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Abstract 

Microcellul&r Planning for a 2.0 GHz, 
Direct Sequence Spread Spectrum (DS-SS), 
Code Division Multiple Access (CDMA) 
Personal Communication Network (PCN) 

in a Dense Urban Environment

by
Maxwell M. Taylor 

Advisor: Professor Donald L. Schilling

Good cell planning is a critical component of the 
emerging Personal Communication Networks if the expected user 
capacity and service quality are to be achieved. In addition, 
service providers require careful metrics about the network in 
order to develop economic plans. This requires detailed 
knowledge of channel characteristics and communication 
principles so that the most efficient networks may be 
developed.

This investigation looks at microcellular planning for a 
Direct Sequence Spread Spectrum, Code Division Multiple Access 
PCN system operating in the 2.0 GHz band. The emphasis is on
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high user density service areas, such as the central business 
districts of large cities. Both the outdoor and indoor 
environments are considered. Empirical models are found for 
the signal propagation in these regions and the physical 
characteristics of microcells and picocells are defined. 
Different layouts of cells in the service areas are examined 
and criteria involving easily obtained parameters are 
established for general layout. Adjacent cell interference and 
its effects on available channels, mobile transmit power 
requirements, and cell site densities are determined for these 
cellular configurations.
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Introduction
1

Personal Oonrnunications Systems (PCS) are at the 
forefront of current research activity in communications 
engineering today. Since the mid 1980s, considerable much 
interest has been generated in industry, academia and 
government about the promise of these systems for future 
comnunication. This has resulted in much discussion in the 
technical literature and trade journals as well as in the news 
media. The concepts, issues and concerns have been set forth 
in entire editions of many publications devoted to the 
subject. The Institute of Electrical and Electronic Engineers 
(IEEE) Comnunication Society’s Magazine of February 1991 is 
one such edition that has given a very clear overview of the 
concepts and issues involved. Articles on pages 30 through 66 
[1-7] have explored the broad commercial and regulatory issues 
of these systems. The broad technical issues have been dealt 
with by other articles from that same edition [8-11] , as well 
as from similar publications [12-15] .

This intense focus in PCS is due to two main reasons: 
first, there is the vision that these systems will provide not 
only advanced comnunication services for the future; but will 
be universal, ubiquitous and un-tethered as well. Second, the 
present mobile comnunications systems have reached their 
capacity limits and have to be replaced or upgraded. When
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these new systems are implemented, communication access will 
be provided for large sections of the population. People will 
then be able to use very small lightweight equipment, such as 
pocket communicators and portable computing equipment, to 
communicate to anyone from anywhere, at anytime. This 
equipment will be universal and the systems will be 
transparent to the users. The types of services to be provided 
consist of those now available in the regular telephone 
system, plus many more advanced features such as multiple and 
high data rates, and data encryption.

The central feature of PCS is the Personal Comnuni cat ions 
Network (PCN) . This concept has emerged in Europe as a means 
of providing portable comnunication services in cities, and in 
North America as a solution to the overgrowth of the present 
cellular system. The original concepts, technical issues and 
descriptions of PCN are due to pioneer researchers such as 
Steele in the UK and Cox in the USA among others [16-21] .

A generally accepted description of a PCN is that it is 
a network in which many portable (pedestrian) and mobile 
(vehicular) users with small lightweight equipment communicate 
with numerous limited range stations covering a large region. 
These stations are very simple in design and are 
interconnected by coaxial cables, optical fiber cables, or 
point-to-point microwave links. The network is in turn



3
interconnected with other networks via satellites or the 
public telephone networks to serve a much larger geographic 
region, or perhaps a global region. The region serviced by a 
single station is usually called a microcell if the service 
area is outdoor, and a picocell if indoor. These names arise 
due to the physical sizes of the areas covered.

The major issues in the design of a PCN; which are at the 
foci of current research activities; are spectrum utilization, 
user capacity, signalling and access schemes, and cell 
planning. Spectrum utilization is concerned with the frequency 
bands that PCN will use and how much bandwidth is required to 
effectively operate the system. At present no firm decision 
has been made by the regulatory bodies concerned with spectrum 
allocation, but many researchers and potential system 
operators believe the 2.0 GHz band will be set aside for PCS. 
Signalling and access schemes relate to the communication 
techniques to be used. At present there are two candidate 
technologies for PCS, Time Division Multiple Access (TOMA) and 
Code Division Multiple Access (CDMA) . These are third 
generation technologies intended to supersede the present 
Frequency Division Multiple Access (FDMA) used in the current 
cellular mobile radio systems. FDMA ia an analog technology 
whilst TOMA and CEMA are digital technologies. Research to 
date has shown that the digital technologies will increase the 
system capacity by as much as cn order of magnitude while
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providing the advanced capabilities expected of PCS. Cell 
Planning is concerned with locating the fixed stations in a 
service area and the selecting transmitting power, frequencies 
and bandwidth to provide acceptable signal coverage. This 
dissertation deals with cell planning for a dense urban 
environment. The system considered here is assumed to operate 
in the 2.0 GHz frequency band using Direct Sequence Spread 
Spectrum (DS-SS) CDMA technology.
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The biggest problem in cell planning, and especially so 
for PCN systems, is that the topography of the service area is 
very irregular. Therefore site specific measurements are 
usually carried out to determine radio signal propagation 
characteristics in these areas. This amounts to large 
expenditure of resources (time, personnel, money and 
equipment) . In cellular mobile radio cotrmunications system, 
empirical models exist for cell planning and these are used to 
provide fairly good estimates of system requirements. When an 
actual system is to be laid out, only limited site data is 
required then, for use with the models.

Since the PCN is a relatively new concept, no such models 
are available and potential operators are forced to either 
commission detailed site measurements or make approximations 
from the cellular models. The drawback with the former is the 
cost as pointed out earlier; but the latter, if not expertly 
done, can result in significant mis-estimate of requirements. 
This obviously means costlier designs in the long run. Because 
the speculation period of PCN is coming to an end and many 
potential players are queuing up to provide PCS service, there 
is a definite need to develop fairly good cell planning 
models. The aim of this work, at the very least, is to present 
one such model for the typical business district of a large
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urban area.

Using the results of an extensive set of site 
measurements [22-24] undertaken in the greater New York urban 
area, and published results from similar studies elsewhere, 
empirical models for signal propagation are developed. From 
the resulting models, certain average characteristics are 
determined. These are taken as typical of the service areas 
involved and can be obtained with minimum measurement or from 
available data. Cell planning models are then constructed 
using these characteristics, and analyses are carried out to 
derive system parameters providing useful design metrics for 
systems operators. These include:

Microcell dimensions 
Physical Topology of Network 
Cell Site Density 
Number of Available Channels
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The material presented in this dissertation is organized 
as follows:
Section 1 presents a brief description of the PCN and reviews 
the concepts and cornnunication variables involved. Section 2 
summarizes the signal characteristics in the micro- and 
picocellular channels and Section 3 uses the inherent average 
propagation models for the typical area to define the 
dimensions of the cells. Section 4 investigates particular 
configurations of microcells and picocells in the service area 
based on the results of Section 3. Sections 5 and 6 analyses 
adjacent cell interference in microcellular and picocellular 
networks respectively.
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1 Hie PCN Concept

Figure (1.1) shows a fairly typical representation of the 
PCN concept in a dense urban environment. The network consists 
of a number of fixed communication stations called base 
stations and mobile comnunieating users called mobiles. The 
pedestrian users are often called portables, especially when 
reference is made to indoor areas. The location of a base 
station is called a cell site and the region it covers is 
called a microcell. Cell sites will be located on buildings 
and on lairppost-type structures along the sidewalks.

In order to limit interference to external systems and 
provide uniformly good coverage in the service area, the 
microcell radius is small, usually less than 1 km, and the 
cell site antenna is very low, typically less than 10m. These 
factors require very low the transmit power levels in the 
microcells, much lower than levels used in the present 
cellular FDMA systems. The very low power levels coupled with 
low antenna heights, and large building penetration losses due 
to high operating frequency, result in inadequate coverage 
inside building from external microcells. Therefore large, 
tall buildings or any indoor locations well away from the 
microcell cell site will have internal cell sites. The regions
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covered by these indoor base stations are called picocells1, 
due to their smaller physical sizes. Figure (1.1) shows 
picocells in the service area. The cell sites may be suspended 
from the ceiling above passages and aisles, or located in 
other unobstructed area free of interference from occupants. 
Much of the concepts on indoor cells, alluded to here, are 
handled in much greater detail by Cox [18] in his now classic 
tutorial on Universal Digital Portable Radio.

Because of the small effective radius of the microcell, 
many cells will be required to service a given area. The cell 
site equipment, however, can be made fairly small and simple. 
If the control functions are removed from most of these units 
and located in some centralized units, then the resulting base 
stations are merely signal relay stations. For the remainder 
of this thesis, the cell sites with control functions are 
referred to as Base Stations and those without as Repeaters. 
Base stations are more complex and expensive than repeaters 
and have to be sited at secure locations. Repeaters, however, 
are cheap and robust and are the units mounted on lampposts. 
Base stations and repeaters are interconnected by co-axial 
cable or optical fiber systems. The resulting network is in 
turn connected to the public telephone network.

LItie concept of indoor picocells pre-dates the PCN idea, They have 
been proposed previously for wireless PBXs and indoor LANs.
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Figure (1.2) illustrates how a microcell may be used to 

provide coverage to indoor areas. On the exterior of the 
building, there is one or more primary repeaters that receive 
signal from the microcell. These primary repeaters are then 
connected by cable through distributing networks to the 
secondary repeaters of the picocells2. The antennas of the 
primary repeaters can be placed in locations of good signal 
reception and made highly directive. This would reduce the 
gain required in the distribution network. Moreover, since the 
antenna location is fixed, fading effects would be greatly 
reduced, thus requiring a smaller fade margin in the system.

The comnunication channel from mobile to base station is 
called the uplink, reverse or multiple access channel. Base 
stations comnunicate with mobiles through repeaters by 
broadcasting signals in the microcell; this channel is the 
downlink, forward or broadcast channel. In a Spread Spectrum 
CEMA system, each mobile in the microcell is assigned an 
unique code called the spreading sequence or simply, the 
access code. If the total number of available codes is small, 
then the codes are allocated to the microcells in a re-use 
pattern, similar to the frequency re-use pattern of FDMA. 
Since the codes are distinct, the mobiles can all use the same 
carrier frequency and bandwidth at the same time (An excellent

2>rhis arrangement is typical of C M V  antenna distribution to large 
residential apartment buildings and of cable TV distribution networks.
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tutorial in Spread Spectrum technology by Pickholtz, Schilling 
and Milstein covers these concepts [25]). Even though the 
mobiles can comnunicate simultaneously, they interfere with 
each. However, the interference due to a single user is small; 
it is a function of what is called the processing gain of the 
system. This in turn is a function of the length of the access 
code. As the number of users in the system increases, the 
total interference approaches some value that begin to degrade 
the service quality. Systems such as these are said to be 
interference limited as opposed to noise (thermal) limited 
systems. In contrast to FDMA amd TEMA, there exists what is 
called a "graceful degradation of service"; additional users 
to a system at "maximum" capacity can be carried with a Signal 
to Noise Ratio (SNR) penalty. This is impossible for either of 
the others; once all the channels are allocated, no further 
user can access the system. This thesis investigates the 
effect of service area topography on the amount of 
interference adjacent cells generate on neighboring cells.

As the mobile moves about the network, its signal is 
received at more than one cell sites and conversely it receive 
signal from more than one cell sites. This situation has an 
advantage and a disadvantage. The advantage is that signals 
received over independent paths can be used for diversity gain 
in the system; that is, if one or more of the signals are 
unusable, then comnunication can still be maintained, because
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it is highly unlikely that all paths will be simultaneously 
unusable. The disadvantage is that this situation causes 
additional interference, adjacent cell interference, in the 
system. If the cell site layout is optimal, then the above 
effects are minimal when the mobile is fairly close to its 
cell site. However, when it approaches the cell boundary, they 
become more pronounced. If there are m cell sites serving the 
particular location of the boundary and the propagation paths 
are similar, then the interference experienced by the mobile 
increases by a factor of m. Likewise, the diversity gain is 
increased by the same factor.

When mobiles cross into new microcells, hand-off is said 
to occur. In the hand-off process, control of the call is 
passed from the old microcell to the new microcell. The 
success or failure of this process depends on two factors; the 
relative signal strengths (from both microcells) at the cell 
boundary and whether the new microcell has an available 
channel. Both factors are influenced by the network 
topography. The second factor is quite critical, since if the 
microcellular dimensions are fairly small, vehicle speed high, 
and the number of users large; then the hand-off rate may be 
greater than the system can cope with. Thus good planning is 
required in order to determine optimal dimensions for the 
microcells.
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CDMA systems have a unique hand-off feature, which 

results from its tolerance to additional amounts of 
interference (discussed earlier). In this feature, all the 
diversity paths are used during hand-off, providing the 
participating cell sites have available channels. That is, the 
call is carried by one or more cell sites until the signal 
quality of the principal one is reliable enough. This is 
called soft hand-off; it is not available in TOMA and FDMA 
systems.

The above overview has revealed the factors that 
influence the cell planning design of a PCN. It is seen that 
permissible transmit power, adjacent cell interference and 
hand-off rates and consequently hand-off success are all 
dependent on the network topography. That is, the sizes and 
shapes of the microcells and the locations of the cell sites 
all have profound inpact on the system performance. These 
effects are investigated in subsequent Sections.

The effects on, and co-existence of the PCN system with 
external networks such as fixed microwave services (and vice- 
versa) is not investigated here. These are discussed in [13] .
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2 The PCN Radio Channel

Proper planning of a PCN requires a good understanding of 
the characteristics of the physical communication channel in 
which the system must operate. This is a very demanding radio 
environment, where certain rigid design criteria have to be 
met. Usually these criteria are trade-offs, for example, 
minimizing interference to external systems on the one hand 
and providing adequate signal coverage on the other hand. In 
addition, there are certain regulatory and environmental 
factors that inpinge on the system design and must translate 
directly into careful physical planning. One such factor is 
the expected need to limit the maximum transmit power due to 
health safety concerns.

From the overview in Section 1, it is seen that the 
topography of the service area has a very significant effect 
on the characteristics of the radio signal propagating 
therein. The two physical channels outlined were the 
microcellular channel, outdoors, and the picocellular channel, 
indoors. Their gross topographical characteristics were 
described. This Section investigates the relationships between 
the topographic parameters and the communication variables, 
and defines the physical dimensions of the microcells and 
picocells.
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The cormunications variables considered here to be 

critical to an analysis of the system are the propagation path 
loss, the distribution of the received signal envelope and the 
rms delay spread. The average path loss directly determines 
the permissible transmit power for a given receiver SNR. The 
probability distribution of the envelope indicates the effect 
of fading in the channel and has inpact on the receiver signal 
output quality. It defines the SNR penalty (fade margin) that 
must be paid in order to get acceptable comnunication quality. 
The rms delay spread of the received signal determines the 
effect of multipath interference on the comnunication quality. 
It is shown later that the effect of multipath in a Spread 
Spectrum CDMA system is equivalent to additional users.

In the microcellular channel the parameters that 
influence these variables are the relative heights of the 
antennas/ the street spacings, slopes, widths and orientation; 
and the level of congestion in the streets. In the 
picocellular channel, the number of floors and walls, 
materials in them, furnishing, and occupant traffic all 
influence signal propagation. In addition factors such as 
large window areas and buildings close by have significant 
influence.
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2.1 Signal Characteristics in the Microcellular Channel

In the dense urban outdoor areas, the microcellular 
channel is made up of streets congested with pedestrian and 
vehicular traffic and tall buildings lining these streets. As 
previously mentioned the cell site antenna is relatively low, 
20-40ft high. The buildings that line the streets are very 
closely spaced leaving very few gaps, and are highly 
reflective due to their steel frameworks. The combined effect 
of the buildings and the low antenna height results in the 
transmitted signal being largely confined to the streets. The 
highly reflective nature of the buildings results in large 
transmission losses to signal penetrating them.

Signal propagation measurements have been made in this 
type of environment by a number of researchers. The vast 
majority been done for large antenna heights and for narrow­
band signals. It is only recently that researchers have begun 
to investigate low antenna height and wideband propagation. 
The results and analyses that follows below are due to an 
extensive set of wideband measurements conducted jointly with 
Dr. Vinko Erceg (principal investigator) in the greater New 
York City area [23] . The propagation measurements were done at 
1.96 GHz using a 24 Mcps, 255-chip PN sequence giving a test 
signal of approximately 48 MHz bandwidth. The test equipment 
and measurement conditions are described in [22] . What is
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presented below is a summary of the significant features of 
the data gathered.

There are two distinct regions, with different signal 
characteristics, in the dense urban environment. In the street 
on which the cell site is located, there is usually line-of- 
sight (LOS) condition between the transmitter and receiver and 
in the streets crossing the LOS street there is non-line-of- 
sight (NLS) conditions. In regular cellular mobile
comnuni cat ions, the antenna is very far from the area the 
signal is received and is usually hundreds of feet high. As a 
result all streets have approximately the same signal
characteristics.

LOS Channel
Figure (2.1.1) shows the average propagation path loss 

over a typical LOS run. The solid line plot consisting of two
linear regions is the average path loss as determined by
linear regression. This dual slope characteristic is predicted 
by the Friis model [37] . The approximate distance between 
these regions is called the breakpoint and it marks the change 
in slope of the characteristic. The variations of the path 
loss about the average are fairly small and constant 
throughout the run.
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The pre-breakpoint loss was found to depend on the level 

of "urbanization". The slope exponent varied between 1.8 and 
2.2. For runs on narrower street with tall buildings, it was 
greater than 2.0. The breakpoint and the post breakpoint loss 
for a given mobile antenna height and operating frequency were 
found to be functions of cell site antenna height h*, and 
traffic density. The breakpoint was found to be close to the 
value predicted by the Friis model. It is proportional to h*, 
and is given by equation (2.1.4) . The loss at the breakpoint 
was also found to be fairly close to the predicted value. It 
differed from the predicted value [equation (2.1.3)] by about 
1 dB for 10 ft antenna height to about 4 db for 20 ft antenna. 
The post breakpoint loss decreased with increase in ĥ  and 
depended on the traffic density. Values for the slope exponent 
between 3.5 and 5.1 were observed at 20 ft height and between
3.2 and 3.7 for 10 ft high antenna. The larger values were 
associated with the busier streets. From the plots of path 
loss, it was seen that the average path loss was related to 
distance by a sinple empirical formula. The average path loss 
l̂ ce is given by

f [A> + lOiijdog^rf - Xoff„4)] ; (2 11)
[Lk * lOn, (logied - logied*)] ; d>dk

where d is the linear separation between the transmitter and 
receiver positions, do is some close-in reference distance to 
the transmitter, here taken to be 10 m from the latter and Lo 
is the loss at that location, d* is the breakpoint and L* is
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the loss at the breakpoint. nl and n2 are the slope exponents 
in the pre- and post- breakpoint regions respectively. Lq, Ly 
and dy are given by the theoretical formulas with offset 
factors used to represent the effect of traffic conditions.

where k is the carrier wavelength, h*. the transmitter antenna 
height and h* the receiver antenna height. d* is the
breakpoint.

No significant correlations were seen between the
parameters in equation (2.1.1) and the street width, so the
average path loss given a fixed mobile antenna height and 
fixed carrier frequency depends on the cell site antenna 
height and the linear separation between antenna positions. 
The standard deviation of the path loss was found to be 
typically 3.0-5.0 dB. Again there was no marked correlation 
with street width, but very heavy blockage due to tall
vehicles were found to cause significant increase.

(2.1.2)

(2.1.3)

and

(2.1.4)
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NLS Channel

Figure (2.1.2) shows the propagation path loss found over 
a typical run that included NLS conditions. The solid line 
represents the average path loss. Hie structural features 
shown here that are typical of all such runs are (1) a fairly 
rapid increase in path loss occurring after the transition 
from LOS to NLS conditions and (2) an increase in path loss 
slope in the NLS region. The increase in path loss in the 
transition region is termed the comer loss; it was found to 
increase with distance of the turning comer from the cell 
site. The NLS slope was also found to increase with turning 
comer distance. Table (2.1.1) gives average values, 
determined from the plots, for the comer loss and the NLS 
slope exponent as functions of the turning comer distance. 
This distance is in multiples of standard street blocks, taken 
to be 275 ft, and is measured from transmitter position to 
turning comer. At the transmitted power used for the 
measurements, 1W effective radiated power (ERP), the path loss 
exceeded the receiver sensitivity in the NLS region after the 
sixth turning comer. Therefore, the values for the slope 
exponent and comer loss beyond 1900 ft are extrapolated from 
those below.
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Distance of Comer from Cell Site, (ft.)

Path Loss Slope exponent
Comer
Attenuation(dB)

275 4.90 14.0
550 6.30 18.5
025 7.71 21.5
1100 9.11 23.0
1375 10.51 24.5
1650 11.92 25.5
1925 13.32 26.5
2200 14.72 27.0
2475 16.12 28.0
2750 17.52 29.0

Table (2.1.1) Path loss slope exponent and comerattenuation with LOS distance from 
"cell site".

The sinple errpirical relationships between path loss 
exponent, comer loss and turning comer distance as 
represented in the table have been determined from average 
values over many runs. If Let is the comer loss, the NLS 
slope exponent and d^ the distance of the ith turning comer, 
then

L el =  L el t1 * A r l o ffio-*1 I OflXl (2.1.5)
and

ad = (i-D fifci. (2.1.6)
Parameters bc and b̂  are factors that fit the above relations
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to the measured results. For the data under discussion, they 
have been found to be 1.15 and 1.40 respectively. 1^ and 
are given in the table, and i-d^/de, where dp is the standard 
block length. Both the comer loss and the NLS path loss slope 
exponent have shown some variation with street width. This, 
however, is not critical here, as only large changes in width 
(not a reality in the city) can cause significant changes in 
these parameters.

The average path loss is given by the eirpirical relation
S„.f = Lr~(dr<) +.&.„+i o n , , C l o g , l o g , ; d>dA (2.1.7)

where is the LOS path loss at the comer and is given by 
equation (2.1.1). d is the distance of the mobile from the 
cell site measured along the LOS and the NLS streets. dA > d^ 
is the approximate end of the transition distance.

Figure (2.1.3) shows the received signal envelope over a 
60m section of a run. The dashed line plot represents the 
local mean and the scatter plot the point variation 
(instantaneous signal strength) . these are equivalent to the 
long term and the short term fading components of the 
envelope. Figure (2.1.4) shows the cumulative distribution 
function (CDF) of the envelope along with plots of Rayleigh 
and Rician distribution with same mean and variance as the 
data. It is seen that a Rician distribution with power ratio 
k«10 dB provides a close fit to the data. Similar data frames
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from different runs have shown k to vary between 10 and 13 dB. 
The local mean was found to have a standard deviation of 
between 1.5 and 3.5 mV over the set of data. For the variation 
about the local mean, the standard deviation was 0.14 to 0.24. 
The envelope statistics were found to be typically the same 
for LOS and NLS regions within the dynamic range of the 
receiver. This is a marked difference from regular cellular 
mobile channels which exhibit Rayleigh envelope statistics. 
The difference is due to the very low antenna heights and the 
relatively close proximity of the receiver to the transmitter.

The delay characteristics have shown also been 
investigated for low antenna heights and wideband signals 
[26,27] . It is seen that the rms delay spread is less than 500 
ns in the LOS channel. It is found to be around 200 ns close 
to the transmitter and about 300-400 ns far from the 
transmitter. The value is slightly larger in the NLS region 
but is still significantly less than that found for narrow 
band FDMA channels. The reason is the containment of the radio 
waves in the streets, and the close proximity of the multipath 
scatterers (buildings, vehicles and people) to the receiver.
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2.2 Signal Characteristics in the Picocellular Channel

The picocellular channel is defined for indoor locations, 
typically large office building, malls and other such large 
enclosed areas. This is a very complicated comnunication 
environment in which many factors influence the propagating 
signals. The architecture of the internal space, the building 
materials, the furnishing and the occupants are all factors. 
In addition, the external environment sometimes has an effect 
on the signals within the buildings. Because of this wide 
variety of contributing factors, detailed site measurements 
have to be carried out many times to identify and quantify the 
significant ones. Such investigations have been the subject of 
extensive research effort over a long period of time. The 
propagation, multipath and fading characteristics have been 
measured and simulated under both narrowband and wideband 
conditions, and many empirical site dependent models have been 
developed and refined over time to describe this comnunication 
channel. However, from the vast number of published results, 
a few factors have appeared consistent and can be used to 
derive fairly successful generalized empirical models.

There is much similarity in the results of propagation 
and fading studies, and the kinds of generalized conclusions 
that can be drawn are typical of the conclusions of these 
[24,28-32]. From the reported results, the following can be
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clearly ascertained: (1), the path loss depends on the number 
of floors separating the transmitter and the receiver, and 
(2), the path loss slope exponent is greater measured through 
rooms than along straight corridors and aisles. The increase 
of path loss with floor separation is not constant, but 
diminishes with every floor crossed. This unusual occurrence 
(diminishing differential loss) is due to diffraction of waves 
through windows from one floor to near adjacent floors. This 
hypothesis has been supported in all the works referenced 
above. Measurements with the transmitter close to windows have 
shown much smaller differential floor loss than with the 
transmitter in the middle of the floor. The variation of the 
path loss exponent with direction across a floor is due to the 
loss resulting from walls and partitions. Along a corridor 
there is line-of-sight condition and free space (or better) 
conditions exists. However as the signal line deviates from 
the corridor axis, an increasing number of walls and 
partitions come between the transmitter and receiver. Since 
each such obstacle result in some loss, the path loss exponent 
is a function of direction.

Researchers have tried to isolate the effects of walls 
and floors and have given empirical formulas that account for 
the differential losses. The formulas of LaFortune and Lecours 
[31] , have parameters that are derived to fit the data, whilst 
those of Seidel and Rappaport [32] have been derived from
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phenomenological considerations and have physical bases. The 
models to be used here tend to follow the former. Certain 
values that are common to all studies are used in conjunction 
with parameters that require minimal site investigation for 
evaluation. In fact certain average properties are assumed for 
buildings in the subsequent analysis, and if actual buildings 
meet these specifications then no modification is required for 
the parameters. The critical values for the model are the 
initial differential floor loss (through first floor from 
transmitter floor) and the minimum and maximum slope exponents 
across the zeroth floor (the transmitter floor).

From the published results, the initial differential 
floor loss, Lpi, varies between 10 and 30 dB. The lower value 
is obtained for plain concrete floors and the upper bound for 
concrete floor with steel sheetwork. For ordinary steel re­
inforced concrete the loss is about 20dB. The path loss slope 
exponent, n<, varies between 1.8 and 4.5. The value 4.5 occurs 
for areas well removed from the main corridors and 1.8 
results for areas along main corridors. The upper limit is 
taken to represent 45° from the axis of the main corridor in 
a syrmetrically laid out floor and the lower limit to 
represent the corridor axis. The loss through i floors, Lpi, 
may be given by

S ' liX' 0sb<1, (2.2.1)
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This particular form is chosen for the function as it can be 
made to match nearly all the reported results. The parameter 
b depends primarily on the transmitter location. It is smaller 
for centrally located transmitters than for those located near 
external walls. Typically, a value of 0.75 is used for average 
conditions. The loss exponent over the zeroth floor may also 
be given by

+«(*W3i>. fl osfe-5. (2.2,2)^  X 4
This function for the exponent is just chosen to uniformly 
distribute the change through ir/4 radians; no serious errors 
result from this choice. The average propagation average path 
loss in the picocell with negligible contribution from the 
microcell is given by

LjCfl) =Zr0l+£rl+5[^(0)1 (log1B(da+bi) -log10(<fj+£ij)] (2.2.3)
where 1̂ (0) is the path loss along the ith floor (from the 
transmitter floor) in direction 0 and d is the distance of the 
receiver from the vertical axis through the transmitter, hi is 
the vertical separation between transmitter and receiver 
antennas. dt is the reference distance, taken to be 1 m from 
the vertical axis and is the loss at the reference
distance. ht is given by

; 1th floor «bov* mmroth floor 
* * ̂  (2.2.4)

be+hfi-hj ilth floor bmlow moroth floor

where h*. is the inter-floor distance and h*, and are the



28
heights of the transmitter and receiver antennas above the 
zeroth floor respectively. is given by

Figures (2.2.1), (2.2.2) and (2.2.3) show the calculated path 
loss on the cell site floor and on the first and third floors 
from the cell site floor.

As many studies have been done to determine the fading 
and multipath characteristics of the received signal as have 
been done for propagat ion character i sties. Although the 
majority of these were conducted at 880-950 Mhz, the results 
are quite applicable to 2.0 GHz. These studies have studies 
[22,28-29] have all shown that the received signal envelope is 
Rician distributed with k values ranging from 6 to 15 dB. The 
lower limit is usually observed in areas that are 
significantly shadowed; that is the path between transmitter 
and receiver is obstructed by thick walls and equipment. The 
upper limit is observed in locations close to corridors.

Devasirvatham [33-35] has extensively studied the 
multipath characteristic of the indoor channel. He has found 
that the rms delay spread varied very widely depending upon 
the size and construction of the building and the proximity of 
neighboring buildings. Values as low as 20 ns were obtained 
close to the transmitter and up to 400 ns maximum for very

10 log. (2.2.5)
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large buildings. Other researchers {Saleh and Valenzuela [36]) 
have shown similar results. For average size buildings with 
reinforced concrete floors and concrete walls, a maximum rms 
delay spread of 300 ns is not uncormon.

Having summarized the propagation, fading and multipath 
characteristics in the outdoor and indoor channels, the next 
Section develops models for the microcells and picocells. The 
propagation models just discussed serve as the generators of 
these cell models. Once the cell models are developed, 
possible configurations of these into networks are explored.
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The concepts of the microcell and picocell were discussed 
in Section 1 and the signal characteristics in these channels 
sunmarized in Section 2. In this section, the physical 
characteristics of microcells and picocells are explored. 
Their shapes, sizes and other factors that influence these are 
determined. Different placements of the cell sites are 
investigated to determine the influence this has on signal 
coverage in the cell. The contours of equal path loss are then 
determined and the cell coverage area, defined by the region 
within the contour of maximum permissible loss, is found.

3.1 The Physical Microcell
As was shown in Section 1, the microcell is principally 

defined by the regions between the buildings in the dense 
urban area. Thus the streets and sidewalks primarily comprise 
the microcell. There is some penetration of buildings, but 
this is only significant close to the microcell cell Bite. In 
order to ascertain the shape and size of a microcell, the 
average path loss around an isolated cell site is 
investigated. Figure (3.1.1) shows a section of a hypothetical 
street grid in a dense urban area. The avenues are labelled 
using lower case letters and the street labelled using 
numbers. The intersections are labelled using upper case 
letters, thus (d,4) defines the coordinates of intersection B.
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There are two possibilities in locating the cell site at low 
antenna heights. The cell site may be placed at an 
intersection or mid-block between intersections. It is readily 
observed in the figure that a cell site located an 
intersection can 'see' in four directions from the 
intersection. Thus an omnidirectional antenna may be used at 
this cell site to provide coverage in these directions. A cell 
site placed mid-block, however, can 'see' in only two 
directions. Therefore it illuminates a smaller region than the 
cell site located at an intersection. A directed antenna may 
be used in this location.

The figure shows a cell site located, for purpose of 
illustration, at the center of a square. In reality the actual 
site will probably be on one comer of the square. The cell 
site is placed in the square so as to maximize the area served 
by it. This arrangement also lends itself well to cell 
sectorization. The signal transmitted by the cell site will 
propagate out from it in four DOS directions . Along each DOS 
path the signal scatters in crossing streets, propagating in 
NLS modes. The LOS and NLS regions sure illustrated in the 
figure. From a knowledge of the signal propagation mechanism, 
discussed in Section 2, it can be readily seen from the figure 
that there is one significant equivalent propagation path to 
each location in the LOS region and at most two significant 
equivalent paths to locatioris in the NLS region. These
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equivalent paths are illustrated in the figure for two 
intersections, A and D. Path l is an LOS path from the cell 
site at B to intersection A. Path 2 from B to intersection D 
conprises an LOS segment, BC, and an NLS segment, CD. Path 3 
also from B to D conprises LOS and NLS segments BE and ED 
respectively. The shape of the microcell is now investigated 
by observing the path loss to the intersections and mid-blocks 
around the cell site.

The average power received at an observation point due to 
propagation over equivalent path i may be written as (see 
Appendix A)

Pi = MiPc (3.2.6)
= i

where Hi is the average path power attenuation (or gain) at 
the observation point and P0 is the effective radiated power 
(ERP) over the path, mi is the path local mean (voltage) 
attenuation in the vicinity of the observation point and pA is 
the variation about the local mean. The random variable is 
log-normally distributed, typically; its mean value is a 
function of distance between transmitter and observation 
point. The gain variation, by definition [38] , has unity mean 
and is Rician distributed for the microcellular channel.



For two paths contributing to the average power, it can 
be shown that for Rician distributed variations with high 
power gain (kilO), the average attenuation, n, is given by

p - (0}*f + flK> + 1 (3.2.7)

In Section 2, it was seen that the received signal 
distributions were all Rician with high k. Thus, if the paths 
are fairly similar (in length and topography) , then the gain 
variations may be assumed identically distributed. Making this 
assumption and noting that the mean square is approximately 
equal to the square of the mean for high k, equation (3.1.2) 
may now be re-written as

|i = (if +*?) + (2«P^ a)1 (3.2.8)
-  ( # * j + # * j )  + < 2 f i J # i , ) 1 .

In the above equation, the mean square of the local mean is 
also assumed approximately equal to the square of its mean. 
The average path loss, L, is defined as

L = -101Off10(fi) . (3.2.9)

The average path power attenuation over a single 
equivalent path may be determined from equations (2.1.1) and
(2.1.2) in Section 2, and is given by
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for an LOS path, where fi0 is the attenuation at the reference 
distance do and is the attenuation at the breakpoint d*. For 
an NLS path

w - d> dt (3.2.11)

where is the attenuation corresponding to the LOS path 
loss at the turning corner, ^ci is the attenuation 
corresponding to the comer loss and n^ is the path loss 
exponent along the ith NLS street from the cell site. A path 
corrprising both LOS and NLS segments as path(l) or (2) in 
figures (3.1.1), has ith path attenuation factor in the NLS 
region given by

Mi 12)

<*el >dk,d> dt

i = 1,2.

Using equations (3.1.5) and (3.1.7) and the table (2.1.1) 
in Section 2, the path loss is found at the intersections and 
mid-block positions around the cell site. Figure (3.1.2) shows 
these values for a cell site located at an intersection, such 
as B in figure (3.1.1). A consequence of equation (3.1.3) is 
that the attenuation at an intersection (in the NLS region) is 
smaller than at a mid-block position the same distance from
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the cell site. Thus in figure (3.1.2), nearly all the NLS 
intersections show smaller path loss than the surrounding mid­
block positions. Only one quadrant, with respect to the cell 
site axes, is shown due to the synmetry of the grid.

The effects of both LOS and NLS propagation are clearly 
observed. There is 30 dB signal power loss over a distance of 
6 blocks along the LOS region,; but for just the first 
transversal street (into the NLS region) , the loss is the same 
as the above after just only 1 block. For each transversal 
street, the loss gets bigger fairly quickly into the street 
and reaches values of 40-60 dB (at 6 blocks) larger than in 
the LOS street. Regions with average path loss within certain 
limits are also illustrated in the figure. The chosen limits 
represent the maximum permissible path loss (appendix C) for 
defined maximum transmit power levels. Figure (3.1.3a) plots 
contours of equal path loss passing through intersections and 
figure (3.1.3b) shows contours through mid-block positions. 
The selected contours are the maximum permissible loss and a 
10 dB bound on either side. The region enclosed by the maximum 
permissible loss represent the practical coverage area of the 
microcell and the region within the 10 dB bounds indicates the 
hand-off and uncertainty regions.

The shape of the microcell, as defined by the maximum 
loss contour, is approximately a square with diagonals along
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axes through the cell site . An important observation is that 
the boundary of the microcell is much smaller than the DOS 
range of the cell site; this has significant irrplications for 
hand-off and adjacent cell interference in the LOS region 
(discussed later) . Hie radius of the microcell is defined as 
the distance to the cell boundary in the LOS region. This 
(radius) is determined by the loss in the NLS region and is 
confined to just a few blocks from the cell site (6 blocks in 
the figure), because of the power limitation in the microcell. 
Table (3.1.1) gives values of microcell radius and maximum 
path loss as functions of maximum permissible transmit power 
in the cell.

Maxiaann permissible 
trwnsmi t power, air

Cell radius, m Boundary Path Lobs, 
dB

0.15 168 100

1.0 251 110

4.0 335 117

25.0 419 124

100.0 503 129

Table (3.1.1) Microcell radiua and maxiimnn 
path lose for selected maximum mobile transmit 
power level in the microcell.

Figure (3.1.4) shows path loss values around the cell 
site, when located at a mid-block position. As was mentioned 
earlier, the coverage provided by this cell site location is
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less than that for intersection located cell site. The shaded 
regions in the figure have poor coverage; the average path 
loss in these blocks is on the average 15 dB higher than for 
similar blocks when the cell site is at an intersection. 
Figures (3.1.5a) and (3.1.5b) show the path loss contours 
through intersections and worst case mid-block positions 
respectively. From the contours and the maximum power limits 
in figure (3.1.4), it is seen that the radius of the microcell 
with this cell site location is less than that with cell site 
at an intersection. If the cell boundary is defined by the 
worst case maximum path loss, then there will be regions 
beyond the cell boundary with much path loss. This would 
result in significant overlap of microcells in a practical 
network. Alternately if the boundary is defined by the maximum 
path loss through intersections, then the microcell will have 
almost the same radius as the intersection cell site 
microcell; but there will be regions of higher losses within 
the cell. This is depicted in figure (3.1.4), if the power 
limits are taken to represent the cell boundaries.

The urban street grid sections illustrated in the figures
(3.1.2) and (3.1.4) consist of hypothetical standard city 
blocks. These street segments are of uniform length and width. 
In a real city, blocks have varying length and street have 
varying widths. For exanple, in mid-town Manhattan, New York 
City, the avenues are typically 85 ft wide (including
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sidewalks) and the streets 55 feet wide. The block lengths are 
approximately 275 feet (center-to-center) between streets and 
1100 feet between avenues. A section of grid from a city area 
like this has fewer blocks and intersections but typically the 
same loss contours. Figures (3.1.6) and (3.1.7) show the path 
loss values around the cell site for a grid section with 4 to 
1 block ratio for intersection and mid-block cell sites 
respectively. Figure (3.1.6) is identical to figure (3.1.2) 
except for the length of the blocks, so this grid will have 
the same path loss contours. The mid-block case in figure
(3.1.7), however, appear quite similar to the intersection 
case, figure (3.1.6). This situation results because the 
blocks that were poorly covered in figure (3.1.4) have now 
been eliminated by the greater than unity block ratio.

Figure (3.1.8) illustrates the microcell for a 1:1 block 
ratio, intersection located cell site. This will be called a 
type Omni-1 microcell. When the cell site is located mid­
block, the microcell will be called type M microcell. Except 
for variations due to the different location of the cell site 
and the difference in power levels, the Omni-1 and the M type 
microcells have the same shape. As mentioned earlier, the 
Omni-I microcell may be sectored four ways. Figure (3.1.9) 
depicts such a 4-sector microcell, showing the areas covered 
by the sectors. For the 1:1 block ratio Omni-I microcell, 
there are four identical sectors and each overlaps 2 adjacent
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sectors. The overlap area for each adjacent sector is one half 
of the sector area. The overlap of the sectors has important 
inplications for hand-off operation and for adjacent sector 
interference (see Section 4) . For m:l ratio Omni-I microcells 
or for M type microcells, there are only two sectors per 
microcell and there is no sector overlap. The path loss 
contours for sectored microcells are the same as those for the 
non-sectored ones.

3.2 The Physical Picocell
The picocellular comnunication scenario was described in 

Section 1 and the signal propagation and statistics evaluated 
in Section 2. As for the physical microcell, the path loss 
contours are determined for typical locations of cell site in 
the physical area; and the picocell coverage area determined 
by the maximum permissible path loss.

Figure (3.2.1) shows the plan of a hypothetical floor in 
a typical high rise office building. A worst case topography 
is considered, where there are banks of totally enclosed 
offices separated by a grid of average size corridors. Other 
floors in the building with the exception of the ground floor 
are assumed to be replicas of the illustrated floor. In such 
a symmetric topography, the cell site may be located at the 
intersection of the main corridors. This, as described in
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Section 2, provides good signal coverage in the corridors, 
enhancing the signal received in adjacent offices.

In the figure, a cell site is located in position A and 
the path loss is found over a measurement plane above the 
floor for the cell site floor and those above and below. The 
height of the measurement plane corresponds to the approximate 
height of the portable unit in use. Using equation (2.2.3), 
the average path loss along the ith floor from the cell site 
floor (the zeroth floor) is calculated for locations around a 
vertical axis through the cell site . For the purposes of the 
analysis, the floor dimension is taken to be 100 m square; 
thus the building is assumed to be about 1 block wide. In 
addition, the path loss exponent is assumed constant around 
the axis, as the width of the corridors is small compared to 
office dimensions. Thus the calculated contours are all 
circular; this is a very typical situation for the office 
building. The use of a variable slope exponent does not 
significantly change the path loss because of the relatively 
small dimensions of the building. Also, whatever change that 
(changing slope) would make, would be less evident on floors 
beyond the zeroth floor. The figure also reveal that contours 
of equal loss have smaller radii as the floor number 
increases. Contours of equal path loss are plotted for 
different floors, as shown in figure (3.2.2). As for the 
microcellular case, the contour levels are for maximum
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permissible path loss and for 10 dB bounds about the maximum. 
The contours show the losses for floors below the zeroth 
floor; these are chosen because the losses are greater on 
these than on the upper ones due to greater distance from the 
cell site.

It is clearly obvious from the contours that the zeroth 
floor and the first floors from it are all entirely within the 
maximum loss contours. It is also noted that radius of the 
maximum path loss contour decreases as the number of floor 
increases. The picocell may be considered to consist of a
'stack' of circular regions centered on an a vertical axis
through the cell site. These regions have diminishing radii as 
the floor number increases from the cell site. Figure (3.2.3.) 
shows the representation of the picocell, as defined by the 
maximum permissible path loss. The latter is actually a region 
in 3-dimensional space, but since the portables are most 
likely located along the measurement planes, the picocell is 
reduced to an array of 2 dimensional regions. The radius of 
the picocell is defined as the radius of the maximum loss
contour on the zeroth floor and the height as the distance
from the zeroth floor to the floor where the coverage area 
falls below some set value. Table (3.2.1) gives radius and 
height of the picocell as a function of permissible transmit 
power in the picocell. The coverage that is used to define the 
height is 25 percent that of the zeroth floor; that is if the
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coverage area a floor is less than 25 percent of the coverage 
on the zeroth floor, it is deemed outside of the cell. This 
factor corresponds to a contour radius of one half the cell 
radius. An immediate consequence of the unequal coverage area 
on different floors is the need for more than one cell sites 
to adequately cover the picocell volume. This is explored in 
Section 4.

permissible 
transmit power, 
dBm

Msxljnum path 
loss, dB

Plcocall 
radiua, m

Plcocall 
hsight, floors 
from seroth 
floor

10.00 115 > 75 4

0.00 105 > 75 2

-3.01 102 > 75 2

-10.00 95 60 1

-20.00 65 25 1

Table (3.2.1) Picocell radius and height aefunctions of maximum permissible transmit power in the picocell.
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Having determined the physical characteristics of 
microcells and picocells, this section now investigates the 
possible arrangement of these cells to provide coverage to a 
large area. At the outset, the factors that influence the 
suitability of a particular configuration are the cell site 
density, adjacent cell interference and hand-off rate. The 
cell site density is a direct factor in the cost of the 
network, so the aim is to minimize this factor. Adjacent cell 
interference and hand-off rate are directly related to the 
number of users the network can support. As these factors 
increase, the number of users must be decreased. Thus the 
network revenues decreases. Therefore, the arrangement of the 
cell is very important, not only for technical reasons but for 
economic ones as well. This section determines suitable 
layouts of cells and find the cell site densities; adjacent 
channel interference and hand-off rates are dealt with in 
subsequent sections.

4.1 Microcellular networks
The shapes and sizes of the microcells are dependent on 

the topography and conposition of the service region. If the 
region is isotropic and regular, then the microcells have the 
same properties and a single size and shape can be used to 
populate the region. However, if the region is not isotropic
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and regular, then different parts will have microcells of 
different shapes and sizes. For this type of region, an 
apriori analysis is not possible, except in some average 
sense, as the properties of the different localities are very 
variable. These properties have to be investigated by site 
inspections and the information used in Sections 2 and 3 used 
to determine the physical properties of the microcells for the 
different localities. This analysis is for the former type of 
region, which is typical of the central region of dense urban 
environments,

The basic shape of the microcell for the regular 
isotropic region is seen in figures (3.1.8) and (3.1.9) . This 
region as discussed previously is a rectangular grid and the 
microcell is a square region with diagonal lying along the IDS 
axes. The square is one of the few shapes that can be 
tesselated in a region so there will be no geometric gaps in 
the layout of the region. Figure (4.1.1) shows a section of 
the service region laid out with the basic microcell. For 
convenience, the radius of the microcells shown is 2 blocks; 
but can be up to 6 blocks as shown in Section 3. As seen in 
the figure, there is no geometric overlap of the cells. Each 
is surrounded by eight nearest neighbors as denoted by the 
cells labelled 0 to 8 in the figure. The cell 0 is the 
reference cell and cells 1 to 8 are the nearest neighbors. 
Cells 1,3,5 and 7 are adjacent on the vertices of the
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reference cell and cells 2,4,6 and 8 are adjacent on the 
sides. Thus, the vertex neighbors only share a common 
intersection, whilst the side neighbors share the total 
boundary of the microcell.

The unequal conmon areas with the neighboring means that 
interference due to the vertex neighbors will primarily be LOS 
in nature, whereas that due to the side neighbors will be NLS. 
In Section 3, it was shown that the cell radius is much 
smaller than the LOS range, which implies that the effect of 
the vertex adjacent cells extends well within the reference 
cell. The effective LOS range of a cell is 20 blocks (5500 ft) 
at 20 dBm transmit power and about 5 blocks (1375 ft) at -10 
dBm power level. Therefore at maximum cell radius (6 blocks), 
a cell will interfere with up to 4 cells along the LOS axis! 
This is an inevitable consequence of this layout, about which 
more is said later.

The bulk of the hand-off transfers will be with the side 
neighbors as these share the entire boundary of the cell. If 
the signal overlap due to the vertex adjacent cells is allowed 
to exist in the network, then hand-off between vertex 
neighbors occur only infrequently. Hand-off rates and adjacent 
cell interference are dealt with in subsequent sections.
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Let the radius of the cell be denoted as rc meters or r\. 

blocks, the area as and let R and w represent the standard 
block length and average street width (inclusive of sidewalks) 
respectively. Then the gross cell area Ar is given by

Ax = 2 r* = 2Jl*n“. (4.1.1)
The effective cell area, that is the region contained in the 
streets, is quite smaller; but cannot be used to determine 
cell site density. The latter, denoted by oI( is

*T = -r- (4.1.2)*1
Table (4.1.1) gives microcell radii, areas and cell site 
densities as functions of neximum permissible transmit power.

Maxi hub paxaiasibla transmit powar, dta microcall radius, m Microcallaraa,X 10* IB*.
Call aitadansity,km'3

-8.24 168 56.45 17.71
0 252 127.01 7.87
6.02 336 225.79 4.43
13.98 420 352.80 2.83
20 504 508.03 1.97

Table (4.1.1) Microcell area, radiu* and cell•ite density for different transmit power level for Cknni-I microcell.

The omni-M and the 4-sector microcells have identical areas to 
the omni-I microcell; thus the above table applies to these 
cells as well. The differences between these cells exist in 
the adjacent cell interference and the hand-off rates.
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Earlier it was seen that the LOS range of the cell site 

exceeded the cell radius, and in Sections 2 and 3 it was shown 
that entering the NLS region the average path loss was on the 
average 15 dB greater than in the adjacent LOS region. 
Therefore, if the transmit power levels are reduced 
sufficiently, then the it is possible to "confine" the signal 
to the LOS region. The microcells that results are then linear 
in dimensions; these are referred to as linear or L type 
microcells. Figure (4.1.2) shows the L-type microcells that 
are obtained from the intersection (I-type) and the mid-block 
(M-type) microcells. The type LI consists of four LOS regions 
(arms) extending from the cell site and the type LM 2 arms. 
Some the signal does extend to the NLS region, but this is 
well below the boundary value and may be ignored in cell with 
radii less than 6 blocks. These microcells, particularly the 
LM type, are very useful in areas of the service region that 
do not conform to the basic grid structures.

Figure (4.1.3) shows the most obviously way of arranging 
the cell sites in a network of LI-type microcells. They are 
located on diagonals through intersections spaced 2i\. blocks 
apart and each microcell is overlapped by 2 (n̂ -l) adjacent 
cells. For the network in the figure, i\- is two there are two 
overlapping cells; microcells 3 and 4 overlap 2 as shown. 
There are also four microcells abutting the four limbs of any 
cell resulting in total of 2r^+2 nearest neighbors.
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The effective area, A^, of the microcell is given by

= 4 rlw*-w* = r*(4r|-l) (4.1.3)
where rc and w are the cell radius and the average street 
width respectively. To determine the cell site density, a 
square region enclosing one complete microcell is chosen. This 
region encloses (2r\.-l) cell sites, and shares four others 
with adjacent regions. The cell site density ou then is

<2re) * an̂ JI*= -c "  = ■ (4.1.4)

Table (4.1.2) gives these values in for different permissible 
transmit power levels in the network.

Maximum permissible transmit power, dBm Microcell radius, m
Microcell area, x 10* m*.

Cell eite density, km'3
-22 168 13.86 35.44
-18 252 21.02 23.62
-13 336 28.18 17.71
-8 420 35.34 14.17
-5 504 42.50 11.81
-2 588 49.66 10.12
1 672 56.82 8.85
3 756 63.98 7.87
5 840 71.14 7.08

Table (4.1.2) Microcell radius, effective areaand cell site density for different transmit power levels for the LI microcellular network.

For a microcell radius of 10 blocks, the signal level will be 
above the threshold for about 2 blocks into the first NLS
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street from the cell site. These blocks will result in
significant interference to the adjacent cells of which these 
blocks belong. The number of these interfering blocks
decreases as the cell radius decreases; for 5 block radius
there are no such interfering blocks.

Comparisons of tables (4.1.1) and (4.1.2) reveal three 
significant facts. First, the radius of the I-type microcell 
is limited to six blocks (due to acceptable power levels) and 
that of the LI-type can be as high as ten blocks. Second, the 
power levels in the former are a minimum of 25 dB higher than 
for the latter for the same radius. And third, the cell site 
density is five times larger at 6 blocks radius in the LI-type 
network than in the I-type network. Thus for the same coverage 
areas, the I-type network uses a fifth of the cell sites the 
LI-type uses but at 25 dB more power requirement. The cost of 
the network depends on the number of cell sites and the 
connectivity between them. The factor of 5 for the LI-type 
network represents a significant increase in the number of 
cell sites over the I-type network; but the required power 
levels are very much lower and the cell sites can be made 
extremely small and cheap. It is not certain, at this time, 
however, that the cost savings from the cheaper cell sites can 
offset the cost of additional units and the additional 
connectivity costs; it is very doubtful that it will. So the 
I-type network may be the choice for the microcellular PCN.
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Another factor that enhances the suitability of the I-type 
network is that continuity will be required in moving from 
outdoor to indoor locations. Since the coverage of the I 
microcell extends well into the NLS region, the penetration of 
buildings will be greater than for the L microcell and better 
transition regions will be provided.

As will be discussed in the next section, maximum 
adjacent cell interference to mobile occurs at intersections 
where four microcells meet. It is possible to arrange LI-type 
microcells in other configurations to eliminate this effect. 
Figure (4.1.4) shows one possible arrangement (for a 2 block 
radius microcell). Different configurations are obtained by 
displacing the cell sites in either the horizontal or vertical 
the grid lines in figure (4.1.2) so that four-way
intersections are eliminated. The optimal layout criterion is 
to arrange the cell sites so that at any intersection, the 
difference in the distances to the two incident cell sites is 
not large. This is necessary, since if the difference in 
distances is large, the difference in received power may be 
large enough to force a hand-off even if the mobile is not 
changing cells. This is similar to the "ping-pong" effect that 
occurs at cell boundaries in cellular mobile radio. The mobile 
hands-off to the new cell site, then back to the old one and 
to the new one again, as the signal level varies with shadow 
fading. For this case illustrated, an intersection is either
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equidistant from the two cell sites or is at the boundary of 
one cell; this is only possible for 1̂ =2 .

Another way of minimizing four-way interference is to use 
M-type microcells. This however is effective only for small 
radii microcells. Hie cell site density for the network 
configuration is the same as that for the configuration in 
figure (4.1.3) because the cell site are merely rearranged.

The number of users the network can support is directly 
related to the cell site density. The cost also increases with 
the density. Therefore the system may use larger radii 
microcells to provide service in its early stages and as the 
user base increases, reduce the size of the cells to increase 
the cell site density. The cell radius reduction may also be 
carried out in areas with dense user population to provide 
increased support. This technique is termed cell splitting and 
is widely used in mobile cellular technology. Figure (4.1.5) 
shows a network as that in figure (4.1.1) with one of the 
microcells split into smaller microcells. The original 
microcell labelled A has a radius of eight blocks and is split 
into four smaller microcells B,C,D and E. One of the resulting 
microcells C is then split into four more microcells F,G,H and 
J. At each subdivision, the cell site of the cell being split 
is removed after the new cells are formed. For the I-type 
network, cell splitting is only possible when the radius of
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the cell is a multiple of four blocks. This technique is not 
necessary for the L-type cells, as the type LM can be arranged 
in any size to fit a particular area.

4.2 Picocellular networks
In the previous section, picocells were investigated for 

typical high-rise building environments in the dense urban 
area. Under the assumptions of symmetric floor plan and 
isotropic conditions over the floor area, the picocells were 
determined to be circular in shape. It was seen that the radii 
of equal path loss decreased as the number of floors between 
the cell site and the portable increased. This means that the 
coverage area is unequal on the different floors, a potential 
problem in providing total coverage to a building. The typical 
high-rise can occupy up to a square block, which is about a 
50m square region. The equal path loss contours as seen in 
table (3.2.1) show that up to 4 floors from the cell site can 
be adequately covered by 10 dBm and at -20 dBm transmit power 
only the next floor can be covered. At the height of the 
picocell, defined as the floor that has 25 % of the coverage 
area of the cell site floor, additional coverage has to be 
provided. This is not a trivial matter as is subsequently 
shown.
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Figure (4.2.1) shows the cell site boundary on the 

farthest floor of the picocell; figure (3.2.3) shows the 3- 
dimensional representation of the picocell. If the zeroth 
floor is assumed to be entirely covered by the threshold path 
loss contour, that is the cell radius rc is greater that w/V 2 ; 
then by the definition of the picocell height, the coverage 
radius on the farthest floor is w/(2t/2). In the diagram, 
contour 0 represents the radius of coverage region on the 
zeroth floor and contour n the radius on the farthest floor, 
floor n. The square represents the floor area and the central 
shaded region, the coverage area provided by the cell site on 
the zeroth floor. Therefore, the area outside the central 
circle is the region that has to covered; this is by 
definition 75 % of the coverage area on the zeroth floor.

Four smaller (lower power) cells sites shown by A,B,C and 
D are used to illuminate the deficient region. Besides 
overlapping each other, the central region is completely 
overlapped by the boundaries of the new cell sites. Then for 
two reasons, the old and new cell sites have to use the same 
set of channels. First, since the old cell (region) is 
completely enclosed in the new cells, there will be high 
levels of interference to users in the old cell. Second, users 
in the old cell close to the cell boundary will strongly 
interfere with the new cell site; this is a case of the near- 
far problem in GDMA. As the diagram shows, the central region
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boundary is very close to the new cell sites, therefore users 
comntunicating with the old cell site are received very 
strongly at the new site because they have to transmit at 
higher levels to reach their own cell site. Hie result is that 
different sets of channels cannot be used, unless the hand-off 
control system is sophisticated enough to detect the event and 
hand-off inirvediately to the new cell sites. If the same set of 
channel is used as suggested, then the overlapping region 
provide diversity paths for the communicating users.

From the above it is iirplicit that one high power and 
eight low power cell sites are required to cover (2n+l) 
floors. The high power transmitter provides coverage to zeroth 
and much of the (n-2)th floors from the zeroth floor; and at 
each end of the picocell, four low power cell sites provide 
coverage to the (n-l)th and nth floors. As an example, table 
{3.2.1) gives the height of the picocell as 4 floors for 10 
dBm transmit power level in the picocell. Therefore, the 
latter cavers nine floor using nine cell sites. The difference 
between this coverage and that of the microcellular networks 
is that no additional users are added to the system with the 
eight additional cell sites. Thus if no distinction is made of 
the cell sites, the picocellular network has a lower capacity 
than the microcelluar network. For a building with many more 
than nine floors, a number of these basic picocell units are 
used in such a manner that the farthest floors of each are 
distinct.
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Figure (4.2.2) shows a vertical plane through a high-rise 

building illustrating the cell site layout. With the type of 
layout, adjacent picocells can use different channel sets. 
Since the cell boundaries are on different floors, the near- 
far problem mentioned earlier does is not significant then. 
However, adjacent cell interference still exists. If the 
maximum transmit power is -10 dB, the picocell covers three 
floors only. At -20 dB, even though the same number of floors 
are covered, the cell radius is down to less than half of the 
value used for the 10 dB case. This requires additional cell 
sites on the zeroth floor; these are added in the same manner 
as shown earlier for irtproved coverage on the farthest floor. 
The cell site density for the picocellular network may be 
defined as the ratio of the number of cell sites to the number 
of floors covered by the picocell. Table (4.2.1) gives typical 
cell site densities for the transmit power levels used in 
table (3.2.1).

Maximum transmit power, dBm
Picocell radius, m Picocellheight,floors

Cell site density, per floor
10.00 >50 4 1.00
0.00 >50 2 1.80
-3.01 >50 2 1.80

-10.00 60 1 3.00
-20.00 25 1 4.33
Table (4.2.1) Cell site density in Picocellularnetwork
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In a cellular CDMA system, the same carrier frequency and 
the same transmission bandwidth is used by all transceivers; 
so each user must interfere with every other user in a given 
cell. This is an intrinsic property of the Spread Spectrum 
systems and the resulting interference, termed multiple access 
interference (MAI), is usually treated as added noise. In 
appendix A, it is shown that the amount of interference to any 
user is directly proportional to the number of users in the 
cell, for given conditions. The effect of the interference on 
communication quality is derived in appendix B. The measures 
used to define the signal quality, the signal to noise ratio 
(SNR) and the bit error rate (BER), are shown to be directly 
related to the MAI. Thus, the number of users that the cell 
can support is dependent on the interference levels that can 
be tolerated.

When cells are configured into networks, it is inpossible 
to confine the signals, from a given cell site or from the 
mobile users, within the cell's boundary. Furthermore, as a 
result of area topography or desired configurations, cells may 
overlap physically. Then, as outlined in the previous 
paragraph, the result of this interaction between cells is 
additional MAI. So in determining the maximum number of users 
per cell, not only the internal MAI, but the adjacent cells
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MAI must be considered. Within a given cell, the users powers 
are controlled to the same level so the internal MAI is 
constant for all local users. The external MAI, however, 
depends on the relative positions of the adjacent cell sites 
and interfering mobiles to the given cell.

This section determines the adjacent cell interference at 
a given cell due to neighboring cells in the microcellular 
network. In arriving at the adjacent cell interference, the 
average interference is found. This is a function of the 
location of the adjacent cell sites and the probable locations 
of the mobiles. Two quantities are determined, the user 
reduction factor ij and the quality reduction factor y. Both 
quantities are related to location probabilities in the 
microcell. If the adjacent cell interference is to be 
counteracted then this can be effected by reducing the 
permissible number of users by the factor n . It is to be noted 
that reduction in permissible transmit power cannot reduce 
interference since by assumption all users in the network must 
use the same transmit power. If design constraint forces the 
system to operate with the adjacent cell interference, then y 
expresses the fraction of the cell in which mobiles experience 
sub-quality communication.
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To arrive at adjacent cell interference in both 

microcellular and picocellular networks, the interference in 
the uplink and in the downlink is found and the limiting 
interference in the system is taken as the larger of the two. 
The downlink is the channel from the cell site to the mobile. 
Thus the interference experienced is from adjacent cell sites 
to mobile. The uplink is from the mobile to cell site so the 
adjacent cell interference is from neighboring cell sites to 
the mobiles in a given cell. Both types of interference are 
dependent on the network geometry, the cell site positions and 
locations of the mobiles at any given time. It is easily seen 
that highest values of interference occur when the mobiles are 
at the cell boundaries.

5.1 Adjacent Cell Interference in Microcellular Networks
The adjacent cell interference scenario, in both uplink 

and downlink in the microcellular network3, is depicted in 
figure (5.1.1) . The diagram illustrates two cell sites B0 and 
Bi and two mobiles mo and in the cells covered by B0 and Bi 
respectively. B0 and mo are may be taken as references and BA 
and mt as the interferers. mo is located at X, a distance of 
r0 from B0 and m* is at Y, a distance rx from B x. The cells have 
radii r,*, and rcl respectively. Let the controlled power in the

^The analysis in this section applies equally well to the 
picocellular network.
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cells be Pc0 and Pcl respectively. Then from appendix A, the 
interference at cell B0 due to mobile at location Y is

and the interference to mobile at location X due to cell 
site Bi is

Vi is the distance between the rrii and B0 and Xj is the distance 
between Bt and nv,. Ki is the number of users in cell i. p is a 
constant that depends on the Spread Spectrum parameters 
involved in the signalling, and on the channel delay spread. 
The function fi is the average path power attenuation between 
mobile and cell site, as determined in Section 3. Since this 
function was shown to be at least a fourth power decreasing 
exponential function over large distances, the interference 
diminishes rapidly so that only the nearest neighboring cell 
sites contribute significantly to the total interference.

The locations of the mobiles in the cell are changing all 
the time, hence total interference is averaged over all 
possible locations. Then, if there are N nearest neighbors for 
any chosen cell site, the total interference, D, in the 
downlink is

(5.1.2)

(5.1.3)
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and the total interference, U, in the uplink is

( 5 1 4 )

p(x) is the probability of the mobile being at location X at 
a distance x from its cell site.

If the PCN is in a fairly isotropic environment, all the 
cells will use the same controlled transmit power and will 
support the same number of simultaneous users. Therefore in 
equations (5.1.3) and (5.1.4), D and U may be written as 
D»nc(pPoK^) and U-iiu (pP^) respectively. Pc is the controlled 
power, K,. the number of simultaneous users and n is a function 
of the network. Let I0 be the total interference in an 
isolated cell and IN be the total interference in a cell in 
the network. Then assuming the same controlled power, Io-P̂ Ko 
and (PoK^-nP^), where Kq and K„ are the number of users in 
the isolated cell and in the network cell respectively. If the 
signal quality is to remain constant, then the interferences 
must be the same and

- - V *1+n (5.1.5)
= .

Since n is greater than zero, is always less than Ko and n 
is called the user reduction factor.
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The quality reduction factor y is determined by finding 

the fraction of the cell in which users experience significant 
interference. This factor is shown later to be a function of 
the location probabilities of the users in the cell.

Within a given cell, a mobile is subject to significant 
interference only at certain locations. The same is also true 
for interfering mobiles in adjacent cells; they can cause 
significant interference at the reference cell site from only 
certain locations within their local cells. This coupled with 
the fact that the cells are represented by regular geometric 
shapes allows the interference to be analyzed at discrete 
locations so replacing the integrals in equations (5.1.3) and
(5.1.4) by discrete sums. The locations chosen for the 
analysis are the intersections and the mid-block positions. 
With this simplification, the location probabilities are given 
in terms of the probability of the mobile at an intersection 
and the probability of the mobile at mid-block. These 
probabilities are determined next.

5.2 Mobil* Location Probabilitiaa in microcells
The probabilities of locating a mobile on a given block 

position or at an intersection are denoted as PB and Pr 
respectively. These quantities are directly related to the 
average times spent on a block or at an intersection and can
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be derived by considering all paths in the microcell and 
averaging over these times.

Consider a path that includes n intersections. Then there 
are (n-1) segments (blocks) included in the path. Assume that 
path segments are homogeneous as are intersections and that 
all intersections are similar. Let ta be the time taken to 
travel a segment and tt be the time spent at the intersection, 
clearing time plus the waiting time. Then the total time, T, 
to travel the path is given by

where Pu is the probability of being stopped by the traffic 
lights at the ith intersection and tu is the time spent at the 
intersection. In order to simplify the analysis, the traffic 
lights along a given path are considered independent of each 
other; heavy traffic congestion may justify this asBuirption. 
Thus Pu - 1/2 for all intersections. Furthermore t^ is random 
and is assumed uniformly distributed over Tu , the duration of 
the light. Therefore the average time for the path is

n-1
r ' E

=]C - V  *******
(5.2.1)

(5.2.2)



For m paths in the microcell,

, = r *

(5.2.3)

= t b + t;

where i\ is the number of segments in the k path.
Define qg = probability of being on a segment

qj = probability of being at an intersection
PE = probability of being at a particular segment
Pj= probability of being at a particular intersection

then
■

(5.2.4)

and

L  Q» (5.2.5)

where L is the length of the given segment, L. is the standard 
segment length and N. is the number of standard segments.
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and

(5.2.7)

where N: is the number of intersections.

For a homogeneous isotropic network, as assumed for the 
networks in section 4, any path can be chosen in the network 
to give the location probabilities. Therefore assuming a 1:1 
block ratio microcell and a path over one block and 2 
intersections, equations(5.2.4) and (5.2.6) reduce to

respectively. For a block ratio other than 1:1, PB and P: are 
arrived at as follows. Let and N31 be the number of segment 
and intersections respectively for the network for block ratio 
b-1 and and be the respective numbers for b*l. Also let 
Pgj, Pn , Pa, and Pn, be the respective probabilities, then

= (5.2.8)(41, + vft)

and

q* 42, + v Tl (5.2.9)

(5.2.10)

and

(5.2.11)
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The quantities Nb and Nj are determined in the analyses 

for the different network configurations subsequently. The 
previous analysis did not take into account the fact that some 
thoroughfares in an actual network may have unidirectional 
traffic flow. This was not necessary as the assuirptions of 
homogeneity and isotropism predict similar conditions in each 
flow direction. Typical values of v*10 mph, TL»45 seconds and 
l.»275 feet are used in equations (5.2.8) to (5.2.11).

5*3 Adjacent Cell Interference in I-type network
The Omni-I network is shown in figure (4.1.1). In this 

network, each microcell has eight nearest neighbors as shown 
for microcell 0. Four of these are adjacent on the sides and 
the other four are adjacent at the vertices. Figure (5.3.1) is 
a reproduction of figure (4.1.1) illustrating the region of 
significant interference. This region is a one block strip on 
either side of the cell boundary. The labels "0" and ”1" show 
the locations where downlink interference exists. In regions 
”0", the interference is due to vertex adjacent cells and in 
region "1" to side adjacent cells. Locations ''2" and ''3" are 
regions that generate uplink interference. Locations "3" are 
in the vertex adjacent cells and locations "2" are in the side 
adjacent cellB.
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Downlink Interference

In the regions labelled "0", along each semi-axis, there 
are iv segments and (n̂ -1) internal (from cell boundary) 
intersections receiving LOS interference from one vertex 
adjacent cell site. There is also one boundary intersection 
receiving LOS interference from one vertex and two side 
adjacent cells, and there is the central intersection 
receiving LOS interference from the four vertex adjacent cell. 
Therefore using equation (5.1.3), the average downlink 
interference, D0, in region "0" is

It (xJei) 
It (re) (S.3.1)

where Kc is the number of simultaneous users in the cell, Xe0i 
and x10i are the distances of the ith internal mid-block and 
intersection respectively from the vertex adjacent cell site, 
p! and pu are the probabilities of location at mid-block and 
intersection positions respectively.

In region "I", there are (r̂ -l) intersections on the cell 
boundary, n*. internal intersections and mid-block positions 
in each grid direction. Each intersection can receive 
interference power over two distinct paths from the 
interfering cell site.
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Therefore, the average interference in region 1 is

♦ 4 [ a (B'-DpjKcPj .

The total downlink interference D»D0+Di can be written as 
D-nj (KoPc) * where is

The user reduction factor nD is then given by

Hie distances, x, are
Xsoi- (no+i-0.5) rn Xj0i« (n«,+i) rw 
Xbu- (n^+0.5) rn Xm« (n^l) rn

where r^ is the length of a standard block.

Unlink Interference
Mobiles in the regions labelled "2" and "3" cause 

interference at the reference the cell site. In the region 
"3", there are r^-l intersections and mid-block positions 
in each of vertex adjacent cells and the boundary intersection 
is commonly shared by mobiles in the vertex adjacent cell and 
two side adjacent cells. There are i\. mid-block positions in

(5.3.3)
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each grid direction, internal intersections and (r̂ -1) 
boundary intersections in the region ,,2". In a similar manner 
to the region "l", at each intersection, mobiles can cause 
interference along two distinct paths. From equation (5.1.4), 
the average interference caused by mobiles in the regions ”3" 
is

yBi and yn are the distances from the ith mid-block and 
intersections, respectively, in the interfering cell to the 
cell site in the reference cell. rB1 and r2i are the distances 
from these positions to the local cell site. The total uplink 
interference is now written as U*U3+Ua-nJC«,P0, where is

* r* r* Kvnj/
M W  P l k

+ 4*^(3pT)

and for regions "2"

(5.3.6)
+ 4XgPc [ 2 (nff-l)pjl .

(5.3.7)



The user reduction factor is then given by
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1 +n,
1 (5.3.8)

and the lengths, y, are
(r^+0.5) r̂ , r^i- (r^-O.SJr*

y»i- (211^-1+0.5) Tm  r3Bi» (i-0.5) rM
Yaii-("»+!) rM1«(nc-l)rHB
y311« (2n„- i) r„ r3I1*ir„*ir»

In appendix D, the number of intersections and blocks in the 
Omni-I network are derived and these are substituted in 
equations (5.2.5), (5.2.7), (5.2.8) and (5.2.9) to obtain the 
probabilities p& and px, given by

The values of the user reduction factor are determined later 
for all the networks.

5.4 Interference in 4-Sector I-type Network
A 4-sector microcellular configuration is shown in figure

(5.4.1). For the microcells in this network, the interference

Pm U r „  * VTL) Na
(5.3.9)

n l U r m * v T L)

(5.3.10)
(3nl +2ap+l) (4rM  + vT£)
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analysis is a bit more involved, as there is adjacent sector 
interference, as well as adjacent cell interference. The
figure illustrates two types of intersections, inter-sector 
and intra-sector. The inter-sector intersections are cannon to 
two or more adjacent sectors and the intra-sector
intersections are exclusive to a given sector. Within the 
cell, the adjacent sectors interfere with each other only at 
intersections, as the signal due to interferers in mid-block 
position suffers double comer loss and is well below the
level at intersections. Each sector is adjacent to one LOS
sector from the one vertex adjacent cell and to one NLS sector 
from each of two side adjacent cells. As in figure (5.3.1), 
the downlink interference regions are labelled "0" and "l" for
LOS and NLS conditions respectively, and the uplink regions
"2" and ”3". Since a sector is like a self-contained cell, the 
interference analysis can be carried out for each sector as 
for the Omni-I network.

Downlink
As shown in the figure, region "0" is subject to

interference in the mid-block position and intersections, 
whilst in the region "l", the intersections and only blocks in 
one grid direction are subject to interference. It is also 
observed that, boundary inter-sector intersections in region 
"1" are subject to signal from 4 sectors, and intra-cell
intersections receive signal from 2 sectors only.
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The total interference per sector in region ”0", D0 is

r - jt p fr Y* -n T*

♦ V S|3 P'j)

and the average interference in regions "1" is

(5.4.1)

J>1 = *c*c 3 n  y* M x*ii) 1]r y* a M xni)
p “ k  “  k  2 l ^ r (5.4.2)

where n21 is the number of internal intersections per sector. 
Defining D, as for the Omni-I network, as D-Do-fDi-n^P,,, then 
rid is given by

h.-i+ n I V* ^ . ■j'n ̂  I1 (xUi)
+ a f e a"iH F T

* P»j [ 2 ( a > (ne- l )  +Hu + 3]

and t)d is given by equation (5.3.3) .

(5.4.3)

Uplink
In the uplink, the analysis is again similar to that for 

the Omni-I network except for the additional interference due 
to internal inter-sector interaction. The LOS interference in 
region "3”, U3, due to the vertex adjacent cell is

(5.4.4)



and the average interference in regions "2" is
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ap'£a?n^
♦ la <a) ("c"1) +nuJ ■

Writing U as U-Ua+Ua-nuKcP,,, is given by

(5.4.5)

P a ^  I* + j r* ^
ft ft M*«j)

P,I V  I* tJTrji) . . . I* Cyjjj)
ft l*(*«i> ft M*x,i>

+ P»*ia la) (n„-i) +HU+3.

(5.4.6)

The distances x, y and r are given as in the analysis for 
the Omni-I network. The number of blocks, N«e, and 
intersections, N#I, per sector of the microcell are r̂ 3 and 
(nc3+l) respectively. Substituting in equations (5.2.5) and
(5.2.7)

and

_ _ ____ *r—
"  ’ * vTt)

4r*»
fle (4rw  + vT4)

(5.4.7)

Pi =
VT,

(4rm  ♦ v tl) Nmz
vT,

{nl +1) (4r~ + vT.)
(5.4.8)
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5.5 Interference in LI-type network

Figure (5.5.1) shows the configuration of the LI-type 
network. In this network, each microcell has four ’'arms'' with 
Tic intersections and nc blocks per "arm". Only LOS conditions 
are assumed to exist in the network. Hie regions labelled "0" 
are where mobiles experience downlink interference and the 
regions labelled "3" are where they cause uplink interference. 
Because of the topology of the network, there are many more 
adjacent cells in this network than in the Omni-1 network. For 
each "arm" of the microcell, there are three adjacent cells at 
the end intersection and two adjacent cells at each inner 
intersection. Only the end intersection adjacent cells can 
cause mid-block interference in the cell.

Downlink
There are r\ mid-block positions (per "arm") in locations 

"0", each subject to interference from the end adjacent cell 
and there are (n̂ -l) intersections that experience 
interference due to two side adjacent cells as well as the end 
adjacent cell. The cell site intersection experiences 
interference from the four end adjacent cells. Therefore total 
downlink interference is given by

D = AXcPt 

* AXffPepi , w M 3rc>^ 
la’ 11

(5.5.1)



and rid, as defined previously, is given by
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(5.5.2)

Uplink
In the uplink, mobiles in the end adjacent cells and at 

the internal intersections interfere with the reference cell 
site. There are mid-block positions and intersections in 
the end adjacent cell and (r̂ -l) internal intersections. So 
the total uplink interference is

U = 4JT i
i

+ * K eP c P z U a c 1 )

and riy is given by

MZrxi)
Vtrisi)

(5.5.3)

(5.5.4)

x, y and r are defined as for the other networks.
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There are 4i\. blocks and (4x̂ +1) intersections in the 

microcell. Substituting these for Nj, and Nt in equations
(5.2.5) and (5.2.7) respectively, give the location 
probabilities p*, and px as

lrM
Pm " U r „  + *rL) jga 

ram
" nc * vrL)

and

(4r—  + vTt) Nj 

(4ac+l) (4rw  + vTt)

(5.5.5)

(5.5.6)

5.6 User Reduction Factors for Microcellular Networks
The relations for the location probabilities ps and p:, 

the network constants and i\,, and the user reduction factors 
t|D and have been derived in Sections 5.3-5.5 for the various 
networks. Substituting the expressions for the location 
probabilities into the equations for the network constants and 
evaluating, the values of the latter are found and are used to 
obtain the user reduction factors. Figures (5.6.1), (5.6.2)
and (5.6.3) show plots of the these factors for the Omni-1, 
the 4-sector I and the LI networks. The user reduction factor 
il4 nax(i|D,T|0) versus cell radius for these networks are given 
in table (5.6.1).
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Microcell radius, m
User reduction factor

Cmni-Inetwork 4-sector I network LI network

168 0.460 0.499 0.440
252 0.519 0.509 0.453
335 0.566 0.520 0.460
419 0.604 0.532 0.464
503 0.636 0.541 0.466
587 0.468
671 0.470

Table (5.6.1) User reduction factor for three typesof microcellular networks.

5.7 Quality Reduction Factor in microcellular networks
If the number of simultaneous users in the microcell is 

close to the maximum permissible value, then the user 
reduction factor must be applied to maintain the carnnunication 
quality constant. Specifically, the maximum permissible number 
in the network is ijN0, where N0 is the capacity of the isolated 
microcell and n is the user reduction factor. If the number of 
users cannot be reduced due to say capacity constraint, then 
the comnunication quality in the microcellular network will be 
reduced in regions subject to adjacent cell (sector) 
interference.
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The quality reduction factor y is defined as the fraction 

of the cell in which the mobile ejqperiences significant 
adjacent cell interference. The locations contributing to this 
factor have been denoted by regions ”0" and "1" for downlink 
comnunication in the networks, y is then found as ratio of the 
number of intersections and blocks in these regions to the 
total in the microcell. Therefore

(s-7 i )

where nx and are the number of intersections and blocks in 
the interference regions and Nx and are the total number of 
intersections and blocks respectively.

For the Omni-I network nx and are given by [12 (n.,-1) +1] 
and [4(3v 2)I and N: and N„ are [2^ (i m -1) +1] and 4^^ 
respectively and Yi is

Tz = 2A°C —  (5.7.2)6j>0+2j20+1

For the 4-1 network nx and are (n^+l) and On^-2) and Nx and 
Nb are (n„3+l) and x̂ 3 are respectively so is

n  = n‘*3n*Z} . (5.7.3)2n*+l

In the LI network all the blocks and intersections are subject 
to significant interference/ therefore Yl is 1.0.
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Figure (5.7.1) shows plots of y versus microcell radius and 
table (5.7.1) gives the values as a function of microcell 
radius for the above networks.

Microcell radius, m Quality reduction factor

Omni-I network 4-1 network LI network

168 1.000 1.000 1.000
252 0.869 0.895 1.000
335 0.733 0.818 1.000
419 0.627 0.765 1.000
503 0.546 0.726 1.000
587 0.482 0.697 1.000
671 0.431 0.674 1.000

Table (5.7.1) Quality reduction factor for differentmicrocellular networks as function of cell radius
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6 Adjacent Cell Interference in Picocellular 
Network

In Section 1 two specific modes of employing picocells 
were discussed. In the first mode picocells are used as 
extensions of a surrounding microcell, and in the second as 
self-contained distinct cells. To minimize poorly covered 
areas picocells invariably overlap. If extension picocells are 
employed there is little increase in interference in the 
network; in fact it was observed in Section 1 that there is a 
distinct advantage gained from the overlap (possible diversity 
gain). However, if distinct picocells are used, overlapping 
leads to significant increase in adjacent cell interference 
reducing the maximum permissible number of simultaneous users 
in the picocell. The amount of interference depends on the 
overlap area of the picocells so there is a trade-off in 
providing adequate coverage and the interference level 
tolerated. Improving coverage results in more overlaps and 
hence more interference. Adjacent cell interference is now 
evaluated by determining the overlap area for di st inct 
picocells.

The coverage region of a typical picocell was determined 
in Section 3 and is shown in figure (3.2.3) . The areas covered 
on each floor are circular with decreasing radius from the 
cell site. The radius of the boundary contour on the cell site
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floor, r0, is defined as the radius of the cell. Let rA and A^ 
be the radius and area of coverage region on the ith floor, 
then Normalizing with respect to the coverage area on
the zeroth floor, the fractional coverage on the ith floor, oci 
is

- 4 ^  = 4 -  <6-1)r0*

The height of the picocell is defined as the floor on Which oci 
is 0.25. If the transmit power is carefully selected, then one 
cell site can cover a number of floors on either side and on 
each of the boundary floors four low power cell sites can 
provide coverage.

Because the radius r0 can be fairly large for small 
transmit powers and because the width of the buildings are 
limited by the street block size, more than one cell site will 
rarely be required on the zeroth floor. If the scenario, 
however, requires more than one, then there will be overlap of 
the contours on each coverage floor, resulting in adjacent 
cell interference. Figure (6.1) shows a worst case scenario in 
which a given cell site is adjacent to four cell sites on the 
zeroth floor. The regions labelled A are exclusive to one 
picocell and are relatively free of adjacent cell 
interference, and the shaded regions, B, are intersection 
(overlap) areas and are subject to significant interference 
from an adjacent picocell. If A<, is the maximum coverage area
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and Ar the area of the intersection region, then Ao«nr02 and 
Ax«0.25<*-2)rDa.

Figure (6.2) shows the coverage areas on the farthest 
floor from the zeroth floor. As discussed in Section 4, an 
additional four low power cell sites are used to cover the 
same area as covered by the main cell site. Again the adjacent 
cell intersection regions are shown shaded and labelled B. In 
contrast to the zeroth floor, not all the intersection regions 
are adjacent cell regions and the ratio of the total 
interference area to the total area is half the value for the 
zeroth floor.

In arriving at the adjacent cell interference in the 
network, the assumption is made that the portable users are 
uniformly distributed over the floors in the building. The 
interference generated by users in a particular region then is 
proportional to the area of the region. The interference is 
investigated here as for the microcellular network. The 
downlink is considered, followed by the uplink and 
interference reduction factors are derived. The analysis is 
carried out in much the same manner as for the microcellular 
network.

Figure (6.3) shows the worst case adjacent cells 
scenario. There are eight nearest neighbors to each picocell.



If the picocell is considered to circumscribe a rectangle, as 
shown, then four of the neighbors are on the diagonals (vertex 
adjacent cells) and the other four are on the side bisectors 
(side adjacent cells) . Following the approach for the 
microcellular networks, the interferers will be considered to 
be concentrated at the mid-points of the sides and the 
vertices of the rectangle. These will be referred to as vertex 
interferers and side interferers. In the downlink, as well as 
for the uplink, regions are considered to be influenced by a 
particular cell only if adjacent to that cell. Figure (6.4) 
shows the interference scenario for the farthest floor. The 
arrangement of interfering cell sites is the same as in figure
(6.3) except that coverage area of each cell consists of four 
overlapping regions. Hie intervening floors between the zeroth 
and the farthest floor are considered to be laid out as the 
zeroth floor.

6.1 Downlink Interference in Picocells
In figure (6.3), portables are shown at mid-side and 

vertex positions. At the mid-side position, the portable is 
adjacent to five cell sites. One of these shares an overlap 
region with the reference cell site and the other four are in 
cells adjacent at vertices and are equidistant from the mid­
side position. At the vertex position, the portable is 
equidistant from three adjacent cell sites, however this
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region is comparatively smaller than the mid-side position and 
is ignored in subsequent analysis. The average interference 
experienced in the downlink on the zeroth floor, is

1+4 ̂  
M ( r c)

(6.1.1)

where as in Section 5, Kc and Pc are the number of users in the 
simultaneous users and the controlled transmit power in the 
cell respectively. ps is the location probability at the mid­
side positions; this is directly proportional to the area of 
the region containing the position. r-2 is the distance from 
the equidistant interfering cell sites to the portable at mid­
side position and rc is the radius of the picocell.

On the farthest floor, as shown in figure (6.4), there 
are eight mid-side positions. For each of these, there are 
four adjacent interfering cell sites, one of which shares an 
overlap region with the reference cell site and the other 
three are in cells adjacent at vertices only. The average 
adjacent cell interference, Pta, experienced on this floor is

1+3 #*<*■> (6.1.2)

where rn is the cell radius on this floor and r,2 is the 
distance from the equidistant interferer to the mid-side 
position, p^ is the location probability at mid-side position 
on this floor.
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The interference reduction factor, t]D, as defined in 

Section 5, is given by

Assuming that the interference scenario on the intermediate 
floors is similar to that on the zeroth floor, then equation 
(6.1.1) applies to (2n-l) floors and equation (6.1.2) to two 
floor. Therefore is given by

6.2 Uplink Interference in Picocells
In the uplink, as in the downlink, the bulk of the 

interference arise from the overlap regions. On the zeroth 
floor, each cell site gets interfered with by portables from 
twelve mid-side positions. Four of the interfering mid-side 
positions are corrcnon to the given cell and the remaining eight 
are in adjacent cells only. This situation is illustrated in 
figure (6.3). The average uplink interference on the zeroth 
floor, Pw , then is

(6.1.3)

(6.2.1)

Figure (6.4) illustrates the scenario on the farthest floor. 
Each cell site is interfered with by portables from eight mid­
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side positions, four of which are in the overlap region of the 
cell and the other four in adjacent cells only. The average 
uplink interference experienced, P^, is

4(0.5)+4M fegf>
Ptr*)

(6.2.2)

where p^ and p„, are the vertex and mid-side positions 
location probabilities. ym is the distance from the mid-side 
position to the reference cell site and rn is the radius of 
the cell site on the farthest floor.

The user reduction factor for the uplink r\v is then given 
by equation (6.1.3), with the subscript U substituted for D. 
The number, from the equation is given by

xxg = 4 (2al)pt0.5+3 3+4 M r — ,)
ji(r„)

(6.2.3)

6.3 Location Probabilities in Picocells
The location probabilities are proportional to the 

fractional areas of the intersection regions. The interference 
positions M and V are identical and are assumed to be in a 
region of radius 0.1ro. The total area of the picocell,^ is

= r* I(3n-i)ir + 4] (6.3.1)
and the areas of the interference regions on the zeroth and 
the farthest floor are ^0*0.25(n-2)r0a and Atn«0.0625(jr-2)r02
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respectively. The location probabilities are given by

_ _ — _ 0.25(*-2) tc. i 0 1
P ' ' (31.1)»+« (6.3.2)

0.0625(»-2) ,6.3.3,
( 2 a U  jr+4

for the zeroth floor mid-side and the farthest floor mid-side 
positions respectively.

6.4 User and Quality Reduction factors in Picocells
Substituting for the location probabilities in the 

equations for nc and the user reduction factors are
calculated. Table (6.4.1) gives the values for n - max(nD,iiu) 
as a function of picocell radius.

Picocell radius, m User reduction factor
20 0.31
30 0.31
40 0.40
50 0.45
60 0.48

Table (6.4.1) User reduction factoras a function of picocell radii

The quality reduction factor y is simply the fractional 
areas subjected to interference in the picocellular case.
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Therefore y is given by

Y = *{2n-l)ps + l6pMa. (6.4.1)
Table (6.4.2) gives the quality reduction factor as a function 
of picocell radius.

Picocell radius, m Qualityreductionfactor
20 0.320
30 0.320
40 0.340
50 0.348
60 0.351

Table (6.4.2) Quality reduction factoras a function of picocell radii

It is to be noted that in addition to the interference 
regions there are fringe reception areas on the intermediate 
floors, so that even if the number of users are reduced to 
inprove overall communication quality, there will still be 
areas with poor reception. Iirproving the reception in the 
fringe areas results in a trade-off. The coverage areas on the 
intermediate floors can be increased by raising the power 
levels, but this will result in an increase in the overlap 
areas, increasing adjacent cell interference. Additional cell 
sites, as a solution, is not acceptable, so lower quality 
reception in the fringe areas must be tolerated.
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This dissertation explored the physical planning required 
for establishing a PCN in a typical dense urban environment. 
The primary goals of the underlying research were: (1) , to
determine suitable criteria for cell site placement in the 
service area; (2), to find cell site density in the network 
and determine the factors that influenced this quantity; (3), 
to quantify the effects of adjacent cells in the network; and 
(4) , to identify general, easily obtained parameters, that 
defined cellular layouts, thus minimizing the need for 
extensive in site measurements for future cell planning work. 
In fulfilling these goals, much experimental work was 
conducted to investigate the topography of the PCN environment 
and its effect on signals propagating within it. This resulted 
in a clear understanding of the requirements of the system 
that proved very useful in arriving at the cellular 
configurations and criteria presented in the work.

From the analysis of the physical channels, the empirical 
formulas extracted to describe the signal propagation were 
indeed found to depend on simple parameters that could easily 
be obtained. The main parameter that influenced the 
propagation characteristics in the outdoor environment was the 
height of the cell site antenna. For indoor locations, the 
propagation loss through the floors of the building was seen
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to be the critical parameter.

The physical characteristics of microcells and picocells 
were determined from the errpirical models. It was seen that 
microcells were basically square regions of maximum radius ( 
along diagonal) of about 500m in the street grid. In the 
indoor environment, picocells were seen to be approximately 
circular regions on each floor and covered about 4 floors on 
either side of the floor with the cell site.

Different configurations of microcells were examined and 
three fairly representative types were analyzed. These were 
named the Omni-I type, the 4-sector I type and the LI type 
networks. The Omni-I network consisted of a tessellation of 
the basic square shaped cells in which there was both line of 
sight (LOS) and non-line of sight (NLS) propagation. The 4- 
sector I network was seen to be an Omni-I network in Which the 
microcells were divided into four adjacent sectors. The LI 
network consisted of cells in which the propagation was 
predominantly LOS. The cell site densities were found for the 
networks and it was seen that the Omni-1 network had the 
lowest density and the LI the highest. The cell site density 
was calculated to be about 2.00/km at a radius of 500m for the 
Omni-I network and about 11.80/km for the LI network with the 
same cell radius. However, the LI network required about 25 dB 
less transmit power than the Omni-I network. For the indoor
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locations, it was shown that in the typical high rise office 
building, only one configuration of picocells was necessary. 
The cell site density for this configuration was a function 
transmit power and was about 1.00/floor at 10 dBm to about 
4.33/floor at -20 dBm.

The adjacent cell interference existing in the networks 
were analyzed and two interference criteria were defined, the 
user reduction factor (URF) and the quality reduction factor 
(QRF) . The URF factor was used to account for the effect of 
the interference by reducing the maximum number of 
simultaneous users each microcell could support. The values of 
the URF ranged between 0.45 and 0.65, which meant that with 
adjacent cell interference, the number of simultaneous users 
dropped to between 45 and 65 percent of the value for the 
isolated cell. The Omni-I network had the highest URF and the 
LI network, the lowest. The number of simultaneous users in 
the isolated microcell was determined to be approximately 387. 
This, however, was an upper bound. As the processing gain of 
the Spread Spectrum decreased, then this number decreased 
also.

The QRF was derived to express the fraction of the cell 
that was subject to significant interference if it was loaded 
to its isolated maximum capacity. The LI network had a 100 
percent QRF independent of cell radius. This meant that the at
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maximum capacity everywhere in the cell experienced adjacent 
cell interference. The Omni-I network had a 100 percent QRF at 
168 m radius and 43 percent at 671 m radius. The QRF values 
were 100 percent at 168 m and 67 percent at 671 m for the 4-1 
network. So the Omni-I network is less susceptible to 
interference than the other networks. In the picocellular 
network, the URF ranged between 31 percent for 20 m cell 
radius to about 48 percent for 60 m cell radius. The QRF was 
31 percent at 20 m and 48 percent at 60 m radius.

The analyses have shown that a PCN system could be 
configured in a dense urban area using the Omni-I microcells. 
No advantage was found to be gained from the use of the 
sectored microcell network. The number of available channels 
(simultaneous users) , even with a reduction factor of 40 
percent, is conceivably more than that required to service the 
area. Therefore, the reccniTvendation of this work is that the 
network with omnidirectional cell sites located at street 
intersections, Omni-I network, be used for a PCN in a dense 
urban environment.
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This work, although having provided significant tools for 
the physical design of a PCN, is not sufficient in addressing 
all the design issues involved in such a system. However, it 
has laid a good foundation for another important area, 
teletraffic in PCN. This area is concerned primarily with 
hand-off issues in the network. Therefore a logical extension 
of this work is to determine the effect of the various network 
configurations on the teletraffic variables such as blocking 
probability, hand-off failure rate and channel holding time.
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LOS path loss vs. distance
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standard deviation 
of variation-0.22

  local mean
moan-9.4 mV 
standard
doviation-3.0 mV

0 50 100 150 200 250

Number of wavelengths

300 350 400

Figuro (2.1.3)

Received signal envelope over 
60m section of run
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CDF o f instantaneous variation about local mean

Rayleigh 
distribution 
Rician
distributionk-lOdB
measured CDF

(XtT in 04 06 O  to t2 r 4
instantaneous variation

Figure (2.1.4)

Cumulative distribution function of 
inatantanaoua variation of received 
envelope about local mean
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Calculated average path loss on cell site floor
40

50

6=0

80

hb>2.74 m, hms 1.52 m 
floor spacing3E3.05 m 
initial differential 
floor lo*s“ I5 dB

100

110

120 06 0.80.0 0.2 0.4
Portable - Cell site axis distance, log14,(m)

Figure (2.2.1)

Calculated average path loaa 
on cell aite floor in typical 
office building
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Calculated average path loss on 1st floor 
from cell site floor

f fo=K96 GHx^

upper floors - 
lower floors

i9=ji/8
hb*2.74 m, hm*1.52 m 
floor sparing»3.05 m 
initial differential 
floor I o s s k 1 5  dB

'0=n/4
100r

0 2  0.4 0.6 0.8 1,0 1 2 1.4 1.6
Portable - Cel) site axis distance, log10(m)

rigur* (2.2.2)

Calculatad avaraga path loaa 
on 1st floor from coll aita 
floor in typical offica building
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Calculated average path  loss on 3rd floor 
from cell site floor

90

100 :e=o
105M upper floors 

lower floors —

M  115
hb=2.74 m, 1(111=1.52 m \ 
floor ipacing=3.05 tn 
initial differential 
floor loss=I5 dB

< 120

125

130
0 4  0.6 0 8  1.0 1 2 1.4

Portable * Cell site axis distance, log)0(m)
0.20.0

Figure 12.2.3)

Calculatad avaraga path loan 
on 3rd floor from call aita 
floor in typical offica building
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Figure 3.1.2

Section of rectangular atreet grid ahowing 
cell aite located at an interaection and 
path loaa at interaectiona and nid-block 
poaitiona around the cell aite.



di
sta

nc
e 

fro
m 

ce
ll 

sit
e 

(a
lo

ng
 

st
re

et
s)

r 104

P ath  loss contours (through intersections)

cell site

1 dB

f0=1.96 GHz
BV/M8 MHz

-500 -400 -300 -200 -100 0 100 200 300 400 500

distance from cell site (along streets)

Figure (3.1.3a)

Path loss contours through 
Intersections around call eit« 
located at an intersection
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Patti loss contours (through mid-block positions)
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Figuro (3.1.3b)

Path loss contours through mid-block 
positions around coll sits located 
at an intsrsoction
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Figure 3.1.4
Section of rectangular street grid showing 
cell site located at mid-block and path loi 
at intersections and mid-block positions 
around the cell site.
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P ath  loss contours (through intersections) 
m id-block cell site
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Figura (3.1.5a)

Path loss contour* through 
lntaraactlona around call alt* 
locatad at mid-block
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Path loss contours (through parallel mid-block 
positions), mid-block cell site
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Figure (3.1.5b)

Path loss contours through aid-block 
positions around call aite located 
at aid-block
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Figure 3.1.6
Section of rectangular street grid, with 
4il block ratio, ahowing cell site located 
at an intersection and path loss at 
intersections and nid-block positions 
around the cell site.
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Figure 3.1.7

Section of rectangular street grid, with 
4il block ratio, showing cell site located 
at mid-block and path loss at intersections 
and mid-block positions around the cell site.
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OraidirActionals intersection located 
cell aite microcell (type Omni-I).



r 112
■ \

□ □ □ □ □ □ □ □ □ □

□ □ □ □ □ □ □ □ □ □
sector  A

Figure 3.1.9
4-sector I type aicrocell, 
(4-1).



Hypothetical plan view of 
one floor of a high rise 
building showing cell site 
and path loss contours.
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Calculated equal path  loss contours in picocell
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Figure (3.2.2a)

Bqual path loss contours on 3rd floor 
from call sita floor

V
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Calculated equal path loss contours in picocell
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Bqual path loaa contour* on 5th floor 
from call ait* floorV_________ >
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Figurm 3.2.3

3-dlmanaional raprasantation 
of picocall showing covaraga 
araa on diffarant floors from 
tha call sita.
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Figure 4.1.2

Linear (L-type) microcells resulting from 
LOS reduction of I- and M-type microcells.
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Replaced cell site Figure 4.1.5
8 block I cell split into three 4 block 
I cells and four 2 block I cells.
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Figur* 4.2.1

Ficocall coverage on farthaat floor 
from saroth floor
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a Low power cell aite

B High power cell eite

Figura (4.2.2)

Vartical plana through building 
showing call aita arrangamant.
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Intarf*r«nc* scenario between 
adjacent cell sites
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I-typs nlcrocsll with 8 nsarsst neighbours 
showing interference rsgions.
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[x] Cell site 

• End intersection

Figura (5.5.1)

Ll-typa network showing intarfaring 
mlcrocalla and intarfaranca ragiona 
with raapact to a givan microcall.
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User reduction factor vs. microcell radius, 
Omni-I network
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Uaar reduction factor for uplink 
and downlink In Omni-I network
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User reduction factor vs. microcell radius 
4-sector I network
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User reduction factor vs. microcell radius, LI netw ork
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Uaar reduction factor for uplink 
and downlink in LI network
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Quality reduction factor vs. microcell radius

LI network
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Figura (5.7.1)

Quality reduction factor 
versus nicrocall radius
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Figura 6.1

Covarag* ragiona on th* zaroth floors 
of adjacant picocalls
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Figure 6 .2

Coverage regione on fartbeet floore 
from eerotb floore of adjacent 
picocelle.
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Figur* 6.3

Worst cast iatarfaranc* icnarlo 
on saroth floor in picocall.
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Figure 6.4

Worst caaa intarfaranca scanario 
on tha farthast floor from tha 
saroth floor in picocall.
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Appendix A

Multiple Access Interference (MAI) in PCM CDMA systems

In a Spread Spectrum CEMA system, all the transceivers 
use the same carrier frequency and bandwidth and operate 
simultaneously. Hiis results in each user interfering with 
every other user in a given cell. The interference so 
generated is called multiple access interference (MAI) and it 
usually limits the performance of the system. The MAI is 
determined for the Spread Spectrum system described below.

Spread Spectrum system
A basic Direct Sequence system (DS) is considered in this 

analysis. At each user's transmitter, a binary phase shift 
keyed (BPSK) modulated carrier is further BPSK modulated by a 
distinct pseudorandom signal, the spreading function. Balanced 
Gold codes are used as the pseudorandom sequences in the 
spreading function and no forward error correction coding is 
used. At the receiver, the signal is demodulated coherently. 
This is done by de-spreading the received signal with the same 
spreading function as in the transmitter and correlating over 
the data bit duration. Switch and stay selection diversity 
(Appendix B) is used to select the output decision variable.
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The following general assumptions are made:

(a) perfect adaptive power control (APC) and automatic gain 
control (AGC) exist in the system.
(b) the receivers have perfect code acquisition and tracking 
systems.
(c) The received signals are assumed wide sense stationary 
and uncorrelated scattered (WSSUS).

From the third assumption above, it can be shown 
[39,40,41] that the received signal may be resolved into L 
component signals by the spreading function where

Tm is the delay spread of the channel, Tc is the code chip 
duration and the function RND( ) rounds the argument to the 
nearest integer. The kth user's signal, vk{t), is then

where cki (t) and $ki (t) are the amplitude and phase of the 
channel gain of the ith component. c^ttjand gk(t)are the user's 
data and spreading code functions. u0 is the carrier frequency 
and T kl is the relative delay of the ith couponent. The 
irplicit assumption here is that the signals of all users have 
the same delay spread. If there are K simultaneous users in a 
cell, then the signal at the zeroth receiver in the uplink

(A. 1)

v*(t) = IT efcl(t)dJt(t-rJU)yJk{t-rJM)co»C»#t-̂ ikl(t) J , (A.2)
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channel4 is

r-i

c^tfcjdfcdr-ru) g*( fc-rw) cos ( t)  ]
+ np(t),

where no(t) is Gaussian thermal noise process of the receiver. 
Tki"Tko+iT0/ i-0,1,.. . ,L-1, where tk0 represents the asynchronism 
of the system. This is the relative delay in transmission of 
a data bit by user k compared with the reference (user 0) . It 
is a random variable uniformly distributed in the interval 
{O, T}. Tc is the spreading function chip duration.

Assume that the 1th component of the zeroth user's signal 
is acquired in the zeroth receiver, then the de-spread 
demodulated output is

«*l " f r*TU r0 ( flo ( *" *■«) CO* I (t) Mfc
X I  L 1

^  (A.4)
.com [*r0t  ( fc+ru ) ] cos I*»9t-+01 (t*r9l) I dt

* [ a o( t+ r M)sro( t ) c o 0 [ « ot - # M(e+rlU) ] d t ,

where

f-l L I

^Ihe analysis is carried out for the mobile to cell Bite link 
(reverse link), but the results are applicable to the opposite link (forward link) . This can easily be shown to hold if assunpticns are made that the multipath components are statistically independent and the users messages sure also statistically independent.
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Cti = +(i-i)r0. (a.5)
Define

Yi = £  // »oi<t+T«)4>(t-fi)ffo(t-ri)ffb(t) (A. 6)
. OOI {*f„t - # 0i (t + Tw ) ] CO» t*»e t  - ^ w ( t + Tffl) ) <Jfc,

", - g  g  // ou (e*T„i>4k(e-ri)A (e-fJ)g’,(e) (a .7)
. ooa [ *>0t -^  (fc+r#1) 1 cos |*>0t - (t+rw ) ] dt,

and

Hj = f *" flo (t+r0j) (t) cos [»„t -#w (t+rw ) ] dtf (A. 8)#o
then X1«y1+W1+n1. yi is the signal contribution due to the 
zeroth user; it is the desired part of the output. Wj is the 
contribution due to the remaining (K-l) users; it is the MAI. 
nx is the contribution due to the receiver's thermal noise.

Since the number of users, K, is large, the Gaussian 
assumption is invoked by the Central Limit Theorem; that is Wj 
is a Gaussian distributed random variable. Its expected value 
is zero since the random variables d^ are assumed independent 
and identically distributed with zero mean. Under the 
assumption that the coherence time of the channel is very much 
longer than the correlation interval T, the functions c(t) and 
C (t) are considered fixed in that interval and the variance of 
wa is given by
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if = 2Pk g  co.^W , <A -9>

where (2Pk) is the variance of the users data function and 
Rki (Cki* j=l, 2) are the partial cross-correlations of the zeroth 
and kth user ’ s spreading functions in the ith signal 
component. The mean square of the partial cross-correlation 
function can be shown to be given by

(Ck) = (A. 10)

where Tc is the chip duration of the spreading function, Nd is 
the number of code chips per data bit or the processing gain 
and a is the ratio of the processing gain to the spreading 
sequence period.

The channel gain amplitude ckl may be written as

Ckl = makl Pki (A.11)
where a is a constant that depends on the receiver AGC system 
and riVi and pki are the local mean and the variation about the 
local mean of the ith component gain [38] . Thus pki is a unity 
mean random variable. If pkl is Rayleigh distributed for all 
i, then the channel is termed Rayleigh fading. When line-of- 
sight (LOS) condition exists in the physical channel, the 
first component gain anplitude, pk0, is Rician distributed and 
pkl is Rayleigh distributed for i=l, .. ., L-1. The channel is 
then called a Rician fading channel. In a microcellular
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channel in a dense urban environment, there are many strong 
specular signal paths in addition to the line-of-sight path. 
The result is that other signal components may be Rician 
distributed; so pki is Rician distributed for possibly all i.

It may be assumed from the statistics of the received 
signal (Section 2), that the gain variations are identically 
distributed for all users; therefore

Substituting for the partial correlation function and the 
channel gain, The MAI is

where N is the code sequence period (the assumption here is 
««1) . The local mean may be re-written as so that
equation (A. 13) becomes

where Yi*biPi- The second suirmation is approximately unity for 
Rician microcellular channels; therefore

pii - pi /V *. (A. 12)

(A. 13)

(A. 14)

(A. 15)
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In order for the CCMA system to overcome the near-far 

problem intrinsic to Spread Spectrum systems, the suntnand in 
equation (A. 15) must be constant. This is the controlled 
power, Pc, in the cell. Therefore the MAI reduces to

W = pKPv (A.16)
where p is a constant and Pc-P^X ■ Hie factor n\ can be 
approximated by the average propagation path attenuation 
factor of the kth user channel.



Appendix B
Probability of error for Switch and Stay Demodulation In 
Direct Sequence Spread Spectrum CDMA system

The communication quality of a particular radio link may 
be determined by the signal to noise ratio (SNR) and bit error 
rate (BER) out of the receiver demodulator. The subsequent 
analysis derives these performance parameters for the DS-SS 
CDMA system described in appendix A. Again the analysis is 
done for the mobile to cell site link (reverse link) . The 
channel variables that are required are the multipath delay 
spread and the received envelope statistics. At the data rate 
to be considered both the microcellular and the picocellular 
channel can be considered slowly varying channels. Switch and 
stay diversity is defined later.

Signal to Noiaa Ratio
The comnunication channel model considered is the basic 

Gaussian model in which additive thermal noise as well as the 
multiple access interference (MAI) are considered independent, 
zero mean, Gaussian distributed processes. Standard CCMA 
analyses [25,40,41] of this model show that the demodulated 
output SNR, Qi, is given by
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where y: and o2! are the mean and variance of the demodulated 
output decision variable respectively, yi is given by equation 
(A. 6) in appendix A and o2x is the sum of the MAI and the 
output thermal noise given. Under the Spread Spectrum and 
channel assunptions given in appendix A, equation {A. 6) 
reduces to

where do„» (2P„)1/2 is the transmit signal amplitude, c01 is the 
channel gain anplitude and T is the demodulator correlation 
time. The MAI is given by equation (A. 15) and the output noise 
derived from equation (A.8) is

where ti0/2 is the thermal noise power spectral density. 
Substituting equations (B.2), (A.15) and (B.3) into (B.l)
gives

where a is a constant, Pc is the controlled power in the cell, 
K is the number of simultaneous users, N is the processing 
gain and Yi is the 1th multipath component gain variation. 
Defining Q„»PcT/iio, equation (B.4) may be re-written as

yj = (B.2)

(B.3)

(B.4)

(B.5)
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If the system is interference limited, as is typically 

the case for CCMA operations, then the first term of the 
denominator in equations (B.4) and (B.5) is much larger than 
the second term, hence

Qi m 3“ 7? <B«6>

From equation (B.5), the interference limitation implies that

| » 1, (B.7)

hence

(B*8>"  ft

so for a given channel and receiver thermal SNR, the 
inequality, as expected, requires a large number of users, K, 
for a given processing gain, N. Since the Gaussian assumption 
is used, the probability of error is a function of the SNR and 
in order to obtain low values, for a given channel, the (N:K) 
ratio must be very large. This results in fairly large Qc for 
low probabilities of error.

Bit Error Rate in POt Channel
Because of the Gaussian assumption, the BER can be 

expressed in terms of the SNR [39] and is given by

PB = -mrfclQ1) , Coherent BP8K. (B.9)
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This is a conditional probability as Q is a random variable. 
The total probability of error for the 1th demodulated 
component is obtained by averaging over the SNR; that is

p9l = /7><<?l) tffc
Jo _ (B.10)

= i/0~P(fc> •r£e{flfi)dQ1,

The random variable given in equation (B.6), may be
written as

Oi = (B.ii)
where n«3N/K is a constant and Yi is a random variable. If Yi 
is Rayleigh distributed, Q  is chi-square distributed and if 
Rician distributed, Qi is non-central chi-square distributed. 
The density functions of the chi-square variables [42] are 
given by

P(Oj) = v (B.12)
Vi

for the central case and

plOj) = **] (B.13)

for the non-central case, where kx is the Rician power gain 
and I0 is the zeroth order Bessel function of the second kind.
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From equation (B.ll), the expected value of Qx is

= nyj. (B.14)

The mean square gain variations are assumed exponentially 
weighted so that

»i=0.1.....l -  1 (B.is)

where ^ is a constant for the channel. If a Rician 
microcellular channel is considered in which all the gain 
variations are Rician distributed, then the mean square 
variation may also be given by

y? = «,(*,+!) (B.16)

where a: is the mean square of the implicit Rayleigh
distribution and kj is the Rician power gain. The quantity «i 
may also be assumed exponentially weighted; therefore

. *1•j - M q  • 1 2, —0,1, • 1 • ,Xi 1 1
(B.17)

Substituting equation (B.17) into (B.16) and equating to 
(B.15) , the values of k: are obtained as

Jt, = _ x ,1=0,1, .. . 'L-l. (B.18)

The higher the component number, the more its distribution 
tends toward the Rayleigh distribution; therefore /i>u. The 
quantities E[y021 and «0 are found by summing equations (B.15) 
and (B.17) over all L.
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Thus

(B.19)

and

(B.20)

where

(B.21)

Equation (B.21) relates the mean square of the received 
envelope variation to the Rician power gain of the channel. 
Substituting for Ety02] and a0 in equation (B.18)

The probability of error is now determined for a switch 
and stay diversity in a Rician microcellular channel. Switch 
and stay diversity means that the receiver selects the 1th 
resolved signal component, providing its SNR, Qi, is above a 
set threshold, Or/ and uses that component to provide the 
output decision variable. When signal fading causes the SNR to 
fall below the threshold, the receiver searches anew for a 
component satisfying the selection criterion. The current 
component, however, is still retained (stay) until the new 
component is found, at which time the receiver selects the

Jt2 = (*+!> (!-« *) (l » y) 
(!-**> (I-#'*)

_j£-rU 
•  - 1 1 = 0,1 Xt-1. (B.22)
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latter (switch).

The probability of error for this system is the sum of 
two conditional probabilities, the probability of error given 
that all components are below the threshold (referred to as a 
total fade) and the probability of error given this condition 
does not occur. Let Pf be the probability of total fade; that 
is the SNR for each component is less than the threshold (Ch 
s Or/ i=0, . . . , L-l) . Then Pf is given by

' (B.23)

where F i  is the probability distribution function of Qi t  P fc (S) 

defined as 1 - P f is the probability of the complement event; it 
is the probability that some component is above the threshold. 
The average probability of error, P„,  for the diversity system 
is then

p. « pf E  *ip.i+ pf £R  R  ...(B.24)
* T  i tP., * ' / £ « /  ■

%  is the selection probability for the ith component, Pai and 
P*.i are the probabilities of error for the ith component above 
and below threshold respectively. The error probabilities Poi 
are found by substituting equation (B.13) into equation (B.10) 
with the lower integration limit set to Op.
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The selection probabilities are given by

l-^i (0,)
ffl £2 (B.25)

It was shown in section 2 that, for the general PCN 
channel in the urban areas, the signal distribution is Rician 
with k=5-10 dB indoors and 10-15 dB outdoors and the delay 
spread is typically 250 ns. If a 30 MHz signal bandwidth is 
assumed (a possible choice for the emerging PCNs), then about 
four multipath components will be resolved. Substituting 
equations (B.10), (B.23) and (B.25) in equation (B.24) gives
the average probability of error for the diversity system. 
Figure (B.l) shows these probabilities as functions of the 
mean signal to noise ratio of the received signal for 
different Rician power gain k.

For the error calculations, the threshold SNR was taken 
as E[QJ [1+10/Vk), where E[Q] is the mean SNR of the signal. 
This value was chosen so that only significant values of Q 
would be used, thereby biasing stronger components. The 
channel constants p and u were chosen to satisfy the following 
constraints: (1) , lq>0 for all i, and (2) , E[y2J 25 dB or more 
below E [?%] . The first condition is true for all Rician 
channels and the second is typical for the microcellular 
channels under consideration.
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Probability of erro r for switch and stay diversity 
in Rician fading channel

k=3 dB

k=5 dB

20
mean SNR, dB

Figure (B.l)

Probability of error for 
switch and stay diversity 
in Rician fading channel
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Appendix C

Maximum number of simultaneous users in isolated microcell

When the bit error rate (BER) of the system is set, the 
mean signal to noise ratio (SNR) required to realize this BER 
can be found from the graphs in figure (B.l) in Appendix B. 
Assuming a BER of 10'3 (a typical value for digital mobile 
radio systems), a mean SNR of approximately 9.0 dB is obtained 
for a Rician power gain of 10 dB. The mean SNR of the 1th 
resolved signal component was also given in Appendix B by 
equation (B.6) . Therefore suntning over all 1 in that equation, 
the mean SNR, Q, of the received signal is given by

The sum in the above equation is approximately unity for the 
Rician microcellular channel, so

Substituting for the mean SNR in equation (C.2) gives an 
N:K ratio of 2.64. So for a code length of 1023, K»387. 
Likewise substituting for Q in equation (B.8), Appendix B, 
gives a required receiver thermal SNR of approximately 19 dB. 
The value found for K represents the maximum number of 
simultaneous users that can operate in the cell for the given 
BER.

L-1 (C.l)

(C.2)



Because of bandwidth limitations and the use long codes, 
the code sequence length, N, and the processing gain, PG, 
often are not the same; PG is usually less than N. If the 
system uses Gold codes or any other pseudorandom codes with 
non-zero cross-correlation functions, then when N is not equal 
to PG there is an additional factor in the denominator of 
equation (B.6) (Appendix B) . This results in a larger N:K ratio 
than calculated above, which iirplies a smaller K for a given 
N. Thus the value of K found when N-PG may be considered an 
upper bound.

The Thermal SNR can now be used to find the maximum 
permissible path loss in the network. The power budget is 
given by the equations

Fr = Le - ar-0a * Pa (C.3)

PM = Qb * N (C.4)
where PT is the transmit power 

PR is the received power 
Q0 is the thermal SNR 
N is the demodulator noise output 
It is the path loss at the cell boundary 
Gt,Gr are the transmitter and receiver antenna gains 
respectively.
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The following are assumed for a typical PCN:

(1) The maximum transmit power in the cell is taken to be 100 
mW (20 dBm) for microcellular networks and 10 rrtW (10 dBm) for 
picocellular networks.
(2) The overall antenna gain is 3 dB.
(3) The data rate is 16 kbps.
(4) The transmit bandwidth is 30 MHz.

The thermal noise power N is given by
N  - 2k TB  <C.5>

where k is Boltzmann's constant, T is the Kelvin temperature 
and B is the output data bandwidth. Substituting the assumed 
values in equation (C.5) gives a noise power of -126 dBm. This 
results in a received power,PR, of -107 dBm, and for 20 dBm 
transmit power the maximum path loss is -127 dB for 
microcells. For picocells the maximum path loss is -117 dB.
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Consider a microcell network on a general grid with 
standard block length L, avenue spacing mL and street spacing 
L. m is assumed a non-zero positive integer. Let iv be the 
radius of the microcell in standard blocks and the avenue and 
street spacings be rv and mn^ respectively, then if Nx and Nb 
are the total number of blocks and intersections in the 
microcell are given as follows:

Number of nodes
(a) m | n̂ , that is = km, then

Nr = (2nc + i) +a £  [a (nc-»i) +1]
2nfl(iic+i) fi

(D.l)

(b) m / n̂. that is = km + 1 ,k,l e I, k*0, 1*0, 1< m,
then

k
ttx = (2qc + d  +a [a (nc-»i) +i]

(D.2)
axie(j3e+i) -ai(J-m+i) +*—- —^ 1 1  tm

Comparing both equations, it is seen that the second gives a 
general relationship; therefore
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Number of boundary nodes

(c) m | ric

JT_ = 2 +2<2Jk-l) = 4Jt = 4 ̂  (D.4)

(d) m I rv

H 9 = 2 (2* + l) = 4*+2 = 4 (gg *2 a  ■ (D.5)

Number of blocks
(a) m | Dt

N, = 4nc+2 £  2 (ne-*i) + 2 g  2{n(.-i)

(b) tn / n.

(D.6)

JT,= 4n0+a g  2 (ac-si) *2 £  2 (n„-i)

_ a , - 2(ne + I)~2» (D.7)= 2n;+2nc*(nc-l)----- -----
M

The second equation here is also a general expression; 
therefore

Ha =- an£|.5^)+2l(-^^) ,1 = ne(»od)«. (D.8)
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