]; 4)
inertial sensors [22,23]; 5) radio frequency (including
both WiFi and Zigbee) [6,10,24-33]; and 6) landmarks
[34-37]. High-sensitivity GPS sensors have also been
evaluated in indoor environments, however, even with
the ability to receive signals up to 1000 times weaker
than normal GPS, high-sensitivity GPS receiver is still
unreliable for indoor environments [38,39]. Among these
technologies, however, most location determination sys-
tems used only one or a combination of three localization
techniques:

1) Trilateration/Triangulation or Area Overlapping
[40-51], where distance, angle, or area information from
a mobile to known reference positions is used to estimate
the mobile’s position.

2) Location Fingerprinting [6,10,16,26,33,52-58],
where location dependent information signatures (i.e.
fingerprints like signal strength, image, sound, or other
unique information) are pre-collected and evaluated
against current measurements in order to pinpoint the
location of a mobile.

3) Dead Reckoning (DR) [22,23,59-62] that deter-
mines, without the aid of external observations or refer-
ences, the position and/or orientation of a mobile client
from the record of traveled courses, distance and drift
angles.

Trilateration/triangulation involves less overhead for
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offline training processes; however, it requires high reso-
lution sensor devices in order to obtain accurate distance
or angle measurements between mobile and reference
positions. In reality, indoor radio waves from non-line-
of-sight paths may result in a stronger signal than radio
from a shorter path or even a direct path. This multipath
problem could result in an average of 8.5 meters of range
estimation errors and is “not able to be solved or even
mitigated by simply increasing the bandwidth of the sig-
nal transmission” [63]. Consequently, for more than a
decade, researchers have been trying to identify alterna-
tive approaches that correlate less with multipath radio
propagation. Dead reckoning is obvious a good choice,
and is gaining more interest lately because of the advance
of sensor technology. But it is still difficult to apply this
method for low-speed (orpedestrian-based) indoor mo-
bile computing. Therefore, location fingerprinting could
be considered to be a promising method, but the key is-
sue is that it requires the construction of a database table
to map radio propagation signatures (such as signal
strength, images, or sound) with location coordinates.
Usually, database construction process is labor intensive
and is generally not updatable in real-time applications.

Consequently, research community has been focusing
on identifying an effective and precise indoor radio pro-
pagation model [6,24,64-69] that would make the data-
base construction an automated process. Among those
models, ARIADNE [6] is one of promising radio models
that could be used to build dynamic database to map lo-
cation coordinates with radio signatures (such as signal
strength values from reference transmitters) for the
changing environment. For example, Figure 1 shows an
example in a rectangular space with 40 x 40 meters that
uses signal strength values (dynamically estimated by
ARIADNE) for location determination (indicated by the
vertical axis). In this example, three reference radio
transmitters form an equilateral triangle in the space. The
figure shows that better localization results could be
achieved when the user is located within or near the area
of the equilateral triangle. Figure 1(b) gives a corre-
sponding contour representation of the localization per-
formance (in meters) for the space, and it clearly indi-
cates that within and/or around 1.0 meter localization
error could be easily achieved at locations that are cov-
ered by three reference radio transmitters. Obviously,
real-time radio propagation model that correctly esti-
mates radio propagation signatures is a key factor for the
performance of location determination.

We believe simple 2-D signal-location maps may not
be sufficient for complex3-D environments. As indicated
in Figure 2, if a signal-location map is constructed on a
horizontal plane at a distance above the floor, then signal
strength measurements for mobile clients at different
heights (by Ah;, i = 1, 2) may be misrepresented by val-
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ues at others locations roughly d; (i = 1, 2) away from
their true (horizontal) positions. Moreover, for a large
floor-plan or a 3-Dbuilding, simple representation of
signal-location map with uniform grid distance at both
directions in a 2-D plane (or three directions for 3-D
buildings) may not be efficient. Therefore, a more ad-
vanced 3-D radio model must be exploited in order to
provide comprehensive radio signatures, in real time, for
various mobile computing applications.

More importantly, although research community has
already applied both WiFi 802.11 technology (at 2.4
GHz) [6,25,26,31,53,55-57,70] and RFID' devices at
lower frequency bands (433 MHz - 928 MHz) [36,71-77]
in indoor localization research, there is still no clear con-
clusion on two major issues:

1) Which radio technology works more robust and ef-
fectively in indoor environment?

2) Is there a common radio propagation model that
works effectively for radio technologies from 433 MHz
to 2.4 GHz?

There have been a few studies that compare these
wireless techniques. For example, Valenzuela [78] ex-
plored signal measurement techniques for radio trans-
mission at 900 MHz and 2 GHz. Ali-Rantala et al. [79]
studied indoor radio propagation at both 2.45 GHz and
433 MHz and concluded that 433 MHZ band is a good
choice for wireless applications due to its advantages of
low power consumption and large fractional coverage.
Alvarez et al. [80] implemented the ZigBee system based
on received signal strength for 433 MHz, 868 MHz, and
2.4 GHz frequency bands. However, the study used only
a free-space model, and the evaluation was conducted in
a limited space inside an industrial warehouse.

Additionally, it did not take into consideration radio
attenuation effects from walls. To this date, majority re-
search and applications mainly focus on a 2-Denviron-
ment without considering effective radio transmission
range and radio attenuation performance through floors
(i.e., vertically instead of horizontally), and therefore the
application of those systems in 3-D space is still not
evaluated.

In this research, we first introduce an interesting ex-
periment during an indoor construction process where
radio attenuation was measured at different stages of wall
construction. We then study a realistic 3-D radio propa-
gation model to approximate radio propagation in an
indoor environment. We also conduct field measure-
ments using both WiFi (at 2.4 GHz) and RFID radios (at
433 MHz) in a two-story academic building and evaluate
the effectiveness of both radio technologies in indoor
wireless applications. The remainder of the paper is or-

'RFID may also use WiFi technology [71], in this research, we
refer to RFID as a technology that uses lower frequency bands
at 433 MHz or 868 - 928 MHz.
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Figure 1. Localization performance against reference transmitters.
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ganized as follows: Section 2 gives measurement results
through a full cycle of an indoor construction process,
Section 3 introduces the 3-D radio propagation model,
Section 4 presents experimental and evaluation results in
a two-story building, Section 5 discusses key issues
and/or parameters critical to the indoor radio propagation,
and Section 6 concludes the paper and outlines future
research.

2. Radio Attenuation from Wall Partitions

Indoor radio propagation is complex, and to estimate
radio signal strength, researchers have tried to identify a
“super” attenuation exponent n for the log power model
(Equation (1)) based on the distance to the radio trans-
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mitter [64,68,69]. Similarly, other researchers proposed
that radio attenuation comes from both the distance and
(wall) obstructions, where obstruction attenuation is de-
termined by the multiplication of an attenuation factor
WAF with the total number of (wall) partitions C be-
tween the receiver and the radio transmitter, see Equation
(2) [24,66].

P(d)=P(d,)-10xnxlogl0(d/d,) (1)

where P(d), in dBm, is the power at distance d to the
transmitter in meters; P(dp) is the power at a reference
distance d, usually set to 1.0 meter.

P(d):P(do)—10xnx10g10(dij—CxWAF 2)
0

where C is the total number of obstructions (wall parti-
tions) and WAF is the wall attenuation factor.

In order to understand the intriguing nature of the in-
door radio propagation, we conducted signal measure-
ment during a remodeling process of an academic build-
ing at the University of South Carolina Beaufort. As in-
dicated in Figures 3 and 4, the remodeling process in-
volved the construction of four offices from an open
space. We placed a radio transmitter in one of the rooms,
and recorded radio signal strength values at three neigh-
boring rooms (see Figure 4). The experiment took
roughly eight months (from March to October, 2011),
and we compared signal strength values at four major
stages along with progress of the construction. The four
stages include: 1) initial aluminum frames for walls (Fig-
ure 3(a)); 2) one side dry wall with aluminum frames; 3)
one side dry wall with insulation material (Figure 3(b)),
and 4) completed dry walls and finished ceiling. We
show measurement results in Figure5.
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Figure 3. Wall structure.
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Figure 4. Radio propagation through neighboring rooms.

Figure 5. Radio signal strength measurements at locations
with different obstruction walls.

The top figure of Figure 3 gives a section view (with-
out ceiling) of the 3 D office environment. In the ex-
periment, receiver’s positions in rooms #2 and #3 are
symmetric to the room for the transmitter, and room #1 is
on the far left, with room #2 in the middle, of the trans-
mitter. Figure 5 gives measured (average) signal strength
values (y-axis) at three rooms (x-axis). We show meas-
urement uncertainty using standard deviation among all
measurements during the data collection process.

Figure 5 shows that: 1) severe attenuation from wall
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obstructions was clearly observed, signal strength values
at room #3 are much lower than those from the other two
rooms, especially for measurements from both “finished
walls” and “one-side dry wall with insulation material”;
2) distance contributes minor attenuation, when only
aluminum frame was set up (without drywall on either
side), radio signal strength at three rooms are similar; 3)
positions with similar wall obstructions and distance to
the transmitter have similar radio signal strength values,
in the figure, measurements from rooms #1 and #3 are
very similar to each other; and 4) the ceiling structure
may potentially increase radio signal strength for loca-
tions that are close to the transmitter. Measurements from
room #2 and #3 show that radio signal strength values
from the “finished dry walls and finished ceiling” are
much higher than other scenarios. On the other hand,
because of the larger distance between room #1 and the
transmitter, potential contribution from the ceiling is not
obvious in room #1. This may suggest that reflected ra-
dio rays from the ceiling may not be able to reach the
receiver because of (extra) wall obstructions along the
(long) propagation path. Therefore, we believe that sim-
ple distance or obstruction based models (Equations (1)
and (2)) may not be able to capture the essence of the
indoor radio propagation. We consequently use ray trac-
ing method in this research.

3. Ray Tracing and Proposed Radio
Propagation M odels

In order to simulate indoor radio wave propagation and
penetration, ray tracing methods have been widely inves-
tigated [81-83] and various computational methods [84-
87] have also been developed to improve both computa-
tional efficiency and accuracy. Basically, ray tracing is
derived from geometrical optics.

It assumes that radio energy from a transmitter is disi-
pated and radiated in an infinite number of extremely
small tubes (or rays) that are transmitted independently.
The receiver collects rays from direct, reflected, and re-
fracted paths and the energy from these rays determines
the final radio energy at the receiver position. An exam-
ple of ray tracing in a two story building is given in Fig-
ure 6; in the example, three axes represent the dimension
of the building in meters, the radio transmitter is located
on the first floor and the receiver on the second. In order
to demonstrate the concept, the figure only includes rays
with up to two reflections. In order to determine radio
energy at a receiver, each ray from the transmitter must
be traced. However, as evidenced in Figure 6, each ray
may travel different distances because of reflections. In
addition, each ray may have a different phase shift value
and may experience a different attenuation rate through a
different number of walls and/or media. Consequently, a
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Figure 6. Ray tracing in thetwo-story USCB S& T building.

complex impulse response at the receiver is usually mod-
eled as [64]:

N-1
h(t,7)= al.(t,r)exp([j(ﬁ(t,r))]é(r—z'l. (t))) 3)
i=0
where a,(¢,7) and 7,(¢) are real amplitudes and ex-
cess delays, respectively, of the ith ray component at
time 7. 6(¢,7) represents overall phase shift, and N is-
total number of time-delayed impulse components.
Considering small-scale fading and multipath wave
effects, the average radio energy at the receiver over a
local area is given by:

N

N-1— N-1 B —
B2y a +23 Y ryeos(6,-6)) @)
i=0 i=0

JoJ#i

where the over bar denotes time average for the meas-
urements over the local area and r;; is the path amplitude
correlation coefficient. When multipath impulse compo-
nents are identically and independently distributed over
[0, 2n] or when the path amplitudes are uncorrelated,
cos(@i - 9].) =0 and/or r; = 0, this results in the average
radio energy and is “simply the sum of the average pow-
ers received in each multipath [impulse] component” [64]
(page 187).

Consequently, in order to determine the average radio
energy at a receiver when considering phase-shifted and
attenuated rays from different propagation paths, Ji et al.
[6] proposed the following model:

N,’ J
E = z (EO - 2010g10(d1 ) - 7/Ni,ref - aNi,trans ) (5)

i=1
where E is the radio energy at the receiver, N, is the total
number of rays received at receiver j; E, is the radio en-
ergy at a reference distance; dj, N;,.; and N, 4, represent
radio transmission distance, total number of reflections,

Copyright © 2012 SciRes.

and total number of wall transmissions by the ith ray,
respectively. y is the reflection coefficient and a is the
transmission coefficient.

Equation (5) works very well in single-floor buildings
[6,7,9] although it assumes similar transmission attenua-
tion through all partitions. For buildings with non-uni-
formly partitioned structures, [88] proposed a method to
adapt the model for other types of partitions such as (con-
struction supporting) columns, bookshelves, and floors.
Basically, the authors suggested the use of multiple
[regular] walls to represent a particular structure (such as
a supporting column). For example, if the cross section
of a uniform rectangle construction column is 0.6 m %
0.4 m in x and y directions, and the thickness of a wall is
0.2 m, then the column may be modeled as 3 continuous
walls in the x direction and 2 walls in the y direction.
Similarly, a floor may be considered as a stack of multi-
ple walls. However, this is a trial-and-error method, and
because the construction material of different partition
structures could be very different, this intuitive method
may not work well in general. Moreover, the evaluation
of this method using signal measurements from multi-
ple-floor environments is still not available.

For this reason, in this paper we slightly modify the
model in Equation (5) to specifically include a floor at-
tenuation factor, in the format of the following equation:

N,
E= Zf(EO ~20log10(d,)- 7N,
=1 ’ (6)

_al'N',W_az'Ni,F)"'xa

i

where a; and a, represent, respectively, the transmission
attenuation coefficient for walls (N;y) and for floors
(Nir), and x_ 1is a zero-mean Gaussian distributed ran-
dom variable with standard deviation o.

We believe, by counting all potential rays from various

IJCNS



758 Y. M. I

paths, our model effectively captures the nature of the
radio reception at the receiver. And therefore, this model
would work similarly for radios at a wide range of fre-
quency bands. In order to prove the concept, we will ap-
ply both models (in Equations (5) and (6)) in a two-story
academic building. We will deploy two different radio
technologies (WiFi at 2.4 GHz and general RFID at 433
MHz) in the building and evaluate the performance of
radio propagation utilizing field measurements.

4. Experiments and Evaluation

4.1. Building Environment, Wireless Devices,
and Experimental Strategy

The two-story Science and Technology Building (see
Figure 7) at the University of South Carolina Beaufort
was used in this study. The left figure shows atop view of
the floor plan, the right figure shows a 3-D view of the
building with radio transmitters and mobile receivers at
data validation positions on both floors. The radio trans-
mitters are represented by blue dots and the data valida-
tion positions (receiver) are denoted by red stars. The
two floors of the building have a similar structure; class-
rooms are located in the center of the building, the east
side of the building is designed for faculty office space,
and most other areas are used for science laboratories
(first floor)—including Biology, Chemistry, and Phys-
ics—as well as various nursing laboratories on the second
floor. In this building, we deployed 20 radio transmitters
(RFID or WiFi); 10 for each floor at the same horizontal
plane. Figure 8 shows a measurement and deployment
example using RFID devices where an RFID tag was
placed in an envelope on the wall. We then measured
radio signal strength at 16 data evaluation positions (8 for
each floor). The left image of Figure 8 shows a meas-
urement scenario at one of the data verification positions.
Note that the RFID radio transmitters were placed at a
greater height than the reader (see Figure 8), and we did
not distinguish this in the right figure of Figure 7 where
transmitters and readers were placed on the same hori-

¢ radio transmitter
* data validation position

Figure7. Two-story S& T building used for experiments.
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Signal strength measurement

Wave trend RFID tag and envelope
Figure 8. Signal strength measurement using RFID.

zontal plane of both floors for illustrative purposes. On
the other hand, for experiments using WiFi radio tech-
nology, the transmitters and readers did reside on the
same horizontal plane.

We used the following hardware components in ex-
periments:

1) RFID devices (Radio frequency at 433.92 MHz):

a) Wave trend active tag (TG501) with up to 100 me-
ters transmission range [89].

b) Serial reader (RX201-RS232/485) with AN100 an-
tenna, which is an omni-directional reception antenna
with a maximal sensing range of 40 meters.

2) WiFi devices (Radio frequency at 2.4 GHz):

a) Lenovo Thinkpad T60 as receiver, this laptop in-
cludes an Intel T25002.0 GHz Core Duo processor with
Intel PRO/Wireless 3945ABG (802.11 a/b/g).

b) Dell Latitude E6400 as transmitter, this laptop in-
cludes an IntelCore 2 Duo P9500 processor with Intel
5100 802.11 a/b/g/Draft-N Wireless Card.

c¢) With both radio technologies at different frequency
bands, we measured radio signal strength values at all
data validation positions as indicated in Figures 7 and 8.
We then evaluated the two radio propagation models
with Equations (5) and (6).

For the original model in Equation (5), we first applied
the model to a single floor without considering the im-
pact from the second floor. In this case we had to apply
the model twice, one for each floor. Secondly, we intui-
tively considered the floor as multiple walls and applied
the model for the entire building. In this case, we only
needed to apply the model once. Since the modified
model in Equation (6) was designed for 3-D environ-
ments, we were able to apply the model to the entire
building directly.

4.2. Measurement and Evaluation Results

Extensive measurements of WiFi and RFID signal
strength values were collected from the building, and we
noticed that the RFID reader/tag presented a slight sur-
prise. First, the RFID serial reader could not receive tag
signals from the other floor. Note that the RFID tag
(TG501) is able to transmit radio signals up to 100 me-
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ters, and the reader has a sensing range of 35 meters.

This phenomenon probably indicates that the floor
imposed severe attenuation effects to RFID signals (at
433.92 MHz) resulting in a radio signal too weak for the
reader. Second, tag signals were not particularly stable.
This was evidenced by constant absent signals in data
measurement. On the contrary, WiFi signals appeared to
be relatively stable and able to transmit through floors. In
addition, RFID signal presented much higher measure-
ment uncertainty during the experiment.

Figure 9 shows example measurement results using
both WiFi and RFID at 10 different locations on a floor.
We used the standard deviation among all measurements
at a location to show the average measurement uncer-
tainty for both radio technologies. The figures clearly
shows that RFID gives much higher measurement uncer-
tainty, and thus it indicates that while RFID technology
is widely used in many industries to track objects, it does
raise concerns if it would be used for projects that are
mission critical and/or involve large amount of data
where absent signals and/or noisy measurement could
significantly degrade the processing time and system
performance.

In order to evaluate the application of the model to the
RFID radio technology at 433.92 MHz, because of its
short transmission range, we applied the2-D radio propa-
gation model (in Equation (5)) individually at each single
floor. For the WiFi radio, however, we considered the
building as a single unit and evaluated both models, i.e.,
Equation (5) using the empirical method given in [8§]
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and Equation (6) for the entire building.

Figure 10 gives an example of RFID signal strength
values (y axis) at all data evaluation positions on the first
floor. Each sub-figure corresponds to a receiver at a data
evaluation position and each receiver would ideally re-
ceive ten radio signals from ten radio transmitters (or
RFID tags, displayed on the x axis). The red circles rep-
resent estimated signal strength and blue asterisks denote
the measured values. Note that the receiver missed one
radio signal at data evaluation positions 1, 3, 4, and 7
(see sub-figures titled with “Receiver 17, etc.). For this
example using RFID radio at 433.92 MHz, an average
absolute error of 6.4885 and average relative error of
7.65% were achieved by using the radio propagation
model in Equation (5). This result was consistent for both
floors, and thus it shows that the radio propagation model
is able to estimate low frequency RFID signals in an in-
door environment.

For WiFi radio propagation, as we have addressed in
Section 4.1, we first considered the floor (1 FL) as multi-
ple walls (x WL) for equivalent radio signal attenuation
in order to apply the original model (in Equation (5)) for
the entire two-story building. We first estimated a base
scenario according to the overall thickness of the floor
and a regular wall; in this case, we obtained 1 FL =~ 5
WL. Then we considered four other variances because of
the empty space or pipes and other devices such as ven-
tilation units inside the floor. For the former case (empty
space), we used 1 FL =2, 3 WL, and for the later situa-
tion, we considerl FL = 8, 10 WL. Table 1 gives the
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Figure 9. Signal strength measurements.
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Table 1. Estimation errorswhen considering a floor as mul-
tiplewalls.

Equivalent Walls Absolute Error Relative Error
2 9.3875 10.95%
3 8.0947 10.56%
5 6.9307 9.04%
8 7.0328 9.18%
10 7.5245 9.82%

signal strength estimation errors for these scenarios. The
first column shows the possible number of walls for
equivalent attenuation from a floor, and the 2nd and 3rd
columns give the absolute and relative errors. The table
shows that when the equivalent number of walls is 5, the
model gives the best signal strength estimation, and thus
it appears that the relative thickness between the floor
and a wall plays a critical role, and the floor in the ex-
perimental building roughly counts for 5 walls in terms
of WiFi radio attenuation.

Finally, we applied the new 3-D model (Equation (6))
for the whole building. We considered the floor sepa-
rately using a distinct floor transmission coefficient. We
received a very similar error result as the original model
in the previous experimental evaluation. A point-by-point
comparison chart between signal strength values from
estimation (from the updated model) and actual meas-
urement is given in Figure 11. We used a similar nota-
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tion to that used in Figure 10, except that each receiver
at a data evaluation position received radio signals from
all 20 transmitters from both floors, and receivers from
number 9 to 16 were located on the second floor. In this
example, the updated model gave an average absolute
error of 7.7696 and an average relative error of 10.14%,
similar to (but slightly worse than) those for RFID (Fig-
ure 10) and to those using the original radio propagation
model (Table 1). We believe that the structure of floor is
very different from walls. As illustrated in Figure 12, the
space between both floor surfaces is not filled with insu-
lation materials; instead, the space could be used to plan
for cables and various pipes (water, air conditioning, or
vent). As a result, the structure of a floor is usually not
uniformly distributed, and therefore radio attenuation
(through floor) could be location dependent. This non-
uniformness would potentially generate large errors by
the radio propagation model since only one attenuation
coefficient is considered for the floor, as indicated in
Figures 10 and 11.

5. Discussion

Experiments indicated that the two radio propagation
models in Equations (5) and (6) work remarkably well
for the considered Science and Technology building,
however, as readers can see from Figures 10, 11, and
Table 1, minor errors still exist between estimations and
measurements. We believe a simplified building structure
could be one of the major reasons. As shown in Figure 6,
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Figure 12. Typical structuresinside afloor.

this research did not consider radio attenuation effects
from furniture and other devices including computers,
cable bundles, lab equipment, and medical instruments in
the 2nd floor for the nursing program. Consequently, for
future research, a fine-tuned building structure will have
to be developed for precise estimation of radio signals
inside the building.

The 3-D model (Equation (6)) delivered very similar
results to those from original models (Equation (5));
however, the significant advantage of the new model is

Copyright © 2012 SciRes.

that it does not require a trial-and-error process in order
to identify an equivalent number of walls that would
generate similar radio attenuation from a floor. With the
new model, it is intuitive (or extremely straight forward)
to estimate radio signal strength values at any place in
the building, allowing special focuses on interested loca-
tions or areas for certain mission critical applications.

Figures 13 and 14 give two such examples of signal
coverage in both horizontal and vertical planes in the
Science and Technology building.

In Figure 13, x and y axes of both figures represent the
building dimensions (in meters), and the z-axis shows the
radio signal strength (signal strength indicator) at differ-
ent measurement height. The left figure is a top-view of
the signal strength distribution for positions on a hori-
zontal plane 0.6 m above the floor; the right figure is a
bottom-view diagram, and it gives signal strength distri-
bution for positions on a horizontal plane 1.0 m above
the floor. The signal strength distribution and the contour
drawings from both figures in Figure 13 clearly indicate
the changes of radio signal strength values in empty
space (such as corridors) and across walls. It is clear that
radio attenuation is not linearly distributed with distance
from the transmitter. Comparing the two sub-figures, we
see that signal strength values on the 1.0 m plane are
slightly higher than corresponding positions on the 0.6 m
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0.6 m from the floor (top view)

1.0 m from the floor (bottom view) 120

(b)

Figure 14. Signal estimation at a vertical section of the building.

plane.

Figure 14 shows radio signal distribution along a ver-
tical section plane from the building. The left figure
gives the building section view as well as the location of
a transmitter on the first floor. The right figure shows a
distribution of radio signal strength along the vertical
plane. As readers can see, signal strength values at loca-
tions on the first floor vary only in a very small range;
however, as the radio propagates through the floor and to
the second floor, its signal strength attenuates signifi-
cantly. In the figure, it clearly shows a transitional
change at the height between 4.0 meters and 6.0 meters,
where signal strength values drop more than 15 units in
just two meters because of the floor. For RFID radios,
because of their lower frequency bands (and thus large
wave length), the attenuation from the floor could be
even severer and thus it explains the absence of most

Copyright © 2012 SciRes.

RFID signals across the floor in experiments in this re-
search.

It is clear that the 3D radio propagation model is able
to generate detailed radio signature in 3D space, and thus
with detailed signal strength values across the building,
many wireless applications could be deployed accord-
ingly.

Since RFID devices used in this work could not trans-
mit signals through the floor, we did not have a direct
comparison evaluation study for the RFID radio (at
433.92 MHz) using the new model. But for the same
floor, the evaluation study in Figure 10 did indicate that
the original model does provide accurate estimation. We
therefore conclude that the new model will also work
well for the low frequency RFID radios (such as 433.92
MHz) if more powerful (or more sensitive) transmitters
(tag) and receivers are used in the future.
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6. Conclusion

In this research, we first demonstrated the essential im-
pact of wall obstructions on indoor radio propagation by
experimental results through a full cycle of an indoor
construction process. We show that simple distance-
based and wall obstruction based models would not be
able to capture the nature of indoor radio propagation.
We then proposed a practical 3-D indoor radio propaga-
tion model and evaluated radio propagation properties of
both WiFi (at 2.4 GHz) and RFID (at 433 MHz) in a
typical indoor environment. Using a two-story academic
building consisting of classrooms and research labs, we
conducted field measurements for both radio technolo-
gies utilizing the same configurations. We also estimated
signal strength values for both radio technologies using
the proposed model and we found that: 1) WiFi radio
transmits at a larger range and is more stable than low
frequency RFID technologies for indoor mobile comput-
ing; 2) compared with regular dry wall, floor partitions
(or obstructions) significantly attenuate radio signals be-
tween neighboring floors, thus making radios at low fre-
quency bands less effective, if not impossible, for multi-
floor3-D mobile applications; 3) radio signal attenuation
from multiple partitions or obstructions is not linear, in
fact, ray reflections from neighboring walls, ceiling, or
floor may improve radio signal reception. Therefore sim-
ple distance-based radio propagation model does not
work well indoors; similarly, models that consider ob-
struction attenuation as the multiplication of a single wall
attenuation factor and the number of obstruction in-
stances will also not work effectively in an indoor envi-
ronment; 4) the proposed 3-D radio propagation model
effectively and accurately estimates radio signal strength
values at all data evaluation positions with similar small
estimation errors for both RFID and WiFi radio tech-
nologies at 2.4 GHz and 433 MHz in this study. As a
result we believe this research holds real potential for
indoor wireless applications.
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