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Abstract

Most wireless systems receive a license ~hat gives them exclusive access to a block

of spectrum. Exclusivity guarantees adequate quality of service, but it also leads to

inefficient use of spectrum. Even when the license holder is idle, no other device can

use the spectrum. This paper explores an alternative paradigm for secondary access to

spectrum, where a secondary device can transmit when and only when the primary li-

cense holder grants permission. In this .,spectrum usage paradigm, each secondary device

makes a request for temporary access to spectrum by providing a primary license holder

with information such as its required bandwidth, its required signal to interference ratio,

its transmit power, and its location, which is essential for a primary license holder in

making an admission decision. This explicit coordination makes it possible to protect

the quality of service of both primary and secondary, while gaining the etficiency of spec-

trum sharing. In this paper, we consider the case where the primary license holder is a

GSM-based cellular carrier. We show that our proposed sharing scheme works well even

with simple admission control and pri~nitiw~ frequency assignment algorithms. More-

over, imprecise location information does not significantly undermine the performance

of our scheme. W.e also demonstrate that our scheme is attractive to a license holder

by showing that a cellular carrier can profit from offering a secondary device access to

spectrum at a price lower than it would nor~nally charge a cellular call.
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1 Introduction

Presently, the twc. typical regulatory paradigms for wireless transmitters are licensed

and unlicensed. Anyone wishing to operate a transmitter in a licensed band must obtain

a license from a regulator such as the ]?ederal Comlnunications Commission (FCC) 

the United States. By issuing a license;, the regulator can provide the licensed holder

exclusive access to spectrum within a specified frequency band and geographical area.

Some examples of the licensed bands are the PCS band, FM radio, and TV band.

Although exclusive access in a licensed band is an effective way of combating in-

terference, it may lead to inetficient use of spectrum. This is because when the license

holder is idle, no one else can use the spectrum [1-3]. In addition, exclusive access is not

suitable for some mobile applications. For example, it would be extremely inconvenient

for a group of palmtop devices forming a wireless personal area network (WPAN) 

obtain a new license every time they move to a new location.

There are also unlicensed bands, where devices can operate without obtaining a

license from a regnlator. An example of the unlicensed bands is the 2.4 GHz Industry,

Science, and Medicine (ISM) band, in which applications such as 802.11 wireless local

area networks eLAN) and Bluetooth operate.

Unlicensed spectrum promotes efficient utilization of spectrum through sharing and

is suitable for high mobility networks like WPANs; however, it has some problems.

First, users in an unlicensed band are not guaranteed adequate quality of service. As

there is no limit on the number of devices sharing the band, mutual interference in the

band can increase suclh that a performance required by a user is inadequate. Second,

users may not have incentive to conserve spectrum [4-8]. Finally, due to a limit on

power that a device can transmit in an unlicensed band, some services which require

high transmission power may not be deployed.

Besides spectrum sharing in unlicensed bands, there exists another kind of shar-



ing called "secondary access", in which licensed spectrum is shared between primary

licensees and secondary devices, where a secondary device is allowed to operate in the

band as long as it does not interfere with the primary licensee [1]. Secondary devices

could be licensed or unlicensed. There is no coordination between a primary licensee and

a secondary device. Moreover, a secondary device is not protected from interference.

For example, software defined radio may someday be allowed to dynamically search for

idle spectrum and use that spectrum on a secondary basis [9].

As an alternative to exclusive access in licensed spectrum and unlimited sharing in

unlicensed spectrum, we are proposing a new spectrum usage scheme that lies within the

secondary access tramework. In our scheme, a license holder can allow other devices to

operate in the band, without having to obtaiu prior licenses from the regulator. Instead,

with explicit coordination between a license holder and a device wishing to share the

spectrum, the device can ask for permission to transmit from the license holder directly.

The license holder would probably charge a fee for this. This is a form of secondary

marke, t which the FCC is currently considering making legal [10, 11]. However, in our

proposed scheme devices may negotiate for access to spectrum as needed, perhaps just

for a few seconds rather than for extended periods of months or years.

We will refer to a device wishing to share the spectrum with the license holder as

a secondary device. Upon receiving a request to transmit from a secondary device, a

license holder can decide whether or not to grant permission. A secondary device in

our sharing approach is different from the secondary device in the typical secondary

access paradigm introduced earlier because a secondary device in our scheme will be

protected from interference. In other words, a secondary device is guaranteed by the

license holder that its performance will be adequate.

The sharing approach we are proposing can solve the problem of inefficient utilization

of spectrum due to exclusive access in licensed spectrum and the problem of potential
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inadequate perfor’mance in unlicensed spectrum. First, permitting the spectrum of a

licensed holder to be shared with other devices allows greater spectrum utilization than

is typically achieve.d with exclusive access. Second, with admission control by the license

holder, every device sharing the spectrum can be guaranteed adequate quality of service

if it is allowed to transmit at all. Secondary devices that are not allowed to transmit

in one band may try another band. Nonetheless, allowing spectrum sharing has an

impact on the performance of a lidense holder. Performance of a license holder may be

degraded because iit may have to defer or block some of its own transmissions to protect

the secondary devices from interference.

~i’o determine whether this new shm:ing approach is attractive to license holders, it

is important to know how much impact the secondary devices would have on the license

holder. In this research, we will show that letting other devices share the spectrum

has only a small impact on the performance of the license holder, and that this sharing

scheme is viable technically and economically.

In Section 2, we provide a general description of our scheme along with the call

setup procedure. We then discuss call admission in Section 3. The impact of admitting

a single secondary call on the performance of a license holder is discussed in Section 4.

We discuss the impact of admitting multiple secondary calls on the performance of the

license; holder in Section 5. Finally, we conclude this thesis in Section 6 and discuss

future directions of this work in Section 7.



2 Model

2.1 Primary Users And Secondary Users

In our sharing approach, a primary user is a license holder who allows its spectrum to

be shared by other devices at its own discretion. A primary user grants a permission

for other devices to transmit in a band on a call-by-call basis. In this research, we

study a case where a primary user is a cellular network operator. Cellular service is

not necessarily the best choice for this approach, but it is an interesting example for

several reasons. F].rst:, there is plenty of spectrum in the bands offering cellular services

such as the PCS band and the Cellular band. Second, many carriers do not use all of

their spectrum. In many rural areas and some urban areas, base stations are not built

or there are not many cellular subscribers to fully utilize the whole bandwidth. Finally,

even if a carrier uses most of its spectrum in the peak hour, utilization is much lower

in the off-peak hour.

We consider the ease where a cellular network is a GSM system [12], one of the

digital cellular standards used worldwide. We assume that a cellular network is capable

of locating the position of each primary device making a call. This is likely to happen

in the near future for primary devices because the FCC wireless E911 requirements

mandates a cellular network operator to be capable of locating a mobile handset placing

an emergency 911 call within a certain level of accuracy [13,14]. A number of techniques

for locating a mobile device in a GSM r.~etwork have also been proposed [15, 16].

As introduced earlier, a secondary user in our scheme is a user who wishes to use

the radio spectrum of a license holder for communications with some level of protection

from interference. In this study, we will consider the case where secondary users only use

downstream channels of the cellular network. We also assume that a primary network

is able to locate the position of each secondary user making a c~ll. One of the possible

options is to integrate a GPS capability onto a secondary device. In this research,
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we will consider the ease where each secondary device has this GPS capability. Some

example of applications that may be appropriate for secondary access are broadband

wireless access, a microwave link, and any point-to-point communications that requires

a guarantee of quality of service.

2.2 Call Setup Procedure

A secondary user must contact a cellular carrier to set up a call. A negotiation between

a secondary user and the cellular network may be carried over the signaling channels

of the cellular network or on a separate signaling channel. A secondary user can use

signaling channels of the cellular network in a similar manner as a cellular handset would.

Generally, a mobile handset listens for beacons from a base station and uses them to

identify a reverse control channel. It tlhen contends with other handsets in sending a

request to initiate a call on a reverse control channel. Likewise, a secondary device can

also use these beacons to identify a reverse control channel, and it can contend with

cellular handsets and other secondary devices in sending a request to a base station on

a reverse control channel. In turn, a base station can respond to a secondary user on

a forward control channel. As an alternative to using existing signaling channels of a

cellular network, one may use an unlicensed band as a separate signaling channel.

A request message sent by a secondary user contains essential information about

a secondary call whiclh helps the base station in deciding whether to admit the call.

Some of the necessary information abont a secondary user are the transmit power, the

amount of bandwidth needed, and the amount of tolerable interference.

It is also important for a base station to know where a secondary transmitter and

a secondary receiw~r are because their locations will affect a decision of the primary

network on whether to let them use the spectrum. With GPS, each secondary device

knows its own location; however, a base station does not have this knowledge. There are

several ways for a base station to obtain information on the location of each secondary
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device. One pos~,~ibility is that the secondary transmitter could request the location

of a the secondary receiver by communicating over unlicensed spectrum and then the

secondary transmitter could include both locations when making its request to the cel-

lular base station.. Alternatively, the secondary transmitter and the secondary receiver

could independently register with the cellular base station. To handle the case where

the secondary transmitter and the secoiadary receiver are in different cells, each primary

base station would have to share this location information with other base stations.
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3 Call Admission

One of the impoItant roles of the cellular network operator is to guarantee quality of

service for primary calls and secondary calls that are underway. That is, at a particular

bit rate, the signal to, interference ratic, of each call admitted must. be at the acceptable

level. Since the amount of radio spectrmn is limited, it is impossible to admit an

unlimited number of calls into the system while m~iutaining the desirable signal to

interi’crence ratio and bit rate. Therefore, before admitting a new call, the network

must make sure that the new (:all will not interfere with the calls that are underway

and vice versa. In Section 3.1, we lay out some fundamental conditions to ensure that

the signal to interihrence ratio of each user is adequate if a new primary call is admitted.

Details about admitting a secondary call are discussed in Section 3.2.

3.1 Admissio~a of Primary Users

In the case where secondary users are not sharing the band with the cellular phone users,

the base station may admit a new cellular call as long as there is an unoccupied voice

channel available in the cell, unless it ~vants to leave some channels for handoffs [17].

By assigning a new voice channel to a new cellular call, the new call and the other

cellular calls curre~atly underway will not interfere with one another. In the case where

secondary users are sharing the band with the cellular calls, however, the potential

interference between cellular calls and secondary calls must also be considered.

In Section 3.1.1, we define fundamental conditions that must be satisfied for a base

station to admit a new cellular call. Then, we use those conditions to define an area

where a cellular call cannot share the same channel with the secondary calls that are

underway, under the assumption that the location of ~ach device is known exactly. In

Section 3.1.2, the assumption about precise knowledge of locations is relaxed by taking

inaccuracy of location measurements into account.



3.1.]. Blocking Area

There are two basic conditions that must be satisfied in admitting a new cellular call.

First, the base station must make sure thai: the signal to interference ratio of the new

primary call will be adequate. The interference that a new primary call will experience in

the downstream clhannel is the power transmitted by secondary calls that are currently

underway. Consequently, a new primary call cannot, be too close to these secondary

transmitters. Second, the base station needs to make sure that if the new primary call

is admitted, the signal to interference ratio of secondary calls that are underway is still

adequate. We will assume that a base station uses a power control scheme, so the power

transmitted by the base station will wtry with the location of the primary call. As a

result, primary calls that are originated close to the cell boundary will cause the base

station to increase its transmit power, and this may cause interference to secondary

calls. In general, the second condition tells us that the new primary call cannot be too

far away from the base station.

A blocking area is defined as an area where primary calls are not able to share

the same channels with ongoing secondary calls. This can happen either because the

primary call is too close to existing secondary users or it is too far from the base station.

The following analysis derives the minimum separation required between a primary

handset and a seco.ndary user, and the maximum distance that a primary handset can

be away from the base station. We will later use these two distances to define the size

of a blocking area. All. the variables used in the analysis is listed below.

Variables

-Pmax Maximmn transmit power of the base station

Instantaneons transmit power of the base station

Transmit power of a secondary user

Power received by a primary handset



di Distance on path i

drain Minimum separation required by a primary handset

and a secondary transmitter

dma~c Maximum distance that a primary handset can be from

the base station

X Minimum signal to interference ratio required for

primary downlink

Z Maximum level of noise that a secondary user can tolerate

~ Path loss exponent

C Cell Radius

Condition 1: A signal to interference ratio on the primary downlink must be adequate.

In Figure 1, P represents a new primary call. St and Sr represent a pair of secondary

users where St is a transmitter and Sr is a receiver. A communication between St and

Sr is currently underway. The distance between them is da. The variable do represents a

distance between the new primary call and the secondary transmitter, and the variable

dt represents the distance between the new primary call and the base station. The signal

of interest in this case is the power of the base station received at the primary handset

or the power received on path d~. The significant, noise is the power of a secondary user

received at the primary handset or the power received on path do. Using the free space

propagation model [12], one can write the following equations:

~ i_> x (1)

X. Pts i/,~

.’. dmi~ - ~, -t5~ /

Because we consider the case where the base station uses power control, the power

received at the cellular handset anywhere in the cell should be the same as when it is
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at the edge of the cell. Therefore, we can write the following equation.

Pmax

Then, we substitute equation (4) into equation (3), which yields

c ( X " Pts "~drain =
Pmax ]

(4)

(5)

Figure 1: Signal and noise from a primary user’s perspective

Equation (5) defines a minimum separation required between the new primary call

and the secondary call currently underway.

Condition 2: A signal to interference ratio of an ongoing secondary call must be

adequate.

In Figure 2, all the variables used are the same as in Figure 1. The only additional

variable is d2, which represents the distance between a secondary receiver (St) and 

base station. The signal of interest in this case is the power of St received at ST or the

received power on path d3. The significant noise is the power of base station received

at St. We assume that a secondary user can tolerate a noise level of Z, so the power
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Figure 2: Signal and noise from a secondary user’s perspective

received at Sr on path d2 should be less than Z. Using the free space propagation

model, we can write the following equations.

dl

z (6)

z

< ~ (s)

----- (,/2 (~rp)1/n (9)

Substituting equation (4) into equation (9), one 

Equation (10) states that given a distance between a secondary receiver and the base

station, we can determine the maximum, distance the new primary call can be frorn the

base station. Any primary calls originated farther away from the center of the cell than

dmax will cause the base station to interfere the ongoing secondary call.
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Based on the two conditions defined in equations 115) and (10), the size of a blocking

area created by each secondary user can be calculated. In fact, the size of a blocking

area created by a secondary user is the union of a circle with radius dmi~ centered at a

secondary transmitter (St) and the area outside the circle with radius dmax centered at

the base station, where drnin and d,~ax are defined in equations (5) and (10), respectively.

The shaded area in Figure 3 illustrates a blocking area caused by a secondary call.

Obviously, the call[ blocking probability of the primary users will be affected by the size

Figure 3: Example of a blocking area

of the blocking area. The more secondary users are admitted, the larger the size of

blocking area, and thus the higher the blocking probability of the cellular calls.

3.1.2 Inaccuracy of Location Measurements

A base station will use the locations of secondary transmitter, secondary receiver, pri-

mary handset, and itself to calculate the distances among them. We will refer to the

distance measured from two locations as a measured distance. Since the locations ob-
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