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A A framework for statistical modeling of the wideband character-
BSTRACT istics of the frequency-selective fading multipath indoor radio
channel for geolocation applications is presented. Multipath characteristics of the channel

are divided into three classes according to availability and the strength of the direct line of
sight (DLOS) path with respect to the other paths. Statistics of the error in estimating the

time of arrival of the DLOS path in a building is related to the receiver’s sensitivity and
dynamic range. The effects of external walls on estimating the location of the DLOS path

are analyzed.

I ndoor radio channels suffer from extremely seri-
ous multipath conditions that have to be mod-
eled and analyzed to enable the design of radio equipment
for a variety of applications. The objective of wideband radio
propagation modeling for telecommunications and geoloca-
tion applications are quite different. As a result, available
models for radio channel propagation are not adequate for
analyzing the performance of geolocation systems. In radio
propagation studies for telecommunication applications, the
main objective is to determine the relationship between dis-
tance and total received power in all paths, and to find out
the multipath delay spread of the channel. The distance-
power relationship is used to determine the coverage of the
radio and the multipath delay spread to evaluate the data
rate limitations of the receivers [1]. The objective of radio
propagation studies for geolocation applications is to deter-
mine the relative power.and time of arrival (TOA) of the
signal arriving from the direct line of sight (DLOS) path ver-
sus the signal arriving from other paths. The relative power
and TOA of the paths, and the channel noise and interfer-
ence are used to analyze the error in estimating the distance
between the transmitter and the receiver if the DLOS path is
not detected correctly. _
With the increased popularity of wireless services in the
1990s new applications in a variety of fields have evolved.
These applications were incentives for radio propagation mea-
surement and modeling in indoor and outdoor areas. In the
telecommunications industry, indoor radio propagation stud-
ies were motivated by voice-oriented wireless private branch
exchange (PBX) and personal communications services (PCS)
applications as well as data-oriented wireless LANs and wire-
less ATM services [2]. Wideband radio propagation studies
were more focused on wideband data applications such as
LAN extension, inter-LAN bridges, nomadic access, ad hoc
networking, and fusion of computers and communications [3].
Research in wideband indoor radio.channel modeling for
telecommunications applications in the past decade resulted
in numerous measurements, statistical models, and ray tracing

software to identify the wideband characteristics of different

classes of buildings such as factory floors, office buildings, and
residential houses [1].

More recently, applications for indoor geolocation are
becoming popular [4]. In mental hospitals and jails there is a
growing need to identify the location of specific patients or

inmates. In warehouses, laboratories, and hospitals there is a.

need to identify the location of
portable and in-demand pieces of
equipment. Public safety departments
are thinking of identifying the location
of people at the site of a crime or acci-
dent [5-7]. Fire department officers are keen on identifying
the locations of victims of accidents and firefighters inside a
building. Small unit operation (SUQO) military teams are
keen on situation awareness systems (SASs) capable of iden-
tifying the location of individual warfighter systems (IWSs)
inside buildings [8]. Quantitative study of the feasibility of
alternative indoor geolocation systems for these applications
requires measurement and modeling of the indoor radio
channel to predict and analyze the availability of the DLOS
path in different parts of a'building. In the same way that
the bit error rate (BER) is the ultimate measure for compar-
ing performance of different digital communication receivers,
accuracy of measurement of the TOA of the DLOS path is a
measure of the performance of geolocation receivers. In this
article we provide a new framework to model the radio
propagation characteristics for analysis of the TOA of the
DLOS path.

THREE CLASSES OF LOCATIONS

In wideband indoor radio propagation studies for telecom-
munication applications often channel profiles measured in
different locations of a building are divided into line of sight
and obstructed line of sight because the behavior of the
channel in these two classes has substantially different
impacts on the performance of a telecommunications system.
A logical way to classify channel profiles for geolocation
applications is to divide them into three categories. The first
category is the dominant direct path (DDP) case, in which
the DLOS path is detected by the measurement system and
is the strongest path in the channel profile. In this case, tra-
ditional GPS (Global Positioning System) receivers [9-11] .
can lock onto the DLOS path and detect its TOA accurately.
The second category is the nondominant direct path (NDDP)
case, where the DLOS path is detected by the measurement
system but is not the dominant path in the channel profile.
For these profiles traditional GPS receivers, expected to lock
onto the strongest path, will make an erroneous decision on
the TOA. The amount of error made by a traditional receiv-
er is the distance associated with the difference between the
TOA of the strongest path and the TOA of the DLOS path.
For the second category, locations with NDDP profiles, a
more complex RAKE type receiver [1] can resolve the mulfi-
path and make an intelligent decision on the TOA of the
DLOS path. The third category of channel profiles are unde-
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with results of RT for the particular application. From that
point onward, we use results of RT for massive simulations
to draw reasonable statistical conclusions [1, 14, 16]. For
telecommunications applications we are interested in the
total received power and root mean square (rms) multipath
delay spread of the channel. For geolocation applications
we have included adequate details of the building to match
the power of the DLOS path and to an extent the power in
the remaining paths.

Figure 1 shows samples for the three classes of profiles
obtained from RT and the measurement system on the
first floor of the Atwater Kent (AK) Laboratories at
Worcester Polytechnic Institute. The floor plan of this
building and the location of the transmitter and receivers
are shown in Fig. 2.

In the DDP case the transmitter and receiver are in the
same area, in the NDDP case a couple of walls separate
them, and in the UDP case several walls are between them.
As shown in Fig. 1, results of measurement and RT show
close agreement in the DDP and NDDP cases. The DLOS
path is within 2-4 dB, the range of variations of the paths is
within a few dB, and the arriving paths from RT have a rea-
sonable match to the result of measurements. For the UDP
case RT accurately predicts the lack of the DLLOS path, and
the dynamic range is within a few dB, but the rest of the
paths follow less accurately compared to the other two cases.
As we mentioned earlier, these differences are caused by
effects of movement and other
details not included in the RT pro-
gram. However, in geolocation
applications we are mainly con-
cerned with statistical béhavior of
the DLOS path and the dynamic
range of the signal: For these pur-
poses RT proves to be a reliable
tool for modeling.

STATISTICAL BEHAVIOR OF
THE CHANNEL

To investigate the statistical
behavior of the strength of the
DLOS path, RT simulations were
performed for 1600 receiver loca-
tions in a grid covering the first
floor of the AK Laboratories, the
floor plan of which is shown in
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B Figure 3. Locations in the building exhibiting the three classes
of multipath profiles for a receiver sensitivity of -80 dBm and
40 dB dynamic range.
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B Figure 5. CDF of the errorin the indoor
transmitter: a) as a function of different receiver sensitivities and
a fixed dynamic range of 40 dB; b) as a function of different
receiver dynamic ranges and a fixed sensitivity of -80 dBm.
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B Figure 4. Received power as a function of distance in the AK
Laboratories first floor for the indoor transmitter location
shown in Fig. 2.

Fig. 2. The transmitter is located at the center of the
building, and the receiver is moved to different points on
the grid. The AK building was built in 1906 and had two
major remodelings and additions in 1934 and 1981. There-
fore, in some areas within the building we have more than
one exterior-type wall. The exterior walls of this building
are heavy brick, the interior walls are made of aluminum
stud and sheet rock, the floors are made with metallic
beams, the doors and windows are metallic, and many
other metallic objects (such as relatively large electric
motors, equipment, and vending machines) are spread
over different laboratory areas and corridors of the first
floor. The excessive number of metallic objects and heavy
and multiple external walls makes this building a very
harsh environment for radio propagation.

Figure 3 shows the classes of channel profiles obtained in
different locations of the building. The red, green, and blue
areas correspond to the DDP, NDDP, and UDP profiles,
respectively. As we discussed earlier, in the red areas tradi-
tional geolocation systems work properly, in the green areas
more complicated RAKE type receivers are needed to accu-
rately extract the TOA of the DLOS path, and in the blue
areas we need additional transmitters to measure the distance
accurately. The reader should be reminded that in practice a
geolocation system involves at least three transmitters spread
over opportunistically selected locations in the building. This
figure provides an intuitive understanding of the range of
operation of one reference transmitter operating inside a
harsh indoor environment. :

We next examine the strength of the DLOS path com-
pared to the combined strength of all other paths and the
total received power, including the power in the DLOS path.
Figure 4 shows the received power (in dBm) versus distance
for the DLOS path, all other paths combined, and total power
for all locations of the floor plan. The vertical lines on the
curves correspond to the one standard deviation of the
received signal strength for that distance.

Over a distance of 45 m in this building, the range of
received power in the DLOS path is around 75 dB, while the
range of received power in combined other paths and total
received power is around 40 dB. The range of received power
in the DLOS path is noticeably larger than that of the other
paths combined and total received power. An immediate con-
clusion from this observation is that the receivers designed for
geolocation applications in a frequency-selective fading multi-
path environment should accommodate wider dynamic ranges
for the received signal power.
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peak. Therefore, if a path is more than 13 dB below the
strongest path it cannot be detected, and the dynamic
range of this receiver is 13 dB. Using Hanning or other
low-sidelobe pulses, we can increase the dynamic range to
more than 40 dB. Figure 5b shows the effects of the receiv-
er dynamic range on the CDF. of the distance error in
meters for a receiver with a sensitivity of —-80 dBm. A
change in dynamic range from 38 dB to 13 dB will reduce
the probability of detection of the DLOS path from 86 to
78 percent. For a dynamic range of 13 dB, in more than 90
percent of locations the error in measuring the distance is
less than 5 m. Analysis of this sort is useful for receiver
designers to evaluate the trade-off among different pulse
shapes and relate them to the overall performance of the
geolocation system.

EFFECTS OF EXTERNAL WALLS

So far in this article, we have analyzed characteristics of
the radio channel for indoor-to-indoor applications, such as
geolocation systems for hospitals or manufacturing floors,
where the reference transmitters are installed inside the
building. There are other indoor applications for which the
reference transmitters must be located outside the building.
For example, in a military or firefighting operation a
warfighter or firefighter could be inside the building while
the rest of the troops are outside in nearby locations
around the building. In these situations it is expected that
the reference transmitters will be located outside the build-
ing near the external walls while the receiver is inside the
building.

When we move the transmitter outside the building,
characteristics of radio propagation-change significantly [1].
This abrupt change of propagation characteristics is caused
due to two major reasons: excessive indoor penetration loss
through external walls of the building, and additional paths
arriving through windows and doors reflected from neigh-
boring buildings. External walls are usually thicker load-
bearing walls made of heavier material which may include
concrete and metallic beams. The outside of these walls are
covered by external siding that is sometimes metallic, and
the insides of these walls are filled with insulation material.
As a result, in- building penetration loss of external walls is
10-15 dB higher than the loss caused by passing through
traditional internal walls [1]. When the transmitter is out-
side the building, because of this extra power loss due to
in-building penetration, the paths that arrive after penetra-
tion though several walls become significantly weak and, at
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certain points, weaker than the signals coming through the
windows and doeors after bouncing off the neighboring
buildings. When both the transmitter and receiver are
inside the building we usually neglect the effects of neigh-
boring buildings and the signal penetrations through out-
side windows and doors because the signal must cross the
outside walls twice to come back inside the building. At
that stage the signal is assumed to be so weak it can be
neglected,

For telecommunication applications the effects of in-
building penetration phénomena are reflected in additional
path loss and an increase in-average rms multipath delay
spread. To observe the effects of in-building penetration on
geolocation applications, we move the transmitter from the
center of the building to the outside location shown in Fig.
2 and repeat our previous experiments and analysis. Figure
6 shows the received power versus distance in meters and
the best fit curve for the DLOS path, combined other paths,
and total received power. The range of the received signal

B Figure 7. CDF of the error in predicted distance for the out-
door transmitter: a) as a function of different receiver sensitivies
and a dynamic range of 40dB; b) with.a threshold-of =80 dBm
and different dynamic ranges.

power for the DLOS path is 90 dB as compared to about 40
dB for the combined other paths and total received power.
When compared to the results of Fig. 3 for indoor-to-indoor
situations, the range of the power of the DLOS path in the
outdoor-to-indoor case is significantly larger, while the

‘range of total received power and the combined power in

the other paths remains approximately the same. In many
locations inside the building, the DLOS path has to pass
through many walls, including a heavy outside wall, while
other paths can enter the building through open doors and
windows. In other words, we may have many locations in the
building where we have reasonable power coming through
the external windows and doors but the DLOS path is
extremely weak.

Figure 7 shows the CDF of the error.in predicted dis-
tance for a variety of sensitivities and dynamic ranges.
When compared with the graphs for indoor-to-indoor
applications shown in Fig. 5, the curves in Fig. 7 offer two
classes of errors, one less than ~ 10 m and the other more
than about 30 m. In the first group of profiles, when the
DLOS path is not detected, the next detected path has
arrived after penetration through the closest wall to the
transmitter, so the arrival time is less than 30 ns (10 m)
delayed from the arrival time of the DLOS path. In the
second group the falsely detected first path arrives through
windows and doors from external reflections, so the overall
path length is more than 90 ns (30 m). Therefore, the error
is either between the paths coming through penetration or
those coming through windows and doors, and these two
classes provide a dlstlnct behavior in the error caused by
the receiver.

CONCLUSIONS

Because of the frequency-selective multipath fading charac-
teristics of the indoor radio channel, design of an accurate
indoor geolocation system is a challenging task. To provide a
foundation for quantitative performance evaluation of such
systems a methodology for statistical modeling of this chan-
nel for geolocation applications is presented. To relate the
performance of traditional GPS receiversto the more com-
plex RAKE-type receivers, the multipath profiles in an
indoor area were divided into three classes: DDP, NDDP,
and UDP. In the DDP case both RAKE-type and traditional
GPS receivers operate properly. In the NDDP case only
RAKE receivers function accurately, and in the UDP case-
neither of the receivers is satisfactory. The statistics of the
occurrenceof the three classes of channel profiles in a build-
ing with harsh radio propagation characteristics were pre-
sented. The statistics of error in measuring the distance as a
function of the sensitivity and dynamic range of the receiver
as well as effects of outside walls were presented. As we
move reference transmitters to the outside of the building,
the statistics of the eérror in estimating the TOA of the
DLOS will change significantly. The signal arriving from

“windows and doors through reflection from neighboring

buildings will cause larger errors in predlctlon of the TOA of
the DLOS path. -
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