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Spectrum Sharing Systems 

 

Munawwar Mahmud Sohul 

 

ABSTRACT (Academic) 

 

 

The radio spectrum dependent applications are facing a huge scarcity of the resource. To address 

this issue, future wireless systems require new wireless network architectures and new approaches 

to spectrum management. Spectrum sharing has emerged as a promising solution to address the 

radio frequency (RF) spectrum bottleneck. Although spectrum sharing is intended to provide 

flexible use of the spectrum, the architecture of the existing approaches, such as TV White Space 

[1] and Citizen Broadband Radio Services (CBRS) [2], have a relatively fixed sharing framework. 

This fixed structure limits the applicability of the architecture to other bands where the relationship 

between various new users and different types of legacy users co-exist. Specifically, an important 

aspect of sharing that has not been explored enough is the cooperation between the resource owner 

and the opportunistic user. Also in a shared spectrum system, the users do not have any information 

about the availability and duration of the available spectrum opportunities. This lack of 

understanding about the shared spectrum leads the research community to explore a number of 

core spectrum sharing tasks, such as opportunity detection, dynamic opportunity scheduling, and 

interference protection for the primary users, etc. This report proposes a Primary-Secondary 

Cooperation Framework to provide flexibility to all the involved parties in terms of choosing the 

level of cooperation that allow them to satisfy different objective priorities. The cooperation 

framework allows exchange of a probabilistic assurance: Spectrum Opportunity Duration 

Assurance (SODA) between the primary and secondary operations to improve the overall spectrum 

sharing experience for both the parties. This capability will give the spectrum sharing architectures 

new flexibility to handle evolutions in technologies, regulations, and the requirements of new 

bands being transitioned from fixed to share usage. 

 

In this dissertation we first look into the regulatory aspect of spectrum sharing. We analyze the 

Federal Communications Commission’s (FCC) initiatives with regards to the commercial use of 

the 150 MHz spectrum block in the 3.5 GHz band. This analysis results into a Spectrum Access 

System (SAS) architecture and list of required functionalities. Then we address the nature of 

primary-secondary cooperation in spectrum sharing and propose to generate probabilistic 

assurances for spectrum opportunities. We use the generated assurance to observe the impact of 

cooperation from the perspective of spectrum sharing system management. We propose to 

incorporate primary user cooperation in the auctioning and resource allocation procedures to 

manage spectrum opportunities. We also analyze the improvement in spectrum sharing experience 

from the perspective of the primary and secondary users as a result of cooperation. We propose 

interference avoidance schemes that involve cooperation to improve the achievable quality of 

service. 

 

Primary-secondary cooperation has the potential to significantly influence the mechanism and 

outcomes of the spectrum sharing systems. Both the primary and secondary operations can benefit 

from cooperation in a sharing scenario. Based on the priorities of the primary and secondary 



operations, the users may decide on the level of cooperation that they are willing to participate. 

Also access to information about the availability and usability of the spectrum opportunity will 

result in efficient spectrum opportunity management and improved sharing performance for both 

the primary and secondary users. Thus offering assurances about the availability and duration of 

spectrum opportunity through primary-secondary cooperation will significantly improve the 

overall spectrum sharing experience. The research reported in this dissertation is expected to 

provide a fundamental analytical framework for characterizing and quantifying the implications 

of primary-secondary cooperation in a spectrum sharing context. It analyzes the technical 

challenges in modeling different level of cooperation and their impact on the spectrum sharing 

experience. We hope that this dissertation will establish the fundamentals of the spectrum sharing 

to allow the involved parties to participate in sharing mechanisms that is suitable to their objective 

priorities. 
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GENERAL AUDIENCE ABSTRACT 

 

 

As the world of technology steps into the era of ubiquitous communication to anything and 

everything, a system's ability to wirelessly communicate in a heterogeneous environment plays a 

significant role in shaping our ways of life. The wireless communication systems and standards 

are evolving at an unprecedented rate to cope up with the explosive growth for uninterrupted 

mobile broadband service demand and the increasing diversity of high quality of service (QoS) 

use cases ranging from social communication and professional networking to cyber security and 

public safety. The rapid evolution of wireless communication systems and service applications has 

resulted in high demand for new and dedicated spectrum blocks in both the licensed and unlicensed 

bands. Also the predicted future wireless systems and applications indicate important 

characteristics of future broadband traffic demand: nomadic and sporadic bursty demand. But the 

existing static spectrum assignment limits the potential of the radio frequency spectrum resource. 

It imposes the challenge of spectrum scarcity onto radio spectrum dependent applications and 

technologies. This unprecedented increase in mobile data traffic along with the nomadic and 

sporadic bursts in data demand will disruptively shape the spectrum usage philosophy of the future 

wireless communication networks. It calls for new wireless network architectures and new 

approaches to spectrum management. Spectrum sharing has emerged as a promising solution to 

address the radio frequency (RF) spectrum bottleneck. Although spectrum sharing is intended to 

provide flexible use of the spectrum, the architecture of the existing approaches have a relatively 

fixed structure in the mechanism for which spectrum is shared. This fixed structure limits the 

applicability of the architecture to other bands where the relationship between various new users 

and different types of legacy users co-exist. Specifically, an important aspect of sharing that has 

not been explored enough is the cooperation between the resource owner and the opportunistic 

user. Also in a shared spectrum system, the users do not have any information about the availability 

and duration of the available spectrum opportunities. This lack of understanding about the shared 

spectrum leads the research community to explore a number of core spectrum sharing tasks, such 

as opportunity detection, dynamic opportunity scheduling, and interference protection for the 

primary users, etc.  

 

In this dissertation we propose a Primary-Secondary Cooperation Framework that provides 

flexibility to all the involved parties in terms of choosing the level of cooperation and allow them 

to satisfy different objective priorities. The cooperation framework allows exchange of a 

probabilistic assurance: Spectrum Opportunity Duration Assurance (SODA) between the primary 

and secondary operations to improve the overall spectrum sharing experience for both the parties. 

This capability will give the spectrum sharing architectures new flexibility to handle evolutions in 

technologies, regulations, and the requirements of new bands being transitioned from fixed to share 

usage. Based on their operational priorities, the users may decide on the level of cooperation that 

they are willing to participate. Also access to information about the availability and usability of 

the spectrum opportunity influences the mechanism and outcomes of the spectrum sharing systems 



to benefit both the Primary and Secondary users. Thus offering assurances about the availability 

and duration of spectrum opportunity through primary-secondary cooperation will significantly 

improve the overall spectrum sharing experience. The research reported in this dissertation is 

expected to provide a fundamental analytical framework for characterizing and quantifying the 

implications of primary-secondary cooperation in a spectrum sharing context. It analyzes the 

technical challenges in modeling different level of cooperation and their impact on the spectrum 

sharing experience. We hope that this dissertation will establish the fundamentals of the spectrum 

sharing to allow the involved parties to participate in sharing mechanisms that is suitable to their 

objective priorities. 
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Preface 

The radio spectrum dependent applications are facing a huge scarcity of the resource. To address 

this issue, future wireless systems require new wireless network architectures and new approaches 

to spectrum management. Spectrum sharing has emerged as a promising solution to address the 

radio frequency (RF) spectrum bottleneck. Although spectrum sharing is intended to provide flexible 

use of the spectrum, the architecture of the existing approaches, such as TV White Space [1] and 

Citizen Broadband Radio Services (CBRS) [3], have a relatively fixed structure in the mechanism for 

which spectrum is shared. This fixed structure limits the applicability of the architecture to other 

bands where the relationship between various new users and different types of legacy users co-exist. 

Specifically, an important aspect of sharing that has not been explored enough is the cooperation 

between the resource owner and the opportunistic user. Also in a shared spectrum system, the users 

do not have any information about the availability and duration of the available spectrum 

opportunities. This lack of understanding about the shared spectrum leads the research community 

to explore a number of core spectrum sharing tasks, such as opportunity detection, dynamic 

opportunity scheduling, and interference protection for the primary users, etc. This report proposes 

a Primary-Secondary Cooperation Framework to provide flexibility to all the involved parties in 

terms of choosing the level of cooperation that allow them to satisfy different objective priorities. The 

cooperation framework allows exchange of a probabilistic assurance: Spectrum Opportunity 

Duration Assurance (SODA) between the primary and secondary operations to improve the overall 

sp0ectrum sharing experience for both the parties. This capability will give the spectrum sharing 

architectures new flexibility to handle evolutions in technologies, regulations, and the requirements 

of new bands being transitioned from fixed to share usage. 

In this dissertation we first look into the regulatory aspect of spectrum sharing. We analyze the 

Federal Communications Commission’s (FCC) initiatives with regards to the commercial use of the 

150 MHz spectrum block in the 3.5 GHz band. This analysis results into a Spectrum Access System 

(SAS) architecture and list of required functionalities. Then we address the nature of primary-

secondary cooperation in spectrum sharing and propose to generate probabilistic assurances for 

spectrum opportunities. We use the generated assurance to observe the impact of cooperation from 

the perspective of spectrum sharing system management. We propose to incorporate PU cooperation 

in the auctioning and resource allocation procedures to manage spectrum opportunities. We also 
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analyze the improvement in spectrum sharing experience from the perspective of the primary and 

secondary users as a result of cooperation. We propose interference avoidance schemes that involve 

cooperation to improve the achievable QoS. 

Primary-secondary cooperation has the potential to significantly influence the mechanism and 

outcomes of the spectrum sharing systems. Both the primary and secondary operations can benefit 

from cooperation in a sharing scenario. Based on the priorities of the primary and secondary 

operations, the users may decide on the level of cooperation that they are willing to participate. Also 

access to information about the availability and usability of the spectrum opportunity will result in 

efficient spectrum opportunity management and improved sharing performance for both the 

primary and secondary users. Thus offering assurances about the availability and duration of 

spectrum opportunity through primary-secondary cooperation will significantly improve the overall 

spectrum sharing experience. The research reported in this dissertation is expected to provide a 

fundamental analytical framework for characterizing and quantifying the implications of primary-

secondary cooperation in a spectrum sharing context. It analyzes the technical challenges in 

modeling different level of cooperation and their impact on the spectrum sharing experience. We 

hope that this dissertation will establish the fundamentals of the spectrum sharing to allow the 

involved parties to participate in sharing mechanisms that is suitable to their objective priorities. 
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Chapter 1: Introduction to the Dissertation 

Introduction 

 

“Norm for spectrum use should be sharing, not exclusivity.” 

-The President’s Committee  

of Advisors on Science and Technology on setting the direction towards an empowering and inspiring 

vision of dynamic spectrum sharing paradigm in the 2012 PCAST Report [4].  

 

The radio frequency spectrum plays an important role in every aspect of our life, from social 

communication to economic affairs. Access to spectrum has become an increasingly important 

foundation for economic growth and technological leadership. Few developments hold as much 

potential as wireless technologies to enhance the economic growth and improve the field of 

communications, business, and public service activities like public safety, healthcare, education, and 

electric utilities. Wireless technologies have become an indispensable element of our overall quality 

of life. As a result of this ubiquitous demand, radio spectrum dependent applications are facing the 

scarcity of this resource. Wireless communities throughout the world have recognized the shortage 

of spectrum for commercial broadband use and acknowledged the urgent need for a global effort to 

make additional spectrum available for broadband data. Ericsson reported that there will be 6.5 

billion mobile broadband subscriptions globally by 2018 [5]. Total smartphone subscriptions are 

expected to grow to 5.6 billion in 2019 and 85% of North American mobile subscriptions will be LTE 

by 2019. Mobile data traffic is expected to grow at a Compound Annual Growth Rate (CAGR) of 

around 45% (2013–2019) and will result in a 10-fold increase by the end of 2019. The Cisco Visual 

Networking Index: Global Mobile Data Traffic Forecast Update, 2016–2021, predicts that annual 

global mobile data traffic will increase 7-fold between 2016 to 2021, and will be more than half 

zettabyte per year by 2021 [6]. Another Cisco report: Zettabyte Era Trends and Analysis [7], identified 

several trends that are contributing towards this explosion of data traffic. Globally, devices and 

connections (10.7% CAGR) are growing faster than both the population (1.1% CAGR) and Internet 

users (9.2% CAGR). This trend is accelerating the increase in the average number of devices and 

connections per household and per Internet user (1.5 mobile devices per capita by 2021). The 
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Internet of Everything (IoE) phenomenon is showing tangible growth. Globally, there will be 11.6 

billion mobile-connected devices by 2021, including M2M modules - exceeding the world’s projected 

population at that time (7.8 billion). Smartphones will represent over 50% of global devices and 

connections by 2021 [6]. Applications such as video surveillance, smart meters, smart cars, asset and 

package tracking, chipped pets and livestock, digital health monitors, and a host of other next-

generation M2M services are driving this growth. By 2018, digital TV and online video will be the two 

most highly penetrated services and will result in an accelerated busy-hour traffic growth. 

Smartphones will account for 86% of the total mobile data traffic in 2021 and more than three 

quarter of the mobile data traffic will be video traffic. Metro-only traffic will grow nearly twice as fast 

as long-haul traffic and busy-hour Internet use will grow at a CAGR of 28%. By 2021 63% of the total 

mobile data traffic was offloaded onto the fixed network by means of Wi-Fi devices and femtocells. 

These predictions clearly indicate an explosive growth in broadband traffic demand. To meet this 

demand, future generations of wireless technology and services must continue to increase their yield 

of bits/hertz/second. Future wireless traffic demands also require new wireless network 

architectures and new approaches to spectrum management. The predicted future applications 

imply important characteristics of future broadband traffic demand: nomadic and sporadic bursty 

demand. IoT and multidevice ownership will significantly contribute towards localized and sporadic 

demands. Live TV and online video streaming on mobile platforms will result in increased demand 

as indicated by the increased busy-hour and metro-only traffic prediction. The unprecedented 

growth in worldwide mobile data traffic along with the nomadic and sporadic bursts in data demand 

will disruptively shape the spectrum usage philosophy of the future wireless communication 

networks [5, 6, 8]. In order to embrace such growth opportunities, network operators in some 

metropolitan areas are even planning for 1000-fold network capacity [9, 10].  

The growth inevitably will lead to spectrum scarcity in the very near future. Therefore, how to 

efficiently and flexibly utilize radio spectrum resources becomes a key design challenge of the next 

generation wireless network. Access to new below 6 GHz spectrum blocks is not a viable solution as 

clearing and reallocating licenses are extremely expensive and time consuming. For example, the 

National Telecom & Information Administration (NTIA) of U.S. reported that the reallocation of 95 

MHz (1755-1850 MHz) band would cost $18 billion US dollars over ten years [11]. To address this 

nomadic and sporadic bursty demand, opportunistic communications has been and will play a 

significant role. Opportunistic and dynamic small-cell devices promise the potential to deliver speed, 

quality, and agility to address the demand of broadband traffic. Also the recent technological 

advancements such as LTE’s dual connectivity [12] and carrier aggregation [13], coordinated multi-



 

6 
 

point transmission/ reception [14, 15], licensed assisted access (LAA) [16], spectrum sensing [2, 17], 

and database driven spectrum management (IEEE 802.22 TV Whitespace [18]) serve as enabling 

mechanisms for Dynamic Spectrum access (DSA) which allows opportunistic use of otherwise 

unused spectrum dynamically as a function of time and geographical location. Accordingly, dynamic 

spectrum sharing and small cell approaches have emerged as the solution to address the issue of 

spectrum scarcity through better utilization of the limited spectrum resource[19, 20]. 

Spectrum Sharing Initiatives by the Regulatory Authorities 

As part of the global effort to address the seemingly never-ending surge in the demand for 

wireless broadband capacity, the wireless communities throughout the world have undertaken 

innovative initiatives such as tiered-access to shared spectrum. The European Telecommunications 

Standards Institute (“ETSI”) is working towards Licensed Shared Access (“LSA”) paradigm to enable 

mobile broadband services in the 2.3-2.4 GHz band [21]. The LSA framework enables a licensed 

network operator to tightly manage access to the spectrum and provides the command and control 

structure necessary to utilize and vacate the spectrum as needed by the incumbent users. The 

wireless communities in the United States have undertaken initiatives towards popularizing the 

dynamic and opportunistic use of spectrum. The Federal Communications Commission (FCC) has 

proposed a dynamic spectrum management framework for a Citizen Broadband Radio Service 

(CBRS) governed by a Spectrum Access System (SAS) [2]. The implementation of a SAS capable of 

dynamic frequency assignment and interference management is critical for the success of the 

spectrum sharing paradigm proposed by the Commission.  

Following the spectrum policy objectives laid out by the National Broadband Plan [22] and the 

President's Council of Advisors on Science and Technology (PCAST) report [4], and building on the 

experience gained through spectrum sharing in the television white spaces (TVWS) [1, 23], FCC has 

taken a series of steps towards sharing Federal spectrum, especially Department of Defense (DoD) 

owned spectrum, with commercial broadband applications. In 2010, the National 

Telecommunications and Information Administration (NTIA) identified the 1675-1710 MHz, 1755-

1780 MHz, 3500-3650 MHz, 4200-4220 MHz, and 4380-4400 MHz Bands as potential spectrum 

blocks for sharing [24]. Later that year, the NTIA recommended the 1695-1710 MHz and 3550-3650 

MHz (3.5 GHz) bands as “fast track” bands. The 3.5 GHz band was selected for spectrum sharing 

primarily due to its limited propagation characteristics and geographically limited incumbent 

operations. In 2012 the FCC issued a Notice of Proposed Rule Making (3.5 GHz NPRM) and proposed 

a three-tier access framework for the 3.5 GHz band to create a new Citizens Broadband Radio Service 
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(CBRS) in in which the higher tier users receive interference protection from lower tier users [3]. The 

3.5 GHz NPRM encouraged deployment of small cells and introduced an innovative General 

Authorized Access (GAA) tier, in addition to the Incumbent Access (IA) and Priority Access (PA) tiers, 

to facilitate opportunistic and non-interfering basis spectrum use within designated geographic 

areas. It also proposed a Spectrum Access System (SAS) as the governing entity that serves as a bridge 

between the primary and secondary operations. In 2013, considering the response of the 

stakeholders to the 3.5 GHz NPRM, FCC proposed an expanded eligibility of the PA tier and issued 

two Public Notices (PNs) requesting specific comments on the CBRS licensing approach [25] and the 

proposed SAS [26]. Based on the comments from the stakeholders in response to the 3.5 GHz NPRM, 

and Licensing and SAS PN, in 2014 the FCC issued a further NPRM with regards to the commercial 

operations in the 3.5 GHz band (3.5 GHz FNPRM) [27]. Interested stakeholders from industry and 

academia commented on the proposed rules in the notice. We published a survey paper highlighting 

different aspects of the 3.5 GHz FNPRM and the response it received from the stakeholders [2]. On 

April, 2015, the FCC issued a Second FNPRM along with 3.5 GHz Rule and Order (3.5 GHz R&O) which 

established the Citizens Broadband Radio Service under a new part 96 of the Commission’s rules 

[28]. In this second FNPRM, FCC requested feedback from the stakeholder on i) the “Use” of Priority 

Access License (PAL) areas to determine the availability of spectrum for GAA use and ii) the optimal 

protections for licensed in-band and out-of-band FSS earth stations. After the adoption of the 3.5 GHz 

R&O, on June, 2015, FCC issued a public notice through which the Wireless Telecommunications 

Bureau (WTB) reminded licensees in the 3.5 GHz band and non-federal radiolocation services in the 

3550-3650 MHz band of their rights and responsibilities regarding the operation of registered 

stations [29]. By July 2015, a number of interested parties filed petitions for reconsideration on 

different rules of the 3.5 GHZ R&O such as licensing rules for PALs, allowed transmission power for 

different scenarios, FSS protection rules, geolocation rules for position accuracy, reconfiguration 

response time after being notified by the ESC, etc. Later that year, on October 23, 2015, WTB released 

another Public Notice seeking comment on the appropriate methodology for determining the 

contours for protecting existing 3650-3700 MHz wireless broadband licensees from CBRS users 

during a fixed transition period (3650-3700 MHz Protection Contours PN) [30]. Also, as directed by 

the Commission in the 3.5 GHz R&O, WTB and the Office of Engineering and Technology (OET) 

released a Public Notice seeking proposals for future SAS Administrator and Environmental System 

Capability (ESC) operators in the 3.5 GHz Band (SAS/ESC Proposal PN) [31]. The SAS/ESC Proposal 

PN summarized the requirements for both SAS Administrators and ESC operators, as established in 

the 3.5 GHz R&O, and described the process for submitting proposals. It also briefly described the 
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process that WTB/OET will use to evaluate prospective SAS Administrators and ESC operators. 

Finally on May, 2016 the Commission issued Order on reconsideration and Second R&O (3.5 GHz 

Second R&O) to finalize the rules governing the innovative Citizens Broadband Radio Service in the 

3.5 GHz Band [32].  
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What Motivated the Work 

Challenges with the Current Approach 

Although the NTIA identified a number of potential spectrum blocks as candidates for  spectrum 

sharing [24], the first-track bands (1695-1710 MHz and 3.5 GHz) are the focus of recent spectrum 

sharing initiatives. The regulatory initiatives mentioned in the previous subsection mostly concern 

the 3.5 GHz band. But the use cases for the spectrum blocks identified for sharing purpose might have 

very distinct operational aspects. For example, Table 1 presents the wide range of stakeholders that 

are interested in accessing the spectrum sharing band and voiced their perspectives in response to 

the 3.5 GHz NPRMs [2]. Similarly other spectrum blocks have their own range of use cases. The 

objectives and operational requirements of the primary user operations may vary depending on the 

nature of their operations. Some primary user prioritizes operational privacy, whereas others define 

revenue maximization as their primary objectives. Even within the same shared band different 

primary users may have different operational objectives. Spectral location of the sharing bands also 

play important role in deciding the nature of applications suitable for each of these bands. The use 

cases for sub 3 GHz spectrum sharing system will be different from those for sub 6 GHz bands. So the 

secondary users involved in the sharing may desire different levels and types of Quality of Service 

(QoS) requirements from these shared bands. The perspective of spectrum sharing in each of these 

spectrum blocks vary significantly based on the spectral location of the bands, and the type of 

primary and secondary user operations in the band. So the spectrum sharing rules and framework 

requires to be flexible to accommodate this diverse range of spectral characteristics, user 

characteristics, and operational objectives. This need for an adaptive framework has helped motivate 

this research reported in this dissertation. 

The existing spectrum sharing approaches do not offer any flexibility to the involved parties in 

choosing the sharing mechanisms. For example, the NPRMs and the FNPRMs issued by the FCC for 

3.5GHz band offers a one-size-fits-all approach for dynamic spectrum management that involves SAS. 

The SAS would collect information about the incumbents regarding their spectrum utilization and 

manage the secondary use of the available spectrum opportunities. But the dynamic spectrum 

management approach naturally discourages investment and participation from the industry (the 

cellular industry in the case of 3.5 GHz band) by putting them outside the comfort zone of their 

existing technological capability and administrative structure. So in this case the dilemma in front of 

FCC is to promote dynamic spectrum management and at the same time ensure participation of the 

wireless industry in the CBRS.  
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Table 1: Stakeholders in the 3.5 GHz Spectrum Sharing System 

Interest Group Members/Commenters 

SAS/TVWS Administrators 
Google, Telcordia Technologies, Comsearch, 
Spectrum Bridge 

Dynamic Spectrum Access Industry 

Federated Wireless LLC, InterDigital Inc., 
Microsoft Corporation, Shared Spectrum 
Company, xG Technology Inc., Whitespace 
Alliance,  

Wireless Broadband Industry 

Cambium Networks, Ltd., CTIA-The Wireless 
Association, Tarana Wireless, UK Broadband 
Limited, Vanu, Inc., Xchange Telecom Corp., 
CommScope, Neptuno Media, Inc., Cloud 
Alliance, LLC., Lockard & White, NMS 
Enterprises LLC.,  

Cellular Industry 

Mobile Network Operator 
AT&T, Sprint Corporation, T-Mobile, Verizon 
and Verizon Wireless 

Vendors 
Alcatel-Lucent, Ericsson, Motorola Mobility, 
Nokia, QualComm Inc.,  

Wireless Industry 
Association 

4G Americas, IEEE DySPAN-SC (Standard 
Committee), IEEE 802 LMSC, New America 
Foundation and Public Knowledge, 
Telecommunications Industry Association, 
PCIA - The Wireless Infrastructure 
Association and HetNet Forum, Wi-Fi alliance, 
Wireless Innovation Forum, Wireless Internet 
Service Providers Association, Competitive 
Carriers Association, WiMAX Forum,  

Satellite Earth 
Station 

S-Band Satellite Operation 
Satellite Industry Association, Baron Services 
Inc., Astrium Services Government, Inc. 

C-Band satellite Operation 
Content Interest, National Public Radio, 
National Cable and Telecommunications 
Association 
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Utilities and CII 

American Petroleum Association,  
Entelec, Exelon, Motorola Solutions, Iberdrola 
USA Networks, Oncor Electric Delivery 
Company, Siemens Industry Inc., Southern 
Company Services, Utilities Telecom Council, 
Xcel Energy Services, CenterPoint Energy 
Houston Electric, 

Backhaul Network 
BLiNQ Networks, Inc., Cohere Technologies, 
Sprint Corporation 

Others 

Terrestrial Fixed 
Microwave 

Communications 
Fixed Wireless Communications Coalition 

Communications for 
Underserved Communities 

and Tribal Lands 

Blooston 3.65 GHz Coalition, Salt River Project 
Agricultural Improvement and Power District 

Public Safety and FirstNet Harris Corporation 

Industry Associations 

Consumer Electronics Association, Content 
Companies, National Association of 
Broadcasters, Public Interest Spectrum 
Coalition, Enterprise Wireless Alliance,  

Financial Organization 
Cantor Telecom Services L.P., Allied 
Communications LLC 

Shared Spectrum vs. Dedicated Spectrum 

We start this submission by asking a question: what is the fundamental difference between shared 

spectrum systems and dedicated spectrum systems? The immediate answer would be the right of 

spectrum usage for the secondary users. The secondary users are allowed to use the shared spectrum 

in a way that ensures uninterrupted primary user operation. As expected, researchers have focused 

on opportunity detection, dynamic opportunity scheduling, and interference protection for the 

primary users [17, 33-36]. But the fundamental difference between shared and dedicated spectrum 

systems, as a consequence of dissimilar spectrum usage rights, that leads us to the above mentioned 

research areas is the lack of knowledge about the availability and duration of spectrum opportunities. 

For wireless systems with dedicated spectrum we know which channels are available for use and the 

duration for which the channels can be used. Unsurprisingly, in the case of dedicated spectrum 

system, some of these problems do not exist and there are well established and matured solutions 

for the other ones. In a shared spectrum system, the users do not know which channel they can use 
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and for how long. So the lack of information about the availability and duration of spectrum 

opportunity is the root problem that the research community tries to overcome indirectly by 

exploring the above mentioned research areas. 

We also want to draw reader’s attention to another important aspect of the existing spectrum 

sharing approaches. The rules proposed for spectrum sharing impose majority of the sharing 

responsibilities, such as opportunity identification, maintaining desired interference environment, 

etc., on the secondary users and/or the middle entities such as the SAS and Environmental Sensing 

Capability (ESC) system proposed in the 3.5 GHz NPRMs and R&Os [3, 27, 28, 32]. So the existing 

approaches do not involve the cooperation between the resource owner and the opportunistic user 

who wants to share the resource. A primary user operation that wants to protect its sensitive 

operational characteristics and usage information would consider the operational privacy as its most 

prioritized objective. So any primary user seeking privacy will be hesitant to cooperate and exchange 

information with an external entity. On the other hand, if a primary user operation is more concerned 

about the interference environment, it is in its best interest to cooperate with the secondary user in 

order to achieve the desired operating environment. At this moment, ongoing research efforts are 

more concerned about the operational privacy of the incumbent operations as the NTIA identified 

spectrum sharing blocks belong to incumbent users for whom privacy is an important aspect of their 

operations. With the advances of technology and successful implementation of the opportunistic 

spectrum access, it is likely that the spectrum sharing concept will extend to other spectrum blocks. 

The incumbent operations in those blocks may be less concerned about privacy and more interested 

in maximizing the revenue generated from sharing agreements (for example Public Safety operations 

in the D-Block [37]). They might be more interested in making their product (spectrum available for 

sharing) more attractive through cooperation and information exchange amongst the parties 

involved in a spectrum sharing system.  

Primary-secondary cooperation has the potential to significantly influence the mechanism and 

outcomes of the spectrum sharing systems. Both the primary and secondary operations can benefit 

from cooperation in a sharing scenario. Based on the priorities of the primary and secondary 

operations, the users may decide on the level of cooperation that they are willing to participate. Also 

access to information about the availability and usability of the spectrum opportunity will result in 

efficient spectrum opportunity management and improved sharing performance for both the 

primary and secondary users. Thus offering assurances about the availability and duration of 

spectrum opportunity through primary-secondary cooperation will significantly improve the overall 

spectrum sharing experience.  
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Contribution of the Dissertation 

In this submission, we propose a cooperation approach that involves information exchange 

between the primary and secondary user operations and thus allows the system to improve the 

spectrum sharing performance. Through this cooperation approach, we make the information about 

the availability and duration of spectrum opportunities accessible for the parties involved in 

spectrum sharing. Figure 1 presents the spectrum sharing system based on the proposed primary-

secondary cooperation framework. In this dissertation, we look into the important aspect of 

successful secondary user operation in the shared band and analyze the QoS achievable by 

opportunistically accessing the shared spectrum. Within the context of spectrum sharing, depending 

on the operational status of the primary user, secondary users may need to stop operating in the 

current opportunity and switch to other available opportunities. The secondary user might have to 

terminate ongoing session frequently resulting in a temporal connection loss. In addition, if a 

secondary user is unable to cease its operation and leave the opportunity in a timely manner, it would 

interfere with the primary users. The temporal connection loss and the interference can be 

significantly reduced if the secondary users have knowledge about the duration of the opportunities, 

and use that knowledge to either avoid or take additional measures while using these opportunities.  

 

Figure 1: Primary-Secondary Cooperation Framework for Spectrum Sharing Systems 
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Therefore, the secondary users should have the capability to consider the probability of channel 

being available for a given time period while making the decision to opportunistically access the 

channel. Without any prior information about the availability and duration of spectrum 

opportunities, the secondary user operations need to continuously monitor the spectrum blocks 

under consideration in order to identify the opportunities and also the return of the primary user 

operations. This continuous monitoring results in significant consumption of time, energy, and 

spectrum resources. As expected, the continuous monitoring approach adversely impacts the 

achievable QoS while accessing the shared channels. Also the performance of the detection 

techniques influences the outcome of the continuous monitoring. The QoS predictability of a shared 

spectrum is highly influenced by the duration of the available spectrum opportunity [38]. In order to 

achieve any desired level of QoS, the service providers need information about the QoS predictability 

of the channel. The primary-secondary cooperation can have significant impact on the spectrum 

sharing performance from the perspective of either side. Figure 2 presents the research topics 

explored and reported in this dissertation. In the remaining of this dissertation, we first present the 

regulatory standpoint of the spectrum sharing governing authorities. After that we discuss the 

generation procedure of the desired form of primary-secondary cooperation. Using the primary-

secondary cooperation, we then present dynamic spectrum access procedure and dynamic spectrum 

opportunity auction scheme. The reminder of this dissertation is organized as follows: 

 

Figure 2: Research Work reported in the Dissertation: Primary-Secondary Cooperation 

Framework for Dynamic Management of Spectrum Opportunities 
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Chapter II: Regulatory Perspective – Spectrum Access System for Citizen Broadband 

Radio Services (CBRS) 

As a part of the global effort to address the overwhelming demand for wireless broadband 

capacity, the wireless industry stakeholders in the United States have undertaken initiatives towards 

popularizing the dynamic and opportunistic use of spectrum. Following the spectrum policy 

objectives laid out by the National Broadband Plan [22] and the President's Council of Advisors on 

Science and Technology (PCAST) report [4], and building on the experience gained through spectrum 

sharing in the television white spaces (TVWS) [1, 23], the Federal Communications Commission 

(FCC) has taken a series of steps towards sharing Federal spectrum, especially Department of 

Defense (DoD) owned spectrum, with commercial broadband applications. The Commission has 

proposed a dynamic spectrum management framework for a Citizen Broadband Radio Service 

(CBRS) governed by a Spectrum Access System (SAS) [2, 26]. In Chapter II, we discuss these efforts 

towards a dynamic spectrum sharing system in the U.S. context and look forward to initiate a more 

focused analysis of the required SAS composition and functionalities to support the dynamic 

management of the 3.5 GHz band. We also analyze the position of the Commission on different aspect 

of the CBRS through the 3.5 GHz R&O [28] and the Second R&O [32] in order to address criticism of 

the proposed 3-tier system. We present a brief summary of a survey of the stakeholder’s comments 

in response to the 3.5 GHz FNPRM [27]. The stakeholders responded to different aspects of the 

FNPRM from their industry perspective. We look at these responses from the perspective of a 

dynamic SAS capable of facilitating the dynamic spectrum management approach. Our analysis 

yielded a number of important issues which are required to be addressed for successful operation of 

the proposed CBRS. In this chapter, we propose a SAS architecture and identify the required 

functionalities, technical capabilities, and composition of the SAS to support the dynamic spectrum 

management approach envisioned in the CBRS. The successful implementation of the dynamic 

spectrum management approach will significantly improve the spectrum usage efficiency and 

influence the management approach of other spectrum bands. This calls for a coordinated effort from 

the government, industry, and academia to expedite the development of the dynamic SAS and move 

forward towards the dynamic spectrum management regime. We hope the discussion presented in 

Chapter II will help the readers understand the policy and regulatory aspects of the spectrum sharing 

initiatives and will initiate further awareness and more informed discussions and research towards 

efficient dynamic spectrum sharing systems. 

 

 



 

16 
 

Chapter III: Generation of Desired Form of Cooperation 

In Chapter III, we address the generation of the probabilistic assurance about the availability and 

duration of spectrum opportunities using primary-secondary cooperation. In order to realize 

dynamic spectrum access based spectrum sharing, different channel monitoring techniques are 

applied to detect spectrum opportunities. If secondary users, limited by their available resources and 

technical abilities, randomly or sequentially sense the channels until a spectrum opportunity is 

detected then significant amount of energy, time, and spectrum resources will be wasted, since 

secondary users transmit only after a decision has been made. On the other hand, with the use of an 

intelligent predictive method, secondary users can learn from the past activities of each channel to 

predict the next channel state. Duration of spectrum opportunity is also another important aspect of 

successful secondary user operation in a spectrum sharing system. Predicting the probability of 

spectrum opportunities being available for certain duration improves resource allocation and 

interference avoidance mechanisms. In Chapter III, we discuss the generation of a probabilistic 

assurance about the availability and duration of the available spectrum opportunities – the Spectrum 

Opportunity Duration assurance (SODA). A method to statistically ensure spectrum availability using 

Non-Stationary Hidden Markov Models was proposed. We also introduce primary user cooperation 

into the prediction algorithms to improve the prediction accuracy and reduce the computational 

complexity of the prediction algorithms. The Incumbent SAS, enabled with primary user cooperation, 

performs the Non-Stationary Hidden Markov Model approach to re-estimate the model parameters 

and forward it to the Secondary SAS. The Secondary SAS uses the re-estimated model parameters to 

run the prediction algorithm in real time using the current channel monitoring results received from 

the Environmental Sensing Capability (ESC) system and/or the secondary users. The Spectrum 

Opportunity Duration Assurance (SODA) values determined for each of the shared channels helps 

the spectrum sharing systems to achieve the availability and duration information about spectrum 

opportunities. Thus the secondary user resource management system and/or the SAS perform 

intelligent dynamic spectrum access and improve the spectrum sharing experience of both the 

primary and secondary users. 

Chapter IV: Spectrum Opportunity Access using Primary-Secondary Cooperation 

In this section we explore the impact of primary-secondary cooperation on the dynamic access 

of spectrum opportunities. We look in to the ways to efficiently use the primary user cooperation in 

order to improve the spectrum sharing experience of both primary and secondary operations. The 

SODA metric generated periodically by SAS is used to facilitate cognitive use of the spectrum 
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opportunities. The cooperation from primary users in the form of SODA values allow us to propose 

spectrum opportunity access schemes based on the principle of interference avoidance. The SODA 

metric provides the SAS and the secondary user resource manager (SU-RM) a probabilistic 

estimation about the availability of the spectrum opportunities for specific time period. This helps 

the SAS and the SU-RM to develop efficient resource allocation algorithms and improves achievable 

QoS from the perspective of the secondary user operation without exposing the primary user 

operations. The SODA approach allows the spectrum sharing system to consider interference 

avoidance techniques while allocating the available spectrum opportunities. The resource allocation 

algorithms can have flexibility to vacate different spectrum opportunities at different instances of the 

opportunity duration based on the probabilistic assurance SODA. Thus the incumbent operations can 

ensure desired interference environment through the SAS by providing required information 

towards the SODA metric. In order to reduce the overhead in frequently generating and accessing 

this information, we propose to maximize the utility duration of the SODA information using the 

concept of “Time Discounted Value of Information”. We determine the effective value of the 

information at any particular time instant within the assured duration and decide whether to 

improve the assurance by employing sensing techniques or not. In this analysis, we propose 

interference avoidance schemes that use channel monitoring based on the time discounted value of 

the PU cooperation to reduce the number of time slots in collision between the primary and 

secondary operations. The interference avoidance schemes use a combination of primary user 

cooperation and channel monitoring techniques to reduce the resource consumption for channel 

monitoring during the early stage of the assured duration and at the same time reduce the likelihood 

of interference in the later stage of the duration with help of channel monitoring. The SODA approach 

improves the secondary user throughput even without employing sensing. But the absence of 

channel monitoring results in degraded interference avoidance performance. If sensing is employed 

in the later part of the opportunity, it improves the secondary user performance without significantly 

degrading the interference situation between the primary and the secondary user operations. We 

analyze and theoretically model the reduction in number of sensing events which is required to 

achieve a desired interference environment and also the improvement in secondary user throughput 

as a result of primary user cooperation. A comprehensive analysis of the secondary user throughput 

promises interesting insights towards a quantitative metric for shared band capacity. 

Chapter V: Spectrum Opportunity Auction using Primary-Secondary Cooperation 
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An important aspect of dynamic spectrum management is the pricing of spectrum from the 

perspective of both the primary and secondary users. Due to their perceived fairness and allocation 

efficiency, auctions are among the best-known market-based mechanisms to allocate spectrum. 

However, spectrum auction differs from conventional auctions in that it has to address radio 

interference. Spectrum auction is essentially a problem of interference-constrained resource 

allocation. Existing auction-based spectrum sharing models so far has missed out on an important 

aspect of successful secondary user operation: the duration of the available spectrum opportunity. 

In this chapter we proposed an auction-based spectrum sharing framework that statistically 

accounts for the estimates of spectrum opportunity duration. The framework allows both the 

primary and the secondary user operations to act on the current auction state to update their bidding 

in order to obtain a price combination that maximizes both the primary and secondary users’ auction 

goals. 

This chapter presents a dynamic and self-adjusting auction scheme for dynamic spectrum access 

based spectrum sharing systems. The dynamic auction scheme accounts for the quality of the 

available spectrum opportunity in terms of the probabilistic assurance generated by the SAS within 

the primary-secondary cooperation framework. The dynamic auction procedure allows both the 

primary and secondary operations to adjust their evaluation of the available opportunities based on 

their experiences with the channel quality from past usage statistics and past auction results, and 

over time achieves a price combination that maximizes both the primary and secondary user 

objectives. The proposed dynamic auction for spectrum sharing with time-evolving values of channel 

qualities maximizes the social equality among the primary and secondary users. The primary-

secondary cooperation is manifested in the form of spectrum opportunity duration assurance (SODA) 

in the auction process. The SODA approach, as opposed to the QoS prediction approach, estimates 

the spectrum opportunity duration for operations with non-deterministic or unknown spectrum 

reservations or usage patterns. Knowing the realistically achievable QoS based on the uncertainty of 

the primary user return allows the secondary user access points to more effectively determine the 

number of spectrum opportunities for which the secondary user will participate in the auction 

process. The quantitative measure of the usability of a spectrum opportunity has great impact on the 

performance of any spectrum sharing system, and should be incorporated in spectrum opportunity 

management. The proposed channel quality based dynamic auction scheme allows the secondary 

users to take advantage of the predictive models of spectrum availability, prioritize spectrum 

opportunities accordingly, and bid for their preferred channels to maximize spectrum utilization 

while minimizing the occurrence of disruptions to primary users. 
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Chapter 2: Regulatory Initiatives for Dynamic 

Spectrum Management Framework 

Introduction 

As a part of the global effort to address the overwhelming demand for wireless broadband 

capacity, the wireless communities in the United States have undertaken initiatives towards 

popularizing the dynamic and opportunistic use of spectrum. The Federal Communications 

Commission (FCC) has proposed a dynamic spectrum management framework for a Citizen 

Broadband Radio Service (CBRS) governed by a Spectrum Access System (SAS) [2, 26]. The 

comprehensive regulatory scheme includes licensing, technical, and service rules to enable dynamic 

sharing between three tiers of users in the 3.5 GHz Band. The Spectrum Access System (SAS) is the 

advanced frequency coordinator necessary to assign rights and maximize efficiency in the band. The 

SAS will incorporate information from the Environmental Sensing Capability (ESC), which will be 

used to increase available spectrum in coastal areas while continuing to protect incumbent 

Department of Defense (DoD) radar systems [31]. The implementation of a SAS capable of dynamic 

frequency assignment and interference management is critical for the success of the spectrum 

sharing paradigm proposed by the Commission. In this chapter we present the efforts taken by FCC 

and other regulatory and administrative entity toward spectrum sharing systems in the U.S. context. 

We present an analysis on FCC’s position on different aspects of the proposed CBRS framework, and 

the required SAS composition and functionalities. We also present a brief discussion by summarizing 

a survey on different interest group’s standpoint on the FCC proposed framework. Thus this chapter 

of the dissertation serves to update us about the policy and regulatory aspects of spectrum sharing, 

the associated technical challenges, and the ongoing research efforts to address these challenges. 

To address the demand for wireless broadband capacity, the FCC has undertaken innovative 

initiatives such as tiered-access to shared spectrum. Following the spectrum policy objectives laid 

out by the National Broadband Plan [22] and the President's Council of Advisors on Science and 

Technology (PCAST) report [4], and building on the experience gained through spectrum sharing in 

the television white spaces (TVWS) [1, 23], FCC has taken a series of steps towards sharing Federal 

spectrum, especially Department of Defense (DoD) owned spectrum, with commercial broadband 
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applications. In 2010, the National Telecommunications and Information Administration (NTIA) 

identified the 1675-1710 MHz, 1755-1780 MHz, 3500-3650 MHz, 4200-4220 MHz, and 4380-4400 

MHz Bands as potential spectrum blocks for sharing [24]. Later that year, the NTIA recommended 

the 1695-1710 MHz and 3550-3650 MHz (3.5 GHz) bands as “fast track” bands. The 3.5 GHz band 

was selected for spectrum sharing primarily due to its limited propagation characteristics and 

geographically limited incumbent operations. The technical characteristics of the 3.5 GHz Band and 

the existence of important incumbent operations in the band in many areas of the country make the 

band an ideal platform to explore innovative approaches to shared spectrum use and small cell 

technology [24].  

In 2012 the FCC issued a Notice of Proposed Rule Making (3.5 GHz NPRM) and proposed a three-

tier access framework for the 3.5 GHz band to create a new Citizens Broadband Radio Service (CBRS) 

in in which the higher tier users receive interference protection from lower tier users [3]. The 3.5 

GHz NPRM encouraged deployment of small cells and introduced an innovative General Authorized 

Access (GAA) tier, in addition to the Incumbent Access (IA) and Priority Access (PA) tiers, to facilitate 

opportunistic and non-interfering basis spectrum use within designated geographic areas. It also 

proposed a Spectrum Access System (SAS) as the governing entity that serves as a bridge between 

the primary and secondary operations. In 2013, considering the response of the stakeholders to the 

3.5 GHz NPRM, FCC proposed an expanded eligibility of the PA tier and issued two Public Notices 

(PNs) requesting specific comments on the CBRS licensing approach [25] and the proposed SAS [26]. 

Based on the comments from the stakeholders in response to the 3.5 GHz NPRM, and Licensing and 

SAS PN, in 2014 the FCC issued a further NPRM with regards to the commercial operations in the 3.5 

GHz band (3.5 GHz FNPRM) [27]. Interested stakeholders from industry and academia commented 

on the proposed rules in the notice. We published a survey paper highlighting different aspects of the 

3.5 GHz FNPRM and the response it received from the stakeholders [2]. On March 24, 2015, NTIA 

filed a letter recommending a framework that would reduce the geographic area of the zones by 

approximately 77 percent. NTIA’s letter also recommended the use of sensor technology to permit 

commercial use inside the zones, providing a roadmap to full nationwide commercial use of the band 

[46].  On April, 2015, the FCC issued a Second FNPRM along with 3.5 GHz Rule and Order (3.5 GHz 

R&O) which established the Citizens Broadband Radio Service under a new part 96 of the 

Commission’s rules [28]. In this second FNPRM, FCC requested feedback from the stakeholder on i) 

the “Use” of Priority Access License (PAL) areas to determine the availability of spectrum for GAA use 

and ii) the optimal protections for licensed in-band and out-of-band FSS earth stations. After the 

adoption of the 3.5 GHz R&O, on June, 2015, FCC issued a public notice through which the Wireless 
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Telecommunications Bureau (WTB) reminded licensees in the 3.5 GHz band and non-federal 

radiolocation services in the 3550-3650 MHz band of their rights and responsibilities regarding the 

operation of registered stations [29]. By July 2015, a number of interested parties filed petitions for 

reconsideration on different rules of the 3.5 GHZ R&O such as licensing rules for PALs, allowed 

transmission power for different scenarios, FSS protection rules, geolocation rules for position 

accuracy, reconfiguration response time after being notified by the ESC, etc. Later that year, on 

October 23, 2015, WTB released another Public Notice seeking comment on the appropriate 

methodology for determining the contours for protecting existing 3650-3700 MHz wireless 

broadband licensees from CBRS users during a fixed transition period (3650-3700 MHz Protection 

Contours PN) [30]. Also, as directed by the Commission in the 3.5 GHz R&O, WTB and the Office of 

Engineering and Technology (OET) released a Public Notice seeking proposals for future SAS 

Administrator and Environmental System Capability (ESC) operators in the 3.5 GHz Band (SAS/ESC 

Proposal PN) [31]. The SAS/ESC Proposal PN summarized the requirements for both SAS 

Administrators and ESC operators, as established in the 3.5 GHz R&O, and described the process for 

submitting proposals. It also briefly described the process that WTB/OET will use to evaluate 

prospective SAS Administrators and ESC operators. Finally on May, 2016 the Commission issued 

Order on reconsideration and Second R&O (3.5 GHz Second R&O) to finalize the rules governing the 

innovative Citizens Broadband Radio Service in the 3.5 GHz Band [32].  

The rules adopted in the 3.5 GHz R&Os for commercial use of 150 megahertz in the 3550-3700 

MHz band (3.5 GHz Band) opens a new chapter in the administration of the electromagnetic radio 

spectrum. It establishes a roadmap for making the entirety of the 3.5 GHz Band available for 

commercial use in phases. The 3.5 GHz Band’s physical characteristics make it particularly well-

suited for mobile broadband employing small cell technology. The introduction of CBRS in this band 

will add much-needed capacity to meet the ever-increasing demands of wireless innovation.  

Incumbent users in the 3.5 GHz Band 

The 3550-3650 MHz band is allocated to the Radiolocation Service (RLS) and the ground based 

Aeronautical Radionavigation Service on a primary basis for federal use [28, 47]. Both fixed and 

mobile high-powered DoD radar systems on ground-based, shipborne, and airborne platforms 

operate in this band. These radar systems are used in conjunction with weapons control systems and 

for the detection and tracking of air and surface targets. The U.S. Navy uses the band for radars on 

guided missile cruisers. The U.S. Army uses the band for a firefinder system to detect enemy 
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projectiles [48]. The U.S. Air Force uses the band for airborne radar station equipment throughout 

the United States and to assist pilots in formation flying and to support drop-zone training.  

The 3500-3600 MHz and 3600-3650 MHz bands are allocated to RLS on a secondary basis for 

non-federal use. Survey operations, using transmitters with a peak power not to exceed five watts, 

may be authorized for federal and non-federal use on a secondary basis to other federal radiolocation 

operations. There are three non-federal RLS licensees, which are authorized to operate radiolocation 

land stations (station class LR) and radiolocation mobile stations (station class MR) using frequencies 

in the 3300-3500 MHz and 3500-3650 MHz bands. The 3600-3650 MHz band is also allocated to the 

Fixed Satellite Service (FSS) on a primary basis for non-federal use.  

The 3650-3700 MHz band is also allocated for terrestrial non-federal use [47]. All stations 

operating in this band must employ a contention-based protocol. Base and fixed stations are limited 

to 25 watts per 25 megahertz equivalent isotropically radiated power (EIRP) and the peak EIRP 

power density shall not exceed 1 watt in any 1 megahertz slice of spectrum; mobile and portable 

stations are limited to 1 watt per 25 megahertz EIRP and the peak EIRP density shall not exceed 40 

mW in any 1 megahertz slice of spectrum. Base and fixed stations may only be located within 150 

kilometers of an FSS earth station if the licensee of the earth station agrees to such operation [49]. 

Requests for base or fixed station locations closer than 80 kilometers to three Federal Government 

radiolocation facilities are only approved upon successful coordination by the Commission with 

NTIA. The 3650-3700 MHz band is allocated for primary use by the federal RLS at three designated 

sites. The 3650-3700 MHz band is also allocated for use by ship stations located at least 44 nautical 

miles from shore in offshore ocean areas on a non-interference-basis. 

Several of the allocations discussed above extend below 3550 MHz such as the primary 

allocations for shipborne, airborne, and ground based radars operated by DoD. FSS, which has a co-

primary allocation at 3600-3650 MHz, also makes extensive use of the 3700-4200 MHz band (C-

Band) in the United States and globally in order to provide video distribution, mobile voice and data 

backhaul, retail services, aeronautical applications, and other uses, to commercial and government 

customers. Terrestrial microwave services licensed under Part 101 of the Commission’s rules also 

operate in this band [47]. 

 

 

 



 

28 
 

Citizen Broadband Radio Service 

Facing ever-increasing demands of wireless innovation and constrained availability of clear 

sources of spectrum, the CBRS is an opportunity to add much-needed capacity through innovative 

sharing. CBRS aims to dissolve the age-old regulatory divisions between commercial and federal 

users, exclusive and non-exclusive authorizations, and private and carrier networks. The 

comprehensive regulatory scheme adopted in the 3.5 GHz R&O included specific licensing, technical, 

and service rules to enable dynamic sharing. The 3.5 GHz R&O established a three-tier framework for 

making the entirety of the 3.5 GHz Band available for shared commercial use utilizing an SAS to 

coordinate operations between and among users in different tiers. The SAS will serve as the advanced 

frequency coordinator necessary to assign rights and maximize efficiency in the band [26]. It 

incorporates information from the Environmental Sensing Capability (ESC) [31], which will be used 

to increase available spectrum in coastal areas while continuing to protect incumbent DoD radar 

systems.  

Incumbent Access users represent the highest tier in this framework and receive interference 

protection from all CBRS users. Protected incumbents include federal shipborne and ground-based 

radar operations and FSS earth stations in the 3600-3700 MHz band and, for a finite period, 

grandfathered terrestrial wireless operations in the 3650-3700 MHz portion of the band. An ESC is 

used to detect transmissions from DoD radar systems and transmit that information to an SAS to 

ensure that federal Incumbent Users are protected from interference. The CBRS consists of two 

tiers—PA and GAA - both assigned in any given location and frequency by the SAS. PA operations 

receive protection from GAA operations. PALs will be assigned via competitive bidding in up to 70 

megahertz of the 3550-3650 MHz portion of the band. GAA use will be licensed by rule throughout 

the 150 megahertz band. GAA users will be permitted to operate on any frequencies not assigned to 

PALs. GAA users will receive no interference protection from other CBRS users, including other GAA 

users, and must not interfere with higher tier operations. 

The core idea of the proposed 3-tier framework is to promote dynamic spectrum management 

approach while ensuring protection to the Federal incumbents. But this dynamic approach naturally 

discourages investment and participation from the Mobile Network Operators (MNOs) in the CBRS. 

The MNOs with their existing technical capabilities feel more comfortable with static spectrum 

management approach. So the dilemma in front of the FCC was to promote dynamic spectrum 

management and at the same time ensure participation of the MNOs in the CBRS. Keeping this in 

mind, the FCC expanded the eligibility for the PA tier in the 3.5 GHZ FNPRM that allowed the MNOs 

to enjoy priority status within the CBRS. The most critical entity of the proposed 3-tier access 
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framework and the spectrum management approach is the SAS. The primary hesitation of the critics 

of the 3-tier framework is that the scale and complexity of the dynamic SAS functionalities are 

enormous and it will require significant time and effort to develop and mature these functionalities. 

In this discussion we analyze the position of the Commission on different aspect of the CBRS 

through the 3.5 GHz R&O and the Second R&O in order to address this hesitation of the critics of the 

proposed 3-tier system. The 3.5 GHz R&O provided the regulatory and technological foundation of 

the CBRS. With the Second R&O, FCC finalized the rules governing the innovative Citizens Broadband 

Radio Service in the 3550-3700 MHz band (3.5 GHz Band). In addition to reaffirming the rules issued 

in the 3.5 GHz R&O, the Second R&O agrees to increase the power level for non-rural Category B 

CBSDs and for greater flexibility in how to measure and direct the power. The Commission also 

revised the measurement of Out of Band Emission (OOBE) limits to conform to the well-established 

root mean square (RMS) measurement technique. FCC also adopted a limited exception to the PAL 

assignment rules that would allow a single PAL to be issued in License Areas located in Rural Areas 

in the absence of mutually exclusive applications. The stakeholders of the 3.5 GHz band include 

incumbent fixed satellite service (FSS) earth stations, incumbent utilities and critical infrastructure 

industry (CII), adjacent C-Band incumbent satellite operations, cellular industry, potential 

database/SAS administrators, and dynamic spectrum access industry. Table 2 presents a tabular 

representation of different interest groups among the stakeholders. 

We will present a brief summary of a survey of the stakeholder’s comments in response to the 

3.5 GHz FNPRM. The stakeholders responded to different aspects of the FNPRM from their industry 

perspective. We look at these responses from the perspective of a dynamic SAS capable of facilitating 

the dynamic spectrum management approach. Our survey yielded a number of important issues 

which are required to be addressed for successful initial launch and operation of the proposed CBRS. 

We identify the required functionalities, technical capabilities, and composition of the SAS to support 

the dynamic spectrum management approach envisioned in the CBRS. To address the complexity of 

the SAS functionalities and scale of SAS responsibilities, as pointed out by the critics of the 3-tier 

framework, a modular SAS composition with close interaction among different modules will best 

serve the access framework. For every aspect of the proposed CBRS, we identify the required 

functionality, and the corresponding minimum set of information and the SAS module. 
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Table 2: Interest groups among the stakeholders 

Interest Group Members/Commenters 

SAS/TVWS Administrators 
Google, Telcordia Technologies, Comsearch, 
Spectrum Bridge 

Dynamic Spectrum Access Industry 

Federated Wireless LLC, InterDigital Inc., 
Microsoft Corporation, Shared Spectrum 
Company, xG Technology Inc., Whitespace 
Alliance,  

Wireless Broadband Industry 

Cambium Networks, Ltd., CTIA-The Wireless 
Association, Tarana Wireless, UK Broadband 
Limited, Vanu, Inc., Xchange Telecom Corp., 
CommScope, Neptuno Media, Inc., Cloud 
Alliance, LLC., Lockard & White, NMS 
Enterprises LLC.,  

Cellular Industry 

Mobile Network Operator 
AT&T, Sprint Corporation, T-Mobile, Verizon 
and Verizon Wireless 

Vendors 
Alcatel-Lucent, Ericsson, Motorola Mobility, 
Nokia, QualComm Inc.,  

Wireless Industry 
Association 

4G Americas, IEEE DySPAN-SC (Standard 
Committee), IEEE 802 LMSC, New America 
Foundation and Public Knowledge, 
Telecommunications Industry Association, 
PCIA - The Wireless Infrastructure 
Association and HetNet Forum, Wi-Fi 
alliance, Wireless Innovation Forum, 
Wireless Internet Service Providers 
Association, Competitive Carriers 
Association, WiMAX Forum,  

Satellite Earth 
Station 

S-Band Satellite Operation 
Satellite Industry Association, Baron Services 
Inc., Astrium Services Government, Inc. 

C-Band satellite Operation 
Content Interest, National Public Radio, 
National Cable and Telecommunications 
Association 

Utilities and CII 

American Petroleum Association,  
Entelec, Exelon, Motorola Solutions, 
Iberdrola USA Networks, Oncor Electric 
Delivery Company, Siemens Industry Inc., 
Southern Company Services, Utilities 
Telecom Council, Xcel Energy Services, 
CenterPoint Energy Houston Electric, 

Backhaul Network 
BLiNQ Networks, Inc., Cohere Technologies, 
Sprint Corporation 
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Others 

Terrestrial Fixed 
Microwave 

Communications 
Fixed Wireless Communications Coalition 

Communications for 
Underserved Communities 

and Tribal Lands 

Blooston 3.65 GHz Coalition, Salt River 
Project Agricultural Improvement and Power 
District 

Public Safety and FirstNet Harris Corporation 

Industry Associations 

Consumer Electronics Association, Content 
Companies, National Association of 
Broadcasters, Public Interest Spectrum 
Coalition, Enterprise Wireless Alliance,  

Financial Organization 
Cantor Telecom Services L.P., Allied 
Communications LLC 

Different Aspects of the CBRS 

The FCC finalized rules for different aspects of the CBRS operation in the 3.5 GHz R&O and the 

Second R&O [28, 32] in accordance with the NTIA recommendations filed as the letter from the NTIA 

Office of Spectrum Management to the FCC Office of Engineering and Technology (NTIA Letter) [46]. 

FCC issued the 3.5 GHZ NPRM [3] and the 3.5 GHZ FNPRM [27] to lay out the rules and policy 

discussion about the dynamic spectrum sharing approach through the tired-access system. With 

these NPRMs, the Commission requested the interested entities from industry, academia, and 

research community to provide their feedback on the feasibility, technical correctness, and time to 

initial roll out of the proposed CBRS system. The stakeholders responded to these rules from the 

perspective of their operational priority.  We used these perspectives to reshuffle the presentation of 

these aspects and group them according to their importance to the stakeholders. First we present the 

proposed rules for the CBRS general framework that provide the setup for the 3-tiered CBRS with IA, 

PA and GAA tiers. The general framework also lays out the authorization rules for the CBRS users. 

Then we present the spectrum allocation proposal that addressed the distribution of available shared 

spectrum among different tiers of users. Based on the general framework for the CBRS and the 

allocation proposal, FCC proposed rules for dynamic spectrum assignment by the SAS. We also 

present the proposed rules for the definition of PA License (PAL) units and it assignment process. 

Then we present the CBRS device (CBSD) general and radio requirements proposed in the FNPRM. 

The discussion of the above mentioned aspects of the CBRS provides the required platform to discuss 

about the proposed rules for protection of the federal and non-federal incumbent users.  
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Table 3: Different aspects of the proposed CBRS 

Different Aspect of CBRS Focus of proposed rules 

General Framework 

 3-tier Access Framework 

 Eligibility for Priority Access 

 Registration and Authorization  

Allocation Proposal 

 GAA spectrum pool 

 Opportunistic GAA access to unused PALs 

 Dynamic frequency assignment by SAS 

 70 MHz Spectrum for PA tier 

Priority Access License 

 Definition of PAL 

 Bandwidth of PAL 

 Duration of PAL 

 Operational area of PAL 

 PAL assignments through competitive bidding 

 Light-touch leasing for secondary assignment 

CBSD General Requirements 

 Geolocation reporting capability 

 Interference reporting capability 

 Interoperability throughout the band 

General Radio Requirements 

 Transmission power 

 Receive signal strength at the area boundaries 

 Out-of-Band emission 

 Interference tolerance 

 Measurement of the operating limits 

Protection of Federal 
Incumbents 

 Environmental Sensing Capability (ESC) 

 Geographic exclusion zone 

 Coordinated Protection zone 

 Advanced interference mitigation techniques 

Concerns for the Non-Federal 
Incumbents 

 Expanded eligibility of the PA tier 

 Inclusion of 3.65 GHz band in the CBRS 

 Provision for Contained Access (CA) users 

 Impact of CBRS on adjacent channel Incumbents 
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Protection of the Non-Federal 
Incumbents 

 Grandfather status for limited time 

 Advanced interference mitigation techniques 

We also present different aspects of the CBRS that resulted in concerns from the non-federal 

incumbent users. Table 3 presents different aspect of the CBRS as presented in this discussion. For 

each of the aspects of the CBRS proposed in the NPRM/FNPRM, we summarize the proposed rule, 

summary of the stakeholder’s standpoint on the rules, and focus on identifying the required SAS 

functionalities. A large number of the commenters, especially the MNOs expressed their opposition 

against the proposed dynamic spectrum management approach as this approach is outside the 

comfort zone of their existing technological capability and administrative structure. For successful 

realization of the proposed CBRS, it is imperative that the SAS has the capability to efficiently carry 

out these important functionalities. While surveying the comments of the stakeholders on different 

aspects of the FNPRM, we followed an “F-I-C” (Functionality-Information set-Composition) approach. 

In principle we agree with the Commission’s vision of dynamic spectrum management approach to 

maximize the spectrum usage efficiency. We identified the composition and functionalities of a 

dynamic able to facilitate dynamic access to the shared spectrum with favorable interference 

environment for different tiers of the FCC proposed CBRS. 

3-Tier Access Framework 

Proposed Rules 

The 3.5 GHz FNPRM proposed a 3-tier access framework consisting of IA tier, PA tier, and GAA 

tier for the CBRS. Existing primary operations – including federal users and grandfathered Fixed 

Satellite Service (FSS) earth stations – would make up the IA tier and would receive interference 

protection consistent with the proposed rules. The CBRS would be divided into PA and GAA tiers of 

service, each of which would be required to operate on a non-interference basis with the IA tier. The 

FCC proposed an expanded eligibility for the CBRS such that any party satisfying basic eligibility 

requirements under the Communications Act will be eligible to hold a PA license (PAL) or, when 

authorized, operate a CBSD on a GAA basis in the CBRS.  

The Commission also proposed rules for CBSD authorization. The FNPRM requires the CBSDs 

used for PA to register with the SAS by providing all information required by FCC rules and comply 

with its instructions consistent with CBSD general requirements. To get the authorization the PALs 

must demonstrate the applicant’s qualifications to hold an authorization and state how a grant would 

serve the public interest, convenience, and necessity. The CBSDs are required to provide the SAS with 



 

34 
 

information regarding its geographic location, antenna height, requested authorization status, 

unique FCC identification number, user contact information, and unique serial number. If the 

submitted information satisfies the authorization requirements, the SAS permits the CBSDs to 

operate in accordance with the frequency assignments and power limitations set by the SAS. The 

FNPRM also proposed that the authorization process and requirements may be reasonably 

automated by SAS administrators. 

Stakeholders Standpoint 

The critics of the Commission’s proposed 3-tier framework argued that it is an unproven and 

untested dynamic spectrum management approach. In the 3-tier framework, the Commission does 

propose to simultaneously implement novel spectrum management concepts [50, 51]. First, the 

dynamic sharing of the spectrum with incumbent federal ground-based, airborne, and ship-borne 

radar systems and among two tiers of commercial users, each with distinct spectrum access rights. 

Second, the nationwide implementation of the licensed small cells. Third, implementation of the 

granular licensing approach for commercial operations, especially without any expectation of license 

renewal. As a result, the network and device ecosystem and SAS technology required for such a novel 

spectrum management approach is unproven.  

The critics also argued that the dynamic SAS, as the central entity governing the proposed 

spectrum management approach, requires time to develop and mature in order to carry out its 

complex functionalities [52, 53]. According to the critics, the proposed 3-tier framework requires 

innovation from the perspective of technology, system security, regulations, and administration [54, 

55]. The CBSDs will require modification of the existing air interfaces to communicate with the SAS 

and to ensure security of the communications. The GAA devices will require innovations to satisfy 

the proposed geo-location and interference reporting capability. Also regulatory and administrative 

innovations are required to efficiently coordinate the small cell site locations and management of 

border area interference among different license service providers.  

The proponents of alternate access frameworks emphasized relying on known and proven 

licensing model to provide spectrum users with the certainty and stability needed to invest and 

deploy innovative services in the band. The core idea is to provide greater segregation between the 

various tiers of users, limiting the potential for interference. They also argued that the commercial 

systems are built to operate at a fixed band and dynamic assignment of spectrum would require 

significant modification of the existing protocols, interfaces, and device ecosystem. The proposed 

alternate frameworks are primarily aimed towards providing required certainty to the commercial 
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operators from the perspective of investment return. There are two main approaches for the 

alternate access frameworks: the transitional approach and the 2-tier framework. 

The main concept of the transitional approach is to segment the entire band to ensure availability 

of spectrum for different category if users. This approach allows PAL licensees to develop products, 

invest in networks, and introduce 3.5 GHz chipsets into the user devices, all without fear of 

interference [56]. At the same time it allows the GAA users to develop necessary capabilities to ensure 

proper functioning in the spectrum sharing environment [57, 58]. For Federal incumbents, the 

transitional approach offers more certain interference protection as the Commission introduces 

shared uses into the band [59]. It also allows spectrum use while the SAS undergoes further 

development and testing. With PAL and GAA users in separate frequency blocks, a much simpler SAS 

can be employed to prevent them causing harmful interference to incumbent operations. Thus the 

transitional approach can facilitate a trust environment between the IA and CBRS users and further 

the process of exclusion zone reduction. There are three major version of the transitional approach. 

Two exclusive segments: PA exclusive and GAA exclusive [56, 59-61] 

In this approach, the both the PA and GAA users get an exclusive band of their own and operate 

as a secondary user to the IA users in the band (Figure 3 (a)). The justification is to provide the PA 

users certainty for investment and infrastructure development. For GAA users it provides 

opportunity to develop the device ecosystem that can coexists with the IA users. 

a) 

 

b) 

 

c) 

 

Figure 3: Transitional Approach: a) 2 segments exclusive approach, b) 2 segments exclusive-

share approach, c) 3 segments exclusive/share approach 

Two exclusive/shared segments: PA exclusive and PA-GAA share band [57, 58] 

This approach also provides the PA users with an exclusive band for secondary operation. The 

other segment is used to develop the proposed 3-tier framework (Figure 3 (b)). Also this segment 
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can be used to gradually develop the required SAS functionalities as proposed in the 3-tier 

framework. 

Three exclusive/shared segments: PA exclusive, GAA exclusive, and PA-GAA share band 

[50, 54, 62-67] 

The 3 segment approach provides the CBRS users with their exclusive bands and at the same time 

allocate a certain portion of the band for experiment with the Commission’s proposed 3-tier 

framework (Figure 3 (c)). This approach allows the development of the SAS functionalities within 

this limited segment and at the same time allows GAA users to develop the device ecosystem suitable 

for coexistence with the IA users of the band. 

Once an ecosystem begins to evolve for 3.5 GHz base stations and client devices, and scalable SAS 

technologies are designed, tested and refined, adjustments necessary to span the entire band and 

account for increasingly complex sharing scenarios will be far more achievable.  

The other alternate framework proposed is based on the ASA/LSA access framework. The 

proponents of this approach argued that this approach would provide certainty to the investors, 

could take advantage of the existing technology and regulatory efforts, and would provide better 

protection to the IA users of the band [50, 68-70]. The ASA/LSA two tier framework allows 

commercial licensees to operate within the interstices of the frequency band where and when 

government users are not using it, and to quickly vacate the spectrum so incumbents can operate on 

a completely interference-free basis [50, 51]. Implementation of two tiers under this framework is 

completely transparent to the end user device. In Europe, ETSI is implementing the ASA two tiered 

framework, where it is referred to as LSA for Licensed Shared Access. So majority of the technical and 

regulatory works to enable a two-tier framework at the 3.5 GHz band is completed. On the ground of 

providing certainty of investment the supporter of the 2-tier framework urged that the commission 

should rely on conventional licensing mechanisms and adopt the 2-tier framework for the 3.5 GHz 

spectrum sharing system. 

On the other hand, the proponents of the proposed 3-tier model advocated that the proposed 

dynamic spectrum sharing and management concept is implementable using existing technologies. 

According to them, the critics of the 3-tier framework have mistakenly assumed that a SAS cannot 

manage the interactions between PAL and GAA users while protecting incumbents [71, 72]. Based on 

the experience of the TVWS database operation, the existing geo-location database technology and 

spectrum management platforms are technically capable of handling a multitude of complex policies 

and rules that facilitate tiered access to spectrum and a secondary spectrum marketplace [73, 74]. 
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For example, Spectrum Bridge claimed to have developed a frequency and spectrally agnostic 

spectrum management platform capable of supporting any band plan – fixed or dynamic [75]. The 

supporters of the proposed 3-tier framework believe that spectrum sharing in this band should be 

managed through an SAS and there are no technical obstacles to immediate implementation. In a way, 

the dynamic spectrum management approach would provide greater certainty and protection to all 

the users.  Loss of any specific channel in any specific locations would not result in the loss of PAL 

rights due to federal or FSS operations [72, 76]. At the same time it would allow protection of federal 

IA and PA operations while enabling a seamless experience for end users of CBRS services [77]. In 

addition, the spectrum sensing technologies could play a key role in augmenting SASs to better enable 

cooperative and opportunistic access [78, 79]. According to the supporters of the 3-tier access 

framework, it would be a major step backward for the Commission to adopt a transitional band plan. 

Majority of the commenters agreed in principle with the authorization proposal for the PA tier. 

The only concern they raised is about the mandatory registration of the CBSDs in order to operate in 

the shared band. The proposal does not clarify whether the end user devices fall under the CBSDs or 

not. The stakeholders aiming for the PA tier suggested that the end user devices should not be 

required to register with the SAS [80]. Instead the PA licensees should register the access points (eNB, 

femtocell, etc.) with the SAS describing the area of operation. This would allow the network operators 

to manage the end users and execute the network management plans, and would relieve SAS from 

micro-managing the network operation [58]. For the authorization of GAA devices, the Commission 

proposed a license-by-rule approach. Any party meeting the eligibility requirements would be 

authorized to operate a CBSD on a GAA basis without an individual station license. CBSDs used on a 

GAA basis must register with the SAS and comply with the requirements. Some of the advocates of 

the dynamic spectrum management approach asked the commission to adopt the unlicensed 

approach for the GAA devices based on the success story of the 2.4 GHz band [78, 81, 82]. According 

to them the GAA small cell devices should be unlicensed under the equipment authorization rules 

[78]. Others agreed with the Commission’s proposed license-by-rule approach but requested that the 

authorization approach should have light regulatory touch [81, 83, 84]. In order to provide flexibility 

in GAA operations, the regulatory burden on CBSDs should be limited to those rules necessary to 

protect incumbents from harmful interference [79, 81]. 

R&O on Access Framework and the SAS Functionalities  

The three-tier framework makes the entirety of the 3.5 GHz Band available for shared commercial 

use utilizing an SAS to coordinate operations between and among users in different tiers. An ESC may 
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be used to detect transmissions from DoD radar systems and transmit that information to an SAS. 

The SAS will incorporate information from the Environmental Sensing Capability (ESC), which will 

be used to increase available spectrum in coastal areas, while continuing to protect incumbent 

Department of Defense (DoD) radar systems. The 3.5 GHZ R&O and Second R&O adopted the 

proposed three-tier authorization model to encourage innovation, and spur investment in the band. 

It was also decided that the 3650-3700 MHz band should be included in the Part 96 authorization 

regime and the 3650-3700 MHz band should be reserved for GAA users and Grandfathered Wireless 

Broadband Licensees. The proposed approach accounts for the needs of commercial users, priority 

users, and the general access users. At the same time, this approach provides the necessary 

opportunity for the development of the network and device ecosystem and regulatory structure 

capable of realizing dynamic spectrum sharing. The critical element of realizing the dynamic 

spectrum management regime is the implementation of a dynamic SAS. The SAS is required to be able 

to protect the interest of the incumbent and facilitate the dynamic access of the PA and GAA devices 

to the available spectrum.  

  

Figure 4: SAS composition and information set: General Access Framework 

Following our approach of modular SAS composition, we propose separate SAS modules to 

manage different tier of users. At this stage our proposed SAS composition is presented in Figure 4. 

The proposed SAS has the following major modules: Incumbent manager, CBRS manager, 

authorization module, Spectrum Opportunity Detection module, and the SAS database. The SAS engine 
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facilitates interaction among different modules of the SAS. The CBRS manager has two separate 

modules, PA manager and GAA manager, to facilitate the operation of the two tiers in the CBRS. 

Incumbent Manager 

The responsibility of the Incumbent manager is to ensure coordination between the SAS and the 

incumbent operations. This coordination is critical for successful operation of the CBRS while 

ensuring the desired operating environment for the incumbent users. At this stage the Incumbent 

Manager includes only the Incumbent database access module. The database access module fetches 

information based on the prior agreement with the incumbent. The nature of the accessed primary 

user usage information plays a significant role in generating the probabilistic assurance about the 

quality of the spectrum opportunities. The incumbent user may agree to provide its usage 

information such as duration of operation or only the operational parameters such as transmit power 

and location, antenna height, and protection contour, etc. The Spectrum Opportunity Detection 

module identifies the available spectrum for the CBRS users based on the information gathered by 

the database access module. If the SAS is provided with incumbent’s operational parameters, it can 

either use the geolocation database, sensing technologies, or a database-plus-sensing approach to 

identify the spectrum opportunities. Thus the Spectrum Opportunity Detection module and the 

Incumbent manager module interact with each other and with the incumbent users in order to 

provide the CBRS users the opportunity to access the shared spectrum and at the same time ensure 

the desired interference environment for the primary user perspective.  

Authorization Module 

The Authorization module authorizes the CBRS users, both the primary user and the secondary 

users, and clears them for participating in the sharing of the incumbent users’ spectrum. The 

Authorization module should have the capabilities of receiving information from the CBRS users, 

performing the authorization procedure, and informing the applications about their authorization 

status. The R&O adopted the authorization rules, as suggested by the cellular communication 

industry, such that the PA user’s access points (PA-AP) should register with the SAS rather each of 

the end devices. This will provide the SAS with a central point of monitoring and communication to 

facilitate desired PA tier operations. The authorization rules for the GAA devices proposed in the 

FNPRM and Second FNPRM was also adopted by the 3.5 GHz R&O and the Second R&O. Information 

provided by the CBSDs for authorization purpose allows the SAS to monitor the CBSD operations and 

ensure that they are abiding the interference protection requirements of the incumbents. Table 4 

presents the task list and required information for each of the SAS modules in Figure 4. 
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Table 4: General Framework: Task List and Information Set for SAS Modules 

Module Task list 
Required Information 

Information Set Information Source 

Authorization 
Module 

 Receive CBRS user 
information 

 Perform authorization 
procedure 

 Inform CBRS users 
authorization status 

 Requested 
authorization status 

 CBSD location 
 Antenna parameters 
 FCC identification 

information 
 Contact information 

 CBSDs 

 CBRS requirements 
 Regulatory 

authority 

Incumbent 
Database 
Access 

 Check the extent of 
Incumbent 
cooperation 

 Access Incumbent 
database to fetch 

 Operational 
parameters 

 Geolocation 
information 

 Usage information 
 Security requirements 

 Incumbent-SAS 
agreement for 
information access 

 Incumbent 
database access 
module 

 Information required 
from the Incumbent 
database 

 Spectrum 
opportunity 
detection module 

Spectrum 
Opportunity 
Detection 

 Check available 
opportunity detection 
mechanisms 

 Perform opportunity 
detection 

 Incumbent assurance 
 Geolocation database 
 Incumbent detection 

through sensing 
 Sensing-plus-database 
 Generate list of 

available 
opportunities 

 Ensure required 
information privacy 
for the Incumbents 

 Assurance from 
Incumbent 

 Incumbent information 
 Transmitter identity 
 Geolocation 

information 
 Transmission power 
 Antenna parameters 
 Interference tolerance 

 Incumbent 
database access 
module 

 Terrain profile 
 Propagation models 
 Sensor information 
 Sensing node location 
 Sensing node 

reputation 
 Fusion center location 

 SAS database 
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Allocation Proposal 

Proposed Rules 

The Commission proposed rules governing frequency assignments that would balance the needs 

of PA Licensees and GAA users. The allocation proposal for the 3.5 GHz band has four major aspects. 

First, it proposes to reserve a minimum of 50% of the 3.5 GHz Band in any given census tract for GAA 

use. After accounting for IA tier use, the remaining spectrum to be assigned as PALs. Second, any 

spectrum not assigned to PALs or not in actual use by PALs would be available for GAA on an 

opportunistic basis. Third, Contained Access (CA) users may request up to 20 MHz of GAA spectrum 

from the SAS to be reserved for CA Use inside a CA Facilities (CAFs). Fourth, the SAS dynamically 

assign and maintain PAL channels and GAA bandwidth within given geographic areas in real time. 

Under this approach of dynamic frequency assignment, there is no fixed spectral location for the PA 

or GAA allocations. Although PALs would be assigned with spectrum blocks of 10 MHz, there is no 

fixed channel size for GAA use and the GAA users would be permitted to operate on a range of 

frequencies within the GAA pool, as determined by the SAS. 

Stakeholders Standpoint 

Majority of the stakeholders agreed with the concept of the proposed GAA spectrum floor to 

ensure stability for ‘unlicensed’ or ‘license by rule’ applications [74]. Some of the commenters 

supported the proposal to reserve 50% of the available bandwidth for GAA use [85-89]. Others, 

especially supporters of the dynamic spectrum access approach demanded more aggressive 

reservation for the GAA users [79, 90, 91]. It was proposed that as a baseline a minimum of 50% of 

the available bandwidth should be made available for GAA use at any given time over the full 150 

MHz band [92-96]. The exact partitioning of the band between the PA and GAA use would be 

determined dynamically, based on the need. Another proposal suggested to reserve the greater of 50 

MHz or 50% of non-incumbent spectrum within each census tract for GAA use [81, 97]. New America 

Foundation proposed a dynamic approach in which the minimum GAA reservation would be defined 

as a proportional ratio based on the available spectrum in a given location or time after protecting 

incumbents, rather than a fixed bandwidth [98] and this relative allocation ratio should be flexible to 

modification over time. 

Majority of the stakeholders also supported the “Use it or share it” approach where opportunistic 

GAA devices could function on unused portions of the PA tier [71, 74, 81, 88, 93-95, 98-102]. They 

claim that the same dynamic mechanisms proposed for CBSD-incumbent system sharing spectrum 
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can also be applied to GAA-PA spectrum sharing [103, 104]. A dynamic SAS would determine 

allowable transmission parameters based on predicted and measured interference levels and 

interference protection thresholds. Whether a channel is active or idle would be determined by the 

SAS. SAS could differentiate between base stations or access points that are handling actual, real-

world customer traffic and which base stations or access points are simply 'idling' and not serving 

real, end-user needs [90, 91]. Method for coexistence in the 3.5 GHz band may include ‘listen-before-

talk’ capability for GAA devices [81], near-real-time notification from PAL [96], periodic reporting of 

traffic and measurements from CBSDs, and TTL concept, or evacuation commands from the SAS [92].  

On the other hand, the stakeholders planning to operate in the PA tier, especially the wireless 

carriers opposed both the spectrum floor and opportunistic access of unused PAL spectrum 

provisions for the GAA users on the principle that rules should not set aside spectrum for a particular 

class of users [70, 105, 106]. They argued that reserving 50% of spectrum for GAA may not leave 

enough spectrum available for multiple PA Licensees and would violate the priority status of the PA 

tier users [53-55, 58, 107, 108]. According to them the initial reservation of 50% of the spectrum for 

GAA use, if adopted, should not remain static if the incumbent operations reduce the total amount of 

spectrum available for private sector uses [55]. It was also claimed that the proposed GAA spectrum 

floor would complicate global harmonization and implementation of the shared system and 

advanced techniques such as carrier aggregation [109]. The prospective PA tier users also suggested 

that opportunistic GAA use of PAL spectrum should not be allowed on spectrum where PAL facilities 

have been deployed in order to avoid potential harmful interference, even during a period when it is 

“unused” [55, 109, 110]. If the Commission ultimately includes the proposed opportunistic GAA 

access in the rule, these stake holders proposed that the determination of used spectrum should come 

directly from the PA Licensee [55]. The SAS should not have the responsibility to determine “actual 

use” because it will not know how the PAL license fits into a licensee’s network management strategy 

[53]. For example, PA Licensee may dedicate a channel in all or a portion of its license area as a guard-

band to protect its network from interference. In summary these commenters believes that further 

study is required before making “unused” PAL spectrum available for opportunistic GAA use [110]. 

The supporters of transitional or 2-tier access framework and other stakeholders from the 

wireless communication industry strongly opposed the proposal of dynamic frequency assignment 

[50, 56, 59-61, 68-70]. From the wireless carrier’s perspective, PA Licensees require stable 

assignment of frequencies across the service area – not dynamically assigned spectrum – to maximize 

efficient use of reliable mobile broadband services [59, 63, 69].  Adopting a fixed frequency spectrum 

regime would promote investment and innovation in the band. So the spectrum in use under a PAL 
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should not be available for dynamic assignment [60, 101]. They also disagreed with the proposal of 

no fixed spectral location for CBRS user’s spectrum assignment and that the SAS would dynamically 

determine the assignment of the spectrum. They proposed that the SAS should not be responsible for 

dynamic PAL frequency assignments and the Commission should adopt fixed assignments for PALS 

[110]. The proposed use of dynamically-assigned 10 MHz channels for PAL licensees, rather than 

fixed channels, may raise potential technical issues regarding control channels, synchronization, 

OOBE, handover, etc. [65, 68, 74].  

Majority of the commenters outside the cellular communication industry welcomed the 

Commission’s proposal of dynamic spectrum assignment by the SAS in real time [71, 80, 81, 92]. The 

dynamic spectrum management approach would facilitate coexistence and interference protection 

among the various users [77, 90]. PA or GAA Users should not be entitled to a specific 10 MHz block 

and the SAS should have the flexibility to dynamically assign spectrum blocks at any time—even 

during a PAL period [72, 92]. SAS can take into account the actual size and shape of the adjoining 

emitter and receiver masks for devices at a given area and assign blocks to maximize efficient use of 

the spectrum [72, 81]. In order to realize dynamic spectrum assignment by SAS, the CBSDs should 

have the capability and obligation to report signal level measurements in their local environment to 

the SAS [93]. This will enable the SAS to validate its algorithms continuously, support all users, and 

assist the Commission in identifying reported sources of interference [71]. The champions of the 

dynamic spectrum management approach also welcomed the proposal of no fixed channel size for 

GAA users as this provide the opportunity for innovation and facilitates diverse use cases [71, 79]. 

The GAA users would be permitted to operate on a range of frequencies within the GAA pool, as 

determined by the SAS. The dynamic spectrum assignment by SAS would provide certainty in terms 

of spectrum availability [71, 81], maximize spectrum use [92, 95], and facilitate the coexistence of a 

diverse user class [77]. 

 

R&O on Allocation and the SAS Functionalities  

The 3.5 GHZ R&O adopted allocation proposals largely consistent with the FNPRM proposals, as 

amended to reflect the NTIA Letter [46]. FCC also proposed to add a co-primary, non-federal fixed 

and mobile allocation to the band. The Commission also proposed to retain the federal allocation for 

airborne radar systems subject to the same type of approach used in the AWS-3 proceeding where 

the commercial operations accept interference from federal airborne systems. The non-federal co-

primary fixed and mobile except aeronautical mobile allocations will allow for shared use of the band 
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between Citizens Broadband Radio Service and incumbent federal Radiolocation and Aeronautical 

Radionavigation and non-federal FSS services. 

Ensuring the availability of a stable and significant quantity of spectrum for both PA Licensees 

and GAA promises to foster innovation, encourage efficient use of the band, and create an 

environment conducive to a wide array of potential users and uses. The CBRS consists of two tiers—

PA and GAA - both assigned in any given location and frequency by an SAS. PA operations receive 

protection from GAA operations. A PAL is defined as a non-renewable authorization to use a 10 MHz 

channel in a single census tract for three years. A maximum of 70 megahertz may be reserved for 

PALs in any given license area at any time and the remainder of the available frequencies should be 

made available for GAA use. PALs will be assigned via competitive bidding in up to 70 MHz of the 

3550-3650 MHz portion of the band. One PA Licensee may hold up to 40 MHz of PALs in any given 

census tract at any given time. GAA use will be licensed by rule throughout the 150 MHz band. GAA 

users will be permitted to operate on any frequencies not assigned to PALs. GAA users will receive 

no interference protection from other CBRS users, including other GAA users, and must not interfere 

with higher tier operations. 

A maximum of 70 MHz may be reserved for PALs in any given license area at any time and the 

remainder of the available frequencies should be made available for GAA use. PALs will be assigned 

via competitive bidding in up to 70 MHz of the 3550-3650 MHz portion of the band. One Priority 

Access Licensee may hold up to 40 MHz of PALs in any given census tract at any given time. GAA use 

will be licensed by rule throughout the 150 MHz band. GAA users will be permitted to operate on any 

frequencies not assigned to PALs. They are also allowed to access the spectrum opportunities that 

are assigned to the Priority Access Licensees but are not in ‘use’ at that particular instant. GAA users 

will receive no interference protection from other CBRS users, including other GAA users, and must 

not interfere with higher tier operations. 
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Figure 5: SAS composition & info set: allocation proposal & technical rules 

The allocation proposal for the CBRS puts SAS as the governing entity for spectrum opportunity 

allocation among different tiers of users. By proposing no fixed channel size for GAA users, it provides 

the platform for dynamic spectrum management. It also provides incentive to innovative and 

involved dynamic GAA usage by reserving a spectrum pool. Also according to the rules, the CBSDs 

(both GAA and PA) has to have frequency agility to operate anywhere in the entire 3.5 GHz band and 

thus pushing the GAA systems towards a more dynamic usage of spectrum. To accommodate the 

allocation proposals, we introduce the Spectrum for GAA, Spectrum for CA, Spectrum for PALs, and 

Dynamic Frequency Assignment (DFA) modules (Figure 5). The PAL usage monitor module is also 

introduced in the PA Manager to ensure that the PA users operate within the proposed rules. 

Priority Access (PA) Manager 

The Priority Access manager ensures the available spectrum opportunities and dynamically 

assigns frequencies for Priority Access operation. The Priority Access manager needs to coordinate 

with both the Incumbent Access and the General Authorized Access manager in order to obtain the 

most recent spectrum availability information. The Priority Access spectrum availability module 

requires information about the number of available PAL channels, number of active PAL channels, 

spectrum allocations for General Authorized Access and CA users, and PAL channels used by the 
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General Authorized Access users. Based on this information, the Priority Access spectrum availability 

module prepares a list of PAL channels available for future assignment and also informs the General 

Authorized Access manager if any PAL channel that has been assigned to General Authorized Access 

users is to be claimed back. The PAL usage monitor module is responsible for determining the usage 

status of the PAL and ensures the availability of the unused PAL channels for GAA opportunistic use. 

Table 5: CBRS Allocation: Task List and Information Set for SAS Modules 

Module Task list 
Required Information 

Information Set Information Source 

Spectrum for 
PA Tier 

 Check available spectrum 
opportunities 

 Check allocations for the 
GAA tier 

 Check allocation for the 
CA users 

 Determine available 
spectrum opportunities 
for PA tier 

 Claim back PALs used by 
GAA based on PA 
demand 

 Available spectrum 
opportunities 

 Opportunity 
detection module (IA 
manager) 

 Allocation for GAA 
tier 

 Allocation for CA 
users 

 Spectrum for GAA tier 
module 

 List of PALs to be 
claimed back 

 Dynamic frequency 
assignment (PA tier) 
module 

Dynamic 
Frequency 
Assignment 
(PA Tier) 

 Check the available 
spectrum opportunity for 
PA tier 

 Receive spectrum 
demand from PA-APs 

 Efficient resource 
allocation  

 Prioritizing contiguous 
allocation if possible 

 Generating temporary 
list of available PALs for 
future allocation 

 Available 
opportunity for PA 
tier 

 Spectrum for PA tier 
module 

 Spectrum demand 
from PA users 

 PA-APs 

 Use status of the 
assigned PALs 

 PAL usage monitor 
module 

PAL Usage 
Monitor 

 Identify the PAL channels 
that are in active use 

 Generate list of unused 
PAL for opportunistic 
GAA use 

 Coordinate with 
Spectrum for GAA tier 
module 

 List of Assigned 
PALs 

 Dynamic frequency 
assignment (PA tier) 
module 

 List of PALs used 
by GAA tier 

 Spectrum for GAA tier 
module 
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Spectrum for 
GAA Tier 

 Check available spectrum 
opportunities 

 Check allocations for the 
CA users 

 Check allocation for the 
GAA tier 

 Get the list of unused 
PALs for GAA assignment 

 Determine available 
spectrum opportunities 
for GAA tier 

 Available spectrum 
opportunities 

 Opportunity 
detection module (IA 
manager) 

 Spectrum 
allocation for CA 
users 

 Spectrum for CA 
module 

 List of unused PALs 
 PAL usage monitor 

module 

Spectrum for 
CA users 

 Check available spectrum 
opportunities 

 Check allocations for the 
GAA tier 

 Check allocation for the 
CA users 

 Available spectrum 
opportunities 

 Opportunity 
detection module (IA 
manager) 

 Spectrum 
allocation for GAA 
tier 

 Spectrum for GAA tier 
module 

Dynamic 
Frequency 
Assignment 
(GAA Tier) 

 Check the available 
spectrum opportunity for 
GAA tier 

 Receive spectrum 
demand from GAA users 

 Efficient resource 
allocation  

 Generating temporary 
list of available GAA 
spectrum for future 
allocation 

 Available 
opportunity for 
GAA tier 

 Spectrum for GAA tier 
module 

 Spectrum demand 
from PA users 

 GAA users 

The Dynamic Frequency Assignment (DFA) module of the PA tier ensures dynamic assignment 

of available PA spectrum with a best effort approach towards contiguous allocation. It coordinates 

with PA spectrum availability and interference management modules to know the available resource 

and interference context for frequency assignment (Figure 5). This module also receives the 

spectrum demand from the PA users along with associated QoS requirements and is responsible for 

reassigning PAL channels to address any unwanted interference event. 

 

GAA Manager 
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The responsibilities and sub-modules of the GAA manager are somewhat similar to those of the 

PA manager. The capabilities of the GAA spectrum availability module include ensuring the GAA 

spectrum pool, accounting for the reserved CA spectrum, and ensuring availability of the unused PAL 

channels. This module coordinates with the spectrum availability modules of the IA and PA managers 

and generates a list of available frequencies for the GAA users. The DFA module of the GAA manager 

must have the capabilities of receiving the spectrum demands from the GAA users with associated 

QoS requirements, dynamic opportunity scheduling, and reassigning allocations as needed. As there 

is no fixed channel size for GAA use and the DFA module is required to have the capability of efficient 

resource allocation to maximize the spectrum efficiency and satisfying the QoS demands of the GAA 

users. The task list and the required information set for these modules are presented in Table 5. 

Priority Access License: Units, Aggregation, and Assignment 

Proposed Rules 

In the NPRMs, PAL units are defined in terms of time, frequency, and geographic area in order to 

promote granular but administratively streamlined licensing approach. PALs will be authorized at 

the census tract level and geographic aggregation across license areas will be permitted. PALs will 

operate over 10 MHz unpaired channels with the ability to aggregate multiple (3) channels. The 

license term will be limited to one-year with no renewal, but entities will be allowed to aggregate up 

to five (5) consecutive years of licenses. PALs will be awarded through competitive bidding to resolve 

any mutually exclusive applications received for initial PALs. The frequency assignments governing 

rules are proposed to balance the needs of PA Licensees and GAA users. To foster a robust GAA 

ecosystem, a meaningful amount of the 3.5 GHz Band must be reserved for GAA use in any given 

geographic area. The Commission proposed to reserve for GAA use a minimum of 50 percent (50%) 

of the 3.5 GHz Band in any given census tract – after accounting for any frequencies used by 

Incumbent Access tier operators in the area – with the remainder to be assigned as PALs. 

The Commission proposed to employ the general competitive bidding rules set forth in Part 1, 

Subpart Q to resolve any mutually exclusive applications received for initial PALs [27]. The 

Commission, on an annual basis, would open windows for applications for available PALs. To 

accommodate the ability of licensees to aggregate consecutive one-year terms, the Commission may 

offer multiple consecutive years of PAL rights simultaneously. At the close of such a window, the 

Commission would hold an auction to assign PALs where there are mutually exclusive applications 

pending. The existing bidding process options include sequential and simultaneous auctions, single 

and multiple round auctions, and auctions with combinatorial bidding. In the Broadcast Incentive 
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Auction NPRM the Commission proposed a rule that provides for the establishment of specific 

auction procedures governing bid collection, assignment of winning bids, and the determination of 

payment amounts in spectrum license auctions.[111] Such auctions may use one or more rounds of 

bidding and/or contingent stages of bidding; and may incorporate bids or offers that simply specify 

a price for an item, that indicate demand for an item at a specified price, or that are more complex. 

The Commission is also considering any revision in the existing payment rules to address unique 

aspects of the CBRS, such as the short license term for PALs, the potential for applicants to become 

winning bidders for licenses that do not become effective until a year or more after the initial PAL. 

Also the Commission is considering revision of the existing payment rule to ensure that a winning 

bidder may not game the results of an auction by bidding upon consecutive year PALs only to seek to 

selectively pay for some but not others of those bids at a later date. The Commission is also weighing 

the option if awarding bidding credits in the CBRS would be necessary to ensure the participation of 

small businesses in competitive bidding. To facilitate a secondary market for PALs, the commission 

is considering the extent to which existing secondary market rules (both for license transfers and for 

leases) might be appropriately modified with respect to the secondary market for PALs in the 3.5 

GHz Band. 

Stakeholders Standpoints 

The Commission proposed the PAL units in accordance with its vision to promote granular but 

administratively streamlined licensing approach as an initial step toward promoting flexibility, 

fungibility and liquidity in the secondary market. The Commission defined the PAL units by defining 

the size of PAL in terms of geographic area, duration of license, and size of spectrum block. But the 

prospective PAL users, especially the cellular communication industry, opposed the proposal 

mentioning that extending license terms, adopting a renewal policy, expanding geographic size, and 

enhancing power levels will promote PAL participations [63]. 

The proposal of using census tract as PAL’s geographic area of operation received mixed 

response. Some of the commenters supported the census tract license scheme mentioning that the 

proposed fine grid areas would clearly offer the most flexibility and reuse at this wavelength [78, 

112, 113]. Coverage area of a 3.5 GHz femtocell is <1km2 which justifies the use of census tracts as a 

reasonable order of magnitude [73]. They also opposed modification of the proposed PAL geographic 

area. A more granular "pixels" or other smaller unit might be adequate for non-rural areas, but would 

be inappropriate for rural areas where the benefits of higher-power operations could be 

unnecessarily confined within smaller geographic areas [90].  
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The proposal of census tract as PAL’s geographic area of operation was addressed by a variety of 

counter proposals. One of the major issues raised by the commenters is that the management of the 

74000 census tracts may prove to be administratively burdensome [66]. It was also claimed that the 

census tract is a poor fit for small cell deployments as their edges “generally follow visible and 

identifiable features”. These features often divide the very areas where it will make the most sense 

from a network coverage perspective to deploy access points [114]. The prospective PAL users, 

especially the cellular communication industry, supported license areas that are larger than the 

census tract [50, 66, 115].  Various larger geographic units were suggested for PAL such as the 

traditional mobile licenses area [66], county [69], metropolitan service area, etc. On the other hand 

the Utilities and CII industry members requested to tailor the geographic areas or the channel sizes 

to the needs of mission critical communications users [77, 88, 116] and opted for a smaller PAL unit 

in terms of geographic area. Proposed census tract and geographic aggregation approach may impose 

unnecessary constraints for utility Smart Grid networks [117]. On the other hand, adopting a more 

granular licensee area would reduce the likelihood that portions of PA spectrum will be used 

inefficiently [71]. The proponents of dynamic spectrum management asked for a more aggressive 

approach dynamic geographic unit for PAL.  According to the dynamic geographic unit approach, the 

PAL areas should be based on interference protection needs and should correspond to actual 

network deployment [71]. This approach is claimed to have the added advantage of reducing the 

need for a separate category of CAF users. 

Majority of the commenters agreed with the proposed 10 MHz channel size for PAL as it align 

with the existing standards [69, 84, 87, 90]. Some minor modifications were proposed such as 

allowing the 5 MHz [85] and 20 MHz [50, 69] blocks in addition to the proposed 10 MHz block. But 

the cellular communication industry members disagreed on the proposed spectrum cap of 30 MHz 

for channel aggregation. The wireless carriers strongly opposed the 30 MHz cap mentioning that this 

upper limit on holding PALs is proposed without any justification [54, 55, 60]. Stakeholders outside 

the cellular industry welcomed the proposal as a mechanism to avoid spectrum hoarding by a single 

entity [77, 82] and asked the Commission to enforce the spectral cap for any single licensee over a 

given area [84, 92]. In this regard the Utilities and CII industry members requested the Commission 

to allow Grandfathered systems in the 3.6 GHz band that certify use of more than 30 megahertz 

within a census tract to retain that spectrum under Priority Access licensing [84]. 

The strongest opposition to the proposed definition of the PAL unit was aimed towards the 

proposed one year term with no renewal expectancy [58-60, 106, 109]. The cellular industry 

indicated this as a major issue that would impose uncertainty and discourage investment. 10 or 15 
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year terms are the norm associated with wireless service licenses and they typically include an 

expectation of renewal [57]. A one year term even with the possibility for licensees to aggregate 

multiple consecutive PALs to obtain multi-year rights will be insufficient to provide the predictability 

and certainty needed for MNOs and other potential PA users of the spectrum to make investments in 

the band [66, 69]. In addition, the investors demand the certainty of continuous operation to ensure 

the return of their investment. The commenters urged the Commission to adopt a multi-year PAL 

licensing with preference or renewal expectancy for current licensees [50, 60, 69, 85, 115]. The 

members of the cellular industry provided some alternative proposals to encourage the investors. 

These proposals included adopting the traditional 10 year term with renewal expectancy [60], initial 

2 year term with a one year renewal subject to build out requirements [112], a 3 year license term 

during the transition period [66, 69]. The cellular industry also supported the proposed aggregation 

up to 5 years [90, 118]. The supports of the transitional approach proposed an initial term of 3 years 

and a first renewal of 2 years. After the original 5 year license term, PA Licenses should be able to 

renew for additional 1 year terms so long as service is being provided in the licensed service area 

[60]. The dynamic spectrum access industry on the other hand opposed any proposal that allows a 

commercial party to obtain multi-year rights by aggregating consecutive PAL terms within the same 

geographic area [81]. 

In response to the proposed rules for the auction process, the commenters have three major 

standpoints. The Utilities and CII members opposed the auction of spectrum in the 3550-3700 MHz 

band because competitive bidding for PALs against the commercial carriers will greatly disadvantage 

users who do not generate direct revenue from their use of spectrum [88, 112, 117, 119]. They 

request the Commission to have special provision and present a number of counter proposals. These 

proposals included a simple lottery based system for multiple PAL applicants [112], discrete auctions 

for mission critical communications users [88], separate CII filing window [85], etc. In order to 

provide a level playing field and to allow the Utilities and CII entities to fairly participate, these 

entities requested the Commission to place spectrum holding limits upon commercial carriers [118] 

and provide bidding credits for the entities that would use the spectrum for “mission critical” 

communications system[105, 116, 118].  

The members of the cellular industry responded to the proposed auction rule by cautioning the 

Commission that the untried dynamic auction approach creates considerable uncertainties [109] and 

the Commission should provide greater clarity in the auction rules [60]. According to them the 

proposed auction rules lack the predictability for infrastructure investment certainty and QoS, which 

typically require multi-year planning and deployment horizons and additional time thereafter to 
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yield reasonable returns to long-term infrastructure investors [63]. The members of the cellular 

industry supported the proposed rule to allow package bidding for contiguous frequencies and 

contiguous service years [64]. On the other hand, the supporters of the dynamic spectrum 

management approach welcomed the proposed auction rules as this provides a mechanism for the 

introduction of new innovative uses of spectrum within recognized commercial time frame [78, 84]. 

They agreed that a dynamic SAS will be able to manage the dynamic spectrum auction process for 

the commercial PALs [83, 120] and requested the commission to consider permitting dynamic 

disaggregation and partitioning of the licenses as this may improve demand and value of the 

spectrum opportunities in the secondary market [68, 121]. Some commenters suggested that the 

licensees should be permitted to trade future PAL rights via secondary market transactions as this 

would relieve potential users from the burden of accurately predicting future demand [73]. The 

proposal of secondary market for allowing usage right to secondary users has the potential of 

promoting innovative, short-lived, and more dynamic use cases for the available spectrum 

opportunities and thus improve the overall spectrum usage efficiency. 

R&O on Allocation and the SAS Functionalities 

The Commission proposed the PAL units in accordance with its vision to promote granular but 

administratively streamlined licensing approach as an initial step toward promoting flexibility, 

fungibility and liquidity in the secondary market. The proposed rules for PAL units, aggregation, and 

assignment require a separate module, Auction center, to facilitate the assignment of licenses 

through competitive bidding. The Spectrum for PA module also needs to be able to accommodate the 

granular license units and aggregation based on the decision of the Auction center.  

Dynamic disaggregation and partitioning will impose additional complexity and overheads. But 

at the same time going back to the traditional dedicated licensing will stall the effectiveness of the 

dynamic spectrum management approach. The use of census tract as the operational area of the PALs 

could potentially result into inefficient spectrum usage at the boundaries. This can be addressed by 

complementing the operational area with suitable interference environment conditions at the 

boundaries. In the 3.5 GHz R&Os [28, 32], a Priority Access License (PAL) is defined as a non-

renewable authorization to use a 10 MHz channel in a single census tract for three (3) years. A 

Priority Access applicant may apply for up to two consecutive three-year terms for any given PAL 

available during the first application window, for a total of six years. A maximum of 70 MHz may be 

reserved for PALs in any given license area at any time and the remainder of the available frequencies 

should be made available for GAA use. PALs will be assigned via competitive bidding in up to 70 MHz 
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of the 3550-3650 MHz portion of the band. One PA Licensee may hold up to 40 MHz of PALs in any 

given census tract at any given time. GAA use will be licensed by rule throughout the 150 MHz band. 

Both PA and GAA use will be assigned and coordinated by an SAS, which will also perform additional 

coordination functions as set forth in the rules. GAA users will be permitted to operate on any 

frequencies not assigned to PALs. GAA users will receive no interference protection from other CBRS 

users, including other GAA users, and must not interfere with higher tier operations. Table 6 presents 

the task list, required information set and the sources of the information to facilitate the proposed 

rules for PAL unit, aggregation, and assignment. 

Table 6: PAL Unit, Aggregation, and Assignment: Task List and Info Set for SAS Modules 

Module Task list 
Required Information 

Information Set Information Source 

Auction Center 

 Receive applications 
from interested PAL 
users 

 Carry out the auction 
process 

 Inform the applicants 
the auction results 

 Forwards the 
assignment decisions 
to SAS modules 

 Bidding information 
 Authorization 

information 
 Operational area 
 Aggregation 

information 
 Contact information of 

the applicants 

 PAL applicants 

 Authorization 
information 

 Authorization 
Center 

Spectrum for 
PA users 

 Check allocation for 
the PA users 

 Determine available 
PAL units for PA tier  

 Check the PAL 
aggregation 
information 

 PAL assignment 
information 

 Aggregation 
information 

 Auction Center 

Dynamic 
Frequency 
Assignment 
(PA Tier) 

 Dynamic assignment 
based on PAL unit 
and aggregation 

 Available PAL 
channels  

 Operational area 
 Aggregate QoS 

demand  

 Spectrum for PA 
users 

PAL Usage 
monitor 

 Monitor PAL user 
activity satisfy 
assignment 
conditions 

 PAL assignment 
information 

 Spectrum for PA 
users 
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Dynamic disaggregation and partitioning will impose additional complexity and overheads. But 

at the same time going back to the traditional dedicated licensing will stall the effectiveness of the 

dynamic spectrum management approach. The use of census tract as the operational area of the PALs 

could potentially result into inefficient spectrum usage at the boundaries. This can be addressed by 

complementing the operational area with suitable interference environment conditions at the 

boundaries. In the 3.5 GHz R&Os [28, 32], a Priority Access License (PAL) is defined as a non-

renewable authorization to use a 10 MHz channel in a single census tract for three (3) years. A 

Priority Access applicant may apply for up to two consecutive three-year terms for any given PAL 

available during the first application window, for a total of six years. A maximum of 70 MHz may be 

reserved for PALs in any given license area at any time and the remainder of the available frequencies 

should be made available for GAA use. PALs will be assigned via competitive bidding in up to 70 MHz 

of the 3550-3650 MHz portion of the band. One PA Licensee may hold up to 40 MHz of PALs in any 

given census tract at any given time. GAA use will be licensed by rule throughout the 150 MHz band. 

Both PA and GAA use will be assigned and coordinated by an SAS, which will also perform additional 

coordination functions as set forth in the rules. GAA users will be permitted to operate on any 

frequencies not assigned to PALs. GAA users will receive no interference protection from other CBRS 

users, including other GAA users, and must not interfere with higher tier operations. Table 6 presents 

the task list, required information set and the sources of the information to facilitate the proposed 

rules for PAL unit, aggregation, and assignment. 

Technical Rules for CBSDs 

Proposed Rules 

The CBSD general requirement and the general radio requirements are proposed to ensure 

efficient spectrum use and coexistence and secure communication among different tiers of CBRS. The 

approaches required to achieve these objectives include proper authorization, determination of 

spectrum availability, management of interference environment, and dynamic assignment of 

available frequencies. To enable the SAS to authorize and effectively coordinate the use of shared 

spectrum in the 3.5 GHz Band, CBSDs must have certain administrative, operational, and reporting 

capabilities. These capabilities include registering with SAS by providing required administrative and 

operational information, Geolocation reporting capability, interoperability, interference reporting 

capability, and certain radio capabilities.  

The Commission proposed that the CBSDs must be able to determine their geographic 

coordinates to an accuracy of ±50 meters horizontal and ±3 meters vertical. Further, a CBSD must re-
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establish its position and report changes to its position within 60 seconds to the SAS each time it is 

activated from a power-off condition. A CBSD must check its location at least once every 60 seconds 

while in operation and report to the SAS any location changes exceeding ±50 meters horizontal and 

±3 meters elevation within 60 seconds of such location change. 

To facilitate the proposed dynamic approach to frequency assignment, the Commission proposed 

that the CBSDs must be interoperable across all frequencies from 3550-3700 MHz. This would ensure 

that all CBSDS and End User Devices certified to operate in the band would be capable of sending and 

receiving information regardless of the frequencies assigned by the SAS. An interoperability 

requirement will also help to establish uniform certification requirements for both the GAA and the 

PAL equipment. Both these points are important to generate economies of scale and also to make 

sure that GAA equipment is manufactured to the same standards as the PAL equipment. 

In order to address the real time interference issues, the Commission proposed that the CBSDs 

would report to the SAS if they experience interference that exceeds a threshold established by the 

SAS. To meet this requirement, CBSD devices would need to incorporate the ability to measure and 

report on their local signal level environment. 

Stakeholders Standpoints 

Majority of the commenters agreed that the location information would be important for the SAS 

to function properly. But a number of commenters pointed out that the existing technology cannot 

satisfy the Geolocation capability requirements [52, 53, 60, 101, 110]. According to them, the 

reporting requirements are impractical and onerous [53] and they are unware of any feasible 

technology to meet the horizontal and vertical accuracy requirements [60, 110]. Others mentioned 

that the existing technology may satisfy the horizontal accuracy requirement based on the ongoing 

proceeding on E911 location accuracy, but cannot provide geographic information to the SAS within 

±3 meters elevation with sufficient accuracy [52]. Achieving the timing requirements for the 

proposed geolocation and reporting capability may also prove to be challenging as the wireless 

providers and manufacturers rely upon GPS technologies to provide position fixes [77]. On the other 

hand, the supporters of the dynamic spectrum management approach suggested that the proposed 

rules are unreasonable and unnecessary to protect incumbent operation [71, 72, 92]. According to 

them, the location accuracy should be a characteristic of each device and the SAS should be allowed 

to dynamically calculate worst-case interference based upon the location capabilities of the device 

[72]. 
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Majority of the commenters supported the proposed rule for interoperability that the 

equipments certified to operate on the band, whether on a GAA or a PA basis, should be capable of 

dynamic frequency selection across the entire band based on an SAS channel assignment that could 

change depending on location, frequency or time [82, 87, 92, 114]. It was suggested that the 

interoperability requirement should not be imposed as a rule [101] and that the commercial PAL and 

GAA equipment manufacturers should be responsible for their own receiver performance design and 

harm interference threshold [79]. Some of the commenters also asked for clarification that the 

"Interoperability" relates only to operations across all relevant frequencies, but does not require 

devices to conform to any particular air interface standard [90]. The non-federal incumbents on the 

band suggested that the Legacy 3650-3700 MHz equipments should be excluded from the 

interoperability requirement [91]. 

Many technologies already support this capability to allow radio resource management within a 

network [103, 110]. The supporters of the dynamic spectrum management approach agreed that SAS 

should use the CBSD interference management reports to determine suitable assignments and to 

identify sources of interference [71, 92]. Some of the commenters disagreed with the proposal that 

allows SAS to adjust maximum EIRP of CBSDs to address any interference issue and believe that the 

SAS should mitigate interference by monitoring CBSD error rates and changing operational 

frequency [90]. Members of the cellular industry raised concern that such measurement information 

must be provided rapidly enough to mitigate the interference [60, 70].  Without rapid, actionable 

information from the SAS on interference issues, the PAL operators will not be able to react to the 

issue in time to manage interference and the SAS will not be able to manage the dynamic frequency 

assignments [101]. 
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Figure 6: SAS Architecture: CBSD General Requirements 

R&O on Allocation and the SAS Functionalities 

The geolocation and interference reporting capability and interoperability of the CBSDs are the 

fundamental requirements for the dynamic spectrum management approach. CBSDS with these 

technical capabilities will enable SAS to efficiently execute the dynamic assignment of available 

spectrum and ensure coexistence among different tier of the CBRS. The critics of these proposed rules 

argued that the technical decisions made by the Commission must be guided by current technological 

realities, not by the potential of future capabilities that have not been shown to be feasible [60]. 

Compliance with certain of the Commission’s technical rule proposals has not been proven to be 

technically feasible at this time. We won’t be commenting on the feasibility of these capabilities as 

these general requirements are for CBSDs. In this report, we are discussing from the perspective of 

SAS. In this section we discuss the SAS modules and functionalities required to accommodate these 

CBSD capabilities. The SAS could use the geolocation and interference reporting capability to 
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efficiently monitor the CBRS user’s activities. The rules for interoperability for the CBSDs will allow 

the SAS to efficiently perform dynamic frequency assignment. Figure 6 shows the SAS composition 

that accommodates the proposed rules for CBSD general requirements and Table 7 presents the task 

list and required information for the corresponding modules. 

Table 7: CBSD requirement: Task List and Information Set for SAS Modules 

Module Task list 
Required Information 

Information Set Information Source 

PAL Usage 
Monitor 

 Receive the geolocation 
information of the PAL 
users 

 Receive the 
interference 
environment of the 
PAL operational area 

 Monitor that the PA 
users satisfying the 
operational restrictions 

 Geolocation information 
with required vertical 
and horizontal accuracy 

 Interference 
environment 

 PAL users 

 Agreed interference 
environment 

 Operational restrictions 

 Regulatory 
Authority / 
Authorization 
Center 

GAA Usage 
monitor 

 Receive the geolocation 
information of the GAA 
users 

 Receive the 
interference 
environment of the 
GAA operational area 

 Monitor that the GAA 
users satisfying the 
operational restrictions 

 Geolocation information 
with required vertical 
and horizontal accuracy 

 Interference 
environment 

 GAA users 

 Agreed interference 
environment 

 Operational restrictions 

 Regulatory 
Authority / 
Authorization 
Center 

Spectrum for 
PA Tier 

 Receive the geolocation 
and interference report  

 Identify the available 
spectrum opportunity 
for the PA users 

 Geolocation information 
of PA users 

 Interference 
environment of PA users 

 PAL usage monitor 

Spectrum for 
GAA users 

 Receive the geolocation 
and interference report  

 Identify the available 
spectrum opportunity 
for the GAA users 

 Geolocation information 
of GAA users 

 Interference 
environment of GAA 
users 

 GAA usage 
monitor 
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DFA (PA and 
GAA Tier) 

 Use geolocation and 
interference reports for 
efficient frequency 
assignment 

 Geolocation report 
 Interference reports 

 PAL and GAA 
usage monitor 

 Updated spectrum 
availability based on 
geolocation and 
interference report 

 

 Spectrum for PA 
tier 

 Spectrum for GAA 
tier 

General Radio Requirements 

Proposed Rules 

The general radio requirements proposed for the CBSDs are targeted towards facilitating 

interference management and coexistence of different tier of the CBRS. The rule proposed a list of 

conducted and emitter power limits for different operational environment. The end user devices are 

allowed to a maximum EIRP of 23 dBm per 10 MHz. The baseline rule permits the CBSDs to a 

maximum conducted power of 24dBm/10MHz with additional 6 dB of antenna gain. For rural areas, 

the CBSDs may operate up to 30dBm/10MHz of conducted power with an additional 17 dB antenna 

gain. The proposed rule also specified maximum conducted power for fixed point-to-point systems 

to be 30dBm/10MHz with an additional antenna gain of 23 dB. It also proposed that the CBSDs should 

limit their operating power to the minimum necessary for successful operations and should include 

transmit power control capability and the capability to adjust maximum EIRP in response to 

instructions from an SAS.  

Table 8: Conducted and Emitted Power Limits (Proposed in 3.5 GHz NPRMs) 

  Max conducted 
O/P power 

(dBm/10MHz) 

Max EIRP 
(dBm/10MHz) 

Max conducted 
PSD 

(dBm/MHz) 

End User Device All N/A 23 N/A 

Category A CBSD All 24 30 14 

Category B CBSD Non-Rural 24 40 14 

Category B CBSD** Rural 30 47 20 

** Category B CBSDs will only be authorized for use after an ESC is approved and commercially 
deployed consistent with sections 96.15 and 96.67 of the 3.5 GHz R&O [28] 
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The general radio requirements also specified that the median signal strength of CBSD 

transmission at any location on the boundary of a co-channel PAL should not exceed -80 dBm as 

measured by a 0 dBi isotropic antenna in 10 MHz, unless the affected licensees or incumbents agree 

to a different field strength and communicate that to SAS. This requirement facilitates management 

of interference environment among co-channel PA users. For PA and GAA operations in the 3.5 GHz 

Band, the Commission proposed to apply the limit of 43+10log(P), which is equivalent to –

13dBm/MHz, to all emissions outside of channel assignments and frequency authorizations by SAS 

in the 3.5 GHz Band. The Commission further proposed to apply a stringent limit of -40dBm/MHz 

with a transition gap of 30 MHz immediately outside the 3.5 GHz band. For CBSD emissions above 

3680 MHz or below 3520 MHz, the power of any emissions at these frequencies should be attenuated 

below the transmitter power in watts by at least 70+10log(P) dB, which is equivalent to –

40dBm/MHz.  

The rule also specified the minimum level of interference tolerance expected from the CBSDs. PA 

Licensees must accept adjacent channel and in-band blocking interference up to a PSD level not to 

exceed -30dBm/10MHz with greater than 99% probability, unless the affected licensees agree to a 

higher or lower PSD limit and communicate with the terms of such agreement to the SAS. GAA 

operations are subject to the conditions that they should cause no harmful interference to IA Users 

or PA Licensees and claim no protection from interference received from IA Users or PA Licensees. 

PA and GAA Licensees must accept interference in authorized areas of operation from federal radar 

systems up to a peak field strength level of 180dBuV/m. 

Stakeholders Standpoints 

Majority of the stakeholders in their response to the NPRM requested the Commission to increase 

the power limit of the CBSDs. In the FNPRM, the Commission increased the power limits for different 

operational environments compared to that proposed in the NPRM. Even with this increment in the 

power limits, members of the cellular industry expressed their disagreement and asked for higher 

conducted and emitted power limits. Some of the incumbent operations also requested an increased 

power limit as the proposed limits dramatically reduces their operational power, constraints the 

minimal link budget, and impacts target applications, such as backhaul operation, Smart Grid WAN 

deployment, etc. [117, 122]. A number of commenters requested the Commission to authorize higher 

power levels for systems deployed in the rural areas [65, 98]. If the Commission would adopt the 

proposed power levels in the rule, it was suggested that the SAS should have discretion to permit 

higher power levels based on location of the CBSD and knowledge of the presence or absence of 
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incumbents in the region [58]. The members of the cellular industry asked for higher power level and 

presented several counter proposals. Majority of the commenters suggested a maximum EIRP of 

either 25 dBm/10 MHz based on the 3GPP Technical Specification (“TS”) 36.101 which provides for 

2 dB tolerance [87, 107] or 36dBm/10MHz to match the power level of the uncontrolled Wi-Fi 

devices [53, 60, 70, 71]. One of the more aggressive proposals also suggested a CBSD baseline power 

level should be 40dBm/10MHz + 6 dBi antenna gain (46 dBm EIRP) for omnidirectional uses, and 

40dBm/10MHz + 18 dBi antenna gain (58 dBm EIRP) for directional coverage for outdoor PAL usage 

[54]. Members of the cellular industry also cautioned the Commission that the total EIRP of the 

system, dependent on antenna beam-width and gain, shall not exceed the total EIRP specified for PTP 

deployments of 53 dBm to prevent harmful interference and minimize the area required for 

exclusion zones [60] and the GAA users should be limited to the proposed 24 dBm transmission 

power [53]. For small cell operations near coasts, it was suggested that allowing 47 dBm EIRP in rural 

locations near the coast lines could cause interference to incumbent systems and should not be 

allowed [50]. One of the commenters identified an anomaly that even with maximum EIRP of 

47dBm/10MHz, a fixed end user device transmitting at only 23dBm/10MHz EIRP would not be able 

to reliably communicate back to the CBSD. And this would effectively reduce the link distance and 

reliability to the least common denominator of23 dBm/10 MHz EIRP [90]. It was suggested that for 

rural areas the Commission should modify proposed power levels so that the maximum conducted 

output power is 30dBm/10MHz with a maximum EIRP for end user devices of 47dBm/10MHz.  

The rules require the CBSDs to comply with a -80dBm/10MHz signal level threshold anywhere 

along the census tract boundary. But a number of commenters argued that the small cell deployments 

would not be possible in those areas unless the operator obtains a license in each relevant census 

tract or negotiate coexistence conditions with each of its neighbors to provide relief from the -80 

dBm boundary condition [114]. Majority of the commenters supported a more cooperative approach 

among the CBRS users and suggested that the PAL and GAA service providers may coordinate with 

each other to determine an acceptable RSS limit [79, 112]. It was also suggested that rather than 

using a one-size-fits-all specification (-80 dBm boundary condition), the Commission should allow 

multilevel interference framework with different regimes (areas, channel sets) for managing the 

allowed frequency reuse density to achieve different IoT targets [54, 55].  

Members of the cellular industry expressed their disagreement on the proposed OOBE limits.  

According to them, the use of -40dBm/1MHz at a frequency offset of 30MHz, i.e., above 3680 MHz 

and below 3520 MHz would not comply with 3GPP TS 36.101 OOBE limits of -25dBm/1MHz for 10 

MHz channels beyond a 10 MHz frequency offset for End User Devices [60, 70, 101, 106]. Commenters 
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outside the cellular industry mostly agreed with the proposed OOBE limit and requested the 

Commission to refrain from adopting any limits more stringent than proposed in the rule [87, 112]. 

It was also suggested that the EIRP limits for point-to-point systems in rural areas should be allowed 

to remain the same if a smaller bandwidth is employed (an increase of the power spectral density to 

23dBm/MHz for a 5 MHz channel) [112]. The supporters of the dynamic spectrum approach 

continued to argue for a more dynamic approach and suggested that appropriate OOBE limits for 

specific operating environment should be determined based on the need to protect specific 

operations at a given time, place, and frequency [71, 76, 100]. According to them this dynamic 

approach of determining OOBE limits will result in increased device performance without requiring 

stringent thresholds for all devices [72]. 

On the proposed rules for interference tolerance capabilities of the CBSDs, majority of the 

commenters suggested that the Commission should refrain from imposing mandatory receiver 

standards and should be set by standards organizations [87, 107, 108]. They requested the 

Commission to facilitate a multi-stakeholder approach to the development of relevant standards, 

including receiver standards [123]. Some of the commenters agreed with the proposed PSD limit of -

30dBm/10MHz that CBSDs and end user devises operating on a PA basis must accept as it conforms 

with the 3GPP out-of-band blocking specifications for LTE, but opposed the proposal that End User 

Devices be capable of accepting interference up to a peak field strength level of 180dBμV/m 

mentioning that the proposed rule is extremely severe and is not currently achievable [87]. The 

supporters of the dynamic spectrum management approach believes that PA systems and devices 

should also be allowed to operate, on an informed basis, in regions where interference from 

incumbents may occur [92]. According to them, the LTE or Wi-Fi systems can both be adapted to 

mitigate possible interference from Incumbents, including high-powered radar signals. 

R&O on Allocation and the SAS Functionalities 

The rules for general radio requirements are proposed to facilitate the interference management 

and coexistence among different tiers of CBRS users and the Incumbent users. As the governing entity 

of CBRS, the SAS has to monitor that the CBRS users are operating within the proposed rules.  

 

 

 

Table 9: Conducted and Emitted Power Limits (from 3.5 GHz R&O) 
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From the perspective of SAS, these rules will facilitate SAS to effectively carry out the dynamic 

spectrum management approach by ensuring coexistence and favorable interference environment. 

As mentioned by the stakeholders, implementation of some of these operational capabilities in the 

CBSDs might be technically challenging. But looking from the SAS perspective, here we will discuss 

the required SAS functionalities that use these rules in order to facilitate desired coexistence.  

The 3.5 GHz R&O and the Second R&O [28, 32] finalized the conducted and emitted power limits 

as presented in Table 9. It also finalized more stringent emission and interference limits than 

proposed in the NPRMs: i) -13 dBm/MHz from 0 to 10 megahertz from the SAS assigned channel 

edge, -25 dBm/MHz beyond 10 megahertz from the SAS assigned channel edge down to 3530 MHz 

and up to 3720 MHz, and iii) -40 dBm/MHz below 3530 MHz and above 3720 MHz. Category B CBSDs 

will only be authorized for use after an ESC is approved and commercially deployed consistent with 

sections 96.15 and 96.67 of the 3.5 GHz R&O [28]. Compliance with emission limits shall be 

demonstrated using either average (RMS)-detected or peak-detected power measurement 

techniques. 

  
Max EIRP 

(dBm/10MHz) 
Max conducted PSD 

(dBm/MHz) 

End User Device All 23 N/A 

Category A CBSD Baseline 30 20 

Category B CBSD Rural areas 47 37 

** Category B CBSDs will only be authorized for use after an ESC is approved and 
commercially deployed consistent with sections 96.15 and 96.67 of the 3.5 GHz R&O [28] 
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Figure 7: SAS Architecture: General Radio Requirements 

The rules also include that for both PA and GAA users, CBSD transmissions must be managed such 

that the aggregate received signal strength for all locations within the PAL Protection Area of any co-

channel PAL, shall not exceed an average (RMS) power level of -80 dBm in any direction when 

integrated over a 10 MHz reference bandwidth. Also the peak-to-average power ratio (PAPR) of any 

CBSD transmitter output power must not exceed 13 dB. The PA and GAA usage monitor modules 

must include the monitoring capabilities to ensure proper functioning of the CBSDs. They should be 

able to collect operational information from the PA-APs and the GAA devices. This information will 

also help the SAS to effectively carry out the dynamic frequency assignment among different tiers of 

the CBRS. These rules will also allow the Spectrum for PA and Spectrum for GAA modules to identify 

opportunities that conforms to the desired interference environment. 

The Interference management modules of both the PA and GAA Manager can also receive the 

usage information from the usage monitor modules to ensure that the CBRS users are abiding by the 

rules. If any user is found to operating outside the permitted configuration, necessary steps will be 

taken to rectify the situation. Figure 7 shows the SAS composition and Table 10 presents the 

associated task list and required information set for the proposed CBSD radio requirements. 
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Table 10: General Radio Requirements: Task List and Information Set for SAS Modules 

Module Task list 
Required Information 

Information Set Information Source 

PAL Usage 
Monitor 

 Monitor that the PA 
users satisfying the 
operational 
restrictions 

 Interference 
environment 

 PAL users 

 Agreed interference 
environment 

 Operational 
restrictions 

 Regulatory Authority 
/ Authorization 
Center 

GAA Usage 
monitor 

 Monitor that the 
GAA users satisfying 
the operational 
restrictions 

 Interference 
environment 

 GAA users 

 Agreed interference 
environment 

 Operational 
restrictions 

 Regulatory Authority 
/ Authorization 
Center 

Interference 
Management for 
(PA and GAA 
Tier) 

 Receive usage 
information from 
the spectrum usage 
monitor 

 Monitor that 
interference 
environment 

 Identify CBRS users 
causing undesired 
interference 

 Report unwanted 
interference events 
to the enforcing 
entity 

 Usage information 
 Interference 

environment of PA 
users 

 PAL and GAA usage 
monitor 

 Agreed interference 
environment 

 Operational 
restrictions 

 Regulatory Authority 
/ Authorization 
Center 

DFA (PA and 
GAA Tier) 

 Use the usage 
information for 
efficient frequency 
assignment 

 Usage information 
 Interference reports 

 PAL and GAA usage 
monitor 

 Updated spectrum 
availability based on 
interference report 

 Spectrum for PA tier 
 Spectrum for GAA tier 

PA Manager 

The proposed technical rules enable the PA manager to efficiently determine the “use” status of 

PAL channels using the geolocation reports from the PA users. The PA locator sub-module should 

have the capability of receiving the geolocation reports and allowing the PAL usage monitor and IM 
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module to use this information. The PA manager also uses this information to make sure that the PA 

user is operating within its designated operating area. The IM module of the PA manager ensures 

that the PA users is abiding by all the proposed radio requirements such as transmission power and 

OOBE limits and maintains a comfortable interference environment among the neighboring PA users. 

GAA Manager 

The GAA manager employs two new modules to accommodate the proposed technical rules. The 

GAA usage monitor module makes use of the GAA locator to observe whether the GAA devices are 

conforming to the allowed operational parameters. The GAA location sub-module should be able to 

receive the geolocation reports and ensure that the GAA devices are operating within the authorized 

area. The IM module of the GAA manager facilitates acceptable interference environment such that 

the GAA devices do not cause any harmful interference to the higher tier users. This module should 

have the capabilities of coordinating with the GAA usage monitor module and identifying the source 

of GAA interference based on the interference reports. If any unwanted interference event is 

identified, the IM module advices the GAA device to adjust its operating parameters or informs the 

enforcement entity to ensure desired interference environment. 

Protection of the Federal Incumbent 

Proposed Rules 

The core concept of the proposed CBRS in the 3.5 GHz band is that the CBSDs must not cause 

harmful interference to and must accept harmful interference from federal users authorized to 

operate on the band [3]. The Federal incumbent in the 3550-3650 MHz band includes fixed and 

mobile high powered DoD radars using ground-based, shipboard, and airborne platforms, and 

Federal radiolocation service (RLS) and ground-based aeronautical Radionavigation service (ARNS) 

[27]. In the adjacent bands, the Federal incumbent includes high-powered ground and airborne 

military radars in the 3100-3500 MHz band and radiolocation service in the 3650-3700 MHz band. 

In the proposed rule, the Commission adopted the NTIA’s proposed exclusion zones, approximately 

one to 60 km, coupled with frequency offsets of 40 or 50 MHz, to prevent incumbent operations and 

broadband wireless systems from causing interference to each other. For high-power ship-borne 

Naval radars this exclusion zone results in an over-land separation distances of several hundred 

kilometers. The CBSDs must comply with the geographic Exclusion Zones based on the parameters 

set forth in the Fast Track Report to ensure compatibility with federal operations and the SAS must 

ensure that CBSDs do not operate within Exclusion Zones. The SAS must immediately suspend 
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operation of any CBSDs found to be causing harmful interference to Incumbent Users until such 

harmful interference can be resolved. In the NPRM, the Commission discussed about the possibility 

of reducing the proposed exclusion zones through effective SAS, advanced interference mitigation 

techniques, and through inclusion of small cell technical and operational parameters in the 

calculation of exclusion zones. The FNPRM contemplated additional uses of the band with varying 

maximum transmit power levels and antenna gains other than small cells and suggested that these 

use cases must be factored into the consideration of Exclusion Zones. The Commission also discussed 

the approach of dynamic coordinated access within the exclusion zone which allows authorized 

coordinated operations for GAA – and possibly PA – tier users inside the proposed exclusion zone. 

Stakeholders Standpoints 

The stakeholders from every interest group agreed that the Commission should significantly 

reduce the proposed exclusion zone which covers 60% of the U.S. population [58, 71, 81, 85, 107, 

110, 112]. The commenters unanimously pointed out that the proposed exclusion zone effectively 

make the band unusable [53] and a reduced zone is a critical component to the acceptance of this 

band [59, 65, 103]. They also believe that the exclusion zones should be better managed based on 

“real world” protection requirements [90, 95]. The exclusion zones can be reduced by an order of 

magnitude by deploying small cells that operate with much lower transmit power than the typical 

cellular macro-cells that NTIA had assumed in the Fast Track Report [50]. The stakeholders mainly 

pointed out two major drawbacks of the proposed exclusion zone and thus must be reevaluated [81, 

87]. The first drawback is that the analysis of the proposed static exclusion zone does not consider 

the technical and operational characteristics of small cell, which is the primary use case of interest 

for the 3.5 GHz band [58, 93]. The operational characteristics and existing technologies to tolerate 

significantly more interference than considered in the NTIA analysis result in an order of magnitude 

reduction in the exclusion zone [70, 79, 90]. The commenters urged that the Commission should 

recalculate the exclusion zones using the NTIA’s radar and propagation models but with operating 

parameters appropriate for LTE small cells and separation distances lower than 50km [70]. The 

second drawback of the exclusion zone analysis is that it considers the protection of CBRS operation 

while calculating the zones. The commenters pointed out that the Federal exclusion zones should 

protect federal incumbent users from PA and GAA users, and not vice versa [58, 60, 81, 93] as the 

secondary users neither require nor warrant protection from primary operations [58, 60]. The 

advanced technologies such as OFDM, eICIC, SON, FEC, and interleaving allows LTE, WiMAX, WiFi, 

and other similar systems to easily recover from the burst errors that result from pulses of radar 
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energy that occupy only a short duration of the transmitted frame [59, 79]. It was also suggested that 

the Commission should draw exclusion zones solely to protect federal operations and not for 

protecting adjacent non-federal operations [58].  

Some of the stakeholders carried out experiments to determine more appropriate exclusion 

zones [50, 70, 71]. Their findings indicate that the proposed exclusion zone assumed the worst case 

on a wholesale basis [71]. Based on the technical and service characteristics of small cell deployments 

and considering the advanced interference mitigation techniques employed by small cells, the static 

geographic exclusion zones are not necessary to protect the incumbent operations. A large number 

of commenters suggested that the DoD and SAS administrators should consider a more dynamic 

approach to exclusion zone by adopting interference protection as a criterion based on the “real 

world” incumbent use [58, 60, 79, 90]. The commenters also emphasized that exclusion zone could 

be based on the actual technical characteristics of the particular technology and network deployment 

of the PA licensee or the GAA user [71, 92]. The geographic exclusion zones should be time 

dependent, determined individually for each networks, and dynamically managed by SAS [92].  

Some of the commenters suggested that the SAS should allow the CBSDs coordinated access with 

incumbent operations and to thereby convert the exclusion zones into coordination zone [53, 113]. 

Coordination zone approach would allow certain radio transmitters to be deployed within what 

would otherwise be the Exclusion Zone, subject to coordination with the Federal incumbent [109]. 

The supporters of dynamic spectrum management approach disagreed with the idea of coordination 

zone as this would be a time-consuming, mutually burdensome coordination process in which each 

user seeks permission from federal operators to access a static exclusion zone [71]. They suggested 

that the Commission should adopt a more dynamic spectrum sharing mechanism such as database-

plus-sensing techniques for incumbent protection [79, 93, 103]. Even with stationary PU, due to 

variations in local propagation conditions, DSA based on sensing-plus-database more efficiently 

allocates spectrum among new users and existing incumbent systems than DSA where a database 

only enforces fixed geographic exclusion zones [79]. In this approach, the exclusion zones can be 

eliminated entirely with the implementation of DSA or similar sensing technologies into all end user 

devices in the 3.5 GHz band [93]. This can be accomplished with sensing at least two different ways; 

by deploying dedicated sensors in key locations (e.g., along the coast) or by leveraging the proposed 

CBSD interference reporting requirements [79]. 

R&O on Allocation and the SAS Functionalities 
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NTIA describes a phased approach to implementing protection criteria of federal operations, 

including the approval of an ESC to detect signals from federal radar systems. The ESC input would 

be used by the SAS to direct Priority Access licensees and GAA users to another portion of the 3.5 GHz 

Band or, if necessary, to cease transmissions to avoid potential interference to federal radar systems. 

In the first phase, as recommended by NTIA, geographic exclusion zones would be established along 

the coastlines and around designated ground-based radar locations. CBSDs with an EIRP up to 30 

dBm as measured in a 10 MHz bandwidth would be authorized to operate outside of the Exclusion 

Zones during this phase but higher power operations would not be permitted. Approved SASs would 

manage CBRS users outside of the Exclusion Zones during this phase. Phase two would begin after an 

ESC that meets all of the requirements set forth by the Commission is approved and synchronized 

with at least one approved SAS. With the SAS and ESC in place, the Exclusion Zones for the incumbent 

users would be converted to Protection Zones. ESC deployment near the borders of protection zones 

(i.e., not nationwide) would protect radars from interference. 

In the first phase, as recommended by NTIA, geographic exclusion zones would be established 

along the coastlines and around designated ground-based radar locations. CBSDs with an EIRP up to 

30 dBm as measured in a 10 megahertz bandwidth would be authorized to operate outside of the 

Exclusion Zones during this phase but higher power operations would not be permitted.  

 

 

Figure 8: SAS Architecture: Protection of Federal Incumbent 
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Approved SASs would manage Citizens Broadband Radio Service users outside of the Exclusion 

Zones during this phase. Phase two would begin after an ESC that meets all of the requirements set 

forth by the Commission is approved and synchronized with at least one approved SAS. With the SAS 

and ESC in place, the Exclusion Zones for the coastal areas and the ground-based radars would be 

converted to Protection Zones. ESC deployment near the borders of protection zones (i.e., not 

nationwide) would protect radars from interference.  

As a consequence of ESC deployment in phase two, the Exclusion Zones will be converted to 

Protection Zones. Citizens Broadband Radio Service operations in the 3550-3650 MHz band will be 

permitted within Protection Zones, including major coastal cities, except when the ESC reports 

federal use in the area. Availability of an ESC will also allow use of Category B CBSDs in the 3550-

3650 MHz band portion, provided that the relevant system parameters required to protect the 

federal Incumbent User at these higher levels are determined and implemented through the ESC 

approval process. After the ESC and SAS are approved, spectrum availability will be determined and 

conveyed automatically, promoting efficient use of the band and ensuring that federal Incumbent 

Users are protected. 

Protection of the Federal Incumbent operations from the CBRS users is the core condition for 

sharing the spectrum. As indicated by the stakeholders and also acknowledged by the Commission, 

the static geographical exclusion zone proposed in the FNPRM will be reconsidered based on 

operational characteristics of small cells. We believe that SAS can play an important role to provide 

sufficient protection to the Incumbent operations. The Federal Incumbent Protection module can use 

the interference environment information from the Interference Monitor modules of the PA and GAA 

Manager and desired interference environment information from the IA Database Access module. 

Based on this information the SAS will be able to identify the area of operation for the CBRS users. 

Some of the stakeholders proposed that the protection of incumbent operation should be based on 

the interference environment of the involved systems. This puts the SAS in charge of deciding the 

coordination zone and at the same time ensures required protection to the incumbent operations. 

Figure 8 presents the SAS composition that includes module for Federal incumbent operation 

protection. The task list and the required information set are presented in Table 11. 
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Table 11: Protection of the Federal Incumbents: Task List and Information Set for SAS 

Modules 

Module Task list 
Required Information 

Information Set 
Information 

Source 

 Federal 
Incumbent 
Protection 

 Access required 
protection criteria from 
the incumbent 
operation 

 Receive incumbent 
satisfaction report 

 Coordinate with the 
usage monitor modules 
of the PA and GAA 
Managers 

 Inform Interference 
Management modules 
of the GA and PAA 
Manager of any 
unwanted interference 
environment 

 Incumbent 
protection 
criteria 

 Incumbent 
satisfaction 
report 

 Incumbent 
users 

 Interference 
environment of 
the PA and GAA 
users 

 Usage monitor 
modules of the 
PA and GAA 
Managers 

 Usage Monitor 
 (GAA and PA 

Manager) 

 Coordinate with the 
Incumbent Protection 
module 

 Interference 
environment of 
the PA and GAA 
users 

 PA-APs and 
GAA users 

 Interference 
Management 
(GAA and PA 
Manager) 

 Coordinate with the 
Incumbent Protection 
module 

 Coordinate with the 
Usage Monitor modules 
of the PA and GAA users 

 Take necessary actions 
to restore desirable 
interference 
environment 

 Unwanted 
interference 
environment for 
the Incumbent 
operation 

 Incumbent 
Protection 
module 

 CBRS 
interference 
environment 

 Usage Monitor 
modules (PA 
and GAA 
Manager) 

Incumbent Manager 

The primary objective of the Incumbent manager is to maintain coordination with the incumbent 

operations. To facilitate this task, this module must have the capability to access information about 

the incumbent’s interference environment such as the interference tolerance capability of the 

incumbent. If any interference event is identified, the database access module can gather information 

about the spectral and geographical location of the source and acceptable “time to vacate” parameter. 
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The Incumbent Protection module should be capable of coordinating with the database access 

module and GAA and PA usage monitoring module. It should also have the capability of informing the 

IM module of the PA and GAA managers if the incumbent suffers from any unwanted interference. 

Inclusion of the 3.65GHz Band in the CBRS  

The 3.5 GHZ FNPRM proposed to include the 3650-3700 MHZ (3.65 GHZ) band in the CBRS and 

offered a 5 year Grandfather status to the incumbent operations. The 3.5 GHz R&O agreed with the 

NPRM proposal and finalized the rule that the 3650-3700 MHz (3.65 GHz) band should be included 

in the Part 96 authorization regime. It also decided that the 3650-3700 MHz band should be reserved 

for GAA users and Grandfathered Wireless Broadband Licensees.  

As expected, the commercial operations of the 3.65 GHz Band are not willing to welcome a novel 

and untested technical and regulatory framework into the band of their operations.  The 3.65 GHz 

band incumbents, especially the Utilities and CII users, present reasonable objections that the 

proposed rule will add uncertainty and disrupt the operation of many incumbents in the band. Their 

disagreement with the proposed inclusion of the 3.65 GHz band comes from the fact that the technical 

rules and granular licensing approach are suitable for small cell operations. The incumbent users are 

hesitant to compete with the financial might of the wireless commercial operators. Also the 5 year 

transition period is not substantial for Grandfathered systems to fully recoup the capital expenditure. 

Requiring incumbents to bring equipment into compliance with the rules for the 3.5 GHz Band over 

an inadequate transition period of 5 year would be cost-prohibitive. If the Commission finally decides 

to uphold the proposed rules, the Utilities and CII users requests the Commission to adopt an 

alternate transition framework under which 3.65 GHz band users have the option, but not the 

obligation, to migrate to the CBRS rules. Majority of the stakeholders, other than the Utilities and CII 

users, agree to extend the proposed framework for authorizing access to CBS spectrum to the 3.65 

GHz band as this provides the opportunity to enjoy a contiguous 150 MHz band with uniform 

technical rules. Including this 50 MHz band within the framework will also harmonize the spectrum 

use in the U.S. with other ITU Regions: 3650-3700 MHz is within 3GPP Band 43 [124]. 

Protection of the Non-Federal Incumbents 

Proposed Rules 

The FNPRM proposed rules for the protection of the non-Federal incumbents in the 3.5 GHz band. 

The non-Federal incumbents in the band include non-Federal radiolocation service (on a secondary 

basis) and the Fixed Satellite Service (FSS) earth stations for receive only, space-to-earth operations 
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and feeder links. The Commission has so far licensed FSS earth stations on 37 locations. The Rule 

proposed that the existing stations would be included in the Incumbent Use tier and afforded 

protection from lower-tier operations in the proposed CBRS [27]. The CBSDs shall not cause harmful 

interference to the FSS earth stations listed in NPRM and the protection criteria shall only apply to 

FSS earth stations that are in actual use. These operational restrictions shall be enforced by the SAS 

and the FSS earth station licensees must inform SAS Administrators of their operational status 

annually. CBSDs may operate within areas that may cause harmful interference to FSS earth stations 

listed in the NPRM provided that the licensee of the FSS earth station and an SAS Administrator 

mutually agree on such operation and the terms of any such agreement are provided to SAS and can 

be enforced by the SAS. The NPRM also discusses the possibility of minimizing/eliminating 

geographic protection areas around FSS earth stations by incorporating detailed information on 

“Look angles” of FSS earth stations, emission characteristics of CBSDs and end user devices, detailed 

regional topographical information, and other relevant variables.  

The FNPRM also discussed the possible impact of the proposed CBRS on the adjacent band 

incumbent operations. In the 3.65 GHz band, the non-Federal incumbents include Utilities and CII 

entities, Wireless Internet Service Providers (WISPs), and FSS operation (on a non-exclusive basis). 

In order to provide protection of the incumbents in the 3.65 GHz band, the proposed Part96 rules 

include stricter-than-normal out of band emission limits for CBSDs/user devices and a spectrum 

access framework utilizing a dynamic SAS. The NPRM also suggested to use Equivalent Power Flax 

Density (EPFD) to measure the sum of the power flux densities produced at a geostationary satellite 

system receive Earth station by CBSD and end user devices in the area of that earth station. The EPFD 

would be calculated to take into account the off-axis discrimination of the Earth station receiving 

antenna assumed to be pointing in its nominal direction. Also the “Look angle” of FSS earth stations 

would have a significant impact on the potential for interference from CBSDs, particularly those 

located at moderate angles (e.g., >15°) from the axis of the FSS earth station main lobe. 

Stakeholders Standpoints 

The non-Federal incumbents of the 3.5 GHz band cautiously responded to the proposed CBRS and 

requested the Commission to ensure the protection of the incumbent operations [125-127]. The 

satellite Industry Association urged the Commission that the proposed rule must ensure that existing 

and future primary FSS networks are protected from unacceptable interference [125]. They believe 

that the small cell policies must provide flexibility for future satellite operations [128]. If the 

Commission succeeds in developing a framework that allows such co-existence, that framework 
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should be fully capable of accommodating future earth station deployment as well. Small cell policies 

must also incorporate protections for primary FSS operations. PALs should not be issued in areas 

surrounding FSS earth stations as the Commission cannot grant “priority” access to spectrum in areas 

where primary FSS operations would be adversely affected [93]. Rather they request the Commission 

to define zones surrounding earth station sites where no PALs would be issued. SIA proposes a 150-

km radius for these areas as a starting point [126]. They also opposes permitting localized critical 

access use within the 150 km areas surrounding primary FSS earth stations as the CI services would 

receive disruptive interference that could be prevented only by imposing unacceptable burdens on 

primary FSS networks [125].  

The proposed rules for CBRS technical standards must ensure protection of the FSS operations. 

The Commission should adopt a sufficiently stringent OOBE limit to protect adjacent-band operations 

from harmful interference [126, 127]. The proposed OOBE limit (-13dB) is insufficient to protect 

spectrally-adjacent weather radar systems, but the proposed OOBE limit of -40dBm/MHz at 3520 

MHz would fail to adequately protect S-band weather radar systems. So the Commission should 

adopt an OOBE limit at 3520 MHz more stringent than -50dBm/MHz. In absence of a more stringent 

OOBE limit, the Rule needs to create minimal exclusion zones around each radar site. With an OOBE 

limit of -50dBm/MHz at 3520 MHz, the necessary exclusion zone would only need to be 

approximately 1,500 meters and with an OOBE limit of -40 dBm/MHz at 3520 MHz would require an 

exclusion zone of only 5 kilometers [127]. The members of the non-Federal incumbents in the 3.5 

GHz band believes that a dynamic and robust SAS with proven capabilities and security measures 

will be able to provide necessary protection to the incumbent operations [125]. The SAS will need 

the ability to calculate the aggregate interference environment into each earth station from existing 

small cells, to reassign frequencies for one or more small cells operating near a specific earth station, 

and must be equipped with enforceable information security and integrity measures.  

The supporters of the dynamic spectrum management approach requested the Commission to 

enable SAS to provide sufficient protection to incumbent satellite operations while maximizing areas 

available for wireless broadband [71, 72, 79, 92].  SASs can reasonably protect FSS earth stations 

from harmful interference using only minimal geographic protection zones—or eliminate those 

zones entirely – by using real world information to protect incumbent satellite earth stations [71, 

92]. SASs will be capable of not only including information about the emissions characteristics of 

CBSDs, but also the OOBE performance [72, 79], and the protective effects of terrain and other factors 

to create "real-world" protection zones [90]. The cellular Industry welcomed the suggestion that the 

CBRS users, especially the PA Licensees, be allowed to negotiate with individual FSS earth station 
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licensees for smaller exclusion zones [70, 90]. Wi-Fi Alliance pointed out that the FSS earth stations 

currently operating on a secondary basis should not be afforded primary status within the CBRS 

framework [95]. 

The non-federal incumbents in the 3.65 GHz band believe that the Interference mitigation 

measures suggested in the FNPRM are far from adequate and request the Commission to provide 

necessary interference protection in the 3.65 GHz band [114, 129, 130].  Any undesirable technical 

characteristics, such as OOB and spurious emissions, undue spectral density, and excessive output 

power in combination with transmitting antenna directional gain, resulting from any new operations 

in the 3.5 GHz band should be appropriately limited [114]. For C-band-delivered services, adjacent 

band interference is equally as important as the in-band interference potential is to incumbents from 

3.65 GHz band [129].  

 

Figure 9: SAS Architecture: Protection for the Non-Federal Incumbents 

Besides a more restrictive spectral emissions mask or reduced power levels, the incumbents of 

the 3.65 GHz band propose two options for protecting incumbent C-band operations: i) Establish 

protection by rule – essentially requiring no harmful interference to C-band through a mandatory 
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separation distance of 9.5 km and ii) protection through a dynamic SAS database [130, 131]. They 

also proposed to position the GAA operations away from the C-Band with sufficient distance 

separation as GAA use can’t be kept separated geographically from C-band earth stations [130]. The 

appropriate device obligations, such as emission masks, lower power of GAA devices, and indoor use 

restriction for GAA, should consider “Look angle” of the earth stations [129].  

On the other hand, the dynamic spectrum management supporters believe that SAS will be able 

to provide sufficient protection to the C-Band satellite operations [71, 72]. The capabilities of SAS to 

provide this protection may include determination of the aggregate total of the OOBE of all relevant 

CBSDs, ensuring that the OOBE and the aggregate adjacent band emissions are within the 

interference threshold limits of the FSS operation, etc. [71]. According to them coordination 

techniques and SAS-based spectral and physical separation can protect of grandfathered earth 

stations between 3.6 and 3.65 GHz [72, 92]. 

R&O on Allocation and the SAS Functionalities 

The FNPRM provides the required protection to the non-Federal incumbent operations by 

offering the Grandfather status for a limited period of time. During this period, the non-Federal 

incumbents will enjoy interference protection from PA and GAA tier users. In addition to the 

proposed rules for protection, the non-Federal incumbents demand more stringent protection 

provisions. But in accordance with the dynamic spectrum management approach, SAS will be capable 

of not only including information about the emissions characteristics of CBSDs, but also the OOBE 

performance, and the protective effects of terrain and other factors to create "real-world" protection 

zones. Figure 9 presents the SAS composition that includes the Non-Federal Incumbent Protection 

module. The protection module for the non-Federal incumbent operations can receive usage 

information from the PA and GAA Managers and ensures the desired operational environment for 

the operations. Number of non-Federal incumbent operation within any specific locality is small. So 

the SAS governing the CBRS for that locality could customize the protection mechanisms according 

to the requirements and operational characteristics of the system involved. This approach will allow 

the SAS to locally optimize the spectrum usage and at the same time provide required protection for 

the non-Federal incumbent operations. Table 12 presents the task list and the required information 

for the Non-Federal Incumbent Protection module to provide necessary protection for the non-

Federal incumbent operations. 

Table 12: Protection of the Non-Federal Incumbents: Task List and Information Set for SAS 

Modules 
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Module Task list 
Required Information 

Information Set Information Source 

 Non-Federal 
Incumbent 
Protection 

 Receive desired 
protection criteria specific 
to individual non-Federal 
incumbent operations 

 Monitor the operation of 
PA and GAA users 

 Identify undesired 
interference scenario and 
report to the Interference 
Management modules of 
the PA and GAA Managers 

 Desired interference 
environment 

 Agreed protection 
criterion 

 Non-Federal 
Incumbents 

 Interference 
environment 
information 

 Usage Monitor 
modules of the PA 
and GAA 
Managers 

 Dynamic 
Frequency 
Assignment 
(PA and GAA 
Manager) 

 Coordinate with the Non-
Federal Incumbent 
Protection module 

 Incorporate incumbent 
protection criterions in 
the resource allocation 
process 

 Desired interference 
environment 

 Agreed protection 
criterion 

 Non-Federal 
Incumbents 

 Usage 
Monitor (PA 
and GAA 
Manager) 

 Ensure that the 
operational restrictions 
are satisfied by the CBRS 
users in close proximity of 
non-Federal incumbent 
operations   

 Desired interference 
environment 

 Agreed protection 
criterion 

 Non-Federal 
Incumbents 

 Interference 
Management 
(PA and GAA 
Manager) 

 Coordinate with the Non-
Federal Incumbent 
Protection module 

 Take necessary actions to 
restore desired 
interference environment 

 Desired interference 
environment 

 Agreed protection 
criterion 

 Non-Federal 
Incumbents 

 Unwanted 
interference event 
caused by the CBRS 
users 

 Non-Federal 
Incumbent 
Protection 
module 

 

SAS Architecture and Responsibilities 

The most critical step towards realizing the dynamic spectrum management approach is the 

implementation of a dynamic SAS. The SAS should have the ability to protect the incumbent and 
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facilitate the dynamic access of the PA and GAA devices to the available spectrum. The survey of the 

stakeholder’s comments on different aspect of CBRS revealed a number of important SAS 

functionalities required to facilitate the dynamic spectrum management approach. For each of these 

aspects, we identified required SAS modules and related task list and required information set. Each 

of the modules can play important role to address a number of different aspects of the CBRS. In this 

section we will focus on each of the SAS modules to discuss the responsibility and core technical 

capabilities of the modules. In this section we present the requirements of the SAS to carry out the 

desired functionalities considering the inputs of the interest groups and outline a potential SAS 

architecture. In this example SAS architecture, we trust the PA operator to perform the frequency 

assignment of the end users and interference resolution of the PA tier. The SAS would include the PA 

operator’s inputs to determine the PAL “use status”. 

SAS Requirements 

The survey of the comments revealed four major interest groups: the non-federal incumbents, 

the Utilities and CII, the cellular industry, and the advocates of the DSM approach. The incumbents 

and the Utilities and CII members are mainly concerned about ensuring comfortable interference 

environment for their operations. As expected, the strongest opposition against the proposed DSM 

approach came from the cellular industry. The survey also indicated that the cellular industry would 

find them in a more favorable position if some of their more justified concerns, such as determination 

of the PAL “use” status, resolution of any interference scenario, and frequency assignment for the end 

users, are addressed. Although the supporters of the dynamic approach argue for a more aggressive 

role of the dynamic SAS to manage the spectrum usage, the FCC can accommodate the above mention 

concerns of the cellular industry without compromising its vision of dynamic spectrum management. 

For resolving any unwanted interference issue, the SAS can instruct with the PA access points to 

adjust their operating parameters. Also the SAS can avoid micro-management by dynamically 

allocating the PALs to the PA service providers and leaving the frequency assignment at the end-user 

level to the PA operator. The SAS can also include the PA user’s input to determine the PAL “use” 

status. These simple modifications in the proposed rules will allow the PA operators more control 

over their operations and at the same time SAS will be able to manage the dynamic spectrum sharing 

system more efficiently. 

In order to efficiently execute the functionalities, the SAS must be able to coordinate with the 

incumbent and CRRS operations. SAS has to be able to protect Priority Access Licensees from 

interference caused by other PALs and from General Authorized Access Users, including the 
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calculation and enforcement of PAL Protection Areas. Also it has to be able to receive reports of 

interference and requests for additional protection from Incumbent Access users and promptly 

address interference issues.  Both Dynamic Frequency Assignment and Interference Management 

functionalities will require the SAS to access the incumbent database to gather information about its 

spectrum usage. Depending on the information provided by the incumbent, the SAS may require to 

have the capability of using a geolocation database with terrain information and/or detecting the 

incumbent operation through sensing. Here we present a list of SAS responsibilities (this is not a 

comprehensive list): 

1. Enforce all policies and procedures developed by the SAS Administrator consistent with 

the 3.5 GHz R&Os. 

2. Determine and assign available spectrum opportunities to the CBSDs at their location. 

3. Determine the maximum permissible transmission power that the CBSD can operate 

according to the 3.5 GHz R&O. 

4. Register and authenticate the CBSDs. 

5. Enforce the Exclusion Zones and Protection Zones with the help of the Environmental 

Sensing Capability (ESC) system. 

6. Communicate with the ESC to obtain information about federal Incumbent User 

transmissions and instruct CBSDs to move to another frequency range or cease 

transmissions. 

7. Ensure that CBSDs operate in geographic areas and within the maximum power levels 

required to protect federal Incumbent Users from harmful interference. 

8. Ensure that CBSDs protect non-federal Incumbent Users from harmful interference. 

9. Protect Priority Access Licensees from interference caused by other PALs and from GAA 

Users. 

10. Facilitate coordination between GAA users operating Category B CBSDs. 

11. Resolve conflicting uses of the band while maintaining a stable radio frequency 

environment. 

12. Ensure secure and reliable transmission of information between the SAS and CBSDs. 

13. Protect Grandfathered Wireless Broadband Licensees according to the 3.5 GHz R&Os. 
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Figure 10: SAS Composition for Citizen Broadband Radio Service 

The SAS also needs to coordinate with the CBRS operations such as authorizing the CBSDs, 

gathering CBSD information including geolocation, interference environment, and radio parameters, 

and spectrum demand with associated QoS requirements. The SAS should be able to dynamically 

allocate spectrum to different tiers of the CBRS, and detect and resolve any unwanted interference 

event. 

SAS Architecture 

Incumbent Manager 

The primary objective of the Incumbent Manager is to ensure coordination between the SAS and 

the incumbent operations. SAS is required to coordinate the CBRS operation with the incumbent 

operations to ensure protection of the incumbent operations, availability of the spectrum 

opportunity information, and privacy of the incumbent usage information. In order to acquire 

accurate and updated information on spectrum availability, the SAS is required to access the 

incumbent database. The modules introduced to help the Incumbent Manager to carry out its 



 

81 
 

responsibilities include IA Database Access, and Federal and Non-Federal Incumbent Protection 

modules. In the following we briefly discuss the responsibilities of these sub-modules in order to 

achieve the technical and administrative objectives of the Incumbent Manager. 

IA Database Access 

The IA Database Access module helps the SAS to access incumbent’s spectrum usage and 

interference environment information. The nature and amount of information that the IA Database 

Access module acquire and forward to the SAS depends on the agreed level of primary-secondary 

cooperation. The access module facilitates two major SAS functionalities based on the available 

information. These functionalities are: i) spectrum opportunity detection, and ii) ensuring desired 

interference environment. There has to be a prior agreement between the CBRS and the IA user about 

the extent of incumbent’s cooperation. The incumbent may agree to provide its usage information 

such as spectrum location and duration of opportunities or only the operational parameters such as 

transmit power and location, antenna parameters, tolerable interference limit, and protection 

contour. Based on the agreement, the SAS knows the nature of available information and decides 

about the method for identifying spectrum opportunities. The IA Database Access module can also 

provide information about the desired interference environment of the incumbent operation to the 

SAS. Another important aspect of IA Database Access module is to ensure desired privacy of the 

incumbent operation information. The IA user may not want to expose its usage information to the 

CBRS users. The IA Database Access module must have the capability to forward the operational 

information of the incumbents in such a way that reduces the likelihood of unwanted exposure.  

The IA Database Access module plays important role in the primary-secondary cooperation 

framework. In order to take advantage of the agreed level of cooperation, it is imperative that the IA 

Database Access module successfully carry out the responsibilities assigned to it. The above 

discussion indicates two major responsibilities for the IA Database Access sub-module of the 

Incumbent Manager module as presented in Figure 10:  

1. Access operational information of the incumbent, in accordance with the agreement of 

cooperation, to facilitate identification of spectrum opportunity and protection of 

incumbent operation. 

2. Ensure desired privacy for the sensitive information of the incumbent operation to 

reduce likelihood of unwanted exposure. 

 

Table 13: IA Database Access: Functionalities and Technical Challenges 



 

82 
 

Functionalities Task list 

Required Information 
Technical 

Requirements Information Set Source 

 Access IA 
Database 

 Check the 
extent of 
Incumbent 
cooperation 

 Access 
Incumbent 
database to 
fetch 

 Operational 
parameters 

 Geolocation 
information 

 Usage 
information 

 Interference 
environment 
requirements 

 Security 
requirements 

 Periodically 
update the 
information 

 Incumbent-
SAS 
agreement 
for 
information 
access 

 Policy and 
Regulations 
module 

 Fast, reliable 
and secure 
communication 
with the IA 
database 

 Information 
update 
procedure 

 Information 
required 
from the 
Incumbent 
database 

 Spectrum 
opportunity 
detection 
module 

 Ensure 
Incumbent 
Information 
Privacy 

 Check the 
incumbent 
privacy 
requirements 

 Apply 
abstraction 
mechanisms to 
minimize 
likelihood of 
unwanted 
exposure 

 Incumbent 
privacy 
requirements 

 Policy and 
Regulations 
module 

 Information 
abstraction 
mechanisms 

 Secure 
communication 
among SAS and 
CBRS 

 Information 
required for 
efficient 
operations 

 Dynamic 
Frequency 
Assignment 
module 

Federal/Non-Federal Incumbent Protection 

Protection of the Federal and non-Federal incumbent operations from the CBRS users is the core 

condition for sharing the spectrum. The same interference protection mechanisms can be used for 

both the Federal and non-Federal incumbent operations. The application of these mechanisms can 

be different depending on the policy decisions associated with the Federal and non-Federal 

incumbents. The Commission needs to decide whether the protection will be provided through static 

exclusion zones or through dynamic coordination among the involved parties based on tolerable 
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interference threshold. As indicated by the stakeholders and also acknowledged by the Commission, 

the static geographical exclusion zone proposed in the FNPRM will be reconsidered based on 

operational characteristics of small cells. The non-Federal incumbents that are enjoying Grandfather 

Status will receive same protection as the Federal incumbents. The number of non-Federal 

incumbent operation within any specific locality is small. So the SAS governing the CBRS for that 

locality could customize the protection mechanisms according to the requirements and operational 

characteristics of the system involved. This approach will allow the SAS to locally optimize the 

spectrum usage and at the same time provide required protection for the non-Federal incumbent 

operations. Although this protection for the non-Federal incumbent operation will be provided for a 

limited duration. Within this duration all these operations are expected to become accommodated 

with the CBRS framework. 

The Incumbent protection module has to coordinate with the Priority Access and General 

Authorized Access Managers to ensure that the CBRS users are not violating the operational 

restrictions and maintaining desired interference environment. If the coordination zone approach is 

adopted, the Incumbent protection module is required to ensure desired interference environment 

for the incumbent operation. The Incumbent Protection module can use the interference 

environment information from the Interference Monitor modules of the Priority Access and General 

Authorized Access Manager and desired interference environment information from the IA Database 

Access module. To facilitate this task, this module must have the capability to access information 

about the incumbent’s interference environment such as the interference tolerance capability of the 

incumbent. It should also have the capability of informing the Interference Management module of 

the Priority Access and General Authorized Access managers if the incumbent suffers from any 

unwanted interference. If any interference event is identified, the IA Database Access module can 

gather information about the spectral and geographical location of the source and acceptable “time 

to vacate” parameter. 

The major responsibilities of the Incumbent Protection module include (Figure 10): 

1. Coordinating with the Policy and Regulation module to determine the protection 

approach (exclusion zone or coordination zone) 

2. Access information about the operational restrictions of the CBRS users and desired 

interference environment of the incumbent user 

3. Get incumbent satisfaction report on existing interference environment 

4. Identify unwanted interference event 

5. Report and request necessary actions to restore desired interference environment 
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Table 14: Incumbent Protection: Functionalities and Technical Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Determine 
incumbent 
protection 
approach 

 Coordinate 
with the 
Policy and 
Regulations 
module 

 Determine 
protection 
approaches 
for Federal 
and non-
Federal 
incumbents 

 Get 
information 
on pre-
agreed 
interference 
environment 

 Incumbent 
protection 
approach 
(exclusion zone or 
coordination) 

 Pre-agreed 
interference 
environment 

 Area of operation 
with interference 
threshold 

 Policy and 
Regulations 
module 

 Fast, reliable 
and secure 
communicatio
n 

 Information 
update 
procedure 

 Access 
information 
on 
interference 
based 
protection 

 Identify 
unwanted 
interference 
events 

 Access the 
incumbent 
protection 
requirements 

 Interference 
tolerance 
capability 

 “Time to vacate” 
parameters 

 Location, transmit 
power, antenna 
parameters 

 IA Database 
Access 
module  Fast, reliable 

and secure 
communicatio
n 

 Information 
update 
procedure 

 Determinatio
n of 
unwanted 
interference 
events 

 Access 
information 
on the 
interference 
environment 
of the CBRS 

 Location, 
operational area, 
transmit power, 
antenna 
parameters 

 Interferenc
e 
Managemen
t module 
(PA and 
GAA 
Manager) 

 Access 
information 
on incumbent 
satisfaction 
report 

 Unexpected 
interference 
environment 

 IA Database 
Access 
module 
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 Access 
contextual 
information 

 Propagation 
model 

 Terrain profile 
 Technology/stand

ard used by the 
involved parties 
(LTE, Wi-Fi, etc.) 

 SAS 
Database 

 Report and 
request 
action to 
restore 
desired 
interference 
environment 

 Identify 
source/locati
on of the 
interference 
event 

 Report to the 
Interference 
Management 
modules of 
the PA and 
GAA Manager 

 Unexpected 
interference 
environment 

 IA Database 
Access 
module 

 Interference 
source 
identification 
procedure 

 Enforcement 
procedures 

 PA and GAA usage 
report 

 Usage 
Monitor 
module (PA 
and GAA 
Manager) 

Spectrum Opportunity Detection 

The responsibility and required technical capabilities of the Spectrum Opportunity Detection 

module depends on the incumbent usage information accessible by the IA Database Access module. 

The available spectrum opportunities can be identified in two different ways. First, the incumbent 

may provide some modified version of its spectrum usage that can be used to identify spectrum 

opportunities. Second, the incumbent only provides its operational parameters based on which the 

SAS tries to identify the opportunities. If the SAS is provided with incumbent’s operational 

parameters, there are three main approaches for identifying spectrum opportunities. These are: i) 

Spectrum sensing approach, ii) Geolocation database approach, and iii) Hybrid database-plus-

sensing approach.  

The Spectrum Opportunity Detection module needs to be aware of the extent of incumbent’s 

cooperation. In accordance with the cooperation agreement, the opportunity detection module can 

receive related information through the IA Database Access module. If the incumbent agrees to 

provide information about its spectrum usage and available spectrum opportunities, then the role of 

the Spectrum Opportunity Detection module becomes insignificant. But the incumbent may not be 

willing to provide direct information about its spectrum usage to avoid unwanted exposure of 

sensitive operational information. So the SAS must have some mechanism and capability to impose 

additional layer of abstraction such that the likelihood of unwanted exposure is minimized. On the 

other hand, if the incumbent only agrees to provide its operational information such as geolocation, 



 

86 
 

antenna parameters, power levels, desired protection contours, etc., then the SAS must have the 

technical capabilities to identify spectrum opportunities based on this information. In this case 

spectrum sensing, geolocation database, or a hybrid approach of database-plus-sensing can be used.   

Table 15: Spectrum Opportunity Detection: Functionalities and Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Check the 
extent of 
incumbent 
cooperation 

 Decide on 
the 
opportunity 
detection 
mechanism 

 Access 
cooperation 
agreement 
information 

 Determine 
the nature of 
information 
to be 
accessed 

 Determine 
the detection 
procedure 

 Accessible 
incumbent 
information 

 IA Database 
Access 
module 

 Fast, reliable 
and secure 
communicatio
n 

 Determining 
the best 
detection 
option for a 
particular 
scenario 

 Available detection 
capabilities 

 SAS 
Database 

 Detection 
using 
incumbent’s 
usage 
information 

 Access 
incumbent’s 
usage 
information 

 Apply 
abstraction 
mechanism 

 Forward the 
opportunity 
information 
to Spectrum 
for PA and 
GAA 
modules 

 Update 
opportunity 
information 

 Opportunity 
location on the 
time-frequency 
grid 

 Duration of 
availability 

 Interference 
tolerance capability 
of the incumbent 

 IA Database 
Access 
module 

 Determining 
required form 
of incumbent 
usage 
information 

 Information 
abstraction 
mechanism 

 Opportunity 
information 
update 
mechanism 

 Available 
abstraction 
mechanisms 

 SAS 
database 
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 Detection 
using 
incumbent’s 
operational 
parameters 

 Access 
incumbent’s 
operational 
parameters 

 Determine 
suitable 
detection 
approach 

 Employ 
spectrum 
opportunity 
detection 
technique 

 Continuousl
y monitor 
spectrum to 
identify 
return of 
incumbent 

 Incumbent 
information for 
Geolocation 
database approach: 

 Transmitter 
identity and 
geolocation 

 Protection contour 
 Transmission 

power 
 Antenna 

parameters 
 Interference 

tolerance capability 

 IA Database 
Access 
module 

 Opportunity 
detection 
through 
geolocation 
database 

 Opportunity 
detection 
through 
spectrum 
sensing 

 Opportunity 
information 
update 
mechanism 

 Continuous 
monitoring to 
detect 
incumbent 
return 

 Spectrum sensing 
approach 

 Sensing node 
location 

 Sensing node 
reputation 

 Fusion center 
location 

 Sensing technique 

 SAS 
Database 

 Terrain profile 
 Propagation model 
 Operational 

restrictions for the 
CBRS users 

 SAS 
Database 

The Spectrum Opportunity Detection module can access the operational parameters of the CBRS 

users from the Policy and Regulations module and use this information along with the available 

spectrum information to identify specific spectrum opportunities for the PA and GAA users. The 

major responsibilities of the Spectrum Opportunity Detection module include: 

1. Coordinating with the Policy and Regulation module to determine the extent of 

incumbent cooperation 

2. Decide the mechanism for opportunity detection 

3. For opportunity detection using incumbent’s usage information 

4. Access incumbent usage information 

5. Determine the form of information required 

6. Apply abstraction mechanisms to minimize the likelihood of information exposure 

7. For opportunity detection through incumbent’s operational information 
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8. Access incumbent’s operational parameters 

9. Decide the detection approach 

10. Apply the detection procedure and identify spectrum opportunities 

11. Update the spectrum opportunity information 

12. Periodic update about the status of the spectrum opportunities 

13. Update through incumbent’s interruption 

Authorization Center 

The Authorization Center module proposed in the SAS architecture facilitates SAS’s control over 

the CBRS operation. As mentioned earlier, we agree with the cellular communication industry that 

the PA user’s access points (PA-AP) should register with the SAS rather each of the end devices. This 

will provide the SAS a central point of monitoring and communication to facilitate desired PA tier 

operations. We also support the proposed authorization rules for the GAA devices. Information 

provided by the CBSDs for authorization purpose allows the SAS to monitor the CBSD operations and 

ensure that they are abiding the interference protection requirements of the incumbent users of the 

spectrum sharing system. 

In order to get authorization from the SAS, CBSDs are required to provide operational and 

technical parameters such as requested authorization status, CBSD location, operational area, 

antenna parameters, etc. This set of information allows the SAS to monitor the CBSD operations and 

ensure that they are abiding the interference protection requirements of the incumbents. The 

Authorization module should have the capabilities of receiving information from the CBRS users, 

performing the authorization procedure, and informing the applicants about their authorization 

status. The Authorization Center also need to access auction results from the Auction Center and use 

that information in the authorization process. In order to possess the most updated auction results, 

the Authorization Center needs to periodically coordinate with the Auction center to access the 

auction decisions. 

The major responsibilities of the Authorization Center module include: 

1. Receive operational information of the Citizen Broadband Radio Service (CBRS) users 

required by the authorization rules 

2. Receive auction results from the Auction Center module 

3. Perform the authorization procedure 

4. Inform the applicants about their authorization status 
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Priority Access Manager 

The PA Manager is responsible for the operations of the PA tier in the shared spectrum. To 

facilitate the desired coexistence of the PA users, the primary responsibility of the PA Manager is to 

ensure that the PA users satisfy the operational restrictions outlined in the proposed CBRS. It must 

be able to monitor the operations of the PA users and based on that employ interference management 

mechanisms to ensure desired interference environment. The PA manager also has the responsibility 

to ensure the available spectrum opportunities for the PA tier and perform efficient and dynamic 

assignment of these opportunities. The sub-modules of the PA Manager shown in Figure 10 include 

the Spectrum for PALs, Dynamic Frequency Assignment, PAL Usage Monitor, and Interference 

Management.  

Table 16: Authorization Center: Functionalities and Technical Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Perform the 
authorization 
procedure  Receive operational 

information of the 
CBRS users required 
by authorization 
rules 

 Receive auction 
results from the 
Auction Center 
module 

 Review and decide 
the status of the 
applications 

 Inform applicants of 
their authorization 
status  

 Requested 
authorization 
status 

 CBSD location 
 Area of 

operation 
 Antenna 

parameters 
 FCC 

identification 
information 

 Contact 
information 

 CBRS 
users 

 Fast, 
reliable and 
secure 
communicat
ion 

 Secure and 
efficient 
authorizatio
n procedure  Result of the 

auction 
procedure 

 PAL aggregation 
information 

 Auction 
Center 

The major responsibilities of the Spectrum for PALs module include: 

1. Ensure available spectrum opportunities for the PA tier users 

2. Efficient and dynamic assignment of the spectrum opportunities among the PA users 

3. Monitoring the PA tier operations to ensure that the users satisfy the operational 

restrictions 
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4. Ensure a desirable interference environment using available interference management 

mechanisms 

Spectrum for PALs 

The Spectrum for PALs module is responsible for ensuring the available spectrum opportunities 

for the PA tier users. The module needs to coordinate with the IA and GAA Manager modules to obtain 

the spectrum availability information. The PA spectrum availability module requires information 

about the number of available PAL channels, number of active PAL channels, spectrum allocations 

for GAA and CA users, and PAL channels used by the GAA users. Based on this information, the PA 

spectrum availability module prepares a list of PAL channels available for future assignment and also 

informs the GAA manager if it wants claim back any PAL channels that has been assigned to GAA 

users. 

Table 17: Spectrum for PALs: Functionalities and Technical Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Ensure 
available 
spectrum 
opportunities 
for the PA 
users 

 Check available 
spectrum 
opportunities 

 Check allocations 
for the GAA tier 

 Check allocation 
for the CA users 

 Determine 
available 
spectrum 
opportunities for 
PA tier 

 Check auction 
results for the PA 
users 

 Check the PAL 
aggregation 
information 

 Available 
spectrum 
opportuniti
es 

 Opportunit
y detection 
module (IA 
manager) 

 Fast, reliable 
and secure 
communication 

 Determination 
of PAL units 
based on  

 available 
spectrum 
opportunities 

 allocation 
proposal 

 Update 
frequency and 
mechanism 
based on 

 Geolocation 
report 

 Interference 
report 

 Allocation 
for GAA tier 

 Allocation 
for CA users 

 Spectrum 
for GAA tier 
module 

 List of PALs 
to be 
claimed 
back 

 Dynamic 
frequency 
assignment 
(PA tier) 
module 
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 Determine 
available PAL 
units based on 
auction results 

 Receive the 
geolocation and 
interference 
report  

 Update available 
PAL list based on 
geolocation and 
interference 
report 

 Claim back PALs 
used by GAA tier 
based on PA 
demand 

 PAL 
assignment 
information 

 Aggregation 
information 

 Auction 
Center 

 Spectrum 
availability 

 PAL claim back 
procedure 

 Geolocation 
information 
of PA users 

 Interference 
environment 
of PA users 

 PAL usage 
monitor 

Dynamic Frequency Assignment (PA Manager) 

The Dynamic Frequency Assignment module of the PA Manager is responsible for efficient and 

dynamic assignment of the available spectrum opportunities to the PA users. Dynamic and efficient 

assignment of PALs is one of the most important and challenging technical capability that the SAS 

must have to facilitate the proposed dynamic spectrum management approach.  

Table 18: Dynamic Frequency Assignment (PA): Functionalities and Technical Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Dynamic and 
efficient 
assignment of 
the spectrum 
opportunities 

 Check the 
available 
spectrum 
opportunity for 
PA tier 

 Receive spectrum 
demand from PA-
APs 

 Coordinate with 
the Non-Federal 
Incumbent 
Protection 
module 

 Available 
opportunity 
for PA tier 

 Available PAL 
channels  

 Operational 
area 

 Updated 
spectrum 
availability 
based on 
geolocation 
and 
interference 
report 

 Spectrum 
for PA tier 
module 

 Fast, reliable 
and secure 
communicatio
n 

 Efficient and 
dynamic 
resource 
allocation 
algorithms 

 Fast resource 
reassignment 
mechanism 
based on 
incumbent 
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 Efficient resource 
allocation based 
on 

  PAL assignment 
and aggregation 
information 

 CBSD geolocation 
and interference 
reports 

 CBSD operational 
parameters 

 Protection 
criteria and 
desired 
interference 
environment of 
the Federal and 
non-Federal 
incumbents 

 Prioritizing 
contiguous 
allocation if 
possible 

 Generating 
temporary list of 
available PALs for 
future allocation 

 Spectrum 
demand from 
PA users 

 PA-APs 

satisfaction 
reports 

 Use status of 
the assigned 
PALs 

 Geolocation 
report 

 Interference 
reports 

 Usage 
information 

 PAL usage 
monitor 
module 

 Desired 
interference 
environment 

 Agreed 
protection 
criterion 

 Federal 
Incumbent
s 

 Desired 
interference 
environment 

 Agreed 
protection 
criterion 

 Non-
Federal 
Incumbent
s 

The Dynamic Frequency Assignment module should coordinate with the Spectrum for PALs 

module to get information about the available spectrum opportunities for the PA tier users. The 

module should be able to receive the spectrum demands from the PA tier access points (PA-APs) and 

the usage reports of the PA users including geolocation and interference report from the PAL Usage 

Monitor module. Based on this information the module should be able to dynamically assign 

spectrum opportunities to maximize spectrum usage. While performing the frequency assignment 

procedure, the module should take a best effort approach towards contiguous spectrum assignment. 

The Dynamic Frequency Assignment module should also coordinate with the incumbent operations 

to react according to their interference environment satisfaction report. The module may also 

generate list of probable spectrum opportunities (PALs) for future assignment procedures. 

 

 



 

93 
 

PAL Usage Monitor 

The PAL Usage Monitor module helps the Interference Management module of the PA Manager 

to ensure the desired interference environment. The module monitors the PA user operation and 

collects information about its operational parameters. The PAL Usage Monitor module gathers 

information to facilitate two important aspects of the PA operations: determining the usage status of 

the PAL channels and ensuring desired protection to the incumbent. The usage monitor receives the 

geolocation and interference reports from the PA tier users and uses this information to determine 

the location and interference environment of the PA users. It monitors the PA operational 

parameters, such as power levels, out-of-band emissions, etc., to ensure that they are within the 

allowed limits. The module also collects information about the “use” status of the PALs from the PA-

APs. 

Interference Management (PA Manager) 

The Interference Management module of the PA Manager is responsible for managing the PA user 

operations to ensure the desired interference environment among the CBRS users and between the 

PA tier users and the incumbent operations. The Interference Management module of the PA 

Manager ensures that the GAA users satisfy the priority status of the PA tier. It also coordinates 

neighboring PA operations such that the interference environment along the census tract boundary 

is comfortable. 

Table 19: PAL Usage Monitor: Functionalities and Technical Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Identification 
of violation of 
assignment 
condition 

 Identification 
of violation of 
operational 
restrictions 

 Monitor that 
the PAL user 
activity satisfies 
assignment 
conditions 

 Receive the 
geolocation 
information of 
the PAL users 

 Monitor that 
the PA users 

 Geolocation 
information 
with required 
vertical and 
horizontal 
accuracy 

 Interference 
environment 

 PAL users 
 PA-APs 

 Fast, reliable 
and secure 
communicatio
n 

 Determinatio
n of the 
assigned PALs 

 Determinatio
n of the active 
PALs 

 Operational 
restrictions 

 Policy and 
Regulations 
module 
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are satisfying 
the operational 
restrictions 

 Assignment 
conditions 

 Authorizati
on Center 

 Identify any 
violation of 
the 
assignment 
conditions 

 Identify any 
violation of 
the 
operational 
restrictions 

 Identify any 
violation of 
agreed 
interference 
environment 

 Identification 
of unwanted 
interference 
event 

 Report 
unwanted 
events to the 
Interference 
Management 
module 

 Receive the 
interference 
environment of 
the PAL 
operational 
area 

 Coordinate 
with the 
Incumbent 
Protection 
module 

 Report 
interference 
events to the 
Interference 
Management 
module of the 
PA Manager  

 Desired 
interference 
environment 

 Agreed 
protection 
criterion 

 Policy and 
Regulations 

 Incumbent 
Manager  

 CBSD 
interference 
reports 

 PAL users 

 Incumbent 
satisfaction 
report 

 Incumbent 
Manager 

 Identification 
of the “Use” 
Status of the 
PALs 

 Identify the 
PAL channels 
that are in 
active use 

 Generate list of 
unused PAL for 
opportunistic 
GAA use 

 List of Assigned 
PALs 

 Dynamic 
frequency 
assignment 
(PA tier) 
module 

 List of PALs 
used by GAA 
tier 

 Spectrum 
for GAA tier 
module 

 PAL availability 
information 
 

 Spectrum 
for PA users 

The Interference Management module coordinates with the PA access points and helps them to 

adjust their operational parameters to maintain a desired interference environment. The module also 

reports any unwanted GAA interference issue to the GAA Manager so that the PA users may enjoy 

their priority status. The Interference Management module ensures that the PA tier users are abiding 

by all the proposed radio requirements such as transmission power and OOBE limits and maintains 

a comfortable interference environment among the neighboring PA users. This module also 

coordinates with the Incumbent Protection module to ensure desired interference environment for 

the incumbent operations. The Incumbent protection module may report any unwanted interference 
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event to the Interference Management module of the PA Manager and request necessary actions to 

address the issue. 

General Authorized Access Manager 

The GAA operation is at the center of the proposed dynamic spectrum sharing and management 

approach. The GAA Manager must make all information necessary to effectively coordinate 

operations between and among CBSDs available to other SAS Administrators. The responsibilities 

and sub-modules of the GAA Manager are somewhat similar to those of the PA Manager. In addition 

to the tasks described for the PA Manager module, the GAA Manager has to ensure the spectrum pool 

for the GAA users, spectrum allocation for the CA users, and interference protection to higher tiers of 

the framework. The GAA Manager is responsible for the operations of the GAA users in the shared 

spectrum. To facilitate the desired coexistence of the GAA users, the primary responsibility of the 

GAA Manager is to ensure that the GAA users satisfy the operational restrictions outlined in the 

proposed CBRS. It must be able to monitor the operations of the GAA users and based on that employ 

interference management mechanisms to ensure desired interference environment. Upon request 

from the Commission, the GAA Manager must confirm that CBSDs in a given geographic area and 

frequency band have been shut down or moved to another available frequency range in response to 

information received from the ESC. The GAA manager also has the responsibility to ensure the 

available spectrum opportunities for the GAA users and perform efficient and dynamic assignment 

of these opportunities.  

Table 20: Interference Management (PA Manager): Functionalities and Technical Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Interference 
management 
of the CBRS 
users 

 Receive usage 
information 
from the 
spectrum usage 
monitor 

 Monitor the 
interference 
environment 

 Identify CBRS 
users causing 
undesired 
interference 

 Usage 
information 

 Interference 
environment of 
PA users 

 PAL usage 
monitor 

 Fast, reliable 
and secure 
communicatio
n 

 Identification 
of the source 
of 
interference 

 Interference 
mitigation 
and 

 Agreed 
interference 
environment 

 Operational 
restrictions 

 Policy and 
Regulations 

 Authorizati
on Center 
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 Take actions to 
restore desired 
interference 
environment 

management 
mechanisms 

 Facilitate 
protection of 
the 
incumbent 
operations 

 Coordinate 
with the 
Incumbent 
Protection 
module 

 Coordinate 
with the Usage 
Monitor 
modules of the 
PA and GAA 
users 

 Take necessary 
actions to 
restore 
desirable 
interference 
environment 

 Unwanted 
interference 
environment 
for the 
Incumbent 
operation 

 Incumbent 
Protection 
module 

 Desired 
interference 
environment 

 Agreed 
protection 
criterion 

 Policy and 
Regulations 

 IA Database 
Access 

 CBRS 
interference 
environment 

 Usage 
Monitor 
modules 
(PA 
Manager) 

The sub-modules of the GAA Manager shown in Figure 10 include the Spectrum for GAA, Dynamic 

Frequency Assignment, GAA Usage Monitor, and Interference Management. The major 

responsibilities of the Spectrum for PALs module include: 

1. Ensure available spectrum opportunities for the GAA users 

2. Efficient and dynamic assignment of the spectrum opportunities among the GAA users 

3. Monitoring the GAA tier operations to ensure that the users satisfy the operational 

restrictions 

4. Ensure a desirable interference environment using available interference management 

mechanisms 

Spectrum for GAA/CA Users 

The capabilities of the GAA spectrum availability module include ensuring the GAA spectrum 

pool, accounting for the reserved CA spectrum, and ensuring availability of the unused PAL channels. 

This module needs to coordinate with the Spectrum Opportunity Detection module to receive 

information about the available spectrum opportunities and the PA Manager to receive information 

about assigned PALS. Based on this information the Spectrum for GAA module determines the 
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available spectrum opportunities for the GAA users. In addition to that the module needs to 

coordinate with the Usage Monitor module of the PA manager to identify unused PALs to ensure their 

availability as GAA spectrum. This module also needs to have the capability to frequently update the 

spectrum availability information to facilitate desired coexistence among different tiers of the CBRS. 

Table 21: Spectrum for GAA: Functionalities and Technical Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Ensure 
available 
spectrum 
opportunities 
for the GAA 
users 

 Check available 
spectrum 
opportunities 

 Check 
allocations for 
the PA tier 

 Check 
allocations for 
the CA users 

 Determine 
allocation for 
the GAA users 

 Get the list of 
unused PALs 
for GAA 
assignment 

 Determine 
available 
spectrum 
opportunities 
for GAA tier 

 Spectrum 
allocation for 
CA users 

 Spectrum 
for CA 
module 

 Fast, reliable 
and secure 
communicatio
n 

 Determinatio
n of GAA 
spectrum 

 Update 
frequency and 
mechanism 
based on 

 Geolocation 
report 

 Interference 
report 

 Spectrum 
availability 

 Determinatio
n of the 
spectrum 
reserved for 
the CA users 

 Spectrum 
allocation for 
PA tier 

 Spectrum 
for PALs 
module 

 List of unused 
PALs 

 PAL usage 
monitor 
module 

 Update 
available 
opportunity 
information 

 Receive the 
geolocation and 
interference 
report  

 Receive PAL 
claim back 
requests from 
PA Manager 

 Update 
available 
spectrum 
opportunity for 
the GAA users 

 Geolocation 
information of 
GAA users 

 Interference 
environment of 
GAA users 

 GAA usage 
monitor 

 PAL claim back 
requests 

 Spectrum 
for PALs 
module 
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 Ensure the 
spectrum 
reservation 
for the CA 
users 

 Check available 
spectrum 
opportunities 

 Check 
allocations for 
the GAA tier 

 Check 
allocation for 
the CA users 
 

 Available 
spectrum 
opportunities 

 Opportunit
y detection 
module (IA 
manager) 

 Spectrum 
allocation for 
GAA tier 

 Spectrum 
for GAA tier 
module 

Dynamic Frequency Management (GAA Manager) 

The Dynamic Frequency Assignment module of the GAA Manager is responsible for efficient and 

dynamic assignment of the available spectrum opportunities to the GAA users. The functionalities of 

this module differ from that of the PA Manager because the allocation proposal does not specify any 

fixed channel size for the GAA users. This module receives the spectrum demands from the GAA users 

with associated QoS requirements and dynamically schedules the available opportunities based on 

the interference environment in the GAA area of operations. The Dynamic Frequency Assignment 

module of the GAA Manager must have the capabilities of receiving the spectrum demands from the 

GAA users with associated QoS requirements, dynamic opportunity scheduling, and reassigning 

allocations as needed. This module also needs to coordinate with the Spectrum for GAA module to 

receive updated information for the available GAA spectrum in the GAA spectrum pool. The GAA 

spectrum pool consists of the remaining spectrum chunk after assigning the IA tier requirement, 

assigning 70 MHz of spectrum to the PA tier, and also the PA spectrum opportunities that are not 

currently in “use” by the PA tier users. Also the spectrum opportunity assignment can be from 

anywhere in the 3.5 GHz band. There is no fixed channel size for GAA use and the Dynamic Spectrum 

Assignment module is required to have the capability of efficient resource allocation to maximize the 

spectrum efficiency and satisfying the QoS demands of the GAA users.  
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Table 22: Dynamic Spectrum Assignment (GAA Tier): Functionalities and Technical 

Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Dynamic and 
efficient 
assignment of 
available GAA 
spectrum 

 Check available 
spectrum for 
GAA tier 

 Receive 
spectrum 
demand from 
GAA users 

 Coordinate 
with the 
Incumbent 
Protection 
module 

 Efficient 
resource 
allocation  

 Available GAA 
spectrum 

 CBSD 
geolocation and 
interference 
reports 

 CBSD 
operational 
parameters 

 Protection 
criteria and 
desired 
interference 
environment of 
the incumbents 

 Generating 
temporary list 
of available 
GAA spectrum 
for future 
allocation 

 Available 
opportunity for 
GAA tier 

 Operational 
area 

 Updated 
spectrum 
availability 
based on 
geolocation and 
interference 
report 

 Spectrum 
for GAA 
module 

 Fast, reliable 
and secure 
communicatio
n 

 Efficient and 
dynamic 
resource 
allocation 
algorithms 

 Account for 
no fixed 
channel size 
for GAA users 

 Fast resource 
reassignment 
mechanism 
based on 
incumbent 
satisfaction 
reports 

 Spectrum 
demand from 
GAA users 

 GAA users 

 Geolocation 
report 

 Interference 
reports 

 Usage 
information 

 GAA usage 
monitor 

 Desired 
interference 
environment 

 Agreed 
protection 
criterion 

 Federal/No
n-Federal 
Incumbents 

 Incumbent 
protection 
module 

GAA Usage Monitor 

The responsibilities of the GAA Usage Monitor are more challenging as the module has to monitor 

operations of each of the GAA devices. The GAA Usage Monitor module makes use of the GAA locator 

to observe whether the GAA devices are conforming to the allowed operational parameters. The GAA 
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location sub-module should be able to receive the geolocation reports and ensure that the GAA 

devices are operating within the authorized area. This module also monitors the interference report 

from the GAA devices and facilitates the operation of the Interference Management module of the 

GAA Manager. 

Table 23: GAA Usage Monitor: Functionalities and Technical Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Identification 
of violation of 
assignment 
condition 

 Identification 
of violation of 
operational 
restrictions 

 Monitor that 
the GAA user 
activity 
satisfies 
assignment 
conditions 

 Receive the 
geolocation 
information of 
the GAA users 

 Monitor that 
the GAA users 
are satisfying 
the 
operational 
restrictions 

 Geolocation 
information 
with required 
vertical and 
horizontal 
accuracy 

 Interference 
environment 

 GAA users 

 Fast, reliable 
and secure 
communicatio
n 

 Identify any 
violation of 
the 
assignment 
conditions 

 Identify any 
violation of 
the 
operational 
restrictions 

 Identify any 
violation of 
agreed 
interference 
environment 

 Operational 
restrictions 

 Policy and 
Regulations 
module 

 Assignment 
conditions 

 Authorizati
on Center 

 Identification 
of unwanted 
interference 
event 

 Report 
unwanted 
events to the 
Interference 
Management 
module 

 Receive the 
geolocation 
information of 
the GAA users 

 Receive the 
interference 
environment 
of the GAA 
operational 
area 

 Coordinate 
with the 
Incumbent 
Protection 
module 

 Report 
interference to 
the Interference 
Management 
module of the 
GAA Manager 

 Desired 
interference 
environment 

 Agreed 
protection 
criterion 

 Policy and 
Regulations 

 Incumbent 
Protection 
module 

 CBSD 
interference 
reports 

 GAA users 

 Incumbent 
satisfaction 
reports 

 Incumbent 
Manager 
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Interference Management (GAA Manager) 

The Interference Management module of the GAA Manager facilitates acceptable interference 

environment such that the GAA devices do not cause any harmful interference to the higher tier users. 

To facilitate the desired coexistence of the GAA users, the primary responsibility of the Interference 

Management (GAA Manager) module is to ensure that the GAA users satisfy the operational 

restrictions outlined in the proposed CBRS. It must be able to monitor the operations of the GAA users 

and based on that employ interference management mechanisms to ensure desired interference 

environment. This module makes use of the observations of the GAA Usage Monitor module and 

ensures that the GAA devices do not cause harmful interference to the IA or PA tier users. This module 

should have the capabilities of coordinating with the GAA Usage Monitor module and identifying the 

source of GAA interference based on the interference reports. If any unwanted interference event is 

identified, the Interference Manager module advices the GAA device to adjust its operating 

parameters or informs the enforcement entity to ensure desired interference environment. Upon 

request from the Commission, the Interference Management (GAA Manager) module must ensure 

that CBSDs in a given geographic area and frequency band have been shut down or moved to another 

available frequency range in response to information received from the ESC. 

Table 24: Interference Management (GAA Tier): Functionalities and Technical Challenges 

Functionalities Task list 
Required Information Technical 

Requirements Information Set Source 

 Interference 
management 
of the CBRS 
users 

 Receive usage 
information 
from the 
spectrum usage 
monitor 

 Monitor the 
CBRS 
interference 
environment 

 Identify CBRS 
users causing 
undesired 
interference 

 Report unwanted 
interference 
events to the 
enforcing entity 

 Usage 
information 

 Interference 
environment of 
GAA users 

 GAA usage 
monitor 

 Fast, reliable 
and secure 
communicatio
n 

 Identification 
of unwanted 
interference 
events 

 Identification 
of the source 
of 
interference 

 Interference 
mitigation 
and 
management 
mechanisms 

 Agreed 
interference 
environment 

 Operational 
restrictions 

 Policy and 
Regulations 

 Authorizati
on Center 
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 Facilitate 
protection of 
the 
incumbent 
operations 

 Coordinate 
with the 
Incumbent 
Protection 
module 

 Coordinate 
with the Usage 
Monitor 
modules of the 
PA and GAA 
users 

 Take necessary 
actions to 
restore 
desirable 
interference 
environment 

 Unwanted 
interference 
environment 
for the 
Incumbent 
operation 

 Incumbent 
Protection 
module 

 Desired 
interference 
environment 

 Agreed 
protection 
criterion 

 Policy and 
Regulations 

 IA Database 
Access 

 CBRS 
interference 
environment 

 GAA Usage 
Monitor  

SAS Engine, Policy and Regulations, Auction Center 

The SAS Engine works as the central controller for the proposed SAS modules and facilitates 

orderly coordination among these modules to carry out their functionalities. Most of the SAS modules 

depend on other modules to receive required information in order to carry out their functionalities. 

The Policy and Regulations module coordinate with the regulatory authority to provide the updated 

policy decisions and regulations in order to ensure desired CBRS operations. This module stores 

information about the CBSD’s general and radio requirements, nature and terms of interference 

environment agreements, nature and extent of corrective measures to restore desired interference 

environment, authorization requirements, etc. The Auction Center module facilitates the assignment 

of PA licenses (PALs) through competitive bidding. This module will also decide on possible PAL 

aggregation by the successful bidders. The Auction Center receives the applications from the 

interested PAL users. The PAL applicants include all the required information in the application 

including authorization information, operational area, bidding information, requested spectrum 

information, aggregation information, etc. The Auction Center coordinates with the Policy and 

Regulations module and the Authorization Center module to cross-check the information provided 

by the PAL applicants. Then the module performs the auction procedure among the valid applications 

and informs the PA and GA Managers and the applications about the auction results. 

 

 

SAS Database 
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The SAS Database serves as the information repository of the proposed dynamic SAS. The SAS 

database gathers all the information required by the above mentioned modules to perform the SAS 

functionalities. SAS determines and assign available spectrum opportunities to the CBSDs at their 

location along with the maximum permissible transmission power required to protect federal 

Incumbent Users from harmful interference. SAS database must also help in register and authenticate 

the CBSDs. It must have information to ensure protection zones with the help of the Environmental 

Sensing Capability (ESC) system in order to protect both Federal and non-federal Incumbent Users 

from harmful interference. The SAS database also helps to resolve conflicting uses of the band while 

maintaining a stable radio frequency environment. The set of information presented here serves as 

an initial framework for the SAS database. The SAS database gathers information on CBSD’s 

operational parameters, interference environments, and spectrum usage and availability 

information for each of the CBRS tiers. Table 25 presents the information sets in the SAS Database to 

facilitate the above mentioned functionalities of the dynamic SAS. 

Table 25: SAS Database Information Set 

Type of Information Information Set 

CBSD Authorization Information 

 Requested authorization status 
 CBSD location 
 Area of operation 
 Antenna parameters 
 FCC identification information 
 Contact information 

Policy and Regulations Information 

 CBSD operational restrictions 
 Interference environment agreement 

guideline 
 Interference protections guidelines for 

incumbent operations 
 Exclusion zone / Coordination zone 
 Grandfather status information 
 Allowed operational parameters 

 Corrective measures to address undesired 
interference environment 

 Authorization and auction procedures 
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Incumbent Database Access Information 

 Incumbent-SAS cooperation agreement  
 List of accessible information on 

incumbent operation 
 List of sensitive information required for 

CBRS operation 
 List of required information to 

complement the Environmental Sensing 
Capability (ESC) system 

Incumbent Privacy Information 

 Incumbent privacy requirements 
 Allowed information for CBRS use 
 Privacy sensitive information handling 

 Obfuscation mechanisms  
 Requirements for sharing  

Spectrum 
Opportunity 
Information 

Assurance from the 
incumbent 

 List of available spectrum opportunities 
 Duration of available spectrum 

opportunities 
 Probability of PU return over the 

opportunity duration 
 Channel quality of the available spectrum 

opportunities 
 Previous success rate of opportunistic use 
 Allowable transmission power 

Geolocation database 
approach 

 Incumbent information 
 transmitter identity and geolocation 
 Protection contour 
 Transmission power 
 Antenna parameters 
 Interference tolerance capability 

 Terrain profile 
 Propagation model 

Incumbent detection 
through sensing 

 Sensing node location 
 Sensing node reputation 
 Fusion center location 
 Fusion algorithms and performance 

expectation 
 ESC reporting policy on channel 

monitoring 
 Sensing data reporting 
 Sensing decision reporting 
 Collaborative fusion decision reporting 
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Spectrum 
Information for 

CBRS 

PA Tier 
 Available spectrum opportunity for PA tier 
 Number of PAL channels available 
 Number of active PAL channels 

GAA Tiers 
 Spectrum allocation for CA users 
 Spectrum available for GAA users 
 PAL channels used by GAA users 

Frequency Assignment Information 

 Assigned PALs 
 Assigned GAA frequencies 
 Unused PA frequencies assigned for GAA 

use 
 Assigned frequencies to CA users 
 Available spectrum for future assignment 

CBRS Interference Environment 

 Interference environment among 
neighboring PALs 

 Interference from GAA to PALs 
 Interference environment  

 PALs near IA protection zones 
 GAA near IA protection zones 
 PALs near CAF 

Incumbent 
Interference 
Environment 

Interference environment 
of the incumbent 

 Protection zones for the incumbent 
 Coordinated access agreements 
 CBRS frequency assignment near 

protection zones 
 Incumbent interference tolerant capability 
 Unwanted interference event 

 Geographic area of interference 
 Frequency of interference 
 Time to vacate for CBRS 
 Suggested radio parameters for CBRS 

CBRS usage information 

 List of CBSDs near incumbent protection 
zone 

 Interference environment of PALs near the 
protection zone 

 Interference environment of the GAA near 
the protection zone 
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Summary of the Section 

In this era of technology, spectrum plays a significant role to ensure the continued growth and 

innovation in every aspect of our life. It is an essential tool for connecting communities. Access to 

adequate spectrum has the power to maximize our collective potential. With global data traffic 

expected to go through an unprecedented increase, it is imperative that we find creative and flexible 

ways to maximize this valuable and finite resource, so that we may continue to unleash the 

possibilities of tomorrow. The Citizens Broadband Radio Service is a unique spectrum sharing regime 

that incentivizes the dynamism in the management and utilization of spectrum opportunities. This 

new service leverages innovative new sharing rules and technologies to create a 150 MHz band of 

contiguous spectrum to help meet the Nation’s wireless broadband needs, including 100 MHz 

previously unavailable for commercial use. It establishes a three-tier framework for making the 

entirety of the 3.5 GHz band available for shared commercial use, while putting in place protections 

for the band’s incumbents. With Spectrum Access Systems taking on the complicated and vital role 

of frequency coordination, the three tiers: Incumbent Access users, Priority Access Licensees and 

General Authorized Access users, will soon be able to cohabitate in the band and maximize spectrum 

efficiency. The rules adopted by the 3.5 GHz R&Os make the 3.5 GHz Band hospitable to a wide variety 

of users, deployment models, and business cases, including some solutions which are not adequately 

served by our conventional licensed or unlicensed rules. Carriers can avail themselves of “success-

based” license acquisition, deploying small cells on a GAA basis where they need additional capacity 

and paying for the surety of license protection only in targeted locations where they find a 

demonstrable need for more interference protection. Real estate owners can deploy neutral host 

systems in high-traffic venues, allowing for cost-effective network sharing among multiple wireless 

providers and their customers. Manufacturers, utilities, and other large industries can construct 

private wireless broadband networks to automate processes that require some measure of 

interference protection and yet are not appropriately outsourced to a commercial cellular network. 

Smart grid, rural broadband, small cell backhaul, and other point-to-multipoint networks can 

potentially access three times more bandwidth than was available under the previous 3650-3700 

MHz band rules. All of these applications could share common wireless technologies, providing 

economies of scale and facilitating intensive use of the spectrum. 

The FCC proposed rules for the CBRS and stakeholder’s feedback, and analysis of the 

functionalities of different SAS modules point us to a number of important technical issues. These 

technical challenges are required to be addressed to facilitate a dynamic SAS and hence successful 

operation of the proposed CBRS. In order to facilitate dynamic spectrum access and sharing, the SAS 
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needs to be able to interact with incumbent database and CBRS users in a reliable manner. Dynamic 

spectrum sharing also calls for fast information exchange to ensure fast adaptability with the 

operating environment. The system also requires secure and efficient user authorization and 

spectrum opportunity assignment (auction) procedure. Another important technical issue is 

developing information abstraction mechanisms that provide necessary information privacy to the 

incumbent operations. The efficient and accurate detection of spectrum opportunity is another 

important technical challenge that is required to be addressed. Based on the extent of incumbent’s 

cooperation and context of operation, the SAS should have different technical capability to detect 

spectrum opportunities. The efficiency of a spectrum sharing system is highly dependent on the 

performance of a dynamic spectrum opportunity allocation mechanism. The technical challenge in 

this regard involve development of efficient, fast, and dynamic allocation algorithms that takes into 

account all the different aspects of spectrum availability, duration of spectrum opportunity, 

interference environment, and information privacy of the incumbent operations. In order to provide 

the desired interference environment for all the involved parties, identification of any violation of the 

spectrum assignment conditions, operational restrictions, and agreed interference environment is 

very important. The SAS should have the technical capability to identify the violation and the source 

of the violation and should be able to take necessary corrective measures to restore desired 

operational environment. Finally, the information update procedure of the dynamic spectrum 

management approach poses another important technical challenge. Effective operation of the 

dynamic spectrum sharing system requires up-to-date information from the incumbent database, 

spectrum opportunity detectors, policy and regulations entity, and CBRS users to adapt to the 

changes of the environment.  

Addressing all of the above mentioned technical challenges is important for successful 

implementation of the FCC’s dynamic spectrum management approach. In response to the proposed 

rules for CBRS, the stakeholders raised three important questions. For the incumbent operations, 

important considerations include protection from interference due to CBRS operations and privacy 

of the sensitive operational information. From the PA tier user’s perspective, the most important 

considerations are certainty of spectrum occupancy in the short and long run, suitable interference 

environment, and efficient resource allocation mechanisms. Dynamic and efficient resource 

allocation and maintaining agreed interference environment are the important considerations from 

the perspective of the GAA users. If we try to prioritize these technical challenges based on the 

comments of the stakeholders from different tiers of the CBRS, the most important challenges would 

be ensuring certainty of spectrum availability in dynamic spectrum opportunity allocation and 
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maintaining desired interference environment. Ensuring desired level of information privacy is also 

one of the top priorities from the perspective of the incumbent operations. 

In this chapter, we discussed the efforts towards a dynamic spectrum sharing system in the U.S. 

context and look forward to initiate a more focused analysis of the required SAS composition and 

functionalities to support the dynamic management of the 3.5 GHz band. We also analyzed the 

position of the Commission on different aspect of the CBRS through the 3.5 GHz R&O and the Second 

R&O in order to address this hesitation of the critics of the proposed 3-tier system. We presented a 

brief summary of a survey of the stakeholder’s comments in response to the 3.5 GHz FNPRM. The 

stakeholders responded to different aspects of the FNPRM from their industry perspective. We 

looked at these responses from the perspective of a dynamic SAS capable of facilitating the dynamic 

spectrum management approach. Our analysis yielded a number of important issues which are 

required to be addressed for successful operation of the proposed CBRS. We identified the required 

functionalities, technical capabilities, and composition of the SAS to support the dynamic spectrum 

management approach envisioned in the CBRS. The successful implementation of the dynamic 

spectrum management approach will significantly improve the spectrum usage efficiency and 

influence the management approach of other spectrum bands. This calls for a coordinated effort from 

the government, industry, and academia to expedite the development of the dynamic SAS and move 

forward towards the dynamic spectrum management regime. We hope the discussion presented in 

this chapter will help the readers understand the policy and regulatory aspects of the spectrum 

sharing initiatives and will initiate further awareness and more informed discussions and research 

towards an efficient dynamic spectrum sharing system. 
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Chapter 3: Generation of Probabilistic 

Assurances for Spectrum Opportunities 

Introduction 

Advances in wireless networks and technologies require easily accessible spectrum where 

wireless devices can establish stable data communication. Ever increasing bandwidth demand for 

wireless devices has motivated the regulatory bodies and research communities to explore 

innovative strategies and techniques that can offer improved radio spectrum utilization without 

adversely affecting existing incumbent users. Conventional spectrum management policies use static 

spectrum assignment to prevent interference. Due to spatial and temporal variation of spectrum 

utilization by the incumbent users, also known as Primary Users, static allocation of wireless 

bandwidth is observed to be spectrally inefficient. Therefore, dynamic sharing of wireless spectrum 

seems to be the panacea for higher spectral efficiency.  

In order to overcome spectrum scarcity, dynamic spectrum access based spectrum sharing has 

come up as the most promising solution [132-134]. Dynamic spectrum access allows fast deployment 

of wireless technologies by reusing the under-utilized pre-allocated spectrum channels, all with 

minimal impact on existing primary users. Successful deployment of dynamic spectrum access based 

spectrum sharing requires secondary users to guarantee minimal interference to primary users. 

However, existing proposals take a reactive sense-and-avoid approach to impulsively reconfigure 

spectrum usage based solely on the latest observations [134-136]. This can result in frequent 

disruptions to operations of both primary and secondary users. Secondary users reconfigure 

spectrum usages only after detecting changes in spectrum availability following some action by a 

primary user. Devices monitor spectrum channels through individual or collaborative sensing [135, 

137-141]. When detecting a change in spectrum utilization, e.g. a primary user appears, secondary 

users pause existing transmissions, relinquish the band and seek other opportunities to resume 

communications [142]. Reconfiguration is reactive in nature and is based solely on the latest 

observations. Such passive ‘‘sense and react’’ approach results in frequent disruptions to 

communications of both primary and secondary users. Specifically, periodic sensing and adaptation 

cannot guarantee interference free environment for primary user operations. As a result, primary 
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users can experience short-term interference to transmissions before being detected by neighboring 

secondary users. Similarly, secondary users suffer from unexpected interruptions to 

communications, making it extremely difficult to satisfy application requirements. They have no 

expectations of future spectrum availability to help coordinate spectrum access or schedule 

transmissions.  

Enabled with opportunistic spectrum sharing capability, cognitive radio [39, 143, 144] has 

emerged as a technology for dynamic spectrum access based spectrum sharing. A primary role of a 

cognitive radio is to detect primary user’s unused spectrum and opportunistically allocate them 

among requesting secondary users based on availability over time and space. This, in turn, is 

conducive to increasing the spectral efficiency and the channel capacity. Cognitive radio technology 

has been proposed to promise maximal spectrum utilization, and it allows opportunistic users to 

access the spectrum that has been assigned away but not been fully used by the primary users [145-

147]. Spectrum occupancy prediction provides cognitive radio secondary users with proactive ability 

to exploit spectrum opportunities. In order to avail the opportunistic access into the spectrum 

opportunities, the secondary users must have the cognitive ability, and the reconfigurability, to 

identify and exploit instantaneous availability of these opportunities. Spectrum prediction broadly 

targets channel availability, i.e., prediction of the channel status as idle or busy, and duty cycle, i.e., 

prediction of the average fraction of time the primary user is occupying the channel [148]. Channel 

monitoring is a very important activity that is used by the cognitive radio to understand the spectrum 

occupancy of primary user. A cognitive radio user develops a spectrum pool consisting of all the 

spectrum opportunities in a range of spectrum and chooses the optimum one for its future usage. 

Channel capacity can be increased by using proper spectrum sharing policy. Spectrum prediction in 

cognitive radio networks is a challenging problem that involves several sub topics such as channel 

status prediction, primary user activity prediction, radio environment prediction, and transmission 

rate prediction [149]. In cognitive radio networks, since secondary users are sensing and observing 

the spectrum all the time, they can learn the usage pattern of the spectrum and use such information 

to predict the future status of the spectrum. 

An example of primary user operation with specific usage pattern is radar systems [150]. Radars 

could be a good candidate for the primary systems in spectrum sharing also due to the fact that they 

operate over a large amount of spectrum. For example, in the US over 1.7 GHz of spectrum from 225 

MHz to 3.7 GHz involves radar and/or radionavigation infrastructure, and around 1.1 GHz of this 1.7 

GHz is used by fixed land-based radars in non-military applications [151, 152]. Currently, there are 

some bands in which radars are protected from harmful interference by granting them exclusive 
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rights to operate in a given area and frequency band, and other bands (e.g., at 5 GHz) in which radars 

share spectrum with unlicensed devices that can transmit only if they are so far from any radar that 

the radar is undetectable [153]. Both of these are ‘White Space’ approaches to primary-secondary 

sharing, where secondary wireless systems are allowed to operate in frequency bands and 

geographic regions that are found to be entirely unused by any primary system. In contrast, with the 

‘Gray Space’ [154] sharing approach, a secondary device is allowed to transmit near a radar, but only 

when and with a transmit power that will not cause harmful interference. The maximum transmit 

power of secondary devices changes over time, based on the behavior of the primary system. In the 

context of spectrum sharing dynamic power control is used to allow systems under different 

administrative control to share spectrum in a primary-secondary arrangement [155]. Examples of 

these radars include applications in weather operating in 2.7-3.0 GHz, Air Traffic Control (ATC) in 

2.7-2.9 GHz, and other surveillance in 0.42-0.45 GHz and 2.7-3.5 GHz [155]. With a rotating main 

beam, the radar antenna gain seen by the fixed secondary device varies, hence, there will be periods 

of time when the link loss (including antenna gains and path loss) between the device and the radar 

is high enough so that the device can transmit successfully, without causing harmful interference to 

the radar. This sharing can be either cooperative (through explicit coordination between the 

secondary device and the primary system) or coexistent (without coordination) [150]. 

Dynamic spectrum access schemes can help unlicensed users (secondary users) to access 

licensed channels without interference to primary users. To achieve this purpose, secondary users 

need to first sense the channels to detect which channels are not used by primary users, and then 

choose the available channels to access. In practice there are some problems when the number of 

channels is large. It becomes hard to choose which channels to sense and which channel to access. 

Because spectrum sensing costs time and energy, so it’s not possible to sense too many channels 

every time. That’s why channel usage prediction is introduced. With channel usage prediction, 

secondary users can reduce the cost of dynamic spectrum access by only sensing the channels with 

highest probability to be available. Another significant challenge lies in the fact that the wireless 

spectrum is nonstationary, which means its background probability model is varying. Therefore the 

prediction error is not avoidable. Also the dynamic spectrum access schemes have to deal with the 

fact that all spectrum opportunities are not generated equally. The diverse behavior of different 

primary users in various spectrum bands affects a cognitive radio’s ability to exploit spectrum 

opportunities. In a heavily used spectrum environment, the availability of unutilized, uncluttered, 

and easily accessible white space spectrum is unlikely. In ‘White Space’ spectrum sharing, secondary 

users avoid interference with incumbents by utilizing portions of the spectrum that remain 
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unoccupied for fairly significant periods of time. On the other hand, when cognitive radios 

opportunistically access the gray spaces, which may be intermittently occupied or occupied by low-

power interferers, require a degree of interference tolerance. If the cognitive radio can learn how the 

other users are exploiting the spectrum, then it can make a more informed attempt to exploit the 

opportunity. For channels where the activity of the primary users is varying much over time, 

instantaneous sensing information might become obsolete in the near future, causing frequent 

service disruptions for secondary users since they have to refrain from transmissions and search for 

new available channels. Frequent channel switching causes delays and reduces throughput. In 

addition, interference is produced towards primary users. Therefore, the channel selection algorithm 

should take into account the cost or probability of such future change in channel availability when 

selecting a channel. The Opportunistic users may employ techniques that allow cognitive radios to 

familiarize themselves with an unknown spectrum environment, recognizing specific, moderately 

utilized spectrum bands that present an opportunity to be exploited using learning-enhanced 

dynamic spectrum access techniques. A cognitive radio should have the ability to learn from past 

experiences to improve future performance compared to the case where only instantaneous 

information is taken into account. This implies the need of prediction algorithms to predict the future 

from past observations. Predictive channel occupancy has the potential to enhance the efficiency of 

spectrum utilization. 

Probabilistic Assurance for Spectrum Opportunity Availability and Duration 

In this chapter we discuss the impact of cooperation between the incumbent user and the 

opportunistic secondary user on the nature of cooperation. The discussion leads us to identify the 

desired forms and level of cooperation according to the use cases and applications. We also present 

the generation of these cooperation metrics using different level of primary-secondary cooperation. 

In this submission, we address the generation of the Spectrum Opportunity Duration Assurance 

(SODA) metric; the probabilistic assurance about the availability and duration of spectrum 

opportunities using primary-secondary cooperation. To realize opportunistic spectrum access, 

spectrum monitoring techniques (such as spectrum sensing) are applied to identify the presence of 

spectrum opportunities. The secondary users, limited by their available resources and technical 

abilities, sequentially sense the channels until a spectrum opportunity is detected. The sequential 

monitoring results in significant consumption of energy, time and spectrum resources for 

opportunity identification. This motivates the idea for an intelligent predictive method so that 

secondary users can learn from the past channel utilization. The past channel utilization information 
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can be useful for the secondary user operations in two ways: i) predicting the likelihood of availability 

to reduce the number of sensing events and thus reduce the amount of resources (time and 

spectrum) consumed in spectrum monitoring and ii) predicting the probability of an spectrum 

opportunity being available for certain duration and thus improve resource allocation and 

interference avoidance mechanisms. The spectrum opportunity duration significantly influences the 

quality of service (QoS) predictability of a shared spectrum [156]. By statistically representing the 

availability the reporting load can be significantly reduced. It also allows improved accuracy if 

spectrum usage data reporting is delayed due to network latency or is otherwise unavailable. In the 

existing approaches, the secondary user or a dedicated sensor network (Environmental Sensing 

Capability, ESC, proposed in the 3.5 GHz Second FNPRM [28]) is responsible for predicting the 

availability and duration of spectrum opportunities. The majority of the solutions proposed in the 

literature for modeling the availability and duration of spectrum opportunities involve Hidden 

Markov Model approaches. The problem with the Hidden Markov Model approach is that the state 

transition depends only on the current state but does not consider the dwell time of the current state. 

In order to predict the opportunity duration, we need to consider the time for which the primary user 

stays in a particular state. To address this issue and predict the dwell time distribution of the states, 

prediction algorithms using Non-Stationary Hidden Markov Model have been proposed recently in 

the literature in the context of spectrum sharing. As expected the Non-Stationary Hidden Markov 

Model approaches offer better prediction accuracy compared to the Hidden Markov Model 

approaches. But the primary criticism of the Non-Stationary Hidden Markov Model approaches is the 

significant increase in computational complexities. The computational complexity involved in Non-

Stationary Hidden Markov Model approaches makes them infeasible to efficiently predict the 

availability and duration of spectrum opportunities in real time use cases.  

We propose to introduce primary user cooperation into the prediction algorithms in order to 

observe the impact of primary-secondary cooperation on the prediction accuracy and computational 

complexity of the prediction algorithms. The additional information available through primary-

secondary cooperation would include the operational parameters of the primary user system, 

reference mean and variance of observations (database approach), maximum state duration, model 

parameter initialization, identification of the Similar Activity Phases, tentative plan of future usage, 

etc. The Incumbent SAS, having access to this information and previous observations, performs the 

Non-Stationary Hidden Markov Model approach to re-estimate the model parameters and forward it 

to the Secondary SAS. The Secondary SAS uses the re-estimated model parameters to run the 

prediction algorithm in real time using the current channel monitoring results received from the ESC 
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and/or the secondary users. The Spectrum Opportunity Duration Assurance (SODA) values 

determined for each of the shared channels helps the spectrum sharing systems to achieve the 

availability and duration information about spectrum opportunities. Thus the secondary user 

resource management system and/or the SAS become enabled to perform intelligent dynamic 

spectrum access to improve the spectrum sharing experience of both the primary and secondary 

users. 
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Related Work 

Spectrum prediction in cognitive radio networks is a challenging problem that involves several 

sub-topics such as channel status prediction, primary user activity prediction, radio environment 

prediction, and transmission rate prediction [149, 157, 158]. Majority of the spectrum occupancy 

models presented in literature are focused on occupancy patterns of the primary user. Spectrum 

prediction broadly targets channel availability, i.e., prediction of the channel status as idle or busy, 

and duty cycle, i.e., prediction of the average fraction of time the primary user is occupying the 

channel [148]. In cognitive radio networks, since secondary users are sensing and observing the 

spectrum all the time, they can learn the usage pattern of the spectrum and use such information to 

predict the future status of the spectrum. Various sensing techniques, including energy detection 

[159-161], matched filter detection [162-164] and cyclostationary detection [160, 161, 165], etc., 

have been proposed for local spectrum sensing at a single cognitive radio user. Performances of these 

technologies are influenced by the quality of received signals which may be severely degraded due 

to multipath fading and shadowing. In [149], autoregressive moving average model (ARMA) is 

employed to predict the power of television (TV) signals in time domain. Auto Regressive models 

have been widely used to predict channel state transitions over fading channels [166, 167]. In [168], 

channel occupancy status is converted into binary form and autoregression model is used for 

predicting the binary channel status. The paper used artificially generated Global System for Mobile 

(GSM) signals for testing the performance of the prediction scheme. In [169], an autoregressive 

channel prediction model was proposed for cognitive radio systems to estimate spectrum 

opportunities. The model adopts a second-order autoregressive process and a Kalman filter. The 

parameters of the auto-regressive model are computed using the Yule-walker algorithm [167]. When 

these parameters were gained, the state of spectrum opportunity can be predicted via a Kalman filter. 

A Bayes risk criterion for spectrum opportunity detection was also proposed by considering 

interference temperature and channel idle probability. Using theoretical analysis and simulations, 

the authors claimed that cognitive radio systems based on this scheme can greatly reduce the number 

of collisions between incumbent and opportunistic users. 

Conventional spectrum sensing schemes typically assume that cognitive radio users perform 

spectral band usage monitoring independently from block to block. Most cognitive devices might not 

be able to sense all the targeted channels concurrently. If secondary users need to sequentially sense 

through all the channels before a decision is made, significant amount of the scarce spectrum 

resources can be wasted in performing spectrum sensing. In [170], the authors extensively discussed 

this matter and have proven that the throughput increases with having a prediction on primary users’ 
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activity. The authors in [171] proposed a novel sequence spectrum sensing scheme by utilizing the 

statistics of the licensed activities. They also presented a suboptimal weighted average energy 

detection scheme adopting the Neyman-Pearson criterion where the weighting coefficients of the 

current block vary with detection results of the previous blocks. Several prediction methods such as 

binary time series analysis and Hidden Markov Model, have been used to provide predicted 

information to secondary users’ “next-step decision” [158, 168]. A Multilayer Perception based 

approach for spectrum prediction was presented in [172]. Beta distribution is considered in [173] to 

represent the channel occupancy pattern of primary user and it is validated in [174]. Based on the 

statistical characteristics of the licensed band occupancy [175, 176], a probability-based periodic 

spectrum sensing scheme only during communication of cognitive radio users is investigated [177]. 

The wireless spectrum is non-stationary, which means its background probabilistic model is varying 

all the time, making the error of prediction unavoidable. Therefore, to improve the performance of 

dynamic spectrum access by leveraging spectrum usage prediction, the prediction error must be 

considered. The authors in [178] proposed a new prediction assisted dynamic spectrum access 

scheme, which learns the distribution model of prediction error online, and consider it when making 

choices. The study also suggests that the distribution of prediction error can be well approximated 

by Beta distribution. They claim that the prediction error-aware dynamic spectrum access scheme 

outperforms the prediction based dynamic spectrum access schemes which are not aware of 

prediction errors.  

The ability to accurately estimate spectrum hole at next instant is critical for cognitive radio to 

realize channel access. A spectrum sensing scheme uses received signals to detect channel states, and 

it virtually predicts channel states in the near future simply using previous detected channel states 

[179-183]. The work in [159] explores the configuration of an energy detector in order to enable an 

accurate estimation of the real occupancy rate of a primary channel, thus providing dynamic 

spectrum access based cognitive radio systems with accurate statistical information of primary 

channels that can be used effectively in spectrum and radio resource management decisions. In [184], 

an algorithm based on support vector regression and empirical mode decomposition for frequency 

spectrum prediction in frequency monitor system is introduced. In [185], an interference time ratio 

that represents the fraction of a primary user’s burst interfered by secondary transmission is 

proposed to control the transmission probability for secondary users, which is predicted using 

conditional probability. The idea of predictive dynamic spectrum access is introduced in [186], which 

aims at the distribution of the time length that a channel is idle. Cooperative fusion of secondary 

user’s decisions has been studied extensively to address diverse optimization problems, particularly 
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in spectrum sensing for dynamic spectrum access based spectrum sharing systems. A multitude of 

decision fusion techniques such as hard fusion and soft combining were used for temporal and spatial 

fusion of local node decisions [187]. In [182], cooperative spectrum sensing adapting distributed 

detection theory was investigated. The performance of a linear decision combiner in a cooperative 

setting for primary user detection in cognitive radio was presented in [41]. For spectrum occupancy 

prediction, a handful of papers investigated cooperative fusion using Hidden Markov Model based 

predictors. The authors in [188] implemented cluster formation, and coalition based game theory for 

multi-primary, multi-secondary user environment.  

To flexibly allocate channel resources over a wide bandwidth, cognitive radio systems commonly 

employ multi-carrier modulation (MCM) based techniques, such as orthogonal frequency division 

multiplexing (OFDM) [143, 189] and filtered multitone modulation (FMT) [190]. The foremost task 

of a cognitive radio based on multicarrier modulation scheme is to sense the spectrum 

instantaneously. Generally, matched filter detection method is applied for pre-known primary user 

signals; while energy detection method can be used for unknown primary user signals [19, 139]. 

Maximum likelihood detection (MLD) method for unknown primary user signals has also been 

studied in [19, 191, 192]. Most time-domain approaches become inappropriate for MCM based 

cognitive radio systems due to the requirement of spectrum sensing. For MCM based cognitive radio 

systems, the spectrum sensing process detects the presence and locations of primary users’ signals 

in the frequency domain, expressed by a spectrum hole vector (SHV) [190] or binary allocation vector 

(BAV) [189]. In order to accurately allocate unused channels to secondary users without generating 

excessive interference to primary users, an MCMCR system needs to predict the channel status 

information (CSI) at every next instant. Due to the advantage of simple prediction process, Markovian 

chain model has been suggested for communication channel prediction [193] and user access 

requests prediction on the Internet [194], etc. However, insufficient work has been done on the 

prediction of the subcarriers status information for MCM based cognitive radio systems. In [195], a 

maximum likelihood detection model is developed to detect the presence and locations of primary 

user signals in the frequency domain. Performance of the detection model, including the optimal 

detection region, detection probability and false alarm probability, is analyzed. A one-order two-state 

Markovian chain model is proposed to predict channel status information. In particular, a novel 

subcarrier allocation scheme for MCM based cognitive radio systems is proposed, taking into account 

the confidence of channel estimation, quality of services (QoS) of secondary user and throughput. 

Only a few previous studies have addressed spectrum sharing with a rotating radar. Marcus 

qualitatively discussed the possibility in [8]; Wang et al. [9], and later Rahman and Karlsson [10], 
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analyzed coexistent sharing quantitatively, but only when a device is far enough that its 

transmissions will not cause harmful interference even in the radar’s main beam, as occurs in 5 GHz 

band. The authors in [155] explores opportunistic primary-secondary spectrum sharing when the 

primary is a rotating radar. They consider the case where an orthogonal frequency division multiple 

access (OFDMA) based secondary system operates in non-contiguous cells, as might occur with a 

broadband hotspot service or a cellular system that uses spectrum shared with radar to supplement 

its dedicated spectrum. The authors claim that by evaluating quality of service, it is found that 

spectrum shared with radar could be used efficiently for applications such as non-interactive video 

on demand, peer-to-peer file sharing, file transfers, automatic meter reading, and web browsing, but 

not for applications such as real-time transfers of small files and VoIP. 

The authors in [196] proposed a method to classify traffic patterns of primary channels in 

cognitive radio systems and apply different prediction rules to different types of traffic. This allows 

a more accurate prediction of the idle times of primary channels. An intelligent channel selection 

scheme is used to find the channels with the longest idle times for secondary use based on the 

prediction results. The proposed scheme was tested with Pareto and exponentially distributed 

stochastic traffic and with deterministic traffic. The authors claim that the predictive method using 

past information improves the throughput of the system compared to a system based on 

instantaneous idle time information. A multiuser automatic modulation classification for cognitive 

radios using distributed sensing in multipath fading channel was presented in [40]. In [195], a 

spectrum opportunity vector was presented modeled as a Markov process model. The authors in 

[197] proposed a topology-transparent scheme for opportunistic and cooperative spectrum access 

for opportunistic users. An entropy based prediction method was introduced in [198]. Authors 

looked for the correlated channels to optimize the sensing strategy. In [196], the authors applied 

maximum likelihood to predict the length of idle period of each channel. By selecting the channel 

with the longest predicted idle time, they achieved a reduction in the number of channel switching 

needed. The author in [199] employ techniques that allow cognitive radios to familiarize themselves 

with an unknown spectrum environment, recognizing specific, moderately utilized spectrum bands 

or gray space opportunities in global system for mobile communications (GSM), digital-enhanced 

cordless telecommunications (DECT), and 2.4-GHz industrial, scientific and medical (ISM) bands that 

present an opportunity to be exploited using learning-enhanced dynamic spectrum access (DSA) 

techniques. A learning technique for cognitive radios that will allow prediction of spectral vacancy 

called predictive dynamic spectrum access (PDSA) was presented in [186]. The goal of PDSA is to 

gather statistical information about a primary user in an effort to predict when the channel will be 
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idle. This allows to better plan secondary use of the spectrum without the cooperation of the primary 

user. The authors in [186] explore two approaches to PDSA. The first uses cyclostationary detection 

on the primary users’ channel access pattern to determine expected channel idle times. These 

techniques are simulated with both Time Division Multiple Access (TDMA) and Carrier Sense 

Multiple Access (CSMA) networks. The second briefly examines the use of Hidden Markov Models for 

use in PDSA. Several machine learning techniques have been adopted including neural network, time 

regression, and space vector machines [149, 200, 201]. The authors in [202] applied an artificial 

neural network based prediction method to reduce the number of channel sensing needed to 

perform. The accuracy of the Artificial Neural Network algorithm was compared with the accuracy of 

Hidden Markov Model in [172].  

In general, modeling of spectrum occupancy is done by measuring the received signal powers and 

estimating the status of primary users using different kinds of spectrum sensing techniques [203, 

204]. Such formulations are inaccurate since the primary users’ true status cannot be obtained from 

some noisy and incomplete observations. Since the true states (occupancy by primary users in 

reality) of a sub-band are never known (i.e., hidden) to the cognitive radio, in [158, 205-207] the 

authors have extended their idea of improvising Hidden Markov model in spectrum sensing. Bayesian 

estimation based prediction, and Hidden Markov Model in particular, have received wide attention 

as viable solution for the spectrum occupancy prediction problem. In [208], the authors define a 

simple approach based on Bayesian theorem to predict spectrum occupancy status of primary user, 

from its spectrum occupancy pattern. They formulated the prediction requirement as a Bayesian 

problem and the solution is obtained through the Bayesian approach. The solution utilizes the 

conditional probability of busy/idle previous states to predict the probability of next busy state. A 

general probabilistic framework for traffic modeling and prediction with Bayesian inference were 

presented in [209], in which the transition probabilities between each pair of entry and exit states 

are modeled by a semi-Markov chain, and the traveling time durations between states are modeled 

by an exponential distribution. 

Clancy [186] was the first to use an Hidden Markov Model, similar to that used in speech 

processing [210], to model the channel occupancy as a function of time.  Ghosh et al. collected 

spectrum measurement (collected in the paging band: 928-948 MHz) and used the data to analyze 

the primary users’ behaviors to validate the existence of Markov chain for sub-band utilization by 

primary users [211]. Furthermore, since the detection of idle sub-bands by a cognitive radio is prone 

to errors, the paper probabilistically model the errors and formulate a spectrum sensing paradigm 

as a Hidden Markov model that predicts the true states of a sub-band. In [158], the authors modeled 
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each channel as a Poisson distribution, and used an Hidden Markov Model to predict the availability 

of a channel. The Hidden Markov Model was trained with Baum-Welsh algorithm [212] predicting 

the presence of primary users to avoid transmission collision. Hidden Markov Model is used to 

predict the usage behavior of a frequency band based on channel usage patterns in [158], to decide 

whether or not to move to another frequency band. A channel status predictor using Hidden Markov 

Model based pattern recognition is proposed in [207]. Single-user prediction of channel state is 

proposed in [157] to minimize the negative impact of response delays caused by hardware platforms. 

A modified Hidden Markov Model based single secondary user prediction is proposed and examined 

against real world Wi-Fi signals. Thao et al. [213] used bivariate HMM for spectrum sensing 

optimization. K-step ahead prediction was studied in [214] using Non-Stationary Hidden Markov 

Model. Different aspects related to the training for the Hidden Markov Model based systems are 

studied in [215], while [216, 217] exploited modified Hidden Markov Model to optimize secondary 

user’s throughput. Goldsmith et al. [218], studied the information capacity of finite state Markov 

process. Earlier work by Mushkin et al. [219] focused on the posteriori estimation of Gilbert-Elliot 

Channel. Both works provided recursive numerical estimation of the posteriori probability of 

channel state, given a set of observations. The authors in [220] addressed the issue of prediction 

error performance of Hidden Markov Model, in relation to spectrum sensing errors, and primary user 

activity patterns. They extended their work in [221] and presented an investigative analysis of the 

Hidden Markov Model based prediction, and simulated the performance of mean prediction error 

against the model parameters in terms of channel sensing errors, and channel occupancy transitions. 

They also presented hard fusion based cooperative spectrum prediction, and the potential for better 

accuracy compared to local spectrum prediction. In [222], the authors consider how two secondary 

users should interact to maximize their total throughput by modeling the occupancy of the primary 

users as discrete-time Markov chains, then they obtain the optimal dynamic coordination policy 

using a partially observable Markov decision process (POMDP) solver. In [223], the authors propose 

a reinforcement learning based scheme to improve detection of primary user. The scheme can learn 

the underlying characteristic of primary user’s spectrum usage by assuming that the detection of 

primary user is a Markov decision process. Although Hidden Markov Model offer good prediction 

accuracy with reasonable computational complexity, the problem with a Hidden Markov Model based 

prediction scheme is that the primary users’ behavior patterns cannot be well exhibited by a Hidden 

Markov Model. The limitation comes from the memoryless property of Hidden Markov Model which 

makes the transition to the next state independent of the duration of stay at the present state. Nguyen 

et al. proposed a hidden bivariate Markov model to characterize the transmission behavior of a PU 
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[213]. For a hidden bivariate Markov model, the channel state and the PU’s time spent dwelling on a 

state are assumed to be independent. The authors in [215] proposed a non-stationary Hidden Markov 

Model, in which the time-varying property of PU behavior is realized and a primary users’ variations 

in spectrum occupancy across time is modeled. An expectation maximization (EM) based algorithm, 

which extends the traditional Baum-Welch algorithm [224], is developed to estimate the parameters 

of an Non-Stationary Hidden Markov Model.  The authors in [45] proposed a method to statistically 

assure spectrum availability using Hidden Markov Models and Non-Stationary Hidden Markov 

Models to estimate the activity of the spectrum. 
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In this section we address the generation of probabilistic assurances about the availability and 

duration of spectrum opportunities for different cooperation levels of the primary-secondary 

cooperation framework. The SAS plays a central role in our proposed probabilistic assurance 

generator. It serves as a middle entity to facilitate the interaction between the primary user and 

secondary user operations. The SAS is capable of accessing the primary user usage statistics and 

process the information to improve the probabilistic assurance generator’s performance. One 

interesting aspect of using cooperation in determining the probabilistic assurance is that we are more 

interested about the “Local True State” rather than the “Actual True State” of the primary users 

operations at the transmission antenna of the primary user. Even if we have access to the 

transmission status of the primary user operation, we need to translate that to the local primary user 

operational state to improve the spectrum sharing experience. In order to characterize the wireless 

propagation environment we assume a log-distance path loss with shadowing model [225]. Let 𝑑 

denote the distance from the primary user transmitter to the secondary user node. The log-distance 

path loss with shadowing can be calculated by 

 

𝑃𝐿(𝑑) = [𝑃𝐿(𝑑0) + 10𝛾 log10 (
𝑑

𝑑0
)] + 𝑋𝑔 

𝑃𝐿(𝑑): 𝑡𝑜𝑡𝑎𝑙 𝑝𝑎𝑡ℎ 𝑙𝑜𝑠𝑠𝑎𝑡 𝑎 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑑 (𝑑𝐵) 

𝑃𝐿(𝑑0): 𝑝𝑎𝑡ℎ 𝑙𝑜𝑠𝑠 𝑎𝑡 𝑎 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑑0 

𝛾: 𝑡ℎ𝑒 𝑝𝑎𝑡ℎ 𝑙𝑜𝑠𝑠 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡 

𝑋𝑔: 𝑟𝑎𝑛𝑑𝑜𝑚 𝑠ℎ𝑎𝑑𝑜𝑤𝑖𝑛𝑔 𝑒𝑓𝑓𝑒𝑐𝑡𝑠 

( 1 )  

The path loss exponent, 𝛾, varies for different propagation environments. The random variable, 

𝑋𝑔, is assumed to be normal with zero (0) mean and variance, 𝜎𝑔
2. Let us assume that the received 

signal strength at the SU node follows: 

{𝑌, 𝑡 = 0, 1, 2,… }~𝒩(𝑃𝑇 − 𝑃𝐿(𝑑), 𝜎
2) 

where 𝑃𝑇 is the transmit power of the PU operation. In order to estimate the local true states of 

the primary user operation, we need to determine a threshold value that accurately identifies the 

ON/OFF status of the primary user transmitter. Due to the non-stationary nature of the wireless 

channels, determination of an appropriate threshold is a non-trivial problem and often results in 

erroneous predictions. In this work, we propose to make use of primary user cooperation by using 

statistics of the primary user operations to supplement channel monitoring in order to predict the 

primary user operation status. Even with the cooperation in the form of usage statistics, we need the 
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local observation sequence to predict the local true states of the primary user operation. In our 

proposed approach, the SAS plays the central role to bridge the primary user cooperation and 

channel monitoring results to improve the prediction accuracy. We define the Spectrum Opportunity 

Duration Opportunity (SODA) as follows: 

SODA is a probabilistic assurance about each of the idle primary user channels stating that the 

channel in consideration will be available for secondary user access for certain duration of time with 

the probability SODA. 

Table 26: Level of cooperation considered 

Cooperation Level Methods 

0 No cooperation, HMM 

1 No cooperation, NS-HMM 

2 NS-HMM with random segmentation 

3 NS-HMM with similar activity phase identification 

4 NS-HMM with similar activity phase identification and 
initial model parameter estimation 

 

The cooperation framework consists of five levels, specified by Table 26. For Level 0, the primary 

and secondary user operations act on their own and the channel monitoring results are processed 

through a Hidden Markov Model or Non-Stationary Hidden Markov Model approach in order to 

generate the probabilistic assurances. The problem with the Hidden Markov Model approach is that 

it does not consider the duration of stay in a particular state while determining the state transition 

probabilities. The Non-Stationary Hidden Markov Model approaches address this issue and provides 

better prediction accuracy compared to the Hidden Markov Model approaches. But, the Non-

Stationary Hidden Markov Model approaches result in significant increase in the computational 

complexity of the prediction algorithms. 

The SAS framework proposed to incorporate the SODA approach is presented in Figure 11. In this 

work we will be using the Non-Stationary Hidden Markov Model approach for calculating the SODA 

values as this offers better prediction accuracy compared to the Hidden Markov Model approaches. 

The SODA calculation is done in two phases. In phase 1, the Incumbent SAS estimates the Non-

Stationary Hidden Markov Model parameters based on previously stored training data and usage 

statistics of the primary user operations. In the second phase, the Secondary SAS receives these 
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estimated model parameters and use them on the current channel monitoring results to predict the 

primary user operation’s usage status. This approach entrusts the Incumbent SAS to estimate the 

model parameters offline and allows the Secondary SAS to perform prediction algorithms with 

relatively low computational complexity.  

Responsibility of the Incumbent SAS (I-SAS) 

The Incumbent SAS is responsible for communicating with the primary user database to access 

the usage information. The SODA calculation using the Non-Stationary Hidden Markov Model 

approach involves two phases. In the Phsae-1, previously stored observation sequence is used to 

train the model and estimate the model parameters. In the absence of primary user cooperation, the 

estimation of the model parameters begins with random initialization. The learning method (e.g. the 

Baum-Welch algorithm) starts from an initial model with randomly-chosen parameters, and 

iteratively updates the model parameters until convergence.  

 

 

Figure 11: SAS framework for the proposed SODA approach 

Thus, there is the risk of falling into local optima and low convergence speed because of the 

randomness of initial parameters [226]. The starting point of the training phase significantly impacts 
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the estimated model parameters. This provides us with a potential opportunity to improve the 

prediction accuracy using primary user cooperation. The Incumbent SAS can generate a more 

suitable starting point for the training phase and thus improve the reliability of the SODA values. 

Another interesting primary user cooperation could be the Similar Activity Phase Identification 

information. If the primary user operation’s usage can be segmented based on the intensity of the 

activity, it will help the Incumbent SAS to determine more appropriate initial model parameters. For 

this preliminary analysis, we propose to segment the training sequence in three (3) groups: ‘Light 

activity’, ‘Moderate activity’, and ‘High activity’. With the help of Similar Activity Phase Identification 

information, the Incumbent SAS can select appropriate training sequence to perform the model 

parameter estimation routine. The primary criticism against the Non-Stationary Hidden Markov 

Model approach is the increase in computational complexity. The computational complexity of the 

Non-Stationary Hidden Markov Model is 𝑂(𝑇(𝑀2 +𝑀𝐾 +𝑀𝐷 + 𝐾𝐷3))   [227] compared to 

𝑂(2𝑀2𝑇 +𝑀 + 𝐾)  of a Hidden Markov Model based approach [228], where 𝑀  is the number of 

states, 𝐾 is the emission alphabet size, 𝐷 is the maximum state duration, and 𝑇 is the length of the 

sequence. From the perspective of primary user operation (𝑀 = 2) and channel monitoring decisions 

(𝐾 = 2), the increase in computational complexity for the Non-Stationary Hidden Markov Model 

approach is mainly due to the maximum state duration (𝐷). Without primary user cooperation, the 

Non-Stationary Hidden Markov Model approaches assume a large 𝐷 to incorporate the state dwell 

time in the prediction algorithms. The Incumbent SAS can access this information from the 

incumbent database and provide the Non-Stationary Hidden Markov Model with a 𝐷 value which is 

a much better approximation of the actual maximum state duration. 

We also propose to ignore the low values of state durations as these spectrum opportunities will 

result in frequent channel switching from the perspective of the secondary user operations. Based 

on the minimum quality of service (QoS) requirement of the SU operations, we can decide on the 

minimum state duration for which an idle channel will be considered as a spectrum opportunity. The 

Incumbent SAS can access the primary user database to determine the probability of state durations 

from that lower threshold. While training the model parameters, we will preprocess the data such 

that the state transitions with smaller state duration are considered as continuance of a state. This 

approximation will result in degradation in the prediction performance as we are intentionally 

ignoring information. But we are interested to observe the reduction in complexity if the 

performance degradation is within a tolerable limit. As can be seen in Figure 11, the responsibilities 

of Incumbent SAS also include providing the incumbent satisfaction report in order to ensure a 

desired interference environment for the primary user operation. 
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Responsibility of the Secondary SAS (S-SAS) 

The Secondary SAS is responsible to perform the Phase-2 of the Non-Stationary Hidden Markov 

Model based SODA generation. The Secondary SAS receives the estimated model parameters from 

the Incumbent SAS and use these parameters on the current channel monitoring results to identify 

the local true state of the primary user operations. The channel monitoring system that provides the 

channel state information may include both spectrum sensing and geo-location database approach. 

The Secondary SAS uses this information as the observation sequence in the Non-Stationary Hidden 

Markov Model based prediction algorithms. As the training and model parameter estimation is done 

offline by the Incumbent SAS, the Secondary SAS applies the estimated model parameters to the real 

time observation sequence and determine the probabilistic assurance about the availability and 

duration of the spectrum opportunities.   

As can be seen from Figure 11, the Secondary SAS is also responsible for spectrum allocation, 

secondary user operation’s usage monitoring, and policy enforcement.  
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SODA Calculation using Non-Stationary HMM based Prediction Approach 

Let 𝑠1, 𝑠2, … , 𝑠𝑀  be the states of a Non-Stationary Hidden Markov Model with initial state 

distribution 𝜋: {𝜋𝑚} and the transition probability matrix 𝐴: {𝑎𝑚𝑛}. Let 𝑞𝑡 be the state of the semi-

Markov chain at time 𝑡, 𝑡 = 1, 2, . . , 𝑇 and 𝑜𝑡 the observable output with the conditional probability of 

emission  

𝑏𝑚(𝑣𝑘) ≜ 𝑃(𝑜𝑡 = 𝑣𝑘| 𝑞𝑡 = 𝑠𝑚) 

( 2 ) 

where {𝑣𝑘}  is a set of 𝐾  distinct values that may be assumed by the observation 𝑜𝑡  (with 

𝐵: {𝑏𝑚(𝑣𝑘)}). We also assume that the duration of a given state is a discrete random variable taking 

values 𝑑 with probability 𝑝𝑚(𝑑) with 𝑃: {𝑝𝑚}, where 𝑑 ∈ {1,2,… , 𝐷}.  So for this work, we describe 

the Non-Stationary Hidden Markov Model with 𝜆 = {𝜋, 𝐴, 𝐵, 𝑃} . For the Non-Stationary Hidden 

Markov Model calculation of forward-backward algorithm and parameter estimation we follow the 

work presented by Yu and Hisashi in [229]. Let 𝜏𝑡 denote the remaining sojourn (or residual life) 

time of the current state 𝑞𝑡. Then, if the pair process (𝑞𝑡, 𝜏𝑡) takes on value (𝑠𝑚, 𝑑) at, say, time 𝑡0, the 

semi-Markov chain will remain in the current state 𝑠𝑚 until time 𝑡0 + 𝑑 − 1 and transit to another 

state at time 𝑡0 + 𝑑, where 𝑑 ≥ 1. Let us define a variable, 

𝛼𝑡|𝑥(𝑚, 𝑑) ≜ Pr(𝑞𝑡 = 𝑠𝑚, 𝜏𝑡 = 𝑑 | 𝑜1
𝑥) 

where 𝑥 = 𝑡 − 1, 𝑡, 𝑜𝑟 𝑇. The above quantity is termed the ‘predicted’, ‘filtered’, or ‘smoothed’ 

probabilities of (𝑞𝑡, 𝜏𝑡), depending on whether the observation sequence is 𝑜1
𝑡−1, 𝑜1

𝑡 , 𝑜𝑟 𝑜1
𝑇. Summing 

over every possible duration, we get the marginal distribution of 𝑞𝑡, 

𝛾𝑡|𝑥(𝑚) ≜∑𝛼𝑡|𝑥(𝑚, 𝑑)

𝑑

 

( 3 ) 

We also define the ratio of the filtered probability 𝛼𝑡|𝑡(𝑚, 𝑑) over the predicted one 𝛼𝑡|𝑡−1(𝑚, 𝑑), 

for any 𝑑, by 

𝑏𝑚
∗ (𝑜𝑡) ≜

𝛼𝑡|𝑡(𝑚, 𝑑)

𝛼𝑡|𝑡−1(𝑚, 𝑑)
=

𝑏𝑚(𝑜𝑡)

𝑃(𝑜𝑡|𝑜1
𝑡−1)

 

( 4 ) 

Also the one step (from 𝑡 − 1  to 𝑡 ) observation prediction probability Pr(𝑜𝑡|𝑜1
𝑡−1)  can be 

calculated as 

𝑃(𝑜𝑡|𝑜1
𝑡−1) =∑𝛼𝑡|𝑡−1(𝑚, 𝑑)𝑏𝑚(𝑜𝑡)

𝑚,𝑑
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                    = ∑𝛾𝑡|𝑡−1(𝑚)𝑏𝑚(𝑜𝑡)

𝑚

 

( 5 ) 

The forward recursion formula can be written as 

𝛼𝑡|𝑡−1(𝑚, 𝑑) = 𝑆𝑡−1(𝑚)𝑝𝑚(𝑑) + 𝑏𝑚
∗ (𝑜𝑡−1)𝛼𝑡−1|𝑡−2(𝑚, 𝑑 + 1) 

𝑤𝑖𝑡ℎ 

𝛼1|0(𝑚, 𝑑) = 𝜋𝑚𝑝𝑚(𝑑) 

𝑆𝑡(𝑚) ≜ Pr(𝑞𝑡+1 = 𝑠𝑚, 𝜏𝑡 = 1 | 𝑜1
𝑡) =∑ℰ𝑡(𝑛)𝑎𝑛𝑚

𝑛

 

ℰ𝑡(𝑛) ≜ Pr(𝑞𝑡 = 𝑠𝑚, 𝜏𝑡 = 1 | 𝑜1
𝑡) = 𝛼𝑡|𝑡−1(𝑚, 1)𝑏𝑚

∗ (𝑜𝑡) 

( 6 ) 

Here ℰt(m)  represents the conditional probability of a state ending at t  given o1
t  and 

St(m) represents that of a state starting at t + 1 given o1
t . The backward recursion formula is given 

by, 

𝛽𝑡(𝑚, 𝑑) = {
𝑆𝑡+1
∗ (𝑚)𝑏𝑚

∗ (𝑜𝑡), 𝑑 = 1

𝛽𝑡+1(𝑚, 𝑑 − 1)𝑏𝑚
∗ (𝑜𝑡) 𝑑 > 1

 

𝑤𝑖𝑡ℎ 

𝛽𝑇(𝑚, 𝑑) = 𝑏𝑚
∗ (𝑜𝑇) 

𝑆𝑡
∗(𝑚) ≜

Pr(𝑜𝑡
𝑇 |  𝑞𝑡 = 𝑠𝑚, 𝜏𝑡−1 = 1)

Pr(𝑜𝑡
𝑇 | 𝑜1

𝑡−1)
=∑𝑎𝑚𝑛ℰ𝑡

∗(𝑛)

𝑛

 

ℰ𝑡
∗(𝑚) ≜

Pr(𝑜𝑡
𝑇 |  𝑞𝑡 = 𝑠𝑚, 𝜏𝑡−1 = 1)

Pr(𝑜𝑡
𝑇 | 𝑜1

𝑡−1)
=∑𝑝𝑚(𝑑)𝛽𝑡(𝑚, 𝑑)

𝑑

 

( 7 ) 

Now we can summarize the forward-backward algorithm using variables 𝛼𝑡|𝑡−1(𝑚, 𝑑)  and 

𝛽𝑡(𝑚, 𝑑) as given in Algorithm 1.1 and 1.2. 

Algorithm 1.1: Forward Recursion 

Initialization 

 Randomly initialize the model parameters: 𝜆 = {𝜋, 𝐴, 𝐵, 𝑃} 

 For 𝑡 = 1, calculate 

1. Forward variable {𝛼1|0(𝑚, 𝑑), ∀𝑚, 𝑑} using Eq.(6)  

2. One step observation probability: Pr(𝑜1 | 𝑜1
0) = Pr(𝑜1) = ∑ 𝛼1|0(𝑚, 𝑑)𝑏𝑚(𝑜1)𝑚,𝑑  

3. Normalized emission probabilities: {𝑏𝑚
∗ (𝑜1), ∀𝑚} =  

𝑏𝑚(𝑜𝑡)

𝑃𝑟(𝑜1)
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4. Probability of the state starting at 𝑡:   {ℰ1(𝑚), ∀𝑚} = 𝛼1|0(𝑚, 1)𝑏𝑚
∗ (𝑜1) 

5. Probability of the state ending at 𝑡 + 1:   {𝑆1(𝑚), ∀𝑚} = ∑ ℰ1(𝑛)𝑎𝑛𝑚𝑛  

For the rest of the observation sequence 

 Starting from 𝑡 = 2 𝑡𝑜 𝑇 − 1 

1. Forward variable {𝛼𝑡|𝑡−1(𝑚, 𝑑), ∀𝑚, 𝑑, 𝑡 } using Eq.(6) 

2. One step observation probability: {Pr(𝑜𝑡  | 𝑜1
𝑡−1) , ∀𝑡} using Eq.(5) and Eq.(4) 

3. Normalized emission probabilities: {𝑏𝑚
∗ (𝑜𝑡), ∀𝑚, 𝑡} using Eq.(4) 

4. Probability of the state starting at 𝑡:  {ℰ𝑡(𝑚), ∀𝑚} using Eq.(6) 

5. Probability of the state ending at 𝑡 + 1:   {𝑆𝑡(𝑚), ∀𝑚} = ∑ ℰ𝑡(𝑛)𝑎𝑛𝑚𝑛  

 Save {𝛼𝑡|𝑡−1(𝑚, 𝑑), ∀𝑚, 𝑑, 𝑡 } and {Pr(𝑜𝑡  | 𝑜1
𝑡−1) , ∀𝑡} for backward calculation 

 

Algorithm 1.2: Backward Recursion 

Initialization 

 Use the saved {𝛼𝑡|𝑡−1(𝑚, 𝑑), ∀𝑚, 𝑑 }  and {Pr(𝑜𝑡  | 𝑜1
𝑡−1) , ∀𝑡}  values from the forward 

recursion calculation 

 For 𝑡 = 1, calculate 

 Backward variable {𝛽𝑇(𝑚, 𝑑), ∀𝑚, 𝑑 } using Eq.(7) 

 ℰ𝑇
∗(𝑚) = ∑ 𝑝𝑚(𝑑) 𝛽𝑇(𝑚, 𝑑)𝑑  

 𝑆𝑇
∗(𝑚) = ℰ𝑇−1

∗ (𝑚)∑ 𝑎𝑚𝑛ℰ𝑇
∗ (𝑛)𝑛  

For the rest of the observation sequence 

 Starting from 𝑡 = 2 𝑡𝑜 𝑇 − 1, calculate, 

1. Backward variable, {𝛽𝑡(𝑚, 𝑑), ∀𝑚, 𝑑 , 𝑡} using Eq.(7) 

2. Accumulate {𝛾𝑡|𝑇(𝑚), ∀𝑚, 𝑡}: 𝛾𝑡|𝑇(𝑚) = 𝛾𝑡+1|𝑇(𝑚) + ℰ𝑡(𝑚)𝑆𝑡+1
∗ (𝑚) − 𝑆𝑡(𝑚)ℰ𝑡+1

∗ (𝑚)  

3. Estimate the emission probability: �̂�𝑚(𝑣𝑘 = 𝑜𝑡) = �̂�𝑚(𝑣𝑘 = 𝑜𝑡) + 𝛾𝑡|𝑇(𝑚) using Eq.(4) 

4. {ℰ𝑡
∗(𝑚), ∀𝑚, 𝑡} and {𝑆𝑡

∗(𝑚), ∀𝑚, 𝑡} using Eq.(7) 

 Use, {𝛽𝑡(𝑚, 𝑑), ∀𝑚, 𝑑 , 𝑡} , {ℰ𝑡
∗(𝑚), ∀𝑚, 𝑡}  and {𝑆𝑡

∗(𝑚), ∀𝑚, 𝑡}  to re-estimate the model 

parameters for each observation symbol 

The random initialization of the model parameters 𝜆 = {𝜋, 𝐴, 𝐵, 𝑃}  and the probabilities 

calculated in the FB recursion algorithm are used in the re-estimation of the model parameters for 

every observation sequence of length 𝑇.    



 

131 
 

�̂�𝑚 =
𝜋𝑚ℰ1

∗(𝑚)

𝑁𝜋
, �̂�𝑚𝑛 =∑

ℰ𝑡−1(𝑚)𝑎𝑚𝑛ℰ𝑡
∗(𝑛)

𝑁𝑎

𝑇

𝑡=2

, 

�̂�𝑚(𝑣𝑘) =∑
𝛾𝑡|𝑇(𝑚)𝛿(𝑜𝑡 , 𝑣𝑘)

𝑁𝑏

𝑇

𝑡=1

, �̂�𝑚(𝑑) =∑
𝑆𝑡−1(𝑚)𝑝𝑚(𝑑)𝛽𝑡(𝑚, 𝑑)

𝑁𝑝

𝑇

𝑡=2

 

              𝑤ℎ𝑒𝑟𝑒,       𝛿(𝑜𝑡 , 𝑣𝑘) = {
1, 𝑜𝑡 = 𝑣𝑘
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

  

𝑁𝜋: 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 ∑�̂�𝑚
𝑚

= 1, 𝑁𝑏: 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 ∑�̂�𝑚(𝑣𝑘)

𝑚

= 1 

𝑁𝑎: 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 ∑�̂�𝑚𝑛
𝑛

= 1, 𝑁𝑝: 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 ∑�̂�𝑚(𝑑)

𝑑

= 1 

 ( 8 ) 

Based on the re-estimated model parameters λ = {π, A, B, P} received from the Incumbent SAS, 

the Secondary SAS uses the current channel monitoring results as the observation sequence and 

determine the probabilistic assurance about the availability and duration of the spectrum 

opportunities. The Non-Stationary Hidden Markov Model based SODA calculation presented so far 

does not consider any cooperation between the primary user and secondary user operations. The 

computation complexity of the Non-Stationary Hidden Markov Model based prediction approach 

primarily depends on the maximum state duration for fixed number of states (ON or OFF) and 

observation alphabet size (present or absent). So the impact of having prior information about the 

maximum state duration on the computation complexity is straight forward compared to assuming 

a random large value as the maximum state duration. In the following we present the initial results 

on the impact of primary user cooperation in terms of usage statistics on the prediction accuracy and 

computational complexity of the Non-Stationary Hidden Markov Model based prediction approach. 

The block diagram of the SODA calculation procedure is given in Figure 12. 

 

Figure 12: The 2-Phase SODA calculation procedure with Incumbent SAS and Secondary SAS 
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Analyzing the Impact of Similar Activity Phase Identification and Proper Initialization of 

Non-Stationary Hidden Markov Model Parameters 

The traditional Non-Stationary Hidden Markov Model learning method begins with randomly 

chosen initial model parameters, and iteratively updates the model parameters until convergence. 

Thus, there is the risk of falling into local optima and low convergence speed because of the 

randomness of initial parameters. The underlying assumption of using primary user cooperation is 

that the segmentation of the observed signal allows us to identify quite accurately the operational 

aspects of the reference model. From the previously stored local true states of the primary user 

operations, we propose to segment the primary user activities based on the intensity of use.  

The primary user operation’s usage data is partitioned into three (3) segments: ‘Light activity’, 

‘Moderate activity’, and ‘High activity’. Figure 13 shows the received signal strengths (RSS) of the 

Blacksburg Police Department Dispatch operations measured on September 13th 2014 [230]. Based 

on the average RSS values, we partitioned the time between the midnight to 3 AM and 9 PM to 

midnight as moderate activity, 3 AM to noon as low activity, and noon to 9 PM as high activity. If the 

activity phases belonging to the same state are grouped correctly, they can offer us good insight into 

the behavior of the states, i.e. the observation and transition probabilities as well as the duration 

distribution. 

 

Figure 13: Similar Activity Phase Identification for primary user Operations 
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In this work, we estimate the model parameter probabilities based on the observed frequencies 

of the previously stored local true states of the primary user operation. Parameters of a Non-

Stationary Hidden Markov Model can be calculated by simply counting the occurrence of the 

observed signal and the hidden states. Let 𝜙𝑖𝑗 represents the transition from the state 𝑆𝑖 𝑡𝑜 𝑆𝑗; 𝜓𝑖𝑗 

represent the event in which the system is at state 𝑆𝑖 and emit the symbol 𝑣𝑗; and 𝜑𝑖𝑗  represents the 

event in which the system is at state 𝑆𝑖 and stays there for a duration of 𝑗 𝑡𝑖𝑚𝑒 𝑢𝑛𝑖𝑡𝑠. The indicator 

functions 𝐼𝜙𝑖𝑗 , 𝐼𝜓𝑖𝑗 , and 𝐼𝜑𝑖𝑗   are defined as,  

𝐼𝜙𝑖𝑗 = {
1, 𝑖𝑓 𝜙𝑖𝑗 𝑖𝑠 𝑡𝑟𝑢𝑒

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
,    𝐼𝜓𝑖𝑗 = {

1, 𝑖𝑓 𝜑𝑖𝑗 𝑖𝑠 𝑡𝑟𝑢𝑒

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
,   𝐼𝜑𝑖𝑗 = {

1, 𝑖𝑓 𝜑𝑖𝑗  𝑖𝑠 𝑡𝑟𝑢𝑒

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
 

( 9 ) 

The Baum-Welch algorithm also uses the same techniques for parameter re-estimation using 

other probability values. Let us assume that at the beginning of the system observation, 𝜋𝑚𝑖𝑛𝑖
 

represents the frequency at state 𝑆𝑚, 𝜙𝑚𝑛𝑖𝑛𝑖 be the initial transition probability from state 𝑆𝑚 to state 

𝑆𝑛 , 𝜓𝑚𝑖𝑛𝑖
(𝑣𝑘) be the initial emission probability of the symbol 𝑣𝑘  at state 𝑆𝑚 , and 𝜑𝑚𝑖𝑛𝑖

(𝑑) be the 

initial duration probability at state 𝑆𝑚 . Also let us define a counting variable 𝑥  that takes the 

necessary range such that {𝑥: 1 ≤ 𝑥 ≤ 𝑚𝑎𝑥 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑐𝑐𝑢𝑟𝑎𝑛𝑐𝑒} according to the event in 

consideration. The initial estimates of the Non-Stationary Hidden Markov Model parameters can be 

calculated as follows: 

𝜋𝑚𝑖𝑛𝑖
= 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑎𝑡 𝑠𝑡𝑎𝑡𝑒 𝑠𝑚 𝑎𝑡 𝑡 = 1 

𝜙𝑚𝑛𝑖𝑛𝑖 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑠𝑚𝑡𝑜 𝑠𝑛
𝑁𝑢𝑚𝑏𝑒𝑟 𝑓𝑜𝑟 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑠𝑚

 

              =
∑ 𝐼𝜙𝑚𝑛

(𝑥)
𝑥

∑ ∑ 𝐼𝜙𝑚𝑛
(𝑥)𝑁

𝑛=1𝑥

 

𝜓𝑚𝑖𝑛𝑖
(𝑣𝑘) =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑚𝑖𝑠𝑖𝑜𝑛 𝑜𝑓 𝑣𝑘  𝑎𝑡 𝑠𝑚
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑎𝑡 𝑠𝑚

 

                    =
∑ 𝐼𝜓𝑚𝑘

(𝑥)
𝑥

∑ ∑ 𝐼𝜙𝑛𝑚
(𝑥)𝑁

𝑛=1𝑥

 

𝜑𝑚𝑖𝑛𝑖
(𝑑) =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑐𝑐𝑢𝑟𝑎𝑛𝑐𝑒 𝑜𝑓𝑠𝑚𝑤𝑖𝑡ℎ 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑡𝑜 𝑠𝑚
 

                  =
∑ 𝐼𝜑𝑚𝑑

(𝑥)
𝑥

∑ ∑ 𝐼𝜙𝑛𝑚
(𝑥)𝑁

𝑛=1𝑥

 

( 10 ) 
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The initial estimate of the model parameters will be updated over time to improve the reliability 

and appropriateness of the estimated values. In this report, we provide the preliminary results on 

incorporating the primary user cooperation in terms of initial model parameters and Similar Activity 

Phase Identification information. We try to predict the spectrum opportunities using Markov Model 

approaches with and without the availability of primary user cooperation. As mentioned before the 

Incumbent SAS uses the measurement data from September 13th, 2015, presented in [230], to 

estimate the model parameters and the Secondary SAS uses the estimated model parameters on the 

measurement data of September 20th, 2015 to predict the availability and duration of the spectrum 

opportunities. In the absence of primary user cooperation, we use both the Hidden Markov Model 

and Non-Stationary Hidden Markov Model based prediction approaches to estimate the availability 

and duration of spectrum opportunities. In this scenario, we assume that a single entity is performing 

the entire prediction operation and thus results in high computational complexity. With the SAS 

framework proposed in this work, the Incumbent SAS performs the model parameter estimation 

procedure offline based on the previously stored local true states of the primary user operations. 

Thus the real time computational load for the Secondary SAS is reduced only to predicting the 

availability and duration of the spectrum opportunities based on the current channel monitoring 

results.  

Table 27: Impact of PU cooperation on Spectrum Opportunity Prediction Accuracy 

Means of Cooperation Prediction accuracy 

No Cooperation: Hidden Markov Model 74% 

No Cooperation: Non-Stationary Hidden Markov Model 83% 

Non-Stationary Hidden Markov Model with random 
segmentation 

84% 

Non-Stationary Hidden Markov Model with Similar 
Activity Phase Identification 

89% 

Non-Stationary Hidden Markov Model with Similar 
Activity Phase Identification and initial model parameter 
estimation 

96% 
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Table 27 presents the prediction accuracy for five (5) different approaches observed in this work. 

Without primary user cooperation the Hidden Markov Model based approach provides 74% of 

accuracy while using Non-Stationary Hidden Markov Model based approach results in 83% of 

prediction accuracy. We observe the impact three (3) different approaches on the proposed SODA 

calculation procedure. In the first approach, Non-Stationary Hidden Markov Model with random 

segmentation, the Incumbent SAS performs the parameter estimation using the previously stored 

local true states of primary user operation. The Incumbent SAS randomly partition the training 

sequence into equal segment of symbols and estimate the model parameters for that duration of the 

day. This approach provides better prediction accuracy compared to the one where we use the 

channel monitoring results of the whole day as one training sequence. As we segment the training 

sequence randomly, if fails to capture the similarity in primary user activity and thus the parameter 

estimation falls short to provide significant improvement compared to Non-Stationary Hidden 

Markov Model based approach without random segmentation. Next, the Incumbent SAS looks into 

the channel monitoring results to identify similar activity phases (as shown in Figure 13) and use this 

information to generate separate model parameters for each of these activity phases. Using the 

Similar Activity Phase Identification information reasonably improves the prediction performance. 

The prediction accuracy of 89% shown in Table 27, represents the average accuracy achieved for all 

the three activity phases (Light, Moderate, and High activity phases).  

 

Figure 14: Impact of Primary User Cooperation on the Prediction Accuracy of SODA Values 
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The last approach uses Non-Stationary Hidden Markov Model based prediction where the 

Incumbent SAS generates estimation of model parameters for all three (3) activity phases but 

initializes the model parameters according to ( 10 ) instead of random initialization. As expected the 

prediction accuracy improves to 96% as a result of segmentation and initialization based on 

previously stored channel monitoring results. The simulation also shows the performance 

improvement achieved by cooperation based segmentation (89%) compared to random 

segmentation (84%). We also present the impact of primary user cooperation on the accuracy in 

predicting the probabilistic assurance about the duration of the spectrum opportunities (SODA) in 

Figure 14. Primary user cooperation improves the performance of the Non-Stationary Hidden 

Markov Model approach in predicting the duration of the available spectrum opportunities. For a 

spectrum opportunity with duration of two time slots, the Hidden Markov Model approach without 

using any cooperation predicts the opportunity duration with a prediction accuracy of ~65%. While 

the Non-Stationary Hidden Markov Model with primary user cooperation, under the similar context, 

improves the opportunity duration prediction accuracy up to ~95%. 
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Summary of the Section  

In order to realize dynamic spectrum access based spectrum sharing, channel monitoring 

through different spectrum sensing techniques is applied to detect the presence of spectrum 

opportunities. If secondary users randomly or sequentially sense the channels until a spectrum 

opportunity is detected, significant amount of the spectrum and energy resources will be wasted, 

since secondary users transmit only after a decision has been made. On the other hand, with the use 

of an intelligent predictive method, secondary users can learn from the past activities of each channel 

to predict the next channel state. Duration of spectrum opportunity is also another important aspect 

of successful secondary user operation in a spectrum sharing system. In this chapter we discussed 

the generation of a probabilistic assurance about the availability and duration of the available 

spectrum opportunities – the Spectrum Opportunity Duration assurance (SODA) metric. A method to 

statistically ensure spectrum availability using Non-Stationary Hidden Markov Models was 

proposed. We used Non-Stationary Hidden Markov Model in place of Hidden Markov Model because 

the non-stationary approach better approximates the wireless environment. We also introduced 

primary user cooperation into the prediction algorithms in order to improve the prediction accuracy 

and reduce the computational complexity of the prediction algorithms. The primary-secondary 

cooperation provided useful information that was used in the prediction algorithm. The primary user 

cooperation includes maximum state duration, model parameter initialization, Similar Activity Phase 

Identification vector, etc. The Incumbent SAS, having access to this information and previous 

observations, performed the Non-Stationary Hidden Markov Model based operation to re-estimate 

the model parameters and forward it to the Secondary SAS. The Incumbent SAS uses the 

measurement data from September 13th, 2015, presented in [230], to estimate the model parameters 

and the Secondary SAS uses the estimated model parameters on the measurement data of September 

20th, 2015 to predict the availability and duration of the spectrum opportunities. The Secondary SAS 

used the re-estimated model parameters to run the prediction algorithm in real time using the 

current channel monitoring results received from the Environmental Sensing Capability (ESC) 

system and/or the secondary users. Without primary user cooperation the Hidden Markov Model 

based approach provides 74% of prediction accuracy. With primary-secondary cooperation (model 

parameter initialization and Similar Activity Phase Identification), the Non-Stationary Hidden Markov 

Model based approach offers significant improvement in prediction accuracy (96%). The simulation 

also shows the performance improvement achieved by cooperation based segmentation (89%) 

compared to random segmentation (84%). Primary user cooperation also improves the performance 

of the Non-Stationary Hidden Markov Model approach in predicting the duration of the available 
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spectrum opportunities. For a spectrum opportunity with duration of two time slots, the Hidden 

Markov Model approach without using any cooperation predicts the opportunity duration with a 

prediction accuracy of ~65%. While the Non-Stationary Hidden Markov Model with primary user 

cooperation, under the similar context, improves the opportunity duration prediction accuracy up to 

~95%. The Spectrum Opportunity Duration Assurance (SODA) values determined for each of the 

shared channels helps the spectrum sharing systems to achieve the availability and duration 

information about spectrum opportunities. Thus the secondary user resource management system 

and/or the SAS become enabled to perform intelligent dynamic spectrum access to improve the 

spectrum sharing experience of both the primary and secondary users. As a natural extension of the 

reported work, modeling the generation of the probabilistic assurances about the duration of the 

available spectrum opportunities with primary-secondary cooperation using a Hierarchical Hidden 

Markov Model (H-HMM) [231] based approach offers an exciting future research opportunity. 
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Chapter 4: Impact of Primary-Secondary 

Cooperation on Spectrum Opportunity Access 

Introduction 

The increasing diversity of use cases and demand of high quality-of-service (QoS) have resulted 

in overcrowding of spectrum bands. At the same time, the rapid evolution of wireless 

communications has made the problem of spectrum utilization ever more critical. Such explosive 

demand from wireless communications and service applications has contributed to a huge demand 

of new wireless services in both the licensed and unlicensed bands. Wireless communities and 

regulatory bodies have predicted a rapidly increasing demand for mobile data services in North 

America that may exceed capacity in the near future [4, 6]. Static spectrum assignment, applied to 

radio frequencies for almost a century, has significantly aggravated the situation. A number of 

surveys and reports, however, have shown that a significant portion of the spectrum remains unused 

at a given time and location, indicating that a more flexible allocation strategy could solve the 

spectrum scarcity problem [232]. It would be thus logical to allow unlicensed users to 

opportunistically exploit licensed frequencies when they are ‘unused’ at a specific place and time. 

Theoretically, such approach would increase overall frequency reuse and would boost the 

throughput for applications that opportunistically use the idle channels. This observation has led 

wireless communication to the paradigm of dynamic spectrum access, where users can actively 

search for unused spectrum in licensed bands and communicate using these spectrum opportunities. 

In this chapter we address the aspect of dynamic access to the available spectrum opportunities 

especially when primary user cooperation is available and is used to improve the performance of the 

spectrum sharing system. We present a method to maximize the utility duration of the probabilistic 

assurance by judiciously employing a combination of primary user cooperation and channel 

monitoring techniques to reduce the likelihood of interference. The discussion presented in this 

chapter focuses on the advantage of having primary-secondary cooperation from the perspective of 

dynamic spectrum opportunity access and present algorithms and analysis to show the improvement 

in dynamic access performance in terms of interference avoidance and secondary user throughput. 
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To address the issue of inefficient spectrum utilization due to the fixed spectrum assignment 

policy, Cognitive Radio has emerged as the solution to improve the spectrum utilization by detecting 

and accessing vacant  licensed spectrum in frequency, time, and space while avoiding interference 

with the original license holders [143, 145]. Federal communications commission defines cognitive 

radio as a radio capable of changing its transmitter parameters based on its interaction with the 

environment [233]. Over the past decade, the research interests on cognitive radio networks have 

been growing tremendously due to its capability of exploiting the unused spectrum in dynamically 

changing environments. The cognitive radio enabled with cognition and reconfigurability features 

addresses the problem of spectrum scarcity, improving the quality of service, as well as 

communication reliability. Dynamic spectrum access is one of the key features for cognitive radio 

networks, which allows secondary users to access unused channels in an opportunistic manner. This 

way, primary users who own the license have priority for spectrum access, and secondary users can 

also access the channel when the spectrum is not occupied by primary users. Consequently, the 

system performance of the secondary user network depends on the dynamics of the primary user 

network. A cognitive radio, however, should do more than only access spectrum opportunistically. It 

should autonomously learn and acquire helpful primary and secondary user information and use 

patterns, rather than only passively sensing the radio spectrum [147, 196]. In order to fully exploit 

the cognitive radio potential, proactively acquiring information about primary and secondary user 

operation is hence imperative.  

Cognitive radio addresses the underutilization problem of the spectrum licensed to different 

organizations, and it supports dynamic spectrum access. In a dynamic spectrum access system 

primary users have higher priority in using the licensed channels. Therefore, whenever a primary 

user is detected, secondary users must vacate the relevant channels or decrease their transmitted 

power to reduce the interference on primary users [137, 139, 234, 235]. Also in some situations, due 

to the activities of primary users, secondary users may need to vacate the current channel and switch 

to other available channels or terminate communication frequently. This would lead to temporal 

connection loss of secondary users. In addition, if a secondary user cannot vacate a channel in a timely 

manner, it would interfere with primary users. To reduce the temporal connection loss and 

interference on primary users, secondary users need to avoid using the channels that are only 

available for a short time period. Therefore, secondary users should be able to consider the 

probability of channel being available for a given time period. In general, the traffic stochastic 

parameters vary slowly. Hence, they can be estimated by using the historical data [6]. Various traffic 

prediction techniques have been proposed in the literature for different wireless systems [236-238]. 
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Prediction of future availability and duration of available channels based on historical 

information helps a cognitive radio to select the best channels for control and data transmission. A 

cognitive radio should have the ability to learn from past experiences to improve future performance 

compared to the case where only instantaneous information is taken into account. Secondary users 

channel selection performance can be improved by utilizing sensed past information about the 

channel use. For channels where the activity of the primary users varies quickly over time, 

instantaneous sensing information might become obsolete in the near future. This will cause frequent 

service disruptions for secondary users since they have to refrain from transmissions and search for 

new available channels. Frequent channel switching causes delays and reduces throughput. In 

addition, interference is produced towards primary users. Cognitive radio performance may be 

improved if primary user behavior is accurately modelled, since accurate prediction allows the 

secondary users to make proactive channel switching decisions. Therefore, the channel selection 

algorithm should take into account the cost or probability of such future change in channel 

availability when selecting a channel. 

Performance in cognitive radio networks is significantly influenced by the spectrum sensing and 

channel selection process. In a cognitive radio network, spectrum sensing, occupancy modelling, 

channel switching and secondary user performance are interdependent. Inaccurate spectrum 

opportunity detection and subsequent suboptimal channel selection could result in unnecessary 

delays. These delays may lead to degradation in secondary user performance and may also bring 

about unnecessary interference for existing primary users. Accurate, proactive channel occupancy 

predictions should improve the channel allocation process by helping to minimize the probability of 

missed detection and false alarm in spectrum opportunity detection. This in turn actively reduces 

interference delays and transmission gaps due to sub-optimal channel switching [239]. Reliability 

and availability have long been used as quantitative measures in computing and communication 

systems. These concepts are used to evaluate the system performance in terms of the time that the 

system can function without failure and the fraction of time that a system is operational respectively. 

Access to the information about the availability and duration of available spectrum opportunities 

plays a critical role to ensure reliability of the secondary user system performance. As expected a 

trade-off exists between achievable secondary user throughput and average primary user disruption 

rate. Channel occupancy prediction is indeed a challenging task due to the random nature of the 

wireless environment and also its users. Even with all its challenges, an accurate prediction model 

will offer significant performance improvements in terms of increased secondary user throughput 

and decreased primary user disruption, particularly under heavy traffic density conditions. 
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Spectrum Opportunity Access using the Availability and Duration Information 

The fundamental difference between a dedicated spectrum system and a shared spectrum system 

is the right of spectrum usage for the secondary users. The objective of dynamic spectrum access 

paradigm is the opportunistic secondary use of shared spectrum in a way that ensures uninterrupted 

PU operation. As expected the researchers focus on opportunity detection, dynamic opportunity 

scheduling, and interference protection for the PU [17, 33-36] to achieve that objective.  

In this context, the root problem between shared and dedicated spectrum systems that leads us to 

the above mentioned research areas is the lack of knowledge about the availability and duration of 

spectrum opportunities. For wireless systems with dedicated spectrum and homogeneous systems, 

we know which channels are available for use and the duration for which the channels can be used 

is not an issue. As expected, in the dedicated spectrum paradigm, some of these problems do not exist 

and there are well established and matured solutions for the other problems. In a shared spectrum 

system, the users do not know which channel they can use and for how long. So the lack of 

information about the availability and duration of spectrum opportunity is the root problem that the 

research community tries to overcome by exploring solutions for the above mentioned research 

focuses.  

In dynamic spectrum access, secondary users opportunistically access the shared channels when 

absence of primary user has been detected. A new secondary user request may be blocked and an 

ongoing secondary user service may also be discarded if no sufficient spectrum is available. Thus the 

fate of a new secondary user request is significantly influenced by the availability of spectrum 

opportunities. Spectrum opportunity availability is an important metric for secondary user operation 

to be considered when accessing channels in a cognitive radio network. In order to facilitate dynamic 

access of spectrum opportunities, various techniques have been proposed in the literature including 

spectrum sensing [176], channel access schemes and resource allocation [240, 241], and spectrum 

management [242]. However, there has not been many reported work on the availability and 

duration of available spectrum opportunities in the spectrum sharing systems. From the perspective 

of a secondary user operation, the reliability and dependability of the service provided by a 

secondary network depends on the achievable quality of service (QoS) while using the shared 

spectrum opportunities.      

The primary-secondary cooperation can have significant impact on the spectrum sharing 

performance from the perspective of either side. Without any prior information about the availability 

and duration of spectrum opportunities, the secondary user operations need to continuously monitor 

the spectrum blocks under consideration in order to identify the opportunities and also the return of 
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the primary user operations. This continuous monitoring results in significant consumption of time, 

energy, and spectrum resources. As expected, the continuous monitoring approach adversely 

impacts the achievable QoS while accessing the shared channels. Also the performance of the 

detection techniques influences the outcome of the continuous monitoring. Any missed detection 

results in interference and false alarms lead to missed opportunities. The generation of a 

probabilistic assurance (SODA) for the availability and duration of available channels was presented 

in Chapter 3. The SAS generates a Spectrum Opportunity Duration Assurance (SODA) based on the 

spectral characteristics, usage pattern, and tentative future usage plane of the incumbent operations 

[45]. The only involvement of the primary is to allow the authorized SAS to access its operational 

information and usage log of previous activities. The SODA metric provides the SAS and the 

secondary user resource manager (SU-RM) a probabilistic estimation about the availability of the 

spectrum opportunities for specific time period. This helps the SAS and the SU-RM to develop 

efficient resource allocation algorithms and improves achievable QoS from the perspective of the 

secondary user operation without exposing the primary user operations. The SODA approach allows 

the spectrum sharing system to consider interference avoidance techniques while allocating the 

available spectrum opportunities. The resource allocation algorithms can have flexibility to vacate 

different spectrum opportunities at different instances of the opportunity duration based on the 

probabilistic assurance SODA. Thus the incumbent operations can ensure desired interference 

environment through the SAS by providing required information towards the SODA metric. 

In this problem, we look in to the ways to efficiently use the primary user cooperation in order to 

improve the spectrum sharing experience of both primary and secondary operations. The SODA 

metric generated periodically by SAS is used to facilitate cognitive use of the spectrum opportunities. 

In order to reduce the overhead in frequently generating and accessing this information, we propose 

to maximize the utility duration of the SODA information using the concept of “Time Discounted 

Value of Information”. We determine the effective value of the information at any particular time 

instant within the assured duration and decide whether to improve the assurance by employing 

sensing techniques or not. In this analysis, we propose interference avoidance schemes that use 

channel monitoring based on the time discounted value of the PU cooperation and reduce the number 

of time slots in collision between the primary and secondary operations. These interference 

avoidance schemes facilitate the desired interference environment for both the primary and 

secondary operations. Next we use the interference avoidance schemes to analyze their impact on 

the achievable QoS from the perspective of secondary user operations. The interference avoidance 

schemes use a combination of primary user cooperation and channel monitoring techniques to 
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reduce the resource consumption for channel monitoring during the early stage of the assured 

duration and at the same time reduce the likelihood of interference in the later stage of the duration 

with help of channel monitoring. We analyze and theoretically model the reduction in number of 

sensing events which is required to achieve a desired interference environment and also the 

improvement in secondary user throughput as a result of primary user cooperation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Related Work 

In Chapter 3, we discussed the generation of the probabilistic assurances about the spectrum 

opportunities. In this chapter, we focus on making efficient use of this probabilistic assurance to 

enable dynamic access into the spectrum opportunities. The core activities in a spectrum sharing 
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context include spectrum opportunity identification, QoS prediction, dynamic management of 

spectrum opportunities including efficient allocation of the available opportunities, continuous 

monitoring of the opportunity, and maintaining desired interference environment. The opportunistic 

users can use the information gathered from spectrum opportunity identification and QoS prediction 

to achieve efficient dynamic access to available opportunities. Literature on predictive dynamic 

spectrum access generally falls into two categories. A first group explores the prediction techniques 

themselves and validates these with measurements. The second group optimizes the dynamic 

spectrum access sensing engine using predictions. The QoS prediction approaches mainly focus on 

PU usage modeling.  

Predictive models have been proposed for cognitive radios to make channel selection more 

intelligent [186, 239, 243, 244]. However, these approaches have a common problem of restricting 

the prediction to the known traffic model only. In [243] the exponential weighted moving average 

based method is proposed to use idle times in TV broadcast channels. Exponential ON-OFF traffic 

models and periodic-exponential models are investigated in [239]. Reference [186] investigates the 

predictability when primary traffic is assumed to be a cyclostationary random process. Traffic 

prediction in [244] is performed using binomial distributed call arrival times and gamma distributed 

call holding times. A more general method that works with a variety of traffic classes is presented in 

[245]. The method classifies the traffic in the sensed primary user channels as deterministic and 

stochastic and uses specific prediction methods for different types of traffic to estimate the expected 

idle times. The optimal prediction rule for exponential traffic was analytically shown in [246]. The 

rule is shown also to work well with a Weibull distributed stochastic pattern. [196] extends the work 

presented in [245] and shows how classification-based predictive method works with various traffic 

models and analyses the impact of sensing and switching times on the throughput. The authors in 

[196], proposed a simple classification and learning method to detect the pattern type and to gather 

the needed information for intelligent channel selection. The paper claimed that the proposed 

method outperforms opportunistic random channel selection both with stochastic and periodic 

channel patterns. The intelligent channel selection algorithm also reduces the amount of channel 

switches needed over time, thus reduces the delay and increases the throughput. The authors in 

[247], discuss about different traffic models in Broadband Networks. Similarly, the traffic model built 

on historical data for the secondary users to predict the primary user traffic pattern for the future 

use is presented in [248]. The classification method and predictive channel selection method 

proposed in [249], is claimed to outperform opportunistic random channel selection both with 

stochastic and deterministic patterns. Spectrum opportunity is viewed as a finite delay connectivity 
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due to temporal dynamics of the channel in CRNs without considering the spectrum sensing 

performance of cognitive radios in [250]. The authors in [251] consider only the spatial properties of 

successful communication in cognitive radio network. Spectrum sensing performance can be 

enhanced by exploiting the spatial diversity of sensors and temporal diversity between the slots in a 

cooperative sense. Although cognitive radios with multiple antennas are costly for resource 

constrained networks, the spectrum sensing performance can be increased by an improved energy 

detector and cognitive radios with multiple antennas [252]. The authors in [253] investigate the 

detection of spatial-temporal opportunity. However, they do not consider successful utilization of 

spectrum opportunities during a packet transmission. The authors in [254] investigate the joint 

probability of successful idle channel detection and packet transmission, termed as the utilization of 

spectrum opportunity (USOP). They determined the probability of USOP in a dynamic radio 

environment under imperfections in the channel sensing for different network topologies. 

The authors in [255], presented an approach for channel availability and call arrival rate. The 

results were used to evaluate the probability of the channel availability of a frequency band within a 

time period. They also proposed an algorithm for predicting the call arrival rate which is used to 

predict the traffic process. The authors in [244], proposed a technique that enables secondary users 

to evaluate channel availability in cognitive radio networks. Here, secondary users estimate the 

utilization of channels via predicting the traffic pattern of primary user, and select a proper channel 

for radio transmission. The proposed technique reduces the channel switching rate of secondary 

users and the interference on primary users, while maintaining a reasonable call blocking rate of 

secondary users. The work in [239] proposed a proactive spectrum access approach where 

secondary users utilize past channel histories to make predictions on future spectrum availability, 

and intelligently schedule channel usage in advance. It also proposed a two channel selection and 

switching techniques to minimize disruptions to primary users and maintain reliable communication 

at secondary users. The authors in [256], constructed an algorithm, based on future use patterns 

within the licensed bands. It finds the optimal trade-off between packet buffering and channel 

switching, while guaranteeing delay demands. This paper explores the limits of prediction for 

scheduling and channel selection. In [239], the goal is to minimize interference to primary users, 

decrease spectrum handoff delay and, hence, maximize throughput. The proposed mechanism 

consists of two core modules: the prediction module, that assumes an exponential primary user 

arrival and the switching module. With a high probability the opportunistic user switches to a 

channel when it predicts that the current channel will no longer be idle. This minimizes interference 

towards the PU. Furthermore, the channel with the longest remaining idle period is preferred, as this 
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maximizes secondary user throughput and decreases the secondary user switch frequency. Also in 

[196], the goal is to minimize collisions with primary users and to minimize the secondary user 

channel switching frequency. The prediction module, however, is claimed to handle any primary user 

traffic pattern. In [257] proactive decision for spectrum handoff is modeled and analyzed. Similar to 

[196], a greedy target channel selection scheme is proposed. The goal is to reduce the total service 

time. As a result, it always switches to another free channel if the current channel is expected to be 

busy for a period longer than the switching delay. 

The authors in [216] investigated she interdependency amongst spectrum sensing, occupancy 

modelling, channel switching, and secondary user performance in a cognitive radio network. They 

also validated the achievable secondary user data throughput and primary user disruption rate with 

real-world spectrum measurements done in Pretoria, South Africa. A channel switching simulator 

was developed to investigate secondary user performance, where a Hidden Markov Model was 

employed to model and predict primary user behavior, from which proactive channel allocations 

could be made. In [211], a two-state Hidden Markov model, which is used to predict primary user 

behavior, is proposed. This model relies on historical usage data. In [258], usage of historical primary 

user behavior, measured from the 6 GHz region, was shown to improve the secondary user decision 

making process. Furthermore, intelligent approaches to channel switching, based on proactive 

channel predictions, were proposed in [239, 245]. The authors in [216] extend the work in [239, 245] 

by using the Hidden Markov Model approach used in [211], to investigate the effect that intelligent 

channel switching has on secondary user performance in a cognitive radio network. The 

interdependent relationship between spectrum sensing, primary user traffic modelling, channel 

switching, secondary user throughput and average primary user disruption rate, is the main focus of 

the article. The authors presented a proactive channel switching simulator for performing 

simulations to investigate the effect that the channel occupancy model has on the channel switching 

process and the subsequent effect that this has on secondary user data throughput and primary user 

disruption rate. In [9], for a given frame duration, Liang et al considered the design of optimal sensing 

slot duration to achieve the maximum throughput of cognitive radio network, yet to protect the 

primary users by achieving certain probability of detection. Intuitively, the longer time that the 

cognitive users spend on sensing the channel, the better the protection that the primary users will 

get; however, longer sensing time will result in a reduction in the amount of time for data 

transmission and hence affect the achievable throughput of the CR users. The authors in [259] 

formulate a collision-throughput tradeoff problem which, based on the sensing time requirement and 

the traffic pattern of primary users, finds optimal value for the frame duration of CR operation so that 
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the throughput of the CR network is maximized, yet the collision probability of the primary users is 

not greater than a threshold. Since secondary users can only access the licensed channels when they 

do not cause intolerable interference to primary users, they have to monitor the occupancy of the 

licensed channels continuously. Spectrum sensing, which aims at monitoring the usage and 

characteristics of the covered spectral bands, is thus required for cognitive radio users both before 

and during the use of the licensed spectrum bands [137]. The periodic spectrum sensing during the 

use of licensed channels is critical to any practical CR networks since it determines the protection 

level provided to the primary system. In the literature, statistical characteristics of the licensed 

channel occupancy, including the distributions of the idle and the busy durations of the licensed 

channel, have been utilized to optimize the cognitive radio frame structure [175, 259-261] and 

improve spectrum sensing scheduling in determining when and which licensed channel to sense 

[261-263]. However, such statistical characteristics have not been taken into account for spectrum 

sensing scheme design. Instead, it has been always implied that the primary user appears at the 

beginning of a sensing block. In reality, the primary user may appear at any time within a sensing 

block. Based on the statistical characteristics of the licensed channel occupancy, [177] presented a 

probability model regarding the appearance of a primary user at any sample of a CR user frame. 

Based on the Neyman-Pearson criterion, the paper proposed an optimal spectrum sensing scheme 

under this probability model that maximizes the detection probability for a given false alarm 

probability. While the conventional spectrum sensing scheme always allocates the same weight to 

each sample, the authors in [177] developed a suboptimal probability based energy detection 

scheme, in which the weight for each sample is based on the probability of the presence of primary 

user at the corresponding sample.  

The authors in [264] define a few reliability metrics for channel access in multichannel cognitive 

radio networks that are analogous to the concepts of reliability and availability in classical 

dependability theory. Continuous-time Markov chains are employed to model channel available and 

unavailable time intervals based on channel occupancy status. The impact on user access 

opportunities based on channel availability is investigated by analyzing the steady-state channel 

availability and several system times such as mean channel available time and mean time to first 

channel unavailability. Moreover, the complementary cumulative distribution function for channel 

availability is derived by applying the uniformization method, and it is evaluated as a measure of 

guaranteed availability for channel access by secondary users. Reliability is of fundamental 

importance for the performance of secondary networks in cognitive radio networks. The authors in 

[264] propose a number of reliability and availability metrics for channel access in cognitive radio 
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networks are defined from the perspective of dependability theory [265], including mean time to 

first channel unavailability, mean time to channel unavailability, mean channel available and 

unavailable times, and steady-state channel availability. They also introduced a scale of guaranteed 

availability and deduced the complementary cumulative distribution function (CCDF) of channel 

availability of cognitive radio networks. In [266], a resource management controller was designed 

for primary and secondary traffic in vehicular networks. The proposed controllers provide reliable 

guarantees to PU traffic in terms of aggregate goodput and collision rate. Moreover, Cordeshi et al. 

also proposed a reliable adaptive resource management controller in [267] for cognitive cloud 

vehicular networks to provide hard reliability guarantees to PU traffic in the presence of mobility 

and fading-induced changes in vehicular networks. To maximize the network performance of a single 

channel cognitive radio network, a combined scheme considering primary user activity and spectrum 

opportunity detection was proposed in [268] to address the potential drawbacks of the Poisson 

model. The availability and reliability of wireless multihop networks, not of cognitive radio networks, 

were evaluated in [269] by considering stochastic link failures. By placing redundant nodes at 

appropriate locations in the existing network, the availability of wireless links is improved. The 

availability of a multicell cognitive radio network under time-varying channels was studied in [270], 

and accordingly, an efficient spectrum allocation mechanism was proposed. In the proposed network 

model therein, the average number of available channels is determined based on busy probabilities 

of channels. In [271], Liu et al. demonstrated that deterministic channel failure models might result 

in a significant overestimation or underestimation of network reliability. Therefore, a reliability 

assessment was performed for wireless mesh networks in [271] by considering a probabilistic 

regional failure model that analyzed the geographical location of the network. Another recent paper 

[272] focused on investigating the security–reliability tradeoff of cognitive relay transmission in the 

presence of realistic spectrum sensing. Therein, reliability was characterized in terms of outage 

probability. In [248], the probability of the availability for a spectrum band in cognitive radio network 

was evaluated by incorporating the results of an algorithm that can predict the arrival patterns of 

primary users. Thereafter, a similar but improved technique was also proposed by Li and Zekavat in 

[273] to evaluate channel availability in cognitive radio networks. In [274], three availability metrics 

were defined from the perspective of dependability theory. In [275], Azarfar et al. analyzed the 

feasibility of opportunistic spectrum access in cognitive radio networks to provide a robust 

infrastructure for wireless networks. Moreover, in [276, 277], the reliability aspects in CRNs are also 

analyzed. Precise assessment of the available channels based on channel utilization status is one of 

the essential tasks in [278]. Accurate channel availability measurements help the secondary network 
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to appropriately select the available channels. This would lead the cognitive radio network to 

minimize the instability problem for secondary user connections and the interference to primary 

user services while facilitating optimal resource allocation [143], e.g., achieved by building an 

availability map for the channels that can be used [278, 279]. Therefore, the probability of channel 

being available for a given time period is a useful parameter to evaluate the performance of a 

cognitive radio network. To evaluate channel idleness and occupancy, a validated probabilistic model 

was developed in [174]. Therein, real time measurements of spectrum utilization, e.g., transmission 

power, center frequencies and time duration of operations are used to determine the primary user 

occupancy patterns. However, the model developed in [174] does not provide a method for 

evaluating the overall spectrum availability. Thereafter, a follow-up [280] focused on building a 

predictive model on spectrum availability based on publicly available and accredited data over 

several spectra. A combined approximation of Poisson and normal distributions called Poisson-

Normal approximation was used in [280] to determine the distribution of the number of idle 

channels. However, important parameters such as mean channel idle time and mean channel busy 

time are not evaluated in [280].  

One of the major constraints of coexistence is ensuring the desired interference environment for 

all the parties involved. The Federal Communications Commission (FCC) introduced the interference 

temperature model to be used for interference avoidance schemes in wireless communication [281]. 

The interference temperature is defined as the radio frequency (RF) power measured at a receiving 

antenna per unit bandwidth. Using this model, cognitive radios operating in licensed frequency bands 

would adjust their transmission power to avoid raising the interference temperature over the 

interference temperature limit. The authors in [282] described two interpretations of the 

interference temperature model and discussed how to select an optimal radio bandwidth for a 

particular interference environment. In [283] expressions for achievable capacity and impact to 

licensed users for protocols implementing the interference temperature model were derived. Papers 

considering interference temperature as main constraint for cognitive radio network include [284-

286]. Another major type of interference avoidance approach is dynamic spectrum access based 

spectrum sharing which allows secondary users to access licensed channels when primary users are 

not transmitting. To seize transmission opportunities left by the primary users and limit the 

interference, the secondary user needs to sense the channel before transmitting. Due to the fact that 

secondary user could not sense the channel while transmitting; collision with the primary user is 

inevitable. The access protocol for dynamic spectrum access system was discussed in [287, 288] and 

a number of other papers. The authors in [289] adopted collision probability with the primary user 
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as major constraint on secondary user and considered the problem of maximizing the throughput of 

the secondary user. In [158], Hidden Markov Model was used to predict the channel state and 

algorithm was proposed to reduce collisions and improve throughput of the secondary user. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

System Model 

In this section, we present the system model for analyzing the impact of having knowledge about 

the availability and duration of spectrum opportunities on the performance of a spectrum sharing 

system. Within the context of spectrum sharing, the secondary user tries to use the spectrum owned 
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by the primary user without interrupting its operation. In order to ensure uninterrupted primary 

user operation, the secondary user needs to identify spectrum opportunities that are not used by the 

primary users at that instant. This identification of spectrum opportunities can be done by the 

secondary user system with or without primary user cooperation. The work presented in this section 

analyzes what impact the ‘with or without primary user cooperation’ has on the performance of the 

spectrum sharing system. 

In this work we define primary-secondary cooperation as the event in which the primary user 

informs the secondary user about its usage model in a probabilistic sense. For a given primary user, 

the usage model and the return of the primary user in a period of ‘no-activity’ can have a specific 

pattern or may follow any particular distribution [42]. For a given opportunity duration, 𝑇𝑜𝑝𝑝, the 

primary user operation may return after 𝑋 units of time has elapsed. The random variable 𝑋 follows 

a distribution 𝓅(𝑋). Figure 15 shows the opportunity duration for the secondary user and the return 

of primary user operation within the opportunity according to the distribution 𝓅(X).  

The secondary user on the other hand tries to identify the availability and estimate the duration 

of available spectrum opportunities as accurately as possible. If the secondary user doesn’t get any 

cooperation from the primary user, it tries to know the availability and duration information through 

channel monitoring using different spectrum sensing techniques. For the use cases where the 

primary user agrees to cooperate with the secondary user operation, the extent of primary user 

cooperation determines the methodology for estimating the availability and duration of the available 

spectrum opportunities.  

 

Figure 15: PU operation returns within the opportunity duration according to 𝓹(𝐗) 

If the secondary user has cooperation from the primary user, it utilizes that information to 

estimate the fraction of the opportunity duration for which it may transmit without employing any 

channel monitoring techniques while achieving a certain probability of not interfering with the 

primary user. In order to lay out the system model for this work, we assume that the secondary user 

utilizes information from both sources, the primary user cooperation and the channel monitoring 

sensors, to improve the system performance and interference avoidance. We also assume that the 
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secondary user vacates the channel once it identifies the presence of primary user operation and 

does not return to or monitor the channel once vacated. According to these assumptions, the duration 

of primary user operation will determine the amount of idle spectrum once the secondary user 

vacates a spectrum opportunity. For primary user operations with small ON time, the system model 

presented here should be modified to improve the usage efficiency of the available spectrum 

opportunities. If the secondary user has access to the probability density function (pdf) of primary 

user usage model, 𝓅(𝑋) , it can calculate the probability of primary user returning outside the 

duration of the spectrum opportunity. 

∫ 𝓅(𝑥)
𝑇𝑜𝑝𝑝

0

𝑑𝑥 = 𝑃(𝑋 ≤ 𝑇𝑜𝑝𝑝) 

⇒ 𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝) = 1 − ∫ 𝓅(𝑥)
𝑇𝑜𝑝𝑝

0

𝑑𝑥 

( 11 ) 

Now the primary user may return anytime within the opportunity duration, 𝑇𝑜𝑝𝑝 , with the 

probability 𝑃(𝑋 ≤ 𝑇𝑜𝑝𝑝). But the secondary user may access the opportunity only if the primary user 

does not return within the opportunity duration. Thus we are more interested with the event that 

describes the probability that primary user will return after the opportunity duration: 

𝑃(𝑃𝑈 𝑟𝑒𝑡𝑢𝑟𝑛 𝑎𝑓𝑡𝑒𝑟 𝑇𝑜𝑝𝑝), 𝑖. 𝑒.  𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝).  

 

Figure 16: Secondary Users use PU Cooperation and Channel Monitoring to access the 

Spectrum Opportunities 

We are also interested in estimating the ‘mean channel available time’, that is the average time 

duration after which the primary user operation may return within the opportunity duration. If the 

secondary user’s opportunistic access to the shared spectrum is based on the primary-secondary 

cooperation only, the secondary user operation can use this duration and achieve interference 

avoidance probability of  1 − 𝑃(𝑋 ≤ 𝑇𝑜𝑝𝑝) . We call this fraction of the opportunity 

duration 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔 , within which the secondary user can transmit without sensing and hope to 
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achieve interference avoidance with a probability of 1 − 𝑃(𝑋 ≤ 𝑇𝑜𝑝𝑝). As can be seen from Figure 16, 

the secondary user transmits for 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔 amount of time before employing the first sensing event. 

When calculating 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔 , we keep in mind that the primary user operation may return to the 

channel at any instant after 𝑇𝑜𝑝𝑝. But for the purpose of 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔 calculation it does not matter at 

which instant after 𝑇𝑜𝑝𝑝 the primary user return. We are only interested in the fact that the primary 

user operation returned after the opportunity duration. Therefore, to determine the time within 

which the secondary user can transmit without sensing and still achieve interference avoidance with 

probability 1 − 𝑃(𝑋 ≤ 𝑇𝑜𝑝𝑝), we consider that all the instants after 𝑇𝑜𝑝𝑝 as a single absorbing instant. 

Now, using the pdf of primary user usage model, 𝓅(X), we can calculate 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔 using ( 12 ). 

𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔 = ∫ 𝑥𝓅(𝑥)
𝑇𝑜𝑝𝑝

0

𝑑𝑥 + ∫ 𝑇𝑜𝑝𝑝𝓅(𝑥) 𝑑𝑥
∞

𝑇𝑜𝑝𝑝

 

( 12 ) 

 Trust Margin: Interference Avoidance Control parameter  

The probability of not interfering with the primary user operation depends on the probability 

density function (pdf) of the primary user usage model. But the secondary user system may want to 

increase the interference avoidance probability by employing sensing mechanism at an earlier 

instance than 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔. To facilitate this control over the occurrence of the first sensing event, at 

this stage of the system model we propose a system parameter to control the interference avoidance 

probability, a “trust margin”, 𝛼. The trust margin will enable the secondary user system to employ 

the sensing mechanism such that it can achieve desired level of interference avoidance. This can be 

done by using the trust margin to reduce the duration for which the secondary user operates trusting 

the primary user usage model only and don’t employ any sensing mechanism. So by reducing the 

duration of the opportunity, the secondary user boosts its trust on the primary user assurance of the 

availability and usability of the spectrum opportunity. The value of 𝛼 ≥ 0 can be set to achieve any 

desired probabilistic assurance of not interfering with the PU operation. 

1 − 𝑃𝑑𝑒𝑠𝑖𝑟𝑒𝑑(𝑋 ≤ 𝑇𝑜𝑝𝑝) = (1 + 𝛼)[1 − 𝑃(𝑋 ≤ 𝑇𝑜𝑝𝑝)]  

𝛼 =
1 − 𝑃𝑑𝑒𝑠𝑖𝑟𝑒𝑑(𝑋 ≤ 𝑇𝑜𝑝𝑝)

1 − 𝑃(𝑋 ≤ 𝑇𝑜𝑝𝑝)
− 1 

( 13 )  
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In the following, we will discuss a number of system parameters and how the Trust margin 

parameter affects them. With trust margin α that achieves the desired interference avoidance, the 

time to employ the 1st sensing event, 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑  can be calculated according to Eq. ( 14 ). 

∫ 𝓅(𝑥)
∞

𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑

𝑑𝑥 = (1 + 𝛼)[1 − 𝑃(𝑋 ≤ 𝑇𝑜𝑝𝑝)]  

( 14 ) 

In this work we set the trust margin (𝛼 ≥ 0) such that 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ≤ 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔 to ensure 

that the secondary user operation uses the spectrum opportunities without employing any sensing 

mechanism only when there is a low probability of primary user returning with the duration of 

spectrum opportunity. As can be seen from Figure 17, the secondary user operation makes use of the 

pdf of the primary user usage model, the trust margin, and the sensing mechanism to improve its 

system performance and at the same time to achieve desired interference avoidance. According to 

the system model presented here, the secondary user operation employs the first sensing event after 

𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑  time has elapsed in order to improve the interference environment at the later part 

of the spectrum opportunity.  

 

Figure 17: Trust margin improves interference avoidance by reducing time to employ first 

sensing event 

For the purpose of analysis, we assume that the sensing mechanism employed by the secondary 

user operation can be characterized by the performance parameters, such as probability of false 

alarm, 𝑃𝑓 , and probability of missed detection, 𝑃𝑚. For the system model presented here, the time 

between two sensing events, the sensing period, is constant throughout the remainder of the 

spectrum opportunity. So once the channel monitoring starts, the spectrum sensing techniques used 
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are similar to those used in a Sense-Transmit-Sense system that does not use primary user 

cooperation. We also assume that once the sensing mechanism indicates the presence of primary 

user operation, the secondary user operation vacates the shared channel for the whole duration. We 

can calculate the maximum number of sensing events,  𝑁𝑆𝑚𝑎𝑥 , required to achieve the desired 

interference avoidance.  

𝑁𝑆𝑚𝑎𝑥 = 𝑁𝑆𝑚𝑎𝑥_1 + 𝑁𝑆𝑚𝑎𝑥_2  

            =
𝑡𝑆𝑇𝑆 − 𝑡𝑠𝑒𝑛𝑠𝑖𝑛𝑔

𝑡𝑆𝑇𝑆
(𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔 − 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑)  

                +
𝑡𝑆𝑇𝑆 − 𝑡𝑠𝑒𝑛𝑠𝑖𝑛𝑔

𝑡𝑆𝑇𝑆
(𝑇𝑜𝑝𝑝 − 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔) 

( 15 ) 

Here 𝑁𝑆𝑚𝑎𝑥_1  represents the maximum number of sensing events between 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑  

and 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔. 𝑁𝑆𝑚𝑎𝑥_2  represents the maximum number of sensing events for the remainder of the 

spectrum opportunity. Amongst the two time variables used in Eq. ( 15 ), 𝑡𝑆𝑇𝑆 represents the sensing 

period and 𝑡𝑠𝑒𝑛𝑠𝑖𝑛𝑔 represents the sensing time. As the secondary user operation vacates the shared 

channel permanently after the detection of primary user presence, the number of sensing events 

employed will depend on the performance of the sensing mechanisms (𝑃𝑓 , 𝑃𝑚). We can estimate the 

total number of sensing events employed (𝑁𝑆 = 𝑁𝑆1 + 𝑁𝑆2 ) over the duration of the spectrum 

opportunity, 𝑇𝑜𝑝𝑝, as follows: 

𝑁𝑆1 = 𝑃𝑓1 + (1 − 𝑃𝑓)𝑃𝑓2 + (1 − 𝑃𝑓)
2
𝑃𝑓3 +⋯+ (1 − 𝑃𝑓)

𝑁𝑆𝑚𝑎𝑥_1−1𝑁𝑆𝑚𝑎𝑥_1  

        = 𝑃𝑓  ∑ 𝑖(1 − 𝑃𝑓)
𝑖−1

𝑁𝑆𝑚𝑎𝑥_1

𝑖=1

+ (1 − 𝑃𝑓)
𝑁𝑆𝑚𝑎𝑥_1𝑁𝑆𝑚𝑎𝑥_1  

        =  
1

𝑃𝑓
 [1 − (𝑁𝑆𝑚𝑎𝑥_1 + 1)(1 − 𝑃𝑓)

𝑁𝑆𝑚𝑎𝑥_1 +𝑁𝑆𝑚𝑎𝑥_1(1 − 𝑃𝑓)
(𝑁𝑆𝑚𝑎𝑥_1+1)] + (1 − 𝑃𝑓)

𝑁𝑆𝑚𝑎𝑥_1𝑁𝑆𝑚𝑎𝑥_1  

( 16 ) 

 

𝑁𝑆2 = (1 − 𝑃𝑓)
𝑁𝑆𝑚𝑎𝑥_1 [(1 − 𝑃𝑚)1 + 𝑃𝑚(1 − 𝑃𝑚)2 + 𝑃𝑚

2(1 − 𝑃𝑚)3 +⋯+ 𝑃𝑚
𝑁𝑆𝑚𝑎𝑥_2−1𝑁𝑆𝑚𝑎𝑥_2] 

        = (1 − 𝑃𝑚)(1 − 𝑃𝑓)
𝑁𝑆𝑚𝑎𝑥_1 ∑ 𝑖𝑃𝑚

𝑖−1

𝑁𝑆𝑚𝑎𝑥_2

𝑖=1

+ 𝑃𝑚
𝑁𝑆𝑚𝑎𝑥_2𝑁𝑆𝑚𝑎𝑥_2  
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        =
(1 − 𝑃𝑓)

𝑁𝑆𝑚𝑎𝑥_1

(1 − 𝑃𝑚)
[1 − (𝑁𝑆𝑚𝑎𝑥_2 + 1)𝑃𝑚

𝑁𝑆𝑚𝑎𝑥_2 +𝑁𝑆𝑚𝑎𝑥_2𝑃𝑚
(𝑁𝑆𝑚𝑎𝑥_2+1)]  + 𝑃𝑚

𝑁𝑆𝑚𝑎𝑥_2𝑁𝑆𝑚𝑎𝑥_2  

( 17 ) 

At the same time, we can determine the number of slots in which the secondary user system 

interfered with the primary user operation. These are the slots with collision resulting from the 

proposed system model. In calculating the number of collision slots, we assume that the primary user 

usage status remains same after a slot of sensing. If the primary user is present in the sensing slot, it 

will continue to operate at least for the next SU transmission period. The number of slots with 

collision can be estimated as, 

𝑁𝐶 = 𝑁𝐶1(𝑏𝑒𝑡𝑤𝑒𝑒𝑛 0 𝑡𝑜 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑) 

           + 𝑁𝐶2(𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑  𝑡𝑜 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔) 

           + 𝑁𝐶3(𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔 𝑡𝑜 𝑇𝑜𝑝𝑝) 

      = [1 − (1 + 𝛼)𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝)] ∗ 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑 

          +𝛼𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝) ∗ [𝑃𝑚. (1 − 𝑃𝑚). 1 + 𝑃𝑚
2 . (1 − 𝑃𝑚). 2 + ⋯+ 𝑃𝑚

𝑁𝑆𝑚𝑎𝑥_1 . 𝑁𝑆𝑚𝑎𝑥_1] ∗ (𝑡𝑆𝑇𝑆 − 𝑡𝑠𝑒𝑛𝑠𝑖𝑛𝑔) 

          +𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝) ∗ 𝑃𝑚
𝑁𝑆𝑚𝑎𝑥_1 ∗ [𝑃𝑚. (1 − 𝑃𝑚). 1 + 𝑃𝑚

2 . (1 − 𝑃𝑚). 2 + ⋯+ 𝑃𝑚
𝑁𝑆𝑚𝑎𝑥_2 . 𝑁𝑆𝑚𝑎𝑥_2]  

∗ (𝑡𝑆𝑇𝑆 − 𝑡𝑠𝑒𝑛𝑠𝑖𝑛𝑔) 

      

=  [1 − (1 + 𝛼)𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝)] ∗ 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑 + 𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝) ∗ (𝑡𝑆𝑇𝑆 − 𝑡𝑠𝑒𝑛𝑠𝑖𝑛𝑔)

∗  

[
 
 
 
 
 
 

𝛼 ∗ {
𝑃𝑚 − (𝑁𝑆𝑚𝑎𝑥_1 + 1)𝑃𝑚

𝑁𝑆𝑚𝑎𝑥_1+1 +𝑁𝑆𝑚𝑎𝑥_1𝑃𝑚
(𝑁𝑆𝑚𝑎𝑥_1+2)

(1 − 𝑃𝑚)
2

+ 𝑃𝑚
𝑁𝑆𝑚𝑎𝑥_1 . 𝑁𝑆𝑚𝑎𝑥_1}

+𝑃𝑚
𝑁𝑆𝑚𝑎𝑥_1 ∗ {

𝑃𝑚 − (𝑁𝑆𝑚𝑎𝑥_2 + 1)𝑃𝑚
𝑁𝑆𝑚𝑎𝑥_2+1 +𝑁𝑆𝑚𝑎𝑥_2𝑃𝑚

(𝑁𝑆𝑚𝑎𝑥_2+2)

(1 − 𝑃𝑚)
2

+ 𝑃𝑚
𝑁𝑆𝑚𝑎𝑥_2 . 𝑁𝑆𝑚𝑎𝑥_2}

]
 
 
 
 
 
 

 

( 18 ) 

The primary-secondary cooperation also allows the secondary user operation to achieve better 

system performance while achieving the desired interference avoidance with the primary user 

operation. We can estimate the average throughput of the secondary user operation while the 

spectrum sharing involves both the primary-secondary cooperation and sensing mechanisms. The 

amount of that can be sent using a spectrum opportunity depends on the time after which the primary 

user operation returns to the shared channel. For a spectrum opportunity of duration  𝑇𝑜𝑝𝑝 , the 

amount of data transmitted by the secondary user, 𝑅𝑡𝑜𝑡𝑎𝑙, can be estimated using Eq. ( 19 ). 
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𝑅𝑡𝑜𝑡𝑎𝑙 =

{
 
 
 
 

 
 
 
 

𝑇𝑛𝑜𝑛𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝐶0

+
𝑡𝑆𝑇𝑆 − 𝑡𝑠𝑒𝑛𝑠𝑖𝑛𝑔

𝑡𝑆𝑇𝑆
(𝑇𝑜𝑝𝑝 − 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑)𝐶0

, 𝑡 ≥ 𝑇𝑜𝑝𝑝

𝑇𝑛𝑜𝑛𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝐶0

+(𝑡 − 𝑇𝑛𝑜𝑛𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑)(1 − 𝑃𝑓)
𝑡−𝑇𝑛𝑜𝑛𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑

𝑡𝑆𝑇𝑆
, 𝑇𝑛𝑜𝑛𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ≤ 𝑡 < 𝑇𝑜𝑝𝑝

𝑡𝐶0
,

0 ≤ 𝑡 < 𝑇𝑛𝑜𝑛𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑

 

( 19 ) 

As the primary user operation follows the distribution, 𝓅(X), on average the primary user will 

return within the opportunity after 𝑇𝑛𝑜𝑠𝑒𝑛𝑠𝑖𝑛𝑔  has elapsed (Figure 17). Accordingly, we can also 

estimate the average throughput, 𝑅𝑎𝑣𝑔, of the secondary user operation for a spectrum opportunity 

of 𝑇𝑜𝑝𝑝 duration using Eq. ( 20 ). 

𝑅𝑎𝑣𝑔 = 𝐶0[{1 − (1 + 𝛼)𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝)}𝑇𝑛𝑜𝑛𝑠𝑒𝑛𝑠𝑖𝑛𝑔,𝑑𝑒𝑠𝑖𝑟𝑒𝑑 + 𝛼𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝)𝑇𝑇𝑋,𝑠𝑒𝑛𝑠𝑔𝑖𝑛𝑔] 

𝐻𝑒𝑟𝑒, 

         𝑇𝑇𝑋,𝑠𝑒𝑛𝑠𝑔𝑖𝑛𝑔 = {(1 − 𝑃𝑓). 𝑃𝑓 . 1 + (1 − 𝑃𝑓)
2
. 𝑃𝑓 . 2 +⋯+ (1 − 𝑃𝑓)

𝑁𝑆𝑚𝑎𝑥_1 . 𝑁𝑆𝑚𝑎𝑥_1} 

                                

=  {
1

𝑃𝑓
[𝑃𝑓 − (𝑁𝑆𝑚𝑎𝑥_1 + 1)(1 − 𝑃𝑓)

𝑁𝑆𝑚𝑎𝑥_1+1 +𝑁𝑆𝑚𝑎𝑥_1(1 − 𝑃𝑓)
𝑁𝑆𝑚𝑎𝑥_1+2]

+ (1 − 𝑃𝑓)
𝑁𝑆𝑚𝑎𝑥_1+1. 𝑁𝑆𝑚𝑎𝑥_1} 

( 20 ) 

Time Discounted Value of Information 

The system model presented in this discussion assumes that the secondary user operation knows 

the distribution of the primary user usage model 𝓅(X). This information is used to determine the 

probability,  𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝) , with which the primary user resumes its operation on the particular 

channel under consideration.  The SODA values determined (as proposed in Chapter 3) provides us 

with the probabilistic assurance about the duration of the available spectrum opportunities. So we 

will be using the SODA value generated by the SAS with primary user cooperation as 𝑃(𝑋 ≥ 𝑇𝑜𝑝𝑝). 

The SAS generates the SODA values periodically and uses this information to facilitate cognitive use 

of the spectrum opportunities. In order to reduce the overhead in frequently generating and 

accessing this information, we propose to maximize the utility duration of the SODA information 

using the concept of “Time Discounted Value of Information” [290, 291].  
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The value of information degrades with time. Let 𝑋(𝑟) be the value of the information at time 𝑟. 

To avoid trivialities, let’s assume that 𝑋(𝑟) ≠ 0. In its most general form, for 𝑡 ≥ 𝑟, the discounted 

value of 𝑋 at time 𝑡 is given by, 

𝑋(𝑡) = 𝑋(𝑟)𝑔(𝑟, 𝑡) 

( 21 ) 

where 𝑔(𝑟, 𝑡) is the time discount function. In many practical applications, such as the one we are 

interested, the discount function is ( 21 ) is a function of the difference (𝑟 − 𝑡). Based on this the time 

discounted value of information can be presented as, 

𝑋(𝑡) = 𝑋(𝑟)𝛿(𝑟 − 𝑡) 

𝑤𝑖𝑡ℎ, 𝛿(0) = 1, lim
𝑥→∞

𝛿(𝑥) = 0, 𝑎𝑛𝑑 0 < 𝛿(𝑥) < 1 

( 22 ) 

Olariu et al., [291], proposed a theoretical analysis for the time discounted value of information 

and showed that the discount function can be modeled to be an exponential decay. 

[291] Theorem 4.12   For ∀𝑟, 𝑡  𝑤𝑖𝑡ℎ 0 ≤ 𝑟 ≤ 𝑡 

𝛿(𝑟 − 𝑡) = exp(−𝜆(𝑡 − 𝑟)) 

𝑤𝑖𝑡ℎ, 𝜆 = − ln 𝛿(1) > 0 

( 23 ) 

So the time discounted value of information can be expressed as 

𝑋(𝑡) = 𝑋(𝑟) exp(−𝜆(𝑡 − 𝑟)) 

( 24 ) 

We use the concept of time discounted information to model the freshness of information or the 

trust of the SU operations on the probabilistic assurance provided by the SAS. In the primary-

secondary cooperation context, the secondary users receive the assurance from the primary users. 

According to the theory of time discounted information, secondary user’s trust or confidence on the 

assurance provided by the primary users is at its maximum at the moment when the primary user 

offers the assurance. Based on the assurance and the trust on the assurance, the secondary users 

decide whether to access the spectrum opportunity or not. If the secondary user accesses the 

spectrum opportunity, the trust of the secondary user on the primary user assurance diminishes 

according to the discount function. So the secondary user continuously monitors the time discounted 

value of the primary user assurance to decide whether to continue its operation or to vacate the 

channel in order to minimize interference to the primary users. In the following discussions, we will 

make use of this ‘time discounted vale of information’ concept in order to ensure the use of time 
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discounted version of the primary user assurance and thus achieve the desired interference 

environment for both the primary and secondary users.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interference Avoidance Mechanisms considering the Probabilistic 

Assurances (SODA) 
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In this part of the report, we propose interference avoidance schemes that involve primary user 

cooperation in order to analyze the impact of cooperation of the performance of spectrum sharing 

systems. The interference scenario with and without using SODA are presented in Figure 18. Without 

the primary user cooperation in the form of SODA values, secondary users utilize the Sense-Transmit-

Sense (STS) approach. Collision time depends on the primary user arrival instances and the accuracy 

of the detectors. This is the base access scheme and all the other spectrum opportunity access 

schemes proposed in this work will be compared to the STS scheme to observe their impact of the 

performance of the spectrum sharing system. If the spectrum sharing system uses a deterministic 

access scheme such as a deterministic primary user signal before arrival (the red flag in Figure 18), 

there is no interference. The systems that use Beacon signal to alert the system of the users arrival 

falls into this category. IEEE 802.11 b/a/g systems using the Network Allocation Vector (NAV) is 

another commonly used example of deterministic access schemes [292]. From the perspective of 

interference avoidance, primary user informing the secondary user before its arrival eliminates any 

chance of interference. 

 

Figure 18: Interference Scenario with and without PU cooperation (SODA) 

However, this scheme reduces privacy of sensitive primary user information. Without the 

primary user “red flag”, the secondary user interferes with the primary user with a probability of (1-
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SODA). For high SODA opportunities this probability will be small. So a spectrum sharing system with 

low spectrum utilization, i.e., with high probabilistic assurance of not returning within the assured 

opportunity duration may use the SODA value only to manage the dynamic access to the spectrum 

opportunities and still achieve a low probability of interference with the primary users. If we employ 

sensing within the opportunity duration, the likelihood of interference is reduced further. The SODA 

value probabilistically assures the secondary user operations about the duration of the spectrum 

opportunities. In other words, it indicates the chances of primary user not returning within the 

spectrum opportunity. The SAS, using the primary user cooperation, provides the assurance about a 

channel that it knows to be idle. As this assurance is coming from the source (primary user 

cooperation), it is more trustworthy compared to any secondary user dependent identification 

mechanism at the time when the cooperation is received.  

 

Figure 19: Block Diagram of the Spectrum Opportunity Access based on Interference 

Avoidance Schemes using Primary-Secondary Cooperation (SODA) 

According to the concept of the time-discounted value of information discussed in the previous 

subsection, it is most likely that the assurance will be more reliable in near future and the reliability 
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will decrease with time. So the probabilistic assurance with which the primary user operation will 

not return within a specific period decays exponentially. This motivates us to use the exponential 

distribution to model the trust of secondary users on the primary user cooperation and thus we 

assume that the time of primary user return within an assured spectrum opportunity is exponentially 

distributed. Figure 19 presents the block diagram of the spectrum opportunity access based on the 

interference avoidance schemes using Primary-Secondary Cooperation. As can be seen from the 

block diagram, the Incumbent SAS gathers the agreed primary user information based on the level of 

cooperation agreed upon by both parties. In this case the information include the maximum duration 

of a state (𝐷), the similar activity phase identification (𝐼𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦), the initial Non-Stationary Hidden 

Markov Model parameters (𝜆𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑠). The Incumbent SAS forwards these primary user information 

to the Secondary SAS. Upon receiving the primary user cooperation, the Secondary SAS utilizes this 

information along with the channel monitoring results received from the Environmental Sensing 

Capability (ESC) system and also from the secondary users. In this submission we propose a number 

of interference avoidance schemes that make use of both the primary user cooperation and the 

channel monitoring results to efficiently manage the spectrum opportunity so that the interference 

to the primary user is avoided. The block diagram shows three of these interference avoidance 

schemes in operation. Based on the decisions made by the interference avoidance schemes, the 

secondary SAS performs the predictive channel selection. 

The predictive channel selection ensures increased spectrum opportunity availability and at the 

same time reduced interference to the primary user operation. Based on the prediction channel 

selection decision the secondary SAS makes the decision whether the secondary user should access 

the spectrum opportunity or not. If the secondary SAS decide that the secondary user may access the 

spectrum opportunity, then the secondary user starts transmitting over the shared channel. On the 

other hand, if the secondary SAS decides not to access the channel then the secondary user is 

instructed to switch to another spectrum opportunity that satisfies the interference requirements 

that the secondary SAS is trying to achieve. The interference avoidance schemes proposed in this 

submission uses both the primary user cooperation (the SODA values) and the spectrum sensing 

techniques. In order to implement an interference avoidance mechanism, we need to consider two 

aspects: i) when to start sensing, and ii) the sensing interval. Based on the sensing interval, we 

propose three interference avoidance schemes in this submission. First we briefly discuss the Sense-

Transmit-Sense (STS) approach as presented in Figure 18. 

Interference Avoidance Scheme STS: Sense-Transmit-Sense 
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Figure 20: STS Approach for Spectrum Sharing Systems 

The STS approach does not consider the primary user cooperation (SODA information) and 

employs sensing throughout the duration of the opportunity (Figure 20). The secondary user 

throughput in this approach is degraded primarily due to i) the sensing overhead, ii) the dynamic 

rescheduling and switching overhead, and iii) the session termination and re-establishment 

overhead. Let’s assume 𝑃𝑓 and 𝑃𝑚 are the probabilities of false alarm and missed detection for the 

channel monitors employed. Number of sensing events,  𝑁𝑆𝑆𝑇𝑆 ,  and the number of collision slots, 

𝑁𝐶𝑆𝑇𝑆 , for the STS approach can be determined as follows. 

𝑁𝑆𝑆𝑇𝑆 =
𝑇𝑆𝑇𝑆 − 𝑡𝑠𝑒𝑛𝑠𝑒

𝑇𝑆𝑇𝑆
𝑇𝑜𝑝𝑝 = 0.5𝑇𝑜𝑝𝑝 

( 25 ) 

𝑁𝐶𝑆𝑇𝑆 = (1 − 𝑃𝑓)
𝑁0 (

𝑃𝑚
1 − 𝑝𝑚

) (1 − (𝑁1 + 1)𝑃𝑚
𝑁1 +𝑁1𝑃𝑚

𝑁1+1) − 𝑁1(1 − 𝑃𝑓)
𝑁0𝑃𝑚

𝑁1+1 

𝑃𝑚: 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑚𝑖𝑠𝑠𝑒𝑑 𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 

𝑃𝑓: 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚 

𝑁0: # 𝑜𝑓 𝑠𝑒𝑛𝑠𝑛𝑖𝑔 𝑒𝑣𝑒𝑛𝑡𝑠 𝑡𝑖𝑙𝑙 𝑇𝑎𝑣𝑔 = 0.5𝑇𝑎𝑣𝑔 = 0.5𝑥𝑇_𝑜𝑝𝑝 

𝑁1: # 𝑜𝑓 𝑠𝑒𝑛𝑠𝑖𝑛𝑔 𝑒𝑣𝑒𝑛𝑡𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑇𝑎𝑣𝑔 𝑎𝑛𝑑 𝑇𝑜𝑝𝑝 = 0.5(𝑇𝑜𝑝𝑝 − 𝑇𝑎𝑣𝑔) = 0.5(1 − 𝑥)𝑇𝑜𝑝𝑝 

( 26 ) 

Interference Avoidance Scheme SODA: SODA without Sensing 

The interference avoidance scheme SODA trusts the assurance provided by the SAS. So in this 

interference avoidance scheme the secondary user do not employ any channel monitoring 

techniques. Intuitively, one can come to an inference that this approach will boost the achievable 

throughput by the secondary users because it does not consume any frequency-time resource for 

monitoring the channel. Also this approach will have less energy consumption compared to those 

schemes that use spectrum sensing. The SODA scheme operates based on the primary user 

cooperation and the secondary user utilizes the entire duration of the spectrum opportunity. The 

probability of interference is (1 − 𝑆𝑂𝐷A)  as no sensing is performed. For high assurance 
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opportunities this probability will be small. We determine the parameter of the exponential 

distribution, λ, using the SODA value of the spectrum opportunity provided by the SAS: 

∫ 𝜆𝑒−𝜆𝑡
𝑇𝑜𝑝𝑝

0

𝑑𝑡 = 1 − 𝑆𝑂𝐷𝐴 

⇒ 𝜆 =
−1

𝑇𝑜𝑝𝑝
ln(𝑆𝑂𝐷𝐴) 

( 27 ) 

We can easily see the similarity of the expression of the parameter, 𝜆, in Eq. ( 27 ) and that 

proposed in [291]. Based on 𝜆 and the duration of the opportunity, 𝑇𝑜𝑝𝑝, we can calculate the mean 

channel availability duration which is also the average time after which the primary user returns. 

The mean channel availability duration for the SODA scheme can be determined using Eq.( 28 ).  

𝑇𝑎𝑣𝑔 = ∫ 𝑡𝜆𝑒−𝜆𝑡
𝑇𝑜𝑝𝑝

0

𝑑𝑡 + ∫ 𝑇𝑜𝑝𝑝𝜆𝑒
−𝜆𝑡

∞

𝑇𝑜𝑝𝑝

𝑑𝑡 

⇒ 𝑇𝑎𝑣𝑔 =
1

𝜆
(1 − 𝑒−𝜆𝑇𝑜𝑝𝑝)  

⇒
𝑇𝑎𝑣𝑔

𝑇𝑜𝑝𝑝
=
1 − 𝑒−𝜆𝑇𝑜𝑝𝑝

𝜆𝑇𝑜𝑝𝑝
=
𝑆𝑂𝐷𝐴 − 1

𝑙𝑛(𝑆𝑂𝐷𝐴)
= 𝑥 

⇒ 𝑇𝑎𝑣𝑔 = 𝑥𝑇𝑜𝑝𝑝 

( 28 ) 

Number of sensing events, 𝑁𝑆𝑆𝑂𝐷𝐴 , and the number of collision slots, 𝑁𝐶𝑆𝑂𝐷𝐴 , can be determined 

as follows. 

𝑁𝑆𝑆𝑂𝐷𝐴 = 0 

( 29 ) 

     𝑁𝐶𝑆𝑂𝐷𝐴 = 𝑇𝑜𝑝𝑝 − 𝑇𝑎𝑣𝑔 

⇒ 𝑁𝐶𝑆𝑂𝐷𝐴 = (1 − 𝑥)𝑇𝑜𝑝𝑝 

( 30 ) 

 

 

 

 

 

 

Interference Avoidance Scheme SODA1: SODA with Equal Interval Sensing 
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Figure 21: SODA-1 Approach: Employing Fixed Sensing Interval: a) Time to employ 1st 

sensing event with (𝟏 + 𝜶)𝑺𝑶𝑫𝑨; b) Fixed interval sensing employed after tT  

Both 𝑆𝑂𝐷𝐴1 and 𝑆𝑂𝐷𝐴2 approaches use the probabilistic assurance provided by the SAS and the 

channel monitoring results to achieve throughput improvement without increasing the chances of 

interfering with the primary user. In both of these SODA approaches, we assume that the secondary 

user enjoys the opportunity for 𝑡𝑇 amount of time before employing sensing as the primary user is 

more likely to return in the later part of the opportunity. We use the trust margin parameter, α, to 

determine the mean channel available time that satisfies the desired probability of interference 

avoidance. We use this mean channel available time with high assurance as the time to employ the 

first sensing event with a higher assurance. The trust margin increases the assurance by reducing the 

duration of the spectrum opportunity. The value of 𝛼 ≥ 0 can be set to achieve any desired value of 

the SODA metric. The time to employ the 1st sensing event, 𝑡𝑇 , to achieve the desired assurance of 

(1 + 𝛼)𝑆𝑂𝐷𝐴 can be calculated as (Figure 21 (a)): 

    ∫ 𝜆𝑒−𝜆𝑥𝑑𝑥
∞

𝑡𝑇

= (1 + 𝛼)𝑆𝑂𝐷𝐴 

⇒ 𝑡𝑇 =
−1

𝜆
ln[(1 + 𝛼)𝑆𝑂𝐷𝐴] 

⇒
𝑡𝑇
𝑇𝑜𝑝𝑝

=
−1

𝜆𝑇𝑜𝑝𝑝
ln[(1 + 𝛼)𝑆𝑂𝐷𝐴] 
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⇒
𝑡𝑇
𝑇𝑜𝑝𝑝

=
ln[(1 + 𝛼)𝑆𝑂𝐷𝐴]

𝑙𝑛(𝑆𝑂𝐷𝐴)
= 𝑦 

⇒ 𝑡𝑇 = 𝑦𝑇𝑜𝑝𝑝 

( 31 ) 

In this scheme, the secondary user waits 𝑡𝑇  amount of time before employing sensing at a 

frequency equal to that of the STS approach (Figure 21(b)). So, SODA1 uses the more conservative 

STS approach for the later part of the opportunity where the primary user is more likely to return. 

The number of sensing events required and number of slots with collision in the SODA1 approach is 

given by: 

𝑁𝑆𝑆𝑂𝐷𝐴1 = (1 − 𝑃𝑓)
𝑇𝑆𝑇𝑆 − 𝑡𝑠𝑒𝑛𝑠𝑒

𝑇𝑆𝑇𝑆
(𝑇𝑎𝑣𝑔 − 𝑡𝑇) = 0.5(1 − 𝑃𝑓)(𝑥 − 𝑦)𝑇𝑜𝑝𝑝 

 ( 32 ) 

𝑁𝐶𝑆𝑂𝐷𝐴1 = 𝑃𝑚
𝑇𝑆𝑇𝑆 − 𝑡𝑠𝑒𝑛𝑠𝑒

𝑇𝑆𝑇𝑆
(𝑇𝑜𝑝𝑝 − 𝑇𝑎𝑣𝑔) = 0.5𝑃𝑚(1 − 𝑥)𝑇𝑜𝑝𝑝 

( 33 ) 

 

Figure 22: SODA-2 Approach: Employing Variable Sensing Interval: a) Time to employ 1st 

sensing event with (𝟏 + 𝜶)𝑺𝑶𝑫𝑨; b) Time to employ 2nd sensing event; c) Variable interval 

sensing employed with higher sensing frequency at the later part of the opportunity  

Interference Avoidance Scheme SODA2: SODA with Variable Interval Sensing 
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The SODA2 scheme employs sensing events with variable intervals instead of fixed sensing 

interval. In this approach, the secondary user transmits without sensing such that the time for 

employing the first sensing instance is 𝑡𝑇1 . This wait time can be calculated as was done with the 

SODA1 approach. After that the SODA for the rest of the opportunity changes as the secondary user 

has already enjoyed a portion of the opportunity. The rest of the opportunity now has a different 

SODA value. We calculate 𝜆𝑖  and 𝑡𝑇𝑖 for the rest of the sensing events considering the modified 

duration of opportunity (Figure 22(b)). Then we calculate 𝜆𝑖s and 𝑡𝑇𝑖s with ∆𝑡𝑖 as the time to deploy 

next sensing event as follows. 

∫ 𝜆2𝑒
−𝜆2𝑥𝑑𝑥

∞

𝑇𝑜𝑝𝑝−𝑡𝑇1

= 𝑆𝑂𝐷𝐴 

⇒ 𝜆2 = −
1

(1 − 𝑦)𝑇𝑜𝑝𝑝
ln (𝑆𝑂𝐷𝐴) 

( 34 ) 

∫ 𝜆2𝑒
−𝜆2𝑥𝑑𝑥

∞

𝑡𝑇2−𝑡𝑇1

= (1 + α)𝑆𝑂𝐷𝐴 

⇒ ∆𝑡1 = 𝑡𝑇2 − 𝑡𝑇1 = −
1

𝜆2
ln((1 + α)𝑆𝑂𝐷𝐴) 

⇒ ∆𝑡1 = 𝑦(1 − 𝑦)𝑇𝑜𝑝𝑝 
( 35 ) 

Following the same calculation, 

𝜆1 = −
1

𝑇𝑜𝑝𝑝
ln(𝑆𝑂𝐷𝐴)                              ∆𝑡1 = 𝑦(1 − 𝑦)𝑇𝑜𝑝𝑝 

𝜆2 = −
1

(1 − 𝑦)𝑇𝑜𝑝𝑝
ln(𝑆𝑂𝐷𝐴)                ∆𝑡2 = 𝑦(1 − 𝑦)

2𝑇𝑜𝑝𝑝 

⋮ 

𝜆𝑖 = −
1

(1 − 𝑦)𝑖−1𝑇𝑜𝑝𝑝
ln(𝑆𝑂𝐷𝐴)           ∆𝑡𝑖 = 𝑦(1 − 𝑦)

𝑖𝑇𝑜𝑝𝑝 

 ( 36 ) 

Each sensing interval is smaller than the previous one and ensures more frequent sensing to 

avoid interfering with the primary user. The SODA2 scheme senses the channel more frequently as 

we approach the end of the opportunity (Figure 22(c)). The number of sensing events required for 

the SODA2 approach can be calculated as follows. 

     ∆𝑡1 + ∆𝑡2 +⋯+ ∆𝑡𝑁𝑆𝑆𝑂𝐷𝐴2
= 𝑇𝑎𝑣𝑔 
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⇒ 𝑦 + 𝑦(1 − 𝑦) + 𝑦(1 − 𝑦)2 +⋯+ 𝑦(1 − 𝑦)
𝑁𝑆𝑆𝑂𝐷𝐴2 =

𝑇𝑎𝑣𝑔

𝑇𝑜𝑝𝑝
= 𝑥 

⇒ 𝑁𝑆𝑆𝑂𝐷𝐴2
=
ln(1 − 𝑥)

ln(1 − 𝑦)
− 1 

( 37 ) 

The proposed SODA approaches (SODA1 and SODA2) make use of both the primary user 

cooperation and the existing spectrum monitoring techniques (spectrum sensing) to reduce the 

number of slots in collision. The SODA2 uses a variable sensing interval that allows more monitoring 

in the later part of the spectrum opportunity to reduce interference with the primary user operation. 

In the next subsection, we analyze the impact of the proposed SODA1 and SODA2 interference 

avoidance schemes on the achievable QoS of the secondary user operations using the spectrum 

opportunities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Impact of Cooperation on the Achievable QoS of the Secondary User 
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In a spectrum sharing context, the achievable throughput by accessing the spectrum 

opportunities depend on the resources consumed in channel monitoring, channel switching in case 

of PU return, and session re-establishment as a result of terminated sessions due to the absence of 

available spectrum opportunities. Thus the secondary user throughput in a spectrum sharing context 

can be expressed as: 

𝑅𝑆 = 𝑎𝑊 − 𝑏𝑋 − 𝑐𝑌 − 𝑑𝑍 

𝑐 =∑ℎ𝑖𝑃ℎ
𝑖

,     𝑎𝑛𝑑     𝑑 =∑𝑡𝑖𝑃𝑡
𝑖

 

𝐻𝑒𝑟𝑒, 

𝑎: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑠𝑙𝑜𝑡 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑜 𝑓𝑖𝑛𝑖𝑠ℎ 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 

W:𝑎𝑐ℎ𝑖𝑒𝑣𝑎𝑏𝑙𝑒 𝑏𝑖𝑡 𝑟𝑎𝑡𝑒 𝑝𝑒𝑟 𝑡𝑖𝑚𝑒 𝑠𝑙𝑜𝑡 

𝑏: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑠𝑒𝑛𝑠𝑖𝑛𝑔 𝑖𝑠 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 

𝑋: 𝑠𝑒𝑛𝑠𝑖𝑛𝑔 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 

𝑐: 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑝𝑝𝑖𝑛𝑔 

ℎ𝑖: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑝𝑝𝑖𝑛𝑔 𝑓𝑜𝑟 𝑖𝑡ℎ 𝑢𝑠𝑒𝑟 

𝑃ℎ: 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 ℎ𝑜𝑝𝑝𝑖𝑛𝑔 

𝑌: 𝑟𝑒𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑖𝑛𝑔 𝑎𝑛𝑑 ℎ𝑜𝑝𝑝𝑖𝑛𝑔 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 

𝑑: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑠𝑒𝑠𝑠𝑖𝑜𝑛 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 

𝑡𝑖: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑖𝑡ℎ 𝑢𝑠𝑒𝑟 

𝑃𝑡: 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑠𝑒𝑠𝑠𝑖𝑜𝑛 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 

𝑍: 𝑠𝑒𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑒𝑠𝑡𝑎𝑏𝑙𝑖𝑠ℎ𝑚𝑒𝑛𝑡 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 

( 38 ) 

In this work we focus on the performance degradation due to the resource consumption as a 

result of employing sensing events. We will ignore the channel switching and session termination 

overhead. Without primary user cooperation, the secondary user utilizes the STS approach to identify 

and access the spectrum opportunities. As a result a significant amount of time slots are consumed 

by the sensing events which reduces the achievable throughput by the secondary user operations. 

Also it potentially increases the channel switching rate and session drop rate due to the return of the 

primary user operations back in the channel. The SODA based interference avoidance schemes 

proposed in this report allow the secondary user operations to cut down the number of sensing 

events employed and improves the achievable secondary user throughput. Before analyzing the 

achievable secondary user throughput for the interference avoidance schemes SODA1 and SODA2, we 
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present the secondary user throughput for the access schemes that use only primary user 

cooperation (SODA without sensing) and that for the STS approach. 

SU Throughput for SODA without sensing:  

For this access approach, the SU operations depends only on the PU cooperation and do not 

employ any channel monitoring mechanism for the whole duration of the probabilistically assured 

spectrum opportunities. The achievable SU throughput, assuming a channel capacity of C0 (b/s/Hz) 

can be expressed as: 

𝑅𝑆𝑂𝐷𝐴 =
𝑇𝑎𝑣𝑔

𝑇𝑜𝑝𝑝
𝐶0 = 𝑥𝐶0 

( 39 ) 

SU Throughput for STS Approach:  

On the other hand, the STS approach does not consider the PU cooperation and depends solely 

on the channel monitoring mechanism to identify and access the spectrum opportunities. The 

achievable SU throughput, assuming a channel capacity of C0  (b/s/Hz) and a probability of false 

alarm of 𝑃𝑓 , 

     𝑅𝑆𝑇𝑆 = (1 − 𝑃𝑓)
𝑇𝑆𝑇𝑆 − 𝑡𝑠𝑒𝑛𝑠𝑒

𝑇𝑆𝑇𝑆

𝑇𝑎𝑣𝑔

𝑇𝑜𝑝𝑝
𝐶0 

⇒ 𝑅𝑆𝑇𝑆 = 0.5(1 − 𝑃𝑓)𝑥𝐶0 

𝑃𝑓: 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚 

( 40 ) 

SU Throughput for the SODA1 Approach: 

In the SODA1 interference avoidance scheme, the SU operations access the spectrum opportunity 

for tT amount of time without employing any sensing event. The time to employ the first sensing 

event, tT , is determined using Eq. ( 31 ) using the SODA value and the duration of the spectrum 

opportunity. After that the SU operations employ the basic STS approach to identify the return of PU 

operations into the spectrum opportunity. The SU throughput for the SODA1 approach can be 

calculated as follows. 

𝑅𝑆𝑂𝐷𝐴1 =
𝑡𝑇 + (1 − 𝑃𝑓)(𝑇𝑎𝑣𝑔 − 𝑡𝑇 −𝑁𝑆𝑂𝐷𝐴1𝑡𝑠𝑒𝑛𝑠𝑒)

𝑇𝑜𝑝𝑝
𝐶0 

( 41 ) 
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Figure 23: Throughput Analysis for the SODA1 Approach 

In order to express the achievable secondary user throughput in terms of the SODA values, here 

we present a different approach to determine the secondary user throughput for the SODA1 approach.  

According to the assurance from the SAS, on average the primary user will return after 𝑇𝑎𝑣𝑔 amount 

of time. The secondary user employs the first sensing event after 𝑡𝑇  as within this period the 

secondary user has higher assurance (Figure 23). After 𝑡𝑇 the time slots in which secondary user can 

transmit successfully depends on the performance of the spectrum sensor employed. Considering the 

effect of sensor performance, the achievable throughput can be determined as follows. 

     𝑅𝑆𝑂𝐷𝐴1 =
𝑡𝑇 + 𝑡0𝑎𝑣𝑔
𝑇𝑜𝑝𝑝

𝐶0 

𝑊ℎ𝑒𝑟𝑒, 

     𝑡0𝑎𝑣𝑔 = (1 − 𝑃𝑓)𝑃𝑓 . 1 + (1 − 𝑃𝑓)
2
𝑃𝑓 . 2 + ⋯+ (1 − 𝑃𝑓)

𝑁0
𝑃𝑓 . 𝑁0 

⇒ 𝑡0𝑎𝑣𝑔 =
𝑧0

1 − 𝑧0
(1 − (𝑁0 + 1)𝑧0

𝑁0 +𝑁0𝑧0
𝑁0+1) + 𝑁0𝑧0

𝑁0(1 − 𝑃𝑚 − 𝑃𝑓) 

𝐻𝑒𝑟𝑒, 

     𝑡0 = 𝑇𝑎𝑣𝑔 − 𝑡𝑇       

     𝑧0 = (1 − 𝑃𝑓),           

     𝑁0 = 𝑁𝑆𝑆𝑂𝐷𝐴1 = 0.5
(𝑥 − 𝑦)𝑇𝑜𝑝𝑝 

      𝑥 =
1 − 𝑆𝑂𝐷𝐴

𝑙𝑛(𝑆𝑂𝐷𝐴)
, 

      𝑦 =
𝑙𝑛[(1 + 𝛼)𝑆𝑂𝐷𝐴]

𝑙𝑛(𝑆𝑂𝐷𝐴)
 

( 42 ) 
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Figure 24: Variable Sensing Time for SODA 2 Approach 

SU Throughput for the SODA2 Approach: 

The achievable secondary user throughput for the SODA2 interference avoidance scheme will be 

influenced by the amount of time the secondary user access the opportunity without employing 

sensing events, the total number of sensing events employed throughout the duration of the 

spectrum opportunity, and the sensing time and performance of each of the sensing events. Similar 

to the expression of the achievable secondary user throughput expression of Equation ( 41 ), for 

SODA2 approach the expression of secondary user throughput, RS𝑂𝐷A2, can be expressed as: 

𝑅𝑆𝑂𝐷𝐴2 =
𝑡𝑇1 + (1 − 𝑃𝑓) (∑ 𝑡𝑇𝑖

𝑁𝑆𝑂𝐷𝐴2
𝑖=2

−𝑁𝑆𝑂𝐷𝐴2𝑡𝑠𝑒𝑛𝑠𝑒)

𝑇𝑜𝑝𝑝
 

( 43 ) 

Using our understanding of the occurrence of sensing events and the primary user return as 

shown in Figure 24, the mathematical formulation of the achievable secondary user throughput for 

the 𝑆𝑂𝐷𝐴2 scheme can be expressed as follows. 

𝑅𝑆𝑂𝐷𝐴2 =
𝑡𝑇1 + 𝑡0𝑎𝑣𝑔 −𝑁0

𝑇𝑜𝑝𝑝
𝐶0 

𝐻𝑒𝑟𝑒,    𝑁0 = 𝑁𝑆𝑆𝑂𝐷𝐴2 =
𝑙𝑛(1 − 𝑥)

𝑙𝑛(1 − 𝑦)
− 1 

( 44 ) 

As the SODA2 interference avoidance scheme employs variable sensing interval in the later part 

of the spectrum opportunity, the calculation of the second term 𝑡0𝑎𝑣𝑔on the numerator of 𝑅𝑆𝑂𝐷𝐴2  in 

Eq. ( 44 ) can be calculated as follows. 

𝑡0𝑎𝑣𝑔 = (1 − 𝑃𝑓)𝑃𝑓∆𝑡1 + (1 − 𝑃𝑓)
2
𝑃𝑓(∆𝑡1 + ∆𝑡2) + ⋯                                                      

+ (1 − 𝑃𝑓)
𝑁𝑆𝑆𝑂𝐷𝐴2 (1 − 𝑃𝑚) (∆𝑡1 + ∆𝑡2 +⋯+ ∆𝑡𝑁𝑆𝑆𝑂𝐷𝐴2

) 

( 45 ) 

Now using the expression of ∆𝑡𝑖’s presented in Eq. ( 36 ), 

∆𝑡1 = 𝑦(1 − 𝑦)𝑇𝑜𝑝𝑝 
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∆𝑡1 + ∆𝑡2 = 𝑦(1 − 𝑦){1 + (1 − 𝑦)}𝑇𝑜𝑝𝑝 

∆𝑡1 + ∆𝑡2 + ∆𝑡3 = 𝑦(1 − 𝑦){1 + (1 − 𝑦) + (1 − 𝑦)
2}𝑇𝑜𝑝𝑝 

So, 

∆𝑡1 + ∆𝑡2 +⋯+ ∆𝑡𝑖 = 𝑦(1 − 𝑦){1 + (1 − 𝑦) + (1 − 𝑦)
2 +⋯+ (1 − 𝑦)𝑖}𝑇𝑜𝑝𝑝 

                                        = {(1 − 𝑦) − (1 − 𝑦)𝑖+1}𝑇𝑜𝑝𝑝 

( 46 ) 

Using Equation ( 46 ) in the expression of 𝑡0𝑎𝑣𝑔  presented in Equation ( 45 ) results in the 

following expression: 

     𝑡0𝑎𝑣𝑔 = (1 − 𝑃𝑓)𝑃𝑓{(1 − 𝑦) − (1 − 𝑦)
2}𝑇𝑜𝑝𝑝 + (1 − 𝑃𝑓)

2
𝑃𝑓{(1 − 𝑦) − (1 − 𝑦)

3}𝑇𝑜𝑝𝑝 +⋯

+ (1 − 𝑃𝑓)
𝑁𝑆𝑆𝑂𝐷𝐴2𝑃𝑓 {(1 − 𝑦) − (1 − 𝑦)

𝑁𝑆𝑆𝑂𝐷𝐴2
+1
}𝑇𝑜𝑝𝑝 

⇒ 𝑡0𝑎𝑣𝑔 = 𝑧1(1 − 𝑧0)
𝑁0𝑇𝑜𝑝𝑝 −

𝑧1
2(1 − 𝑧0)

𝑧0
.
1 − 𝑧1

𝑁0

1 − 𝑧1
𝑇𝑜𝑝𝑝 + 𝑧0

𝑁0(1 − 𝑃𝑚 − 𝑃𝑓).
𝑧1
𝑧0
(1 − (

𝑧1
𝑧0
)
𝑁0
)𝑇0𝑝𝑝 

𝐻𝑒𝑟𝑒, 

           𝑧0 = (1 − 𝑃𝑓),                     

           𝑧1 = (1 − 𝑃𝑓)(1 − 𝑦) 

           𝑁0 = 𝑁𝑆𝑆𝑂𝐷𝐴2
=
𝑙𝑛(1 − 𝑥)

𝑙𝑛(1 − 𝑦)
− 1 

           𝑥 =
1 − 𝑆𝑂𝐷𝐴

𝑙𝑛(𝑆𝑂𝐷𝐴)
,                   𝑦 =

𝑙𝑛[(1 + 𝛼)𝑆𝑂𝐷𝐴]

𝑙𝑛(𝑆𝑂𝐷𝐴)
  

 ( 47 ) 

The proposed SODA schemes improve the interference avoidance ability and the achievable 

throughput for the secondary user. Without employing sensing events, the probability of interfering 

with the primary user operation is (1 − S𝑂𝐷A) which is small for high assurance opportunities. The 

SODA2 scheme employs the sensing events less frequently at the early part of the spectrum 

opportunity where the trust on the primary user cooperation is still high. As the secondary user keep 

on accessing the opportunity, this trust decays and the secondary user operation employs the sensing 

events more frequently. Thus the SODA2 interference avoidance scheme improves the achievable 

secondary user throughput by balancing the number of sensing events according to the updated 

SODA values. 
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Performance Evaluation 

Simulation Setup: 

In this section, we present simulation results to validate our claim that the proposed SODA 

approach offers improved spectrum sharing performance. We assume that the Incumbent-SAS has 

generated the SODA values using PU cooperation and forwarded the probabilistic assurances for the 

available opportunities to the Secondary-SAS. We also assume that whenever the SU employs the 

channel monitoring mechanism (spectrum sensing), it does so for one whole time slot. The channel 

monitors employed perform sensing with a probability of missed detection of 0.1 and a probability 

of false alarm of 0.1. The duration of the opportunity used in the simulations is 20 time slots. The 

trust margin, 𝛼, is calculated to achieve a range of desired 𝑆𝑂𝐷𝐴 from 0.6 to 0.9. The arrival of the PU 

within the opportunity duration is generated using an exponential distribution with parameter 𝜆. If 

the PU returns in the assured opportunity, the SU vacates the channel and the opportunity is no 

longer considered. Using different 𝑆𝑂𝐷𝐴  values, the values of 𝜆  and the mean channel available 

time, 𝑡𝑇 , are calculated using Eq. ( 27 ) and ( 31 ) for the 𝑆𝑂𝐷𝐴1 scheme. For the dynamic spectrum 

opportunity access scheme 𝑆𝑂𝐷𝐴2, Eq. ( 36 ) is used to calculate the variable sensing intervals. In 

order to analyze the performance improvement offered by the proposed access schemes, we observe 

improvement in channel monitoring overhead, probability of interfering with the PU operation, 

channel switching rate for the SUs, and the normalized SU throughput for each of the schemes. We 

also observe the impact of the desired interference environment on the achievable SU QoS in dynamic 

spectrum sharing systems. In the following sections, we present our observations for the four 

schemes discussed in the paper: STS, SODA1 SODA2, and SODA without sensing. 

Channel Monitoring Overhead: 

For dynamic spectrum sharing systems, monitoring the shared spectrum to identify the ‘use’ 

status of the channel consumes significant amount of resource in the frequency-time-space resource 

grid. PU cooperation can significantly reduce this channel monitoring overhead by providing 

information about the channel usage status. In the spectrum opportunity schemes proposed in this 

paper, the SUs use the probabilistic assurance provided by the PU cooperation to reduce the channel 

monitoring overhead. Enabled with PU cooperation, the SUs may enjoy the assured opportunity 

duration even without employing sensing. Therefore, the 𝑆𝑂𝐷𝐴 approach is expected to reduce the 

number of sensing events.  
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Figure 25: Impact of PU Cooperation (SODA values) on the channel monitoring overhead 

Figure 25 presents the channel monitoring overhead for the  𝑆𝑇𝑆 ,  𝑆𝑂𝐷𝐴1 , and 𝑆𝑂𝐷𝐴2 

approaches. For a given 𝑆𝑂𝐷𝐴 value, the required numbers of sensing events are determined for 

different approaches to achieve the desired probabilistic assurance of not interfering with the 

primary user operations. We did not include the scheme that uses only the PU cooperation as it does 

not employ channel monitoring. The 𝑆𝑇𝑆 approach consumes 50% of the opportunity as it does not 

consider the PU cooperation (𝑆𝑂𝐷𝐴). The variable sensing interval access scheme, 𝑆𝑂𝐷𝐴2, requires 

less overhead compared to that for the fixed sensing interval scheme 𝑆𝑂𝐷𝐴1. Although this difference 

in channel monitoring overhead is not prominent in the low assurance opportunities, but for the 

spectrum opportunities with high 𝑆𝑂𝐷𝐴  values, 𝑆𝑂𝐷𝐴_2  access scheme significantly cuts down 

resource consumption for monitoring the shared spectrum. The reduction in monitoring overhead 

can be explained by the less aggressive channel monitoring employed by 𝑆𝑂𝐷𝐴2 in the initial part of 

the opportunity. Both the proposed approaches offers significant reduction in the channel 

monitoring overhead compared to the 𝑆𝑇𝑆 approach. Even for the low assurance opportunities (for 

example with 𝑆𝑂𝐷𝐴 = 0.2), the proposed dynamic access schemes cuts the sensing overhead almost 

down to half (~25%− 30%). For a spectrum opportunity with high probabilistic assurance, 𝑆𝑂𝐷𝐴 =

0.7, the 𝑆𝑂𝐷𝐴2 dynamic access scheme results in significant reduction in sensing overhead (~15%). 
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From the simulation results it is evident that by using PU cooperation (𝑆𝑂𝐷𝐴 values), we can reduce 

the channel monitoring overhead and thus improve the SU throughput.  

Interference Avoidance: 

The dynamic opportunity access schemes proposed in this paper considers the interference 

avoidance to achieve the desired interference environment for all the parties involved in spectrum 

sharing. Both the interference avoidance schemes, 𝑆𝑂𝐷𝐴1and 𝑆𝑂𝐷𝐴2, use both the PU cooperation 

and the channel monitoring results to achieve the interference avoidance performance. If the SU 

operates solely depending on the probabilistic assurance provided by the PU cooperation (through 

SAS), it cuts down the number of sensing employed throughout the duration of the opportunity. As 

expected this has adverse effect on the interference environment faced by both the PUs and SUs. The 

reduction in channel monitoring overhead results in an increase in the number of collision instances. 

However, this increase in slots with collision may be minimized as the schemes target for the desired 

𝑆𝑂𝐷𝐴 by reducing the effective duration of the spectrum opportunity. 

 

Figure 26: Impact of PU Cooperation (SODA) on the probability of PU-SU interference 
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Figure 26 presents the impact of PU cooperation on the probability that the SU will be interfering 

with the PU operation over the duration of the spectrum opportunity. The 𝑆𝑇𝑆 approach, without 

considering the PU cooperation, offers the best results in terms of avoiding interfering with the PU 

operation. This can be easily explained by the periodic channel monitoring employed by this scheme 

throughout the duration of the opportunity. On the other hand, the 𝑆𝑂𝐷𝐴 approach that uses only 

the PU cooperation and do not employ any channel monitoring, has the highest probability of 

interfering with the PU operation. Both the dynamic access schemes 𝑆𝑂𝐷𝐴1and 𝑆𝑂𝐷𝐴2 offers similar 

interference avoidance capability. The 𝑆𝑂𝐷𝐴1approach performs slightly better compared to the 

𝑆𝑂𝐷𝐴2 approach as the later employs channel monitoring less aggressively in the initial part of the 

spectrum opportunity. 

Figure 27 presents the channel switching rate experienced by the SU operations. In a spectrum 

sharing system, if the PU operation returns back to the spectrum opportunity that is being 

opportunistically accessed by the SU operation, the SU has to cease its operation and switch to 

another opportunity to continue its transmission. The probabilistic assurance (SODA) offered by the 

PU cooperation allows the SUs to reduce the channel switching rate and thus save on the channel 

switching overhead. For low assurance spectrum opportunities, Figure 27 shows that the SU channel 

switching rate is comparable with that of the 𝑆𝑇𝑆 scheme (without considering the PU cooperation). 

For the spectrum opportunities with high 𝑆𝑂𝐷𝐴 values, the secondary user channel switching rate is 

less than 10%. This increase in channel switching rates is due to the reduction of channel monitoring 

events for the high 𝑆𝑂𝐷𝐴  value spectrum opportunities. Both  𝑆𝑂𝐷𝐴1  and 𝑆𝑂𝐷𝐴2  schemes offer 

similar performance in terms of offering low channel switching rates. The SODA2 scheme results in 

slightly higher channel switching compared to SODA1, as it employs fewer sensing events at the initial 

part of the spectrum opportunity. 

Figure 27 also shows that the channel switching rate is significant for the access scheme using 

only the PU cooperation as it does not employ channel monitoring while accessing the opportunity. 

The channel switching rate is particularly high, especially for the low assurance spectrum 

opportunities. As the opportunity has low probabilistic assurance (𝑆𝑂𝐷𝐴 value), the chances that the 

primary user will return within the opportunity duration are high. Thus the SU operation has to 

switch to another suitable opportunity in order to continue its transmission. And without employing 

any channel monitoring, the secondary users are more likely to interfere with the returning primary 

users. This explains the severely degraded interference environment for the 𝑆𝑂𝐷𝐴 without sensing 

approach as shown in Figure 26 for low 𝑆𝑂𝐷𝐴 opportunities. But for the spectrum opportunities with 

high SODA values, the channel switching rate is less than 10%. 
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Figure 27: Impact of PU Cooperation (SODA values) on the channel switching rate 

Achievable QoS by Secondary Users 

The dynamic spectrum opportunity access schemes proposed in this paper takes advantage of 

the probabilistic assurance offered by the PU cooperation to reduce the dependency on channel 

monitoring. Thus these access schemes cuts down the channel monitoring overheads and as expected 

saved resources significantly boost the achievable throughput by the SU operations while accessing 

the spectrum opportunities. So the throughput of the secondary user is expected to improve as the 

SODA schemes reduces the number of sensing events without significantly increasing the collision 

time. Figure 28 presents the achievable secondary user throughput for all the schemes discussed in 

the paper. Although the 𝑆𝑇𝑆 approach does not consider the PU cooperation, there is a small increase 

in SU throughput for spectrum opportunities with high 𝑆𝑂𝐷𝐴 values. This is due to the fact that the 

primary user is returning less frequently in these opportunities. On the other hand, the 𝑆𝑂𝐷𝐴 

scheme, without using channel monitoring, offers the highest SU throughput. But this scheme also 

significantly increases the probability of interference and the SU channel switching rate compared to 

the other schemes in Figure 27. 
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Figure 28: Impact of PU Cooperation (SODA Values) on the SU throughput 

The variable sensing interval access scheme,  𝑆𝑂𝐷𝐴2 , performs better compared to the fixed 

sensing interval access scheme, 𝑆𝑂𝐷𝐴1, because the later scheme imposes higher channel monitoring 

overhead on the system performance. For low assurance opportunities the dynamic access schemes 

𝑆𝑂𝐷𝐴_1 and 𝑆𝑂𝐷𝐴2 performs close to that by the 𝑆𝑇𝑆 scheme. This can be explained by the target 

interference avoidance performance set by the system. For the purpose of this simulation, the desired 

SODA value was assumed to be 0.8. So for low 𝑆𝑂𝐷𝐴 value channels, the SU has to employ channel 

monitoring very early in the duration of the opportunity. Thus both the 𝑆𝑂𝐷𝐴 schemes effectively 

work as the 𝑆𝑇𝑆 approach. On the other hand, for high assurance opportunities the probabilistic 

assurance provided by the PU cooperation closely approximates the desired interference 

environment. So the SU operation may enjoy a big portion of the opportunity without employing 

channel monitoring. Both the 𝑆𝑂𝐷𝐴 schemes proposed in the paper perform similarly when the 

given probabilistic assurance (𝑆𝑂𝐷𝐴) is equal to or higher than the desired 𝑆𝑂𝐷𝐴 (0.8 used for the 

result presented in Figure 28). In this case, the whole opportunity may be used with the desired 

𝑆𝑂𝐷𝐴 and both 𝑆𝑂𝐷𝐴 schemes work like the 𝑆𝑂𝐷𝐴 without sensing approach.  
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Figure 29: Impact of the desired interference environment on the performance of the 

spectrum sharing systems 

The target interference avoidance performance set by the spectrum sharing system significantly 

influences the achievable QoS by the SU operation that is opportunistically accessing the spectrum 

opportunities. Figure 29 presents the simulation results for a number of different interference 

environment desired by the spectrum sharing system. As can be seen from the simulation results, in 

order to achieve a high target interference avoidance performance, the dynamic access schemes has 

to heavily rely on channel monitoring mechanisms in addition to the probabilistic assurances 

provided by the PU cooperation. For the ‘desired 𝑆𝑂𝐷𝐴’ value of 0.9 or 0.8, both the 𝑆𝑂𝐷𝐴1  and 

𝑆𝑂𝐷𝐴2  access schemes performance closely approximates that of the 𝑆𝑇𝑆 approach for spectrum 

opportunities with low to middle given probabilistic assurance (𝑆𝑂𝐷𝐴). On the other hand, if the 

system is willing to tolerate more interference and settle for a relatively low interference avoidance 

performance then the 𝑆𝑂𝐷𝐴 schemes may reduce their dependency on channel monitoring and rely 

more on the probabilistic assurance provided by the PU cooperation. This allows the SUs to use the 

saved resources, as a consequence of reduced channel monitoring overhead, to improve the 

throughput of the system. Thus the target interference environment naturally influences the 
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inclination of the proposed dynamic opportunity access schemes towards PU cooperation or channel 

monitoring. 
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Summary of the Section  

In this section we explored the impact of primary secondary cooperation on the dynamic access 

of spectrum opportunities. We looked in to a number of approaches to efficiently use the primary 

user cooperation in order to improve the spectrum sharing experience for both primary and 

secondary operations. The SODA metric generated by SAS is used to facilitate cognitive use of the 

spectrum opportunities. The cooperation from primary users in the form of supplying SODA values 

allowed us to propose spectrum opportunity access schemes based on the principle of interference 

avoidance. In order to reduce the overhead in frequently generating and accessing this information, 

we proposed to maximize the utility duration of the SODA information using the concept of “Time 

Discounted Value of Information”. We determined the effective value of the information at any 

particular time instant within the assured duration and decided whether to improve the assurance 

by employing sensing techniques or not. For a spectrum opportunity with high probabilistic 

assurance, 𝑆𝑂𝐷𝐴 = 0.7, the 𝑆𝑂𝐷𝐴2 dynamic access scheme results in significant reduction in sensing 

overhead (~5%). Even with low assurance spectrum opportunities (for example with 𝑆𝑂𝐷𝐴 = 0.2), 

the proposed dynamic access schemes cuts the sensing overhead almost down to half (~25%−

30%). In this analysis, we proposed interference avoidance schemes that use channel monitoring 

based on the time discounted value of the primary user cooperation and reduce the number of time 

slots in collision between the primary and secondary operations. For opportunities with high SODA 

values, the collision slots are less than 10% of the total time slots.  These interference avoidance 

schemes facilitate the desired interference environment for both the primary and secondary 

operations. Next we used the interference avoidance schemes to analyze their impact on the 

achievable QoS from the perspective of secondary user operations. The interference avoidance 

schemes use a combination of primary user cooperation and channel monitoring techniques to 

reduce the resource consumption for channel monitoring during the early stage of the assured 

duration and at the same time reduce the likelihood of interference in the later stage of the duration 

with help of channel monitoring. We analyzed and theoretically modeled the reduction in number of 

sensing events which is required to achieve a desired interference environment and also the 

improvement in secondary user throughput as a result of primary user cooperation. The simulation 

results show reasonable improvement in the secondary user performance.  𝑆𝑂𝐷𝐴 without sensing 

scheme results in high throughput (~25% more compared to STS scheme even for 𝑆𝑂𝐷𝐴 as low 

as 0.1) for secondary user systems. But it also significantly increases the collision time compared to 

any other scheme. For low assurance opportunities (low 𝑆𝑂𝐷𝐴 values), the proposed access scheme 

performances (~15-20%) closely approximate that of the STS scheme. As the 𝑆𝑂𝐷𝐴 value increases, 
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the performances of the proposed 𝑆𝑂𝐷𝐴1and 𝑆𝑂𝐷𝐴2schemes (~65 − 70% for SODA=0.7) gradually 

approaches that of the 𝑆𝑂𝐷𝐴  without sensing (using primary cooperation only, no sensing 

employed) scheme (~80% for SODA=0.7). 

The SODA approach improves the secondary user throughput even without employing sensing 

but degrades the interference scenario. If sensing is employed in the later part of the opportunity, it 

improves the secondary user performance with minimal increase in the collision time. A 

comprehensive analysis of the secondary user throughput promises interesting insights towards a 

quantitative metric for the shared band capacity. We plan to analyze the impact of context-aware 

adaptive SODA values on the performances of the proposed spectrum opportunity access schemes. 

Replacing QoS prediction by the probabilistic assurance (SODA) proposes a strategic change in the 

framework of spectrum sharing. The work presented in this chapter provides initial theoretical 

framework of the SODA approach and our analysis show that the proposed SODA approach improves 

the overall spectrum sharing efficiency significantly. 
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Chapter 5: Spectrum Opportunity Auction 

using Primary-Secondary Cooperation  

Introduction 

With the ever-increasing demand for wireless communications, efficient use of wireless 

spectrum has become a major challenge. Spectrum regulatory authorities around the world including 

the Federal Communications Commission (FCC) have reported that the conventional fixed spectrum 

assignment is no longer capable of meeting today’s wireless spectrum requirements [3]. Also, 

according to the spectrum usage measurements by the FCC’s Spectrum Policy Task Force, many of 

the allocated spectrum bands are idle most of the times or not used in some areas [293]. As expected, 

the above mentioned reasons prompted the wireless industry to call for better spectrum 

management techniques and policies. Today, available radio spectrum is allocated in a static manner, 

often by a government regulator [294]. Growing demands for spectrum and recent studies (e.g., [293, 

295-298]) indicate that much of the allocated spectrum is underutilized in many places, revealed the 

shortcomings of static allocation and the needs for more efficient and flexible spectrum allocation 

and management. 

The explosive growth of wireless technology along with the insatiable demands from content rich 

applications has made spectrum a critical yet scarce resource. Indeed, the FCC and its counterparts 

across the world have released licenses of unused spectrum and collected billions of dollars in the 

past decade. Fundamentally different from conventional goods, spectrum is reusable. Users can share 

the same channel as long as they can transmit signals simultaneously without disrupting each other’s 

operation. Therefore, the primary license holders may be motivated to open up their underutilized 

spectrum for sharing, so that they may make profit by leasing access to spectrum resources. In 

addition, allowing spectrum to be shared by multiple users can also improve the spectrum utilization 

efficiency. When the spatial reusability is considered, one challenge is to characterize interference 

relationship among users in cognitive radio networks. Most of the existing spectrum auctions adopt 

the protocol interference model [299], which simplifies the step of allocation by scheduling users 

according to conflict graphs.  
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Dynamic spectrum sharing has been deemed as an effective approach to better utilize limited 

spectrum resource [19, 20] because clearing and reallocating licenses are extremely expensive. For 

example, the National Telecom & Information Administration (NTIA) of U.S. reported that the 

reallocation of 95 MHz (1755-1850 MHz) band would cost $18 billion US dollars over ten years [11]. 

In order to enable spectrum sharing, international regulators such as the FCC in the US and U.K. Office 

of Communications (Ofcom) have implemented different spectrum sharing schemes such as licensed 

shared or license exempt access in different bands including UHF, 2.3 GHz, 3.5 GHz and 5 GHz bands 

[21, 27]. Take UHF bands as an example. After the transition from analog TV to digital TV, a 

considerable amount of unoccupied spectrum between 600 MHz and 800 MHz has been released. 

These bands, referred to as TV white space (TVWS), have been approved for secondary access by FCC 

[300], Ofcom [301] and Electronic Communications Committee (ECC) in Europe [302]. With the rapid 

developments of fast mobile broadband access technologies like Long Term Evolution (LTE) and 

LTE-Advanced (LTE-A), demands for spectrum resource are growing at a surprising pace. In view of 

high costs and long timeline of spectrum re-farming and reallocation, Citizen Broadband Radio 

Service is an exciting and highly anticipated spectrum sharing approach proposed by FCC [3] in 

collaboration with NTIA [46] and Wireless Telecommunication Bureau [31]. The 3.5 GHz NPRM [2] 

encouraged deployment of small cells and introduced an innovative General Authorized Access tier 

or lowest priority, in addition to the Priority Access and Incumbent Access tiers to facilitate 

opportunistic and non-interfering spectrum use within designated geographical areas. The Spectrum 

Access System was identified as the governing entity of this framework. Its role is manage access to 

shared spectrum and bridge the interaction between the two sides of the spectrum sharing system 

to ensure coexistence between primary and secondary users [303, 304]. The research efforts so far 

mainly focused on efficient detection[305-307] and secondary allocation of the spectrum 

opportunities[308-310]. Exploitation of underutilized spectrum is an effective approach to meet the 

explosive demand for wireless communications. When heterogeneous secondary networks are 

allowed to operate in the same underutilized spectrum, their coexistence becomes a critical issue. 

The objectives and operational requirements of the primary user operations may vary depending on 

the nature of their operations. Some primary user operations require operational privacy, whereas 

others define revenue maximization as their primary objectives. Even within the same shared band 

different primary user operations may have different operational objectives. The physical 

propagation characteristic of the shared band and the application/service requirements need to 

match as well. Different secondary users have different Quality of Service (QoS) requirements and 
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priorities and the different shared bands and opportunities will provide a different value for each 

user. 

Auctions are agnostic to user utility functions, and can build a diverse range of allocation 

mechanisms with little overhead. Spectrum auctions provide a platform for licensed spectrum users 

to share their underutilized spectrum with unlicensed users. Due to their perceived fairness and 

allocation efficiency [311], auctions are among the best-known market-based mechanisms to allocate 

spectrum [312-317]. In most proposed auctions, the spectrum resource is treated as goods in 

traditional auctions studied by economists, i.e., one licensed band is awarded to one SU. However, 

spectrum auction differs from conventional auctions in that it has to address radio interference. 

Spectrum auction is essentially a problem of interference-constrained resource allocation. And those 

spectrum auctions that use the protocol interference model to characterize interference relationship 

generally do not allow the primary and secondary users to share channels simultaneously. 

Spectrum being a limited and expensive resource (the 2006 FCC auctions for 700-800 MHz are 

estimated to have raised almost $19 billion [318]), the barrier to entry for potential spectrum buyers 

is high. One can either buy a lease on spectrum covering a large area at a high price or use the limited 

frequency bands classified as unlicensed (e.g., Wi-Fi). Such unlicensed bands are subject to a “tragedy 

of the commons” where, because they are free to use, they are overused and performance suffers 

[319]. Efforts such as the recent FCC ruling on white spaces are attempting to free additional 

spectrum by permitting opportunistic access [320]. However, such efforts are being met with 

opposition by incumbents (such as, Department of Defense, TV broadcasters and wireless 

microphones manufacturers) who have no incentive to permit their spectrum to be shared. 

Motivated by these observations, many researchers and companies (e.g., [321-323]) have proposed 

allowing spectrum owners and spectrum users to participate in a secondary market for spectrum 

where users are allocated the use of spectrum in a small area on a dynamic basis (dynamic spectrum 

access). This approach is beneficial for two reasons. First, it allows flexible approaches to determine 

how best to allocate spectrum, rather than relying on the decision making of regulators. Second, it 

provides an incentive for sharing spectrum, which is currently owned but underused, to be made 

available. The term secondary market indicates to a transaction in which the owner leases it to many 

small users, as opposed to the monolithic allocations in primary markets. The FCC also recognizes 

the potential of a secondary spectrum market, and is encouraging spectrum subleases in certain 

bands [324]. Designing an auction for a secondary market where sharing is allowed requires 

accounting for the interference users impose on each other when they share a channel.  
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Designing a spectrum sharing mechanism that can efficiently allocate the spectrum bands to 

secondary users is imperative for successful operation of a dynamic spectrum access system. It is 

necessary for the mechanism to provide sufficient incentives for both the primary user and the 

secondary users to participate in spectrum sharing. In a simple spectrum auction scenario, the 

primary users act as auctioneers and sell their idle spectrum bands to secondary users to make a 

profit, and the secondary users act as bidders who want to buy spectrum bands. In such a setting, 

auction-based mechanisms appear to be the most appropriate approach because they can capture 

many of the key features of the spectrum sharing problem. First, in an auction, it is possible to 

consider situations where the seller is not assumed to know any prior information about the 

valuation of items to the buyers. This aspect cannot be easily taken into account in pricing-based or 

other conventional market-based mechanisms. Second, auctions can be designed to allocate items to 

the buyers with highest valuations, thus making an efficient allocation. Third, auctions require 

minimum interactions between seller and buyers, because the buyers just need to submit their bids 

over the items. This makes the implementation of auction mechanisms easier and more practical 

compared to the other market mechanisms. An underlying assumption in existing spectrum auctions 

is that secondary users know the exact value of channel access, and they bid accordingly. However, 

in real world scenarios, the value of obtaining channel access is not exactly known to the secondary 

users a priori, but they learn it over time. In fact, secondary users revise their estimates of values for 

channel access based upon what they experience. 

Spectrum Opportunity Auctioning considering the Probabilistic Assurance 

Dynamic spectrum sharing approach proposed by FCC is a challenging problem because of the 

requirements of peaceful coexistence between the primary and secondary users. In recent years, 

game theory has been increasingly used to model and understand the difficulties of dynamically 

managing limited resources in a competitive environment [325, 326]. An important aspect of 

dynamic spectrum sharing is the pricing of spectrum from the perspective of both the primary and 

the secondary users [327-329]. Although a number of auction-based spectrum sharing models have 

been used to provide a framework for spectrum pricing and resource allocation problems [330-332], 

the research efforts in the context of spectrum sharing have overlooked an important aspect of 

successful secondary user operation in the shared band which is the duration of available spectrum 

opportunity. Following the research trend of spectrum sharing aspects, the application of game 

theory and auction theory has been limited to power and spectrum allocation among the SUs and 

pricing structure for auction-based spectrum sharing. In order to achieve any desired level of QoS, 
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the secondary user service providers need information about the QoS predictability of the channel. 

The QoS predictability of a shared spectrum is a function of the duration of the available spectrum 

opportunity [333] and plays an important role in reducing interference to the primary user. In its 

current form, the secondary user is responsible for predicting the achievable QoS in the shared band. 

The initiatives for QoS prediction are mainly focused on primary usage modeling. In a previous work 

[334], we proposed the Quality of Service (QoS) Assurance (QoSA) approach with minimum primary 

user involvement to estimate the achievable QoS for a spectrum opportunity.  

In this chapter we present a dynamic and self-adjusting auction scheme for dynamic spectrum 

access based spectrum sharing systems that accounts for the quality of the available spectrum 

opportunity in terms of the probabilistic assurance generated by the SAS under the primary-

secondary cooperation framework. The dynamic auction procedure allows both the primary and 

secondary operations to adjust their evaluation of the available opportunities based on their 

experiences with the channel quality from past usage statistics and past auction results, and over 

time achieves a price combination that maximizes both the primary and secondary user objectives. 

The proposed dynamic auction for spectrum sharing with time-evolving values of channel qualities 

maximizes the social equality among the primary and secondary users. The primary-secondary 

cooperation is manifested in the form of spectrum opportunity duration assurance (SODA) in the 

auction process. The SODA approach, as opposed to the QoS prediction approach, estimates the 

spectrum opportunity duration for operations with non-deterministic or unknown spectrum 

reservations or usage patterns. Knowing the realistically achievable QoS considering the uncertainty 

due to the return of the primary user to the shared spectrum allows the secondary user access points 

to more effectively determine the number of spectrum opportunities for which it will participate in 

the auction process. The quantitative measure of the usability of a spectrum opportunity has great 

impact on the performance of any spectrum sharing system, and should be incorporated in spectrum 

management. The proposed channel quality based dynamic auction scheme allows the secondary 

users to take advantage of the predictive models of spectrum availability, prioritize spectrum 

opportunities accordingly, and bid for their preferred channels to maximize spectrum utilization 

while minimizing the occurrence of disruptions to primary users. 
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Related Work 

Dynamic spectrum sharing has been deemed as an effective approach to better utilize limited 

spectrum resource [19, 20] because clearing and reallocating licenses are extremely expensive. 

Spectrum auctions provide a platform for licensed spectrum users to share their underutilized 

spectrum with unlicensed users. Due to their perceived fairness and allocation efficiency [311], 

auctions are among the best-known market-based mechanisms to allocate spectrum [312-317]. 

Auction theory serves as an efficient tool in modeling interactions among multiple competing users 

and in distributing resources in wireless networks. Recently, spectrum auction has received 

considerable attention [335-338]. Chang and Chen [335] proposed a spectrum-management policy 

based on auction theory to construct the co-win situation for a spectrum regulator, a service provider, 

and PUs and SUs. Stanojev et al. [336] proposed an auction-based distributed scheme to combine 

cooperative ARQ with the spectrum leasing paradigm. Yi and Cai [337] studied the recall-based 

combinational spectrum auction among multiple heterogeneous SUs. Chen et al. [338] proposed an 

auction framework for heterogeneous spectrum transaction. The authors in [339] focused on the 

challenges in auction theory driven spectrum management. The explained the contribution of 

auctions in spectrum allocation in dynamic spectrum markets. The presented the impact of complex 

spectrum transactions among network entities, the spatiotemporal channel and flow dynamics, as 

well as the multiple hierarchies among entities from the perspective of auction design for spectrum 

management. The authors in [340] presents the design and implementation of a prototype of online 

Auction platform for Licensed Shared Access (LSA) based Short-term Spectrum Sharing (ALS3). The 

auction platform utilizes two economically-robust and computation time efficient single-round 

auction mechanisms, one unilateral and one bilateral, proposed by Zhan et al. [341]. Core to system 

implementation of ALS3 is a solution stack of Windows-Apache-MySQL-PHP (WAMP), which runs 

auction algorithms in the background, facilitates market player communications and brokerage 

database management, and provides user friendly interfaces. The leasing period of spectrum access 

right is short-term and ranges from hours to days [342, 343]. LSA improves on the inefficiency of 

“command-and-control” spectrum management [344] through shared use of spectrum by secondary 

users while maintaining a certain level of QoS. The spectrum bands targeted for sharing with a good 

potential for effective global harmonization [345] include 2.3~2.4 GHz and 3.5~3.7 GHz. These two 

bands were licensed for use by wireless cameras, video links, defense applications and aeronautical 

telemetry, etc. [346]. There have been growing interests in the LSA framework in Europe and in the 

US [27]. Prominent research and development projects and pilot trial are the CORE+ project of 

Finland [347] and the European project METIS [348]. How to effectively coordinate sharing among 
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multiple incumbents and licensees in a HetNet environment has been identified as a significant 

challenge [341]. By adopting auction-based market approach, the spectrum sharing problem in 

HetNet can be treated as a resource allocation problem [341]. Recently there have been some LSA-

based sharing framework and efficient and fair resource allocation mechanisms proposed [349], but 

the facilitation of LSA still lacks of an open resource trading and leasing platform to map with the 

framework and mechanism. In addition, how to match systems and methods proposed with potential 

short-term spectrum sharing business models remains a challenge [350-352]. 

The authors in [353] proposed an auction framework for spectrum allocation with interference 

constraint in cognitive radio networks. The proposed framework allows unlicensed secondary users 

(SUs) to share the available spectrum of licensed primary users (PUs) fairly and efficiently, subject 

to the interference temperature constraint at each PU. To study the competition among SUs, the 

paper formulated a non-cooperative multiple-PU multiple-SU auction game and studied the structure 

of the resulting equilibrium by solving a non-continuous two-dimensional optimization problem. A 

distributed algorithm was developed in which each SU updates its strategy based on local 

information to converge to the equilibrium. The authors then extended the proposed auction 

framework to the more challenging scenario with free spectrum bands. They developed an algorithm 

based on the no-regret learning to reach a correlated equilibrium of the auction game. The proposed 

algorithm, which can be implemented based on local observation, is especially suited in decentralized 

adaptive learning environments as cognitive radio networks. Fundamentally different from 

conventional goods, spectrum is reusable, which is referred to as spatial reusability. Users can share 

the same channel as long as they can transmit signals simultaneously without disrupting each other’s 

transmission. Therefore, the primary license holders may be motivated to open up their 

underutilized spectrum for sharing, so that they may make profit by leasing access to spectrum 

resources. In addition, allowing spectrum to be shared by multiple users can also improve the 

spectrum utilization efficiency. When the spatial reusability of the spectrum is considered, one 

arising challenge is to characterize interference relationship among users in cognitive radio 

networks (CRNs). Existing spectrum auctions either use the protocol interference model to 

characterize interference relationship as binary relationship, or do not allow the primary and 

secondary users to share channels simultaneously. Most of the existing spectrum auctions adopt the 

protocol interference model [299], which simplifies the step of allocation by scheduling users 

according to conflict graphs. But in practice for wireless networks, a conflict graph may not be 

precise, as the interference from other users is cumulative. To fill this void, the authors is [354] 

proposed a single-sided spectrum auction with spatial reusability under the physical interference 
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model, which considers the interference to be cumulative. The auction allows the primary user and 

secondary users to share channels simultaneously, as long as the signal quality of the primary user is 

guaranteed. 

There has been significant work on spectrum auctions where a regulatory agency, such as the 

FCC, leases the right to spectrum across large geographic areas (see, e.g., [355, 356]). Most 

approaches to secondary-market auctions preclude sharing among auction participants [312, 316, 

323, 357-359]. VERITAS [323] was the first spectrum auction algorithm based on a monotone 

allocation rule, and thus strategy-proof. However, VERITAS does not support sharing. The use of a 

spectrum database in facilitating secondary market auctions has been proposed [322]. Turning to 

sharing, Jia et al. [360] envision spectrum owners auctioning off spectrum rights to a secondary user 

when it is not being used by the owner, and investigate how revenue can be maximized. While 

winners share with the spectrum owner, there is no sharing among bidders in the auction. Gandhi et 

al. [361] use an approach that allocates many small channels, effectively enabling sharing. However, 

their algorithm allows sharing only among bidders who want only a portion of a channel. Thus, it 

cannot take advantage of bidders who are only intermittently active. In addition, the approach is not 

strategy-proof and there is no equilibrium analysis, which makes its efficiency and revenue 

properties hard to evaluate. Closest to our work is that of Kasbekar and Sarkar [314], who use a 

strategy-proof auction and provide for sharing. But rather than providing a structured bidding 

language the design allows bidders to express arbitrary externalities, and their proposed approach 

is intractable. The issue of externalities in auctions has been considered more generally. Jehiel et al. 

[362] consider situations, such as the sale of nuclear weapons, where bidders care not just about 

winning but about who else wins. But the settings do not include combinatorial allocation problems. 

A number of papers have considered externalities in online advertising (e.g., [361, 363]). Krysta et al. 

[364] explored the problem of externalities in general combinatorial auctions. The authors in [365] 

present a scalable, strategy-proof auction algorithm that permits users able to sharing spectrum to 

coexist in one market with those requiring exclusive-use. The proposed auction algorithm considers 

the effect of interference on the value of an allocation to all participants. The authors in [330] 

proposed an auction-based cognitive radio network model to characterize competitiveness among 

PUs by a non-cooperative game. The proposed model considers multiple primary users along with 

multiple secondary users. It also uses an auction based model and competitiveness among primary 

users as well as secondary users. These primary users compete with each other so that they can earn 

more profit while the secondary users pay less and earn higher payoffs. This situation is formulated 

as an oligopoly market. Based on this model, [330] analyzed how each primary user updates its 
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parameters of cost function to attract more SUs’ demands to maximize its own payoff. The authors 

considered that secondary users are selfish and self-interested, and define their bids for frequency 

spectrum by maximizing their Hackner utility functions [366] and then choose PUs rationally to 

maximize their own payoffs. 

The authors in [341] considers a coexistence network that involves one spectrum provider 

sharing unused spectrum resources to multiple heterogeneous secondary networks. To coordinate 

interference-free spectrum sharing among these heterogeneous secondary networks, they adopt an 

auction-based approach and designs a unilateral Vickrey-Clarke-Groves (VCG)-based Auction for 

heterogeneous secondary networks. The proposed auction method has three novel designs that 

make it a practical and efficient solution. Firstly, effective partition of auction regions takes into 

account the SP’s non-uniform amount of supply units in a target area. Secondly, based on the 

partition, the auction methods provides heterogeneous secondary networks with a highly expressive 

package bidding format to freely specify the amount of demand units and operating regions. Lastly 

virtual bidders by regions are introduced so as to resolve the revenue deficiency problem of VCG 

while retaining the property of truthfulness. With these three designs, the proposed auction method 

maximizes the social welfare of the coexistence network without sacrificing the overall spectrum 

utilization. The authors in [367] considered a cognitive radio network consisting of a primary 

spectrum owner (PO), multiple primary users and multiple secondary users. The authors designed 

an auction-based spectrum sharing mechanism where the secondary users bid to buy spectrum 

bands from the PO who acts as the auctioneer, selling idle spectrum bands to make a profit. Existing 

auction mechanisms assume that all the channels are identical. However, [367] considered a more 

general and more realistic case where channels have different qualities. Also, the proposed auction 

algorithm allowed secondary users to express their preferences for each channel separately. That is, 

each secondary user submits a vector of bids, one for each channel. The proposed auction mechanism 

results in efficient allocation that maximizes secondary users’ valuations, and has the desired 

economic properties. 

Game theory and auction design have been used for wireless spectrum allocation and 

management [312, 335, 353, 368-376]. In [335], an auction-based spectrum management scheme for 

cognitive radio networks has been presented. The network consists of a primary base station and 

several primary and secondary users. The service provider determines the number of channels to be 

sold and holds the auction among the secondary users. Since the channels are assumed to be identical, 

the Vickrey auction determines the winners and payments. A similar network topology has been 

considered in [369], however channels are assumed to be different. The model is based on the 
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contract theory in which the PO acts like a monopolist and determines the qualities and prices for 

spectrum bands with the objective of maximizing his own revenue. However, in this approach 

secondary users cannot submit bids and the PO needs some prior information about secondary users’ 

valuations. In [368], the idea of having multiple auctioneers, i.e. multiple POs, has been presented. In 

this setting, each PO gradually raises the trading price and each secondary user chooses one 

auctioneer for bidding. After several bidding/asking rounds, the mechanism converges to 

equilibrium where no PO and secondary user would like to change his decision. Also, [370] considers 

two wireless service providers, and the authors study the optimal pricing for service providers and 

optimal service provider selection for secondary users. They show that the equilibrium price and its 

uniqueness depend on the secondary users’ geographical density and spectrum propagation 

characteristics. In [371], the authors study the dynamics of spectrum sharing and pricing in a 

competitive environment where multiple POs try to sell spectrum bands to multiple secondary users. 

They use evolutionary game theory to model the evolution and the dynamic behavior of secondary 

users. The competition among POs has been modeled as a non-cooperative game, and an iterative 

algorithm has been presented to find the Nash equilibrium. In [312], Zhou et al. proposed TRUST, a 

general framework for truthful double spectrum auctions. This framework aims to provide spectrum 

reuse while achieving truthfulness and other desired economic properties. TRUST takes any 

reusability driven spectrum allocation method as an input, and applies its own winner determination 

and pricing policy. There is an external auctioneer with complete information that holds the auction 

between POs and secondary users. The authors in [372] consider a setting in which secondary users 

have flexibility to bid for a bundle of frequencies at different times. In fact, the spectrum opportunity 

is divided by frequency and time, so that secondary users can bid for a combination of them. This 

flexibility, however, brings computational complexity. Since the general problem falls into the 

combinatorial auctions category, obtaining the efficient allocation is NP-hard, and only approximate 

solutions can be achieved. In [373], the authors study the effect of interference created among 

different agents who may obtain the right to use the same spectrum at nearby locations. Since finding 

the efficient allocation is NP-hard, some constant factor approximations have been discussed. 

Recently, a group of researchers considered two-tier market models for dynamic spectrum access. In 

tier-1, secondary users buy the spectrum from the POs in a large time scale, and in tier-2, secondary 

users trade the obtained spectrum among themselves in a small time scale. In [374], for example, the 

authors use Nash bargain games to derive the equilibrium prices for each tier. However, each tier is 

studied independently and the connection of tiers has not been explored yet. 
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The authors in [377] investigated the problem of designing a secondary spectrum trading market 

when there are multiple sellers and multiple buyers and propose a general framework for the trading 

market based on an auction mechanism. To this end, the paper first introduced a new optimal auction 

mechanism, called the generalized Branco’s mechanism (GBM). The GBM, which is both incentive-

compatible and individually rational, is used to determine the assigned frequency bands and prices 

for them. Second, it was assumed that buyers of the spectrum are selfish and model their interaction 

as a non-cooperative game. Using this model, the authors proved that when the sellers employ the 

GBM to vend their frequency bands, they can guarantee themselves the largest expected profits by 

selling their frequency bands jointly. Third, based on the previous finding, the paper modeled the 

interaction among the sellers as a cooperative game and demonstrated that, for any fixed strategies 

of the buyers, the core of the cooperative game is nonempty. This suggested that there exists a way 

for the sellers to share the profits from the joint sale of the spectrum so that no subset of sellers will 

find it beneficial to vend their frequency bands separately without the remaining sellers. Finally, 

[377] proposed a profit-sharing scheme that can achieve any expected profit vector in the nonempty 

core of the cooperative game while satisfying two desirable properties. In [369], the authors present 

a pricing method in which the PO offers channels of different qualities. In the model, the PO has prior 

knowledge about secondary users’ values for accessing the channels. Thus, the PO acts 

monopolistically and determines channel prices such that its revenue is maximized. A truthful 

auction mechanism for sharing variable bandwidth spectra is presented in [378]. The key assumption 

is that SUs bid their valuation functions to the PO so that the PO can evaluate secondary users’ values 

for any bandwidth. The authors in [367], propose an efficient heterogeneous spectrum sharing 

auction in which the SUs can submit channel-specific bids depending on channel characteristics. The 

model is extended to a reserve price auction in [379] where the PO imposes reserve prices on the 

available channels. Spectrum sharing in presence of multiple POs is studied in [368]. In the model, 

POs compete with each other by gradually raising the prices. The authors show that the algorithm 

converges to an equilibrium point where no secondary user and PO deviates. In a similar competitive 

environment, Niyato et al. [371] utilize the non-cooperative game theory to model the dynamics of 

spectrum pricing. The authors in [370], study the competition between two POs that offer channels 

on different frequency bands. They show that the equilibrium price and its uniqueness is dependent 

on the SUs’ geographical density and the spectrum propagation characteristics. Spectrum double 

auctions provide a framework in which the POs can request their asking prices and secondary users 

can submit their bids. Zhou et al. [312], proposed a double auction framework that enables spectrum 

reuse. The framework takes any reusability-driven spectrum allocation method, and implements its 
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own winner determination and payment scheme. Another truthful double auction, called TAHES, is 

proposed in [380] that considers heterogeneous spectrum bands. The main assumption in double 

auctions is that, there must be an external third party with complete information to run the auction. 

Spectrum auctions have also been studied in dynamic settings. For instance, [381, 382] present 

online spectrum auctions that allow secondary users to join and leave the auction at different times. 

The authors in [383] present a repeated second price auction in which secondary users can choose 

to enter the auction or stay out and monitor the results. Learning algorithms are utilized by 

secondary users to optimize their decisions. Similarly in [370], a sequential second price auction is 

utilized for power and bandwidth allocation where one resource unit is auctioned at each time step. 

Thus, a static auction is performed repeatedly and auction results are observed by secondary users. 

The authors in [384] presented a revenue maximizing dynamic auction. A nonmonetary QoS-aware 

auction framework toward secure communications for cognitive radio networks was presented in 

[385]. The proposed spectrum auction framework jointly formulates the optimal cooperator 

selection and the corresponding resource allocation problems by taking into consideration the QoS 

demands of individual users. The proposed framework ensures that bidding truthfully is the 

dominant strategy for all bidders and, thus, is invulnerable to market manipulation and eliminates 

the overhead of strategizing over other bidders. 

The authors in [386] presented a study of the cooperative spectrum sharing under incomplete 

information, where secondary users’ types (which capture the relay channel gains and the secondary 

users’ power costs) are private information and are not known to the PU. Inspired by the contract 

theory, the paper modeled the network as a labor market. The primary user is an employer who 

offers a contract to the secondary users. The contract consists of a set of items representing 

combinations of spectrum access time (i.e., reward) and relay power (i.e., contribution). The 

secondary users are employees, and each of them selects the best contract item to maximize its 

payoff. The authors studied the optimal contract design for both weakly and strongly incomplete 

information scenarios. First, they provided necessary and sufficient conditions for feasible contracts 

in both scenarios. In the weakly incomplete information scenario, they further derived the optimal 

contract that achieves the same maximum primary user’s utility as in the complete information 

benchmark. In the strongly incomplete information scenario, [386] proposed a Decompose-and-

Compare algorithm that achieves a close-to-optimal contract. The paper further showed that the 

primary user’s expected utility loss due to the suboptimal algorithm and the strongly incomplete 

information are both relatively small. Market-driven spectrum trading is a promising paradigm to 

address the incentive issue in dynamic spectrum sharing. With spectrum trading, primary users 
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temporarily sell the spectrum to SUs to obtain either a monetary reward or a performance 

improvement. A particularly interesting trading scheme is cooperative spectrum sharing, where 

secondary users relay traffics for primary users in order to get their own share of spectrum [329, 

386-390]. The cooperative spectrum sharing leads to a win-win outcome for both primary and 

secondary users. The study of cooperative spectrum sharing mechanisms has only started recently 

[387, 391-393]. The prior results all assumed complete network information, i.e., primary and 

secondary users’ channel conditions, resource constraints, and costs of transmission powers. This 

assumption is often too strong for practical networks. The only related paper that also deals with 

incomplete information is [394], which studied the interactions between a single primary user and a 

single secondary user.  

The dynamic spectrum sharing approach proposed by the FCC is a challenging problem because 

of the requirements of peaceful coexistence between the primary and secondary users. In recent 

years, game theory has been increasingly used to model and understand the difficulties of 

dynamically managing limited resources in a competitive environment [325, 326, 395]. An important 

aspect of dynamic spectrum sharing is the pricing of spectrum from the perspective of both the 

primary and the secondary users [327-329, 396-398]. A number of auction-based spectrum sharing 

models have been used to provide a framework for spectrum pricing and resource allocation 

problems [330-332, 399-401]. The authors in [402] explored the spectrum auctions in a dynamic 

setting where SUs can change their valuations based on their experiences with the channel quality. 

They proposed a dynamic auction for spectrum sharing with time-evolving values of channel 

qualities that maximizes the social welfare of the SUs. The proposed auction scheme is based on 

multi-armed bandit models [403] where for each user an allocation index is independently calculated 

in polynomial time. [402] also generalizes the proposed auction scheme to adapt auctioning multiple 

channels at each time. The research efforts in the context of spectrum sharing have overlooked an 

important aspect of successful secondary user operation in the shared band which is the duration of 

available spectrum opportunity. Following the research trend of spectrum sharing aspects, the 

application of game theory and auction theory has been limited to power and spectrum allocation 

among the secondary user and pricing structure for auction-based spectrum sharing. This lays the 

foundation for a potential research topic which explores an auction-based spectrum sharing 

framework that accounts for the quality of the available primary user idle channels. The 

measurement of the channel quality and the generation of the spectrum opportunity quality 

parameters can be a responsibility of the SAS and naturally calls for cooperation from the primary 

users.  
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System Model for Spectrum Opportunity Auction 

In this part of the submission, we propose an auction-based spectrum sharing framework that 

accounts for the quality of the available spectrum opportunity in terms of the probabilistic assurance 
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generated by the SAS under the primary-secondary cooperation framework. The dynamic auction 

procedure allows both the primary and secondary operations to adjust their evaluation of the 

available opportunities based on their experiences with the channel quality and past auction results, 

and over time achieves a price combination that maximizes both the primary and secondary user 

objectives. The proposed dynamic auction for spectrum sharing with time-evolving values of channel 

qualities maximizes the social equality among the primary and secondary users. Our work in [334] 

proposed a Spectrum Opportunity Duration Assurance (SODA) approach. The SODA approach, as 

opposed to the QoS prediction approach, estimates the RF spectrum opportunity duration for 

operations with non-deterministic or unknown spectrum reservations or usage patterns. SODA is a 

metric that measures the probabilistic assurance about idle primary user channels stating that the 

channel under consideration will be available for secondary use for certain duration of time with 

probability SODA. From Chapter 4:, the normalized effective channel availability can be determined 

using the SODA approach as: 𝛼 = 
𝑆𝑂𝐷𝐴−1

ln(𝑆𝑂𝐷𝐴)
  [334]. 

 

Figure 30: Spectrum Opportunity Duration Assurance (SODA): Primary-Secondary 

Cooperation for Spectrum Sharing Systems 

Figure 30 presents the primary-secondary cooperation based spectrum sharing system. Each of 

the primary users has a number of channels for the primary user operation. At any given point in the 

time a primary user utilizes some of its licensed channels to achieve the operational objectives. In the 
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spectrum sharing paradigm, the remaining of the primary user channels (the ‘unused’ ones) are 

spectrum opportunity that the secondary users may opportunistically access. The proposed 

spectrum sharing system puts the SAS in a central role to facilitate dynamic management of the 

available spectrum opportunities. The SAS framework proposed to incorporate the SODA approach 

has two major blocks: the incumbent SAS and the secondary SAS (Figure 30).  

Incumbent SAS gathers the usage statistic and the tentative future usage plan from the incumbent 

database. The Environmental Sensing Capability (ESC) system may monitor the incumbent usage and 

store the usage data and the associated statistics in the primary user database. The introduction of a 

separate entity, the ESC, for incumbent usage monitoring takes the responsibility away from the 

incumbent users. It allows the incumbent users to conduct their operation uninterrupted and 

without the expectation of performing any additional responsibility for spectrum sharing. Incumbent 

SAS and Secondary SAS perform two phases of the probabilistic assurance calculation for each of the 

idle channels. The Secondary SAS then generates clusters of similar quality opportunities based on 

the associated SODA. Based on the SODA metric, the Secondary SAS helps the secondary user 

resource manager (SU-RM), serving multiple secondary users with different QoS demands, to 

perform an assignment problem that maximizes the overall spectrum efficiency for the shared bands. 

The usage monitoring module uses the Incumbent satisfaction report and the secondary usage report 

to ensure that the secondary opportunistic usage of the opportunities is operating within the agreed 

rules so as to offer the desired interference environment from the primary users’ perspective.  

We also propose to establish a minimum QoS which will ignore spectrum availability with 

durations below a specified threshold. This will reduce frequent channel switching and improve 

secondary user operations. Based on the minimum QoS requirement of the secondary user 

operations, we can decide on the minimum state duration (channel availability) for which an idle 

channel will be considered a spectrum opportunity. The Incumbent SAS can access the primary user 

database to determine the probability of state durations. While training the model parameters, 

spectrum availability durations below the threshold will be grouped into availabilities with larger 

durations. This approximation will result in degradation in the prediction performance as we are 

ignoring information.  
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Figure 31: Spectrum Opportunity Clustering at Secondary SAS 

In this submission we focus more on the effective duration of the spectrum opportunity based on 

the assurance from the primary users. We are interested to observe the reduction in complexity while 

maintaining the performance degradation within tolerable limits. The SODA approach does not make 

any assumption on the primary user traffic. We only assume that the trust on the probabilistic 

assurance of the time of primary user return is exponentially distributed. This assumption is justified 

as follows: The primary user provides assurance for only those channels that are idle at the moment 

of reporting. Since this assurance is coming from the source, it is most likely that the assurance will 

be more reliable in near future and the reliability will decrease with time. Based on the SODA 

associated with the channels, the SAS generates cluster of similar quality channels. The SODA 

approach requires minimal involvement from the primary user and reduces the likelihood of 

exposing sensitive primary user information using an “opportunity clustering” mechanism (Figure 

31). The SAS will take into account spectrum availability (SODA value) and price to allocate spectrum 

accordingly where similar quality spectra will be clustered for auctioning. 

Spectrum Opportunity Auction Model 

We consider a simple spectrum sharing system that is governed by the SAS (Figure 32). The block 

diagram describes how a spectrum opportunity is to be auctioned based on the SODA metric 

provided by the SAS using the primary user cooperation. There are a set of 𝑀 primary users and 𝑁 

secondary user service providers. The primary users, with the help of Incumbent SAS, determine the 

available spectrum opportunities, related SODA values, and initial price of the opportunities and 

forward this information to the Secondary SAS. The Secondary SAS generates cluster of similar 
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quality opportunities and determines the effective duration metric for each of these clusters. The 

Secondary SAS also receives requests for spectrum opportunities from the secondary user access 

points along with their individual offered prices and makes a decision about the allocation of 

spectrum for secondary usage. The secondary user access point, on its end, performs an estimation 

of the aggregate QoS demand of all of its end users. Based on the projected revenue earned from these 

users, the secondary user access point determines the price of the bid for the current stage.  

We follow the system parameters proposed by the FCC for the Citizen Broadband Radio Service 

(CBRS) [304]. Each of the primary user channels has a bandwidth of 10 MHz and the transmission 

power of each of the secondary users is 24 dBm. Each primary user determines the number of 

available 10 MHz spectrum opportunities and associated SODA value. We will use the normalized 

effective duration of the spectrum opportunity [42] as a measure of the quality of the channel. The 

primary and secondary users involved in the auction-based spectrum sharing framework will 

consider this measure of the channel quality and also the experiences gained from past auction stages 

to adjust the valuation of the resource.  

 

 

Figure 32: System model for the auction based spectrum sharing framework 
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Metrics for the Auction Procedure 

The Secondary SAS generates 𝐿  spectrum opportunity clusters, where each cluster groups 

spectral opportunities that have a similar probabilistic assurance, i.e. the 𝑆𝑂𝐷𝐴 value, about the 

usability and QoS achievability of the opportunities. The corresponding effective opportunity 

duration metric, the 𝛼𝑙 values, where 𝑙 = 1, 2, … , 𝐿, can then be computed. Primary user also informs 

the SAS about the asking price for its opportunities. For 𝑃𝑈𝑖 , the price of one 10 MHz channel is given 

by the base price 𝑥𝑖𝜃𝑖 where 𝑥𝑖 is the initial reserve price and 𝜃𝑖 is the primary user price adjustment 

factor. Each primary user will adjust the price of its spectrum opportunities as a function of the 

demand of its channels in the previous auctioning stage by adjusting 𝜃𝑖. This way the primary user 

can make its channels more attractive for the secondary users based on the secondary user demands 

in the previous stages. For the purpose of this analysis, the secondary users measure QoS in terms of 

bit error rate (BER). For the uncoded quadrature amplitude modulation (QAM) with square 

constellation (e.g., 4-QAM, 16-QAM) the BER is approximated as [404] 

𝐵𝐸𝑅 = 0.2 exp (
−1.5𝛾

2𝑘 − 1
) 

( 48 ) 

where 𝛾 is the Signal to Noise Ratio (SNR) at the receiver and 𝑘 the spectral efficiency of the 

digital modulation scheme used. We maintain BER at a target level (𝐵𝐸𝑅𝑇𝑎𝑟𝑔𝑒𝑡)so that the spectral 

efficiency of the transmission for secondary user access point j (𝑆𝑈𝑗) can be described as 

𝑘𝑗 = 𝑙𝑜𝑔2(1 +
1.5𝛾

𝑙𝑜𝑔𝑒
0.2

𝐵𝐸𝑅𝑇𝑎𝑟𝑔𝑒𝑡

) 

( 49 ) 

The secondary users determine the bidding price depending on the primary users’ asking price 

(𝑥𝑖𝜃𝑖) and the channel quality factor (𝛼𝑙) of the spectrum opportunity provided by the primary user. 

In determining the bidding price, the secondary user access point also considers the expected 

revenue (𝑟𝑗) from the end users. For any spectrum opportunity the base price (𝑥𝑖𝜃𝑖) is given by the 

SAS. The secondary user may decide to bid at a higher price to improve its chances to win. The 

amount of increase in the bidding price depends on the channel quality factor (𝛼𝑙). The secondary 

user decides on the price for a channel and adjusts the bidding price by 𝑦𝑗𝛼𝑙  with respect to the 
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asking price. More precisely, 𝑆𝑈𝑗  determines the price, 𝑐𝑖,𝑗,𝑙, for each of its desired 10 MHz channels 

of 𝑃𝑈𝑖  that belong to the cluster 𝑙 as follows: 

𝑐𝑖,𝑗,𝑙 = 𝑥𝑖𝜃𝑖 + 𝑦𝑗𝛼𝑙  

𝑠. 𝑡.        𝑐𝑖,𝑗,𝑙 < 𝑟𝑗 

𝑖 = 1,2,… ,𝑀 

𝑗 = 1,2, … ,𝑁 

𝑙 = 1,2,… , 𝐿 

( 50 ) 

Utility Function of the Secondary Users 

Each secondary user access point determines the aggregate QoS demand, (𝑄𝑎𝑔𝑔𝑗), of its end 

users. It also calculates the spectral efficiency  (𝑘𝑖𝑗) based on its operational parameters and 

determines the quality of each channel (𝑙) using 𝛼𝑙  and 𝑘𝑖𝑗 . The secondary user access point then 

determines its desired channels that are needed to satisfy the aggregate QoS demand:  

∑∑𝑘𝑖,𝑗𝛼𝑙𝐵𝜏𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖

𝑀

𝑖=1

≥ 𝑄𝑎𝑔𝑔𝑗

𝐿

𝑙=1

 

( 51 ) 

B is the bandwidth of each channel (10 MHz), 𝜏  the duration for which the channel will be 

allocated, and 𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖  the channel indicator information about the desired channels. The 

secondary user access point also determines the desired utility that it may achieve if its desired 

channels are allocated by the SAS. The utility function for secondary user access point j can be 

expressed as  

𝑈𝑗𝑑𝑒𝑠𝑖𝑟𝑒𝑑 =∑∑𝑘𝑖,𝑗𝛼𝑙𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖

𝑀

𝑖=1

𝐿

𝑙=1

 

( 52 ) 

Revenue and Payoff function of the Secondary Users 

The secondary user access points know the revenue per unit (𝑟𝑗) that it earns from its end users. 

The access point then determine the revenue function using the revenue per unit (𝑟𝑗)  along with the 

spectral efficiency (𝑘𝑖𝑗), SODA value of the channel 𝛼𝑙 , and the bandwidth and the duration of the 
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channel. The revenue function of the 𝑆𝑈𝑗 for the desired spectrum opportunities (𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖), termed 

as the channel indicator information, can be expressed as  

𝑅𝑗𝑑𝑒𝑠𝑖𝑟𝑒𝑑 =∑∑𝑟𝑗𝑘𝑖,𝑗𝛼𝑙𝐵𝜏𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖

𝑀

𝑖=1

𝐿

𝑙=1

 

( 53 ) 

The secondary user access point determines the channel indicator information 𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖  

according to Eq. (5) and a bid price 𝑦𝑗  to calculate the prices (𝑐𝑖,𝑗,𝑙) for the desired channels. The cost 

function of the 𝑆𝑈𝑗 can be expressed as: 

𝐶𝑗𝑑𝑒𝑠𝑖𝑟𝑒𝑑 =∑∑𝑐𝑖,𝑗,𝑙𝑘𝑖,𝑗𝛼𝑙𝐵𝜏𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖

𝑀

𝑖=1

𝐿

𝑙=1

 

( 54 ) 

Using Eq. (7) and Eq. (8), the payoff function of the 𝑆𝑈𝑗 can be expressed as:  

𝑃𝑗𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = 𝑅𝑗𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝐶𝑗𝑑𝑒𝑠𝑖𝑟𝑒𝑑  

                =∑∑(𝑟𝑗 − 𝑐𝑖,𝑗,𝑙)𝑘𝑖,𝑗𝛼𝑙𝐵𝜏𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖

𝑀

𝑖=1

𝐿

𝑙=1

 

( 55 ) 

Payoff function of the Primary Users 

The primary user 𝑃𝑈𝑗 cooperates with the SAS to facilitate efficient auction procedure. The 

spectrum opportunities offered by 𝑃𝑈𝑖  is added to one of the 𝐿 opportunity clusters. The revenue 

generated by the 𝑃𝑈𝑖depends on the auction result. If all the 𝑃𝑈𝑖opportunities are assigned to the 

secondary user, then 𝑃𝑈𝑖  earns maximum revenue. The payoff function of the 𝑃𝑈𝑗  can be expressed 

as in Eq. ( 56 ). Here 𝐼𝑗,𝑎𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑𝑙,𝑖 and 𝐼𝑙 are index functions corresponding to the opportunity cluster 

and the secondary users. 

𝑃𝑃𝑈𝑖 =∑∑𝑥𝑖,𝑙𝜃𝑖,𝑙𝐼𝑗,𝑎𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑𝑙,𝑖𝐼𝑙

𝑁

𝑗=1

𝐿

𝑙=1

 

𝜃𝑖,𝑙 = 𝑓𝑃𝑈𝑖(𝛼𝑙) 

( 56 ) 
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Problem Formulation and Auction Algorithm 

The objective of each 𝑆𝑈𝑗 is to find the optimal bidding price per unit (𝑦𝑗) such that its payoff 

function (𝑃𝑗𝑑𝑒𝑠𝑖𝑟𝑒𝑑) is maximized and the aggregated QoS demand is satisfied. For an initial price of 

𝑦𝑗 , the secondary user access point therefore solves the following optimization problem: 

   max
𝐼
      𝑃𝑗 =∑∑(𝑟𝑗 − 𝑐𝑖,𝑗,𝑙)𝑘𝑖,𝑗𝛼𝑙𝐵𝜏𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖

𝑀

𝑖=1

𝐿

𝑙=1

 

𝑠. 𝑡.    ∑∑𝑘𝑖,𝑗𝛼𝑙𝐵𝜏𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖

𝑀

𝑖=1

≥ 𝑄𝑎𝑔𝑔𝑗

𝐿

𝑙=1

 

( 57 ) 

This problem is modified such that it can be treated as a special binary integer programming 

problem (Knapsack problem [405]). The secondary user access point solves problem (10) to find 

𝐼𝑗,𝑑𝑒𝑠𝑖𝑟𝑒𝑑𝑙,𝑖  and forwards this information along with the associated cost  (𝑐𝑖,𝑗,𝑙) as the bidding 

information to the SAS. Upon receiving the bidding information from all the secondary user access 

points, the SAS performs the auction algorithm (Algorithm 1.1 and 1.2). This completes one bidding 

cycle and the secondary user access points use the allocated channels for the allocated duration (𝜏). 

Then the bidding process repeats with updated channel prices from both parties. Figure 33 presents 

the flow diagram of the SODA based auction algorithm in a spectrum sharing environment. As per the 

primary-secondary cooperation agreement, the Incumbent SAS access the primary user database and 

fetches the information required to determine the spectrum opportunities and the associated SODA 

values. The primary user also decides about the asking price for these spectrum opportunities and 

forwards the asking price to the Incumbent SAS. Upon receiving the asking price, the Incumbent SAS 

forwards the primary users auction package (the spectrum opportunities, the associated SODA 

values and the asking price) to the Secondary SAS. The auction module of the secondary SAS serves 

as the auction center for the dynamic spectrum access based spectrum sharing system. Alongside 

with the primary user auction package, the Secondary SAS auction module also receives the same 

from the secondary user access points. The secondary user access points receive the QoS demands 

from its end users and determine the aggregate end user QoS demand. They also decide about the 

revenue associated with these QoS demands. Based on the SODA values of each of the available 

spectrum opportunities, a secondary user access point determines the desired spectrum 

opportunities that satisfy the aggregate QoS demand. The secondary user access point then decides 

the bidding price for the next auction phase based on the  
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Figure 33: Flow diagram of the dynamic spectrum opportunity auctioning algorithm 

expected revenue from the secondary users, the desired spectrum opportunities, and the SODA value 

and prices associated with the spectrum opportunities. The secondary user auction module receives 

both the primary and secondary user auction decisions and performs the Vickrey–Clarke–Groves 

(VCG) auction process to decide the usage right of the spectrum opportunities for the opportunity 

duration. In auction theory, a Vickrey–Clarke–Groves (VCG) auction is a type of sealed-bid auction of 

multiple items [406]. The secondary user access points submit bids that report their valuations for 

the items, without knowing the bids of the other access points in the auction. The auction system 

assigns the items in a socially optimal manner: it charges each individual the harm they cause to other 

bidders [407]. It also gives the secondary user access points an incentive to bid their true valuations, 

by ensuring that the optimal strategy for each access point is to bid their true valuations of the items. 

The secondary SAS forwards the auction decisions to the primary users and the secondary user 

access points. Upon receiving the auction results, the primary user re-evaluates their asking price 

based on the number of unassigned spectrum opportunities and missed revenue. The primary user 

takes a look at the spectrum opportunities that were not assigned to any secondary user access points 
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during the auction process. The primary user determines the loss in revenue due to the spectrum 

opportunities not being assigned to secondary user access points. In order to increase the chances of 

these unassigned spectrum opportunities, the primary user lowers down the asking price of these 

opportunities by a predetermined amount for the next round of auction. The lower asking price 

makes these spectrum opportunities more likely to be requested by more secondary user access 

points and thus in turn increases the likelihood of getting assigned to one of these access points. The 

secondary user access points also re-evaluate their bidding prices considering the difference in the 

desired and achieved payoffs as a result of the current bidding prices. Once the access point receives 

the auction results, it calculates the missed revenue due to not getting all the desired spectrum 

opportunities for which it did bidding. For the next round of auction, the secondary user access point 

increases the bidding price by a predetermined amount. The increased bidding price for the spectrum 

opportunities, which the access point did not win at the last auction round, increases the likelihood 

of winning in the next round of auction. Thus both the primary users and the secondary user access 

points adjust their valuation about the available spectrum opportunities. This adjustment phase of 

the proposed auction scheme helps to maximize the overall spectrum opportunity usage of the 

spectrum sharing system. The auction algorithm and the price adjustment phase of the proposed 

spectrum opportunity duration assurance (SODA) based auction scheme is given below: 

 

Algorithm 1.1: Auction Algorithm 

1. Spectrum opportunity clusters: 𝑺𝑶: {(𝑥𝑖𝑙𝜃𝑖𝑙 , 𝛼𝑙), ∀𝑖, 𝑙};  SU demand for each cluster: 𝑺𝑼𝑫: {𝐼𝑗𝑙 ∈

(1,0), ∀𝑗, 𝑙}; SU bidding price for each cluster: 𝑺𝑼𝑷: {𝑦𝑗𝑙 , ∀𝑗, 𝑙}  

2. Auction decision set: 𝑰𝒂𝒍𝒍𝒐𝒄𝒂𝒕𝒆𝒅: {𝐼𝑖𝑗𝑙 ∈ (1,0), ∀𝑖, 𝑗, 𝑙} 

3. If any channel has a single claim: 𝑺𝑶: {(𝑥𝑖𝑙𝜃𝑖𝑙 , 𝛼𝑙)} → 𝑰𝒂𝒍𝒍𝒐𝒄𝒂𝒕𝒆𝒅: {𝐼𝑖𝑗𝑙 ∈ (1,0)} 

4. If any channel has multiple claims: 

𝒇𝒐𝒓 𝑒𝑎𝑐ℎ 𝑙 𝑎𝑛𝑑 ∀𝑗, 𝑖𝑓 (𝑠𝑢𝑚((𝑺𝑼𝑫: {𝐼𝑗𝑙} == 1)) > 1) 

𝒇𝒊𝒏𝒅 𝑗∗ = arg max
∀𝑗∈{𝐼𝑗𝑙=1}

𝑺𝑼𝑷: {𝑦𝑗𝑙 , ∀𝑖, 𝑙} 

𝑺𝑶: {(𝑥𝑖𝑙𝜃𝑖𝑙 , 𝛼𝑙)} → 𝑰𝒂𝒍𝒍𝒐𝒄𝒂𝒕𝒆𝒅: {𝐼𝑖𝑗∗𝑙} 

𝟎 → 𝑰𝒂𝒍𝒍𝒐𝒄𝒂𝒕𝒆𝒅: {𝐼𝑖𝑗𝑙}, ∀𝑗 ∈ {1,2,… , 𝐿; 𝑗 ≠ 𝑗
∗} 

5. S-SAS forwards the allocation indicator information, 𝑰𝒋,𝒂𝒍𝒍𝒐𝒄𝒂𝒕𝒆𝒅: {𝐼𝑖𝑗𝑙 ∈ (1,0)} , to each of the 

participating SU-APs 
6. Perform the allocation procedure for all the available spectrum opportunities. 
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Algorithm 1.2: Price Adjustment by PU and SU Operations 

Chapter 1: S-SAS generate list of unassigned channel and forwards 𝑰𝒖𝒏𝒂𝒔𝒔𝒊𝒈𝒏𝒆𝒅 to I-SAS:  

𝒇𝒐𝒓 ∀𝑙, 𝑖, 𝑖𝑓(𝑆𝑂𝑖𝑙 ∉ 𝑰𝒂𝒍𝒍𝒐𝒄𝒂𝒕𝒆𝒅): 𝑆𝑂𝑖𝑙 → 𝑰𝒖𝒏𝒂𝒔𝒔𝒊𝒈𝒏𝒆𝒅 

Chapter 2: I-SAS in consultation with the corresponding PU adjusts the discount factor 𝜃𝑖𝑙  
𝒇𝒐𝒓 ∀𝑙, 𝑖 ∈ 𝑰𝒖𝒏𝒂𝒔𝒔𝒊𝒈𝒏𝒆𝒅, 𝜃𝑖𝑙

𝑛𝑒𝑤 = 𝜃𝑖𝑙 − ∆𝑃𝑈𝑖𝑙∶  𝜃𝑖𝑙
𝑛𝑒𝑤 → 𝑺𝑶(𝑥𝑖𝑙𝜃𝑖𝑙

𝑛𝑒𝑤, 𝛼𝑙) 

Chapter 3: The SU-AP calculates the loss in revenue due to the current bidding price 

𝒇𝒐𝒓 ∀𝑙, 𝑖 ∈ 𝑰𝒋,𝒅𝒆𝒔𝒊𝒓𝒆𝒅,   𝑃𝑗𝑎𝑐ℎ𝑖𝑒𝑣𝑎𝑏𝑙𝑒 =∑∑(𝑟𝑗 − 𝑐𝑖,𝑗,𝑙)𝑘𝑖,𝑗𝛼𝑙𝐵𝜏𝑰𝒋,𝒅𝒆𝒔𝒊𝒓𝒆𝒅

𝑀

𝑖=1

𝐿

𝑙=1

 

𝒇𝒐𝒓 ∀𝑙, 𝑖 ∈ 𝑰𝒋,𝒂𝒍𝒍𝒐𝒄𝒂𝒕𝒆𝒅,   𝑃𝑗𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑑 =∑∑(𝑟𝑗 − 𝑐𝑖,𝑗,𝑙)𝑘𝑖,𝑗𝛼𝑙𝐵𝜏𝑰𝒋,𝒂𝒍𝒍𝒐𝒄𝒂𝒕𝒆𝒅

𝑀

𝑖=1

𝐿

𝑙=1

 

 (𝑃𝑗𝑚𝑖𝑠𝑠𝑒𝑑 = 𝑃𝑗𝑎𝑐ℎ𝑖𝑒𝑣𝑎𝑏𝑙𝑒 − 𝑃𝑗𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑑): ∆𝑆𝑈𝑗𝑙= 𝜃𝑎𝑑𝑗𝑢𝑠𝑡𝑃𝑗𝑚𝑖𝑠𝑠𝑒𝑑 

 𝑦𝑗𝑙
𝑛𝑒𝑤 = 𝑦𝑗𝑙 + ∆𝑆𝑈𝑗𝑙  

Chapter 4: The SU-AP that gets allocated its desired channels does not perform the price adjustment 
mentioned in Step2 
𝒇𝒐𝒓 ∀𝑙, 𝑖, 𝑖𝑓(𝑰𝒅𝒆𝒔𝒊𝒓𝒆𝒅 = 𝑰𝒂𝒍𝒍𝒐𝒄𝒂𝒕𝒆𝒅): ∆𝑆𝑈𝑗𝑙= 0; 𝑦𝑗𝑙

𝑛𝑒𝑤 = 𝑦𝑗𝑙 

Chapter 5: The asking and bidding prices for the spectrum opportunities are updated 
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Performance Evaluation 

This section presents the simulation results to evaluate the performance of the proposed auction-

based spectrum sharing system. We are mainly interested in observing how the bidding prices, 

secondary user payoff, spectrum usage, and primary user revenue evolve over consecutive bidding 

stages.  

Parameter Setting 

For the purpose of simulation, we assume a spectrum sharing scenario with two primary users 

(M = 2) and two secondary users (N = 2). Each primary user offers three channels, each of 10 MHz 

bandwidth and time duration of 1 unit  (τ = 1) , for sharing with the secondary users. The SAS 

calculates the associated QoSA values for each of these spectrum opportunities. The SAS also employs 

the opportunity clustering mechanism and generate four categories (L = 4)  of spectrum 

opportunities as shown in Table 28.  

Category QoSA Range Cluster QoSA 𝛂 𝐯𝐚𝐥𝐮𝐞 

A 𝑄𝑜𝑆𝐴 > 0.8 0.9 0.9491 

B 0.6 > 𝑄𝑜𝑆𝐴 ≥  0.8 0.7 0.8411 

C 0.4 > 𝑄𝑜𝑆𝐴 ≥  0.6 0.5 0.7213 

D 0.4 ≥ 𝑄𝑜𝑆𝐴 0.3 0.5814 

Table 28: Opportunity Clusters with associated QoSA values 

Each of the secondary user access points also calculates the spectral efficiency of each of the 

spectrum opportunities for a target BER of 10% using Equation (1). The asking price for each of 

channels at the beginning of the auction is 1.0 unit for primary user 1 and 0.8 units for primary user 

2. The initial value for the primary user price adjustment factor is 1. The secondary user access points 

earn 2.0 units of revenue from each of the spectrum opportunities and start the bidding with a price 

of 0.8 units for secondary user access point 1 and 0.6 units for secondary user access point 2. Using 

the above pricing and channel quality information, the secondary user access points calculate the 

bidding price for the 1st auction stage according to Eq. ( 50 ). 
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a) 

 
 

 

b) 

 

Figure 34: Secondary User Access Point bidding prices and corresponding payoffs: a) 

Secondary User 1 and b) Secondary User 2 

After every iteration of the auction process the primary users re-evaluates their asking price 

based on the number of unassigned spectrum opportunities and missed revenue. The secondary user 

access points also re-evaluate their bidding prices considering the difference in the desired and 

achieved payoffs as a result of the current bidding prices. In the following we present the simulation 

results and analyze the impact of the proposed iterative auction procedure. We observe the impact 
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on the bidding price and payoffs of the secondary user access points, the revenue and asking price of 

the primary users, and the fraction of the available spectrum opportunity used by the spectrum 

sharing system. 

a) 

 
 

b) 

 

Figure 35: Secondary User Access Point channel allocation & Spectrum usage 
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Secondary User Bidding Prices and Payoffs 

The secondary user access points use the primary user cooperation in the form of SODA (α) 

values associated with each of the spectrum opportunities to calculate the desired payoff. This helps 

the secondary user access points to achieve payoffs close to the desired ones as a result of the auction 

results of each stage. Without the SODA values, the secondary user access points would have assumed 

that they would be able to access the spectrum opportunity for the whole duration of τ units and 

accordingly solve the optimization problem presented in Eq. ( 57 ). But the uncertainty associated 

with the return of the primary user within the assured duration in the spectrum opportunity would 

affect the achievable payoffs out of the allocated opportunities. As can be seen from Figure 34, the 

iterative adjustments in the bidding prices (secondary user access point 1 in stage 5 and secondary 

user access point 2 in stage 26) also help the secondary user access points to achieve payoffs close to 

the desired ones. For an auction process without considering any cooperation from the primary 

users, the difference between the estimated payoff and the actual payoff is ~40% and ~30% 

respectively for secondary user 1 and secondary user 2 (Figure 34 (b)). Simulation results also show 

that this discrepancy in estimation does not go away with increased number of auction stages. This 

difference in payoffs makes the secondary user bidding decisions inefficient. But if the auction 

process takes advantage of the probabilistic assurances (SODA) provided by the primary user 

cooperation along with the proposed iterative auction stages, the differences in estimated and actual 

payoffs may be reduced. 

Spectrum Usage 

Figure 35 shows the desired and allocated channels for secondary user access point 1 and 

secondary user access point 2. The secondary user access points determine the number of channels 

needed based on the aggregate QoS required by the end users served by each of these access points. 

If the QoSA values of the spectrum opportunities are not known to the access points, they will over-

estimate the achievable QoS from the opportunities. This will result in degraded user experience for 

the access points. The proposed dynamic auction for spectrum sharing with time-evolving values of 

channel qualities maximizes the social equality among the primary and secondary users and 

improves the spectrum sharing performance metrics. Without primary cooperation, the access point 

1 receives around ~65% more opportunity assignment compared to access point 2. When the auction 

process considers the SODA values, the difference in opportunity assignment comes down to ~ 20% 

(in favor of access point 2 in this particular simulation case). The primary-secondary user 

cooperation also increases the overall spectrum usage from ~55-60% to an impressive ~95%. 



 

216 
 

 

Figure 36: Primary user asking price adjustment and corresponding revenues 

Knowing the realistically achievable QoS by the secondary users may be used to gauge the 

secondary users’ interest in the spectrum opportunities offered by the primary users for auctioning. 

This helps the primary users to more effectively determine the asking price of its own spectrum 

opportunities based on the opportunity results from each of the auction stages. Figure 36 presents 

the asking price adjustment by the primary users in order to improve the revenue. By offering a 

reduction of 80% in asking price, primary user 1 eventually doubled the aggregate revenue earned 

from all of its spectrum opportunities. Primary user 2 also had to react to this maneuver by primary 

user 1 and reduced its own asking price down to 25 %. This helped primary user 2 to cut down the 

reduction in revenue by ~35%. As a result of the iterative price adjustment at the later stages of the 

auction all the available spectrum opportunities are allocated to the secondary user access points. 

This readjustment based on the previous auction results and the α  values of the opportunities 

improve the primary user 2 revenue and the auction procedure reaches an equilibrium state in terms 

of the revenue generated by both the primary user operations shown in Figure 36. 
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Summary of the Section  

Spectrum is a limited and expensive resource. It is a critical yet scarce resource due to the 

substantial growth of wireless technology and applications. Dynamic spectrum sharing has been 

deemed as an effective approach to better utilize limited spectrum resource because clearing and 

reallocating licenses are extremely expensive. By proposing the Citizen Broadband Radio Service for 

the 3.5 GHz band, FCC has introduced a spectrum sharing paradigm where a separate governing 

entity such as the proposed Spectrum Access System (SAS) manages access to spectrum for primary 

and secondary users to coexist. An important aspect of dynamic spectrum management is the pricing 

of spectrum from the perspective of both the primary and secondary users. Due to their perceived 

fairness and allocation efficiency, auctions are among the best-known market-based mechanisms to 

allocate spectrum. However, spectrum auction differs from conventional auctions in that it has to 

address radio interference. Spectrum auction is essentially a problem of interference-constrained 

resource allocation. Existing auction-based spectrum sharing models so far has missed out on an 

important aspect of successful secondary user operation: the duration of the available spectrum 

opportunity. In this chapter we proposed an auction-based spectrum sharing framework that 

statistically accounts for the estimates of spectrum opportunity duration. The framework allows both 

the primary and the secondary user operations to act on the current auction results to update their 

bidding packages in order to achieve a price combination that maximizes both the primary and 

secondary user auction goals. 

The auction process using the primary-secondary cooperation proposed in this chapter 

addresses the uncertainty associated with the return of the primary user within the assured duration 

in the spectrum opportunity. The iterative adjustments in the bidding prices (secondary user access 

point 1 in stage 5 and secondary user access point 2 in stage 26) also help the secondary user access 

points to achieve payoffs close to the desired ones. For an auction process without considering any 

cooperation from the primary users, the simulation results show a ~30-40% of discrepancy between 

the estimated and the actual secondary user payoff and. Although the difference reduces with 

increasing number of auction stages, it does not go away. But if the auction process takes advantage 

of the probabilistic assurances (SODA) along with the proposed iterative auction stages, the 

differences in estimated and actual payoffs is reduced. Without the SODA values, the access points 

over-estimate the achievable QoS from the opportunities which results in degraded user experience. 

The proposed dynamic auction with time-evolving values of channel qualities improves the social 

equality among the primary and secondary users and improves the spectrum sharing performance 

metrics. Without primary cooperation, the access point 1 receives around ~65% more opportunity 



 

218 
 

assignment compared to access point 2. When the auction process considers the SODA values, the 

difference in opportunity assignment comes down to ~ 20% (in favor of access point 2 in this 

particular simulation case). The primary-secondary user cooperation also increases the overall 

spectrum usage from ~550-60% to an impressive ~95%. Also the asking price adjustment by the 

primary users improves the revenue. By offering a reduction of 80% in asking price, primary user 1 

eventually doubled the aggregate revenue earned from all of its spectrum opportunities. In response 

primary user 2 reduced its own asking price down to 25 %. This helped primary user 2 to cut down 

the reduction in revenue by ~35%. Eventually both the primary users ended up with equal revenue 

earning as a result of primary-secondary cooperation and iterative auction stages. 

In conclusion this chapter proposes a dynamic and self-adjusting auction scheme for dynamic 

spectrum access based spectrum sharing systems that accounts for the quality of the available 

spectrum opportunity in terms of the probabilistic assurance generated by the SAS under the 

primary-secondary cooperation framework. The dynamic auction procedure allows both the primary 

and secondary operations to adjust their evaluation of the available opportunities based on their 

experiences with the channel quality from past usage statistics and past auction results, and over 

time achieves a price combination that maximizes both the primary and secondary user objectives. 

The proposed dynamic auction for spectrum sharing with time-evolving values of channel qualities 

maximizes the social equality among the primary and secondary users. The primary-secondary 

cooperation is menifested in the form of spectrum opportunity duration assurance (SODA) in the 

auction process. The SODA approach, as opposed to the QoS prediction approach, estimates the 

spectrum opportunity duration for operations with non-deterministic or unknown spectrum 

reservations or usage patterns. SODA is a metric that measures the probabilistic assurance about idle 

primary user channels stating that the channel under consideration will be available for secondary 

use for certain duration of time with probability SODA. Knowing the realistically achievable QoS 

considering the uncertainty due to primary user return to the opportunity allows the secondary user 

access points to more effectively determine the number of spectrum opportunities for which it will 

participate in the auction process. The quantitative measure of the usability of a spectrum 

opportunity have great impact on the performance of any spectrum sharing system, and should be 

incorporated in spectrum opportunity management. The proposed channel quality based dynamic 

auction scheme allows the secondary users to take advantage of the predictive models of spectrum 

availability, prioritize spectrum opportunities accordingly, and bid for their prefered channels to 

maximize spectrum utilization while minimizing the occurrence of disruptions to primary users. 
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Chapter 6: Conclusion to the Dissertation 

Conclusion 

The explosive growth of wireless technology along with the insatiable demands from content rich 

applications has made spectrum a critical yet scarce resource. Spectrum plays a significant role to 

ensure the continued growth and innovation in nearly every segment of our society. It is an essential 

tool for connecting communities. Access to adequate spectrum has the power to exponentially 

maximize our collective potential. Radio spectrum is a limited resource for wireless communications, 

and service providers in both the commercial and government domains are demanding increased 

spectrum to meet their customer’s demands. The increasing diversity of use cases and demand of 

high quality-of-service (QoS) have resulted in overcrowding of spectrum bands. At the same time, the 

rapid evolution of wireless communications has made the problem of spectrum utilization ever more 

critical. Such explosive demand from wireless communications and service applications has 

contributed to a huge demand of new wireless services in both the licensed and unlicensed bands. 

Also access to new spectrum blocks is not a viable solution as clearing and reallocating licenses are 

extremely expensive and time consuming. Therefore, efficient and flexible utilization of radio 

spectrum is a key design challenge for the next generation wireless network. Conventional spectrum 

management policies use static spectrum assignment to prevent interference. Due to spatial and 

temporal variation of spectrum utilization by the incumbent users, static allocation of wireless 

bandwidth is observed to be spectrally inefficient. Therefore, dynamic sharing of wireless spectrum 

seems to be the panacea for higher spectral efficiency. The Citizens Broadband Radio Service is a 

unique spectrum sharing regime that will, in a word, revolutionize the way we do things. This new 

service leverages innovative new sharing rules and technologies to create a 150 MHz band of 

contiguous spectrum to help meet the Nation’s wireless broadband needs, including 100 MHz 

previously unavailable for commercial use. It establishes a three-tier framework for making the 

entirety of the 3.5 GHz band available for shared commercial use, while putting in place protections 

for the band’s incumbents. With Spectrum Access Systems taking on the complicated and vital role 

of frequency coordination, the three tiers: Incumbent Access users, Priority Access Licensees and 

General Authorized Access users, will soon be able to cohabitate in the band and maximize spectrum 

efficiency. 
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To address the nomadic and sporadic bursty demand for radio spectrum, opportunistic 

communications has been and will play a significant role. Dynamic spectrum access allows fast 

deployment of wireless technologies by reusing the under-utilized pre-allocated spectrum channels, 

all with minimal impact on existing primary users. Cognitive radio addresses the underutilization 

problem of the spectrum licensed to different organizations, and it supports dynamic spectrum 

access. In a dynamic spectrum access system primary users have higher priority in using the licensed 

channels. Therefore, whenever a primary user is detected, secondary users must vacate the relevant 

channels or decrease their transmitted power to reduce the interference on primary users. In the 

context of spectrum sharing, depending on the operational status of the primary user, secondary 

users may suffer degraded quality of service due to temporal connection loss and undesirable 

interference situation. Without any prior information about the availability and duration of spectrum 

opportunities, the secondary user operations need to continuously monitor the spectrum blocks 

under consideration in order to identify the opportunities and also detect the return of the primary 

user operations. This continuous monitoring results in significant consumption of time, energy, and 

spectrum resources. These adversities can be significantly compensated if the secondary users have 

knowledge about the duration of the spectrum opportunities, and use that knowledge to either avoid 

or take additional measures while using these opportunities. The fundamental difference between 

shared and dedicated spectrum systems, as a consequence of dissimilar spectrum usage rights, is the 

lack of knowledge about the availability and duration of spectrum opportunities. The existing 

spectrum sharing approaches do not offer any flexibility to the involved parties from which to decide 

on or choose the sharing mechanisms. These approaches do not involve the cooperation between the 

resource owner and the opportunistic user who wants to share the resource. Therefore, offering 

assurances about the availability and duration of spectrum opportunity through primary-secondary 

cooperation will significantly improve the overall spectrum sharing experience. 

In this submission, we proposed a cooperation approach that involves information exchange 

between the primary and secondary user operations and thus allows the system to improve the 

spectrum sharing performance. Spectrum occupancy prediction provides cognitive radio secondary 

users with proactive ability to exploit spectrum opportunities. Through this cooperation approach, 

we enable the secondary users with access to information about the availability and duration of 

spectrum opportunities for the spectrum sharing channels. We looked into the important aspect of 

successful secondary user operation in the shared band and analyze the achievable Quality of Service 

(QoS) out of the shared spectrum. In Chapter II, we discussed these efforts towards a dynamic 

spectrum sharing system in the U.S. context. In order to support the dynamic management of the 3.5 
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GHz band, it is imperative to explore the required SAS composition and functionalities. We presented 

an example SAS architecture and identified its functionalities, corresponding technical tasks, 

Information requirement, intra-module interactions, related technical challenges. We also analyzed 

the position of the Commission on different aspect of the Citizen Broadband Radio Services (CBRS) 

through the 3.5 GHz R&O and the Second R&O in order to address the criticism of the proposed 3-

tier system. We presented a summary of a survey of the stakeholder’s comments in response to the 

3.5 GHz FNPRM. Our analysis yielded a number of important issues which are required to be 

addressed for successful operation of the proposed CBRS. We identified the required functionalities, 

technical capabilities, and composition of the SAS to support the dynamic spectrum management 

approach envisioned in the CBRS. We hope the discussion presented in Chapter II will help the 

readers understand the policy and regulatory aspects of the spectrum sharing initiatives and will 

initiate further awareness and more informed discussions and research towards an efficient dynamic 

spectrum sharing system. Chapter III addressed the generation of a probabilistic assurance about the 

availability and duration of the available spectrum opportunities – the Spectrum Opportunity 

Duration assurance (SODA). A method to statistically ensure spectrum availability using Non-

Stationary Hidden Markov Models was proposed. We introduced primary user cooperation into the 

prediction algorithms to improve the prediction accuracy and reduce the computational complexity 

of the prediction algorithms. The Incumbent SAS, enabled with primary user cooperation, performs 

the Non-Stationary Hidden Markov Model approach to re-estimate the model parameters and 

forward it to the Secondary SAS. The Secondary SAS uses the re-estimated model parameters to run 

the prediction algorithm in real time using the current channel monitoring results received from the 

Environmental Sensing Capability (ESC) system and/or the secondary users. The Spectrum 

Opportunity Duration Assurance (SODA) values determined for each of the shared channels helps 

the spectrum sharing systems to achieve the availability and duration information about spectrum 

opportunities. We validated the proposed SODA generation method using real life data (collected 

local police dispatch data for two twenty four (24) hour period, one to train the NS-HMM parameters 

and the other to evaluate the prediction performance of the proposed prediction algorithm). Without 

primary user cooperation the Hidden Markov Model based approach provides 74% of prediction 

accuracy. On the other hand, the Non-Stationary Hidden Markov Model with primary cooperation 

(model parameter initialization and Similar Activity Phase Identification) offers significant 

improvement in prediction accuracy (96%). Primary user cooperation also improves the 

performance of the Non-Stationary Hidden Markov Model approach in predicting the duration of the 

available spectrum opportunities. For a spectrum opportunity with duration of two (2) time slots, 
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the Hidden Markov Model approach without using any cooperation predicts the opportunity 

duration with a prediction accuracy of ~65%. While the Non-Stationary Hidden Markov Model with 

primary user cooperation, under the similar context, improves the opportunity duration prediction 

accuracy up to ~95%. In Chapter IV we explored the impact of primary-secondary cooperation on 

the dynamic access of spectrum opportunities. We looked in to the ways to efficiently use the primary 

user cooperation in order to improve the spectrum sharing experience of both primary and 

secondary operations. The cooperation from primary users in the form of SODA values allowed us to 

propose spectrum opportunity access schemes based on the principle of interference avoidance. In 

order to reduce the overhead in frequently generating and accessing this information, we proposed 

to maximize the utility duration of the SODA information using the concept of “Time Discounted 

Value of Information”. We determined the effective value of the information at any particular time 

instant within the assured duration and decided whether to improve the assurance by employing 

sensing techniques or not. In this analysis, we proposed interference avoidance schemes that use 

channel monitoring based on the time discounted value of the PU cooperation and reduce the number 

of time slots in collision between the primary and secondary operations. The interference avoidance 

schemes use a combination of primary user cooperation and channel monitoring techniques to 

reduce the resource consumption for channel monitoring during the early stage of the assured 

duration and at the same time reduce the likelihood of interference in the later stage of the duration 

with the help of channel monitoring. We also analyzed and theoretically modeled the reduction in 

number of sensing events which is required to achieve a desired interference environment and also 

the improvement in secondary user throughput as a result of primary user cooperation. The 

simulation results showed reasonable improvement in the spectrum sharing performance of the 

secondary user systems. For a spectrum opportunity with high probabilistic assurance, 𝑆𝑂𝐷𝐴 = 0.7, 

the dynamic access scheme 𝑆𝑂𝐷𝐴2 results in significant reduction in sensing overhead (~5%). Even 

with low assurance spectrum opportunities (for example with 𝑆𝑂𝐷𝐴 = 0.2), the proposed dynamic 

access schemes cuts the sensing overhead almost down to half (~25%− 30%). The  𝑆𝑂𝐷𝐴 without 

sensing scheme resulted in high throughput (~25% more compared to STS scheme even for 𝑆𝑂𝐷𝐴 

as low as  0.1) for secondary user systems. But it also significantly increases the collision time 

compared to any other scheme. For low assurance opportunities (low 𝑆𝑂𝐷𝐴 values), the proposed 

access scheme performances (~15-20%) closely approximate that of the STS scheme. As the 𝑆𝑂𝐷𝐴 

value increases, the performances of the proposed 𝑆𝑂𝐷𝐴1 and  𝑆𝑂𝐷𝐴2 schemes (~65 − 70%  for 

SODA=0.7) gradually approaches that of the 𝑆𝑂𝐷𝐴 without sensing (using primary cooperation only, 

no sensing employed) scheme (~80% for SODA=0.7). In Chapter V we proposed an auction-based 
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spectrum sharing framework that statistically accounts for the estimates of spectrum opportunity 

duration. The framework allowed both the primary and the secondary user operations to act on the 

current auction results to update their bidding packages in order to achieve a price combination that 

maximizes both the primary and secondary user auction goals. This chapter presented a dynamic and 

self-adjusting auction scheme for dynamic spectrum access based spectrum sharing systems that 

accounts for the quality of the available spectrum opportunity in terms of the probabilistic assurance 

generated by the SAS under the primary-secondary cooperation framework. The proposed dynamic 

auction for spectrum sharing with time-evolving values of channel qualities maximizes the social 

equality among the primary and secondary users. The primary-secondary cooperation was 

manifested in the form of spectrum opportunity duration assurance (SODA) in the auction process. 

The SODA approach, as opposed to the QoS prediction approach, estimated the effective spectrum 

opportunity duration for operations with non-deterministic or unknown spectrum reservations or 

usage patterns. A spectrum opportunity assignment discrepancy of ~65%, for nor primary user 

cooperation scenario, was cut down to ~20% while the auction process considered primary-

secondary cooperation to readjust the channel quality evaluations. The primary-secondary user 

cooperation also increases the overall spectrum usage from ~55-60% to an impressive ~95%. Also 

the asking price adjustment by the primary users improves the revenue. By offering a reduction of 

80% in asking price, primary user 1 eventually doubled its aggregate revenue. In response primary 

user 2 reduced its own asking price down to 25 % and lowered the reduction in revenue (as a result 

if primary user 1’s action) by ~35%. Eventually both the primary users ended up with equal revenue 

earning as a result of primary-secondary cooperation and iterative auction stages. Knowing the 

realistically achievable QoS considering the uncertainty due to primary user return to the 

opportunity allowed the secondary user access points to more effectively determine the number of 

spectrum opportunities for which it will participate in the auction process. The proposed channel 

quality based dynamic auction scheme allowed the secondary users to take advantage of the 

predictive models of spectrum availability, prioritize spectrum opportunities accordingly, and bid for 

their preferred channels to maximize spectrum utilization while minimizing the occurrence of 

disruptions to primary users. 

Through this dissertation, we proposed a primary-secondary cooperation approach that involves 

information exchange between the licensed owner and the opportunistic user operations and thus 

improve the overall spectrum sharing experience by taking advantage of the cooperation. Spectrum 

occupancy prediction provides cognitive radio secondary users with proactive ability to exploit 

spectrum opportunities. Through this cooperation approach, we intend to avail the information 
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about the availability and duration of spectrum opportunities for the spectrum sharing channels 

without endangering the operational privacy of the primary user. We looked into the important 

aspect of successful secondary user operation in the shared band and analyze the achievable Quality 

of Service (QoS) out of the shared spectrum. The Spectrum Access System (SAS) plays a significant 

role in our proposed cooperation approach and bridges the primary-secondary interaction. It also 

acts as an additional layer of abstraction to improve the primary user information privacy. Although 

the work presented in this dissertation concentrates on the 3.5 GHz band, but the work is applicable 

to any spectrum sharing use cases. For example one use case could be the coexistence between 

cellular communication and the radar system, especially in the 5 GHz band [408]. Another application 

might be the coexistence of 5G mobile service in 31 GHz to 31.3 GHz spectrum with Radio Astronomy 

Service (RAS), Earth Exploration Satellite Service (EESS), and Space Research Service (SRS) in the 

adjacent 31.3 to 31.8 GHz spectrum [409, 410]. EESS systems are sensitive and given their orbit, could 

be given a probabilistic metric for scanning a specific area on the earth. The proposed probabilistic 

assurance (SODA) approach also has the potential to significantly influence the operational and 

technological evolution of the next generation Public Safety systems in the D-Block [37].  Network 

sharing for wireless cellular systems by the network infrastructure owners may become a very 

interesting and promising use case for the concept and the models of the sharing framework 

presented in this dissertation. With a myriad of new use cases and application brunching out of the 

5G initiatives, it is unlikely that each of these use cases will have their own network infrastructure 

and resources. For example, these uses cases will be very likely be sharing resources (computation 

capability, memory capacity, energy supply, available channel assigned to the eNB, etc.) from the 

same eNodeB to reduces their dependency on high value infrastructure and thus in turn significantly 

reduce the capital and operational investment. 

The successful implementation of the dynamic spectrum management paradigm, using the 

Spectrum Opportunity Duration Assurance (SODA) metric proposed in this dissertation, will 

significantly improve the spectrum usage efficiency and influence the management approach of other 

spectrum bands. The SODA approach for dynamic spectrum management will give the spectrum 

sharing architectures new flexibility to handle evolutions in technologies, regulations, and the 

requirements of new bands being transitioned from fixed to share usage. This calls for a coordinated 

effort from the government, industry, and academia to expedite the development of the dynamic SAS 

and move forward towards the dynamic spectrum management regime. We hope the discussion 

presented in this dissertation will help the readers understand the policy, regulatory, and 
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technological aspects of the spectrum sharing initiatives and will initiate further awareness and more 

informed discussions and research towards an efficient dynamic spectrum sharing system. 

We conclude this submission looking forward to the next generations of wireless networks that 

upholds the vision set by the President’s Committee of Advisors on Science and Technology in their 

report to the President (PCAST Report 2012 [4]): 

“Norm for spectrum use should be sharing, not exclusivity.” 
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