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Abstract—Cognitive radio is a promising technology to miti-
gate spectrum shortage in wireless communications. It endds V %\
secondary users (SUs) to opportunistically access low-agzancy N3
primary spectral bands as long as the primary user (PU)

access is protected. Such a protection requirement is padilarly \Y4

[
[
challenging for multiple SUs over a potentially wide geograhical Y e
area. In this paper, we study the fundamental limit on the AN W
o ¥

throughput performance of cognitive radio networks under the ‘@
PU packet collision constraint. With perfect sensing, we deslop

an optimum spectrum access strategy suitable under generieU *
traffic patterns. Without perfect sensing, we quantify the impact V¥ PU Tx ] \\
of missed detection and false alarm, and propose a modified PU Rx o .
threshold-based spectrum access strategy that achievesosg- \Y4 \\.
to-optimal performance. Moreover, we develop and evaluatea e SU %\
distributed access scheme that enables multiple SUs to cadtively L ARV 1
protect the PU while adapting to changes in PU activity pattens. 2 ‘\\ -0
Our results in this paper provide useful insight on the tradeoff o=~

between the protection of the primary user and the throughpu

performance of cognitive radios. Fig. 1. Overlaying a cognitive radio network to top of a legawimary
) network
I. Introduction

Cognitive radio technology can potentially mitigate spec-
trum shortage in wireless communications by letting SUs &®ordinate all SUs. However, a centralized controller maty n
opportunistically utilize spectral white spaces of PUsc@iese always be available or practical. Additionally, the comrnican
legacy users have access priority, secondary cognitivie ration and coordination among all SUs will incur much overhead
networks are required to exert minimal effect on PUs if an@nd delay, even if such inter-cooperation is possible. Tone
when PUs become active. For example, in the DARPA X@f our objectives is to achieve the collective protectiorthaf
project [1], one of the three major test criteria in the fidtt PU without a centralized controller while still enablingasial
is “to cause no harm” [2]. The protection of PUs is vital td€USe.
the success of cognitive radio system because no PU wouldn this work, we use PU packet collision probability as
be inclined to accommodate secondary cognitive networld® metric for PU protection. SUs access potential idle PU
without such assurance. Thus, the spectrum access stra®@#gnnels using a sensing-based access scheme. Multiple SUs
of the SU should aim to maximize the performance of SUgan consider access to the idle primary band independently
while operating under the protection requirement of PUs. Or collaboratively. Regardless, in order not to upset the PU

In some deployment, PUs may have much larger transmpgrformance, the total collision probability from all SUcass
sion power compared to SUs, i.e., TV stations vs. unlicensB@st be restricted to satisfy the collision probability swaint
devices, as shown in Figure 1. In such cases, the protectfti by the PU. Under such a protection requirement, we inves-
of PUs is more challenging when there are multiple SuU#ate the fundamental limit on the throughput performanice
accessing a PU channel. Because these SUs are widely spRRRPrtunistic spectrum access by SUs. Our contributioas ar
in the area, one SU may not be able to sense all others Development of an optimal spectrum access policy under
SUs’ transmissions. On one hand, this enables spatial reuse the assumption of perfect sensing by SUs.
among secondary users, which increases SUs’ capacity. Om Derivation of (tight) lower and upper bounds on the SU
the other hand, the collective protection of PUs becomegmor throughput.
challenging because individual SU’s intrusion/interferecan  « Analysis of the impact of imperfect sensing on the
accumulate to an unacceptable degree to the PU. To address SU throughput performance and the development of a
this issue, one may consider a centralized SU controller to modified spectrum access policy.



« Development of a distributed access scheme that enaltbesween idle and busy states in [12] while we consider génera
multiple SUs to operate under the PU protection requir®U traffic patterns.
ment and to adapt to changes in the PU traffic pattern. In [13], the authors show that the maximum usable time

In summary, our results illustrate and quantify the effetct @roportion for the SU cannot exceed the product of the
the PU traffic pattern, the packet collision constraint, &l collision probability constraint and the idle percentagehe
sensing capability, on the performance of multiple SUs.  PU’s traffic under the assumption that the PU’s idle time

We organize our paper as follows. Section Il discussééstribution is exponential. In comparison, we do not have
related work. Section Il introduces our system model, tH&e exponential idle time distribution assumption. In diddi
protection metric for the PU, and the performance metric foye consider imperfect sensing and distributed schemes. Our
the SU. Section IV presents an optimal threshold-based sp&todel is more general and emphasizes the interaction betwee
trum access policy under generic PU idle time distributiorifeé SU’s performance and the characteristics of the PU’s
assuming perfect sensing. The impact of imperfect sensighaviors.
is studied in Section V. Section VI presents and evaluates a

distributed access scheme that adapts to changes in the PU IIl. System Model

traffic pattern. The paper is concluded in Section VII. Consider the scenario in which one spectrum band is
licensed to PUs while multiple SUs try to exploit spectrum
Il. Background and Related Work opportunities vacated by PUs under the protection requrgm

Cognitive radio has attracted much research attentiorh Batf PUs. We assume that a SU does not distinguish different
distributed and centralized schemes have been proposedPtds, and can only access the channel when no PU is active.
facilitate the spectrum sharing between SUs and PUs. Thus, SUs treat the collective of all PUs as one “aggregated”
[3]-[4], centralized mechanisms are proposed to implemeRt in designing SUs’ spectrum access schemes. SUs consider
spectrum leasing and real time spectrum auction of unused g PU channel as either idle or busy. Multiple SUs can have
bands in which spectrum brokers and infrastructure may neactess to the idle primary band independently or collabora-
to match “white space” between providers and consumetisely. Regardless, in order not to upset the PU performance
Spectrum sharing by cognitive radio devices in unlicensdlde sum effect from all SU access must be constrained to
bands is also considered in [5]-[6]. Our works differ fronsatisfy the protection requirement of the PU.
the above in that we address the asymmetrical relationship i o
access priority and protection requirement of the PU and s8s PY activity model
when designing spectrum access schemes of SUs. Because the PU does not operate at full capacity, the idle

In [7], the multi-armed bandit model is used to describe thipterval of the PU band is random and depends on the PU
spectrum access problem of the SU. However, PUs in this cdsaffic pattern. Here, we denote the length of a PU's idle
do not consider interference from SUs. In [8], a CSMA/CAnterval asV,, its probability density function agy (-), its
based spectrum access scheme is proposed by exchangingtineulative distribution function aBy, (-), and its mean as,,.
channel reservation information on a separate controlrélan Denote the busy interval of the PU &g with meanl,,. The
In [9], a distributed dynamic spectrum allocatidnsmartis idle percentage of the primary channel is then= —2-.
developed to allocate different sizes of time-frequenock$ In each busy period, there arg, consecutive PU pléclzets.
available in TV bands to multiple SUs with different trafficEach packet has a fixed length We let NV, be a random
demands. Still, neither work studies the impact of the PUlariable with meam,,. Thus,l, = n,L. Note that here we
behavior on the performance and access protocol of the SUsely use the term “packet” to denote the time granularity

Other related works include designs of channel sensf the PU’s traffic. For PUs which do not use packet-based
ing/probing, channel selection [10], flow control and salled transmission scheme, they may be more interested in the
ing [11], and joint PHY-MAC design [12] for cognitive radios amount of overlapping time between them and secondary
For example, in [10], authors show that the optimal joirdsers. It requires minor alteration to transform the packet
channel probing and transmission strategy has a threshotdlision probability to the overlapping time constraint.
based-structure. However, there is no explicit considmraif We assume that the aggregated behavior of PUs is ergodic
the protection of the PU. and stationary for the concerned time-scale of secondamngus

The work in [12] formulates the joint PHY-MAC design of We also assume that the PU’s channel access is not affected
the opportunistic spectrum access with imperfect sensing aby SUs’ behavior. Whenever the PU has traffic to send, it will
constrained partially observable Markovian decision pss¢ access the channel without sensing. Additionally, evengho
and exploits the whole observation history to decide thé opbn rare occasions, collisions between the PU and SUs may
mal action. The optimal access policy obeys a separation priead to retransmission by the PU, we ignore such impact on the
ciple, which simplifies the joint design of the spectrum sensdistribution of V,, and L,,. (We note that such retransmission
and MAC protocol. In comparison, in [12], it is assumed thatan be accounted for in the PU behavior by increasing the
the primary channel has a slot structure with which SUs céngth of the busy period.)
synchronize while we do not assume a slotted structure & thi Since the PU is the high priority legacy user within the
paper. In addition, the authors assume Markovian tramsitiband, the SU’s transmissions must be conservative enough




to protect the communication quality of the PU. One waglevices since the design of the inner state machine canitinher
to quantify this objective is to limit the average collisiorfrom the existing MAC protocaols.
probability “perceived” by the PU, where the average cialiis

probability is defined as follows: RU BUSY

p, = Pr[PU packet collisiop 1)
Spectrum
Relying on the stationarity and ergodicity of the PU’s asces Sensor

behavior, we have
Collision with P\Y

e D Ne(h) o
P TS N, () @ v

where N..(k) is the total number of collided packets of the
PU in thekth busy-idle cycle. The collective access activities
from all SUs have to satisfy the following constraint: ‘

Py <. (3)

The constraint can be imposed by either the PU or spectrum Fig. 2. Cognitive Components of Secondary Users
regulators and is known to the S& priori. When there are
multiple SUs, the overall collision probability at the PUeks As illustrated in Figure 2, the cognition engine includes
to be bounded below. the following three components: spectrum sensor, decision
Note that when the SU and the PU transmit simultaneousiyaker, and transmitter. The spectrum sensor listens to the
it may still be possible for the primary receiver to decodehannel and detects whether the primary user is present.
its signal if it is comparably strong. In addition, advance@he decision maker is the focus of this paper. It determines
signal (and array) processing techniques can also be explowhether to transmit based on the protection constraint frem
to improve the interference tolerance capability of the Ads PU, sensing results, and previous transmission historpeat t
this case, the PU may provide a looser collision probabiliipstance. From the viewpoint of the practical protocol ktac
constraintn. Otherwise, the result here is a conservativgensing and transmission can be implemented at PHY layer
estimation of the true collision probability, and thus desu while the decision maker can be implemented at MAC layer.
in better protection of the PU. We assume that a SU can detect its collision with the PU,
and can distinguish collisions with the PU from collisionishw
other SUs. Several mechanisms can be used to detect audlisio
For a group of SUs that want to access the spectral oppwith the PU. For example, the SU can perform sensing after
tunity evacuated by inactive PUs, the goal is to maximize tleach packet transmission. Since we hdve« L,, if the SU
time proportion they can transmit successfully while lingt senses the presence of PU signal after the SU’s transmission
their aggregated intrusion to an acceptable threshold. \Wesollision is detected. An alternative way is to check the ac
let the SUs’ transmission be packet-based, as is commokhowledgment (ACK) from the secondary receiver. Normally,
practiced today. For simplicity, the length of the pack&t, the absence of ACK indicates a likely collision. Then the SU
is assumed to be fixed as a small valde < v,, and can perform additional sensing to determine the occurrefice
A < L,. The results in this paper can be generalized to otheollision with the PU by exploiting features of the PU signal
distributions of the packet length. We also assume that Stansmission. Omitting lengthy discussion on this mathe,
always have packets to transmit, consistent with mosteelatassume that the SU can detect the collision perfectly.
works. The cognition engine follows the listen-before-talk princ
Each SU is equipped with a cognition engine to facilitatple. Basically, as illustrated in Figure 3, before the SUsases
the opportunistic spectrum access on the primary band. Tthe channel, it senses the channel to detect the activitig®o
cognition engine makes decisions for the SU to interact witPU. If the PU is active, the virtual channel is suspended, and
the PU, but does not participate in channel competitionnar/athe SU should freeze its inner state machine. The cognition
cooperation among SUs. The introduction of cognition eagirengine continues to sense the PU channel. After detectang th
divides the medium access protocol of SUs into two separdt® is idle, the SU will make access decision. If the decision
domains: an outer state machine that focuses on the spectisinto access the spectrum band, it will reactivate the Mirtua
opportunity detection and assessment; and inner stateineaclthannel, and the inner state machine will control the access
that focuses on the opportunity sharing among SUs. In othastivities over the virtual channel. When a collision wittet
words, the cognition engine constructs a virtual channer oPU happens, the inner state machine informs the decision
the spectrum holes in the primary band. Multiple SUs imaker, and returns the control flow to the cognition engine.
vicinity share the virtual channel using existing well-gged Consider the example illustrated in Figure 1. When the PU
protocols. This greatly simplifies the design of cognitiadio is idle, the cognition engines at SUs 1, 2, and 3 detect the
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opportunity, declare the virtual channel, and reactivdte t |V. Optimal Access for Primary Idle Time of General
SUs'’ inner state machines. SU 1 and SU 2 may interfere with Distribution
each and thus they use their inner state machine to decidg, this section, we reveal the close relationship between
their channel sharing (such as using CSMA/CA). On the othgfg optimal throughput performance of SUs and the idle time
hand, they are not interfering with SU 3, which enables thggyribution of the PU. We propose a threshold-based spectr
spatial reuse. The synchronization among SUs due to impierfg.cess policy for SUs to achieve the maximum throughput
sensing will be considered in Section VI. performance under the PU packet collision constraint. Beun
We consider both perfect and imperfect sensing of thg the achievable throughput performance with regard to the
SU's spectrum sensor. The perfect sensing means that thefg time distribution are presented. Several examples are
is no sensing error and the sensing time is negligible; whijgseq to demonstrate the optimal scheme for various idle time
imperfect sensing considers both sensing error and sensifigtributions. We also discuss the implications of theseilts
time. There are two types of collisions with the PU in thgn practical system designs. We assume perfect sensing and

opportunistic spectrum access. As illustrated in Figure 3,focus on the single SU case in this section, and extend the
type-I collision happens when the SU has not finished ifgsylt in Sections V and VI.

transmission when the PU returns the channel. This type
of collisions happens because wireless radio cannot recefy Definition of spectrum access policy
and transmit on the same spectrum at the same time. Eveln general, the optimal policy at time instaltdepends the
if the sensing at the SU is perfect at the beginning of thgirrent and the historic channel activities of the PU. Tforee
transmission, type-l collisions exist unless that the SU ca&ye express the spectrum access policy as a functioh of
predict when the PU returns to the channel. Type-II colfisio and A, where# is the current (absolute) time, andis the
are caused by the imperfect detection of the spectrum sengpgervation history of PU’s activities until now. Since the
at the SU. Specifically, the SU may mistakenly declare a bupyJ can be either busy or idle, we have= {r:®(1) =
channel as idle and transmit its packet; thereby causing adgusy, < h}, where® () is the sensing outcome at time
tional collisions to the PU. In order to satisfy the protenti Under perfect sensing, the sensing result always refleets th
constraint from the PU, the SU may not transmit even whegal condition of the PU channel. Due to the uncertainty in
the PU is inactive at current time instance due to the pakntihe PU's traffic activities, the optimal spectrum accesscgol
collision. The constraint reduces the available transomss for the SU is generally a probabilistic approach, rathentha
time (opportunities) of the SU. deterministic policy. Thus, we use transmission probgbif

the SU, denoted by(h,A), to model the spectrum access

@S -~ policy. Obviously, we haved < ¢(h,A) < 1. The listen-
ensng i B PU's Packet before-talk principle imposes the following restriction the
Sensing Busy B SUs Packet spectrum access policy(h, A) = 0 when®(h) = Busy.

Let 7,42 b€ the beginning of the latest idle period; i.e.,
PU

Tmaz = 212;)1{{7 : ®(r) = Busy}.

X Colision! . . . . .
e We define a time variablethat reflects the time elapsed since

the beginning of the latest idle period; i.e.,

Time
t=h— Tmaz-
Fig. 3. lllustration of Opportunistic Spectrum Access Sobe In particular,t = 0 indicates the beginning of the latest idle
period. For exposition convenience, we consider policighe
The performance metric of the SU is the percentage of tini§rm of ¢(¢) instead of(h, A). Whenever it is not confusing,
during which the SU can transmit without colliding with theye also useb(¢) and ®(r) interchangeably.
PU. Specifically, the throughput of each SU is defined by  Consider the case that the SU transmits at a sequence of
SU’s successful access time [in 7] time instants from the end of the latest PU transmissiod,
Cy = lim . (4) to,t1, -+ ,tg,--- <V,, where there is no packet overlap, i.e.,
Teo T [ti.t: + A][t;,t; + A] = 0 for anyi # j. The transmission
Obviously, the throughput has an upperboufigd:< o (where strategies at different time instants may be dependenteSin
a is the percentage of PU idle time). This capacity uppépe sensing is perfect, we have only type-I collisions wité t
bound is achievable if the SU knows exactly when the PBU, which only happens at the beginning of the PU’s busy
starts and ends its transmissions, which is not realistic period. Becausé\ < L, at most one PU packet is collided in
general. Our object here is to study the fundamental limgach PU busy period. Note thatsjf> ,%p the strategy of the
on the achievable throughput of SUs’ and to develop acceS¥ is trivial; the SU always transmits until the PU returns.

schemes for SUs to maximize the throughp@t, while Therefore, we consider the non-trivial case when< L.

n

satisfying the constraint;, < 1. Let Z,(k) be the event that the PU returns to transmit in




[tk, tr + A). Then, the average number of collided packets in (10) is infinite, which renders the problem highly diffigul

an idle-busy period can be obtained as: if not impossible, to solve. However, we can exploit the
ne = By, [N.] structure of the problem (in both the objective function and
¢ Vi the constraint) to obtain an optimal policy.
= 1 Pr[Z,(k),SU transmits at;] ) B. Optimal spectrum access policy
o First, we define a time-related decision metric as follows:
=D a(ty)Pr(Zy(k)]. 1—Fy,(t)
Z: » o) = o) (11)
fv, (t)
where Pr(Z,(k)] = Prlty < V, < tx + Al]. For a given fu, (1)
policy ¢(-), we obtain the average packet collision probability!Nc® =7, €an be regarded as the likelihood of the
observed by the PU as: conditional"collision probability given that the SU trarism
- at t, ¢g(t) indicates the successful possibility when the SU
P(q) = _ e _ 1 Z (te) Pr(Z, (K)]. (6) transmits a packet. We will show in the following that this
P Np  Mp = metric captures the connection between the packet callisio

Note that, by setting, = 1, the packet collision probability probability constraint qnd the throughput perfqrmance.
) o . o . We have the following theorem on the optimal spectrum
defined here coincides with the collision probability define . : S
access policy under a given distributigip (-).

in [13]. Our definition in (2) is more general, because it can
capture type-Il collisions due to imperfect sensing, asssho Theorem 1. For a given distributionfy, (¢) for the PU’s idle
in Section V. time, the following listen-before-talk spectrum acces$igyo

The average achievable throughput of the SU, which is optimal under the collision probability constrajff < n:
the percentage of time that the SU successfully accesses the _
channel, can be written as below: L if g(t) > 7", ®(t) = Idle

(t) =< p*, i = ¥ = 12

S (S A a(t) - PLZy () COZ e o =t el = e (142)

s = s 7 i
Cs(q) Lo, (7 0, otherwise

b1 where the values of* andp* are determined by
where) " A - ¢(t;) is the total successful transmission time

when the PU returns durin@y, ¢, + A). fv, (T)dr +p*/ fv, (T)dT =nyn. (13)
We have the following result. Tig(T)>v* Tig(T)=7*
Proposition 1. The throughput of the SU,(q) increases as A randomized strategy is required wheg(t) =~
A decreases. Proof: Consider any policy;, we have:
The statement is quite intuitive. Whenever we split the o0 o0
packet of the SU into two halves, the first half of the packet Gslg) = / / fv, (t)dtdr
has a higher successful rate while the total collision olesér oo
by the PU remains unchanged. Therefafg(q) increases as = / q(1)(1 — Fy, (1))dr
A decreases. We omit the proof here. 0 (1— Fy.(7)
Letting A — 0, we can convert the summation into Riemann = / q(1) fv, (7)7‘/‘7&.
integral: 0 fv, (1)
_ _/ Fur (1) - q(7)dr. 8) Divide the yv_hole integral |hterval in the above expression
Ny into three disjoint sets as defined belows:
Correspondingly, the maximum achievable throughput of the Sy ={r:9(1) >~}
SU can be expressed as: . *
={r:9(r) <"}
C (q) — jO fV fO det — Gs(q) (9) S3 = {T : g(T) = 7*}
vt lp vt lp In addition, sincevr,0 < ¢(7) < 1, for ¢*(7) defined in
whereG(q) = [° fv, (t fo T)drdt. (12), we have the following relations:
Therefore we can maximize the SU throughput by solving ¢ () —q(r) >0, Tg(T) > %

the following optimization problem: 7 (1) — q(7) <0, 7 g(r) <.

q(t):@%)gl Cs(a) (10) Then, we have:
subjectto  p(q) <, [¢"(7) — a(T)lg(7) = [¢"(7) — a(7)]y", V7 € Sy;
where the expressions @, (q) and p¢ are given in (9) and [q"(7) — a(7)]g(7) = la" (1) — a(T)]7*, VT € S3;

(8), respectively. The dimension of the decision variafilg [¢" (1) — q(T)]g(T) > [¢* (1) — q(7)]¥", VT € Sa.



Gs(q*) — GS(Q)
_/0 lq" (1) = q(7)] fv, (1)g(T)dT

= [¢"(T) — a(D)fv, (T)g(7)dr + / [47(7) = a()fv, (T)g(T)dT +~* / [¢"(7) — q(7)]fv, (T)dr

7:51 7:S9 T7:S3
(14)
2 - @ [l - gl ()
7:51 () S3 7:55
=~* *(r T)dT — T T)dT
IR ARACTACE Sy PCYACTS
=" (npn —npn) = 0.
The last equation above is true because we have: strategy for the SU is
lg(r) — " (M))g(r) < la() — " (1)]7°, V7 € 5. 7(t) = { Lo t<u
n, t=uvp.

Using the above relations, we ha@g (¢*) — Gs(q) > 0 as
shown in (14).
BecauseC,(¢q) = ¢4 we haveC,(¢*) > C,(q). The

U+l !

In fact, p* = 0 can also achieve the maximum throughput,
since the measure of the sgfy, (t) > 0} is 0. The corre-

» »+lp . . sponding maximum achievable throughput for SUsisThis
thresholdy” and the randomized factor® can be obtained ig jqyjitive, since collisions between the SU and the PU can

from the packet collision probability constraint (13). only happen at timg — v,, which is known to SU. SUs
. . - P .
We have shown that the threshold-based policy (12) is @p transmit as much as fraction of the time (which is the

least one (not necessarily unique) optimal access policy fg+ire portion of white space) without violating the cdbis
the SU. This result is intuitive in that the SU should trammbrobability constraint.

when the conditip_nal coII_ision prpbability i; low. Intetmly When the PU has a slot-structure, as assumed in [12], [14],
enough, the auxiliary variablg(?) in the optimal transmission 4 iqje time distribution followsfy, (t) = 3272, prd(t — ko)
P = )

strategy, has the same form as the inverse of the "failusstat,, e re ; js the length of the slot of the primary transmission.
function, which is commonly used in the reliability study Ofrpep the optimal transmission policy will be to transmit
a system with multiple components. ___during the slot interval with probability 1, and transmittae
For practical cognitive radio systems, Theorem 1 impligs,ndaries of slots with probability. The threshold can be
that the optimal listen-before-talk spectrum access poligptgined asy* = 0, and the maximum throughput is. Note
for the SU is threshold-based, which greatly simplifies thga; this does not contradict with the results in [12][15Han

MAC layer implementation for the cognitive devices. Using @grves as an upper bound on the throughput performance for
reliable spectrum sensor at the PHY layer, the SU can de‘tﬁﬁberfect sensing.

previous transmissions of the PU with high accuracy. When th \yhen the idle time of the PU is exponentially distributed,
PU switches from busy to idle, the SU initializes an interng], haveg(t) = v,, which is a constant, i.e,. the conditional
- P RS &

timer ¢ = 0, compute the value 857@' and then compares qqjision probability given that the SU transmits does not
¢(t) with the calculated threshotg*. Fmall;_/, the SU decides depend on the length of idle time elapsed. In this case, we
whether to access based on the comparison result. have~* = v,, andp* = n,7. Note that the randomization is

* * H 1 . N P n P . . e .

The values ofy” andp" are determined by the protectionimportant here — SU transmits with probabilipy when it
requirement and the idle time distribution as in (13). N@&, senses the channel being idle. The corresponding maximum
consider a few examples of idle time distributions to ilfagt throughput of the SU i€4% = an,y, which is the same

! :

how to obtain the values of* andp* in the optimal spectrum g in [13] when the SU uses VX scheme under busy period

access policy. S _ __collision constrainps, < n,7.
In particular, when the idle time of the PU is deterministic The weibull distribution is commonly used in the relialyilit
and known to the SU, i.e., study. When the idle time of the PU follows a two-parameter

Ju, (8) = 3(t — vp), wheres(t) = impulse, Weibull distribution with parameters andy, i.e.,
Btys-1,-(2)"
t = —(— (& H 5
fv, () M(M)
- o0, t<w . .
g(t) = { 0. t—u. where 3 > 0 is the shape parameter, apd> 0 is the scale
’ P parameter. The mean of the Weibull distributionuig (3~ +
Referring to Theorem 1, we havg" = 0 andp* = n,n in  1). Whens > 1, the “failure rate” is an increasing function
the optimal transmission policy. In other words, the optimaf ¢, while ¢(¢) is a decreasing function @f then the optimal

we have



transmission strategy is given by: Corollary 2. The optimal throughput performance of the

_ . SU under the packet collision probability constraint,
g (t) = L, ift Sr Vo>t is between[an,n,a]. The upper boundx is achieved if
0, otherwise 155 fv, OI{ fv, (t) > 0} < n,n; the lower boundan,n is

achieved if the idle time follows the exponential distribut

. . [T* (1—Fy, (t))dt
0 P *
The maximum thrSUthUt : vp+lp » Where T = Proof: When the distribution of the idle time satisfies

i (—In(1 —nyn))@. The result forg < 1 can be obtained 155 fv, OI{ fv,(t) > 0} < n,n, by settingy* = 0, p* =

similarly. 0, i.e., the SU does not transmit whefip, (t) > 0, then the
The above example for the Weibull distribution implies thaty achieves the upper bound. Example of such distributions

an optimal transmission policy with a simpler form exists foinclude deterministic distribution, and the slotted-stre, as

a class of idle time distributions. Following Theorem 1, wgiscussed in Section IV-B.

have the following result: Next, we prove the lower boungn,n. According to Theo-

Corollary 1. For a given distributiorfy. (-) for the idle time of "®M 1, for any transmission poliay, we haveG(q", fv,) >
the PU, whery(-) is monotonically decreasing and continuoug”s (¢: fv,). Then, we construct a random access poﬁc-iyor
the following spectrum access policy is optimal under tHbe SU when the distribution of the idle time f, () as:

collision probability constrainps < n: :
p y bp <7 P L it v, >t (16)

‘0 1, if t<T* &) =Idle 0,  otherwise

q = .

0, otherwise The collision probability observed by the PU is:
where T* can be obtained from the collision probability c T[>,

T . : =— t, t)ydt =n.
constrainthT fv,(t)dt = nyn. Specifically, the achievable Pr nyp Jo att, ) v, (1) 1
throughput is: We have

JT* « [0 [ele}
Cmar — 0L (g) = Jo th,(O)dt +T* [0 fv, (t)dt. Gs(d, ) :/ q(t, f)(1 = Fy, (t))dt
vp + 1 o
Proof: Sinceg(t) is monotonically decreasing, relying on = npn/ (1 — Fy, (t))dt
Theorem 1, there exists’&*, such that for any) <t < T*, B 0
g(t) > ~*, andg(T*) = ~*. Then, the Corollary follows. m = Mp!Vp-

We use two examples to illustrate the optimal timé follows that Gs(¢*, fv,) > Gs(q, fv,) = npnv,. There-
threshold-based transmission policy for the SUs. For umifp  fore, C,(¢*, fv,) > Cs(q, fv,) > npno. Since the optimal
distributed idle time of the PU, we havk, (t) = i(U(t) — transmission strategy for exponentially distributed itilae
u(t — 2vp)). Sinceg(t) = 2v, —t, t € [0,2v,) is strictly achieves throughputn,n, it is one of the least favorable
decreasing, relying on Corollary 1, we have the optifial distributions of the idle time of the primary channel for the
as: Su. |

T = 2upnpn. The random access policy in (16) has interesting properties
In the absence of idle time distribution information, foryan
distribution, the scheme in (16) achieves a capacity,pfc.,
O = 2amy,n — an?i’. (15) which is _the_ opt_imal throughput for exponential distrflmutj
The implication is multifold. First, the knowledge of diftn-

As another example, for exponentially distributed idle€imtion is important. Knowing the distribution and explorirfuet
of the PU,¢(t) = v, is flat. Relying on Corollary 1, we have distribution may significantly improve the SU’s throughput
For example, the maximum throughput obtained in (15) under
uniform distribution is much larger tham,n«. Therefore, in
The corresponding maximum throughput of the S8 = order to fully utilize the spectrum opportunities in therpairy
anyn. This policy results in the same performance as tHend, the SU should acquire knowledge of the PU behavior.
randomized strategy indicated by Theorem 1 with=n,n. We propose such an adaptive scheme in Section VI when PU

) ) ) ) o idle time distribution is not available prior. Second, when the
C. Optimal SU's throughput for different idle time distri-  gistribution information is absent, a SU can exploit thed@m
butions policy in (16) to lower bound its throughput. Not knowing

We note that the distribution of the PU’'s idle time ighe distribution is equivalent to the memoryless expornti
determined by the PU’s behavior. It has significant impact atistribution. The random access policy in (16) is similar to
the throughput performance of the SU. Therefore, we compahe VX scheme proposed in [13] in essence.
the maximum throughput of different distributions of the’®U  In summary, when we quantify the usefulness of the spec-
idle time in the following corollary. trum opportunities, important factors are the percentddbeo

The corresponding maximum throughput of the SU is

T = —v, In(1 — nyn).



idle time (@), the distribution of the idle tim¢y, (-), the avail- X denote the residual time of the PU's packet when the
ability of such information, and the protection requiretneh SU starts transmittingX is uniformly distributed ovef0, L].

the channel. When there are multiple spectrum bands alailaBinceA < L, we have the number of collided primary packets
for SUs to choose from, SUs should consider all these factofsr each missed detection as:

V. Opportunistic Spectrum Access with Imperfect No(X) = {1, if X > A,
Sensing ‘ 2, if X <A,

In this section, we consider the impact of imperfect sensing,, 4
As in previous section, we assume that the SU can always ne = Ex [No(X)] = L+A
accurately detect the collision with the PU through the use N ‘ L -

of ACK, combination of ACK loss or/and additional sensingin order to satisfy the collision probability constraintposed
We also assume that the SU has knowledge of the idle tirsg the PU, we require that the sampling length of the spectrum

distribution fy, (-). sensorp, be large enough to guarantgg, < n. Therefore,
We denote the sensing time as. When the SU performs the allowance for type-I collisions is:

sensing, it cannot transmit at the same time. In general, . .
the greater therg, the more reliable the spectrum sensing, N=17=Ppm-

and, unfortunately, the more opportunities the SU wastes.Next, we focus on the impact of false alarm. As observed
Therefore, there exists a trade-off between the sensing tiff the previous section, the optimal transmission stratsgy
and detection performance with respect to the throughput 9fihreshold based policy, which depends on the true status
the SUs. of the channel and the knowledge of the beginning of the
We model the sensing performance by the ROC (receiv@ite period. However, because of imperfect sensing, the SU
operating characteristic) curve, i.€s, P,) pair, wherePs  knows neither the true status nor the beginning of the idle
is the false-alarm probability, and,, is the missed detection period accurately. Lef be the number of consecutive sensing
probability. Both missed detection and false alarm pose neyis that the SU takes to detect the idle period after the PU
challenges. As mentioned in Section Ill, missed detectiogfannel becomes idle. Assume that the sensing result from
cause type-ll collisions with the PU. On the other hangach sensing period is independent and has the same false-
reducing the missed detection probability often incredbes gjgrm probability, follows a geometric distributionPr[.J =
false alarm probability, which will lead to a waste of thej] _ p;_l(l —Pp),j=1,2,---.
spectrum opportunities. Let p,; be the type-I packet collision probability, counting
We first discuss the impact of missed detection. As illughe effect of false alarm. Note that since < L, a type-|
trated in Figure 4, the SU keeps sensing if it finds the channgjjiision only leads to one packet loss for the PU. Define the
busy. The SU can only transmit packets after it senses 8gnt that the PU returns during+jo, <V, <ty +jo.+A

channel being idle. Packet collisions happen after eachadis asZ,(k, ). Then, we have the following expressiongsfand
detection. Multiple packets may collide in a single busyiqur C.:

due to multiple missed detections.

1 o0
- Ppr = —E(J{Zq(tk)P[Zp(k, J)]}
Collision! Collision! Collision! ~ Collision! Tp k=0
1— P [ele} . oo .
PU - LENTPIYS T q(tn) PIZy(k.5)); (18)
o 1 Poj=1 k=0
T IT GIi[og1] o E[> o Aq(tr)(1 — Fy, (ty + A+ Joy))]
’ vp +lp
os A wheret,, k = 0,1,---, is the amount of time elapsed after
1: & =BUSY S
0:0 IDLE the spectrum sensor detects the channel being idle.
When A — 0, we have:
Fig. 4. lllustration of Imperfect Sensing 1 oo
Do = n_/ E;(fv,(t+ Jos))q(t)dt
Assuming thatA < L and the sensing performance is inde- p o
pendent of PU’s behavior, we have the following expression C, = Jo Bl - Fy, (¢ + JUS))]‘J(t)dt_
of packet collision probability due t&,,,: vp +1p
PoE[] N, L A Following similar arguments as in Theorem 1, for a given
P = T Uz Pn)ostPn(oatA) 7 E (17) spectrum detector with{Py, P,,), we define the following
Np decision metric:

where P, [ =25 =;] IS the average number of _ Ey[(1 - Fy,(t+ Joy))]

missed-detections during a busy period of lengthL. Let 9() = E;[fv,(t+ Jos)]




We have the following spectrum access strategy for the SUmissed-detection contributes nothing to its throughbput,

when®(t) = Idle, “consumes” the collision probability allowance. So it is chu
_ ~ more important to ensure a small missed detection probabili
Lo ifg(t) > 5" than false-alarm probability. In other words, the capapili
q*(t) = p*, if g(t) =~ to protect the PU (measured by a small missed-detection
0, otherwise probability) can benefit the SU’s throughput performance. W

also observe that wher, is large enough, the performance of

wherey* andp™ are determined by: the optimal operating point is very close to that of the perfe

> t 4 Tod sensing. The larger the value @f, the larger the region where
reglr)> T Jlfv, (t+ Jos)ldr the performance is close to optimal.
+p* / Ej[fv,(t + Jog)ldr = nyi. VI. Adaptive Opportunistic Spectrum Access
rig(r)=5"

In Section 1V, we presented an optimal spectrum access
scheme assuming perfect sensing, single SU, and knowldédge o
the idle time distribution. In this section, we consider tiplé
gUs withouta prior knowledge of the distribution of PU
channel idle time.
¢ — Nyo?, ¢ — Ny(o2 +02) As shown in Figure 1, the protection of PUs is more
Pr=Q| 7==r Py =1-Q »challenging when there are multiple SUs accessing a PU
channel. Because SUs are widely spread in the area, one SU
whereQ(z) is defined asf;’o \/%6772/2617, ¢ is the detection May not be able to sense all other SUs’ transmissions or their
threshold, N, = o,f. is number of samplesf( is the collisions with the PU. While this enables spatial reuse agno
Samp“ng frequency), and’%U and O—% are the power of noise Secondary users, the prOteCtion of the PU is more difficult
and primary SignaL respective|y_ The ROC curve is joinﬂpecause the SUs’ disruption on the PU is cumulative. Conside
determined byo,, f., and SNR. By adjusting the value of the case where two SUs cause random collisions with the PU.
the detection threshold, different trade-off betwee; and Assume that the two SUs are not aware of each other and
P,, on the ROC curve can be achieved. For a given spectraim= 1%. If each SU causes? collision randomly (e.g.,
sensor (surely the length of sensing should be large enaugh/ging the VX scheme in [13] or the random access policy
guarantee thaﬁ > O)’ the Opt|ma| Operating pO"‘(tPf’Pm) (16) described in Section |V—C,) the cumulative collision o
can be obtained by solving a non-linear optimization proble the PU could be close ta%. When there are more SUs,
Last, we present numerical results on the SU performan&€ impact of such cumulative intrusion can be devastating.
with imperfect sensing. Assume that the idle time is unifiyrm Our objective is to protect the PU against the collective use
distributed in[0720p] and the number of packets in a bus@f SUs without a centralized controller while still ena@in

period, N, is a constant. We use the following parametegatial reuse. Our approach explicitly explores the stmecof
in the numerical calculationL = A = 1ms, v, = 200ms, the optimal scheme presented in the previous section.

I, = 100ms, N, = 100, f, = 10MHz, and SNR= % =
—3dB. Detector threshold is adjusted to achieve trade-o

Next, we examine the trade-off betweEp and P, in more
detail. As in [16], relying on central limit theorem, we us
Gaussian distribution to approximate the detection steutis
the spectrum sensor deployed at SUs. Specifically, we havi

1;fA. Perfect sensing case

betweenP; and P,, on the same ROC curve. We sef = According to Theorem 1, the optimal transmission strategy
20, 30, 40, 50us in our simulations, with their correspondingis threshold-based, where the threshold is obtained asa fun
ROC curves in Figure 5(a). tion of the idle time distribution. Assuming SUs have petfec

Figure 5(b) and Figure 5(c) show the achieved throughpsgnsing and the knowledge of the idle time distribution, SUs
for the modified threshold-based spectrum access schemawe the same knowledge about the radio environment or the
whenn = 1073, andn = 8 x 102, respectively. For compari- virtual channel. Basically, the decision maker at each SU (o
son, we also plot the throughput performance assuminggterf8U sub-group) has the same input, and thus each SU can
sensing. It is easy to observe that, for smaller packetsiofli synchronize with the same virtual channel.
probability constraint, the range of the feasible operatin The remaining question is thus how SUs can obtain the
points is smaller. Recall thaP,, has to be small enoughknowledge of the PU activity. While there are schemes to
to satisfy that > 0. There is an optimal operating pointestimate distribution functions [17], [18], [19], they wadly
of the spectrum sensor to achieve the maximum throughprequire a large number of observations. This is challenging
This point represents the optimal trade-off betwdgpn and especially in the presence of multiple independent SUs. In
Py. For a givenPy, the longer the sensing time, the largeaddition, the PU traffic pattern is time varying, and so does
the throughput (within a reasonable range). This implies the idle time distribution. Again, we explicitly explore eh
practical systems, since the access of the SU has to be cstndcture of the proposed optimal scheme. We propose the
servative to protect the PU, a longer sensing time is ddsiralfollowing adaptive approach for SUs to achieve the non-
In addition, for the benefit of the SU, the transmission giventrusive spectrum access. Each SU independently executes
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the following adaptive algorithm and makes transmission
decisions.

Note that when the idle time distribution of the PU is such
thatg(-) is monotonically decreasing, the optimal transmission
strategy is a time-threshold-based approach. In this case,
we use the result in Corollary 1 to develop an adaptive
transmission strategy for SUs. Here, we assume that all
SUs have knowledge about the average number of the PU’s
packets in a busy period. Each SU, indexedrbymaintains
N™(j),j =1,---, the number of collisions caused by SkJ
during thejth busy-idle period. Each SU begins transmitting
its packets after sensing the idle channel, and stops when th
internal timert reaches the time threshol@™ (i) (the ith
estimate of7*) or it collides with the PU. Each updating
interval for the time threshold™ (i) consistsWV idle-busy
periods of the PU. The SU estimates the collision probabilit
in the sth updating interval as:

iw mis
Zj:(ifl)W+1 NZ(J)
W -n, '

Then the SU updates the time threshdl® based on the
observed collision probability as follows:

nm(i+1) = (19)

T™(@ +1) = T™(i) + p(i) - T™(0) - %(’) (20)
whereT™(0) is the initial value, and.(¢) is the step-size.

A natural choice off ™ (0) is the value ofl’™* when the idle
time distribution is exponential, i.€Z™(0) = —uv,, * In(1 —
n,n)/A. Whens™ > n, the SU reduces its transmission time;
otherwise the SU increases its transmission time. The step-
size determines the trade-off between the convergenceal spee
and the variance of the updated values. For example, one can
show that7T™ (i) converges tdl™* when p(i) = 1/i because
the estimation error has zero mean, using standard stachast
approximation techniques.

As an illustration, we use numerical simulations where the
idle time initially follows the Weibull distribution with3 = 2
and changes to uniform distribution later without inforigin
SUs. Simulation parameters are set gs:= 200ms, n, =
100, A = L = 1ms, n = 0.1%, W = 50, and (i) = 0.4.
Each SU has the knowledge 0f andv, (both are set to be
constants), but nofy, (-). Initially, there is only one SU in the
network. Another SU joins the network afte®000 idle-busy
periods (about500 seconds) and runs the proposed algorithm
independently without observing the collisions causedhgy t
first SU to the PU. The two SUs cannot sense each other.
After 150000 idle-busy periods, the PU’s idle time distribution
changes from Weibull to uniform distribution.

The performance of the proposed algorithm is shown in
Figure 6, where the value @7 andC is evaluated ever§000
idle-busy periods, on00 updating periods. For comparison
purpose, we plot the optimal throughput and the optimalevalu
of T* in the figure. From Figure 6, we can observe that
the proposed algorithm has several desirable properties, F
it satisfies the protection requirement of the PU when there
are multiple SUs opportunistically accessing the spectrum
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Second, it converges very quickly to the optimal valuegZ6f missed-detection probabilities or the information abatiteo

and obtains close-to optimal throughput performance ddrivSUs’ collisions with the PU. SUs update their time threshold
for A — 0. Note that each SU independently achieves similardependently using (20) whergis replaced by.

throughputCs rather than shares the total available time, If the SU transmits untill’™ (i) without colliding with the
thus achieves desirable spatial reuse. Third, it adapthdéo PU, the SU will only confirm the return of the PU after
dynamics of the PU’s traffic pattern rapidly. Additionally, detectingN; consecutive busy slots, whef§; is a design

is a distributed algorithm with no central controller. E€8  parameter. This reduces the mistakes that the SU loses the

performs its algorithm independently. track of the idle-busy period of the PU, and initializes itaer
t = 0 after falsely detecting an busy-idle transition when the
15x10‘3 | | | | PU is still idle.

' Simulations are used to validate the performance of the
a1 proposed algorithm. The simulation setup is the same asin th
05 ‘ ‘ ‘ ‘ previous section. We consider two SUs with different speutr
027 10 20 30 40 50 sensing performances. The missed detection probabitifies
o2f [E— x: ] SU1 and SUs aré, (1) = 1.3203 x 10‘8 P, (2) = 1079,

©" 1} SUzjoins | ——su2 « respectively. The false alarm probabilities dg(1) = 0.67
' — Optimal andPy(2) = 0.2, respectively. The sensing timeds = 50us.
il 10 20 20 40 50 The number of packets in a busy period of the PU follows
90 T T T T . . . . . .
AA H/)\mw* N a uniform distribution with meam,, = IAOO. The design
 50F suzjoins | SUL [\« . parametefV, is heuristically set a8/ = ’1‘3;5 . Each updating
;g iSUZ_ period for the SU consistd’ = 50 idle-busy periods.
0 ‘ Optimal] ‘ The performance of the proposed algorithm is shown in
! 10 20 e P 40 50 Figure 7. The convergence 6" is fast. Each SU achieves

close-to optimal throughput performance. The proposed-alg
Fig. 6. Convergence of the Proposed Adaptive Algorithm {Wix-axis: ~ rithm can approximate the PU protection requirement well.
5000 idle-busy periods) It is slightly above the threshold after the second SU joins
) _ _ the network. This is due to the fact that the type-II colliso
In comparison, the multi-SU VX scheme proposed in [13h¢cymulates at the PU because each SU is oblivious to other
requires perfect sensing of other SUs’ signal to enablesperfsys type-Ii collisions. To address this issue, one can thee t
cooperation among SUs, which reduces the spatial reuse gaflectrum sensor to reduce the missed detection probability
If SUs cannot hear each other perfectly, it is difficult tQwe intently leave the missed detection probability of the
guarantee that the cumulative collisions observed by thésPUsecond SU high to illustrate this accumulative effect.) In
limited in the VX scheme. With our proposed algorithm, botQqgition, SUs should be aware the potential existence @froth
the s_patial reuse and the collective protection on the PU &€)s and thus leave a margin on the collision probability
possible. constraint. Because of the geographical area constrdiet, t

This proposed adaptive algorithm works well for a widgotal number of SUs that are unaware of each other is indeed
class of idle time distribution with monotonically decrgas |imited.

g(). When this condition is not satisfied,* policy as in
Corollary 1 may not be optimal, so neither is the adaptive %1072

scheme. However, the adaptive scheme can still guarargee th 15
collaborative protection of the PU in a distributed manner a% 1
while enable spatial reuse. In the future, we plan to extend 05 ‘ ‘ ‘ ‘
the adaptive scheme to general idle time distributions. 0 271 10 20 30 40 50
B. Imperfect sensing case o o.sz‘*‘”"ism \\ |
. . 1} --su2joins .| ——sU2 y
In the presence of imperfect sensing, the SU cannot track 0 ims —— Optimal
accuraFer the status of the PU, neithe_r the exact b_eginning O 10 20 30 20 50
of the idle time. We propose the following modifications to 90 o e ‘
address the impact of the imperfect sensing in the above 507W b/ Aol =y \z |
adaptive scheme. = sUzjoins | . g
First, each SU estimates the collision probability caused 0 § —Optimal| ‘
by missed detection, i.ep;,,, using (17). It can estimate its 1 10 20 fjne 30 40 50

own type-II collision probability and calculate the mardgf

for type-l collisions asij = n — py,, (7). Here, we assume Fig. 7. Performance of the Proposed Adaptive Algorithm witiperfect
that a SU does not know the presence of other SUs outsRRasing (Unit of x-axis: 5000 idle-busy periods)

its sensing range, and has no knowledge about other SUs’
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VIl. Conclusion [12] Y. Chen, Q. Zhao, and A. Swami, “Joint design and sefmratrinciple

. - for opportunistic spectrum access in the presence of sgreirors,”
We _StUd'ed the fundamental limit on .the throughput of  |EEE Trans. Inf. Theory2007, submitted for publication.
cognitive SU networks based on the primary packet collit3] S. Huang, X. Liu, and Z. Ding, “Opportunistic spectrum

i ; ; ; access in cognitive radio networks,"to appear in |EEE
sion constraint. Under the perfect sensing assumption, we INFOGOM.  Phoenix. Az USA 2008.  [online]. Available:

derived an optima_l th_reSh(?ld'baSed_ tra_nsmiSSion strategy "http://www.ece.ucdavis.edu/"senhua/OSAinfocom08.pd
SUs under generic idle time distributions of the PU. Wg4] Q. Zhao, S. Geirhofer, L. Tong, and B. M. Sadler, “Optindgnamic
showed that the idle time distribution and the packet doltis spectrum access via periodic channel sensingPrioc. Wireless Com-

L . . . munications and Networking Conference (WCNZ)O07.
probability constraint of the PU have significant impact ofs) Q. zhao, L. Tong, and A. Swami, “Decentralized cogr@tiMAC for

the throughput performance. Both lower and upper bounds on dynamic spectrum access,” First IEEE International Symposium on
the throughput performance of the SU are given. We anaIyZﬁgl Dynamic Spectrum Access Networks, DySP2005, pp. 224-232.

. . . D. Cabric, A. Tkachenko, and R. W. Brodersen, “Expenitaé study of
the impact of imperfect sensing on the SU performance, and" spectrum sensing based on energy detection and networlerediom,”

proposed a modified threshold-based spectrum access schemen TAPAS '06: Proceedings of the first international workshop o
that achieves close-to-optimal performance. We showedttha ~ Téchnology and policy for accessing spectrumiew York, NY, USA:

. . . . . ACM Press, 2006, p. 12.
is critical to keep the missed detection probability (entedy) [17] A. Azzalini, “A note on the estimation of a distributiofunction and

low and it is desirable to have a relatively long sensing time quantiles by a kernel methodBiometrika vol. 68, no. 1, pp. 326-328,

for good sensing performance. Moreover, we proposed a dis-, APril 1981. o o .
9 gp prop f%] S. Wang, “Nonparametric estimation of distributiomftions,” Metrika,

tributed scheme that adapts to the P_U traffic pattern chan €S vol. 38, no. 1, pp. 259-267, December 1991.
The proposed scheme works well in the case of multipl&d] S. lacus and D. L. Torre, “Nonparametric estimation dgtribution

; ; and density functions in presence of missing data: an IFSoapp,”
Seco.ndary users.’ under both pe.rfeCt. sensing am.j |mpgrfect Department of Economics University of Milan Italy, Depantental
sensing assumptions. Our results in this paper providghitsi Working Papers 2002-25, Jan. 2002.

on the trade-off between the PU protection and the throughpu
performance of SUs.
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