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(ABSTRACT)

Indoor parasitic cellular systems are in-building stand alone cellular networks that use the
concept of simultaneously reusing the frequencies of cellular systems outside the building
for wireless communications inside the building. The objective of this thesis is to
provide an analysis to determine the frequency reuse possible between in-building and
outside cellular systems. The amount of frequency reuse currently available for an urban
office building is presented based on field strength measurements made inside the
building. In addition, this thesis describes the simulation code written which models a
growing cellular system for the purpose of analyzing the effect that a growing cellular
system will have on in-building frequency reuse. Future in-building frequency reuse is
predicted in three month intervals for a time period of six years based on the results of the

simulation code.
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1. Introduction

The objective of this research is to provide an analysis to determine the frequency reuse
possible between in-building and outside cellular systems which use identical frequency
bands. Indoor parasitic cellular systems are in-building stand alone cellular networks
that use the concept of simultaneously reusing the frequencies of cellular systems outside
the building for wireless communications inside the building. The amount of future
frequency reuse in a parasitic indoor system will be predicted in three month intervals for
a time period of six years based on subscriber growth projections, the effects of base
station antenna downtilt, and outdoor cellular system growth. Field strength
measurements were taken by the sponsor of this research on different faces and floors of a
large office building. These measurements indicate the amount of frequency reuse
currently available in the building for indoor parasitic systems that use the cellular band.
This report describes the data processing required to determine the amount of frequency
reuse possible based on the field strength measurements. The results of this data
processing are presented. In addition, this report describes an elaborate C program
written to simulate a growing cellular system for the purpose of analyzing the effect that a
growing cellular system will have on in-building frequency reuse. This code assumes
realistic cellular subscriber growth, and performs logical cell splits based on this
customer growth. As cells split, new cells are formed which have smé.ller transmitter

powers and downtilted antennas. In-building signal vs. floor models are used to analyze



the effect of these new cells on in-building frequency reuse as a function of floor.
Numerous results are presented graphically as well as in table form, based on the

simulation.

The past decade has seen a phenomenal growth in cellular communications. More and
more people are using small handheld or pocket wireless devices to meet their voice and
data communication needs. Cellular radio systems, paging systems, mobile satellite
systems, cordless telephones, and the future personal communications systems (PCS) all
aim to provide ubiquitous access without regard for the location of the user. In spite of
numerous standards for each of these wireless systems, there has been a 30-50% growth
for the companies involved in providing such services. With a projected 100 million
users in the year 2000 [1], wireless providers must offer smaller, cheaper, and easy to use

personal communication devices.

In cellular systems, the coverage region is divided into smaller areas called cells. Each
cell has its own base transmitter and set of frequencies. To increase spectrum utilization,
cellular systems use the concept of frequency reuse in which one frequency (or set of
frequencies) can be used again in a different cell. Two such cells (called co-channel
cells) mush be separated by a minimum distance to keep co-channel interference below
acceptable limits. As cellular systems mature, their capacity can be increased to

accommodate more users by cell splitting where each cell is split into smaller cells with a



lower transmitter power and perhaps downtilted antennas. Thus, cell size decreases, and
in densely populated areas, the cell size may be small (<1 km radius) enough to be

considered a micro-cell.

Buildings attenuate outdoor cellular transmissions such that it is possible to have self-
controlled indoor cellular systems which use the same frequencies as the cellular system
outside the building. Such indoor cellular systems are isolated from the outdoor cellular
system by the building, and use sniffer receivers (receivers that can scan all of the cellular
channels) to determine which channels have external signals that are at a low enough
level to be used for indoor communications. For indoor systems that rely on unused
channels from the external cellular systems, the frequency reuse plan and the growth of
the outdoor cellular system as it reaches maturity will determine the reliability and

performance capabilities of the indoor parasitic system.

With the recent allocation of frequency bands for PCS, many industry experts believe that
PCS will be the system that will provide wireless access to a wide range of network
services in the near future. Parasitic cellular systems may be used by the cellular carrier
to compete with PCS for providing wireless communications in a densely populated area,
particularly office buildings, busy market places, etc. For such systems, building

penetration plays a significant role. To be able to reuse the outdoor cellular frequencies



inside the building for PCS, it is important to know the characteristics of building

penetration loss and the factors it depends on.

Chapter 2 of this report describes the analysis of the forward channel field strength
measurements of an outdoor cellular system as measured on different floors of a high rise
building in an urban area. A model for path loss as a function of building floor based on
these measurements will be used to predict the performance of an indoor parasitic cellular
system as the outdoor cellular system matures.. The model must consider the frequency
allocation scheme of the external cellular system, as well as the power, location, antenna
height and antenna pattern of each cell site in the entire coverage area. The propagation
environment and location of the receiver within the building must also be taken into

account.

Chapter 3 gives a brief overview of the C code simulations which are used to model the
growth of an outdoor cellular system over a six year period. This chapter summarizes the
approach taken to model subscriber growth in the cellular system, the cell splitting
algorithm used to increase capacity in the cellular system, and the parameters used for

simulating 2nd, 3rd, and 4th generation cells.

Co-channel interference calculations are performed as cells split in order to evaluate the

degradation of the overall system performance over time. Chapter 4 describes the



approach to modeling co-channel interference. Interference calculations provide a way of
quantifying the performance of a growing cellular system, and enable us to properly
choose frequency assignments for future cells. As the simulations described in this report
are executed, cell splits are simulated over time to accommodate the simulated increase in
the number of cellular subscribers. The interference modeling detailed in Chapter 4
provides a means of describing the overall performance of the outdoor cellular system as
cells split and frequency reuse distances become smaller. The average C/I within the
cellular system, and the average frequency separation distance, are shown graphically to
decrease with time, while the overall call blocking percentage remains below the

maximum acceptable value of 2%.

Chapter 5 describes the approach taken to modeling capacity in the outdoor cellular
system. The capacity model used is based on two-tiered uniform growth projections.
The cellular Metropolitan Statistical Area (MSA) under study is broken into two areas.
Cells in the two areas are given two different uniform growth rates to account for higher
growth in the urban core of the city. These growth rates determine how the number of
subscribers in the cells increase, and directly impact how often the cells need to be split in
the future. The algorithm which implements the cell spitting is described in detail in this

chapter.



Chapter 6 summarizes the results of this study by predicting channel availability as a
function of time and a function of floor. These predictions show the number of cellular
channels which can be reused with a parasitic indoor system as a function of year and

floor of the building.

Here is a summary of the operation of the simulations used to determine results in this

study:

1) Determine a propagation model based on the measurements made inside a large urban
office building. For in-building channel availability, the model is based on distance

and the floor of the building. For cell splits, the model is only dependent on distance.

2) Use the propagation model to find C/I in the cellular system inherited from the
sponsor of this research. The results of the C/I analysis determines how cell coverage

is modeled as cells split.

3) Use the parameters of grade of service (GOS), downtilt, and number of subscribers to

model the growth of the cellular system over time.

4) Split cells in intervals of three months and use the propagation model on the new cells
to determine the number of channels which can be reused inside the building, as a

function of time and floor.




2. In-Building Measurements and Model Derivations

Field strength measurements were made by the sponsor of this research in a large multi-
story office building located in the urban core of a large city. These measurements were
made to quantify the number of cellular channels available today for an in-building
parasitic cellular system. The signal strength of outdoor cellular voice channels were
measured on different floors of the building to determine how received signal strength
varies inside the building. This thesis uses the results of these measurements to create an
in-building path loss model to characterize how signals attenuate on different floors of the

building under study.

2.1. Measurement Equipment

All in-building measurements were made with a Grayson Electronics CELLSCOPE 2000
cellular system monitor and a Hewlett Packard 8562A spectrum analyzer. Measurements
were taken with both pieces of equipment to provide an extensive database of
measurements, as well as to provide a means to “double check” any suspicious

measurements recorded by either piece of equipment.

The CELLSCOPE 2000 is a cellular system monitor capable of scanning and logging the
received signal strengths of all control and voice channels in the cellular band.
CELLSCOPE has several settings which control the way in which these channels are

scanned. These settings were logged at the time of the measurements, but were



determined in post processing by examining the output file produced by CELLSCOPE.
Table 2-1 shows a list of the relevant CELLSCOPE settings used during the in-building

measurements.

Table 2-1: CELLSCOPE Measurement Settings

CELLSCOPE Parameter Setting

Channels to be scanned | all B-side forward voice channels

Scan Time | 200 ms

Wait Time | O sec

The scan time is the minimum amount of time CELLSCOPE waits on a channels before
measuring the received signal strength. CELLSCOPE requires that the scan time be at

least 200 ms.

The wait time is the amount of time CELLSCOPE waits on a channel after the scan time
has elapsed. This allows the user to record multiple signal strength readings before
CELLSCOPE moves onto the next channel. Setting the wait time to 0 seconds allows for

the fastest possible scanning.

A discone (omni-directional) antenna was used with the CELLSCOPE for all

measurements.

The HP spectrum analyzer was set up to log all B-side forward channels. Table 2-2

shows the spectrum analyzer settings used during the measurements.



Table 2-2: HP 8562 Measurement
Settings

8562 Parameter Setting

Reference Level | -50 dBm

Resolution BW | 10 kHz

Sweep Rate | 200 ms

Frequency Span | 30 kHz

The reference level refers to the maximum signal level shown on the spectrum analyzer
screen. The resolution BW is the bandwidth of the IF filter used in the spectrum analyzer
during the measurement process. Sweep rate is the rate at which the spectrum analyzer
sweeps through the frequency span. The frequency span is the bandwidth of interest.
Using a frequency span of 30 kHz and a sweep rate of 200 ms, it would take about 90

seconds to scan all 416 B side forward channels.

The spectrum analyzer used the same discone antenna as the CELLSCOPE.

2.2. The Measurement Procedure

All measurements were performed by the sponsor using the CELLSCOPE 2000 and the
HP spectrum analyzer configured as described in Section 2.1 Measurement Equipment.
The measurements were made between June 28, 1993 and July 1, 1993 and were
provided to MPRG in the Fall of 1993 for analysis. In order to determine the strongest
outdoor cellular signal penetration into the building, all of the measurement locations

were located close to windows. Windows attenuate RF energy much less than the
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external walls of the building. For this reason, no building penetration loss was
considered in the propagation modeling, and “worst case” interference may be assumed

from the measurements and the resulting model.

The building where the measurements were performed is 48 stories tall, rectangular, and
located in an urban, high cellular traffic area. All measurements inside the building were
taken at stationary points. Measurements were taken on floors 6, 12, 18, 24, 30, 36, 42,
and the roof. On each of these floors (except ihe roof), measurements were taken at the
North, South, East, and West faces of the building. On the roof, measurements were
taken in the North-West and South-East corners, but the CELLSCOPE measurements for
the North-West corner of the roof were not provided by the sponsor. For each
measurement location, the spectrum analyzer and CELLSCOPE measurements were
made within minutes of each other. The same antenna and antenna feed were used for all
measurements. The measurement interval at each measurement location during the
CELLSCOPE measurements was approximately six minutes. With a scan time of 200 ms
and 395 forward voice channels scanned, four measurement samples per channel could be
taken with the CELLSCOPE in six minutes. The measurement interval at each
measurement location for the spectrum analyzer was long enough to allow three separate
signal strength readings for each of the forward channels. Table 2-3 shows the date and
time of the measurements taken in the building at each location. As can be seen in Table

2-3, most of the measurements were not taken during the busiest cellular hours. If all of
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the measurements sad been made during the busiest two or three hours of the day, it
could have been assumed that at least one voice channel in a cellular sector was on at a
specific time. Worst case channel availability statistics inside the building are based on
the situation where all voice channels are constantly being used throughout the city. If at
least one voice channel in a sector could be considered to be transmitting at any time, the
channel availability data processing would have been simplified since the received power
of every channel in the sector could be assumed to be equal to the received power of the
transmitting channel. It is for this reason that only forward control channel
measurements were used to determine the path loss models for the external cellular
system, since control channels constantly transmit. Typically, control channels broadcast
a 2 to 3 dB weaker signal than voice channels. A slightly weaker control channel signal
helps ensure that mobile phones inside the cell covered by the control channel do not
initiate calls on a voice channel which is too weak to provide decent voice quality.
Although a control channel broadcasts a weaker signal, its received power is reflective of
the expected received powers of its corresponding voice channels, since both the control
and voice channels use the same antennas. The sponsor provided control channel

measurements from the spectrum analyzer only.
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Table 2-3: Date and Time of CELLSCOPE and Spectrum Analyzer Measurements at Different
Locations of the Building

Face Floor Date Time Face Floor Date Time

EAST 06 07/01/93 | 10:02 AM | NORTH 06 07/01/93 11:32 AM

EAST 12 07/01/93 | 12:55PM | NORTH 12 07/01/93 03:19 PM

EAST 18 06/30/93 | 12:30 PM | NORTH 18 06/30/93 11:24 AM

EAST 24 06/30/93 | 02:04 PM | NORTH 24 06/29/93 03:46 PM

EAST 30 06/29/93 | 03:31 PM | NORTH 30 06/29/93 12:59 PM

EAST 36 06/29/93 | 11:28 AM | NORTH 36 06/29/93 11:12 AM

EAST 42 06/28/93 | 03:31PM | NORTH 42 06/28/93 04:13 PM

WEST 06 07/01/93.| 08:34 AM | SOUTH 06 07/01/93 | 09:42 AM

WEST 12 07/01/93 | 02:14PM || SOUTH 12 07/01/93 02:05 PM

WEST 18 06/30/93 | 11:14 AM | SOUTH 18 06/30/93 12:41 PM

WEST 24 06/30/93 | 02:53PM | SOUTH 24 06/30/93 02:42 PM

WEST 30 06/29/93 | 02:00PM | SOUTH 30 06/29/93 02:22 PM

WEST 36 06/29/93 | 09:49 AM | SOUTH 36 06/29/93 12:41 PM

WEST 42 06/28/93 | 01:57PM | SOUTH 42 06/28/93 03:13PM

2.3. Description of RAW Data

In addition to the measurement log files produced by the CELLSCOPE and spectrum
analyzer, a CELLS file describing the cell site parameters and the locations of all cell

sites in the area under study were provided by the sponsor.

The CELLS file is a database of cell sites which has records for 54 cell sites which

service the MSA and surround the building where the measurements were made. Each of
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these records has a parameter field and three sector fields. The parameter field has sub-
fields for the cell site number, location (latitude, longitude), and height above sea level.
Each of the three sector fields have sub-fields for the sector face (horizontal antenna
direction measured counter clockwise with respect to due North), antenna height above
ground, antenna type (each antenna type is associated with an antenna pattern) downtilt
(vertical antenna direction measured with respect to the horizon), effective radiated
power, supervisory audible tone (SAT), control channel, and voice channel set.
APPENDIX A: The Cell Site 'Database lists the entire database of cell sites provided by
the sponsor. Figure 2-1 shows the location of all of the cell sites with respect to the
building where the measurements were made. The numbers next to the cell sites
correspond to the unique number assigned by the cellular operator to each cell site. These

numbers can be found in the cell site database.
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Figure 2-1: Location of Cell Sites with Respect to the Building
Figure 2-2 shows a sample CELLSCOPE log file line. Each line has a date and time
stamp, followed by the channel being scanned, an instantaneous signal strength reading,
and a minimum, average and maximum signal strength reading. CELLSCOPE measures
signal stfength every 9 ms. The instantaneous reading corresponds to the first signal
strength sample taken over the measurement interval. The minimum reading is the
weakest signal strength made over the measurement interval. The average reading is the
average (averaged in dB) of all 9 ms signal strength measurements made over the
measurement interval. A scan time of 200 ms allows for 22 measurements for each scan.
The MAX reading is the strongest 9 ms signal reading made during the 200 ms

measurement interval, the MIN reading is .the weakest 9 ms signal reading made during
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the 200 ms measurement interval, and the AVG reading is the average (log average) of all

the 9 ms readings made of the 200 ms measurement interval.

I 07/01/93 10:02:48.87 ch: 566F -109dBm SCAN: 566 Min:-109, Avg:-109, Max: -97 §|

Figure 2-2: Sample CELLSCOPE Log File Line
Figure 2-3 shows a sample spectrum analyzer log file line. Each line contains a
frequency and an average received power level in dBm. Each frequency corresponds to a
cellular channel number, n, given by:

[ =8700
0.030

[ 880.020 -97.2 4]

Figure 2-3: Sample Spectrum Analyzer Log File Line

. ) . Eq. -12-1
, where f'is frequency in MHz. 1

2.4. Channel Availability Analysis

2.4.1. Validity of CELLSCOPE and Spectrum Analyzer Measurements

As explained in Section 2.2 The Measurement Procedure, two independent sets of data
were taken at each measurement location in the building. One set was taken with the
CELLSCOPE the other with the spectrum analyzer. Figure 2-4 is a histogram which
shows the variation of the signal strengths (in dB) received by the CELLSCOPE and
spectrum analyzer for all valid measurement locations. Two measurement locations are
invalid due to a corrupted CELLSCOPE file (18th floor, South Face) and a missing

CELLSCOPE file (North-West roof); data taken from these two measurement locations
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