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Abstract—Cognitive radio offers a promising technology to mitigate spectrum shortage in wireless communications. It enables
secondary users (SUs) to opportunistically access low-occupancy primary spectral bands as long as their negative effect on the primary
user (PU) access is constrained. This PU protection requirement is particularly challenging for multiple SUs over a wide geographical
area. In this paper, we study the fundamental performance limit on the throughput of cognitive radio networks under the PU packet
collision constraint. With perfect sensing, we develop an optimum spectrum access strategy under generic PU traffic patterns. Without
perfect sensing, we quantify the impact of missed detection and false alarm, and propose a modified threshold-based spectrum access
strategy that achieves close-to-optimal performance. Moreover, we develop and evaluate a distributed access scheme that enables
multiple SUs to collectively protect the PU while adapting to behavioral changes in PU usage patterns. Our results provide useful
insight on the trade-off between the protection of the primary user and the throughput performance of cognitive radios.

Index Terms—Wireless Communication, Cognitive Radio, Dynamic Spectrum Access, Optimization

1 INTRODUCTION
COGNITIVE radio (CR) technology can potentially

alleviate spectrum shortage in wireless communi-
cations by allowing secondary users (SUs) to oppor-
tunistically utilize spectral white spaces of primary users
(PUs). Because primary (legacy) users have access prior-
ity, secondary cognitive radio networks are required to
exert minimal effect on PUs if and when PUs become
active. For example, in the DARPA XG project [1], one
of the three major test criteria in the field test is “to
cause no harm” [2]. The protection of PUs is vital to the
future of cognitive radio system because no PU operators
would be inclined to accommodate secondary cognitive
networks without such assurance. Thus, the spectrum
access strategy of the SU should aim to maximize the
performance of SUs while operating under the strict
protection requirement of PUs.

The protection of PUs is more challenging when there
are multiple (decentralized) SUs accessing a common PU
channel. Because these SUs may be widely distributed in
a geographic location, one SU may not be able to sense
all other SUs’ transmissions. On one hand, this enables
spatial reuse among SUs, which improves secondary
network capacity. On the other hand, the protection of
the PU becomes harder because individual SU’s intru-
sion/interference can accumulate to a degree that is
unacceptable to the PU. To address this issue, one may
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consider a centralized SU controller to coordinate all
SUs. However, practical deployment may not always be
able to set up a centralized controller. Additionally, un-
less an out-of-band channel is used, coordination among
SUs will incur much overhead and delay, even if such
centralized cooperation is possible. Thus, one of our chief
objectives is to achieve the collective protection of the
PU without a centralized controller while still enabling
spatial reuse.

In this work, we apply PU packet collision probability
as the metric for PU protection. SUs access the PU
channel using a sensing-based scheme. Multiple SUs can
consider access to the idle primary band independently
or collaboratively. Regardless, in order not to degrade
PU performance, the total collision probability must be
restricted to satisfy the protection requirement set by the
PU (operator). Under such a constraint, we investigate
the fundamental limit on the throughput performance of
opportunistic spectrum access by SUs.

Our contributions are:

o Development of an optimal spectrum access policy

under the assumption of perfect sensing by the SUs.

o Derivation of (tight) lower and upper bounds on the
SU throughput.

o Analysis of the impact of imperfect sensing on the
SU throughput performance and the development
of a modified spectrum access policy.

o Development of a distributed access scheme that
enables multiple SUs to operate under the PU pro-
tection requirement and to adapt to changes in the
PU traffic characteristics.

In summary, our results illustrate and quantify the ef-
fect of (a) the PU traffic characteristics, (b) the packet
collision constraint, and (c) SU sensing capability, on the
performance of multiple SUs.

The following notations are used in this paper. Upper



case letters are used to denote random variables. Ex|-]
denotes the expectation operation with regard to random
variable X, Pr[:] denotes the probability of random
events, and I[-] is an indicator function. For a random
variable X, the corresponding lower case letter z is used
to denote its mean.

2 RELATED WORK

Cognitive radio has attracted much research attention.
Both distributed and centralized schemes have been
proposed to facilitate the spectrum sharing between SUs
and PUs. For example, in [3], [4], centralized mechanisms
are proposed to implement spectrum leasing and real
time spectrum auctions of unused PU bands in which
spectrum brokers and/or auctioneers match the demand
and supply of “white space” between providers and con-
sumers. Our works differ from these preceding works in
the following aspects: (a) we address the asymmetrical
relationship in access priority and protection require-
ment of the PU and SUs when designing SU spectrum
access schemes; (b) we quantify explicitly the impact of
the PU traffic pattern, protection requirement, and SU
detection performance on the SU spectrum opportunity
exploitation; and (c) characterize the interplay between
PU protection and the SU performance.

The closest related works are those in [5], [6], [7],
[8], [9], [10], [11], [12], [13]. For example, the work in
[5], [6] studies the problem of opportunistic SU spec-
trum access over multiple PU bands under the partially
observable Markovian decision process framework, and
proposes cognitive MAC protocols that optimize the SU
performance while limiting the interference to the PU.
However, it is assumed that the PU idle/busy time is
slotted with unchanged Markov transition between the
PU idle and busy states, which implies a geometric PU
busy/idle time distribution. Under such assumptions,
the collisions perceived by the PU are solely due to
the missed detections at the spectrum sensor. However,
other causes of collisions exist, as explained in Section 3.
In addition, we assume no synchronizations between
SUs and PUs; nor do we require any restriction on the
PU idle/busy time distributions.

In [7], [8], the authors showed that by choosing a suit-
able sensing time, the SU can achieve an optimal tradeoff
between the false alarm probability and throughput
under a constraint on the missed detection probability.
With the assumption that the PU idle/busy periods
follow exponential distributions, in [13], the authors
propose CMA (Cognitive Medium Access) for an SU to
utilize the PU spectrum opportunities optimally under
the protection constraint from the PU; we show in [11]
that the maximum usable time proportion for the SU
cannot exceed the product of the collision probability
constraint and the idle percentage of the PU’s traffic.

However, as shown by the measurement results on
WLAN traffic experiments in [14], assuming exponential
distribution on PU idle time may not be practical for

Fig. 1. Overlaying CR Network to Primary Network.

all PU traffic. Therefore, general PU idle/busy time
distributions are considered here in our work. With
this generalization, we are able to build the connection
between the PU traffic pattern and the SU access strategy,
and quantify the impact of PU idle time distribution
on the SU throughput performance under the collective
protection requirement from the PU.

3 SyYSTEM MODEL

We consider the scenario in which one spectrum band
is assigned to PUs while multiple SUs try to exploit
spectrum opportunities vacated by PUs, as shown in
Fig. 1. Although multiple bands may be open to the SUs,
the results obtained here can be used directly for low-
cost SUs that cannot frequently switch over channels.

Note that PUs and SUs may be of the same type, but
of different service levels. One example is DARPA XG
program in which both PUs and SUs are military users,
but SUs have lower access priority, thereby requiring
more advanced capabilities to achieve non-intrusive op-
portunistic spectrum access on the PU channels. We as-
sume that an SU does not distinguish different PUs, and
can only access the channel when no PU is active. Thus,
SUs treat the collective of all PUs as one “aggregated”
PU in designing their spectrum access schemes.

For convenience, our frequently used notations are
listed in Table 1.

3.1

We assume that the PU activities follow an alternat-
ing IDLE-BUSY pattern, of which the idle time can be
exploited by the SUs. The PU’s channel access is not
affected by SUs’ behavior. In other words, whenever the
PU has traffic to send, it will transmit on the channel
without sensing. The sojourn time that the PU stays
idle/busy depends on the PU traffic pattern, and varies
randomly. We first assume that the PU traffic activities
are ergodic and stationary for the concerned time-scale
of SU access in the analysis, and allow the PU to change
its traffic statistics in Section 6.

The idle/busy evolution of the PU is assumed to
follow a semi-Markov renewal process. Here, we denote

PU activity model



TABLE 1

Notations
Symbol ‘ Definition
Ly (Lp) the sojourn time of PU idle (busy) state
Iy (IB) average PU idle (busy) time
o! percentage of PU idle time
) (F(2)) PDF (CDF) of PU idle time
Np (Ne¢) number of (collided) PU packets in a PU busy time
np (nc) mean of N, (N¢)
Ip (Is) the packet length of PU (SU)
De collision probability perceived by the PU
pA (0B) type-A (B) collision probability
n collision probability constraint
NA (NB) | number of type-A (B) collisions in a PU busy time
ng (nB) mean of N2 (NB)
s SU throughput performance
Gs SU successful transmission time
q SU transmission probability
7s (fs) sensing time (sampling frequency)
Pp, (Py) probability of missed detection (false alarm)
012, (02) power of PU signal (noise)
t amount of time elapsed since latest PU idle state
k (m) Index of PU idle-busy periods (SUs)
B, 1, K, O parameters of PU idle time distribution

the sojourn time of the PU idle state as L;, its probability
density function (PDF) as f(-), its cumulative distribu-
tion function (CDF) as F(-), and its mean as I;. We
denote the sojourn time of the PU busy state as Ly with
mean lg. The idle percentage of the primary channel
is then « = I;/(I1 +1p), which is the upper-bound on
the percentage of time that the SU can transmit on the
PU channel. For brevity, we assume that there are NV,
PU slots (packets) in a PU busy period, where N, is a
random variable with mean n,, and the length of each
slot is denoted as [,. Thus, Ip = n,l,. Note that here
we loosely use the term “packet” to denote the time
granularity of the PU’s traffic.

Denote the collision probability “perceived” by the
PU in a long-run as p.. Relying on the stationarity and
ergodicity of the PU’s traffic pattern, we have

K
lim 2z V() (1)

K200 3o Ny (k)

where N (k) and N,(k) denote the total number of
collided packets and transmitted packets of the PU in
the kth busy-idle cycle, respectively.

The PU (or the regulator) imposes the following con-
straint on the collective access activities from all SUs:

Pe =

Pe < 1. 2

For PUs that do not use a packet-based transmission
scheme, they may be more inclined to limit the amount
of overlapping time between them and SUs. In this case,

minor alteration is required to transform the packet col-
lision probability (2) to the overlapping time constraint.

3.2 Access behaviors of SUs

We assume that the SUs’ transmission is slotted, with
slot length fixed as I, and I < I;, and I; < Ip. In
other words, the SU access unit (slot) is much shorter
than the average PU idle/busy time. On one hand, a
slowly varying PU activity pattern is beneficial for SU
access. On the other hand, a small value of [, provides
more freedom for designing the SU access strategy since
the SU can assess its spectrum opportunity and do so
in finer granularity. For example, the whole duration
of a cellphone call is on the order of seconds, while
the typical length of WLAN packet is on the order
of milliseconds. Furthermore, we assume that I, < [,.
Note that we do not require the SUs to synchronize
with the PU. We also assume that SUs always have
packets to transmit, which is consistent with most related
works that focus on the maximum usage of spectrum
opportunities.

Each SU is equipped with an access controller, whose
role is to make decisions for the SU to interact with
the PU. The access controller follows the listen-before-
talk principle. As illustrated in Fig. 2, the SU senses
the channel to detect the PU state, and only initiates
transmission when the PU is detected to be idle.

The competition or/and cooperation among multiple
SUs are handled using the concept of “virtual channel,”
which is a logical channel constructed over the spectrum
holes of the PU channel. Existing well-designed MAC
protocols can be used readily by multiple SUs in vicinity
to share the virtual channel, which greatly simplifies the
design of cognitive radio devices. Consider the example
illustrated in Fig. 1. When the PU is idle, the access
controllers at SUs 1, 2, and 3 detect the opportunity,
declare the virtual channel. Since SU 1 and SU 2 may
interfere with each other and thus they can share the
virtual channel using protocols such as CSMA/CA. On
the other hand, they do not interfere with SU 3, which
enables the spatial reuse.

We consider both perfect and imperfect sensing cases
with respect to the SU spectrum sensor. Perfect sensing
means that there is no sensing error and the sensing
time is negligible; while imperfect sensing considers both
sensing error and sensing time. There are two types of
collisions with the PU in opportunistic spectrum access,
as illustrated in Fig. 2.

o A type-A collision happens when the SU has not
finished its transmission before the PU returns to
the channel. This is because many wireless radios
cannot receive and transmit using the same spec-
trum at the same time. Even if sensing at the SU is
perfect at the beginning of the transmission, type-A
collisions exist unless the SU can predict when the
PU returns to transmit. Due to the potential type-A
collisions, the SU may not transmit even when the
PU is currently idle.
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« A type-B collision happens when the SU mistakenly
declares a busy channel as idle and transmits its
packet, thereby causing additional collisions to the
PU. This type of collision is a result of imperfect
detection of the spectrum sensor at the SU. Note
that type-B collision also includes the case when the
PU transmission starts in the middle of sensing but
the spectrum sensor may not be able to detect the
presence of the PU.

We assume that an SU can detect its collision with the
PU. Though not the main focus of the paper, several
mechanisms can be used. For example, the SU can
perform sensing after each packet transmission. Since we
have [, <, if the SU senses the presence of PU signal
after the SU’s transmission, a collision with the PU is
detected. An alternative is to check the acknowledgment
(ACK) from the secondary and/or primary receiver.
Normally, the absence of ACK indicates a likely collision.
The SU can perform additional sensing to detect its
collision with the PU by exploiting features of the PU
signal transmission. Omitting lengthy discussion on this
matter, we assume that the SU can detect the collision
perfectly after it transmits a packet. Note that this is a
commonly used assumption in many existing works (e.g.
[6]). Imperfect collision detection is considered in [15].

The performance metric of the SU is the percentage
time during which the SU can transmit without colliding
with the PU. This is referred to as throughput in this pa-
per. Note that this definition of throughput also includes
the transmission time of all control signals among SUs
if any. Similar definitions are found in related works
(e.g., [7], [8], [13]). For a given SU access strategy, the
successful SU access time in each PU idle-busy period is
iid. (independent and identically distributed), and can
be represented by a random variable G,. Thus we have
the throughput of each SU as:

_ E[G4]
o+l

s ®)
Obviously, I's is upper bounded by «, the percentage of
PU idle time. Our objective is to study the fundamental
limit on the achievable SU throughput performance and
to develop access schemes for SUs to maximize the
throughput, I';, while satisfying the constraint p. < 7.

4 OPTIMAL ACCESS FOR GENERAL PRIMARY
USER IDLE TIME DISTRIBUTION

In this section, we derive the optimality of a threshold-
based spectrum access policy for a single SU assuming
perfect sensing, and present bounds on the achievable
SU throughput performance with regard to the PU idle
time distribution.

In certain applications, perfect sensing could be a
reasonable approximate scenario. For instance, the re-
sults in this section can apply to scenarios in which the
SUs are deployed well inside the service area of the
PU transmitter. Indeed, the SU transmitter may even
be co-located with the PU transmitter. Thus, a reliable
detection of the PU transmission can be achieved with
a very short sensing time in the presence of strong PU
signals. An experimental example of such a scenario can
be found in [14].

4.1

In general, the optimal policy depends on the current
and the historic channel activities of the PU. Therefore,
we express the spectrum access policy as a function of
h € [0,T] and A, where h is the current (absolute) time,
T — oo is the time horizon of the SU access, and A
is the observation history of the PU’s activities until
now. Since the PU can be either busy or idle, we have
A(h) = {7|®(7) = Busy, T < h}, where ®(7) is the sens-
ing outcome at time 7. The SU spectrum access policy,
denoted by w, determines whether to transmit a packet
at a particular time instance. Denote the transmission
probability of the SU at h by ¢(h, A(h)). Obviously, we
have 0 < g(h,A(h)) <1, and in particular, g(h,A(h)) =0
when ®(h) = Busy.

Let Tynaz(h) be the time instant of the latest PU busy
period until £, ie.,

Tmaw(h) = r-,r—lga}),({T : ‘I)(T) = BUSY}- (4)

Definition of spectrum access policy

We define a time variable ¢ that reflects the time elapsed
since Tpqz(h); ie.,

t=h— Tmaa(h). (5)

In particular, t = 0 indicates the beginning of the latest
idle period. Let to,t1,--- ,tx,--- denote the sequence of
time instants when the SU transmits a packet since the
beginning of the latest PU idle time, where ¢, > 0. In
the following, we consider policies of the form 7 =
[q(to), q(t1),---] instead of © = [g(h,A(h)) : h € [0,T7],
i.e.,, we consider the stationary policies that only depend
on t instead of h and A(h). In addition, since the SU
can detect the beginning of the PU idle time at least
within the range of certain sensing periods, the value of
t can be obtained from the value of h. Whenever it is not
confusing, we use ®(t) instead of ®(h) = ®(Tpqa(h) + 1)
to represent the sensing result.

Since the sensing is perfect, we have only type-A
collision with the PU, which happens at the beginning



of the PU’s busy period. Because [, < [,,, at most one PU
packet collision occurs in each PU busy period. If n > -1,
the SU access strategy is trivial: the SU simply transmits
until a collision happens. Therefore, we consider the case
in which n < -L. For a given access policy m, the number
of collided PU ]foackets in each PU busy-idle cycle is i.i.d.
(represented by a random variable N. with mean n.),

and by the law of large numbers, we have:
e
pe(m) = —. (6)

Np

Let Z(k) be the event that the PU returns in [ty, tx +1s),
we have the expected number of collided packets in a
PU idle-busy period as:

Ne = i 1Pr[Z(k),SU transmits at ]
k=0
oo @)
=" q(t) PriZ (k)]
k=0

where Pr[Z(k)] = Pr[ty < Ly <ty + 1]

The throughput of the SU for a given access strategy ,
which is the percentage of time that the SU successfully
utilizes the spectrum resource, can be written as

2 (05 La(t)Pr(Z (k)]

T
S(ﬂ-> Ilp+1;

: ®)

where Zf;ol lsq(t;) is the expected total successful trans-
mission time when the PU returns during [tk, tx + ls).

We have the following result.

Proposition 1: Under the PU packet collision proba-

bility constraint p.(w) < 7, the SU throughput I';()
increases as [, decreases.
The result is intuitive. Whenever we split the SU packet
into two halves, the first half of the packet has a higher
success rate while the total collision perceived by the
PU remains unchanged. Therefore, I';(7) increases as /s
decreases. We omit the proof here.

Letting [, — 0, we can convert the summation into the
Riemann integral:

pe(m) = S /OO f(r)g(r)dr. )

np Jo

The maximum SU throughput for given access strategy
m can then be expressed as:

Py = G _ S S0 Jy () dr e
T bl lr+1p :

Here G,(m) is used to explicitly reflect the dependence
of the throughput performance on the access strategy 7.

Therefore, we can maximize the SU throughput by
solving the following optimization problem:

()
pc(ﬂ') <,

where the expressions of I';(m) and p.(m) are given
in (10) and (9), respectively. Since we have a large

(10)

maximize,
. (11)
subject to

number of time instances ¢ € [0,00) at which the op-
timal spectrum access decision ¢(¢) must be made, it is
computationally prohibitive to exhaustively search over
the policy space. However, we can exploit the structure
of the problem (in both the objective function and the
constraint) to obtain an optimal policy.

4.2 Optimal spectrum access policy
First, we define a time-related decision metric as follows:
1—F(t)
g(t) = — =
=%
f(t)

Since = is the conditional probability density that
the PU wilf return at time instance ¢ given that it has
been idle until ¢, a larger value of ¢(¢) indicates a smaller
collision possibility when the SU transmits a packet at
t. We will show that this metric captures the connection
between the packet collision probability constraint and
the throughput performance. We have the following
theorem on the optimal SU policy.

Theorem 1: The following SU spectrum access policy
solves the constrained optimization problem in (11)
among all stationary policies, i.e., it maximizes the SU
throughput under the PU packet collision probability
constraint p. < n:

(12)

1, if g(t) > ~*, ®(t) = Idle
p*, if g(t) =~*, ®(t) = Idle
0, otherwise,

q (t) = (13)

where the value of v* is determined as:

fy*:inf{’Y?/ " f(T)dT<’er’l7}. (14)
T:g(T)>"7

If fT:g(T)>’\/* f(7)dr =np,n, p* = 0; otherwise,

nph — f‘r:g(‘r)>’y* f(T) dr

* = 15
SO 1
Proof: Consider any policy 7, we have:
Gy(m) = ~ T - dtdr
(m) Aw«>1 ey dr
= | - Fi)ar (16)

T o A=F)
—A o) f() oy dr

Divide the whole integral interval in the above expres-
sion into three disjoint sets as below:

S1={r:9(r) >"},
So =A{7:9(1) <77},
Sz ={r:9(1) =7"}.
In addition, since V7,0 < ¢(7) < 1, for ¢*(7) defined
in (13), we have the following relationship
¢(1) —q(1) 20, Vre S,
¢ (1) —q(r) <0, VYreSs.

17)

(18)



Then, we have V7 € S; J S,
[g"(7) = a(Mg(7) = [¢"(7) = a(7)]7"
Using the above relations, we have:
Gs(m%) — Gys(m)
~ [ @)= e rntrrar
= [ @)~ o) srrgtryir

" /r;sz [q*(T) N q(T)]ﬂT)g(T)dT

(19)

oy [l = e sy

> { [Ce@i@ar - [ ansear)
0

")
=" (npn — npn) = 0.
Because ['s(7) = 5_52, we have I'y(7*) > ().

Note that, a smaller value of v* corresponds to a larger
set of S, and thus, a more aggressive SU transmission.
The collision probability perceived by the PU when the
SU adopts 7* can be expressed as:

1

pe(m”) = —|
Np 7:51

(20)

(r)dr +p* f(r)dr]. (21)
7:53

For the optimal policy, we have p. = 7. Substituting the
value of v* obtained from (14) into (21), the value of p*
is either 0 or determined by (15). |

Note that randomized transmission is required when
g(t) = v*, p* # 0. In other words, the SU should transmit
with probability 0 < p* < 1. When V¢, 0 < ¢(t) < 1, we
call the spectrum access policy “random access”.

We have shown that the threshold-based policy (13) is
optimal, which is intuitive in that the SU should transmit
when the conditional collision probability is low. For
practical systems, the SU can detect previous PU trans-
missions with high accuracy at the PHY layer. When
the PU switches from busy to idle, the SU initializes an
internal timer ¢ = 0, computes the value of ¢(t), and
then compares ¢(¢) with the threshold ~*. Finally, the
SU decides whether to transmit based on the comparison
result.

Next, we consider a few examples of PU idle time
distributions to illustrate how to obtain the values of v*
and p* in the optimal spectrum access policy.

When the PU has a slotted-structure and transits be-
tween idle and busy states according to a static Markov
process (e.g., as assumed in [5], [6]), the PU idle time
follows a geometric distribution. Specifically, f(t) =
> e ped(t — klr), where 6(t) is the Dirac delta function,
and p;, can be easily calculated using the state transition
probabilities. We have Vk:

We have 7* = 0 and p* = n,n in the optimal trans-
mission policy, i.e., it is optimal to transmit during the

slot interval with probability 1 when the PU is sensed
to be idle, and transmits with probability n,n at the
slot boundaries. The corresponding SU throughput limit
with slotted PU idle time is «, which is the entire
white space. Note that in this simple case collision free
transmission is possible.

When the PU idle time is exponentially distributed,
we have ¢(t) = I;, which is a constant. In this case, we
have v* = [;, and p* = n,n. Note that the randomization
is important here — SU transmits with probability p*
when it senses the channel being idle. The correspond-
ing maximum throughput of the SU is I's = an,n,
which serves as an upper bound on the SU throughput
performance achieved by the random access schemes
in [11] and CMA scheme proposed in [13] for single
PU channel (both works assume a fixed non-zero SU
packet length). Measurement results in [16] show that
the inter-arrival time of voice users (i.e., idle time) in
CDMA systems follows exponential distribution. In such
systems, a random access policy is advantageous for
SUs in terms of achieving the optimal tradeoff between
protecting the PU and improving spectrum utilization
efficiency.

For a class of PU idle time distributions, we derive
an optimal transmission policy with a simpler form as
shown below:

Corollary 1: For a given PU idle time distribution f(-),
when ¢(-) is monotonically decreasing and continuous,
the following spectrum access policy is optimal under
the collision probability constraint p. < :

q(t) = {(1)

where T™ can be obtained from the collision probability
constraint fOT f(t)dt = n,n. The optimal throughput is:

-
Jo

if t < T*, ®(t) = Idle

23
otherwise, @3

tf () dt +T* [72 f(t)dt
i +1p '

Proof: Since ¢(t) is monotonically decreasing, relying
on Theorem 1, there exists a T, such that for any 0 <
t <T* g(t) > ~* and ¢g(T*) = ~*. Thus, the Corollary
follows. O

Similarly, for monotonically increasing and continu-
ous ¢(-), the optimal access strategy requires the SU to
transmit with probability 1 when ¢ is larger than some
threshold 7.

We use two simple examples to illustrate the optimal
time threshold-based transmission policy for the SUs.
When the PU idle time is uniformly distributed on
the interval [0, 2;] (therefore the mean idle time is ;),
g(t) = 2l;—t, t € [0,2l;) is strictly decreasing, and
relying on Corollary 1 we have:

T = 2lnpn. (25)
The corresponding maximum SU throughput is

I's =2an,n — omf,nQ. (26)



When the idle time of the PU follows a two-parameter
Weibull distribution with parameters 8 and , i.e.,

= O (Lysm1 (1)

fo) =20 e : (27)
where 8 > 0 is the shape parameter, and p > 0 is the
scale parameter. When 3 = 1, the Weibull distribution
degenerates into the exponential distribution. Weibull,
therefore, is more general than exponential, and may
have broader application for modeling the PU traffic
pattern. When 3 > 1, ¢(¢) is a decreasing function of
t, so relying on Corollary 1 we have:

T* = p[—In(1 — )]

We stress here that the proposed threshold-based ac-
cess strategy can be applied to an arbitrary sojourn
time distribution, including those without closed-form
expression of PDF or CDFE.

(28)

4.3

As observed from previous sections, the PU idle time
distribution has significant impact on the fundamental
limit of the SU throughput performance. Therefore, we
compare the maximum SU throughput under different
PU idle time distributions in the following corollary.
Corollary 2: The optimal SU throughput performance
under the PU packet collision probability constraint,
7, 1s in [ompn,a]. The upper bound is achieved if
17 F(O{g(t) > 0} < nyn; the lower bound is achieved
if the PU idle time follows the exponential distribution.
Proof When the PU idle time distribution satisfies
fo 7){g(r) > 0}dr < npn, with v* =0, p* = 0 (i.e.,
the SU does not transmit when g(¢) > 0), the SU achieves
the upper bound. Examples of this kind include fixed
and slotted PU idle time, as discussed in Section 4.2.
Next, we prove the lower bound constructively. Con-

Impact of PU idle time distribution

sider a random access policy # = [§(t) : t = 0,1, --]
as:
. nyn, if ®(t) = Idle
t)y=3 " 29
at) {0, otherwise. @9
Obviously, # is sub-optimal. We have:
1 [,

Np Jo
and

Gs(7) :npn/o (1—F(t))dt =npnls. (31)
It follows that Gs(7*) > G4(7) = npnl;. Therefore, T’y >
I's(7) = npna, which is the maximum SU throughput
when the PU idle time is exponentially distributed. [

The random access policy in (29) has interesting prop-
erties. In the absence of idle time distribution informa-
tion, the scheme in (29) achieves a capacity of n,na
regardless of the actual distribution but is optimal for
the exponential distribution. In addition, it does not

require the SU to perform persistent sensing to discern
the beginning of the PU idle time.

In Fig. 3, we compare the maximum SU throughput
performance under different PU idle time distributions
for collision probability constraint n € [0,1]. In the
calculation, we set [; = 2ms, [p = 2ms, n, =1. We can
observe that the exponential PU idle time distribution
results in the worst SU throughput performance. Weibull
distribution with 8 = 2 may be better or worse than the
uniform PU idle time distribution over [0, 2/;]. General-
ized Pareto (GP) distribution with scale parameter o =
1.87ms has slightly better SU throughput performance
than the exponential PU idle time distribution. Since
random access policy achieves the same SU throughput
performance as the exponential distribution for all PU
idle time distributions, results in Fig. 3 show the advan-
tage of the threshold-based policy over random access
policy.

In summary, we have the following observations:

o The knowledge of PU traffic behavior is important.
Knowing the distribution may significantly improve
the SU’s throughput. For example, the maximum
throughput obtained in (26) under uniform distri-
bution is much larger than n,na. Therefore, in order
to fully utilize the spectrum opportunities in the
primary band, the SU should acquire knowledge of
the PU behavior. Here, we focus on the time domain
behavior, but spatial correlation knowledge of the
PU signal can also be exploited (e.g. [17]).

¢ When the distribution information is absent, an SU
can exploit the random policy in (29) as a lower
bound of its throughput. Not knowing the distri-
bution is equivalent to the memoryless exponential
distribution. On the other hand, access control de-
sign based on the exponential idle time distribu-
tion is robust in the sense that the SU throughput
performance varies little when the PU idle time
distribution changes (e.g., [13]).

o When the PU idle time distribution is not available
or is time varying (as validated by the measurement
data in [16]), the SU may learn the PU traffic pattern
in real time to take advantage of the time correla-
tion in the PU traffic pattern. We propose such an
adaptive scheme in Section 6.

4.4 Numerical results

Next we compare the performance achieved by the
proposed threshold-based policy and the CMA scheme
proposed in [13]. In the simulation, the CDF of the PU
idle time is given by [14] as:

F(t) = quu(t) + (1 _pu)Fgl)(t)v

where p, denotes the probability that the PU idle time
follows a uniform distribution, F,(¢) is the CDF of a
uniform distribution on the interval [0, 0.7ms], and

(32)

Fop(t) =1—-(1+ ”g)il/n (33)
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Fig. 3. Comparison of SU Throughput Performance.

TABLE 2
Simulation Parameters

[ [ | o [ e | x |0
Set-1 | 290ms | 1.03ms | 0.7379 | 30.1% | 0.0151 | 3.95
Set-2 | 1.39ms | 1.03ms | 0.5605 | 47.7% | 0.0169 | 2.35

with the values of the shape parameter x and scale
parameter o taken from [14] for PUs that have typical
WLAN traffic. We list the PU parameters used here as
in Table 2. The value of n, is set to be 1. Note that the
optimality of the CMA scheme under exponential PU
idle time distribution is obtained without consideration
of the sensing overhead and errors [13]. Here, we use
the same assumptions.

For single channel, the CMA scheme essentially allows
the SU to transmit with probability

npnls
Y 1
11(176*15/11)7 g

when the SU senses the PU as idle.

The threshold-based policy proposed in Theorem 1 is
tailored to accommodate the situation in which [; /4 0.
We divide the time after the beginning of the PU idle
time into sequential slots, each with length [,. For slot k,
the decision metric g(k) is calculated as:

g(k) = min{g(¢t),t € [(k — 1)ls, kls)}.

For each k, we have the value

goma = min{ (34)

(35)

Pr[Z(k)] = Pr[(k—1)l, < L; < k] = F(kl,)—F((k—1)l,).

To obtain the values of the threshold ~* and p*, we
first sort the array of g(k) in an ascending order. Then,
we find the smallest value of v such that

> Tlg(k) > M Pr[Z (k)] < n. (36)
k

Denote this value as 7. If the equality in (36) holds, then
~* =4, and p* = 0. Otherwise,

7" =max{g(k) : g(k) <7} (37)
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Fig. 4. Comparison with the CMA Scheme.

The value of p* in this case can be obtained as:

ol — 30, Ug(k) > v Pr(Z (k)] (38)
2 Mg(k) = v ] Pr(Z (k)]

The simulation results for both sets of PU traffic
parameters are shown in Fig. 4(a) and Fig. 4(b) for the
SU slot length I, = 625us (the slot size of Bluetooth)
and [, = 100us, respectively. In other words, the SU
slot length is roughly 50% and 10% of the average PU
idle time. We observe that the proposed threshold-based
policy always obtains better SU throughput than the
CMA algorithm proposed in [13]. In addition, with a
smaller value of I, the SU throughput performance is
a smoother function of 7 due to a smaller quantization
effect, and is better than that of a larger value of /,. This
verifies the statement in Proposition 1. However, with a
fixed control overhead, the SU may choose a proper slot
length to achieve the most efficient payload delivery.

In summary, to quantify the spectrum opportunities,
important factors are the percentage of the idle time
(), the PU idle time distribution f(-), the availability
of such information, and the PU protection requirement
(7). When there are multiple spectrum bands available
for SUs to choose from, SUs should consider all these
factors. For example, in a secondary spectrum leasing
market, the SU throughput performance limit obtained
here can serve as a reference for spectrum pricing.
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5 COGNITIVE ACCESS UNDER IMPERFECT

SENSING

In this section, we consider the impact of imperfect
sensing. In this case, as illustrated in Fig. 5, two types
of collisions caused by different SU actions exist. As in
the previous section, we assume that the SU has the
knowledge of the PU idle time distribution f(:). The
sensing time is denoted as 7,. In general, the greater
the 75, the more reliable the spectrum sensing, and thus
the better the protection on the PU. However, a longer
sensing time also means less transmission time for the
SU. Therefore, there exists a trade-off between detection
performance and SU throughput performance.

5.1 Model and analysis

We model the SU sensing performance by a (Pf, Py,)
pair, where Py is the probability of false alarm (recog-
nizing the idle PU as busy), and P, is the probability of
missed detection (recognizing the busy PU as idle). As
mentioned in Section 3, missed detections cause type-
B collisions. On the other hand, false alarm leads to
waste of spectrum opportunities. The results here apply
to any generic sensing method, including cooperative
sensing schemes, as long as the sensing performance can
be described by the (Py, P,,) pair. We assume that for
each sensing action, the events of having a false alarm
or missed detection error are independent across time.
Let NA(k) and NP (k) denote the numbers of type-
A and type-B collisions in the kth PU idle-busy cycle,
respectively. By assuming stationary access policy and
independent sensing outcomes, both N (k) and NZ (k)
are i.i.d. random processes, and thus the collision prob-
ability perceived by the PU can be expressed as:
ENA + ENS] _nd  nd

n,
pe=——t__——C = ¢4
n

E[Ny] Tp P 39

In what follows, we use p?! = nZ/n, and pF = nf/n,
to denote the type-A and type-B collision probabilities,
respectively.

We first discuss the impact of missed detection on the
collision perceived by the PU. As illustrated in Fig. 5, the
SU only initiates packet transmission after it senses the
channel being idle, and keeps sensing otherwise. Though
the optimal spectrum access policy under imperfect sens-
ing may require the SU to transmit even when it detects

the PU being busy, it is reasonable for the SU to be
conservative in order to protect the PU. Type-B packet
collisions happen after each missed detection, except in
rare cases when the PU has a state transition from the
busy to idle state at the precise moment the SU starts
transmitting (known as the edge effect).

For the PU, the following case causes the most type-B
collisions: the SU transmits a packet immediately after
mistakenly detecting the busy PU as idle. Let X denote
the residual time of the PU’s packet when the SU starts
transmitting. Since there is no synchronization between
the SU and the PU, X is uniformly distributed over
[0,1,]. Define Z. as the number of collided PU packets
due to a missed detection. Ignoring the edge effect, we

have:
1, if X
Zo= b HX>l (40)
2, if X <.
For I, > I,, the expectation of Z, is given by
L, + 1
ze =Ex[Z.] = Pli_ 41)
p

Note that, for continuous PU busy time, z. depends on
the distribution of Lp, which can be readily calculated.
Next, we calculate the average number of missed
detections for a given F,,. Denote the number of missed
detections during a PU busy period with length N[, as
Ny,. We have the expected value of N,, given N, as:

[t Nyl,—nl

e Nplp—nls M-I
E[Na|N,] = Y nPp(1-Pp) % 1" =
[Non | Np] 2" m ) ( . :

where [-] represents the operation of rounding up a real
number to the closest integer.

It can be easily shown that averaging on IV, gives the
following upper and lower bounds:

N, N,
= vl < E[Nn|Np] < P pl”. (42)
7.8 Jr S TS
Since we have
nf} = ENp [E[Nm|Np]]an (43)

the type-B packet collision probability is bounded by

Pulyze < PCB < Pmlpzc.
Ts + s Ts

(44)

Using the lower bound in (44), we observe that it is
impossible for SUs with P, > % to achieve the
required PU protection. Therefore, the operating region
of the spectrum sensor is constrained. In order for the
SUs to satisfy the collision probability constraint safely,
we require that

P’IYL S T](lp + lS) .

Ts

(45)

While determining a feasible value of P, using (45) is
simple, a good approximation on p? for a given P, can
also be found. For a given PU busy length N,/,,, an event



of missed detection occupies 7, +{, seconds while a cor-

rect PU detection requires 75 seconds, and thus the total

number of two SU sensing outcomes (missed and cor-
. . Nyl

rect detection) can be estlmateq as [ TPy oy o J.rls)].

Then the average number of missed detections during a

PU busy period can be approximated as:
Nply
(1 = Pp)7s + P (75 + 1s)

Now we can estimate the value of n” via (43), and obtain
the following approximation on pZ:

E[Npm|Np] ~ P, [

[ 40

Nplp
(I_PWL)TSJFPm(TsJFls)‘HZC

"' (47)

PrE[[

~

p?
Pl +1s)
o TS +Pmls ’

which is much easier to calculate than using the exact
value of E[N,,|N,].

Next, we focus on the impact of false alarm. The
allowance for type-A collisions is

pt <fH=n-pl. (48)

With the value of P, satisfying condition (45), we have
7 > 0, and the following discussion is meaningful.

Due to false alarm errors, the SU does not know the
beginning of the idle period accurately. Let J (as shown
in Fig. 5) be the number of consecutive sensing actions
that the SU takes to detect the idle state after the PU
becomes idle. It is easy to see that J follows a geometric
distribution:

Pr[J =jl=P} '(1-Pf),j =12,

Since I, < [, a type-A collision only leads to one
packet loss for the PU. However, since the SU does not
know whether it made a false alarm, its access policy
should not depend on the realization of J. Instead, the
SU access strategy determines the transmission probabil-
ity q(k) for a sequence of time slots k =1, 2, --- after it
detects the channel being idle. Given that the SU trans-
mits at time slot &, a type-A collision happens when the
PU returns during time interval [(k—1)ls + j7s, kls + j75]-
We define this event as Z(k,j) with j =1,2,---, with

Pr[Z(k, j)] = F(kls + j7s) = F((k = Dls + j7s).  (49)

For a given J = j, the average type-A collision proba-
bility during an idle-busy period can be expressed as:

2o 4(te) Pr[Z(, )]

Np

. (50)

Then, taking the expectation over J, we have the follow-
ing expression for pZ:

P = niEJ {iq(k) PrZ(k, J)]}
P M=o (51)
1-P;

Tp

le;"1 kz_joq(tk)Pr[Z(k,m.
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Similarly, we have the expression for the throughput
performance as below:

o EJ[ZZO:() ls‘](kls)(l - F(klé + JT&))]
N lr+1p .

For a given pair of (Pf, P,,) (the sensing time should
be long enough to guarantee that # > 0), the optimal
spectrum access strategy for the SU can be formulated as
a similar optimization problem as in (11) with constraint
p? < 7 replacing p. < 1. However, the joint optimization
on the spectrum detector and access controller is compli-
cated due to the dependency of I'; on P; and 7, which
is then determined by F,,. Here, we adopt a heuristic
approach based on the result in Theorem 1. Specifically,
we have a modified threshold-based spectrum access
policy for the SU.

First, we define the following decision metric for a
given (Py, P,) pair:

o ES(1 = F(t+ J7s))]
g(t) = JEJ[f(t—i-JTS)]

For slot k (k =1, 2, - - ), similar to (35), we calculate the
decision metric as:

G(k) = min{g(t) : t € [(k — 1)l kl,)}.

Then, we have the modified threshold-based spectrum
access policy as:

Ls

(52)

(53)

[y

. if g(k) >
q(k) =< p, if g(k) =%;
0, otherwise.

(54)

The calculation of threshold 4 and p follows a similar
approach to the calculation of v* and p* in Sec. 4.4, with
g(k) replacing g(k) in (36), (37), and (38), 7 replacing n
in (36), E;[Pr[Z(k, J)]] replacing Pr[Z(k)] in (36).

5.2 Spectrum access with energy detector

Next, we use energy detector as an example to illustrate
how to jointly determine the spectrum sensor operating
point and the SU access strategy.

As in [18], the detection statistic of the SU spectrum
sensor can be approximated by Gaussian distribution.
Denote the sampling frequency as f,, and the power of
the AWGN and PU signals as o7 and o7, respectively.
Then, we have

_ ¢ —T7sfsom
Pf B Q < \/ QTsfsJ;LL> ’

(55)
P,=1-0Q C_Tsfs(o'?f"orz%) ,
275 fs(02 + 02)2

where Q(-) is the well-known @ function, and ( is
the detection threshold. The ROC (receiver-operating
characteristic) curve of the energy detector is jointly
determined by 75, fs, and SNR (Signal-to-Noise-Ratio).



By adjusting the detection threshold (, we can obtain
different values for the (P, P,,) pair.

Last, we present numerical results on the SU per-
formance with imperfect sensing. The PU idle time is
assumed to be uniformly distributed in [0, 2{;] and the
number of packets in a busy period is set to 100. We
use the following parameters in the simulations: [, =
ls =1 ms, l; =200ms, I = 100ms, f; = 10MHz, and
SNR = ag /o% = -3dB. Different values of sensing time
75 = 20, 30, 40, 50 us are used.

Fig. 6(a) and Fig. 6(b) show the throughput perfor-
mance of the proposed modified threshold-based spec-
trum access scheme when 7 = 1072, and n = 8 x 1073,
respectively. For comparison, we also plot the through-
put performance assuming perfect sensing. Recall that
P, has to be small enough to satisfy 7 > 0. It is easy
to note that, for a smaller packet collision probability
constraint, the range of the feasible operating points is
smaller. We observe that there is an optimal operating
point of the spectrum sensor to achieve the maximum
throughput. This point represents the optimal trade-
off between P, and P;. For a given Py, the longer
the sensing time, the larger the throughput (within a
reasonable range). This implies in practical systems, a
longer sensing time is desirable, since the access of the
SU has to be conservative enough to protect the PU.

In addition, for the benefit of the SU, the transmis-
sion given a missed detection contributes nothing to
its throughput, but “consumes” the collision probability
allowance. So it is much more important to ensure
a small missed detection probability than false alarm
probability. In other words, the capability to protect the
PU (measured by a small missed detection probability)
can benefit the SU’s throughput performance. We also
observe that when 7, is large enough, the performance
of the optimal operating point is very close to that of
perfect sensing. The larger the value of 7, the larger the
region where the performance is close to optimal.

6 ADAPTIVE OPPORTUNISTIC SPECTRUM
ACCESS

As shown in Fig. 1, the protection of PUs is more
challenging when there are multiple SUs accessing a
common PU channel. Because SUs are widely spread
in the area, one SU may not be able to sense all other
SUs’ transmissions or their collisions with the PU. While
this enables spatial reuse among SUs, the protection of
the PU is more difficult because the SUs’ disruption
accumulates. Consider the case where two SUs cause
random collisions with the PU. Assume that the two
SUs are not aware of each other. If each SU causes 1%
collision randomly (e.g., using the random access policy
(29) in Section 4.3), the cumulative collision perceived
by the PU will be 1.99%. When there are more SUs, the
impact of such cumulative intrusion can be devastating.

Another challenge is to acquire knowledge of the PU
idle time distribution. While there are schemes to esti-
mate distribution functions [19], [20], [21], they usually
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require a large number of observations to achieve certain
accuracy. This is especially challenging when the PU
traffic pattern and the idle time distribution is time
varying (e.g., [16]).

In this section, we address the above challenges by
proposing a distributed and adaptive spectrum access
scheme for multiple SUs. The proposed scheme explicitly
explore the structure of the optimal scheme presented
in Sec. 4, in particular the time-threshold-based pol-
icy as described by Corollary 1. When function g(-) is
monotonically decreasing (or increasing), the proposed
adaptive strategy approaches the optimal performance
for each SU while satisfying the collective protection
requirement from the PU. Each SU executes the proposed
adaptive algorithm and makes transmission decisions
independently.

Here, we assume that all SUs have knowledge about
the average number of PU packets in a busy period,
which is much easier to obtain than the distribution
knowledge. We also assume that SUs are far away
from each other, and thus no collision among SUs is
considered. Note that collision among nearby SUs can
be controlled by any existing MAC protocol given syn-
chronization on the virtual channel. In the sequel, we use
superscript m =1, 2, - - to index SUs. We first consider
perfect sensing case, and then extend the algorithm to
the imperfect sensing case.



6.1

Because the statistics of the PU traffic pattern may
change over time, and different SUs may join the net-
work at different moments, the interruption to the PU
is dynamically changing. This requires that each SU
intelligently adjust its transmission strategy based on
its observation of the PU behavior and its estimate on
the collision probability perceived by the PU. With the
time-threshold-based access structure derived in Sec. 4,
each SU only needs to iteratively update one access
parameter, i.e., the threshold 7.

Each SU records N*(k), defined as the number of
collisions caused by it during the kth PU busy-idle pe-
riod. With perfect sensing, SUs can detect the beginning
of the PU idle time accurately. Each SU transmits its
packets after sensing the idle channel, and stops when
the internal timer ¢ reaches the threshold 77 (i) (the ith
estimate of 7) or it collides with the PU. Each updating
interval for the time threshold 7" (i) consists of W idle-
busy periods of the PU. The SU estimates the collision
probability in the ith interval as

kW m
_ Zk:(ifl)W+1Nc (k)

Perfect sensing case

™ (i) Wi, ; (56)
and updates the threshold 7™ as follows:
M +1) = T™(i) + g(i)TM(O)”_Z(”, (57)

where 77(0) is the initial value, and £(3) is the step-size.
Note that updating methods similar to (57) are often seen
in the field of adaptive signal processing, control, and
stochastic approximation (e.g., [22], [23]). Here, with the
insights obtained from Corollary 1, we are able to adopt
existing techniques to solve the practical challenges of
satisfying the accumulated interruption constraint with-
out the knowledge PU idle time distribution and achieve
good SU throughput performance.

A natural choice of T™(0) is the value of T* for
exponential PU idle time distribution, ie., T™(0) =
—IrIn(l — npn)/ls. When 7™ > 1, the SU reduces
its transmission time; otherwise, the SU increases its
transmission time. The step-size determines the trade-
off between the convergence speed and the variance of
the updated values. For example, one can show that
T™(i) converges to T when £(i) = 1/4, using standard
stochastic approximation techniques.

As an illustration, we use numerical simulations
where the idle time initially follows the Weibull distri-
bution with 8 = 2 and changes to uniform distribution
later without informing SUs. Simulation parameters are
set as: {; = 200ms, n, = 100, I, = [, = 1ms, n = 0.1%,
W =50, and p(¢) = 0.4. Each SU has the knowledge of n,,
and /; (both are set to be constants), but not f(-). Initially,
there is only one SU in the network. Another SU joins the
network after 50000 idle-busy periods (about 7500 sec-
onds) and runs the proposed algorithm independently
without observing the collisions caused by the first SU

12

15 x 10
o 1
0.5 - - - -
1 10 20 30 40 50
0.27 . -
02 f Ul \\ ]
L 0.1 SU2joins | —— SU2 ]
\# —— Optimal
0 : i i
90 1 10 20 30 40 50
. 50¢ SU2joins Sul
——SU2
T —— Optimal
0 f . i i
1 10 20 30 40 50
Time

Fig. 7. Convergence of the Proposed Adaptive Algorithm
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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 Fig. 7, where the value of p. and I'y is evaluated
every 5000 idle-busy periods, or 100 updating periods.
For comparison purposes, we plot the optimal through-
put and the optimal value of 7% in the figure. From
Fig. 7, we can observe that the proposed algorithm has
several desirable properties. First, it satisfies the pro-
tection requirement of the PU when there are multiple
SUs opportunistically accessing the spectrum. Second,
it converges very quickly to the optimal value of T,
and obtains close-to optimal throughput performance
derived for I, — 0. Note that each SU independently
achieves similar throughput I'; rather than sharing the
total available time, thus achieving desirable spatial
reuse. Third, it adapts to the dynamics of the PU’s
traffic pattern rapidly. Additionally, it is a distributed
algorithm with no central controller. Each SU performs
its algorithm independently.

The proposed adaptive algorithm works well for a
wide class of idle time distributions with monotonically
decreasing g(-). When this condition is not satisfied, the
T* policy from Corollary 1 and the adaptive scheme may
not be optimal. However, the adaptive scheme can still
guarantee the collaborative protection of the PU in a
distributed manner while enabling spatial reuse. In the
future, we plan to extend the adaptive scheme to general
idle time distributions.

6.2 Imperfect sensing case

In the case of imperfect sensing, the SU can neither track
accurately the status of the PU nor the exact beginning
of the idle time. We address the impact of the imperfect
sensing by modifying the above adaptive scheme.

First, each SU estimates the collision probability
caused by missed detection, i.e., pZ, using (47) or the
upper bound (44). Then, it calculates the margin for type-

A collisions as 7 = n — pZ. Here, we assume that an SU
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does not know the presence of other SUs, and has no
knowledge about other SUs’” missed detection probabil-
ities or the information about other SUs’ collisions with
the PU. SUs update their time threshold independently
using (57) where 7 is replaced by 7.

If the SU transmits until 7 (¢) without colliding with
the PU, the SU will confirm the return of the PU after
detecting N, consecutive busy slots, where N is a design
parameter. This reduces the mistake that the SU falsely
detects a busy-idle transition when the PU is still idle.

We present simulation results to validate the perfor-
mance of the proposed algorithm. The simulation setup
is the same as in the previous section. The missed detec-
tion probabilities of SU 1 and SU 2 are 1.3203 x 1078 and
1075, respectively. The false alarm probabilities are 0.67
and 0.2, respectively. The sensing time is 7, = 50 us. The
number of packets in a busy period of the PU follows
a uniform distribution with mean n, = 100. The design
parameter N, is heuristically set as N, = n,{,/(107,).
Each updating period for the SU consists of W = 50
idle-busy periods.

The performance of the proposed algorithm is shown
in Fig. 8. The convergence to T is fast. Each SU achieves
close-to optimal throughput performance. The proposed
algorithm can approximate the PU protection require-
ment well. It is slightly above the threshold after the
second SU joins the network. This is due to the fact
that the type-B collisions accumulate at the PU since
each SU is oblivious to other SUs. To address this issue,
one can tune the spectrum sensor to reduce the missed
detection probability (we intentionally left the missed
detection probability of the second SU high to illustrate
this accumulative effect). In addition, SUs should be
aware of the potential existence of other SUs and thus
leave a margin on the collision probability constraint.
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7 CONCLUSION

We studied the fundamental limit on the throughput of
cognitive SU networks under the primary packet colli-
sion constraint. Under the perfect sensing assumption,
we derived an optimal threshold-based SU transmis-
sion strategy for generic PU idle time distribution. We
showed that the idle time distribution and the packet
collision probability constraint of the PU have significant
impact on the throughput performance and provided
both a lower and an upper throughput bound. We ana-
lyzed the impact of imperfect sensing on the SU perfor-
mance, and proposed a modified threshold-based spec-
trum access scheme that achieves close-to-optimal per-
formance. Moreover, we proposed a distributed scheme
that adapts to the PU traffic pattern changes and works
well in the case of multiple secondary users, under both
perfect sensing and imperfect sensing assumptions. Our
results in this paper provide insights on the trade-off
between PU protection and SU throughput performance.

REFERENCES

[1] Shared spectrum company: DARPA XG program informa-
tion. [Online]. Available: http://www.sharedspectrum.com/
technology /darpaxg.html

[2] F. W. Seelig, “A description of the August 2006 XG demonstra-
tions at fort A.P. Hill,” the 2nd IEEE International Symposium on
New Frontiers in Dynamic Spectrum Access Networks (DySPAN), pp.
1-12, 2007.

[3] M. Buddhikot, P. Kolodzy, S. Miller, K. Ryan, and ]. Evans,
“DIMSUMnet: new directions in wireless networking using coor-
dinated dynamic spectrum,” the 6th IEEE International Symposium
on a World of Wireless, Mobile and Multimedia Networks (IEEE
WoWMoM), pp. 78-85, June 2005.

[4] S. Gandhi, C. Buragohain, L. Cao, H. Zheng, and S. Suri, “A
general framework for wireless spectrum auctions,” the 2nd IEEE
International Symposium on New Frontiers in Dynamic Spectrum
Access Networks (DySPAN), pp. 22-33, 2007.

[5] Q. Zhao, L. Tong, A. Swami, and Y. Chen, “Decentralized cogni-
tive MAC for opportunistic spectrum access in ad hoc networks:
A POMDP framework,” IEEE Journal on Selected Areas in Com-
munications (JSAC): Special Issue on Adaptive, Spectrum Agile and
Cognitive Wireless Networks, vol. 25, no. 3, pp. 589-600, 2007.

[6] Y. Chen, Q. Zhao, and A. Swami, “Joint design and separation
principle for opportunistic spectrum access in the presence of
sensing errors,” IEEE Transactions on Information Theory, vol. 54,
no. 5, pp. 2053-2071, 2008.

[7]1 P.Wang, L. Xiao, S. Zhou, and J. Wang, “Optimization of detection
time for channel efficiency in cognitive radio systems,” in Proc.
Wireless Communications and Networking Conference (WCNC), 2007,
pp. 111-115.

[8] Y-C. Liang, Y. Zeng, E. Peh, and A. T. Hoang, “Sensing-
throughput tradeoff for cognitive radio networks,” IEEE Trans-
actions on Wireless Communications, vol. 7, no. 4, pp. 1326-1337,
April 2008.

[91 A. Ghasemi and E. S. Sousa, “Optimization of spectrum sens-
ing for opportunistic spectrum access in cognitive radio net-
works,” the 4th Consumer Communications and Networking Confer-
ence (CCNC), pp. 1022-1026, Jan. 2007.

[10] Q. Zhao and K. Liu, “Detecting, tracking, and exploiting spectrum
opportunities in unslotted primary systems,” in IEEE Radio and
Wireless Symposium (RWS), 2008.

[11] S. Huang, X. Liu, and Z. Ding, “Opportunistic spectrum access in
cognitive radio networks,” The 27th IEEE Conference on Computer
Communications (INFOCOM), pp. 1427-1435, April 2008.

[12] P. Pawelczak, R. Prasad, and R. Hekmat, “Opportunistic spectrum
multichannel OFDMA,” IEEE International Conference on Commu-
nications (ICC), pp. 5439-5444, June 2007.



[13] S. Geirhofer, L. Tong, and B. Sadler, “Cognitive medium access:
Constraining interference based on experimental models,” IEEE
Journal on Selected Areas in Communications, vol. 26, no. 1, pp. 95—
105, Jan. 2008.

[14] S. Geirhofer, L. Tong, and B. M. Sadler, “Dynamic spectrum access
in WLAN channels: Empirical model and its stochastic analysis,”
in Proc. First International Workshop on Technology and Policy in
Accessing Spectrum (TAPAS), 2006.

[15] S. Huang, X. Liu, and Z. Ding, “Optimal sensing-transmission
structure for dynamic spectrum access,” to appear at IEEE INFO-
COM, 2009.

[16] D. Willkomm, S. Machiraju, J. Bolot, and A. Wolisz, “Primary
users in cellular networks: A large-scale measurement study,”
3rd IEEE Symposium on New Frontiers in Dynamic Spectrum Access
Networks (DySPAN), Oct. 2008.

[17] M. Wellens, J. Riihjjarvi, M. Gordziel, and P. Mahonen, “Eval-
uation of cooperative spectrum sensing based on large scale
measurements,” 3rd IEEE Symposium on New Frontiers in Dynamic
Spectrum Access Networks (DySPAN), Oct. 2008.

[18] D. Cabric, A. Tkachenko, and R. W. Brodersen, “Experimental
study of spectrum sensing based on energy detection and network
cooperation,” in Proc. First International Workshop on Technology and
Policy in Accessing Spectrum (TAPAS). New York, NY, USA: ACM
Press, 2006.

[19] H. Kim and S. K. G., “Efficient discovery of spectrum opportuni-
ties with MAC-layer sensing in cognitive radio networks,” IEEE
Transactions on Mobile Computing, vol. 7, no. 5, pp. 533-545, May
2008.

[20] A. Azzalini, “A note on the estimation of a distribution function
and quantiles by a kernel method,” Biometrika, vol. 68, no. 1, pp.
326-328, April 1981.

[21] S. Wang, “Nonparametric estimation of distribution functions,”
Metrika, vol. 38, no. 1, pp. 259-267, December 1991.

[22] P.R. Kumar and P. Varaiya, Stochastic systems: estimation, identifica-
tion and adaptive control. Upper Saddle River, NJ, USA: Prentice-
Hall, Inc., 1986.

[23] H. Kushner and G. Yin, Stochastic Approximation Algorithms and
Applications. New York: Springer-Verlag, 1997.

Senhua Huang Senhua Huang received his
B.S. and Master of Engineering degrees in elec-
trical engineering from the University of Science
and Technology of China in 2003 and 2006. He
is currently working toward his Ph.D. degree in
the Department of Electrical and Computer En-
gineering at the University of California, Davis.
His research interests are in the area of wire-
less communications and networks, with current
emphasis on the dynamic spectrum access for
cognitive radio networks.

Xin Liu Xin Liu received her Ph.D. degree in
electrical engineering from Purdue University in
2002. She is currently an associate professor
in the Computer Science Department at the
University of California, Davis. Before joining UC
Davis, she was a postdoctoral research asso-
ciate in the Coordinated Science Laboratory at
UIUC. Her research is on wireless communi-
cation networks, with a focus on resource al-
location and dynamic spectrum management.
She received the Best Paper of year award of
the Computer Networks Journal in 2003 for her work on opportunistic
scheduling. She received NSF CAREER award in 2005 for her research
on “Smart-Radio-Technology-Enabled Opportunistic Spectrum Utiliza-
tion.” She received the Outstanding Engineering Junior Faculty Award
from the College of Engineering, University of California, Davis in 2005.

14

Zhi Ding Zhi Ding is the Child Family Endowed
Professor of Engineering and Entrepreneurship
at the University of California, Davis. He received
his Ph.D. degree in Electrical Engineering from
Cornell University in 1990. From 1990 to 1998,
he was a faculty member of Auburn University.
From 1998-2000, he was a faculty member of
Electrical and Computer Engineering at the Uni-
versity of lowa. He joined the University of Cali-
fornia, Davis in 2000 as a professor of Electrical
and Computer Engineering. Currently, he is also
a guest Changjiang Chair Professor of the Southeast University in
Nanijing, China.

Prof. Ding is a Fellow of the IEEE and is named as 2004-6 Distin-
guished Lecturer by the Circuits and Systems Society. Professor Ding
was associate editor for IEEE Transactions on Signal Processing from
1994-1997 and 2001-2004. He served as associate editor for IEEE
Signal Processing Letters from 2002-2005. He was a member of the Ed-
itorial Board of the IEEE Signal Processing Magazine. He served as the
Technical Program Chair for COMSOCs Globecom-2006. Prof. Ding was
a member of IEEE Signal Processing Societys Technical Committee on
Statistical Signal and Array Processing (1994-1998) and a member of
Technical Committee on Signal Processing for Communications (1998-
2003). He also served on the IEEE Signal Processing Society Technical
Committee on Multi-Media Signal Processing (2002-2005).

Professor Ding has published over 200 refereed research papers. He
also coauthored two books: Blind Equalization and Identification (Taylor
and Francis, 2001) and Modern Digital and Analog Communication
Systems (Oxford University Press, 2009). His major research interests
are wireless communications, networking, and signal processing. He is
a Distinguished Lecturer of the IEEE Communications Society for the
term 2008-09.



