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Abstract – Predictions of large scale spectrum 
scarcity with possibly severe consequences have 
accompanied the rapid advance of wireless 
technologies and services. The predicted spectrum 
scarcity has led to a broad discussion of spectrum 
sharing in all its forms as a potential remedy. Given 
the wide variety of interests involved as well as the 
complexity of the subject, this discussion is usually 
conducted in qualitative terms.  Quantitative 
aspects are relatively absent in the discussion.  This 
paper is a contribution to the technical side of the 
debate. Rather than claiming generality, we 
propose technology independent metrics for the 
quantification of  spectrum utilization efficiency 
and spectrum sharing which could prove useful in 
the management of license exempt spectrum – 
whether by a regulator or by a spectrum owner 
leasing spectrum to third parties. 

Index terms: spectrum scarcity, spectrum 

sharing, spectrum utilization metrics, sharing 

license exempt spectrum 

I. BACKGROUND 

The first radio systems of the early 20
th

 century 

have evolved into a panoply of wireless technologies 

and systems that span a vast range of frequencies and 

serve all kinds of purposes – from remote controls of 

toys to high speed long distance links, from wall 

penetrating radar to deep space research. Wireless 

communications have become a ubiquitous fact of life 

as worldwide mobile phone penetration is approaching 

a density of one per person. “Wi-Fi” and “Bluetooth” 

– key examples of wireless commodity technologies – 

have become household names. 

When “radio” became an industry in the early 20
th

 

century, some form of spectrum sharing became 

necessary  so that the benefits of wireless 

communication could be maximized and “winner-

take-all” situations would be avoided. An early 

instance of sharing considerations is the requirement  

in the first Radio Telegraph Convention of 1906 to use 

tuned carrier based transmitters rather than sparkgap 

transmitters which pollute large swaths of spectrum. 

Another example of regulatory measures is US 

Secretary of Commerce Herbert Hoover’s directive of 

1920: “All stations [are] required to give absolute 

priority to signals and radiograms relating to ships in 

distress; to cease all sending on hearing a distress 

signal; and, except when engaged in answering or 

aiding the ship in distress, to refrain from sending 

until all signals and radiograms relating thereto are 

completed.” 

Regulatory policy evolved with time and new 

methods of spectrum allocation were introduced. In 

many cases, spectrum was allocated to a class of usage 

– like fixed link infrastructure, civil and military radar 

or mobile telephony – or a type of use such as public 

mobile radio or  “low power devices”. For some 

classes of usage the issuance of exclusive licenses was 

necessary, e.g. broadcasting, so that its users would be 

protected from interference caused by others.  

As the economy expanded and the use of radio 

technology became more widespread, regulatory 

allocation of  spectrum proved to be both difficult and 

contentious.  In a ground breaking paper, Ronald 

Coase (Coase 1959) argued that spectrum property 

rights, acquired through some pricing mechanism such 

as auctions, would do much better than licensing by 

agency fiat, provided that the holders of such rights 

had freedom to use the spectrum as they see fit and 

sell and acquire such rights from other rights holders.  

Coase was way ahead of his time; his work was 

taken up only in the 1980’s and expanded by many 

others. It did prepare the way for  spectrum auctions, 

e.g. in the US for  the second generation mobile 

technology in the 1990’s. Since that time many other 

countries have adopted auctions of spectrum property 

rights. The concept and practice of spectrum property 

rights became well-established and - given carefully 

designed auction procedures - they have advantages 

over application specific licensing based on lotteries 

or beauty contests. Given this success, it is safe to 

assume that for certain applications, licensing is here 

to stay although in the form of spectrum usage rights 

rather than spectrum property rights
i
.  

In the last decades two types of spectrum use have 

come to dominate the discourse about spectrum 

management: licensed use
ii
 based on spectrum usage 

rights for a given set of frequencies in a given 

geographical area and license exempt use which is 
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limited only by basic technical requirements such as 

transmitter power and unwanted emissions.  License 

exempt use became widespread after the decision was 

made by the FCC in 1985 to adopt the Part 15.247 

rules that allowed spread spectrum technologies in 

three frequency bands (902-928MHz, 2400-2485MHz 

and 5725-5875MHz) already designated for Industrial, 

Scientific and Medical (ISM) applications. Other 

countries followed this example in the early 1990’s, 

enabling the world-wide emergence of  a new wireless 

industry largely aimed at the consumer. Notably the 

2.4GHz proved a fertile breeding ground for new 

applications of radio technologies; the more prominent 

ones becoming known as Wi-Fi and Bluetooth. 

Triggered by forecasts of a rapidly growing demand 

for license exempt spectrum, the ITU-R, in 2003 

issued Recommendation M.1652 (ITU-R 2003) which 

opened the way to allow license exempt systems such 

as wireless LANs in the 5GHz band as part of the 

Mobile Service under the proviso that radar 

interference would be avoided through the DFS 

mechanism.
iii

 

The current public debate about spectrum scarcity 

reflects the interests of the  eco-systems of cellular 

services and consumer wireless technologies. Both 

claim the need for large blocks of  spectrum below 

6GHz suitable for broadband communications and 

both promise benefits of further growth of the 

economy and the creation of wealth.  In practice, both 

licensed exempt use and exclusive licensing will have 

a role to play and will co-exist (Freyens, 2009). In this 

mixed regime there will be a need for more intensive 

use of existing bands, e.g. by increasing possibilities 

to share frequencies among various services. 

Spectrum sharing in the broadest sense has been 

the subject of much research that covers technical as 

well as economical aspects. Examples are (NTIA 

1989), (ITU-R 2001) and (SCF 2012). Spectrum 

sharing is also seen as an important spectrum 

management principle within the European Union as 

mentioned in the first Radio Spectrum Policy 

Programme.  Sharing of the same frequency band by 

various services, or types of use would benefit from 

metrics that are suitable for analyzing co-channel 

sharing in terms of spectrum utilization efficiency or 

spectrum resource utilization. However, these metrics 

have not received much attention. One such metric is 

the concept of Spectrum Conservation Factor which 

can be used to quantify spectrum resource utilization; 

see (NTIA 1989). This metric was originally 

developed in (CCIR 1986). It expresses spectrum 

usage in terms of the time, bandwidth and “denial 

area” needed to support a given number of voice 

channels. The denial area combines radiated power 

and antenna directivity. A similar metric is the 

spectrum utilization efficiency (SUE) given in (ITU-R 

2006-Annex 1). These measures were developed in 

the context of telecommunications systems. 

II. THE NEED FOR NEW METRICS 

License exempt digital communications are 

becoming increasingly important and require adequate 

spectrum as well as technical criteria that foster 

innovation while maintaining efficient spectrum 

utilization. This has been recognized by the European 

Union in (2013/752/EU) which addresses the broader 

subject of “short range devices”. Some form of 

(frequently unintended) co-channel operation is the 

rule for these short range systems. Their wide variety 

calls for metrics that take into account the basic 

factors above, as well as large disparities in duty cycle 

(time), protocol efficiency and transmission rates.  

In (Kruys and Qian, 2011)  an attempt has been 

made to develop a generic metric for spectrum sharing 

Utx – the transmission unit – that links throughput, 

frequency use, RF power and  antenna gain pattern. 

Sharing efficiency was not considered and its 

application requires setting a necessarily arbitrary 

reference value Umax for a given frequency band. 

 The main contribution of this paper is to derive 

metrics to express spectrum utilization efficiency and 

using that as basis, to derive a simple spectrum 

sharing metric Msh using the utilization efficiency, 

duty cycle and RF power density. Because these 

metrics are generic in nature, they are technology and 

usage independent; this makes them suitable for 

regulatory purposes – notably with regard to license 

exempt spectrum. Further, our analysis suggests that 

there is a range of optimum modulation rates which 

balance spectral efficiency and interference 

robustness.
iv
 

Spectrum usage generally implies spectrum 

sharing – either among a population of like systems – 

as in the case of radars or cellular systems – or among 

dissimilar systems   – as is the case in the ISM bands. 

Therefore, spectrum usage requires some form of  

regulation – or at least spectrum etiquettes including 

self policing – if only to protect  users from each 

other. Such regulation requires quantitative criteria for 

the use of spectrum and for the protection of third 

parties. Quantification requires a metric of spectrum 

utilization efficiency which should be technology 

neutral and applicable to any radio based system. Such 

a metric avoids system specifics and facilitates the 

evaluation and comparison of different types of 

spectrum use and different types of technologies.  

The policy of  technology neutrality implies that 

there are few or no technology restrictions and 

therefore the use of dissimilar systems has to be 

assumed. What we are interested in are the margins of 

performance of interference limited systems rather 

than the more conventional case of SNR limited 

systems. The former tend to dominate high density  

urban scenarios and professional deployments. 

The rapid penetration of a wide variety of license 

exempt wireless systems in all kinds of usage 
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scenarios calls for a new regulatory approach based on 

the principle of “no interference, no protection”. The 

“no interference” part is applicable to other systems of 

higher regulatory status, e.g. licensed systems, that 

might use the band and, causing harmful interference 

is prohibited, regardless of the regulatory status of the 

victim. 

The “no protection” part of the rule implies that all 

users of the spectrum concerned, regardless of their 

purpose and needs, must be able to operate in the 

context of  unpredictable but limited interference. The 

limitation is set by the regulator for a given spectrum 

area; it is up to the equipment providers to maximize 

the utility of their products – given that limited degree 

of protection. 

This suggests that spectrum utilization and 

spectrum sharing metrics  based on interference would 

be welcome. In general, interference is a function of 

three factors: RF power and time (= duration) and the 

required signal to interference ratio. Starting from this 

premise the following sections develop  a spectrum 

utilization efficiency metric and  spectrum sharing 

metric. 

 

III. METRICS OF SPECTRUM USAGE 

In this section we introduce the following metrics: 

Rarea:   the ratio between working area and 

interference area 

Enet:  the effective spectral efficiency based on  

Rarea and protocol efficiency 

Knet: the effective throughput based on Enet 

A. Factors that affect spectrum utilization 

Receiver SIR. In the context of interference 

limited systems, the factor determining spectrum 

utilization is the signal to interference ratio (SIR) 

needed to achieve the desired level of  performance, 

regardless of the terms in which that performance is 

defined. The receiver can be seen as part of a 

communications channel and therefore its 

performance is subject to the Shannon-Hartley 

theorem that relates channel capacity to channel 

bandwidth and the logarithm of (SNR). In many cases, 

interference can be treated as noise-like and therefore 

throughput becomes a function of the ratio between 

the wanted signal and noise+interference (SNIR). In 

dense networks  the interference factor dominates. 

Therefore the following sections uses only the SIR. 

Note that in the case of MIMO systems, the theorem 

applies to each of the receive channels and thus there 

is “multiplication gain”. However, this can be realized 

only if the channels are sufficiently orthogonal i.e. the 

SIR of the channels is high enough. There is no free 

lunch. 

Bandwidth. Using more bandwidth means leaving 

less for other users and therefore bandwidth is another 

key factor in determining spectrum utilization. Mixing 

systems of different bandwidth raises interesting 

problems. Wideband systems use a broader channel 

but the power density of wideband transmissions is 

less than that of narrowband systems operating at the 

same power level.  On the other hand, wideband 

systems pick up more noise and interference and 

therefore they are at a disadvantage in a mixed 

deployment. This has consequences for regulations 

that aim at technology neutrality. In the following the 

bandwidth will be assumed to be normalized to unity. 

This simplifies the discussion without losing 

generality. In the next section on spectrum sharing 

metrics, bandwidth is taken into account. 

Protocol Efficiency. Another factor affecting 

throughput and spectrum utilization efficiency is the 

protocol efficiency: all transmitted bits that serve to 

control the transmission process or to manage network 

nodes are overhead that does not contribute to usable 

throughput. Depending on the actual system, this 

factor is built up from various elements and it may 

vary with such factors as transmission speed and error 

rate. 

Another factor is the overhead associated with 

partitioning spectrum. Regardless of the transmission 

methods or technology used, avoiding interference 

between users of adjacent spectrum requires guard 

bands in which the sidebands and other modulation 

products of transmitters are emitted. The width of such 

guard bands depend on the transmitter technology and 

design as well as on the ability of the receivers in 

adjacent bands to cope with the transmission products 

of the adjacent systems. The relative overhead of 

guard bands depends more on the degree of division of 

the spectrum rather than on the technologies 

concerned and therefore it is not considered in the 

following parts of this paper. 

B. Basic spectrum utilization efficiency 

Ideally, spectrum utilization efficiency should be 

expressed in a neutral  manner, independent of 

frequency band, channel width and technology. These 

factors are therefore best avoided in the desired 

spectrum utilization metrics.  

A commonly used metric is spectral efficiency 

expressed in bits/s/Hz; it is a major factor in driving 

technology development. Simply stated it suggests 

more bits/s/Hz = better. Given a channel width, this 

figure translates into another much used measure: the 

raw throughput of a given system. Wi-Fi technology is 

an instructive example. Throughput is usually 

expressed in Mbits/sec and gives the throughput of an 

isolated system that is not subject to spectrum sharing 

or interference. Although highly useful for marketing 

purposes, this metric is not very useful in practice 

because it does not reflect actual throughput 
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achievable in a shared spectrum environment with 

many systems using the same frequencies. 

Useful metrics – e.g.  true spectrum utilization 

efficiency – combine throughput and geographical 

area under the assumption that other systems are 

present in the area and use the same RF channel. The 

re-use distance ratio between the wanted transmitter 

and interfering transmitters is determined by the SIR 

at the receiver. The signal strength of each is 

determined by the pathloss to which it is subjected. In 

the following sections, the transmit power of the 

systems concerned is assumed to be the same; pathloss 

determines the SIR. Section IV adds transmitter power 

to the picture. 

 The Friis formula for pathloss received signal 

power is: 

          
 

   
 
   

  (1) 

Pt is the transmit power, Gt and Gr give the gain of 

the transmitter and receiver antenna, λ is the 

wavelength, R is the distance and PLE is the pathloss 

exponent. This formula ignores such factors as fading 

and other signal impairments – which should be taken 

into account in the analysis of a particular case or 

condition. Assuming a homogeneous transmitter 

population  and unity antenna gain, the ratio of 

received power to transmitted power can be written as:   

  

  
  

 

   
 
   

        (2)     

Setting Pt = 1 and taking the logarithm gives 

pathloss in dBs: 

                        
   

 
   dB            (3) 

Under the assumption of homogeneous 

transmitters, the received signal strength varies 

inversely with the pathloss. Applying this to the SIR  

gives: 

                  
    

 
                

    

 
      

(4) 

In practice, the propagation environment is not 

always homogeneous and the path to the wanted 

transmitter may be very different from the path to an 

interferer. Given a complex environment like an office 

or hospital, the differences in pathloss exponent can be 

large – e.g. a factor 2. If that is taken into account 

equation (4) can be rewritten as follows: 

                  
    

 
                

    

 
     (5) 

Since the term 4πd/λ appears in both terms, 

equation 5 can be rewritten as: 

                                                 (6) 

In other words, under the assumptions of a common 

transmit power level across all devices and a 

homogeneous propagation environment, the SIR is 

determined by the distance towards the interferer 

relative to the distance towards the wanted transmitter. 

Writing PLEi as Δ*PLEw allows the distance ratio to 

be written as a simple function of SIR and pathloss. 

         
  

  
   

 
   

             
 
              (7) 

In this formula, the Δ factor captures the 

uncertainty concerning the effects of a given 

interferer. If Δ is larger than 0, the path towards the 

interferer has a higher attenuation exponent than the 

path towards the wanted transmitter and therefore the 

distance towards the interferer, necessary to maintain 

the SIR, is reduced.  

However, in a busy environment the average of the 

Δ factor will tend towards 0 and in that case  the 

simpler formula can be used. 

         
 

   

       
 
                                (8) 

This formulation is frequency and bandwidth 

independent. The re-use area ratio is the square of the 

distance ratio and can be  written as follows: 

        
 

    

       
 

                         (9)         

The above analysis applies for one interferer. For 

multiple interferers the required distance and related 

area increases with the number of interferers. 

However, in many cases one or a few interferers will 

dominate and therefore the following approximation 

can be applied if desired. 

        
 
              

       
 

                         (9a)    

If more than one channel is available, the number 

of interferers per channel will be correspondingly 

lower. How interference adds up depends on the 

signaling involved; this aspect is left out in the 

following. The re-use area ratio can be applied to the 

conventional spectrum efficiency notion E0 to yield 

the effective spectral efficiency:  

     
  

  
 

    
       

 b/s/Hz  (10) 

To put this into perspective:  a spectral efficiency 

of 2.9b/s/Hz equals  a signaling rate of 48 Mb/s in a 

20MHz channel and requires an SIR of 21dB. 

Equation (10) shows that the effective spectral 

efficiency is only 0.0076b/s/Hz under free space 

conditions and 0.157b/s/Hz for typical indoor 

conditions.  
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The metric      can be used to derive the number 

of channels needed to realize the theoretical spectral 

efficiency. In the above example, realizing the full 

2.9b/s/Hz would require 2.9/0.157 = 18.47 RF 

channels in an indoor environment. 

C. Real world spectrum utilization efficiency 

The third factor to be considered is the protocol 

efficiency which is the ratio between the signaling 

overhead (the number of bits and signaling intervals 

needed for the protocol to function) and the actual 

throughput.   

Another relevant factor is the overhead necessary 

for access to the RF channel. In the case of mobile 

telephony systems it is mainly the TDMA control 

header, for Wi-Fi systems it is the time spent on 

collision avoidance. Lumping this with the protocol 

efficiency keeps the formulas simple but requires 

attention to the relative cost of overhead per 

transmission; this may vary significantly with the 

actual data  rate and other factors such as packet 

aggregation. 

Taking all of the above together, the net spectrum 

utilization  efficiency of a system may be expressed as 

a function of b/s/Hz, SIR, pathloss and protocol 

efficiency: 

           
  

  
 

    
       

 b/s/Hz  (11) 

Enet  is system specific, different systems will show 

different Enet values and therefore they can be used to 

compare different systems.  

The following graph shows how, for a typical 

OFDM system, throughput per channel varies with the 

available SIR for five different data rates. This 

example clearly shows that, given interference limited 

conditions, a 24 Mb/s system performs much better 

than a faster 48 Mb/s system. When recovery through 

retransmission is included, the difference becomes 

even larger.  

 

Figure 1: Effective throughput in Mb/s as a function of SIR 

The above results are obtained by applying (11) to 

the simplest form of Wi-Fi: 1x1 MIMO in an outdoor 

environment. They are worst case in the sense that 

they will be realized only if no spectrum sharing 

functions are active – an example would be Wi-Fi and 

a WIMAX system operating on the same frequency 

channel. However, when a channel is used only by one 

type of system, the frequency utilization efficiency is 

higher – here only the losses inherent in the sharing 

mechanism, including its detection efficiency, reduce 

the overall spectrum utilization efficiency.  

The message in the above analysis will be clear: in 

an interference limited environment, systems with a  

medium SIR requirement will perform better than 

their more demanding cousins. Note that this result 

reinforces the value of MIMO: where spatial 

multiplexing works, significant throughput increases 

can be realized while avoiding inefficient high SIR 

values.  

D. Real net throughput 

In order to find the actual throughput of a system, 

given its ‘unconstrained” throughput K0 in a given 

amount of spectrum – in terms of b/s – the latter is 

multiplied by the efficiency factor. The net throughput 

     is a function of the raw throughput K0, the 

protocol efficiency and the re-use area factor: 

              
 

  
 

    
       

  b/s  (12) 

These throughput values are system specific – e.g. 

for Wi-Fi the figures are very different from those for 

Bluetooth or DECT. However, when normalized to a 

common channel width or frequency band, they can be 

used to compare different systems in terms of 

spectrum utilization efficiency. 

The      value is area independent. In other 

words, the same throughput value can be achieved on 

any scale – whether per square kilometer or per square 

meter. This is relevant for the discussion of spectrum 

scarcity: given a certain demand for capacity –     
expressed in b/s/area – and the available spectrum – in 

Hz – the SIR factor that determines a system’s 

behavior can be derived. The first step is to realize that 

C = K/area and therefore only K is needed as input 

value.  

The Enet metric is a useful tool for spectrum 

management, whether regulatory or commercial. For a 

given frequency band or a set of RF channels, 

spectrum managers could define a minimum value of 

Enet that systems using that spectrum have to meet.  

Such a measure will rule out inefficient systems and 

minimize spectrum demand. Enet based rules promise 

to be useful as well as technology neutral. 

Note that this metric is a technical one which gives 

an indication of the achievable throughput of a given 

system. It does not apply to the broader economic or 

societal aspects of a spectrum use. For example, a 

frequency band is dedicated to emergency services 

and heavily underused most of the time may well be 

6.5 Mb/s 

13 Mb/s 

26 Mb/s 

39 Mb/s 

52 Mbs 

Net throughput as function of SIR (Wi-Fi, 11n, PLE =2) 

SIR 



 

Spectrum  Sharing Metrics  Page 6 

   

considered efficient from a societal point of view. The 

fact that emergency services are assured of a reliable 

communications medium can avoid disasters and 

minimize loss of life. 

IV. SPECTRUM SHARING METRICS 

A. License exempt spectrum sharing 

Spectrum sharing takes many forms and operates 

under many different regimes ranging from exclusive 

licensing to voluntary coordination and fully license 

exempt operation.  The latter is of particular interest 

because it applies to a major growth area in wireless 

communications. Whereas the licensed spectrum 

regime calls for  technical specifics and procedures, 

the license exempt is typically a free-for-all with very 

little limitations except for RF power and/or power 

density rules. This may also apply to leased spectrum 

which is shared by the leasing parties. Under such a 

regime there is little or no coordination and users and 

designers have to assume interference from other users 

of the same spectrum, e.g. the 2.4GHz ISM band or 

the WAS/RLAN frequencies in the 5GHz Mobile 

Services band.
v
 

In (11), coordination allows E0 to be increased – 

because there is no interference during transmission – 

although the coordination overhead  reduces this 

benefit. A case in point is Wi-Fi: at high transmission 

rates, the coordination overhead tends to exceed the 

time spent on actual data transmission. On the other 

hand, the SIR goes up exponentially with the increase 

in E0 and therefore the damage done by interference 

goes up as well. The net effect of coordination in a 

license exempt context is therefore slight at best and 

likely to be negative in practice.
vi
  Current emphasis 

on listen-before-talk and other forms of polite medium 

access for license exempt devices is based on the 

assumption of higher spectrum utilization efficiency.  

More research is necessary to determine the actual 

benefits that can be expected under given 

circumstances. 

Under a license exempt  regime the prospect of a 

“tragedy of the commons” is always present and 

practice confirms that it happens under certain 

circumstances – Wi-Fi is a case in point. It is not 

uncommon that a spectrum analyzer shows the 

presence of many tens of Wi-Fi networks, even from a 

single location, which suggests overloading of the 

available spectrum. However, matters are complicated 

by the interactions between the RF environment and 

the Wi-Fi CSMA/CA protocol which has tendency to 

fail under high density, high load conditions.  

Ignoring that last aspect, one is still left with the 

potential of interference limited performance that 

deserves the label “tragedy of the commons”. The root 

cause of this tragedy is twofold: limited spectrum – 

because the 2.4GHz is mostly used - and high RF 

power settings combined with high transmission rates.  

Both figure well on a product’s sales brochure or 

packaging box but they are responsible for suboptimal 

or even tragically low performance when many small 

networks share the same spectrum. When usage shifts 

to the 5GHz band, most of these problems will go 

away but the underlying causes remain
vii

.  

B. A Spectrum Sharing Metric 

A preceding section (Section III, subsection C) 

proposes a metric for spectrum utilization efficiency 

     which measures the overall spectrum utilization 

efficiency in a scale independent manner and under 

worst case conditions – both of which are very 

relevant in this context.  

Given a certain frequency range,       is a useful 

metric for comparing different systems in terms of 

spectrum utilization efficiency. The key factor in      

is a system’s SIR. The amount of spectrum occupied 

by the system is a matter of design, the efficiency of 

using that spectrum is determined largely by the 

modulation employed
viii

: a higher modulation scheme 

means a higher    but a lower     . 

Given a typical transmitter to receiver distance, the 

SIR defines the receiver’s needs but the interference 

received by others is determined by the transmitter’s 

RF power.
ix

 For systems with the same bandwidth this 

is adequate. A suitable  metric that captures this is the 

ratio of the spectrum utilization efficiency and the RF 

power. For homogeneous systems sharing the same 

spectrum this can expressed as: 

          
    

   
 b/s/Hz/mW                   (13) 

This assumes full time activity of the systems 

concerned. However, many license exempt systems – 

notably those used in eHomes and eHealth – have low 

duty cycles. Since the interferer’s duty cycle affects 

the loss of capacity suffered by the victims, it makes 

sense to add time by adding a duty cycle factor 

  
   

        
. This gives the baseline sharing metric:  

         
    

     
 b/s/Hz/mW                 (14) 

This equation ignores the impact of bandwidth 

asymmetry between interferer and victim: if the 

former is a wideband system and the victim a 

narrowband system, the interference suffered is much 

less than in the reverse situation. The heterogeneity  

aspect can be captured by expressing the RF power 

factor as power density. This causes the bandwidth 

factor to drop out of the formula. This gives the 

effective sharing metric: 

          
    

      
 b/s/mW                      (15) 

This makes sense because in the end it is the 

damage caused by the transmitted bits to other 

spectrum users that is the measure of a system’s 

spectrum sharing properties.     varies with the SIR 
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and therefore it takes different values for different 

modulation rates. Expanding the Enet part gives: 

           
        

         
 
     
       

  b/s/mW              (16)               

Equation (16) clearly shows that for the same SIR, 

a lower power density and duty cycle contribute 

positively to the efficiency of spectrum usage. Further, 

the benefit of MIMO technology is clear as well: for 

the same SIR, higher transmission rates can be 

achieved. For cooperative network coding systems 

which use multiple transmitters for the same message, 

a factor n has to be added to denominator – which 

shows that such systems are not necessarily efficient 

spectrum users. 

         
        

           
 
     
       

  b/s/mW              (17)               

The following examples give the Mse values for 

Wi-Fi (802.11a/g, 11n en 11ac), Bluetooth and 

Zigbee. The 802.11a/g specification differs marginally 

with respect to SIR from the 802.11n specification. 

Fading, implementation loss and other degradations 

are not considered. The difference in occupied 

bandwidth between these two systems was ignored 

because the probability of Bluetooth colliding with 

Wi-Fi is high in busy situations. The table below list 

the results for typical indoor and outdoor 

environments with path loss exponents of 3.3 and 2.0. 

         PLE = 3,3 2 

 
Data 
Rate  

SIR 
(dB) 

Pd 
(mw) Eprot 

duty 
cycle Mse Mse 

802.11a/g 12,0 10 6 0,70 0,800 0,43 0,18 

  48,0 22 6 0,50 0,800 0,23 0,03 

802.11n 72,0 17 6 0,40 0,800 0,56 0,12 

802.11ac 351,0 33 1.5 0,15 0,800 0,44 0,02 

Bluetooth 1,0 7 1 0,80 0,500 0,60 0,32 

  1,0 7 100 0,80 0,500 0,01 0,00 

Zigbee 0,25 3 10 0,80 0,010 1,32 1,00 

  0,25 3 100 0,80 0,001 1,316 1,00 

Table1: Spectrum sharing metrics for Wi-Fi, Bluetooth and 

Zigbee  

In this table 11n = 3x3 MIMO, 16QAM, 20MHz 

and 11ac = 1x1 MIMO, 256QAM, 80MHz. Bluetooth 

is given here in two versions – the usual low power 

version and the high power version. The latter is not 

used much – thankfully. Zigbee sees much use in 

sensors and metering applications which typically 

have very low duty cycles. 

Interesting in the above table are a)  that the 

efficiency of 802.11ac with 256QAM in 80MBz 

channels is comparable to 802.11 a/g,  b) Bluetooth 

with 1mW power and 1Mb/s is somewhat better than 

802.11n 3x3 MIMO at 72Mb/s and c) the duty cycle 

has a major impact. The large delta between the 

indoor and outdoor results suggests that for the 

purposes of spectrum management, different values 

could be specified for these environments.  

   Because     combines spectrum utilization 

efficiency, RF power density and duty cycle, it is a 

potentially useful tool for spectrum management 

purposes. Low efficiency designs can be tolerated 

provided their “damage” factor is also low. Higher 

efficiencies allow more RF power but very high 

modulation rates are discouraged. For example for 

indoor applications, Mse = .2 appears quite reasonable 

whereas for outdoor applications Mse = .05 could be 

considered. Note that this parameter      by itself 

does not suffice: absolute power limits remain 

necessary and therefore the spectrum management 

tool takes the form of  a triplet: Ptx-max/PDtx-max/Mse.
x
 

V. CONCLUSIONS 

This paper started out with a discussion of 

spectrum scarcity which is an economic notion, not a 

physical or technical notion, that finds its origins in 

the economics of large scale network deployments. As 

demand for wireless transmission capacity continues 

to rise, spectrum utilization efficiency and spectrum 

sharing become increasingly important. This applies 

equally to licensed spectrum and license exempt 

spectrum. This paper introduces metrics to help 

quantify these aspects in the context of the latter 

although their application to other domains is not 

excluded.  

The efficiency metric Enet introduced in section III 

promises a way forward in quantifying spectrum 

utilization efficiency which is a more useful measure 

than simple spectral efficiency. Given the main 

parameters, the K metric derived from them and Enet is 

useful for comparing actual systems. The scale 

independence of the K metric is relevant for the 

spectrum scarcity discussion. It implies that  - given a 

modulation scheme and the available frequencies – the 

highest possible efficiency can be realized at any scale 

– down to the square meter if necessary. Thus, 

spectrum scarcity is indeed a matter of economics: 

smaller operating areas and therefore higher 

throughput per user require a denser and therefore 

more costly wired infrastructure. The trend towards 

small cell LTE systems exemplifies this fact. 

The spectrum sharing efficiency metric     for 

heterogeneous systems is a combination of efficiency 

metric Enet , duty cycle and  RF power density. Enet 

includes the SIR factor and therefore the use of this 

metric as a regulatory tool could stimulate developers 

to develop efficient receivers – without the need to 

specify how this efficiency is to be achieved. Thus 

innovation is encouraged and regulatory overhead is 

avoided or reduced.  A suitable value of this metric 

will help spectrum managers avoid the curse of low 

efficiency gear without restricting engineering 

progress or  improved usability of the license exempt 

technology that powers our wireless society. 
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VI. FURTHER WORK 

This paper sketches a way forward towards new 

methods of measuring spectrum sharing properties and 

using these as regulatory criteria, at least for license 

exempt spectrum. The formulas presented give the 

basic arguments but leave out details that may be 

important for specific applications and specific 

frequency bands. Further work might clarify the 

impact of various degrees of departure from the 

baseline of homogeneous populations. 
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i
 This does not conflict with the changing emphasis in 

regulatory policy making toward spectrum sharing: 

the licensed and shared spectrum – and indeed the 

                                                           

 

                                                                                         

Licensed Shared Access regime that combines both – 

will exist side by side. 

 
ii
 Frequently.  licensed use is assumed to correspond to 

exclusive use. In practice, there are other forms of 

licensing such a light licensing which may call for just 

registration of location and type of use. With the 

emergence of licensed shared access the exclusivity 

becomes a matter of choice. 

 
iii

 DFS is a general term used in Recommendation 

M.1652 to describe mitigation techniques that allow, 

amongst others, detection and avoidance of co-channel 

interference with respect to radar systems. 

Technically, DFS is highly effective; observed 

interference into radar systems comes from systems 

that do not comply with the DFS requirements or have 

that function disabled. 

 
iv
  This point is also brought up in (NTIA 1989) which 

uses the term “spectrum conservation” rather than 

spectrum usage efficiency. It states on page 2-3, 

section 2, sub b: “The higher order modulations 

(modulations with higher transmission efficiency 

(bits/s/Hz) require higher transmitter output power 

levels. Therefore, when the CCIR definition of 

spectrum is used and efficiency, which takes into 

consideration denied area, is used [these 

modulations] may not necessarily be more spectrum 

conserving. Thus the transmission efficiency 

(bits/s/Hz) of digital modulation may not suffice as an 

indicator of spectrum conservation”. Although this 

point is made in the context of microwave links, it is 

clearly applicable to other radio based systems. 

 
v
 It has been argued that, in the context of license 

exempt systems, temporal coordination, notably  

contention-based protocols such as used in Wi-Fi,  

reduces interference and therefore significantly 

improves spectral efficiency - largely by avoiding 

simultaneous transmissions. However, in practice this 

reduction is not easily realized because a) coordination 

in a complex RF landscape is highly unreliable and b)   

in a license exempt frequency band there will always 

be systems that do not participate in the coordination. 

 
vi
 This is borne out by experience with high density 

Wi-Fi networks: these function best if the device 

populations are homogeneous, RF output is kept low 

and complex modulation is avoided. 

 
vii

 Currently, the 5GHz band offers 455 MHz of 

spectrum – more than 5 times that of 2.4GHz band. 

The increased capacity reduces the need for channel 

re-use and therefore it reduces the  interference 

burden. Phrased differently, systems can be operated 

at a higher SIR and therefore at higher transmission 

rates. 

 
viii

 Recently, the quality of receivers has received 

considerable attention – presumably because receiver 
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design affects spectrum utilization efficiency. Notably 

the  receiver selectivity aspect is considered  too 

important to be left to market forces. Current practice 

suggests this to be true – notably for end-user devices 

which are subject to a variety of market  selection 

pressures. Receiver standards are typically voluntary 

in nature and ignoring them carries no penalty. 

However, by shifting emphasis to regulatory 

constraints, the proposed metrics may be expected to 

improve this aspect of license exempt products 

because it emphasizes the systems level as opposed to 

transmitter and receiver in isolation. 

 
ix

 The interference potential is similar to the “denial 

area” used in (NTIA 1989). 

 
x
 The conventional wisdom is that for spectrum 

management purposes, RF power limits are best 

expressed as EIRP – that is regardless of antenna gain. 

However, it could be argued that the EIRP measure, 

although very prudent when applied to one-on-one 

interference assessment cases, penalizes systems that 

reduce their interference potential by means of 

antenna directivity. Because antenna gain typically 

translates into azimuthal directivity, the narrower 

antenna pattern covers a lower number of victim 

receivers. Therefore it is the total amount of 

transmitter energy that determines interference, not its 

distribution; transmitted power is a more suitable 

criterion for assessing spectrum sharing conditions in 

case of large ensembles.  

 

 


