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Abstract—Inspired by recent developments in full-duplex com-
munications, we propose and study new modes of operation for
cognitive radios with the goal of achieving improved primary
user (PU) detection and/or secondary user (SU) throughput.
Specifically, we consider an opportunistic PU/SU setting in
which the SU is equipped with partial/complete self-interference
suppression (SIS), enabling it to transmit and receive/sense at the
same time. Following a brief sensing period, the SU can operate in
either simultaneous transmit-and-sense (TS) mode or simultane-
ous transmit-and-receive (TR) mode. We analytically studythe
performance metrics for the two modes, namely the detection
and false-alarm probabilities, the PU outage probability, and
the SU throughput. From this analysis, we evaluate the sensing-
throughput tradeoff for both modes. Our objective is to find
the optimal sensing and transmission durations for the SU that
maximize its throughput subject to a given outage probability.
We also explore the spectrum awareness/efficiency tradeoffthat
arises from the two modes by determining an efficient adaptive
strategy for the SU link. This strategy has a threshold structure,
which depends on the PU traffic load. Our study considers both
perfect and imperfect sensing as well as perfect/imperfectSIS.

I. I NTRODUCTION

Until recently, the idea that a wireless device can transmit
and receive simultaneously on the same frequency channel,
i.e., operate in full-duplex (FD) mode, was deemed impossible.
The traditional scenario was that at a given time, a node
can transmit or receive, but not both, which is often called
half-duplex (HD) operation. The problem of achieving FD
communications is that the transmitted power from a given
node is typically much larger than the received power of
another signal at the same node. While the node is receiving,
its transmitted signal is considered as self-interference.

The infeasibility of FD communications have recently been
challenged in several efforts, which have successfully demon-
strated the possibility of FD communications using self-
interference suppression (SIS) techniques [1]–[3]. The main
task in these works is to suppress self-interference to a level
that enables FD communications. Recent studies [4], [5] have
shown that a transmitting device can significantly suppress
its own interference by up to 80 dB, enabling it in certain
scenarios to concurrently transmit and receive.
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There are two main approaches for SIS: RF interference
cancellation and digital baseband interference cancellation.
Combined, these two approaches may still not achieve the
amount of SIS required for FD communication. In [1], the
authors proposed an antenna-based SIS technique and used it
in conjunction with the two previous techniques to reach the
required suppression limit. In this technique, two appropriately
spaced transmit antennas and one receive antenna are used
to ensure that the transmitted signals add destructively at
the receive antenna and cancel each other. This technique
has some limitations in terms of design complexity (number
and placement of antennas) and the destructive interference
points that will appear in the far field. Furthermore, there
is a bandwidth constraint and a practical limitation on the
operation of such a scheme, as it requires manual tuning. The
authors in [4] addressed these limitations and proposed an
interference cancellation mechanism based on signal inversion.
This technique has some practical limitations too, as discussed
in [4]. Another technique for SIS was presented in [2],
where the authors explored antenna placement as an additional
cancellation technique to analog and digital interferencecan-
cellation. Some aspects of designing the physical and MAC
layers with SIS are discussed in [5], [6].

While advances in SIS are being sought aggressively, ex-
ploiting FD/SIS in network protocol design is still in its very
early stages. To support statistical quality-of-service (QoS), the
authors in [7] proposed an optimal resource allocation scheme
for wireless FD and HD relay networks. They showed that the
optimal capacity with FD is not always twice that of the HD
mode, and that a hybrid transmission mode may achieve better
performance than using FD alone. Cross-layer optimizationfor
routing in FD-capable wireless networks was studied in [8].
The authors considered the problem of selecting end-to-end
routes, first to maximize the total profit of users subject to node
constraints, and secondly to minimize the power consumption
subject to rate demands.

Opportunistic spectrum access (OSA) is one of the prevalent
means for improving spectrum efficiency [9]. In OSA, sec-
ondary users (SUs) sense the spectrum and opportunistically
access it if the primary users (PUs) are thought to be idle [10],
[11]. In [12], a continuous-time Markov chain model was used
to analyze the achievable throughput of PUs and SUs under an
FD spectrum sensing scheme. Using this scheme, the authors
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showed that PUs can maintain their required throughput and
SUs can increase their achievable throughput compared with
the throughput under the HD scheme. The authors in [13]
derived the false-alarm and detection probabilities for anFD
spectrum sensing scheme, assuming a non-slotted cognitive
radio (CR) network. Some factors such as signal bandwidth,
antennas placement error, and the amplitude difference of
the transmit signals were analyzed. It was shown that the
unavoidable error due to signal bandwidth has little impact
on network performance. Hence, the FD scheme can be
effectively used in CRs.

In this paper, we consider a CR setting in which the receiver
of an SU uses SIS techniques to mitigate the undesirable
interference from its own transmitter. This SIS capability
can be utilized in several ways. It can be used to increase
the SU throughput by enabling bidirectional simultaneous
transmission-reception (TR). It can also be used to increase
the SU’s awareness of PU activity by allowing the SU to sense
while transmitting, which we refer to as thetransmission-
sensing (TS)mode. We investigate the efficient policy for
an SU link, taking into consideration the tradeoff between
spectrum efficiency (throughput) and spectrum awareness (de-
tection capability). Our objective is to determine the optimal
action for an SU link, whose aim is to maximize its throughput
subject to a given PU outage probability. We also attempt to
find the optimal sensing and transmission durations for this
SU link. An important step towards reaching this goal is to
design and formulate appropriate performance metrics for the
SU network.

The contributions of this paper are as follows. First, we
propose two novel modes of operation for opportunistic SUs
with SIS capability: TS and TR. Second, we derive the
detection and false-alarm probabilities, the PU/SU collision
probability, and the SU throughput for both modes. Based
on these metrics, we compare the performance of the two
modes with the traditional HD transmission-only (TO) mode.
Third, we study the sensing-throughput tradeoff for CRs in
both TS and TR modes. Specifically, for both modes we
determine the “optimal” sensing and transmission durations
that maximize the SU throughput subject to constraints on
the PU outage probability. Fourth, we explore the spectrum
awareness/efficiency tradeoff that arises due to the competing
goals of minimizing the collision probability with the PU (TS
mode) and maximizing the SU throughput (TR mode). Our
objective here is to determine an efficient strategy for the SU
link that enhances its throughput subject to a given collision
probability. Our scheme has a threshold-based structure, which
depends on the PU traffic load: For low traffic loads, the
SU should operate in the TR mode, whereas the TS mode is
superior at high loads. Finally, we study the impact of perfect
and imperfect sensing with perfect/imperfect SIS. To the best
of our knowledge, this is the first paper to address the spectrum
awareness/efficiency tradeoff in CRs that arises from the new
modes of operations, TS and TR.

The rest of the paper is organized as follows. The system
model and operation modes are described in Section II. In Sec-

Fig. 1. System model for an SU link that opportunistically accesses the
spectrum of a PU network. Each SUi consists of a transceiver with a given
SIS capability factorχi.

tion III, we derive the detection and false-alarm probabilities
for the two modes, and formulate the corresponding outage
probabilities. The sensing-throughput tradeoff is discussed in
Section IV. We explore the spectrum awareness/efficiency
tradeoff and determine the appropriate transmission strategy
for an SU link in Section IV. Numerical results are presented
in Section V, followed by conclusions in Section VI.

II. SYSTEM MODEL AND OPERATION MODES

A. System Model with SIS Capability

As shown in Figure 1, we consider an SU link that op-
portunistically accesses a PU-licensed channel. The SU has
partial/complete SIS capability, allowing it to transmit and
receive/sense at the same time. Letχ be a factor that represents
the degree of SIS at an SU node,χ ∈ [0, 1]. If χ = 0, the SU
can completely suppress its self-interference; otherwise, it can
only suppress a fraction1−χ of its self-interference (imperfect
SIS). χ may differ from one node to another, depending on
the employed SIS technique. For simplicity, we assume that
χ is the same for all SUs.

For SU i, let Pi denote its transmission power. Without
loss of generality, we assume that only one SU link can be
active at a given time, over a given frequency channel, and in
a given neighborhood. Time/frequency scheduling for a set of
SU links has been well-studied in the literature (see [14]),and
will not be addressed in this paper. For the wireless channel,
we consider a path-loss model [15]. The channel gainhij

between a transmitteri and a receiverj at distancedij is
hij = C d−η

ij , whereC is a frequency-dependent constant and
η is the path-loss exponent. In general,hij 6= hji.

A collision between PU and SU transmissions occurs when-
ever a secondary transmission overlaps by any period of time
with a primary transmission. We assume that the PU activity
(and hence, channel availability for the SU) behaves as an
alternating busy/idle (ON/OFF) process. LetY be the length
of the PU idle period. We assume thatY is exponentially
distributed with parameterλOFF.



(a) Transmission-Only mode

(b) Transmission-Sensing mode

(c) Transmission-Reception mode

Fig. 2. Different modes of operation for the SU. (a) is the traditional
HD mode, (b) and (c) are considered as FD modes, although theycontain
a sensing-only period at the beginning.

B. SU Operation Modes

In addition to the classic HD mode, the SU can dynamically
switch to one of two FD modes: TS and TR. The SU can
decrease its collision probability or achieve higher throughput
by utilizing the SIS and FD capabilities in the TS and TR
modes, respectively. The description of the various modes is
as follows:

1) Transmission-Only (TO) Mode:As shown in Figure 2(a),
in this mode the SU senses the spectrum for a durationTS0 and
then carries out data transmission. The transmission duration
is denoted byT . This is the traditional HD mode of operation,
which is well studied in the literature.

2) Transmission-Sensing (TS) Mode:Even though FD pro-
vides the capability to transmit and sense at the same time,
the SU must initially sense in a HD fashion for a duration
TS0, as shown in Figure 2(b). Based on the sensing outcome,
the SU can decide whether to transmit forT seconds (if the
PU is idle) and simultaneously continue sensing to detect the
return of a PU, or not transmit if the PU is sensed to be busy.
While transmitting, the SU performsm sensing actionsTSi,
i ∈ {1, 2, . . . ,m}. Thus, in the TS mode, we havem + 1
sensing durations. If at the end of any given sensing period
PU activity is detected, the SU aborts its transmission until
the next cycle (which also starts with a sensing-only periodof
lengthTS0).

3) Transmission-Reception (TR) Mode:Instead of sensing
while transmitting, the SU may start receiving data from
its peer while transmitting to that same peer, as shown in
Figure 2(c). As before, an initial sensing period of lengthTS0

is needed to determine channel availability. LetTR be the
reception duration.

To analyze the various modes of communications, we as-
sume that the time axis is divided into frames, where each
frame consists of a sensing-only periodTS0 and a potential
transmission periodT , as shown in Figure 2.

III. SENSING METRICS AND PU OUTAGE

In OSA networks, SUs utilize spectrum sensing to determine
the idle/busy state of a channel. SIS can be exploited to
enable simultaneous transmission and sensing over the same

channel (via the TS mode), which impacts the detection
and false-alarm probabilities. The reason is that, in practice
SIS techniques cannot completely suppress self-interference
(χ > 0). Therefore, we have to account for the residual
self-interference when deriving the false-alarm and detection
probabilities. In this case, the hypothesis test of whetherthe
channel is busy or not can be formulated as follows:

r(n) =

{
χ s(n) + w(n) H0 (PU idle) (1a)

l(n) + χ s(n) + w(n) H1 (PU busy) (1b)

wherer(n) is the discretized received signal after performing
spectrum sensing in the FD case,s(n) is the SU’s own
transmitted signal before applying SIS (assumed to be a zero
mean iid random signal with varianceσ2

s ), w(n) is the noise
signal (assumed to be a zero mean Gaussian iid random
process with varianceσ2

w), andl(n) is the received PU signal
(assumed to be a zero mean iid random process with variance
σ2
l ). For simplicity, we ignore the path loss between the

SU’s transmitter and its receptionat the same node(i.e.,
h11 = h22 = 1 in Figure 1).

The hypotheses in (1a) and (1b) are applicable to them
sensing actionsTSi, i = 1, 2, . . . ,m, of the TS mode. As
for the sensing-only period(TS0), which is used in the three
modes, the hypothesis test is given by:

r̃(n) =

{
w(n) H0 (PU idle) (2a)

l(n) + w(n) H1 (PU busy) (2b)

wherer̃(n) is the received signal in the HD case.
The detection probability(Pd) and the false-alarm proba-

bility (Pf ) are defined as the probabilities that the sensing
process determines the channel to be busy givenH1 and
H0, respectively. To maintain a certain level of protection
for the PU, Pd must be high. IncreasingPd reduces the
SU/PU collision probability, which has a positive effect onthe
PU’s throughput. Hence from the PU side, the only parameter
of interest isPd. On the other hand, the SU should care
about bothPd andPf . The lower thePf , the higher the SU
throughput, as fewer transmission opportunities will be missed.
The value ofPd also plays a noticeable role in determining
the SU’s throughput, since colliding with the PU will result
in fewer successful SU transmissions. In summary, a good
detection system should have a lowPf and a highPd.

A. Energy Detection

In the following analysis, we focus on energy-detector based
sensing. The main idea is to compute the average energy of
N samples of the signalr(n) and compare it with a threshold
γ to determine whether the PU is idle or not. The decision
metricM for the energy detector is defined as:

M =
1

N

N∑

n=1

|r(n)|2 . (3)

In the FD case,Pf andPd are given by:

P
(FD)
f = Pr [M > γ/H0] = 1− FM/H0

(γ) (4)



P
(FD)
d = Pr [M > γ/H1] = 1− FM/H1

(γ) (5)

where FM/H0
(γ) and FM/H1

(γ) are the conditional CDFs
of the random variableM given hypothesisH0 and H1,
respectively.

Using the central limit theorem, we can obtain the distribu-
tion of M given the two hypothesisH0 andH1.

Proposition 1: For a largeN , the pdf ofM givenH0 can
be approximated by a Gaussian distribution with the following
mean and variance:

E [M/H0]
def
= µM/H0

= χ2σ2
s + σ2

w (6)

Var [M/H0]
def
= σ2

M/H0
=

1

N

[
χ4E |s(n)|4 + E |w(n)|4

−
(
χ2σ2

s − σ2
w

)2 ]
.

(7)

To compare with the HD case [16], we assume the noise
signal w(n) to be circularly symmetric complex Gaussian
(CSCG) ands(n) a complex PSK-modulated signal. In this
case,E |w(n)|4 = 2σ4

w andE |s(n)|4 = σ4
s . Substituting these

values in (7), we getσ2
M/H0

= 1
N

(
2χ2σ2

sσ
2
w + σ4

w

)
. Note that

the number of samplesN is a function of the sensing duration
TSi, i ∈ {1, 2, . . . ,m}:

N = TSifS (8)

wherefS is the sampling rate. Accordingly, the false-alarm
probability in the FD case can be expressed as:

P
(FD)
f = Q

((
γ

σ2
w

− χ2αs − 1

)√
N

2χ2αs + 1

)
(9)

whereαs = σ2
s/σ

2
w is the received signal-to-noise ratio (SNR)

of the SU, measured at the secondary receiver of the same
node, andQ is the complementary distribution function of a
standard Gaussian random variable.

Proposition 2: Under hypothesisH1 and for a largeN , the
pdf of M can be approximated by a Gaussian distribution with
the following mean and variance:

E [M/H1]
def
= µM/H1

= σ2
l + χ2σ2

s + σ2
w (10)

Var [M/H1]
def
= σ2

M/H1
=

1

N

[
E |l(n)|4 + χ4E |s(n)|4

+ E |w(n)|4 −
(
σ2
l − χ2σ2

s − σ2
w

)2
+ 4χ2σ2

sσ
2
w

]
.

(11)

A similar argument to the one in [16] can be used to
prove the previous propositions. Suppose thatl(n) is also a
complex PSK-modulated signal. SubstitutingE |l(n)|4 = σ4

l ,
we getσ2

M/H1
= 1

N (2χ2σ2
sσ

2
w + 2χ2σ2

sσ
2
l + 2σ2

l σ
2
w + σ4

w).
Let αl = σ2

l /σ
2
w be the received SNR of the PU, measured at

the SU receiver. The detection probability in the FD case can
be expressed as:

P
(FD)
d = Q

((
γ

σ2
w

− χ2αs − αl − 1

)
×

√
N

2χ2αs + 2χ2αsαl + 2αl + 1

)
.

(12)

In the HD case, where there is no self-interference, the false-
alarm and detection probabilities are readily available [16]:

P
(HD)
f = Q

((
γ

σ2
w

− 1

)√
N

)
(13)

P
(HD)
d = Q

((
γ

σ2
w

− αl − 1

)√
N

2αl + 1

)
. (14)

Note that under perfect SIS(χ = 0), the equations for the
false-alarm and detection probabilities for the FD case in (9)
and (12) converge to those of the HD case in (13) and (14),
given a specific sensing duration.

B. Outage Probability

In this section, we analyze the PU outage probability.
Our analysis is conservative because it considers any time
overlap between the PU and SU transmissions as outage. In
this case, the outage probability is the same as the collision
probability between the SU and PU transmissions. We consider
the situation under perfect and imperfect sensing for each of
the three communication modes.

Generally, there are two possible events that could lead to a
collision, as shown in Figure 3. First, due to its imperfect
sensing, the SU may wrongly decide that the PU is idle
and proceed to transmit data when the PU is actually ON.
Second, the SU may start transmitting while the PU is idle,
but later on the PU switches from OFF to ON during the SU’s
transmission. Both events will be considered in the following
analysis.

1) TO Mode:Under perfect sensing, collision occurs only if
the PU was idle, but later on became active after the SU started
its transmission (before the end ofT ). Let τ be the forward
recurrence time for the PU OFF period, observed after the ini-
tial sensing-only periodTS0. τ has an exponential distribution
with parameterλOFF (due to the memoryless property of the
exponential distribution). Hence, the collision probability in
the perfect sensing case is given by:

PTO = Pr [τ ≤ T ]
def
= Fτ (T ) = 1− e−λOFFT . (15)

On the other hand, under imperfect sensing, the two afore-
mentioned reasons for collision must be considered. Letβ be
the PU traffic load (activity factor),0 < β < 1. The collision
probability in the imperfect sensing case is given by:

P̂TO =
β
(
1− P

(HD)
d

)
+ (1− β)

(
1− P

(HD)
f

)
Fτ (T )

W
(16)



(a) Transmission-Only (TO) mode

(b) Transmission-Sensing (TS) mode

(c) Transmission-Reception (TR) mode

Fig. 3. Two possibilities for collision in the three modes.τ is the forward
recurrence time for the PU OFF period when observed at the endof the
sensing periodTS0.

whereW is the probability that the outcome of the initial
sensing process isH0, and is given by:

W = β
(
1− P

(HD)
d

)
+ (1− β)

(
1− P

(HD)
f

)
. (17)

Note thatW is also the probability that the SU will attempt
a transmission.

2) TS Mode:The collision probability in the perfect sensing
case for this mode is simply equal to zero. The reason is that
the SU is continuously sensing, and its sensing is perfect. We
assume that the sensing period is small enough for a collision
to occur within the sensing duration, and that the SU can
quickly detect the change in the PU state [17], [18].

Consider now the imperfect sensing case. As explained
in Figure 3(b), there are two scenarios for collision, which
have different features than those of the TO mode. The first
scenario occurs if the SU makes a wrong decision after
the initial sensing periodTS0, and determines the channel
to be idle when it is not. This happens with probability
A

def
= β

(
1− P

(HD)
d

)
. Define Pf = [Pf,0 Pf,1 . . . Pf,m]

as an(m + 1) dimensional vector that represents the false-
alarm probability for them + 1 sensing periods in the TS
mode. The second scenario for collision occurs when the
outcome of the initial sensing periodTS0 is H0 and the
PU is OFF at that time, but it later switches from OFF to
ON. This may happen during any of the sensing periodsTSi,
i = 1, 2, . . . ,m. It may happen duringTS1 with probability
(1 − β)(1 − Pf,0) Pr[τ ≤ TS1]. It may happen duringTS2

with probability (1 − β)(1 − Pf,0)(1 − Pf,1) Pr[TS1 ≤ τ ≤
TS1 + TS2], and so on. In general, we can write them + 1
collision possibilities as:

B
def
= (1 − β)(1− Pf,0)Fτ (TS1) + (1− β)(1 − Pf,0)

(1 − Pf,1) [Fτ (TS1 + TS2)− Fτ (TS1)] + . . .

= (1 − β)

m+1∑

i=1

[{
Fτ

(
i∑

k=1

TSk

)
− Fτ

(
i−1∑

l=1

TSl

)}
×

i−1∏

j=0

(1 − Pf,j)

]
.

(18)

Note thatPf,0 = P
(HD)
f by definition. Assuming thatTSi is

the same∀i ∈ {1, 2, . . . ,m}, thenPf,i = P
(FD)
f . Hence, we

get:

B = (1− β)
(
1− P

(HD)
f

)m+1∑

i=1

[ (
1− P

(FD)
f

)(i−1)

×

{Fτ (iTS)− Fτ ((i− 1)TS)}
]
.

(19)

Accordingly, the collision probability in the TS mode under
imperfect sensing is given by:

P̂TS=
A+B

W
. (20)

Clearly, the collision probability under imperfect sensing in
the TS mode is smaller than that of the TO mode, which is
the gain of using SIS in the TS mode.

3) TR Mode: Exploiting SIS in the TR mode primarily
impacts the SU throughput, and has no effect on the collision
probability. Therefore, the collision probabilities in the TR
mode for perfect and imperfect sensing are similar to those of
the TO mode, as shown in Figure 3(c).

IV. A DAPTIVE SU COMMUNICATION STRATEGY

In this section, we explore how an FD-capable SU adapts
its communication strategy so as to maximize its throughput
without exceeding a certain outage probability. First, we
study the traditional sensing-throughput tradeoff for theFD
modes (TS and TR). Then, we explore a novel spectrum
awareness/efficiency tradeoff that results from the TS and TR
modes. Finally, we propose an efficient adaptive strategy for
the SU link, which allows it to switch between the TS and TR
modes.

A. Sensing-Throughput Tradeoff

First, we analyze the SU throughput under the three different
modes of operation. Given our definition of a successful SU
transmission (no overlap between the SU and PU transmis-
sions), we formulate the SU throughput as the probability that
no collision occurs with the PU multiplied by the maximum
achievable throughput. Note that the SU may be able to
communicate successfully even when the PU is ON. However,
the throughput achieved without collision will dominate.

1) TO Mode: In the traditional HD mode, the secondary
throughput under perfect and imperfect sensing can be written
as:

RTO = (1− PTO)
T

T + TS0
log (1 + SNRTO) (21)

R̂TO =
(
1− P̂TO

) T

T + TS0
log (1 + SNRTO) (22)

where SNRTO is the SNR at a receiving nodej from a
transmitting nodei. This SNR is given by:

SNRTO =
Pi |hij |2

σ2
j

(23)



whereσ2
j is the noise variance of nodej.

As shown in (21) and (22), the expression for the throughput
is the same in the perfect and imperfect sensing cases, except
for the collision probability. Henceforth, we focus on the SU
throughput under imperfect sensing.

2) TS Mode:The formulation of the SU throughput in the
TS mode is similar to the TO mode except for the collision
probability. Recall that the TS mode has a lower collision
probability than the TO mode. Hence, the SU throughput is
given by:

R̂TS=
(
1− P̂TS

) T

T + TS0
log (1 + SNRTS) (24)

where
SNRTS= SNRTO. (25)

3) TR Mode: The benefit of using SIS in this mode is
achieving higher SU throughput, due to transmitting and
receiving over the same channel. The throughput in this case
will be the summation of the throughputs achieved in the two
directions. It is given by:

R̂TR=
(
1− P̂TR

) [ T

T + TS0
log
(
1 + SNR(j)TR

)

+
TR

TR + TS0
log
(
1 + SNR(i)TR

) ] (26)

whereP̂TR is the collision probability under imperfect sensing
for the TR mode. The SNR in the TR mode at nodej is given
by:

SNR(j)TR=
Pi |hij |2

σ2
j + χ2

jPj |hjj |2
. (27)

Note thathjj is the channel gain from transmitterj to
receiverj at the same node (i.e., the self-interference channel).
Since the distance between the transmitter and receiver of the
same node is quite small, path-loss is ignored in this case.
That is, the only factor that affects the strength of this self-
interference signal is the SIS capability factorχ.

If T = TR, then

R̂TR=
(
1− P̂TR

) T

T + TS0

[
log
(
1 + SNR(j)TR

)

+ log
(
1 + SNR(i)TR

) ]
.

(28)

Now that the SU throughput is obtained for each mode, we
proceed to optimize the SU operation. Two optimization prob-
lems(P1 andP2) are considered, which explore the sensing-
throughput tradeoff in the TS and TR modes. We consider
the imperfect sensing case in our formulation. Specifically,
our objective inP1 is to determine the optimal sensing and
transmission durations,TS andT , so as to maximize the SU
throughput in the TS mode subject to a constraint on the PU
outage probability. Formally,

P1:maximize
TS,T

R̂TS=
(
1− P̂TS

) T

T + TS0
log (1 + SNRTS)

subject to P̂TS≤ P̂ ∗

TS

whereTS = [TS0 TS1 . . . TSm] is an (m + 1) dimensional
vector, whose elements are the sensing durations in the TS
mode.P̂ ∗

TS is the constraint on the outage probability.
P1 addresses the sensing-throughput tradeoff from different

perspectives. First, for the optimization ofTS, we have two
different optimization parameters: the sensing-only period
TS0 and them sensing periods in the TS mode. ForTS0,
there is an optimal solution that maximizes our objective
function, because increasingTS0 will monotonically increase
the detection probability, ultimately satisfying constraint P̂ ∗

TS,
while decreasingTS0 will increase the transmission duration to
maximize the throughput (assuming that the SU either senses
or transmits over a channel).

On the other hand, them sensing periods must only satisfy
the constraint on the collision probability. In contrast toTS0,
they do not have any effect on the transmission duration
because thesem sensing periods are done in parallel withT .
Because sensing is conducted while transmitting, the SU will
be able to achieve a lower collision probability and satisfy
the constraint. Hence, increasing the transmission duration
will increase the SU throughput. However, if this value is
increased beyond a certain limit, it will cause a reduction in
the throughput.

In the next formulationP2, our objective is to determine
the optimal sensing and transmission/reception durations, TS0

andT respectively, to maximize the SU throughput in the TR
mode subject to a given outage probability:

P2:maximize
TS0,T

R̂TR=
(
1− P̂TR

) T

T + TS0
×

[
log
(
1 + SNR(j)TR

)
+ log

(
1 + SNR(i)TR

) ]

subject to P̂TR≤ P̂ ∗

TR

Using a similar argument as inP1, it is easy to see that
the sensing-throughput tradeoff exists inP2 w.r.t. both op-
timization parametersTS0 and T . However, inP2 we only
have the initial sensing durationTS0 instead of the vectorTS .
The formulation inP2 is for equal transmission and reception
durations. IfT 6= TR, it is intuitive that the solution for the
optimization problem will return the same optimal value for
both parameters.

Since P1 and P2 are nonconvex problems, we use a
brute-force search method to find the optimal durations that
maximize our objective functions.

B. Spectrum Awareness/Efficiency Tradeoff

The TS and TR modes give rise to a spectrum aware-
ness/efficiency tradeoff. That is, the SU may select the TS
mode to continuously sense the channel of interest while
transmitting to decrease the probability of collision withthe
PU. On the other hand, the SU may decide to utilize the
spectrum efficiently by transmitting and receiving data over
the same channel (TR mode). Our objective is to determine the
optimal action for the SU. To do that, we consider a combined
P1 − P2 formulation, which we refer to asP3. In P3, the
SU calculates the achievable throughput in the TS and TR



modes under the specified constraints. It then selects the action
that provides the higher throughput. The maximum achievable
throughput for the SU can be stated as follows:

P3: R̂ = max
(
R̂TS, R̂TR

)
.

Let the action space of the SU be denoted byA =
{a : 1(TR), 0(TS)}.

Conjecture 1:The following SU strategy returns the max-
imum throughput:

a∗ =

{
1 (TR) if β < β∗

0 (TS) otherwise
(29)

The scheme has a threshold-based structure that depends on
the PU traffic loadβ. The SU selects the TR action ifβ is
smaller than a threshold valueβ∗, because in this case, there is
a high probability that the PU will be idle and there is no need
to sense the spectrum while transmitting. On the other hand,
if β ≥ β∗, the SU selects the TS mode, as the sensing process
will output a ‘busy’ outcome with high probability. Hence,
the SU proceeds to sense the spectrum while transmitting,
allowing it to determine the actual state of the PU and vacate
the channel if the PU is sensed busy during transmission.

V. NUMERICAL RESULTS

Unless stated otherwise, we use the following parameter
values for the numerical results. We set the sampling frequency
fS to 6 MHz,αs = 20 dB, αl = −15 dB, λOFF = 0.01, η = 4,
andβ = 0.5. The number of sensing periods duringT in the
TS mode ism = 500.

A. Performance Metrics

1) False Alarm and Detection Probabilities:Figures 4 and
5 depict the false-alarm and detection probabilities in theFD
case, as a function of the sensing duration at different values
of the SIS capability factorχ. The false-alarm probability
generally decreases with the sensing duration, because a
long sensing duration will result in a more reliable outcome
regarding the PU state. In Figure 4, the false-alarm probability
with perfect SIS converges to the HD case, as expected.
However, asχ increases the false-alarm probability increases
(i.e., performance degrades), which is intuitive because as χ
increases the interference power increases.

The detection probability generally increases with the sens-
ing duration, because a long sensing period translates intoa
large number of samples, which helps in determining the actual
state of the PU. As shown in Figure 5, the detection probability
in the FD case also converges to that of the HD under perfect
SIS. With imperfect SIS, we notice that asχ increases the
detection probability increases (i.e., performance improves).
The reason is that under imperfect SIS, the residual self-
interference increases the average energy resulting in higher
detection probability.

2) Outage Probability:As shown in Figures 6 and 7, the
collision (outage) probabilities for the TO and TR modes are
the same due to having similar sensing structures and because
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Fig. 4. False alarm probability vs. sensing time in the FD case at different
values ofχ.
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Fig. 5. Detection probability vs. sensing time in the FD caseat different
values ofχ.

the reception duration in the TR mode is done in parallel with
the transmission time. The SU achieves its lowest collision
probability in the TS mode. The collision probability for the
the TO and TR modes increases withT , as shown in Figure 6.
The reason is that the probability that the PU becomes active
again duringT increases with the increase inT , which is
the only parameter affecting the collision probability in the
perfect sensing case. Under imperfect sensing, increasingthe
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Fig. 6. Collision probability vs transmission time under perfect sensing for
TO, TS, and TR modes.
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for TO, TS, and TR modes.
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Fig. 8. SU throughput vs. transmission time for imperfect sensing and perfect
SIS (TS0 = 4 msec).

sensing duration results in gaining more information aboutthe
actual state of the PU, and hence achieving a lower collision
probability, as shown in Figure 7. We also notice that the effect
of varying χ on the collision probability in the TS mode is
almost negligible, as the ratio of collided packets to the total
transmitted packets remains almost the same, irrespectiveof
χ. The figure is omitted due to space limit.

B. Sensing-Throughput Tradeoff

In Figures 8 and 9, we setSNRTO = 15 dB. It is observed
that the maximum throughput is achieved in the TR mode.
Notice also that the SU achieves higher throughput in the TS
mode than in the TO mode due to a lower collision probability.

The sensing-throughput tradeoff is illustrated in Figure 8.
We notice that increasing the transmission timeT initially
increases the SU throughput, up to a certain point. Beyond this
point, increasingT increases the collision probability, which
has a dominant (negative) effect on the throughput.

In Figure 9 we notice that increasing the sensing duration
improves the SU performance by increasing the detection
probability and decreasing the false-alarm probability, leading
to a lower collision probability and higher throughput. How-
ever, by increasing the sensing duration, the throughput isalso
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Fig. 9. SU throughput vs. initial sensing time under imperfect sensing and
perfect SIS(T = 100 msec).
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Fig. 10. SU throughput vs. transmission time under imperfect sensing and
perfect/imperfect SIS for the TR mode(TS0 = 50 msec).

decreased due to the reduction inT (assuming that the SU is
either sensing or transmitting).

The SU throughput in the TR mode at different values ofχ
under imperfect sensing is shown in Figure 10 as a function of
T . We notice that asχ increases, the SU throughput decreases
due to the additional interference.

C. Spectrum Awareness/Efficiency Tradeoff

Next we consider the optimization problemsP1 and P2
with a collision probability constraint 0.04 andχ = 0.235.
Solving these problems, we found that the optimal initial
sensing durations are 6.6 msec and 7 msec for the TS and TR
modes, respectively. We also found the optimal transmission
durations for the TS and TR modes to be 1.28 sec and 0.83 sec,
respectively. We then solvedP3. Figure 11 depicts maximum
achievable throughput vs.β, under imperfect SIS, where we
found thatβ∗ = 0.38. If β is high, the best action for the SU
is the TS mode. On the other hand, ifβ < β∗ , it is better
for the SU to transmit and receive data at the same time (i.e.,
operate in the TR mode) because it is highly likely that the
PU will be idle.

To show the relation between the maximum achievable
throughput and the SIS factor, we solve our optimization
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Fig. 11. Maximum achievable throughput vs. PU traffic load under imperfect
sensing and imperfect SIS(χ = 0.235). Collision probability constraint set
to 0.04.
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Fig. 12. Maximum achievable throughput vs.χ under imperfect sensing and
perfect/imperfect SIS. Collision probability constraint= 10−4 andβ = 0.3.

problems at different values ofχ and for a collision probability
constraint= 10−4. As shown in Figure 12, at lowχ, where the
SU is capable of suppressing most of its self-interference,the
best action for the SU is the TR mode. However asχ increases,
the throughput achieved at the TR mode will decrease due to
the increased self-interference. In this case, the best action for
the SU will be the TS mode.

VI. CONCLUSIONS

In this paper, we proposed and studied a novel application
of FD/SIS in the context of CRs. Two modes of operation for
the SU (TS and TR) were analyzed, along with the traditional
half-duplex TO mode. We found that the SU can improve
its throughput and/or detection capability while operating in
the TS/TR modes. We also studied the sensing-throughput
tradeoff for these modes and found the optimal durations that
maximize the SU throughput given a constraint on the outage
probability. We explored the spectrum awareness/efficiency
tradeoff and proposed an efficient adaptive strategy for the
SU link. This strategy has a threshold structure that depends
on the PU traffic load. We noticed that the false-alarm and
detection probabilities increase with the SIS capability factor.

For SUs with weak SIS capability, it is better to operate in the
TS mode.

Several interesting directions for future work exist. A power
control scheme is needed for the FD modes, when multiple
SUs with different SIS capability factors are present. Also,
the number of sensing periods within a transmission duration
may be optimized to return the minimum collision probability.
We will also consider the appropriate MAC design under the
TS and TR modes.
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