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Abstract—Cognitive Radio (CR) technology has great potential
to alleviate spectrum scarcity in wireless communications It
allows secondary users (SUs) to opportunistically accesgextrum
licensed by primary users (PUs) while protecting PU activiy.
The protection of the PUs is central to the adoption of this
technology, since no PU would accommodate SU access to its
own detriment. In this paper, we consider an SU that must
protect multiple PUs simultaneously. We focus on the PU paak

collision probability as the protection metric. The PUs are
unslotted and may have different idle/busy time distributions and
protection requirements. Under general idle time distributions,
we determine the form of the SU optimal access policy, and
identify two special cases for which the computation of the
optimal policy is significantly reduced. We also present a siple

(a) SU interfering with two PUs that are spatially non-
overlapping.
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algorithm to determine these policies using principles of anvex
optimization theory. We then derive the optimal policy for the
same system when a SU has extra “side information” on PU
activity. We evaluate the performance of these policies ttnugh
simulation.

AN
Rx(PU2) |

Channel 2™
Tx(PU2)

(b) SU accessing 2 PU channels simultaneously.

|. INTRODUCTION

The static nature of spectrum regulatory policy in the U.S.
has led to an artificial scarcity of available spectrum. TEREF
has estimated that 60% of the spectrum below 6 GHz is under-
utilized under the current allocation policy [Jognitive radio
technology has been considered to mitigate this problem [2]. .
It enables a secondary user to sense channel conditions ald ' ‘?‘ISO one of the mf.;un bottlenecks (.)f.SU performance.
change its operating characteristics to opportunistiadtess [N this work, we consider packet collision probability as
unoccupied primary spectral bands. This new paradigm e PU protection requirement. Under this requirement, the
typically referred to aslynamic spectrum access (DSA). SU must guarantee that the packet collision probability of a

In the “hierarchical model” of dynamic spectrum accest’U_ packet is less tha_n a certain threshold_specified by the I_DU.
summarized in [3], users in the system are divided into aimulf NiS type of constraint has already received some attention
tiered hierarchy where certain users have priority of cleanrf8l: [91, [10], [11].
access over others. Cognitive radio is conceived as a wayn particular, we investigate SU performance in a system
for unlicensed “secondary users” (SU) to opportunisticalwith multiple PUs with different packet collision probabyl
access licensed spectral bands if “primary user” (PU) igtiv constraints and usage patterns. There are common sitsation
is protected from interference [4], [5]. This model is nezeg Where multiple PU systems may need to be protected which
because users will not agree to accommodate secondary fedy have different owners, priorities, and usage pattéine.
works to their own detriment. Therefore, a design impeeatisimple examples are cases where the SU interferes with mul-
for a SU opportunistic access strategy is to minimize the’ SU#le PUs which arespatially or spectrally non-overlapping,
effect on PU transmissions. For example, in the DARPA X@s depicted in Figure 1(a) and 1(b).
project [6], one of the three major test criteria in a cogmiti  Our paper makes the following contributions.First, we de-

Fig. 1. SU in environments with multiple non-interfering £U

dio prototype field test is “to cause no harm” [7]. Preditfa



rive the optimal policy for SU access in multiple-PU systemsetric. For example, in [19], the authors consider multiple
with stationary general idle time distributions. We focus oSUs operating in a multi-PU system where each PU has an
a class ofdtationary access policies, i.e. the same policieaverage rate requirement and outage probability constrain
are applied every time the channel becomes idle. We alsoth functions of the interference power caused by SUs. Powe
look specifically at multiple PU systems with exponentidéid control for different states of PU activity is considered20].
time distributions, as well as idle time distributions tihesult However, in 2007 the FCC officially ended consideration to
in “time-threshold” optimal policies. Finally, we extenduio establish an interference temperature standard for degnit
model to include two “side information” cases where extreadio [21]. Their decision was based on several comments
information of PU activity is available to the SU. In the firsiredicting a likely increase in interference with PUs in th&in
case, the SU knows which PU is the last to become idle befar@ere it is used, stemming from the technical difficulties of
an SU can transmit. In the second, the SU knows how lomgplementing such an approach. Since we consider packet
every PU has been idle before the channel becomes availabtdlision probability as our main constraint, we assume tha
We investigate how such knowledge can affect the optimahy overlap of SU and PU activity in the same band results in
policy and performance of the SU. collision with the PU, which is a more conservative measure
The paper is organized as follows. In the next section, ved PU interference.
present some related work. We present our system model irLike this work, other works have also considered packet
Section Ill and define the objective function in Section IVcollision probability. Several works have developed mediu
In Section V we derive an optimal transmission scheme fora@cess schemes for SUs under this protection requiremgnt [8
channel with multiple PU constraints, where each PU has[9, [10]. One common formulation assumes a slotted system
general idle time distribution, and show that for certaiteid and is formulated using the Partially Observable Markov
time distributions, the optimal SU access policy can be tburbecision Process (POMDP). For example, [22], [23], conside
in closed form. The system model is extended in Section ¥l slotted structure network with a single PU protection met-
such that the SU has “side information” on PU activity, andc. Optimal access decisions are made by considering long
the optimal policies with this new information are derivél. observation history. Likewise, in [24], the authors coesid
Section VII, we compare and analyze the performance of osiotted system with a single CR, and model the problem as
different policies under the time capacity metric, and dode a multi-armed bandit problem to decide the best channel(s)
our paper in Section VIII. to sense and access. In [11], the authors consider an overlay
SU network on a multiple PU network with slotted structure,
where PU access depends on Markovian evolution. Our work
In recent years, there has been an explosion of researctisirtifferent from all of these because we consider multiple
cognitive radio. A large portion of this research has been different PU constraints that must be satisfsaaultaneoudly.
spectrum overlay, where protocols are devised to maximize $1any of these works also assume slotted activity, while
spectrum utility when PUs are idle and protect PU commuur model is more general and can accomodate slotted and
nication when they become busy. Within this paradigm, thetmslotted systems.
are two focuses, spatial and temporal domain research [3]. Other works have considered unslotted systems as well.
In the former, SU activity is assumed to occur in a mucin [8], the authors introduce the performance metriciofe
faster timescale than the PU activity, and hence the spectapacity, the average proportion of time that a SU can transmit
environment (i.e. PU channel occupancy) is treated asstatvithout violating the PU’s packet collision constraint,dan
The main problem then becomes channel allocation betweggmeralize the results in [25]. The authors also extend thei
multiple SUs given certain topologies, different channelia  work to examine the impact of imperfect sensing on SU
abilities, and interference between SUs. In [13], [14],][15performance as well as access issues between multiple SUs
[16], the interference between SU nodes is modeled asinaa single PU system. Our work in [26] generalizes the
conflict graph, with varying methods and metrics used tesults in [25] to the multiple PU case for certain distribos,
allocate channels. In [17], [18], the authors formulatercted in particular for exponential distributions and distritounts
selection as a mixed integer linear programming problenvhich result in time-threshold policies. Our work in thispea
under constraints on both power and channel availability. presents a framework that can be used for general idle time
all these works, PU activity is protected since each SU nodgstributions for multiple PUs, and considers the effects o
only has access to idle PU channels. Our work does not falttra information about the PU system available to the SU.
in this category since we assume that PUs change states Much of the work in [25] can be generalized in this work as
timescale similar to that of SU activity. well.
In the temporal domain category, PU activity varies quickly
in the time domain and SUs within interference range must
devise sensing and access schemes in concert to avoid-signifin this section we layout the model for PU and SU ac-
cantly harming PU communication. As such, the metric usedtioity. Generally, we consider an SU that operates withia th
measure interference to PUs is crucial. Several papersdaynsinterference range and on the same channels as multiple non-
this power, referred to asterference temperature, as the key interfering PU networksBecause the PUs are non-interfering,

Il. RELATED WORKS

IIl. SYSTEM MODEL



PUI interval [0, T'], we denote the number of packets transmitted
—— by theith PU as\;, and the number of collisions experienced
PL2 (11 11 ] by that user asV¥. The collision probability of theth PUs’
N E— packets experiencing collision is denoted as
2 Y | SN .
b ] p = Pr[packet collision ofith PU],
Vp'=min(V1, V_?)
Sense Sense
‘ Colision . where
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and the PU protection requirement is thus
Fig. 2. Timing diagram for PU/SU system model.

pf <mi, ie{l,.,M}. 2)
simultaneous transmission of multiple PUs does not result in We assume that the collision constraints for all PUs are know
collision between them. to the SUa priori. These constraints must be satisfied for all

PUs.

A. Primary User Model

In our system model, we assume there afe PUs that B. Secondary User Model
are independent and non-cooperative with the SUs and wit
each other. A PU accesses its channel without sensing. P
are non-interfering among themselves, i.e. they can trﬂns%t
at the same time. This can be due to spatial reuse as in Fig
1(a), or due to communication on separate non-overlappi
channels, as in 1(b). We assume packet-based transmis%otﬁf
for all PUs in this paper.

hThroughout this work we assume that there is a single SU,
ich may be a single CR radio or a SU basestation operating
hin the range of multiple PU networks [28]. We note that

s may have access to multiple bands, but low-cost SUs
have a set bandwidth requirement, and may not be able
equently switch over channels at the timescales we are

. . . .. concerned with [25]. Therefore, we assume that the SU is
Figure 2 illustrates the activity of each user. All PU adtivi with [25] W N !

. . : L n a fixed channel and cannot transmit on a sub-band of the
is assumed to be stationary and ergodic. This is reasonagzrg

f ket-based data traffi h the i e f @nnel. We reiterate here that the we are concerned with
or packet-based data traftic, where the timescale for FI"’mlé?altionary optimal policies. A stationary policy is onettig
lengths is on the order of milliseconds but arrival rates a

; lied whenever the channel becomes idle. We have:
commonly stationary on the scale of hours [27]. For P pledw v ! v

. . . . a) Packet Length: The SU slot length is denoted,

i, V; denotes the idle time, which is governed by pdf/cdf .

Fur()/Fv.(-). Let E[Vi] = v,. The number of packets trans-and we assumé < v;, A < n;, andA <« 1 (i.e. the length
mitted per busy period is random and denotedhas with of a PU packet). In this paper, we study the extreme case

E[Ni] — n;. We assume that the packet length is the sar:%\:ehereA — 0. In [8] it was proven that this results in the

for all users, and normalize all activity to the length of a P est SU capacity in the case of no overhead cost for a single

packet. Therefore, a busy period of ti PU is N;. The b: ;:halpendelt,oagdrovirr:l(e:g te;:lrll m_lg#zsalfseiq'rl.g:]a;p”?ﬁi.regan
probability that each PU is idle is then — — PPl ur w wen. 1hi umption simpiin

vitng i i 1 -
We also define terms related to the union of the activity (?fnalysns greatly, and our S|mL_1Iat|ons show that non-zechta
engths result in negligible differences.

all PUs in the system. We refer to this activitywasonized PU o ) i
activity or simply theunionized PU. We denote the idle time b) Sensing: We assume perfect sensing by the SU, i.e.
that the SU can always detect the presence or absence of

of the unionized PU ag];, which is governed by a probability _ ; : =
distribution functionfy, (), with E[V;] = ;. A busy period 2 PllJ_’ a”db t:jat seneing time is _”leg"g'g'e- TEG SU follows
of the unionized PU is denotedl), with E[N)] = n,,. the listen-before-ta (LBT) principle, where the S_U SEnse
The probability that the unionized PU is idle is then the channel in egch slot before gIIowmg trgnsm|SS|on. We
assume that sensing occurs overghiere band of interest. The
, vy, M multiple channel sensing problem is a significant challenge
&= Tl H @i, ) and beyond the scope of this work [28]. Our previous works
P o= consider imperfect sensing [8], [25], and these resultdyapp
where the final equality results from the independence of there as well. We can also consider a fixed non-zero sensing
PU activity. The relationship between each PU’s activitgl artime in the case of non-zero slot lengths. A fixed non-zero
the unionized PU activity will be investigated in greatetalle sensing time can represent many commonly proposed sensing
in Section IV. schemes, such as matched filter, energy, and feature detecti
Each PU: also has a packet collision probability re-Since we assume a LBT scheme, the performance in non-
quirement denoted);, defined as the maximum allowablezero sensing cases is essentially a fixed fraction of thenapti
probability of collision for a packet of th&h PU. Over a time performance.




TABLE |
NOTATION FOR2-PU SYSTEM PUl
— - Vi Vi
fv,; (t) PDF of PU: idle time
Py, () CDF of PU3 idle time PU2
j’(}i (t) PDF of PU: residual idle time
F(,i (t) CDF of PU residual idle time %8 ‘ V2
Fvy () PDF of unionized PU idle time i
szﬁ (t) CDF of unionized PU idle time
n; PU ¢ average number of packets per transmission PU’
n; average length of busy period for unionized PU
o Probability PUs idle Vo =min(Vi V) Vo —min(Vi. V.
o Probability all PUS idle b1, 1) prmmin(V1. V) -
Dsi Probability PUs starts the idle period
fei(t) Idle time PDF given PU starts the current idle period
Foi(t) Idle time CDF given PUi starts the current idle period Fig. 3. Timing diagram showing two types of idle periods.
hi(t) Portion of f,,, (¢t) due to PU: ending current idle period of length
p
bij(t) Portion of f+;(t) due to PU;j ending current idle period of length

Based on the system model, we now derive the presentation

. . of the objective function. The derivation assumes the syste

i (.:) Cl(t)lllson IIDetecnon. WhertlﬁvteLaPhSU an_d PU ;;?ﬂr_'s_'consists of a single SU co-existing with/ non-interfering

mit Simuftaneously, we assume that both expenence amiiSlp ;s A notation is summarized in Table |.

and the SU can detect the collision after the transmission. - . ; - .
The objective function requires the derivation of the idle

Perfect sensing, the SU_ packet Iength,_and the LBT assumpthc%ne distribution for the unionized PU activity. For breyitve
ensure that packet collisions ocoomly if a PU accesses the

channel while an SU is already transmittinhis ensures defer this derivation to Appendix A, and define the necessary

. . . terms here.
that for any single PU busy period, at most one PU will . . I
experience packet collison. Assuming perfect sensing and Let tt' dble the_ tgntaNelgpsed _S|tnce ttr;]e _t:ﬁglp nln%g;:th]?ﬂ:n ost
collision detection allows us to focus on investigatingimt recentidle period. We denofg; (¢) as the idle time orthe

capacity. Collisions with PUs are demonstrated in Figure Z;Jhmonlzed PU g|ve?htr1a;{|jg|s:h?hlas_gfo stop t;atst:csTllon. In
d) Knowledge of Individual PUs. We assume that the IS case we say tha arts the idie period that Tollows.

SU has knowledge of the collision constraint, the idle timen€n the unionized PU idle time distributiofy, () can be

distribution, and the mean busy time of each individual plgwritten as v

a priori, i.e. fy,(+), n;, n; for all PUs, which are indexed _ e

by i. This knowledge can be obtained from the network usage Juyt) = le“f”(t)’ ®)

histories obtained from network operators [27]. This isfek -

depending on the the conditions of SU deployment, whevéerep; is the probability that PU starts an idle period.

SU and PU network operators may cooperate during initial From Figure 3, we can see that the residual idle tirjieof

SU network planning and deployment. For example, in tHeU j is also important to the system. The residual idle time

DARPA program both PUs and SUs are military, so plannirgjstribution fv - (t) is

of SU networks could conceivably include knowledge of PU

network statistics [25]. fre(t) = - Fy(t) 1 Fy() ©)
€) Performance Metric. The SU's performance metric Vs EVj] v;

is the time capacity, the percentage of time that the SU can ] ] _

transmit successfully under the collision probability swaint. oM the same figure, we observe that fr users, if PUi

This metric is defined as below: starts the idle period,

U 3 T T T T T
Vo =min(V{", Vo', .., Vi, Vi, Vi, o Vi)

. SU’s successful access time[in 7] P
Cy = lim . 3) .
T—00 T We defineg;; (t) as
Since the channel observed by the SU has idle probability
clearly C; < o/. We show through simulations later that a M
system with non-zero slot-length and sensing time results i s (1) = ij‘ (O)[1 = Fy, ()] H [1- Fy, ®)}; (")
a fraction of the optimal’s corresponding to the fraction of k’“;}j

the slot time where transmission occurs. ) ) N
which can be thought of as the portion of the conditional PDF

IV.  OBJECTIVEFUNCTION fsi(t) due to PUj transmitting first after an idle period of

The SU objective is to maximize its time capacity whilgengtht. We note thatf,;(¢) can now be defined as
satisfying all PU’s collision constraints,

M
max C
S fsi t) = (bl t). (8)
subjectto pf <wn;, i< {l,..,M}. @ " ; )



We also define:;(t) as V. OPTIMAL POLICY FOR MULTIPLE PUs WITH GENERAL
IDLE TIME DISTRIBUTIONS

M
= Zpsj ¢ji(t), 9)
j=1 We now derive the optimal stationary SU access policy in
which can be thought of as the portion of the idle time PDgN M-PU environment with general idle time distributions.
fv(t) that accounts for PU transmitting first after an idle We first derive the most general form of the optimal policy

pepriod of lengtht. We can rewritefy, (t) as ¢*(+). This derivation applies to any combination of PU general
idle time distributions. We then detail two special casesemw

all PUs have exponentially distributed idle times, and when
v (1) Zh (19) by idle distributions resuit in a time-threshold policy. €Th
. special cases are of interest because their optimal pelciee
de\f/i\feg?g) ies”;/r?etzﬁaz?wjéalcgaet;giﬂznuzgr?ilz”eijSLtJe:m. W simp!e_r structure._ We thgn present a se_ar(_:h algorithm for
determining the optimal policy based on principles of conve
o) — {Idle, if all M PUs idle optimization.
Busy, otherwise

We also define the general form of the SU polidy) as the A. Deriving the General Optimal Policy
probability that the SU policy transmits at tinie

) We consider the following policy(-), defined as
) p(t), if ®'(t) = Idle
o, otherwise L I-Fy(t) ,
1, if ﬁ>1,¢’(t)zjdl€

where0 < p(t) < 1. We n_ote thgt thi_s is a sta_tionary policy, ot ) = _ Fv’(t) / (14)
where the same policy is applied in every idle/busy cycle. 7\" p, if m =1,®'(t) = Idle

Within each idle/busy cycle, the policy is dependent @on 0, otherwise

which represents the time since the beginning of the most

recent idle period. The structure of the optimal policy-) is whereg = [jir, s, .., pa]T. The conditions for each section

the main focus OT our work. of ¢(t, u) resemble an inverted hazard function, where the pdf
For an SU policyq(-), the time capacity equation (3) can (t) is replaced by the sum df (¢) weighted by, Each

now be defined as . !
I “term can be thought of as the importance given to each
PU’s collision constraint.

Cula) — I fvp®) - Jy a T)drdt  G,(q) 11 We then define the optimal policy*(¢) as
5(q) —,  (11)
v + n vp +ny,
-t
whereG(q) = [~ fu (1) - [y a( g (t) = q(t, u"), (15)

The SU can collide with Pu only when that PU is the

first to transmit following an idle period. Therefore, fro®)( . - 1 .
constrainty; is satisfied for a policy(t) if: wherep” = [ui, pi3, ..., 13| . Both ™ andp are chosen such
- that the following conditions are satisfied foe {1,..., M}:
v, n
L 1) (12)

/ q(t)h;(t)dt < min (nm r

0 vi +n

The n;n; term results from the fact that only one collision 00

can occur in a single PU idle/busy cycle, and Ptfansmits / g (t)hi(t)dt <, (C2)
n; packets on an average busy cycle. This term can also 0 o

be interpreted as the maximum probability that the SU can wi=0if q* ()hi(t)dt < n.. (C3)
collide with PU ¢ in any given idle/busy cycle of PU, 0

v; + n;. However, the integral in (12) calculates the collision

probability under policyy(-) with PU i for an average cycle

of the unionized PU, v}, +n;,. Therefore, the right side of the Note here that; can be explained as the Lagrange multiplier
equation must account for this difference by multiplying); for theith constraint, ang*(-) is the function to be optimized.

p; >0, (C1)

by the cycle-time scale of the unionized PU over RU We now state the following theorem.
We definen, = n;n; U: we now restate the objective
function defined in (4) for the SU as Theorem 1 Policy ¢*(-) is an optimal policy that maximizes
the SU throughput while satisfying the collision consttsiof
max Cs(q) all PUs.
9(t):0<q(t)<1 (13) Proof: Consider any feasible policy(-) that satisfies the

subjectto  W(q) <nj, i€ {l,...M}. collision probability constraints of all PUs. We now provet



Gs(q) < Gs(q7), and thereforels(¢) < Cs(¢”). From (11),  Fy,(t) = Fyr(t) = 1 — e~ for all i. Since V, =
min(Vy", Vi, ., Vi, ., Vi),

/ fui(t / q(7)drdt va/(t)zl_ef(zi.‘i])\i)t. (17)

Z“ (/ i) i(t)dt—?]’-) This also means that
hi(t) = Cre~ (B2t e (1, M}, (18)

1-— FV/ Zul ] whereC; is some constant.
From (17) and (18), we observe that for apy there are
three possibilities:

(a)

=/ alt)
0
M
+
=1

(_2)/0 q*(t)

+ Zug‘nz’. If the first is true, then from (15) we havgt) = 0 for all ¢,
j while if the second is trueg(t) = 1 for all ¢, implying that
the collision constraints are trivial. Therefore, assugnion-
Z i (/ *(t)hi(t)dt — 771) trivial collision constraints, an approprigtesatisfies condition
three, and (15) reduces to (16). Therefore, determipihids
=Gs(q). not necessary, because we only ngéd
We now determine a* that satisfies (2) for all PUs. We

1L1-Fy(t) < ZZ 1 mihi(t) for ¢ > 0.

1= Fy(t Zu 2-1—Fvg(t)>zl | mihi(t) for t > 0.
Z 3.1 Fys(t) = S0, iha(t) for t > 0.

The inequality (a) is true becausg-) must be a feasible ; .
policy, which results in a collision probability less than ohote thatp* can be found by applying (16) and (12), so we

equal to the constraint. The inequality (b) results becatiée present an intuitive explanation here. Observing jHais the

follows conditions (C1), (C2), and (C3), and(-) is positive probability that a single collision occurs during a singjele
wheneverl — Fy (1) — M wtha(t) is p;ositive of the unionized PU activity, this means a collision with PU
;f - =1 .

Therefore, the optimal policy search is in fact a searc g{;llzls(;?;ugs 'f_lfﬂgrg;greéw — 1 PUs are idle when PWbegins
for vector u* such that the optimality conditions (C1), (C2), thing
(C3) are satisfied. Requirement (C1) can be imposed by M

searching over only non-negative values farbut the others H a;p* = —P < nin,
are dependent oq(t, u). 37&1
e

B. Optimal Policy for M PUs with Exponential Idle Times  where the right side results from the fact that only one piacke
It is a common assumption that channel idle time igollision can occur when any PU becomes busy again, and on
distributed exponentially. For example, in [27], the authoaverage PU transmitsn; packets per busy period. It follows
perform a measurement study that shows that the exponerffid@tp™ can be written:
call arrival model is adequate for cellular networks. It vadso . oy 19
shown in [25] that the exponential case also provides a lower p= zegll%}(a/ nifli; 1). (19)
bound to the achievable time capacity of any PU system. TE%lven this result fop*, we obtain the following theorem.
same result, as we will show, applies here also. Therefore, 1
a system where the PUs’ average idle times are known Bttteorem 2. The maximum time capacity of the SU in a
the idle time distributions are not, the policy derived heaa channel with the unionized activity @ff PUs with exponential
be used while guaranteeing the packet collision probgbiliidle time distributions is:
constraints of all users. ) ,
When all M PUs have exponential idle time distributions, Co= ieﬁl_lﬂf}(cﬂ’o‘ )- (20)

we can show that the optimal poligy (-) is L . .
P poliay () whereCy; = a;n;m;, which is the time capacity that can be

0 {p*, if ®'(t) = Idle achieved in the single-PU system consisting ofitihePU with
q(t) =

0, otherwise (16) exponential idle time.

Proof: This results directly from (19) and (11). Another
roof of this theorem is also available in our earlier worg][2
|

wherep* € [0, 1] is determined by the constraint conditions,

In such a system the SU has equal probability of transmlttnjgJ

any time the channel is idle, so the time capacit¢'js= o'p*.
This comes from the idle time distributions. Since This result has the following intuitive explanation. As &ig

all distributions are memorylessfy-(t) = fv;(t), and 4 demonstrates, the PUs protect each other from collision.



PUI ‘ [ ] (T 11 [T] 1] Proof: The condition for this policy results directly from

| (15), which can be rewritten as
i 3 Vi . 1—Fy/ (t)
Puz | Lo if st > 1,@/(t) = Idle
' : i=1 Hq Vi
: f | * _ . 1-Fy/(t
' 2" : q (t) - p*, if W‘% = 1,(1)/(t) = Idle
PU’ [_“"”*_'1 m ‘—*} i=1 Lq i
v 0, otherwise
——
botecs | | proecss |7 T2 Clearly, if the stated condition is satisfied, the above &qna
Pu2 VPU‘ VPUI reduces to (21)T;* can be interpreted as the optimal time-
SU [] ] 1] threshold for the SU if only PU is constrained. Since only
o the minimum7;* can guarantee that all PU constraints are
¢ satisfied, the optimal policy follows (21) witlh™ as defined
by (22) and (23). |
Fig. 4. Coliision Protection with 2 PUs. This leads to significant computation reduction in determin

ing the optimal SU policy, since the policy can now be found
through (23). As stated before, several common distribstio

This reduces the collision probability of each PU, allowingeSult in this type of policy.

the SU to transmit more aggressively. This offsets the reducD' Optimal Policy Search

channel availability. In some cases, all PUs will be praect i ) ) o

to the point that their collision probability constrairgannot Because the policy search is essentially an optimization
be violated, and the SU will transmit whenever the chann@Y€r the Lagrangian multiplier vectqr, we can use convex

is idle, resulting inp* = 1 with time capacityC,(¢*) = /. OPtimization technlques_ to search for the optimal policy.
In addition, we also note thai* can be calculated simply There_fore, in our numerlcgl results, we use a descent method
using (19), which greatly reduces calculation time. Thiguau  With line search to determing” [29]. The idea of the policy
protection also benefits PU systems with general idle tirse dsearch is that a §earch or “descent” d|rect|on-|s chosendbase
tributions, but does not result in the same simplified stect O & current choice ofz, a distance to search in that descent

as the exponential case. direction is chosen based on a “line search” algorithm, and
is updated. This process reiterates until a stopping witds
reached.

C. Time-Threshold Policy For ease of discussion, we defifig(¢) and L(q, n) as

There are many cases in which the PU idle distributions oo
result in a time-threshold policy. For example, systemsrahe U;(p) = / q(t, p)hi(t)dt,
a PU has a uniform idle distribution or Weibull distributen 0
with shape parameter under unity commonly result in a time- M
threshold policy. Therefore, we investigate this case .here L(p) = Gs(q(t, ) + Y i (nf — Wi(w)) .
A time-threshold policy begins transmitting as soon as the i=1

channel becomes idle for a length of tirf&, or until the ,(,) is the collision probability achieved with the PU

channel becomes busy: given policy ¢(t, ) from (12), andL(p) is essentially the
_ L Lagrangian dual for the objective function (13).

- (t) = {L it t<T* ®'(t) = Idle (21)  Beginning with an arbitrary, feasible choice for, the

0, otherwise algorithm first determines a search directid: using the

gradient descent method,

Ap = [U1(q(t, p)) =0, Uarla(t, p) — my)-
Theorem 3.1f 1— Fy,(t)/h;(t) can be shown to be monoton-_ ) _ _
ically decreasing fot = 1, ..., M, then the optimal policy is This direction is in fact the negative gradient bfq, ) with

a time-threshold policy of the form in (21). Furthermofé: respect tou. This direction increases the corresponding to
is violated constraints under the current policy, and dee®as

the u; for PU constraints which are obeyed. This can be
analogized as giving more/less weight to the stricterdoos
PU constraints in the search.
Next, a line search algorithm is used to determine the step
T size v, the distance to increment in the search direction. In
/ hi(T)dT = n.. (23) our numerical results we use a modified backtracking line
0 algorithm [29]. It is essentially the same as the standard
algorithm, but with conditions that prevent the resulting

We now state the following theorem.

T* = min(T7, T3, ..., T}y, (22)

whereT is determined by



from searching into negative; values which would violate where Fy;(t) is the cdf of the idle time distribution given

condition (C1). that PU is the last to transmit. Using these more specific
Finally, v is updated as equations, the objective function still follows the form(aB).
e+ AL, We can see that the optimal poligy(t) is similar to (14),

except that there are nol policies for when each PU is the
If the updatedu satisifes conditions (C2) and (C3) to within dast to transmit. Therefore, we now define the optimal policy
reasonable limit, the algorithm is terminated with the eotr ¢’ (¢, u) given that PU: is the last to transmit for a given
iterate asu*. multiplier vector u:

In practice, this algorithm runs quickly. For all results in
Section VII, each 2-PU-system policy is found in undar ¢ (t 1) =
seconds (and in many cases, significantly less) running on af 1, if 1 — Fy(t) > Zj]\il i dij (t), @' (t) = Idle 27)
Pentium 4 3.2 GHz processor with 1 GB of RAM. Given that ¢ p*, if 1 — F,;(t) = ij‘il i (t), @ (t) = Idle
any policy is meant to be operative on the order of hours, this 0, otherwise
time is negligible.

We note that this equation is quite similar to (15).,(t) is
replaced withF,(¢), andh;(t) is replaced withp;;(t), since

We now investigate how extra information of PU activitythe policy being defined is only operative when RUs the
can affect the optimal policy, and ultimately the time caast to transmit. We now define the optimal poligy(t) as
pacity of the SU. In addition to the original system model ) . )
assumptions, this information is assumed to be availabieeto ;) _ {Q? (t,w*), if PU i last to xmit ®'(¢) = Idle
SU through augmented sensing capabilities from the orligina 0, otherwise
system model. These two cases of extra PU information are (28)
as follows: where pu* satisfies the conditions laid out in Section V-A.

« Sde Information 1: The SU knows which PU was the The proof of the optimality of the policy is analogous to that

last to transmit. of Theorem 1. This policy can be obtained using a slightly

« Sde Information 2: The SU knows which PU was themodified version of the algorithm presented in Section V-D.

!ast tol transmit an_d hpw long the oth_er EUS have beg] Optimal Policy for SI-2
idle prior to the unionized channel going idle. , i i
We now derive the optimal policy for the SI-2 case. As

We use SI-1 and SI-2 to describe these two cases, and NO'Sslttaoted previously, this case is computationally intraetamnd

refer to the original policy laid out in Section V. We notetha” . . )

. . . . rimarily serves as an upper bound for possible performance

in general the sensing capability of SI-1 would seem to imp . -

the capability of SI-2, i.e. if a sensor can differentiatesPU r stationary policies under our model. In the SI'Z. case, th
L ' ~SU knows how long every PU has been idle prior to the

it is easy to assume it can also keep track of how long eaglrl'annel going idle. We call this time tHest time, denoted
has been idle. SI-1 and SI-2 can achieve significantly bettgzr . ; T
y X, for the ith PU, with 2; as a realization ofX;. By

performance than the original case. Through our derlVatloaefinition, at least one PU'’s lost time will be zero at thetstar

we show that SI-2 is computationally intractable. We now, . : . . o .
. . . of any idle period, since at least one PU is transmittingrdado
derive the new optimal policy for each case.

the moment the unionized PU goes idle. We define the vector

A. Optimal Policy for S-1 X ; as the vector containing all of the lost times given PU
We wish to leverage the new information when determiniri§ the last to return:

the optimal policyg*(¢) of the SU. Naturally, the SU can

act differently based on which PU ends transmission last. X ={X1, .., X;-1,0, Xip1, ..., Xns }

Therefore, an SU policy(t) can be written as

VI. PU SIDE INFORMATION

andx; = {x1,...,2;-1,0,z;41...x7s } @S a particular instanti-
{Qi(t) if PU i is last to transmit®’ (¢) = Idle ation of X ;. We note that theth element is always zero for
q(t) — ) ¥

H ;.

0 otherwise (24) The SU policy depends on both the PUs’ idle time distri-
whereg;(t) is the SU access policy when PUs the last to bytlons and th.e_ vectaX. We denote_ th_e SU access policy
transmit. given that PUi is the last to.transm|t with lost time vector

From (12) and (13), the time capacity and the collisiorc: aS4¢(t|X), and a SU policy(t) as
constraint can be rewritten as q(t) = q(t|lxy), if X; =0, X; =x;,®'(t) = Idle. (29)
M ~ 00
Cs(q) = DiziPsi Jy ai(®)1 = FSi(t)]dt7 (25) The time capacity and constraint equations (11) and (12} mus
vy, + 1y, be re-derived using the idle time distribution conditiored

the values of the lost time vectoX ;.

M oo
> b / q;(t)¢;i(t)dt < min(n;, 1). (26)  To obtain the time capacity and constraint equations, we
= 0o ' must determine several related pdfs conditioned on the lost



time vector. We first defing’s;(t|z;), the conditional pdf of The equation forfy,(¢) still follows (5). Integrating (30) over
the idle time given that PU is the last PU to transmit with ¢ also allows us to obtain the conditional cf¥;(¢|z;). We

lost time vectorz;, also rewriteh;(t) in terms of¢;; (t|x;) as
M M
Faltlz) = 3 3 (t). (30) ()= 3oy [ onltla) fx @iz (@6)
j=1 =1 T;

In this case,; (t|a;) is the portion off.;(t|z;) due to PU ~ We are now able to derive the time capacity(q) and
7 ending an idle period of length given that PUi is the last Cconstraint equations for Si-2:

to transmit and a lost t_img vectar;. Wg refer the reader to fOOO q(7)[1 — Fy,(7)]dr
Appendix A for the derivations,; (t). If j =i we have Cs(q) = —
U + ny,
M M ~00
> i1 Psi w A(T]i)[1 — Fi(7|2;)]d2sdT
Gii(tlzs) = PriVi = ] [T Pr(vs > t + 51X, = ;] _ TPy L — ,
j=1 Up 1y
J#i (37)
M
PriV; > t+ xj] M
=Pr[V; =1 —Jl - _J >
V=1l == GO Yowy [ [ attiwenttle)fx, (o))dait < of. (@)
i =1 w
Mo [y (t + ;) The objective function then follows the form of (13) usingth
= fu.(t) H W time capacity and constraint equations (37) and 38).
;2 I As in the previous cases, we define the optimal pojitft)
as the policy that corresponds to the vecjot such that
If j # i, we have: the optimality conditions (C1)-(C3) are satisfied. The wyati
i (t]2s) policy ¢*(t|x;) for PU i givenx; is:
M q (tl;) =
:PT[Vj :t+xj|Xj:xj]kli[1P7’[Vk >+ xg| Xk = xi] 1 if 1—Fsi(t|wi) >Z?ilu;(bij(ﬂwi)a@/(t):Idle
K] pt, i 1= Fy(tla) = Y00 e (), @' (t) = Idle
PV =t+ ] ﬁ PrVi, > t + ] 0, otherwise
— PrlV; > ] - Pr{Vi > ay] (39)
k#i and the optimal policy* () is
M
(t+x; -
- 1fVJ (F+(x-7)) IE . Fz;(t;”;’“). o= {0 T X =0 and X, = @, @/(1) = Lalc
— by, (x; - T =
Vit oy Vil 1 0, otherwise,
(32) (40)

wherep* = {uj, ..., u3, } satisfies (C1)-(C3). The proof is the
We must also determine the distribution of the lost timgame as that presented in theorem 1.

vector X;. The distribution forX; is the same as the residual This policy gives better performance than either the No-SI

time distribution for theith user: or Sl-1 cases because of the additional information. Howeve
1 — Fy, () in practice, obtaining the optimal policy in (40) is computa
fxi(@i) = fvr(@i) = BT (33) tionally difficult. For anypu, the collision probability depends

on an infinite number of policieg(t|x;) corresponding to

and the distribution ofX’; is the joint distribution of all of the 5| hossible lost time vectors, rendering numerical sohai
!ost time dlstrlbuu_ons_ of_the_other variables. Since allsPAdt prohibitively expensive.
independently, this distribution amounts to

VIlI. NUMERICAL RESULTS

M
N — , We now present numerical results demonstrating how SU
() = (z5), 34 ; i
fx (@) 71;[1 I, (i) (34 performance is affected by the number of PUs in the system
G and the side sensing information defined in the previous sec-

wherefy. () is not included in (34) because &, PrX; — tion.. The resullts presented are meant to demonstrate et gff

0] = 1. With (31), (32), (30), and (34) we can derive theof time capacny in a number of different network scenarios

equation forf.:() as yvhere_ multiple PUs may need to be protected. First, we
investigate how the number of PUs affects the SU performance

for the No-SI case. We show that while time capacity gengrall

degrades with the number of users, throughput increases to a

falt) = [ fultledfx (ediz. @)
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. i =80,n. =20, a'=.8 i i
o5 Cs Ve, Multiple Channels, v = 80, n; = 20, o exponential case reduces the SU access policy to a random

" -O-Uniform Idle, =01 access scheme with probability corresponding to the amtlis
07 _'Z‘_Exr_)fone"ﬁ' Idie, =01 constraint. On the other hand, in the uniform distributiase,
0sl T Exponentil e, ne2 the time that the unionized channel has been idle helps in
—&- Uniform Idle, n=.03 predicting when the channel will become busy. This results
04 —¢ Exponential Idie, n=.03 1 in a policy that exploits this predictability, transmitginmore
o 04l . ] aggressively earlier on in an idle period.
In a case where each PU resides on a different channel as
0 ] in Figure 1(b), we must also consider the bandwidth of the
02 ] unionized channel to evaluate SU performance. We consider
this in Figure 6. In these simulations, we now assume that
0.1r . . . ..
in addition to each PU having the same usage statistics and
o—; 2 . : m 1 collision constraints as in Figure 5, each PU occupies its ow
Number of Channels channel of bandwidtiB,. All channels have the same noise

power densityNy, and the SU operates only under a maximum
Fig. 5. Cs vs. Multiple PUs, with single PU parameters = 80,n; = 20.  power constrainf’. We now define the throughput of the SU
Rs(M) as the product of the time capacity and the Shannon

capacity of an SU operating ai/ channels. Therefore,
point if the PUs are on different channels. Then we show that

in the SI-1 and SI-2 cases the extra PU information available R, (M) = ¢y (M)M By log, (1 + L) 7
to the SU over the No-SI system model leads to higher time M BoNo

capacity while still satisfying PU packet collision prolléh \hereC, (M) is the time capacity of the SU o/ channels.
constraints. Therefore, for any simulatiors(M) always follows one of
. the curves in 5. For simplicity, we also assume tliat =
A. Multiple PUs 1. In Figures 6(a) and 6(b); is held constant at0l and
We first investigate how multiple PUs affect SU perfor-02 respectively, and each curve represents a diffefefiy
mance in the No-SI system model. In all simulations in thisatio and idle time distribution (exponential vs. uniforrRjrst,
section, we have multiple PUs with the same idle/busy timghserving Figure 5, we see that when= .01 and .02, the
distributions,v; = 80 andn; = 20, and the same collision con-number of PUs that results in a time capadity ~ o’ is 8
straintz. We compare SU performance for two different idleind 5, respectively. Now, from 6(a) and 6(b), we see that when
time distributions, exponential and uniform. The PU packet = .01 and .02, the maximum throughput also occurs at 8
length is1, and the SU packet length = .01. Therefore, any and 5 PU channels respectively, regardless of distribugiuh
SU policy ¢(-) must assign transmission probabilities for timeU transmission power. This suggests that a good heuristic
increments of lengtl\, and all idle time distribution functions to obtain maximum throughput in a multi-PU multi-channel
are calculated with time increment df also. system is to use as many channels as possible, such that the
First, in Figure 5, we study the time capacity performandéme capacity is not severely limited by the idle probaipibif
as a function of the number of PUs to be protected. Thike channel.
is an accurate measure of SU performance in the spatiaFigures 6(a) and 6(b) also show that the uniform case has
separation case demonstrated in Figure 1(a), since all Rts a higher throughput than its corresponding exponentia cas
the SU operate on the same channel. In Figure 5, each cuuaveil the maximum throughput is reached. This is again due to
represents a simulation where all PUs have the same paiecthe memorylessness of the exponential case, which makes the
requirement and idle time distribution, either expondntia arrival of the PU unpredictable. However, we also notice tha
uniform. the exponential and uniform cases with the same SU power
We first observe that for all cases, the time capacity &ndn value both result in roughly the same performance at
eventually limited by the idle probability’. This corresponds the elbow of each of the curves. The cause of this is obvious:
to when the PUs are sufficiently protected such that no Rb either case, the SU is transmitting whenever the channel
constraint can be violated. In this case, the SU transmitsidle, and both cases have the same idle probabilities Thi
whenever the channel is idle. We also note that the timesult suggests that a strong heuristic to obtaining a adann
capacity for uniform idle distribution cases degrades a&s throuping that obtains near optimal performance may be to
number of PUs grows, with the largest drop betwéén=1 treat all channels as exponential regardless of their hctua
and M = 2. However, the exponential idle time cases expelistributions. This will significantly reduce computatiohthe
rience no degradation until the SU transmits with probgbiliunionized PU idle time distribution as well as the optimal
1, corresponding to a time capacity of. access policy.
Finally, we observe that the uniform case outperforms theFinally, in Figure 6(c),P/N, = 100 for all simulations,
exponential case for alh and M before the time capacity and each curve represents a differenvalue and idle time
is limited by /. This is because the memorylessness of thikstribution. We note that regardless of thevalue, as the

(41)
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In Figure 7(a), the time capacity; of the optimal No-SlI
and SI-1 policies are plotted as a functionsgfwhere both
PUs are assumed to have the same packet collision prolabilit
constraint, i.en; = n, = n. Table ll(a) displays the collision
probability values obtained by the No-SI (NS) and SI-1 (S1)
policies for each PU and desirgdvalue. In Tables li(a), lI(b),
and Ill, the constraint values set by the PUs are labeleg ,as
and the collision probabilities achieved by the optimaigeb
are labeled ag);. We observe that the SI-1 optimal policy
achieves highe€’s whenn < .035. We also notice that, while
both policies are able to achieve the desiredsalue, the SI-

1 policy is able to achieve higher collision rates than No-Sl
for PU2 without violating the collision constraints. This i
because SI-1 exploits the extra information to transmitemor
aggressively, achieving a higher time capacity.

Finally, atn = .035, we notice that both policies achieve
approximately the sam€, and that both policies have colli-
sion probability rates less than the desired his corresponds
to the case where the SU transmits whenever the channel is
idle: Cy = o = .5333, and neither collision constraint can be
violated.

In Figure 7(b), we observe the effect that differing codlisi
constraint values have on the time capacity for No-Sl andl.SI-
Time capacityC; is plotted against changing, while PU1’s
collision constraint is held a; = .01, with corresponding
achieved collision probability values displayed in Talig).
Again it is clear that the SI-1 policy performs better in gethe
and similarly, SI-1 achieves a higher collision probapithian
No-SI without violating the collision constraints.

The one exception occurs at = .006, where both cases
satisfy the collision constraints with equality (boldedTiable
[I(b)). The corresponding’; values achieved by No-SI and
SI-1 are the same at this point. In general, this observation
holds true for all combinations of idle time distributiorfsat
result inT* policies: for anyy; value, there is a corresponding
12 value such that both constraints are satisfied with equality
by the No-SI and SI-1 optimal policies. In this case, the No-
Sl and SI-1 policies are both time-threshold policies with t
sameT™* value, which results in their correspondiag values
being equal.

We also observe that botfi, curves become constant at
higher 7, values. This is becausg, becomes the limiting
constraint for both policies, such that neither No-SI notlSI
can transmit more aggressively to exploit looggconstraints.

number of PU channels goes up, eventually performance isFinally, in Table 1ll, we observe the effect of non-zero SU

limited by the time capacity.

B. Comparison of No-S and S-1

slot lengths and sensing times on performance. We run all
policies over the same simulated PU transmission pattesns a
in the results from Figure 7, with; = v, = 80, andn; = 20,

We now compare the performance of the No-SI and Sk, = 40. PU slot length is again. We assume that the SU

1 cases. In these simulations, activity of a two PU systesenses the channel for a constant amount of time in every
is generated. Both PUs have uniform idle time distributiorsot, with A, denoting the sensing time. The table in this case

with v; = vo = 80, and general busy time distributions withcorresponds only to SI-1 type policies; the results from the

ny = 20, no = 40 packets per transmission. We assume thBio-SlI results show similar trends.

the packets for both PUs have the same length, saxthat .8, From the table, we see that performance is affected very
as = .6667, ando’ = .5333. PU and SU packet lengths ardittle by the increased packet length. In all cases with zero
1 and.01, respectively. sensing time, when compared with the theoretical policy per
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Fig. 7. Time capacity performance for 2 PUs with uniform itllee distributions,v; = vo = 80, n1 = 20, n2 = 40.
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TABLE Il
ACHIEVED 71,12, Cs FORFIGURE7

(a) Achieved values for Figure 7(a),= n1 = n2 (b) Achieved values for Figure 7(byz varying,n1 = .01

7 [ (NS) | 172 (NS) [ i 5D [ %2 (5D 72| 77 (NS) [ 77 (NS) [ 71 (5D) [ 172 (5D)
.0050 .0050 .0030 .0050 .0050 .0020 .0033 .0020 .0067 .0020
.0100 .0100 .0060 .0100 .0100 .0040 .0067 .0040 .0100 .0040
.0150 .0150 .0090 .0150 .0135 .0060 .0100 .0060 .0100 .0060
.0200 .0200 .0120 .0200 .0153 .0080 .0100 .0060 .0100 .0080
.0250 .0250 .0150 .0250 .0171 .0100 .0100 .0060 .0100 .0100
.0300 .0300 .0180 .0300 .0188 .0150 .0100 .0060 .0100 .0118
.0350 .0333 .0200 .0333 .0200 .0500 .0100 .0060 .0100 .0118

formance, there are only slight variations of achievedisiolh determined in a manner similar to (39). For a 2-PU system
probabilities and time capacity. Generally, higher valoks; with a given(uq, p2) pair,
correspond to slightly higher values of time capacity. Ehes T
differences are minor, since the differencegjjrare less than q(t|z, (WW =k)=
2% in all cases with respect to the = .01 theoretical case. 1 . 1—Fy (t|m;=kW)
: L . if < -
In the cases with non-zero sensing time, we see that while D=1 1y bij (tw;=kW)
. .. _— . * I.I: 17F5i(t|mj:kw)

achieved C(_)II|S|on probab|I|_t|es remain the sar@@,decreases_ -, ST 1162ty =R W)
due to the time spent sensing the channel. The Qecreaégs in 0, otherwise
correspond to thé\; /A factor spent for sensing in each time _ _ o
slot. Therefore, we conclude that for non-zero SU slot leagt Wherez; = 0, andz; is the lost time of PUj with j 7 i. The
performance remains within acceptable limits assuming th&odified policy is then

the SU slot Iength is not greater than the PU packet Iength.
tlx;, 1 =k , if X =z, ®'(t) = Idle

0, otherwise.

> 1, ®'(t) = Idle
=1, ®/(t) = Idle

(42)

C. d-2 Policy Performance

We now compare SI-2 performance to the other two cases. (43)
Simulation parameters are the same as the previous sectiorlthough the policy defined in (43) reduces computation
For SI-2 simulations, optimal search is impractical beeaugreatly, it is still expensive to search for an optinah, y2)
of heavy computation. Instead, we use a randomly selectied a givenn,n, pair. Instead, we obtain an arbitrary SI-
(u1, p2) pair to generate an arbitrary, simplified SI-2 policy2 policy using a randomly selectggy, 12) pair. Using the
Since the SI-2 policy is dependent on the lost time vectaollision probabilities obtained under the SI-2 policy, then
X, for any (u1,u2) pair there are an infinite number ofperform a search to determine the No-SI and SI-1 optimal
policies corresponding to different lost times, meaningtthpolicies corresponding to those collision probabilities.
the achieved collision probability of any SI-2 policy is com Table IV shows the results of one such comparison. We
putationally expensive. use a lost time interval widti = 10, and obtain a SI-2

To make this more tractable, we divide the possible lopblicy that yieldsy; = .0101, 7, = .0101. The optimal search
time into intervals of widthi¥. For each interval, a policy is algorithm is run for No-SI and SI-1 using those constraints.
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TABLE Il
SU PERFORMANCE FORSI-1POLICY WITH NONZERO SLOT LENGTHA, SENSING TIMEA

m = .01,7m2 = .006 n = .01,7m2 = .01

Policy Type Cs il 72 Cs 1 72
A = 01, A; = 0 (Theorefical) | .2024 .0100 .0060] .2483 .0100 .0100
A=.1,A;=0 .2028 .0101 .0061] .2484 .0102 .0101
A=1,A,=0 2010 .0101 .0060| .2485 .0103 .0101
A=1A,=.1 1809 .0101 .0060| .2237 .0103 .0101
A=1A, =2 .1608 .0101 .0060 .1988 .0102 .0100

TABLE IV

PERFORMANCE COMPARISON BETWEENB CASES, WITH 11 = 0.0101, [2] “Facilitating opportunities for flexible, efficient, anreliable spectrum

n2 = 0.0101, AND LOST INTERVAL WIDTH W = 10. use employing cognitive radio technologies, notice of pssal rule
making and order,” Federal Communications Commision, Reget

docket No. 03-322, December 2003.

Policy | n1 achieved | 72 achieved | Cs [3] Q. Zhao and B. Sadler, “A survey of dynamic spectrum asc&gnal
No-SlI 0.0101 0.0060 0.2029 processing, networking, and regulatory policEE Sgnal Processing

SI1 0.0101 0.0101 0.2495 Magazine, vol. 55, no. 5, pp. 2294-2309, 2007.
[4] S. Haykin, “Cognitive radio: brain-empowered wirelessmmunica-
Sl-2 0.0101 0.0101 0.2724 tions,” IEEE Journal on Selected Areas in Communications, vol. 23,
no. 2, pp. 201-220, 2005, 0733-8716.
[5] J. Mitola and J. Maguire, G. Q., “Cognitive radio: makirspftware
. . . radios more personalPersonal Communications, |EEE [see also |[EEE
The SI-2 policy achieves &.2% gain over Sl-1, and 84.3% Wreless Communications], vol. 6, no. 4, pp. 13-18, 1999, 1070-9916.
gain over the No-SlI. [6] Shared spectrum company: DARPA XG program informati@nline].
Available: http://www.sharedspectrum.com/technoldgypaxg.html
[7] F. W. Seelig, “A description of the august 2006 xg demuaat&ins at
VIII. CONCLUSION fort a.p. hill,” in Second IEEE International Symposium on Dynamic
Spectrum Access Networks, DySPAN, 2007, pp. 1-12.
In this paper, we studied the opportunistic access in Bl S. Huang, X. Liu, and Z. Ding, “Opportunistic _spectrum

. . . access in cognitive radio networks,” IEEE INFOCOM
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APPENDIXA: DERIVATION OF UNIONIZED PU IDLE TIME
DISTRIBUTION

From (5), we need to derive; andf;(¢). To determine;,
the activity of the PUs is observed over time interf@lT],
whereT is the length of the firstV’ idle/busy cycles of the
unionized PU.I}, B ,I;, and B;, are thekth idle and busy
periods of the unionized PU and PUespectively. Therefore,

N/
T=> 1, +B,
k=1 (A-1)

N;
=(>_ I, +B,)+Ri, i€{l,.M},
m=1

whereR; < I, ., + By ., and in generalV; # N; # N’
fori,j € 1,..., M. Since PUi must end a transmission for
every idle/busy cycle, each PU ends transmissions during
T'. An idle period started by PWresults if all other PUs are
idle when PUi transits from busy to idle state. Definiog;
as the number of idle periods started by PUve know that
asT — oo,

M
lim Nsi == Ni H g,
T—o0 1

=

i
with
M
. - /
i, 2 N =N
=

With these equationg,s; can be shown to be

(A-2)
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We now determinefs;(¢). From (8), we need to derive
(bij(t). If ¢ =7, then¢ij(t) = (bii(t) is

bii(t) = Primin(Vy", Vy ..., Vi, ., Vi) = Vi)
M
= fv.(t) []10 - For®). (A-3)
j=1
J#i

If i # j, ¢i;(t) is the probability that the residual idle time of
PU j is t, and that all other users’ idle times are greater than
t, or

¢ij(t) = Primin(Vy", V5, .., V', ., Vi, o, Vi) = V)]
M
= fvr @t = Fy, )] T [0 = Py ().
K
(A-4)

We have now derived all terms from (5) for the full unionized
idle time distributionfvpz (t). From (5) we can obtaim;,, and
combining with (1), we can obtain;, as

(A-5)



