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Abstract 

 

Recent studies have forecasted major growth in mobile broadband traffic. Due to the predicted 

high growth rate of mobile broadband traffic over the coming years (demand), there is a need for 

more wireless network capacity (supply). One of the major approaches to expand mobile wireless 

capacity is to add more spectrum to the market by enabling ñspectrum sharingò. The FCC has 

issued many reports indicating that the US is dangerously close to running out of capacity for 

mobile data, which is why the FCC and the NTIA have been working continually to enable 

spectrum sharing.  

Spectrum sharing has moved from being a radical notion to a principal policy focus in the past 

decade. Enabling spectrum sharing regimes means that sharing agreements must be implemented. 

To have meaning, those agreements must be enforceable. The focus of this paper is to determine 

the relationship between enforcement methodologies and benefits of spectrum sharing through 

sharing between government and commercial users. Sharing between the government incumbents 

(i.e. Federal or non-Federal agencies) and commercial wireless broadband operators/users is one 

of the key forms of spectrum sharing that is recommended by the NTIA, the FCC, and the PCAST 

report. To address this problem, we build a model to quantitatively examine the relationships 

between different enforcement scenarios and sharing benefits.  We model two case studies, 1695-

1710 MHz band and 3550-3650 MHz band. 
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1.0 Introduction  

The increasing demand for spectrum makes the introduction of more spectrally efficient 

technologies and management regimes essential. Recent evidence demonstrates that the demand 

for spectrum access rights exceeds the available supply [1][2][3]. One of the main factors leading 

to this imbalance is that the spectrum is not as well utilized as it could be. The future of wireless 

necessitates that we use the spectrum resources more efficiently, which requires a transition to a 

future in which spectrum is shared more intensively. 

The growing demand pressure expanded access to legacy networks for new uses and the need 

for significant spectrum reform to enable such sharing has been noted by the Federal 

Communications Commission (FCC) Spectrum Policy Task Force, reaffirmed by the National 

Broadband Plan (NBP) and the President's call for an additional 500MHz of spectrum for mobile 

broadband [3] [1]. Most recently, the Presidentôs Council of Advisors on Science and Technology 

(PCAST) report address this issue intensively [4]. In addition, the National Telecommunications 

and Information Administration (NTIA) has proposed several bands to facilitate spectrum sharing 

between different level of users such as Primary Users (PUs) and Secondary Users (SUs) [5]. 

It is clear that mobile broadband is the great infrastructure challenge for wireless operators, 

particularly with the existence of several evidences of significant increase in mobile broadband 

traffic [4]. Data usage over mobile networks is rapidly increasing as more users surf the web, check 

email, and watch video on smart phones/tablets. Several research analysts share the view that 

mobile broadband traffic will continue a significant upward trend over the next 5-10 years [1] [6] 

[7].  

The focus of this work is to determine the relationship between enforcement methodologies 

and additional benefits of spectrum sharing through sharing between government and commercial 

users. Sharing between the government incumbents (i.e. Federal or non-Federal agencies) and 

commercial wireless broadband operators/users is one of the key forms of spectrum sharing that 

is recommended by the NTIA, the FCC, and the PCAST report. There are many scenarios where 

spectrum sharing can take place, so the emphasis of the paper is on government and commercial 

spectrum sharing. The government incumbent will be the PUs; on the other hand, the commercial 

users be the SUs. 
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Implementing spectrum sharing regimes on a non-opportunistic basis means that sharing 

agreements must be implemented. To have meaning, those agreements must be enforceable. This 

paper will try to do reasoning about enforcement of spectrum sharing and will demonstrate and 

examine diverse scenarios, which can be implemented, at different spectrum sharing 

environments. We model two case studies, 1695-1710 MHz band and 3550-3650 MHz band. For 

more information about the PUs and expected SUs of these two bands, please refer to previous 

work [8] [9]. 

2.0 Enforcement and Spectrum sharing 

The ultimate goal of enforcement is to induce ñsocially optimalò behavior, which may deviate 

from ñindividually optimalò behavior because of externalities, mistakes, or other sources of market 

failures. Socially optimal behavior includes investments in protection (harm avoidance) 

technology and in operating behavior that results in socially desirable outcomes. The full 

consideration of what an appropriate definition of harmful interference is beyond the scope of this 

work. For further discussion  about harmful interference, please refer to [10], [11].  

Traditionally, in the spectrum field, the enforcement process is to prevent an interference event 

before it happens, such as geographical or spectral (i.e. guard band) separation between licensees, 

and transmitters/receivers specifications [12]. There are two loci at which usage rights may be 

enforced: 

¶ Ex ante enforcement:  The actions that been taken to prevent and avoid any potentially 

harmful interference event before it has occurred. 

¶ Ex post enforcement: The actions that been taken after a potentially harmful interference 

event has occurred. 

Ex ante and ex post approaches work in tandem, not in isolation.  Thus, the choice of ex ante 

approach affects ex post strategies [12].  The choice of how to design the enforcement mechanism 

directly and indirectly impacts the design and costs of usage rights enforcement.  In particular, the 

costs of inducing good behaviors (avoiding bad ones) must be balanced against the social costs 

and benefits under different scenarios. Therefore, the cost of strong ex ante rules is that they need 

to be enforceable and may pose the risk of overly restricting behaviors that may be reduce the 
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welfare enhancing (e.g., innovation) as well as decreasing the value of the sharing opportunity for 

the entrant (i.e., SUs).  

This paper evaluates the benefits of enforcement. In other word, it sets the upper bound of the 

reasonable cost of enforcement to share the spectrum in specific scenarios. We evaluate the shared 

area by moving from pure ex ante enforcement settings toward ex post enforcement settings in our 

model.  

The review of literature shows the critical need to add more wireless network capacity. There 

are three factors to overcome this capacity crunch: (1) adding more cell sites, (2) technology, and 

(3) adding more spectrum [7] [13]. The focus will be on spectrum sharing as part of the third factor, 

which can be considered as adding more spectrum liquidity to the wireless market.  
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Figure 2-1 Illistration of enforc emnts effect on spectrum sharing 
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3.0 Spectrum Sharing Model 

The current approach to spectrum sharing using exclusion zones (as suggested by NTIA) is 

based primarily on ex ante enforcement by setting a very large exclusion zones. The proposed 

modeling of geographical exclusion zones moves from a purely ex ante approach (large exclusion 

zone only) towards ex post enforcement, see Figure 3-1. The model includes these additions: 

¶ Evaluation the benefits of spectrum sharing within the exclusion zone. 

o Model of a ñGray spaceò area.  

o Model of a ñBlack spaceò area. 

¶ Evaluation the benefits of spectrum sharing outside the exclusion zone.  

o Model of a ñWhite spaceò area. 

3.1 Main Idea 

In Figure 3-1, the PU antenna is represented in the center of simulated area/circle. The x-axis 

represents the distance from the PU antenna to the perimeter of the ñPU usage right areaò.  

ü R1: proposed radius of Back space. 

ü R2: proposed radius of Gray space areas. R1 and R2 are the key variables affecting the 

function of sharing utilization. 

ü R3: the radius of PU usage right area. It is the total area where the PU is originally 

licensed to use the spectrum. For simplicity propose, we set this radius to be 100km 

during the simulation. 
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3.1.1 White Space (W): 

¶  ὃὶὩὥ“ Ὑ  Ὑ  

¶ This is the area where the SUs can operate at the maximum standardized power-limit 

without causing any interference to the PU. 

¶ A smaller enforcement effort is needed to facilitate sharing in this area compared to the 

other proposed areas.  

o In special cases where the cost of ex post enforcement is higher than the benefits 

of sharing G and B spaces, we probably need ex ante enforcement only, through 

simple database holding the boundary of the exclusion zone at R2.  

o The relatively low enforcement effort in W space area is one of the major 

advantages of sharing, where utilization increases at lower enforcement cost 

compared to other areas.  

¶ R3 represents either the border of ñspectrum usage rightò of the PU or it could be 

bounded by another exclusion zone domain.  

¶ It is very important to differentiate between ñoperations areaò and ñusage right areaò.  

o The usage right area is the geographical area where the PU is licensed to use its 

spectrum/frequency. 

o  The operations area is the geographical location where the PU uses the spectrum 

(i.e., builds its network).  

3.1.2 Gray Space (G):  

¶ ὃὶὩὥ“ Ὑ  Ὑ  
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¶ This is the area where the aggregated interference from SUs will be greater than the 

noise floor of the PU receivers and below the maximum interference threshold set by 

the PU which is part of sharing enforcement procedure.  

¶ R1 depends on the sensitivity of PU receivers to additive noise caused by spectrum 

sharing.  

3.1.3 Black Space (B): 

¶ ὃὶὩὥ“ Ὑ  

¶ This area is close to the PU receiver, where the penalties for interference would be set 

to give the SU an incentive to create profit maximizing zones out from sharing. 

¶ Sharing in this area is expected to be heavily based on ex post enforcement.  

¶  B space is expected to be shared by a centralized SU, represented, for example, by a 

single operator or interface that would manage all the related secondaries. This is the 

most likely case when we have large cells of SUs. Thus, enforcing SU behavior will be 

achieved through this single interface. For more information about the differences 

between centralized and decentralized enforcement, please refer to [12] [9]. 

¶ In special cases, the black space could be very small or almost zero, in which case the 

PU can coexist with the maximum possible interference threshold caused by SUs (where 

the whole exclusion zone becomes G space).  

¶ One of the purposes of this model is to evaluate the benefits of W, G, and B spaces, even 

if it is not possible to share the G and/or B spaces. In the end, we need the value of the 

exclusion zone for each level of enforcement scenario, so that, for example, we could 

recommend re-locating the PU antenna if possible based on a cost-benefit analysis. 
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3.2 Simulation Main Function 

The key component of this simulation is the methodology that has been used to determine the 

aggregated interference level at a PU location with many SUs sharing the band. In this paper, we 

have created a reasonable representation of the aggregate interference in the spectrum sharing 

environment where multiple SUs cause interference to a single PU. Moreover, we will explore the 

impact of aggregate interference over sharing utilization.  

In this model, each SU can cause interference to the PU which can be defined in equation (1). 

Then, aggregated interference is calculated by converting the individual interference in ñdBmò to 

ñWattò in order to add them together. Then the sum is converted to ñdBmò again in equation (2). 

 

╘ ἓἡἣ  ἑἜἣ  ἑἡἣ  ἜἘ  ἐἎἠ ἘἜἣ  ἘἋἬἬἱἼἱἷἶἩἴ                                                                                     
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╝

▒

                                                                                                                   

Table 3-1 Equations (1) and (2) description. 

 Description Unit  

I  SUôs power (interference) at the PU receiver dBm 

ISU SU transmitted power dBm 

GPU Antenna gain of the PU dBi 

GSU Antenna gain of the SU dBi 

PL Propagation Loss dB 

FDR Frequency Dependent Rejection dB 

LPU Losses at PU antenna dB 

LAdditional  Additional Losses (e.g. indoor factor) dB 

IAGG Aggregated interference at PU receiver dBm 

N Number of SUs N 
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Since the number of simulated SUs is very large (i.e., tens of thousands) around the PU 

location, the transmitted power should be modeled in a more accurate way. To do this, we follow 

a probability distribution function for the transmitted power of SUs.  

The gain of SU antennas is set at zero in this model, which means that we are not considering 

any gain on the SU side due to the characteristics of the technology representing the SUs, such as 

LTE-UE, Femtocells, and WiFi. For the PU, we follow the ITU-R F.1245-1 recommendation [14]. 

Figure 3-2 shows the azimuth and elevation antenna pattern from the simulation model when 

maximum antenna gain equals 43 dBi and the minimum elevation angle for PU antenna is 27 

degrees. 

  

Figure 3-2 PU antenna gain pattern 

 

Per the ITU1 and NTIA documents [15], ñFrequency Dependent Rejection (FDR) accounts for 

the fact that not all of the undesired transmitter energy at the receiver input will be available at the 

detector. FDR is a calculation of the amount of undesired transmitter energy that is rejected by a 

victim receiverò. Although FDR is has been built into the simulator, in this paper, we ignore its 

effects in both 1.7 GHz and 3.5 GHz cases to simplify the exposition.   

                                                 

1 See, Recommendation ITU-R SM.337 (2008). 


























































