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Abstract

One of the reasons for the limitation of bandwidth in current generation wireless networks is the spectrum policy

of the Federal Communications Commission (FCC). But, with the spectrum policy reform, open spectrum wireless

networks and spectrum agile radios are set to drive next general wireless networks. In this paper we investigate

continuous-time Markov models for dynamic spectrum access in open spectrum wireless networks. Both queuing

and no queuing cases are considered. Analytical results are derived based on the Markov models. A random access

protocol is proposed that is shown to achieve airtime fairness. A distributed version of this protocol that uses only

local information is also proposed based on homo egualis anthropological model. Inequality aversion by the radio

systems to achieve fairness is captured by this model. These protocols are then extended to spectrum agile radios.

Extensive simulation results are presented to compare the performances of fixed vs. agile radios.

I. I NTRODUCTION

The usage of radio spectrum, and the regulation of radio emissions are coordinated by national regulatory bodies.

In the U.S., the main authorities for radio spectrum regulation are the Federal Communications Commission (FCC)

for commercial applications, and the National Telecommunications and Information Administration (NTIA) for

government use. Historically, FCC and NTIA divided the radio spectrum into many frequency bands, and licenses

for the often exclusive usage of these bands are provided to operators, typically for a long time such as one or two

decades. Depending on the type of radio service that is then provided by the licensees, frequency bands are often

idle in many areas, and inefficiently used. This is not in the interest of the regulatory bodies, because they attempt

to achieve high efficiency in the usage of radio resources. The alternative way of radio spectrum regulation is the

usage of unlicensed frequency bands, also referred to as open spectrum, that can be used by any radio system,

under some restrictions calledspectrum etiquettes. Open spectrum networking has several advantages. It facilitates

mobility and usage efficiency, as a license is not required for this system to operate. It also promotes spectrum

sharing (the coexisting of different radio systems in the same spectrum), as one device may transmit while others
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in the area are idle. Moreover, radio systems can dynamically use and release spectrum wherever and whenever

they are available (“spectrum agile radios”). Dynamic spectrum access by spectral agile radios helps to minimize

unused spectral bands (“white spaces” [1]). Open spectrum is expected to be a major driving force behind next

generation wireless networks as more spectrum is opened up for unlicensed use.

Some concerns on the unlicensed spectrum usage are discussed in [2], [3] and [4]. Within unlicensed frequency

bands, the radio systems have to coordinate the usage of radio resources among themselves. With this open spectrum

approach, there is then of course the problem of how to achieve fair and efficient sharing of radio resources between

dissimilar radio systems that cannot communicate with each other. Unlicensed frequency bands are typically used

by many dissimilar radio systems to provide a large set of different radio services. However, unlicensed frequency

bands may be more efficiently used when the usage of the radio resources is coordinated by means of spectrum

etiquette rules. A spectrum etiquette is a set of rules for radio resource management to be followed by radio systems

that operate in an unlicensed band. It may help to establish a fair access to the available radio resources, in addition

to a more efficient usage of the radio spectrum.

In this paper we present the following:

• Continuous-time Markov chain modelling of spectrum etiquette for dynamic spectrum access is presented.

Systems with and without queueing are investigated.

• A fair, random channel access protocol is derived based on the Markov model.

• A distributed version of the channel access protocol based on an anthropological model that uses only local

information is proposed. A homo egualis society model [9] is used for this purpose.

• The channel access protocol is extended to spectral agile radios.

• Detailed simulation results to evaluate the performance of the proposed protocols.

We also note that our approach based on homo egualis society models the non-rational inequality aversion

of decision-making radio systems: This approach bridges between multiple disciplines, social science and radio

communications engineering.

Recently, as more and more communication protocols and commercial wireless devices are being developed

to operate in crowded unlicensed spectrum bands, spectrum inefficiency is becoming a serious problem. Spectral

agility is being paid considerable attention for its potential to alleviate the spectrum access inefficiency problem

[5] [6] [7]. If the radio device has the flexibility of switching operating spectral bands, promising improvement

of spectral efficiency is expected. Of course, such spectral agility can not be achieved without developing new

hardware/software and changing the current spectrum allocation policies. Fortunately, the advances in software

defined radio (SDR) [10] [11] has enabled the development of flexible and powerful radio interfaces for supporting

spectral agility. Also, the FCC’s ongoing review of the current spectrum regulations is also expediting the adoption

of more flexible spectrum allocation policies for spectral agility. We will show how future open spectrum scenarios

can be engineered with this approach to improve spectrum efficiency and fairness in spectrum access.

The rest of the paper is organized as follows: In Section II, basic model of the access problem in open spectrum

network is presented. Markov models are described in Section III. Then we formulate and analyze a random access
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Fig. 1. Frequency channels used by two different types of radio systems (A, B). Each radio system represents a group of communication radio

devices.

model in Section IV which provisions desired fairness to open spectrum access. General solutions toairtime share

and blocking probability are given in Section V. In order to improve the spectrum efficiency, spectral agile radio

access scheme is proposed in Section VI. In Section VII, a Homo Egualis based practical access scheme is proposed.

The simulation results and discussion are given in Section VIII. Finally, the conclusions are drawn in Section IX.

II. BASIC MODEL OF THEACCESSPROBLEM IN OPEN SPECTRUMNETWORK

A. Channel and Traffic Model

We assume a perfect channel. That is, a channel is either busy or idle. It is also assumed that radio systems

always detect radio resource allocations of other radio systems.

The offered traffic is modelled with two random processes per radio system. The arrival traffic is modelled as a

Poisson random process with rateλi for radio systemi, so the inter-arrival time is negative-exponentially distributed

with mean time 1
λi

ms (1 ms=1 millisecond). The radio system access duration is also negative-exponentially

distributed with mean time1
µi

ms, so the departure of the radio systemi is another Poisson random process with

rateµi. And we assume that spectral scanning is performed instantaneously, so there is no scanning delay.

B. Usage Model and Etiquette Definition

The 5 GHz unlicensed frequency band is a candidate for a large set of radio services, and is one of the unlicensed

frequency bands that may be efficiently used only with an established spectrum etiquette. We use the same abstract

model of an unlicensed frequency band as in [8], as illustrated in Fig. 1.

Here, two different types of radio systems are assumed to operate in the band, each operating with different

frequency channel bandwidths. The radio systems of type A operate on three frequency channels (center frequencies

f2, f5, f8), the radio systems of type B operate on nine frequency channels (center frequenciesf1 . . . f9). The

frequency channels overlap with each other, as indicated in the figure. The number and bandwidth of the frequency

channels in Fig. 1 do not represent any existing unlicensed band, this usage model serves without loss of generality

only as an example model. Here radio system A can be compared to wireless LANs operating in the 5 GHz band

(using OFDM). Radio system B represents narrow-band radio systems supporting for example a limited number of

voice calls or blue tooth systems. In our scenario instead of modelling the detailed protocols, a simplified listen
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Fig. 2. Continuous time Markov chain with five states to model the unlicensed spectrum access process.

before talk (LBT) is used for all radio systems. A type A radio system requires the respective three frequency

channels to be idle before allocating radio resources. Only if the respective channels are idle, a radio system

allocates radio resources, otherwise it will be dropped, i.e., there is no queuing. The radio systems only scan their

own frequencies, for example a radio system B, with center frequencyf2 looks only in its frequency and not any

other frequency. Collisions of allocation attempts occur when more than one radio system detects the channel as

idle at the same time. In simulations, when collisions happen, one of the radio systems is randomly selected to

allocate the radio resource, the other radio systems are dropped.

Two of the most representative etiquette rules defined in [8] are as follows:

• rule ]4: a radio system of type A or type B should apply LBT when operating.

• rule ]6: in order to protect other radio systems most efficiently, a radio system B that follows rule]4 should

synchronize its LBT process in time across neighboring frequency channels that overlap with the same A

channels.

III. M ARKOV MODELLING

A. Equal traffic load without queuing

The unlicensed spectrum access problem can be modelled as a continuous time Markov chain. Without loss of

generality, we can model the two radio system access model illustrated in Fig. 1 as a five state Markov chain as

shown in Fig. 2. The five states of the Markov chain are described in Table. I. The assumption here is that for each

type of the radio system, we have the same traffic load and occupation time. Later, we will relax this assumption

and propose a more general model. Since the contentions of the spectrum only take place between radio system A

and B, we focus on one of the type A radio systems and the three type B radio systems whose required spectrum is

within the type A radio system’s spectrum range. Here we call this spectrum range as reference range. As collisions

rarely happen especially with low traffic load, in this Markov model we omit the collision state.

We define an infinitesimal generator matrixA to characterize the transition of the states of the Markov chain.

The infinitesimal generator matrix with the sum of each row equalling zero is given as follows:
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TABLE I

THE FIVE STATES OF THEMARKOV CHAIN

State Description

A Radio system A occupies the reference spectrum range.

0 All the three frequency grids are idle.

1 There is only one type B radio system in the reference range

2 There are two type B radio systems in the reference range

3 There are three type B radio systems in the reference range

A =




−µa µa 0 0 0

λa −λa − 3λb 3λb 0 0

0 µb −µb − 2λb 2λb 0

0 0 2µb −2µb − λb λb

0 0 0 3µb −3µb




(1)

Then we have,

ΠA = 0, (2)

whereΠ = [ΠA,Π0, Π1,Π2, Π3] is the steady state probability vector andΠi represents the probability of being

in statei. Solving recursively, we can get:

Π = [1, P0, P1, P2, P3] PA, (3)

where,

PA =
[
µa

λa
+ 1 +

3λbµa

λaµb
+

3λ2
bµa

λaµ2
b

+
λ3

bµa

λaµ3
b

]−1

,

P0 =
µa

λa
, P1 =

3λbµa

λaµb
, P2 =

3λ2
bµa

λaµ2
b

, P3 =
λ3

bµa

λaµ3
b

. (4)

One of the most important metrics in the unlicensed band access is the average airtime per radio system. Airtime

refers to the ratio of allocation time per radio system type to the reference time (say one hour) [8]:

airtimetype=A,B =
1

Ntype

Ntype∑

i=1

allocation time(i)
reference time

, (5)

where Ntype is the number of typei radio systems. Based on the previous Markov model, the airtime can be

approximated by:

airtimetypeA = ΠA,

airtimetypeB
=

1
3
Π1 +

2
3
Π2 + Π3. (6)

From (6) we can see that when radio system A and B are given the same high traffic load,airtimetypeB
À

airtimetypeA
which is not fair for radio system A. As the traffic load of radio system B increases, theairtimetypeA

→
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Fig. 3. Markov chains to model the unlicensed spectrum access process with waiting.

0 which is unacceptable for the broader band radio system A. Some etiquette rules were proposed in [8] to mitigate

this unfairness, but the improvements are limited.

B. Equal Traffic Load with Queuing

As queuing can increase the server utilization and hence the throughput in classical queueing systems, we also

expect increase in terms ofairtime share of these coexisting radio systems by introducing waiting (queuing).

With queuing, instead of dropping the radio system when the channels are busy, they continue scanning until the

channel(s) become idle. Of course, the tradeoff here is between the waiting time and the spectrum utilization. When

there are more radio systems of the same type than the available spectrum channels, collisions will be pronounced.

In order to decrease the probability of collisions, collision avoidance techniques should be used, such as random

back-off, or CSMA/CA. In this paper, since our focus is on the effect of coexistence of dissimilar radio systems

on unlicensed frequency bands, a perfect collision avoidance among resource allocations is assumed.

We again consider the model shown in Fig. 1 with equal traffic load within the same radio system. At this time,

only if the respective channels are idle, a radio system allocates radio resources, otherwise it continues to scan until

the channels become idle. The Markov model that characterizes this scheme is illustrated in Fig. 3. Here each state

is (k1, k2), whereki equals the number of radio systemi on the spectrum block. Whilekiw means the number of

waiting radio systems of typei. We can solve for theairtime share by the general method described in Section.

V.

C. Markov Model for General Traffic Load

The Markov chain shown in Fig. 4 models a more general case where within each radio system type, there may

exist different traffic loads and occupation times. In Fig. 4, a state is represented by the triplet(n1, n2, n3). In

this, n1, n2 andn3 represent the status of the radio system of type B occupying carrier frequenciesf1, f2 andf3

respectively. Here,ni = 0, i = 1, 2, 3 indicates that the radio system of type B requiring carrier frequencyfi is

January 15, 2005 DRAFT



7

1,0,0

1,1,0
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Fig. 4. Markov chain with nine states to model the unlicensed spectrum access process.

idling, while ni = 1, i = 1, 2, 3 indicates that it occupies the carrier frequencyfi. State(1′, 1′, 1′) represents radio

system A occupies the three frequency channels.

Here all the states are connected by straight lines that are bi-directional. Letλ1, λ2, λ3 andµ1, µ2, µ3 represent

the arrival rates and service rates of the three typeB systems whose center frequencies aref1, f2, f3 respectively.

Let λa andµa represent the arrival and service rates of type A system respectively. The basic equation governing

the above system is given by,

λaP0,0,0 = µaP1′,1′,1′ ,

(λ1 + λ2 + λ3)P0,0,0 = µ1P1,0,0 + µ2P0,1,0 + µ3P0,0,1,

(µ1 + λ2 + λ3)P1,0,0 = λ1P0,0,0 + µ2P1,1,0 + µ3P1,0,1,

(λ1 + µ2 + λ3)P0,1,0 = µ1P1,1,0 + λ2P0,0,0 + µ3P0,1,1,

(λ1 + λ2 + µ3)P0,0,1 = µ1P1,0,1 + µ2P0,1,1 + λ3P0,0,0,

(µ1 + µ2 + λ3)P1,1,0 = λ2P1,0,0 + λ1P0,1,0 + µ3P1,1,1,

(µ1 + λ2 + µ3)P1,0,1 = λ3P1,0,0 + µ2P1,1,1 + λ1P0,0,1,

(λ1 + µ2 + µ3)P0,1,1 = µ1P1,1,1 + λ2P0,0,1 + λ3P0,1,0,

(µ1 + µ2 + µ3)P1,1,1 = λ1P0,1,1 + λ2P1,0,1 + λ3P1,1,0,

P0,0,0 + P0,0,1 + . . . + P1,1,1 + P1′,1′,1′ = 1, (7)

wherePn1,n2,n3 represents the probability of being in state(n1, n2, n3), n1, n2, n3 = 0, 1. The above equation,

with the exception of the state(1′, 1′, 1′) represents three independent M/M/1/1 queues. The solution to the above

equation is given by

Pn1,n2,n3 = C

[
λ1

µ1

]n1
[
λ2

µ2

]n2
[
λ3

µ3

]n3

, n1, n2, n3 = 0, 1 (8)

whereC is the normalizing constant. The inclusion of the state(1′, 1′, 1′) also represents a M/M/1/1 queue that is

independent ofPn1,n2,n3 . For simplicity and in order to get more insight into the analysis, we use the five state

Markov model (Fig. 2) unless stated otherwise.
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IV. RANDOM ACCESSMODEL

Efficiency and fairness are obviously the main goals of a spectrum etiquette. As discussed before, if every radio

system accesses the unlicensed band in a greedy manner, then the radio system requiring broader band to operate

will suffer from an unacceptable low airtime share. So one way to provision more fairness to the etiquette rules

would be to require each radio system to work in a cooperative manner. One option would be that each radio

systemi tries to contend for the spectrum with probabilitypi. After the radio system has decided to contend for

the spectrum, it accesses the spectrum compliant to etiquette rule]4 described in Section II.B.

This random access scheme can be approximated by slightly modifying the previous five state Markov model.

Here, each radio system will only contend for the spectrum with probabilitypi, so the actual traffic load to the

system can be approximated bypiλi. If perfect fairness is achieved then we have:

airtimetypeA
(pa, pb) = airtimetypeB

(pa, pb). (9)

Then from (6), we have

pa(pb) =
1
3
pbP1 +

2
3
p2

bP2 + p3
bP3. (10)

So

airtimetypeA(pb) =
1
3pbP1 + 2

3p2
bP2 + p3

bP3

P0 + 1
3pbP1 + 2

3p2
bP2 + p3

bP3 + pbP1 + p2
bP2 + p3

bP3

. (11)

When theairtime for both radio system A and B are the same, we can find the optimalpb by maximizing the

airtime. Since
∂airtimetypeA

∂pb
> 0, (12)

airtimetypeA
is an increasing function ofpb. So the optimalpb is the largest possiblepb. Depending on different

λ andµ values, we have the following two cases:

• pa(pb = 1) > 1, we can not use the maximum value ofpb = 1 to maximize theairtime function because

of 0 < pa ≤ 1. But aspa(pb) is an increasing function ofpb, the maximum possiblepbopt can be calculated

whenpa = 1 (which is the optimal value forpa) from (10).

• pa(pb = 1) < 1, we can get the maximum value ofpbopt = 1 and hence by (10) we can getpaopt = pa(pb = 1).

Since
∂airtimetypeA

(pa,pb)

∂pa
> 0,

∂airtimetypeA
(pa,pb)

∂pb
< 0,

∂airtimetypeB
(pa,pb)

∂pa
< 0 and

∂airtimetypeB
(pa,pb)

∂pb
> 0,

it can be shown that this(paopt , pbopt) pair actually corresponds to the strategy that no radio systems can do better

in terms of airtime share without harming the other coexisting radio systems. So in this sense, both the efficiency

and fairness are obtained by using this optimal probability pair.

V. GENERAL SOLUTION TO Airtime SHARE AND BLOCKING PROBABILITY

In order to analyze more complex access process, we need to deal with Markov chains with more states and

more complex transition structures. Explicitly solving the balance equations to get theairtime share or blocking

probability then becomes untractable. Therefore, we introduce a simple numerical technique described below to

calculate theairtime shares and blocking probabilities.
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A. Airtime Share

Given the traffic rates and occupying time, we can define an infinitesimal generator matrixA as before. Then

by solving the following equation we can get the state probabilities.

ΠA = 0, (13)

where Π = [Π1, Π2, . . . ΠK ], and K is the number of states in the Markov chain. The generator matrixA is

singular so we can not solve the state probability vector directly. But with the condition that the sum of all the

steady state probabilities should be one, we can put these two conditions into the following compact equation:


 AT

11×K


ΠT =


0K×1

1


 . (14)

Then by definingA′ =


 AT

11×K


, b =


0K×1

1


, we have,

A′Π = b. (15)

By using minimum mean squared error (MMSE) criterion [13], we obtain the following unique solution,

ΠT = (A′TA′)−1A′Tb. (16)

After having the state probabilities, theairtimei share for radio systemi is just the weighed summation of the

respective state probabilities.

B. Blocking Probability

Despite the fairness concerns, another important metric wireless users care about is the instant access probability,

or the blocking probability. Our model can be considered as a finite population queuing model, where the time

blocking which is the proportion of time the system spends in the blocking states is not equal to the call blocking

which is the probability that an arriving call is blocked. So PASTA property does not apply here. Instead, we can

compute the state probability seen by an arriving call (radio system) as follows,

π∗j =
λjπj∑s

k=0 λkπk
, (17)

wheres + 1 is the total number of states. Considering a long period of timeT , on the average the system spends

in statej the timeπjT . During this time there are on the averageλjπjT call arrivals which find the system in the

statej. The total number of calls arriving in timeT is on the averageT
∑s

k=0 λkπk. Then, the proportion of calls

which find the system in the statej is as given by the above expression. When the random access probability ispi

the blocking probability experienced by the radio systemi is

PBLKi = 1− pi


1−

∑

j: blocked states

π∗j


 (18)
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VI. SPECTRAL AGILE RADIO ACCESS

The proposed random access scheme makes it possible to achieve the desired fairness in open spectrum access

with different types of radio systems. But with the increasing number of such devices, reducing the blocking

probability and increasing theairtime share become a critical issue. Spectrum agility based channel access helps

this cause.

A. Physical Layer Aspects of Agile Radio

Traditionally, frequency division has been adopted to divide the electromagnetic spectrum between different

wireless technologies. In frequency division, portions of the spectrum are statically assigned to particular wireless

technology to support their transmissions. This assignment has some inherent disadvantages with respect to spectral

efficiency. For example, consider two operators operating on their licensed bands (i.e., exclusive use model). It is

possible that the one wireless network operating in a particular frequency band is fully loaded, while the second

may have unused resources (or vice versa). It would be profitable for both wireless network technologies, if these

unused resources were shared to allow more capacity for the fully loaded operator. This form of spectral sharing

is much easier to accomplish if the underlying access technique in the two operators is multi-carrier-based. In case

of a single operator, the operator can access the spectrum opportunistically based on the load of the system.

In order to allow different wireless technologies to borrow/lend spectral bands from/to different wireless networks

residing in the same or different spectral region, we could conceive of a simple adhoc strategy for selecting∆f

(the frequency separation among carriers in a OFDM based system design). For example, two different strategies

to enable spectral sharing are:

1) Different ∆f for different regions.

2) Common∆f for all regions

In the first strategy, different values of∆f are chosen for different spectral regions, based on the following practical

considerations: 1.∆f is selected much smaller than the coherence bandwidth of the channel (to ensure that each

carrier undergoes a flat fade). 2.∆f is selected big enough to prevent the use of large number of carriers (to

allow practical implementation of the system via FFT/IFFT). Therefore, we could choose values of∆f that are

proportional to the carrier frequency. This choice allows the system to maintain the transceiver complexity within

reasonable levels. Specifically, we could have the following sub carrier spacing:

1) ∆f = 25 kHz for the low band region.

2) ∆f = 100 kHz for the medium band region.

3) ∆f = 500 kHz for the high band region.

These choices were made based on coherence bandwidth measurements for a typical indoor small office channels.

In the second strategy, we suggest the use of the same carrier separation (e.g.,∆f = 25 kHz) across all

regions. Even though this strategy facilitates orthogonal sharing across the entire bandwidth, it results in prohibitive

complexity in IFFT/FFT implementation. For example, choosing∆f = 25 kHz for a 1 GHz service in region3
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Fig. 5. Frequency channels and multi-carrier PHY.

requires a40, 000 -point IFFT. This can be chosen based on the current UWB standards. Fig. 5 shows how the

multi-carrier OFDM is used for agile radios.

B. MAC Layer Aspect of Agile Radio

With the advances in software defined radio, spectral agile networks become more and more tractable. Such radio

devices can dynamically utilize idle spectrum bands. One of the interesting concerns here is, given the additional

freedom of carrier frequency switching, what is the gain in efficiency for radio systems with different bandwidth

requirements. There are lots of ways to take advantage of this switching. To achieve the upper bound for the agile

spectrum efficiency, one way is to “pack” all the radio systems tightly together in the spectral domain. Such a

packing would ensure that there is no spectral hole/white space.

We describe the “packing” behavior as follows. If one radio system releases the spectrum, the other radio systems

will switch their operating frequency band so that the vacant band is occupied (if it meets the demands of at least

one of the active radio systems). Then a new accessing radio system scans to find spectrum opportunities from

the beginning of the spectral band, and occupies the first idle spectrum opportunity it finds. In this way, all the

spectrum fragments can be saved for future accessing radio systems. A simple example given in Fig. 6 explains

this process clearly, where when radio systemB2 releases the spectrum, radio systemsB4 (also could beB3) then

switches to frequencyf5. When a new accessing radio systemA2 scans the spectrum, it will occupy frequencyf7,

f8, andf9. Without this spectral agility, it will have to queue or be dropped.

All the switching and scanning may introduce considerable signaling overhead and delay. To alleviate this, in

practical schemes, we can divide the spectrum into blocks, and implement this packing in each blocks. This can

considerably save the switching and scanning. Besides, software radios work very well with short scanning range.

Without loss of generality, we still use the basic scenario discussed before in Fig. 1 to illustrate this scheme, and

compare it with the other schemes. The most significant difference for this scheme is that each radio system here

is an agile radio system. And it behaves in the “packing” way. The corresponding Markov model is shown in Fig.
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Fig. 6. An example for “packing” behavior.
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Fig. 7. Markov chain to model the unlicensed spectrum access process with spectral agility.

7. Here each stateΠj = (k1, k2), whereki equals the number of radio systemi on the spectrum block. We can

solve for theairtime share and the blocking probability by the general method described previously.

VII. T HE HOMO EGUALIS (HE) SOCIETY MODEL BASED ACCESSSCHEME

To obtain (paopt , pbopt) we need the information of all theλ’s and µ’s which is impractical in a real access

scenario. A more realistic scheme would be to allow the radio systems to learn thesepa and pb themselves with

only local information or measurement. We present such a technique next.
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A. The Agent Egualis Society

In many decision-making and strategy-setting people do not behave like the self-interested “rational” actor depicted

in neoclassical economics and classical game theory [9]. In a Homo egualis society, individuals have an inequality

aversion. As a result altruists appear in ultimatum and public good games. As Gintis states in [9] support for Homo

egualis comes from the anthropological literature, describing how Homo sapiens evolved in small hunter-gather

groups. Such societies had no centralized structure of governance, so the enforcement of norms depends on the

voluntary participation of peers. A Homo egualis society [9] can be modelled as follows, where the utility function

of player i, ui in an n-player game is:

ui = xi − αi

n− 1

∑
xj>xi

(xj − xi)− βi

n− 1

∑
xj<xi

(xi − xj), (19)

wherex = (xi, . . . , xj) are the pay-offs for each payer and0 ≤ βi < αi ≤ 1. βi < αi reflects the fact that Homo

egualis exhibits a weak urge to inequality when doing better than the others and a strong urge to reduce inequality

when doing worse than the others. In [9] it is shown that in this model the salient behaviors in ultimatum and

public goods games, where fairness does matter, can be reproduced.

B. The Proposed Homo Egualis Based Access Scheme

The inequality aversion property of the Homo Egualis agents can be utilized to achieve fairness in the spectrum

access problem. In this scheme each radio system learns the access probabilitypi by itself. Here we define

Onlinetimei as the averaged cumulative “on” spectrum time per radio system of typei. Then we definexi =
Onlinetimei

Li
, where Li is a parameter proportional to the traffic load of radio system typei. The cumulative

Onlinetimei is normalized by the radio system’s traffic load, which makes this spectrum access scheme able to

adapt to different traffic loads and hence achieve more efficiency and maintain fairness. With initialpi = 1, each

time the probabilitypi is updated as follows,

pi = max(0,min(1, pi +
αi

n− 1

∑

xj≥xi

(
xj − xi

xj
)− βi

n− 1

∑
xj<xi

(
xi − xj

xi
))) for all j 6= i, (20)

where, n is the number of different radio system types,0 < βi < αi reflects the fact that radio system exhibits a

weak urge to inequality when doing better than others and a strong urge to reduce inequality when doing worse than

the others. This forces each radio system to make an effort to efficiently use the idle spectrum while taking fairness

into consideration. Here the only local information needed is the radio system’s own history of theOnlinetime

and theOnlinetime of the other radio systems whose spectrum is within the same spectrum block. This can be

obtained by keeping a record of the busy time of the required spectrum, which can be obtained by periodical

spectrum scanning. When there are more than two different radio systems trying to coexist in the same spectrum,

different radio systems can be identified by some smart technologies (e.g. we can detect the different transmitting

power levels to distinguish from different radio systems). So each radio system can access the spectrum based

only on its own recorded history and the local measurements performed by itself. WhileLi can be estimated by

historical usage records of radio system typei.
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VIII. N UMERICAL RESULTS

We describe the simulation results in this section and compare it with the theoretical analysis. Equal loads on

the radio systems are assumed. Fig. 8 shows the simulated averageairtime per radio system and the theoretical

results obtained from the Markov model in Fig. 2. We see that the proposed Markov model fits the simulation

results very well. Here, radio systems are blocked when there are no idle frequency bands, and each radio system’s

carrier frequency is fixed. Radio systems only scan their own fixed frequency for spectrum opportunities. As one

can imagine, it is seen here that with onlyRule]4 (LBT), the narrow bandwidth radio system B will dominate the

airtime share over the broad-band radio system A. This dominance emphasizes the issue of unfairness, which is a

prominent problem in coexistence of different types of radio systems.

The proposed HE based random access scheme can mitigate this dramatically, as illustrated in Fig. 9. The

theoreticalairtime share for radio systems A and B are the same when optimal access probability pair(paopt , pbopt)

is used, and both of them increase with the increase of the traffic load. The HE access scheme using only local

information is observed to produce a close to optimal solution. The HE access scheme is observed to produce a

performance gain even higher than the optimal achievable solution using(paopt , pbopt) as seen in Fig. 9 for some

traffic load. This is not surprising, because in the HE access, thepa andpb values change during the access, while

the optimal probability solution pair(paopt , pbopt) is obtained with the assumption that both of them will remain

unchanged throughout the access. So when using the HE access in a real system, it may sometimes perform better

than the predicted optimal results from the proposed Markov model solution of the random access scheme. Of

course, for some instances, it may produce lower performance than the optimal solution as seen later.

The etiquetteRule]6 can protect the broad-band radio system A by requiring a radio system of type B that

follows Rule]4 to synchronize its LBT process in time across neighboring frequency channels that overlap with

the same reference channel [8]. But as can be seen in Fig. 10, although theairtime share for radio system A

increases, the cost is a significant decrease ofairtime share for radio system B. The HE based access is seen to

be much better in terms of fairness compared to the etiquetteRule]6.

When each radio system is allowed to wait(queue) instead of being dropped if the desired frequency band is busy,

the efficiency of the spectrum usage is expected to increase as illustrated in Fig. 11, where only LBT etiquette is

used. The theoretical result is derived from the Markov model in Fig. 3. With waiting, as can be seen, theairtime

share for the broad-band radio system A almost doubled while it increased a little bit for radio system B. Therefore,

the total utilization of the spectrum increases. The tradeoff here is the delay due to waiting, which is shown in Fig.

12. The total waiting time is normalized to thereference time. And further, when there are more radio systems,

collisions will be prominent and a sophisticated collision avoidance scheme is required. Fig. 13 shows that the HE

access scheme works well for this case as well. Comparing Fig. 13 and Fig. 9, we can see that when using HE

with waiting, the radio systems’airtime share increases significantly.

Agile radio systems can potentially increase the spectrum efficiency significantly as illustrated in Fig. 14. When

radio systems have the ability to switch their carrier frequency, they can pack themselves together in the spectral
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Fig. 8. Simulated and the Markov modelled spectrum accessairtime under Rule]4. No queuing case.

domain and hence will increase the overallairtime share. This agility can as well decease the blocking probability

experienced by the radio systems as seen in Fig. 15. In Fig. 15, the HE access scheme will experience higher

blocking probability than the expected theoretical prediction especially at low traffic load. This phenomena can be

explained by the same reason as mentioned before, which is because thepa andpb change during the access when

using HE. So, when the traffic load is low, the optimal access probabilities are1, but this may not be so when

using HE. They may be lower than1 for some time, which will result in a higher blocking probability as can be

calculated through (18). Here, the theoretical solution is derived using the Markov model given in Fig. 7.

Fig. 16 and Fig. 17 show that the HE scheme can also work well when there are multiple different types of

radio systems. Here we considered three different types of agile radio systems. Radio systems A and B are the

same as before, while radio system C represents radio system that uses broad-band transmission schemes such as

UWB or spread spectrum. It requires even the whole spectrum (all9 spectrum bands) to be idle before allocating

radio resources in the scenario discussed in Fig. 1. It can be seen from Fig. 16 that all these different radio systems

almost have the same airtime share, which is what is desired for fairness. The theoretical solution is obtained from

the Markov model described in Fig. 7 by adding one more state for radio system C. Due to the same reason of the

changing of access probabilitiespa, pb andpc in HE, the HE access scheme is observed to produce a performance

gain higher than the optimal theoretical solution both in airtime share and the blocking probability in this case.

α andβ are two important control parameters in the HE access scheme. Therefore it is important to study the

influence ofα and β to the HE scheme. We find that when one of the radio systems usesα < β, both of them

will experience much lower airtime share, while as long as all of them useα > β, they will almost get the same

airtime performance no matter what specificα andβ value they are using. Fig. 18 illustrates one case when both

of the radio systems useα = 0.01 < β = 0.1 compared with both of them useα = 0.1 > β = 0.01. It can be seen

that whenα is smaller thanβ, the performance for both of the two radio systems degrades significantly.
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Fig. 9. Proposed HE access scheme compared with theoretical optimal solution in terms ofairtime. No queuing case.
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Fig. 10. Proposed HE access scheme compared with Rule]6 in terms ofairtime. No queuing case.

IX. CONCLUSION

It is shown that continuous time Markov chain models are accurate in predicting the behavior of open spectrum

access. The proposed random access protocol achieves theoretical airtime fairness. A distributed version of this

access protocol that uses only local information based on a Homo egualis society model is also observed to work

well. It is seen to produce results close to the theoretically optimal performance. Dynamic spectrum access using

agile radios are observed to outperform their fixed radio counter-part. The Markov model investigated in this paper

matches the simulated performance of an agile radio accurately. The Homo egualis version of spectrum access

protocol produces near-optimal results. It is seen that spectrum agile radios produce superior airtime performance
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Fig. 11. Simulated and the Markov modelled spectrum accessairtime under Rule]4. Queuing of radio systems case.
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Fig. 12. Simulated and the Markov modelled spectrum access waiting time. Queuing of radio systems case.

and blocking probabilities making them an attractive option for next general open spectrum wireless networks.
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