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Abstract— To combat spectral overcrowding, the FCC investi- assecondary usergo transmit in their frequency bands when
gated new ways to manage RF resources. The idea was to letthey are not using them, on a non-interference basis. Awufditi

people use licensed frequencies, provided they can guaranteeyy gjlocated but not licensed bands should be availate f
interference perceived by the primary license holders will be

minimal. With advances in software and cognitive radio, practical use by SeCO”darY users. For example, idle TV S’_peCtrum can
ways of doing this are on the horizon. In 2003 the FCC released b€ reused for regional broadband access, which is the goal of
a memorandum seeking comment on thénterference temperature |IEEE 802.22.

modelfor controlling spectrum use. Analyzing the viability of this Copious research has been conducted on interleaving sec-
model and developing a medium access protocol around it are ondary users both in frequency and time with primary users.

the main goals of this article. The rst st is detecting th resen f orimar ;
A model consisting of interference sources, primary licensed '€ TSt St€P 1S delecting the presence of primary USers,

users, and secondary unlicensed users is modeled stochasticallycalledspectrum sensin@], and typically requires a distributed
If impact to licensed users is de ned by a fractional decrease in approach where observations are obtained from a network of

coverage area, and this is held constant, the capacity achievedsecondary devices acting as sensors [9]. Given the abdity t
by secondary users is directly proportional to the number of detect primary users, the next task is to design a medium

unlicensed nodes, and is independent of the interference and trol (MAC tocol that minimi interferets
primary users' transmissions. Using the basic ideas developed access control ( ) protocol that minimizes interferetee

in the system analysis,Interference Temperature Multiple AccessPrimary users [10], [11], [12], [13].

a physical and data-link layer implementing the interference Another class of techniques is more liberal toward sec-

temperature model, was formulated, analyzed, and simulated.  ondary users, and rather than requiring them to cease tiansm
A system implementing this model will measure the current iny \when the primary user is active, it simply restrictsithe

interference temperature before each transmission. It can the t it B full trollina th t )
determine what bandwidth and power it should use to achieve a ransmit power. By carefully controlling the power trante,

desired capacity without violating an interference ceiling called ©ne can carefully control the interference received by prim
the interference temperature limit. receivers [14], [15]. The FCC's Spectrum Policy Task Force
Ultimately the_ resulting performance from interfer_ence tem- de ned interference temperaturas a Speci c way to measure
perature model is low, compared to the amount of interference gy constrain interference. Using this metric, the FCC dé n
it can cause to primary users. Partly due to this research, in . s
May 2007 the FCC rescinded its notice of proposed rule-making the !merference temperature mOdéllTM)' InveSt'gat'or.] of
implementing the interference temperature model. the interference temperature model is the focus of this pape
Unlike other studies which either de ned the ITM [16], [17]
or analyzed the effect its constraints have on system behavi
[18], [19], [20], this paper presents a comprehensive @isly
The past ve years has seen a major shift in how internge nes a PHY/MAC that is inherently based on the ITM
tional spectrum regulators view radio-frequency (RF) 8p@¢  constraints, and simulates its performance.
policy. The trend has been a movement away from staticThe remainder of this paper is organized as follows. Section
allocations to dynamic and opportunistic use. This emergin de nes and analyzes the interference temperature model
eld of research, calledDynamic Spectrum Acces®SA), for point-to-point links. Section 3 furthers the analysis t
been fueled by initiatives such as the FCC's Spectrum P@- network of users. Section 4 describes the Interference

icy Task Force [3], DARPAs Next Generation (xG) Radiotemperature Multiple Access protocol. Section 5 concludes
program [4], academic research projects such as CORVUS

[5] and OverDRIVE [6], and recent spectrum policy changes Il. INTERFERENCETEMPERATUREMODEL
under consideration by the ITU-R and European Parliament.this section aims to analyze the interference temperature
Standards bodies, particularly IEEE SCC41 (formerly F0)90mode| by establishing mathematical models for the inter-

compatible with these new policies. _ of a particular bandwidth at a particular frequency. Using
The basic premise of DSA is that spectrum license holdetfese models, probability distributions on interference a

known asprimary users should allow other devices, k”OW”developed. From these, we can quantify both service impact

Portions of this work, specically content from Section Ihave been on the licensee, and also achievable capacity for the umderl
previously published as [1], [2]. network.

I. INTRODUCTION



The goal of this section is not to declare whether or nauestion arises: how do you distinguish licensed signais fr
interference temperature is a good metric, as comparedto ainlicensed ones? For speci c cases, this can be relatialy. e
ers, but to instead evaluate its performance as a metrion Frin particular, consider the problems faced by IEEE 802.22 [7
an information-theoretic standpoint, wrapping all infation under investigation by their spectrum sensing task groopyT
about other transmitters, sources of interference, arskrinfo  wish to coexist with digital television (DTV) signals, andrc
a single gure decreases the amount of information avadlabimplement very specialized, matched Iter sensors to look f
for decision making. However this simplicity means policypTV transmitters. If you know exactly with whom you are
descriptions and speci ¢ implementations become much lessexisting, then this problem becomes simpler.
complex. We may loose possible information, but we gain The second problem involves measurifgin the presence
simplicity. of a licensed signal. We wish to measure the interference

oor underneaththe licensed signal. Again, this can be rela-
A. Interference Temperature tively easy if we have knqwledge of the licensed Wave_form's
) . ) structure. For example, with DTV, we can measure during the

The Cof‘cem of mterferen(_:e temperature is identical & nking interval when the signal is not present. Also, if we
that Of. noise temperature. It is a measure of the power afg, precise knowledge of the signal's bandwigitnd center
bandwidth occupied by interference. Interference tempeEa o encyf ., we can approximate the interference temperature
T, is speci ed in Kelvin and is de ned as
P (fc;B) P(fe B=2 )+ P(fc+B=2+ )

kB 2kB 3
where P, (f¢; B) is the average interference power in WattavhereP (f ) is the sensed signal power at frequericyand
centered aff., covering bandwidthB measured in Hertz. is a safety margin of a few kHz.

Boltzmann's constank is 1:38 10 2% Joules per Kelvin  Assuming a specialized environment where we can locate
degree. licensed signals and measure interference temperature, ou

The idea is that by taking a single measurement, a cogniext goal is to determine radio parametdrs B, and P
tive radio can completely characterize both interferenoce athat achieve a desired capaci®: This will be a piecewise-
noise with a single number. Of course, it has been arguedntinuous optimization problem with constraints de ned i
that interference and noise behave differently. Interfeeeis (2).
typically more deterministic and uncorrelated to bandtvidt On interesting problem related to this model is what happens
whereas noise is not. if you don't overlap any licensed signals, or the signals are

For a given geographic area, the FCC would establish aa low power that we cannot detect them? There would be
interference temperature limitT, . This value would be a max- no maximum power constraint, and if there were undetected
imum amount of tolerable interference for a given frequengjignals, we could cause harmful interference.
band in a particular location. Any unlicensed transmitteér u
lizing this band must guarantee that their transmissiontedd B. Properties of Interference Temperature

to the existing interference must not exceed the interf&en one shortcoming in the design of the interference temper-

temperature limit at a licensed receiver. ature model is its simplicity. The goal was to de ne a single
Assume our unlicensed transmitter is operating with av@ragetric that fully captures both the properties of interfere

powerP, and frequency ¢, with bandwidthB. Assume also and noise. In the end, tamperatureapproach was used rather

that this bandf. B=2;f.+ B=2] overlapsn licensed signals, than a power approach. This accurately models the noise
with respective frequencies and bandwidthd pandB;. Our portion of the metric, but not the interference portion.

as

T (fc;B) = (1) Ti(fe;B)

goal is to then guarantee that Our eventual goal is to determine the difference between
_ M;P . the regulatory interference temperature limit and the nness
Ti(fi;Bi) + kB; T(fi) 81 i n 2) interference temperature. This then de nes thensmission

_— temperatureour cognitive radio can use, where for a given
In other words, we guarantee that our transmission does not

. X o ; . bandwidth we can compute the maximum allowed power.
violate the interference temperature limit at licensectrexs.

. ) - ) Let' ne thin little mor ncretely. Th he in-
Note the introduction of constand;. This is a fractional ets dene things a little more co 'c etely. us, t €
) L terference temperatur€ can be specied as a function of
value between 0 and 1, representing a multiplicative atteg— dwidthB as
uation due to fading and path loss between the unIicense%n

transmitter and the licensed receiver. The idea is that the T (fe;B) = ipl (fe;B)
interference temperature model restricts interferencehat Bk Z¢ iaes !
licensed receiver, not the unlicensed transmitter, anctoe 1 10 S(f) o
we must account for attenuation between these two devices. Bk B ¢, g=2 4)
Since we cannot know our distance to all licensed receivers, 1 Zg 1g=2
let us assume that this value is xed by a regulatory body to = B2k S(f)d
fo B=2

a single constant .
There are two main challenges in implementing the IWhere S(f) represents spectral power of our current RF
model. The rst involves identifying licensed signals. Okey environment.



Next, we must consider how our transmission will affect Looking atP, andP_, we can compute the interference to
the received interference temperatifiéf ; B). As described our transmission as

before, the end goal is to compute a transmit poReand P, (fe:B) = kBT, (f¢; B)
bandwidthB that satisfy our constraint (2). (5 ®)

Given B is known, and we wish to compute a valil. PL(fe:B) = 1 P B (10)
Rewriting (2) we have Lie B o

i=1
Bik ) B e . . .
P (T (f) T.(f:B)) 81 i n G !nterferenceP. (fe;B) is increasing withB, as the noise oor
M increases due to thermal noise. We cannot say anything about

where the assumption is that for a selecBdve overlapn P(fe;B): it COU_ld either be ihcrgasing, decreasing, or both.
licensed signals with parametdrsandB; respectively. Ifn = Thus our achievable capacity is

Othenwe musthave  Puay, the radio's maximum transmit LP (f¢;B)
power. Forn > 0, to meet this constraint, we minimize of C (f;B)=Blog, 1+ P (foB)+ P_(fo:B)

As long asP =(P, + P.) is decreasing at sub-exponential

rate, increasin@® will generally increaseC. However, it will

o ) be highly dependent on the RF environment.

This gives us a way to compute as a function of3. In a real radio, computind® and B subject to someC

should be relatively simple. For a givép, simply characterize

all n licensed signals and measure the interference tempera-

ture at each. From that data, a numeric versioiCoff ¢; B)
Since bandwidth and power are so interrelated, we nayn be calculated, and solved o

consider them jointly in terms of capacity. So far weve SolvingC (f¢;B) = C can be dif cult, and for a general

bounded bandwidth in terms of power, and vice versa. Leiisterference environment, this must be done numericale T

change the formulation somewhat, and consider them join#gpacity function is not strictly increasing, and thereftiere

in terms of capacity. The Shannon-Hartley Theorem statesmay be multiple bandwidths that give the same capacity.

Certainly the best choice is to select the smallest bantiwidt

LP ! ) : ) .

[ (7) possible that will achieve your desired capacity.

Pr+ P Assuming we have a hard capacity constraint, and we wish

where B and P are as beforeP, represents interferencet0 solveC (f¢;B) = C for B, then we must employ numeric
power, andP_ represents the average power contributed B§chniques. Using the above equations, for a partidBlave
licensed signals. can computeT, (f¢; B) and consequentlZ (f¢;B).

Notice the addition of another constamt, This value is e can frame the problem as a constrained optimization
similar to M, except it represents multiplicative path los®roblem with objective function
between the unlicensed transmitter and unlicensed raceive iC (f.-B Ci 12

_ _ ) jC (fc;B) Cj (12)

We are measuring capacity at trexeiver and therefore need
knowledge of the bandwidth and power at the receiver. One approach is to hill climb, trying to minimize our objeeti

As before, letn be the number of licensed signals wdunction with respect td [21]. This two-variable minimiza-
overlag. However, let it be a function df. andB, such that tion can be accomplished using numerical hill climbing by
n(f¢;B) is the number of signals we overlap the frequendgelecting two initial valueso and Bo randomly from their

11)

. Bk o
P i2n[11|2] M(TL(fi) Ti (fi;Bi)) (6)

C. Link Capacity

C=Blog, 1+

range[f, B=2;f.+ B=2]. respective feasible sets. We then select incrementsand
Let's assume we have a bandwid®. The maximum 8- For iterationi of the algorithm we evaluate equation
transmit power is (12) for all combinations off; 1 ¢:;f; 1;fi 1+ fgand

fBi 1 B;Bi 1;Bi 1+ 80, and sef; andB; to the values

P (fe:B) = Prnax n(fc;B)=0 () that minimized (12). This process is repeated until at some
¢ min(Pmax; ) n(fe;B)> 0 iterationj we result inf; = f; ; andB; = B; 1, indicating
where discovery of a local minima in both dimensions.
Equation (12) may have several global minimizers over the
_ . Bik ' n bandwidth range of our radio. Our goal is to locate the one
B iz[lm'(rf]c;B ) W(TL (f) T (fiiBi) ©) corresponding to the smallest bandwidth. A good approach is

to run our hill climbing algorithm several times with
Note thatP (f¢;B) is a non-increasing function d&&. As we

increase our bandwidth, we overlap more signals that could Bo = IB max (13)

lower our transmission power. N i=1:N

This will yield N, likely non-unique, solutions. Simply select
IFor simplicity, we do not examine partially overlapping sitgnaThe the one with the smallest bandwidth.

analysis could be extended to account for this, but the iootatecomes Th b £l | mini il b . | h
particularly awkward. Capacity would then become a contirsufunction e number ot local minima will be proportional to the

of B. number of interfering signals. This could be computed by the



radio by determining the number of local maximan S(f) signals are completely avoided. Assumécensed signals are
forf B=2 f f.+ B=2. If solving for a specicC, detected within our radio's overall candidate frequencpda
let N > 2n, since there would likely be a solution on eithetet each be located at center frequehcynd have bandwidth
side of the signal. If searching for global capacity maxieniz B;. Assumeff;g, is an ordered set, where

then N > n should be sufcient. This operation could be

done infrequently, and would provide a good estimateNgr ERL fn (16)

assuming interfering signals are relatively uniformly e QOur best frequency is going to be half way between the two

over the target spectrum band. signals with furthest distance between them. In particilar
. Bi+1 B
; i =arg max fj fi+ — 17
D. Frequency Selection g max fiu 5 it (17)

In the previous sections we describe how to select a bang-
width given a center frequendy.. However, one of the major
uses for cognitive radio is to dynamically select your cente f. = 1 fi 1 Bi +1 + f, + Bi
frequency to exploit spectrum access opportunities. 2 2 2

There are two main schools of thought on dynamic centerRecall, however, that this assumes our interference is uni-
frequencies. In particular, the ability to chanigein real time  form. If interference varies some, but not a signi cant amiu

increases higher-layer protocol complexity, since theik&r we can adapt our previous optimization somewhat. In partic-
must know that the transmitter has changed frequency. Theggr, if

competing ideas are related to how radios exchange radio d
parameters. —TH49(;B) < 8 f 2 [fmin;fmax] (19)
The rst assumes there is a management or control channel o
through which radios can coordinate. Devices could indicaghen we can de ne our channelizatidg; ginzll as
the center frequency, waveform, destination, and time eif th
next transmission. Thu$. is something to be optimized and G = 1 fie1 Bis + fi+ Bi (20)
changed in real time. 2 2 2
However, others consider the management channel an end then maximize over our channels to compute
realistic assumption. In a dense, busy packet network envi-
ronment, management of the management channel becomes a fo = max max C (f;B) (21)
problem. Also, how can we guarantee the management channel f=citicn 1 B2(05B max ]
is not causing harmful interference? As discussed, center frequency should be selected to pro-
In Section 4, we propose a logical management chanmabte a radio environment that will maximize our potential
embedded within the main channel. This, however, assumesagacity. Typically, this involves steering clear of lised
fairly static center frequency. signals, so we use this fact to pick a set of candidate center
Here, we look at how to selett for optimal performance, frequencies. By computing our maximum capacity at each, we
and ignore protocol issues for coordination. We simply addr can decide which is optimal.
how you can select the be$t at a particular time. The
approach is a simple extension of the ideas in the last sectio 1. NETWORK CAPACITY ANALYSIS MODEL
We de ned our capacity functions for each model in the
previous sections, and described techniques to solving

(18)

In this section we assume a xed transmit bandwidth that
overlaps a single licensed signal. Our goal is to quantigy th
C (f¢;B)=C (14) total network capacity achievable by the underlay network.
Notationally, bandwidth88, and B, respectively represent
for B. However, if we assumg; is no longer xed, how does oyr unlicensed and licensed bandwidths. We use the notation
that change things? N(; 2) to indicate a Gaussian random variable with mean
We advocate selecting n at the beginning to maximize  and variance 2. Also, exp( ) indicates an exponentially

your eventual per-packet capacity, and leaving it xed 8Ble gjstributed random variable with mean
communication at that frequency becomes impossible. Thus,

h imal f i
the optimal center frequency is A. Model Geometry

fo = max max C (f;:B) (15) Here we describe some of our model fundamentals that will
f2[fmin fmax ] B2(0B max ] be used in later sections.
Maximizing over B can be done using the hill climbing Lemma 1:Consider a disc of radiu®. The distanceD
approach. Assuming the space of frequencies is channgliZegtween a point selected with uniform distribution over the
then [f min ::f max] is @ discrete set, and the hill climbing cargrea of the disc and thg center of the disc has c.d.f.:

be executed for each. <0 x< 0
Alternatively, we can look at the structure Gf (f¢;B) in PD x)=_ x*=>R? 0 x R (22)
more detail. In particular, in the presence of uniform inter 1 Xx>R

ference, both capacity functions are maximized when liegnsProof: The probability that a point is less than distamxciEom



the center is the ratio of the area of a disc with radiygnd Let Pp (x) be the p.d.f. forlP, and is computed as

the total area of the disc. Thus we can compute d
Pp(xX)= —P(P Xx)
PO x)= X = x2=R? (23) %
( - R2 T =1 oge e Loy 1 g Rn
. L R2x X X R2x
The remainder of the expression is to handle edge cases. (29)

Lemma 2:Let P be the -wavelength power experienced
by a receiver at the center of a disc with radiRs from a
single transmitter with position uniformly distributedethe

If we compute the expected value through integration we get
1

disc, with a transmit power distributezkp ( ). The expected E[P]= xPp (x) dx 30
value and variance d® are 2logR (30)
_ ZlogR - 8 2R?
E[P]= 8 2R2 24 For the variance can compute it as
42 2 22 ( ) !
Var [P] = 128 4R4 R log°R° 1 E[P?] = x?Pp (x) dx
Proof: Consider a disc with radiuR. At the center of the 0 5 4 (31)
— 2
disc is a receiver, and surrounding it are transmitters. If a ~ 128 4R4(R 1)
transmitter's location is uniformly distributed, then distance 54 then
h D h istributi in L 1.
to the cente nas distribution computed in Lemma var [P] = E[P?] E[PP
If the transmitted poweil of a signal with wavelength 2 s 32
has distributionT  exp( ) and experiences path I@ssver - R2 log?R? 1 (32)
. . . 4R4
distanceD, the received power is 128 “R
) Thus proving our lemma.
= T (25) Now, we're going to change the geometry somewhat, and
16 2D2 introduce another disc. Consider two concentric diSgsand
This powerP is a random variable de ned in terms of randonf>2, with radii Ry and Ry, respectively, withR;  Ry.
variablesT andD. We can compuite its distribution preciselyAssume thaC, contains RF transmitters uniformly distributed
as over the area with density,. Assume their transmit power is
ya Z 16 24q7e 2 exponentially distributed with meary, and their transmission
2 - .
P(T x)= 2 Ze P dpdd wavelength is .
r, R (26) Theorem 1:The signal poweP, from radios inC, as seen
r5 2 1 o 2 “ 2 in Cy is normally distributed as follows:
"R TR ¢° ¢ 2 logR, * 3
P N 22 2; 2 2 RZ lo 2R2 1
where 2 8 128 3R§( 2 108 )
16 2 (33)
= (27)  proof: This is simply an application of our previous lemma.

Notice that we left distance integration limits asandr,. 1here are > R 5 iid. transmitters, so their total power is
If we want to consider transmitters located across the ent[formally distributed and can be computed using the Central
disc, we should use; = 0 andr, = R. The latter is ne, Limit Theorem. The above values result. - _
however the former causes problems with the laws of physics.TNiS result is particularly interesting. First, notice tttes
In particular, we are using free-space path loss which decﬁﬂ increases, our mean increases logarithmically. This is an

as a function of distance squared. At zero distance a divisifituitive result, since nodes further away will contribuse
by zero results. diminishing amount to the interference environment. Also

To work around this problem, we let = 1. This physically intriguing is that Fhe variapce i's constant with respecRto '
corresponds to a guarantee that no transmitters will beivith 1 1€ Méan being logarithmic allows the large-scale esti-

a meter of the receiver. Using this assumption, we have mation done in previous sections. As long Bs _RZ’
interference effects are roughly constant through@utsince
R 1 1 2 |Og(R2) |Og(R2 Rl).
PP X)= ——+ —— e R ¢ X 28
(P X)= "o+ = (28)

Corollary 1: A reasonable upper bound fé, is:

2
2

8 2R;

using the same value for.

P Py< (2R 2logR,

(34)

2For the purposes of this section, we assume a path loss comstan
indicating simple free-space path loss. Typically, thisueais larger, between + 2, (R? Iog2 RZ 1) > 098
3 and 4, due to the effects of multipath fading. However, using value . . . .
other than 2 makes the integrals symbolically uncomputables@hmodel ~ Proof: A good con dence interval is p, +2 p,, which is
assumptions must be taken into account when evaluating thétsrex the
analysis based on these models. the value used above.



Next, let's move the transmitters @,. AssumeC; contains looking at some are&®< A, we could discover a different
RF transmitters, uniformly distributed over the area withode density. While our original density was correct Agrit
density ;. Assume their transmit power is exponentiallys no longer correct foA°,
distributed with mean 1, and their transmission wavelength Let's de ne our density in terms of the area/A). Density

is . uniformity de nes a minimum are&,, for which
Theorem 2:The signal poweP; from radios inC; as seen ) )
in C, at a distance from the center witlR; r <R, is PG (Amn)  (A)i> 1)< 2 (42)
R? ;2 R} %24 Corollary 2: Given density and minimum areaR 2, ,
P. N 161 2 ; 128 4r2 (35)  with probability p we can be sure the distance between a point
Proof: Here we apply the Central Limit Theorem t&R 2 and its closest neighbor is at leabts
p
nodes, each with exponentially distributed power at roughl q= 2log(p) (43)

distancer from the receiver. This total power then undergoelg ¢ Aoplicati f th R rin | he d bed
free-space path loss, and the above distribution results. roof: Application of the previous lemma to the describe

In particular, for a single node transmitting with power  gcenario.

we have receive powe? where These theorems will provide the foundation for the compu-
2 tations performed in the upcoming sections.
P= 122" (36)
exp 2 B. Wireless WAN
16 2r? In this section, we de ne a wireless WAN (WWAN) to be a
This has moments wireless network utilizing the interference temperaturedsi
2, that has an operational radius signi cantly larger than our
ElP1= 1622 licensed radio network. Figure 1 illustrates this. An extnp
4 2 (37)  of this could be a mobile broadband radio network covering
Var [P] = W“lr“ hundreds of kilometers, coexisting with a traditional UH¥ T

- ... __broadcasting station.
%ee li:utlr?s gser;traelc:_érggg':\;aeorem to sum all transmitters. The goal of our analysis is to examine the capacity that
P ' can be achieved by an underlay network. Our rst step is to

. Next we're going to use Lemma 1 to prove some MINIMURetermine the base interference temperature seen by our WAN
distance bounds that will be used later. nodes

) B .
Lemma 3:Let R “ points be randomly placed over a disc Using Theorem 2, we can compute the distributionRyn

of radiusR, with density . Let Dmin be a random variable in terms of our average interferer power, interferer densit
representing the distance between the center of the disc, an 9 P : y

) . , and radiusR,. However, since interference temperature
the point closest to the center of the disc. The c.d.Daf, .'’. ! . per
i is likely to change frequently, radios should measure itrove

some xed time period and use the maximum recorded value.
This will correspond to our con dence interval value from
%forollary 1. As a result, we estimate

P(Dmin <d)=1 e %R=2 (38)
Proof: The distance of each of point and the center of the di

a random variabl®;, as de ned by Lemma 1. Our goal is to 2 q
determine the distance distribution for the closest one. P = ﬁ | RilogR, + 2, (R? log?RZ 1)
Dmin = min D (39) | (44)
=0 =Ny Now assume that our WAN node transmit power is expo-
The resulting distribution foD,, is the Rayleigh distribu- nentially distributed with mean . This mean is going to
tion [22]. be a function of our interference temperature and intenfegre

_ . N temperature limit. The interference temperature is goimg t
Pom, (X) = Rayle!gh (R=Nw ;x) include power from interferer®,, unlicensed transmitters
Rayleigh (1= w R;x ) (40) Py, . The power of the interferers was just determinedPas
Xw Re x> w R= 2 The power from the unlicensed devices must be represented
in terms of .

Computing a probability distribution foPyy yields some
P(Dmin <d)=1 e 9R=2 (41) rather nasty integrals, and as a result we will use the warst ¢
of the transmitter being located at the center of the uniedn
network. Thus we can use reuse Corollary 1.

We can compute the c.d.f. by integrating, and obtain

Thus, we have proved the lemma.

Next, let's de ne the idea of density uniformity. In particu
lar, if we say aread has node density, then that means we Pw = E[Pw]
have a total of A nodes in are@. However, this could imply 2w (45)
that all nodes are located in a single cornerAgfand when 8 2Ry



( Interference Radiusj ( Interference Radiusj

WLAN Radius
WWAN Radius

(Licensed Transmitter Radiu}

Licensed Transmitter Radiu}

Fig. 1. Diagram of the two models. In the rst, we have a wirslegde-area network (WAN), in which radii are as followsj Rw R, . In the
second, the wireless local area network (LAN) has r&ij RL R, .

where for arbitrary subscript , Thus our per-link capacity is dened by the Shannon-
q Hartley Theorem.
Fz= zRzIlogRz+ 2; (R log’RZ 1) ,
(46) C= Bu|Og 1+ZWWRmin( | ||OgR| |
For the mean power: 1 (52)
p Fowow |0g Ry + LBL IongW
TL kB L B U RW
w = P Pw
T KB, 2 2 (47) The total network capacity is the per-link capacity mulggl
= F F by the number of nodes.
M 82R, ' 8ZRy " y
Solving for , we have Cn=CR{ w (53)
_ 8 2T kB =M 2 F 4 For a given set of , , and R parameters, our per-device
w= 8 2+ 2F, (48) capacity isO(By logBy).

Next, we examine the WAN network capacity, which is
dened as the sum of the per-link capacities. Our mean, Wireless LAN
transmit power is  , at bandwidthBy . )

We can then use free-space path loss to compute thé:_or our Wireless LAN model_, we now assume that the
received SIR in a CDMA-based access network, averaging ti@glius of our underlay network is signi cantly smaller than
licensed power over the unlicensed bandwidth. This avegagid"d Wholly contained within our licensed network. _
is the appropriate thing to do for CDMA, since our despread The rst steps are completed as before. The computation

operation will effectively spread the narrow-band noisésing ©f Pr and w are the same. The capacity computations are
the noise oor for our despread signal. similar, except the noise from the licensed node has changed

and is a function ofy .
2

w
EISIR] E[P]+ E[Pw]+ E-E[P.] 16 2E[d?] (49) C=Bulog 1+ 7 w W Rain (1 IogRuI
. o1 . . . B 1 (54)
Computation ofE[d?] is a little tricky. The random variable + w wlogRy + —= ;
d represents the distance between an unlicensed node and its 2Byriy
closest neighbor. We can compute this using the Rayleigh
distribution we derived in Corollary 2. In particular, fouio )
density uniformity parameteRmi, , we know that D. Impact to Licensed Users
2 The analysis so far has assumed an interference temperature
E[d’] = 2RI Z (50) limit T_ and distance coef cienM have been speci ed by a
min - W regulatory body. However, we have not yet investigated how
Plugging this into our SIR, we obtain, their values affect licensed transmitters.
» 2en L For each we derive r, and v, which re ect the lower
E[SIR]= W W Rivin E[P,]+ E[Pw]+ E[PL]BL bound for the fractional decrease in coverage area due to the
32 Bu implementation of the interference temperature model.irThe
_ 2 p2 cumulative effect, t, wm re ects the total lower bound for
=2 W wRiin CrvlogRi+ w w logRw decrease in coveragLe area.
L L B. logRw ! For example, if the original coverage area was 100 square

B UR\ZN kilometers,and 1, = m = 0:9, then the resulting coverage
(51) area would be 81 square kilometerslarger.



1) Selection off : Consider a licensed signal at frequencpumber of receivers to whom we inadvertently cause harmful
f ¢ using bandwidtiB, . Provided the interference temperaturénterference.
limit is met at all licensed receivers, in a worst-case sgena Suppose a single unlicensed transmitter is surrounded by
the noise oor will move fromT, (f¢;B)kB_ to T_kB_ at licensed receivers that are randomly placed with a uniform
each receiver. LeT, be the average interference temperatumistribution. Let the average density of the receivers pe
measured over the entire area of our licensed receivers. devices per unit area.

Let's assume the same SIR is required to receive signals inFrom Corollary 2, we can compute the distadceecessary
both the original environment and the new environment whete guarantee that with probability we are distancel from
the interference temperature model is employed. This meahe closest licensed receiver.

the following relationship is true, based on path loss: 1 p
d= ——— 2log(p) (60)
L 2 _ L 2 (55) R min L
kBLTL16 2R} kBLT 16 2R, We can also de ne our distancé in terms of the fraction
where =2 represents standard free-space path loss. decrease \ of devices |YVIth no harmful interference as
HereR_ was the original licensed signal range, &Rfl is 1 1= wR2
. : d= —— 2log w
the new signal range. We can cancel many of the variables, R mn L M (61)
and the resulting relation results r—e
9 _ 1 2log w
T )
TL - :| > (56) R r.mn I:ZW L- W
T We can convert this td1 using free-space path loss
where 1 represents the fraction of the original coverage : 2
area remaining once the interference temperature model has M= 16 292
been established. We can easily rewrite in terms @f as B 2R2. R\%v E W (62)
2= - 32log w
- 5 57
T = T 1) Consider an example where 200 television sets exist in a

single square kilometer, yielding = 200. Let Ry, = 50

- - o i meters, equating with us being sure that there are 8 tebavisi
proportional to the fractional decrease in licensed sigoat (o per 4 houses. Imagine we want to form an underlay
erage area for = 2. network with 10 nodes. Using our relations, we can compute

~ According to the original FCC speci cation [16], a likely 4 = 20 meters to ensure that with 98 percent probability we
interference temperature limit would imax T,) over some \.ij| cause no harmful interference, or in other words irgeef
time period, thus allowing unlicensed transmission in thei, 4 televisions on average.

existing interference. We can compute this as a con dencey yhis section, we've developed algorithms to measurerinte
interval onP, . De ne the interference temperature limit as ¢, ance temperature and analyzed the interference tetapera

Interestingly, or fractional increase in noise oor is ditly

T, = E[P,]+ P Var [P ] (58 model from a purely stochastic perspective. We have proved
that realizable network capacity is independent of almdst a
where 2. our model parameters. We have also derived how the underlay
From this we can compute our fractional decrease per awstwork will affect the licensed signal, showing a fractibn
prior derivation. decrease in coverage area equal t§ 1, which can be
[P computed fromM andT,_ .
E[P ] One major bullet for future work is the model for analyzing
oo Var [P ] network capacity. In particular, we assume free-space path
- (59) loss, because no closed-form solutions exist for the capici
_ 1 logR; more higher-order RF propagation models. This area deserve
- logR, + v =2 further study, though we suspect the only practical means of

) ) . accurate analysis would be through the simulation conducte
Note that this value depends only on the density of interferg, ihe next section.

and the interferer radius, and not on their power.

2) Selection ofM : The variableM represents the atten-
uation due to path loss between an unlicensed transceiverV:
and a licensed receiver. Its use is intrinsic to the interiee This section describes a new multiple access technique
temperature model which dictates interferemeeeived not called interference temperature multiple accegTMA).
transmitted In this section we assume free-space path l093MA relies on the cognitive radio's ability to sense its
since unlicensed devices typically operate over shorter denvironment and regulate bandwidth and power usage on a
tances where the free-space model is most accurate. per-packet basis. It uses interference temperature te dens

In this section we propose a mathematical formulation basedvironment, and transmits using the bandwidth and power
on Corollary 2 for selecting a value &fl to minimize the derived from the analysis in Section 2.

INTERFERENCETEMPERATUREMULTIPLE ACCESS



g T the data to be sent. Typicallg will be selected on a per-
g application basis ant will be selected on a per-destination
[ basis. Using these values, the necessary bandwidth can be
5 computed, which will be accomplished by selecting an ap-
285233 propriate DSSS chip rate.
E X |8 | = (% (%] . .
Benv| e8| 2133| 2|0 Payload BvAC Each packet is preceded by a PHY header that is spread
a0 |2 Alal . i
s using one of several well-known pseudo-noise (PN) sequence
with prede ned chip rates. This header contains the PN gen-
v erator seed and chip rate used for the remainder of the packet
This is illustrated in gure 2. For every packet transmittéae
- transmitter will compute a new PN sequence. This provides
time CDMA-like features for the MAC.
Fig. 2. Packet spectral occupancy as a function of time,tititing the LOIl’lg, non—repeatlng. PN sequences should be used. A good
dynamic bandwidth used by each packet candidate would be simplm-sequences [24]. The space of

seeds should be suf ciently large to prevent frequent reuse
which increases the probability that two simultaneousingr

. . . . mitted packets use the same PN sequence and would interfere
In this section, we de ne the physical (PHY) and med'ur()vith each other. A 16-bit value should be suf cient.

access control (MAC) layers for ITMA. The main goal of On important requirement is that the PHY header not cause

the PHY is to support dynamic bandwidths and powers Nhrmful interference. If; is close to a licensed signal, than

a per-packet basis. The lower MAC layer is responsible f rsing a large bandwidth might cause problems. As a result,

coordinating access to the PHY, and implementing the ba%cr each possible well-known chip rate and spreading code
mechanisms of the interference temperature model. Ther uppe '

. . X . . e associated bandwidth, power, and capacity should be
MAC handles higher-level functions like device discovenga S . .
authentication. We describe some of the necessary feahﬂrecomPUted' The one maximizing the capacity function should

the upper MAC, but most of it is left as future work. EZIi\?eerl;/aCted This offers the highest probability of packet

It should be noted that throughout this section we measurer, spreading code used for the PHY header should also
capamty, and not throughput. Ach_levable rates are Cordputr'?ave a low autocorrelation value. Since there is a podsibili
using the_Shannon-HartIey equation, and therefore meas f€two PHY headers being simultaneously transmitted, to
a theore_uca_l maximum and not an actual_ throughput. inimize interference something like a Barker code should
communication-theoretic, rather than information-tieticrap- b? employed
proaph, would .be required to .analyze 'the pgrformance ° Receiving radios must be able to sync up to the preamble
speci ¢ modulation and data coding techniques in the presen nd recognize the chip rate and spreading code. This can be

of interference in order to determine the rate of individuaa . . .
o . . : . one using readily available spread-spectrum technology.
communications links, and then analysis of signaling ogath

would be required, coupled with transport-layer protoctds
measure a so-called “goodput”. B. Basic ITMA MAC Layer

Figure 3 depicts the operation of ITMA. When a node
A. ITMA PHY Layer wishes to transmit a packet, it rst measures the interfeeen
temperature], . As described in Chapter 3, this would likely

The physical layer denes the RF properties of a linkg johiemented as an iterative process, sificés a function
between two cognitive radios. It instantiates the bandwwdbf the measurement bandwidth.

and power values determined by the interference temperatur,.. MAC then uses this value in conjunction with the

model. . . o interference temperature limlt_, the desired capacit¢, and
There are a couple basic underlying communication tecfy, range parametér, to compute the required bandwidh
niques that would lend themselves well to this environmenf, 4 chip rate. This must be done several times in orde8 as

but we will focus upon direct-sequence spread SPectryBerges. Given some tolerancethe cycle repeats until
(DSSS) [23]. In DSSS the bandwidth of your transmitted

signal is generally a function of the chip rate you use toagpre iBi Bj 4j< (63)

your signal. If your chip rate ia times faster than your symbol

rate, your Spread bandwidth will be times |arger than your If the bandwidth required to SUCCGSSfU”y transmit the ka

narrow-band bandwidth. is less than a speci ed maximum bandwidh,.« , the packet
As the next section describes, the MAC layer will instrudf transmitted.

the PHY on a power and bandwidth to use for a particular If B > B max, the packet cannot be transmitted. The radio

transmission that meet the interference temperature moBap a few options available, including those that follow.

constraints. The PHY must implement the speci cations. 1) It can simply wait. Transient interference could be
Before each packet transmission, the cognitive node de- causing a temporary inability to communicate. Ofige

termines suitable capacit¢ and rangelL requirements for decreases, communication can resume.
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L, and discusses the the hidden terminal problem and how to

Shift fg mitigate its effects.
1) Center Frequency SelectionWhile bandwidth and
START C<CmIN power can change from packet to packet, the center frequency
L>L yax f. should remain fairly static. When a network is initially
con gured, an optimal value must be selected.
L C>Cyn | Rand Backof If the interference temperature increases to a point atlwhic
Measure | Decrease C

communication within bandwidth limitations is not possibl
for the given QoS requirements, a frequency shift may be
yes required. Since signi cant overhead will be required toaieg
connectivity among all nodes, frequency shifts should dray
used as a last resort.
B >Bpmax When network connectivity is lost, a node enters a scan and
beacon cycle. In the scan mode, it hops betweerf &l F
searching for other nodes with whom it can communicate. At
the same time, it records the interference temperafyrat
each frequency. If no other nodes are found, it performs the
Transmit initial frequency selection and begins beaconing. Afteanso
END Packet random timeout, if no devices have connected, it resumes the
scan mode.
Fig. 3. General state machine for ITMA, indicatifig measurement loop A potential problem is a network partition where multiple
with decreasing QoS and eventual frequency shift if unabtesnsmit packets radio networks form on different center frequencies. These
can be combined in the same way IEEE 802.11 consolidates
ad-hoc networks with the same network name.

2) It can decreas€, decreasing the packet's data rate. For ITMA intentionally does not include unauthenticated pack-

) L . . ts that instruct a network to change center frequencies. It
services requiring a minimum throughput, it may no

be possible to decrease below a prede ned threshold WOUId yield a very powerful denial of service at.tack by OOd.'
C. ing spoofed frequency change messages at different losatio
min -

. . . within the network. If upper-level security is enabled and

3) The node can increade decreasing the radio's range., . . ) ;
) ST . . ‘devices are authenticated, more coordinated frequendts shi

If the packet's destination is at a distance or is subject

. . : re possible if connectivity isn't completely lost.
to fading or shadowingl. cannot be increased beyonda 2) Statistics Exchangeimagine two nodesN; and N
some maximuni pay .

4) 1f C < Cmm. L > L max, and some timeout period hascommumcatlng. In every packet sent frdm to N2, N will
. . . include its current; and the value of received powg from
expired, the last resort is to shift the network to a ne

center frequency. the last packet fronN,. . .
’ These statistics can helyp, in several ways. FirsiN, can
It is important to note the features afforded by usingse P2 to gauge the distance between itself adg, which
unique spreading codes for every packet transmittedallyiti can be used to optimize and computeL max . If pS:kB
a receiver need only listen to the PHY header for the packetjd sjgni cantly higher thanT,, L can likely be increased on
the MAC address contained within the header does not matgfickets sent ;.
one of its own, it does not have to demodulate the rest of theThe near-far problem affecting CDMA is a little different
transmission. This means that two packets can be transimit{fith |TMA since bandwidth varies from packet to packet. In
simultaneously without colliding, so long as their head®®s CpMA the problem is solved by strict power control. Notice
disjoint in time. A transceiver can receive a PHY header, agfat in ITMA power is xed, relative tof, andT, so we solve
if the address does not match, it can immediately transsiit jt through bandwidth control.
own packet without waiting for the rst packet to nish. The secondly, T, can be used to better judge the interference
near-far effect can be combated by effective choicé ¢bee environment alN;. N, could take a weighted average of the
section IV-C.2). surrounding interference environment when compuffagto
This observation indicates that the system will be momgoid causing unintentional interference to spectrummbees.
efcient with a large maximum transit unit (MTU). Larger 3) Hidden Terminal Problem:For the most part, CDMA
MTUs reduce header overhead. Since headers are the ¢ been used in infrastructure networks, typically catlul
thing that can collide, the fewer of them transmitted thedret in nature. Devices only communicate with a base station or
access point, and never to each other. As a result, it would
. . never be the case that two or more devices in the network
C. Higher MAC Functions were simultaneously communicating with a third device.
This section describes some of the higher-level MAC func- The hidden terminal problem [25] primarily affects CSMA
tions implemented by ITMA. It addresses techniques faretworks, however moving CDMA to an ad-hoc topology
selecting a center frequency, how to better meadyreand introduces a new problem called tkhencurrent transmission

L<L max Increase L

|B-B| > e

|B-B|<e

Compute B

no
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@ 600 MHz, the loss variables can be computed as:

L=1 10’
M=6 10 '
500m 500m For our temperatures, let us use the following values:

T, = 293 Kelvin

T. =3000 Kelvin
500m
Here, we assume the background interference is causedg solel

by thermal noise, hence an interference temperature of 293
Fig. 4. Small network of three equidistant nodes Kelvin.
Let Ts, be the signal temperature for nodeeach transmit-
ting node will contribute to the base interference tempeeat
T, and therefore will cause other nodes to decrease in power.
problem Here, two or more devices in the network camhe steady-state powers for all nodes transmitting is gmacr

simultaneously transmit to the same destination device. pg X
these transmissions will be appropriately power contdoltee MTs =T, T, L Ts, (64)
receiver will be capable of receiving any one of the messages ' isi :

Assuming it has only a single radio and limited DSP power, = . i , , i
it cannot receive more than one. Solving this system of equations we obtain the following
This problem is different from the hidden terminal problem?omtlon: T T
because in the hidden terminal problem, when a packet colli- Ts; = oL + M
sion occurs, all packets are lost. Here, packets are notdost . . .
only one of the packets can be received. This feature grea.{,IyT0 compute the bandw@th required, e nggd an effective
improves ITMA' ability to transmit data: however, whilese composed of the base interference in addition to the new
extra packets do not collide, they raise the overall interfee signals. T. T
temperature, decreasing our per-link capacity. =T+ ZLW

To combat this problem, we introduce the ideale$tination . desired ) ¢ b d substituti
hintsto help decrease the chance of a concurrent transmissi’a‘ﬁ.su_m'ng a desired capacity 0 5 Mbps, and substituting
is into the bandwidth equation we obtain a bandwidth

In ITMA, radios receive the PHY headers for all packet ) ) .
in their range. These headers contain the address of {ﬁgugg?zrgr:f 11.6 MHz. This equates to a transmit power

destination. Destination hints is an approach where if nade® . . .
sees a header addressed to nBdét assumes the receiver at  R€Sults on this order of magnitude should be quite accept-

nodeB is busy, and should not transmit for some amount Ofable to both spectrum licensees and secondary users. For ex-

time. If we add packet timing information to the PHY headefMP!€, most analog television sets have a receive senysiivi

nodes can know precisely how long a particular receiver Wnpughly -50 dBm. These transmissions would therefore never

be busy. interfere with current broadcast TV. However, in the future

This approach would work best in single-hop network DTV will have much tighter restrictions, with sensitivityno

. . ?he order of -110 dBm. In this case, a much lower would
since everyone in the network would be able to see every € ecessary to reduce interference
else's PHY headers. In multi-hop networks, not all nodes can y '
see all transmissions, so hints would only lessen the pmoble

not solve it. E. Network Analysis

Another approach is to have radios that support receivingThis section presents a mathematical analysis to examine
multiple packets simultaneously, much like a cellular basgetwork scalability as a function of node density. For siapl
station. As long as SIR constraints aren't violated, it douity, we analyze a synchronous network where in each time
be possible to receive all packets. More than two or three rslice a device can either transmit a packet or not transmit a
ceivers is not likely to help performance, as radios suppgrt packet.
the bandwidth required to properly decode all packets,rgive Let the probability of transmission g Assume the trans-
equal SIR, would not be cost effective. mission is omni-directional, and can reach a maximunmof
neighbors, and it is addressed to one of the neighbors uni-
formly. Consequently the probability of nodetransmitting a
packet addressed to particular neighbor nBd@& any given
time slice isp=m.

Consider the network depicted in gure 4. Nodes are Next we must consider the effects of collisions. For sim-
equidistant, spaced 500 meters. Assume we can guarargheity, let us assume there is no contention between the PHY
there are no licensed receivers within 200 meters of theaders used in ITMA. A nodé& successfully receives a
transceivers. Using free-space path loss, and assufgimg packet if at least one of its neighbors transmits a packet

(65)

(66)

D. Simple Example



12

TABLE |

addressed td, andA itself does not transmit. This probability SUMMARY OF NETWORK CAPAGITY VERSUS NETWORK LATENCY

IS

. _ pm TRADE-OFF IN MULTI-HOP ITMA- BASED NETWORKS IN TERMS OF NODE
Pirma (p;m)=(1 p) 1 1 m (67) COUNTN.
To compute bounds on capacity, we must select a probability l Network [ Capacity Latency |
p such that the following holds: Minimize Latency | O(J) o
Hybrid Approach | O(" n) O(gn)
Pirma (p;m)  Pirwa (p;m) 8p2 [0;1] (68) Maximize Capacity| O(n) o( n)

Unfortunately, a closed-form maximizer does not exist.

However, we can computp numerically and substitute it o ) )
to obtainPr, (M). If we evaluate the limit numerically, SO as our network density increases, if power control is

we have not used, we have a constant overall network capacity as a
im Prya (M) 15 (69) function of the number of nodes. Also notice that the network
m!l latency remains constant &1), since packets still traverse
This results in a constant complexity the same distance with each hop.
To maximize capacity, however, we need to consider a
O (Pirpa (M) = O(2) (70) paery

power/bandwidth-controlled scenario that keeps our riEigh
As the neighbor count of an ITMA network increases, theount constant as increases. Thu®(m) = 1, implying a
probability of a node receiving a packet during each timeesli per-node capacity dD(1). The network-wide capacity is then

approaches an asymptote. However, we must consider that Cret (N) = O(1) 1
as the number of neighbors increases, so do the number of net (75)
concurrent transmissions. As this happens, our SIR dezseas = 0O(n)

which assuming a xed maximum bandwidth and power, This gives us obvious capacity gains, but we must con-
decreases our per-link capacity. The effects of this are gger the latency. To maintain a constagt neighbor cout, th
follows: transmission range must degreaseCqg="n). The result is

a latency that increases @4  n).

Cik (M) = Blog, 1+ Ps Certainly hybrid approaches also exist. One example is
link - 2 - s

mP, where we allow our neighbor count topincrease n).
O(Cink (M) = O(log(1 +1=m)) (71) The rﬁsult is a capacity that grows wid(" n) and a latency
- 0(1=m) of O(* n). These results are summarized in table I. In general,
we have
The last step is due to the fact that a Taylor series expansion capacity= O(latency? (76)
of log(1 + 1=m) is as follows: o .

Also, we must note that as node density increases, we will
log(1 +1=m) = 1 12 + 13 14 + (72) eventually reach a saturation point. Results from the next
2m#  3m®  4m section show that extremely dense topologies can be easily

Application of O(') yieldsO(1=m). Thus our overall per-node accommodated.
capacity as a function of its neighbor count is

Citma (Mm)= 0O(1) O(1=m) (73) F. ITMA Simulator
= O(1=m) In order to evaluate ITMA and some of the various tech-
These results indicate that as node density increasesliovd'dues for reducing concurrent transmission, a simulaipr s

Capacity decreases. This should be falrly obvious. As Weeshgortlng interference temperature measurements was dreate

a xed resource amongn nodes, the per-node aIIocationG'Ven the power and SIR seen by a transmission, it computes

will be O(1=m). This indicates we want to minimize ourdn information theoretic maximum capacity for each packet.

neighbor count in order to maximize our per-node capaci fter a certain amount of time has passed, the total number of

As a network grows, this implies a transition from a Sing|e_uccessful bits is divided by the simulation time to deteemi
hop ad-hoc network to a multi-hop mesh-like network. a network-wide capacity.

Consider a multi-hop network of ITMA-based nodes cov- In this simulation,_we ignor_e propagation _delay. Thi_s s a
ering a xed area. As the total number of nodesncreases '€aSonable assumption as typically propagation delay &lsm
in this xed area, so does the average node density compared to transmission time. A 10 Mbps, 300m link requires

If we place no restrictions on transmit power and ban@00 S o transmit a 1000-byte packet, while the propagation

width, and allow transmission at the radio and regulatoQf@y is 1 s. This simulator uses the free-space path loss
maximums, the number of neighbors will increase wittthat fadio propagation model, where power decays as a function

is O(m) = O(n). Thus, the per-node capacity@(1=n), and of the distance squared, though this is con gurable.
the network-wide capacity is 1) MAC Design:The ITMA MAC is broken down into two
main eventstx-start andtx-end . Thetx-start event

Cret (N) = O(1=n) n (74) is executed whenever a node wishes to transmit a packet. It
= 0(1) executes the following tasks:
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1) if currently receiving a packet, back-off
2) select a destination node

3) measure the interference temperature 1 0
4) compute the power and bandwidth required for the 124 [®
transmission 210 g
5) if the required bandwidth is outside the radio or regula- -] Network Capaclty __+—"" ¢ "5§
tory speci cations, back-off i ° . e 202
6) set transmission ag ;E 6 — "25§
7) if destination node is transmitting, set packet as lost 5.l /‘ (308
8) if destination node is receiving as many packets as — Tansmipower " 195 &
possible, set packet as lost T / 40
9) increment the number of packets the receiver is receiving 0 4 45
10 20 30 40 50 60 70 80 90 100
10) schedulegx-end event Node Count
The back-offcommand consists of rescheduling the sanfég. 5. Network capacity and transmit power as a function afendensity
tx-start event for some randomly chosen time in the
future. Thetx-end event is scheduled for when packet
transmission is complete. It executes the following tasks:
1) reset transmission ag & 0
2) decrement the number of packets the receiver is receiv- 12 15
3) if the packet is not lost, increment the number of g |/ u Nt 15 g
received packets g0 \ 1 -20%
4) schedule a new transmission S 6] .- s
At the termination of every scheduled event, the simulator § ol o . "Sﬂg
evaluates all current transmissions to see if the intenfare Tramemit Power S, . T®Z
temperature at each receiver has increased too much. T 740
When a packet is transmitted® and Ps are computed T e S e e e e e

as a function of some desired capaci€y . Here C is the Per Link Capacily (Mbps)

target capacity, and > 1 is a scaling factor that adds arig. 6. Network capacity and average transmit power as a iamaf the
safety margin. In a real radio, capacity is instantiateddoye desired per-packet receive capacity

set of modulation and coding, which cannot be changed in

the middle of a packet if interference increases. If we used

the minimumB andPs, a slight increase in the interference

temperature at the receiver during packet transmissioridvou 14 0
pr_event reception. Using the scaling factoprotects us from ! ) . L5
thlS- . /_/"' /F/l:letwork Capacity T -10 E
We deem a packet lost if the following inequality does not £ Va 155
= 3
hold: p Eg / 20 @
8 4 E
+ 3] // r-25 E
C B |0g2 1 kBT| (77) g 6T/ Transmit Power - i
. . 3 41 §
where B and P were computed with respect to a desired “ 5 2
capacity times a safety margirC . This is evaluated as 27 40
follows: 0 : : : : : : : : —L 45
. 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
1) Ioop through a” transmlttlng nOdeg T N Interference Temperature Limit (Kelvin)
2) measure the IT at the receiver Fig. 7. Network capacity and average transmit power as a ibmaf the
compute the capaci interference temperature limit
0 h pacitg® ot i
4) if C9< C, mark packet as lost
5) end loop TABLE I

2) ITMA Parameter Experimentsn this section, we simu- BASE SIMULATION PARAMETERS

late ITMA over its parameter sets. This will illustrate hoacé [_Parameter | Value |
parameter affects overall network performance and transmi node counh __ 100
All simulations assume nodes are in a 500 meter by 500 target ink capacityc 5 Mbps
power. ! a : y T limit T, 2500 K
meter world, with positions selected uniformly over theaare ITMA constantM 40 meters
We assume a base interference temperature of 293 Kelvin, ITMA constant 2.5
caused by thermal noise max radio bandwidttB max 20 MHz
. . max radio powePmax 10 mw
To illustrate how various parameters affect performanee, w center frequencyc 500 MHz

vary each while keeping others constant at a reasonable.valu
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Fig. 11. Maximum signal powers measured on 50x50 grid over the
experiment area.

Table 1l lists default simulation parameters.

Each plot shows the total network capacity. All plots show
both the total network capacity and the average transmit
power. The network capacity is computed as the sum of all
successfully received bits across the network divided lay th
simulation time. The average transmit power is the mean
power across all packet transmissions.

Figure 5 examines how capacity changes with the increase
of the number of nodes spread over the 0.25 larea. This is
the network density problem. Impressively, without anycigle
interference mitigation techniques, ITMA achieves néaedr
scaling. In fact, regression analysis indicates that tiesed
network capacityCZ (n) is

(PR <cln < om) (78)

The simulation results in a hybrid scheme tending toward
network capacity optimization. Power is relatively unafés
by node density.

Figure 6 shows how capacity and power change with the de-
sired packet receive capacity. Initially, as the desirguaciy
increases, we have an increase in overall network perfaean
However, quickly the network is saturated, and we reach a
global maximum at roughly 3.5 Mbps. Increased spectrum
utilization required to reach the target capacity causesfud
interference to other network users. Interestingly if yook
at packet delivery rates, & increases, they approach 100
percent. Fewer packets are sent, but there are no lost packet

Figure 7 depicts both network capacity and transmit power
as a function off,_ . Increasingl’. represents the FCC allowing
more interference from unlicensed devices. Keegingsmall
limits the transmit power and consequently the ranges of
the radios. The network capacity tops out at just under 12
Mbps, while the average transmit powerG@glog(T.)). It's
interesting that capacity doesn't continue increasingn wiite
interference temperature limit increase. If you look attlos
packets, asl increases, so does the number of transmitted
packets. Unfortunately, the number of lost packets in@®as
too, resulting in the asymptotic behavior.

Figure 8 re ects network capacity and transmit power as
the distance increases between unlicensed transmittérhan
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licensed devices with which they may interfere. To computéalso examines some techniques for mitigating the coectirr
M from the varying distance, the free-space path loss modeinsmission problem, and evaluates their performanceitiir
was used. Increasing the distance re ects an ability tosimah simulation.

with higher powers. Network capacity maximizes at 56 meters

.Transm.it power is again logarithmic. Packet loss is simtitar V. CONCLUSION

increasingT .

Lastly, we examine the safety parametein gure 9. It is This article has examined the problem of dynamic spectrum
used to compute the transmit power and bandwidth necessaggess in the presence of a licensed signal, when unlicensed
for a desired capacity. The higher the value gfthe more Communicating devices have intelligent radios capable of
bandwidth will be used. This will allow successful packegensing and reacting to their environment. In this sectien w
reception even if the interference temperature increastiea review the major results and discuss areas of further relsear
receiver during transmission. Obviously fox 1 successful ~ The interference temperature model, as proposed by the
packet transmission is unlikely, as capacity constraimes &CC, was an interesting, but ultimately unsuccessful idea
almost always violated when the packet is rst transmittedor providing a simple regulation for managing interferenc
To minimize wasted network resources, a smakhould be and allowing underlay networks. In this article, we quaed
selected. We see a global maximum at 2:0. how interference temperature limits should be selected, an

The major results of these simulations are as follows. Fir§tow those choices affect the range of licensed signals. We
in almost all cases, transmit power is logarithmic in eactxamined a simplex, omni-directional transmission, beséh
of the parameters. Also, for two paramete€s,and , we results could just as easily be extended to duplex, dineatio
can nd unique, global maximizers. Both parameters arellocansmitters. The mathematics may be cumbersome, but using
to each radio, so cognitive nodes could update them in ré@¢ results presented in this article, simulators coulddsslye
time to optimize overall network performance. Lastly, #hesconstructed.
simulations provide insight into good ways to select the FCC In particular, it has been shown that measuring interfexenc
controlled parameter®l and T, . temperature is a tricky task. Proved are techniques that can

3) Concurrent Transmission Mitigation Experimentén compute a precise transmit power and bandwidth that meet
section IV-C.3 we introduced some techniques for mitigatira target capacity while also satisfying the requirements of
the effects of concurrent transmissions. The rst iSmart the interference temperature model. This could be extended
MAC that implements both destination hints, and also send#s examining the pricing schemes that trade off the utility
whether or not the destination is transmitting. The secendaf capacity with the cost of bandwidth. Since capacity is a
to have a radio node with multiple receivers. nonlinear function of bandwidth, the resulting pricing sofes

To investigate the impact these techniques have on a neguld have very interesting results.
work of ITMA nodes, we included support for these in our Additionally an analytical evaluation of the interference
simulator. Figure 10 plots network capacity for the variouemperature model was completed for both WAN and LAN
techniques as a function of network density. We can swéreless mesh networks. For both, the capacity achieved
that for sparse networks, we can achieve a 30% performangea simple function of the number of nodes, the average
increase by implementing these techniques. However, as B@ndwidth, and the fractional impact to the licensed signal
node count increases, the advantage decreases. At 100, nogaerage area, and scales@), wheren is the number of
there is only a 1% increase in overall performance when thedes in the network.
concurrent transmission mitigation techniques are used. Next, Interference Temperature Multiple Access is intro-

It is expected that deterministic networks with relativelgluced. ITMA is a PHY and MAC protocol suitable for
static traf ¢ patterns would bene t more from these mitigat implementation on a cognitive radio that supports the inter
techniques. ference temperature model. It works by rst sensing the RF

4) Interference Analysisin this section we investigate theenvironment and determining what bandwidth and power are
amount of interference caused by an ITMA-based networkgcessary to communicate with a desired capacity. If these
and how it relates to the interference temperature limit. Tearameters are not supported by the radio it either lowsrs it
accomplish this, a measurement routine was added to t&pacity expectations or searches for a new center freguenc
simulator. It is responsible for measuring the signal poarer that has fewer interference problems. Packets are preceded
a grid with 10 meter edges, throughout the experiment ard®y. a PHY header that is transmitted with known modulation
At the end of the simulation, it outputs the maximum poweparameters. This header contains the information negessar
recorded at each measurement site. demodulate the rest of the packet.

Figure 11 shows these signal powers in a three-dimensionalA simulator for ITMA was implemented to test the MAC
plot, when the simulator is executed using the paramet&cheme in a mesh topology. Results show that very realistic
from table II. Spikes represent the locations of cognitadio WAN and LAN-type applications can easily be supported by
transceivers. The measured powers range from -100 dBmITd/A while using transmit powers on the order of35 dBm.

-60 dBm. The many parameter trade-offs are examined.

This section provided an analysis of the scalability and Another area for future work is to examine the effects of
capacity that can be achieved by an ITMA-based network.fiding on the interference temperature model. Initial dgpl
shows that ITMA scales such th@tcapacity = O(latency?. ments will likely be stationary, and therefore subject otdy



multipath fading. Modeling and simulating this can be aceom
plished by simply increasing the path loss constant. Mighbili
will offer a more challenging analysis environment. Here,
devices will be subject to the Doppler fading, which resirits
multiplicative interference. This results in both deceshSIR,
and less reliable interference temperature measurenients.
these environments, distributed, cooperative spectrursirsg
may be required.

REFERENCES

[1] T. Clancy, “Achievable capacity uner the interferenaamperature
model,” IEEE INFOCOM 2007.

[2] T. Clancy, “Formalizing the interference temperature nigdurnal of
Wireless Communications and Mobile Computigg07.

[3] Federal Communications Commission, “Facilitating oppoitias for
exible, ef cient, and reliable spectrum use employing cigre radio
technologies,” ET Docket 03-108, Notice of Inquiry and Rosgd
Rulemaking and Order, 2003.

[4] Defense Advanced Research Projects Agency, “DARPA
next Generation (XG) communications program.”
http://www.darpa.mil/ato/programs/XG/.

[5] R. Brodersen, A. Wolisz, D. Cabric, S. Mishra, and D. Wéiinm,
“Corvus: A cognitive radio approach for usage of virtual inehsed
spectrum.” UC Berkeley White Paper, 2004.

[6] OverDRIVE Website, “http://www.ist-overdrive.orty/.

[7] IEEE 802.22, “Working group on wireless regional areawueks.”
http://www.ieee802.0rg/22/.

[8] D. Cabric, S. Mishra, and R. Brodersen, “Implementatiosués in
spectrum sensing for cognitive radios,” IEEE Asilomar 2004.

[9] A. Ghasemi and E. Sousa, “Collaborative spectrum sen&in@ppor-
tunistic access in fading environments,” IEEE DySPAN 2005.

[10] M. Buddhikot, P. Kolodzy, S. Miller, K. Ryan, and J. EvariDimsum-
net: New directions in wireless networking using coorditkatlynamic
spectrum access,” IEEE WoWMoM 2005.

[11] N. Nie and C. Comaniciu, “Adaptive channel allocationesjppum
etiquette for cognitive radio networks,” 2006.

[12] Q. Zhao, L. Tong, A. Swami, and Y. Chen, “Decentralizedjmitive
mac for opportunistic spectrum access in ad hoc networks: rdpo
framework,” 2007.

[13] R. Etkin, A. Parekh, and D. Tse, “Spectrum sharing fotiaemsed
bands,” 2007.

[14] M. Haddad, M. Debbah, and A. Hayar, “Distributed powdp@ation
for cognitive radio,” ISSPA 2007.

[15] X. Hong, C. Wang, and J. Thompson, “Interference modetihgogni-
tive radio networks,” IEEE VTC 2008.

[16] Federal Communications Commission, “Establishment ofrfetence
temperature metric to quantify and manage interference andpane
available unlicensed operation in certain xed mobile andekite
frequency bands,” ET Docket 03-289, Notice of Inquiry andg@sed
Rulemaking, 2003.

[17] P. Kolodzy, “Interference temperature: a metric for dyia spectrum
utilization,” 2006.

[18] Y. Xing, C. Mathur, M. Haleem, R. Chandramouli, and K. Salati-
shi, “Dynamic spectrum access with qos and interference teahpe
constraints,” 2007.

[19] M. Sharma, A. Sahoo, and K. Nayak, “Channel selectioreuruterfer-
ence temperature model in multi-hop cognitive mesh networlsEH
DySPAN 2007.

[20] J. Bater, H. Tan, K. Brown, and L. Doyle, “Modelling imference
temperature constraints for spectrum access in cognitilie reetworks,”
IEEE ICC 2007.

[21] S. Russell and P. Norvidrti cial Intelligence: A Modern Approach
Prentice Hall, 2002.

[22] T. M. Cover and J. A. Thomaglements of Information Theandohn
Wiley and Sons, 1991.

[23] A. Viterbi, CDMA: Principles of Spread Spectrum Communication
Addison Wesley Longman Publishing Co, 1995.

[24] M. K. Simon, J. K. Omura, R. A. Scholtz, and B. K. Levipread
Spectrum Communications HandbodkcGraw-Hill Professional, 2001.

[25] F. Tobagi and L. Kleinrock, “Packet switching in radibannels: Part
Il—the hidden terminal problem in carier sense multiple as@esl the
busy tone solution,IEEE Transactions on Communicatiqri975.



