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Abstract—Inspired by recent developments in full-duplex (FD) transmission. In this setup, SIS can be used to increase
communications, we consider an opportunistic spectrum accessthe SU’s throughput by enabling bidirectional simultareou
(OSA) network in which secondary users (SUs) are capable of 15 ngmission-and-reception (TR) can also be used to in-

partial/complete self-interference suppression (SIS). This enalde ) . -
them to operate in either simultaneous transmit-and-sense (TS) crease the SU's awareness of primary user (PU) activity by

or simultaneous transmit-and-receive (TR) modes, with the goal allowing the SU to sense while transmitting, a capabilitgtth
of achieving improved primary user (PU) detection and/or higher we refer to agransmission-sensing (T.S)Ve study two main
SU throughput. We first consider an overlay OSA setup, and scenarios. First, we consider a spectrum overlay mode| (i.e
we study the TS and TR modes. We also explore the spectrum e gy must first sense the spectrum for any PU activity) and

awareness/efficiency tradeoff and determine an efficient adajp . .
strategy for the SU link. We then consider a spectrum underlay analyze the TS and TR modes at the SU. We investigate the

model, with the objective of optimizing SUs’ transmission powers SWitching policy at the SU link, taking into consideratidret

so as to maximize the sum-throughput ofK” FD secondary links tradeoff between spectral efficiency (throughput) and tspet
subject to a PU outage constraint. Operating in an FD fashion is awareness (PU detection). Our objective here is to determin
not always efficient for SUs. Hence, we propose an optimal policy e gptimal action for an SU link that maximizes its throughp
for switching between FD and half-duplex. The criteria for this . . . :

policy depend mainly on the SIS capabilities of SUs. Finally, we S“k?JeCt toa given PU outagg PrObab'“tY' We also ObF%'” the
propose a mode selection algorithm for the switching process. Optimal sensing and transmission durations that achieige th
Numerical results indicate that operating in the TS mode can objective. Second, we consider a spectrum underlay model an
reduce the PU outage probability by up to100% compared with  determine the optimal SU transmission powers that maximize
the classical listen-before-talk scheme. the throughput ofi secondary links, operating in FD fashion

Index Terms—Cognitive Radio, full-duplex, self-interference (TR mode). In this case, sensing is not used, as SUs transmit
cancellation, spectrum awareness/efficiency tradeoff. concurrently with PUs, but controlling SUs’ interferenast@
the PU is the main challenge. We determine the SUs’ optimal
transmission powers, taking into account the residual self
interference and the outage constraint for the PU link.

Until recently, the concept afimultaneous transmission and  Exploiting FD/SIS in dynamic spectrum access (DSA) sys-
receptionover thesamefrequency channel, i.e., operating items has been discussed in [3]-[7]. In [5], we studied the
full-duplex (FD) mode, was deemed impossible. A traditionaverlay model of DSA systems and explored the spectrum
radio is half-duplex (HD), i.e., the radio can either traitson awareness/efficiency tradeoff. In this paper, we extend our
receive over a given channel, but not simultaneously. Thb-pr work in [5] to address the power control problem. In addition
lem of achieving FD communications over the same channehli& allow for a more realistic formulation of the SU colli-
that the transmitted power from a given node is typically mucsion probability, PU outage probability, and SU throughput
larger than the received power of another signal to be cagtulnstead of the energy-based technique used in [5], we censid
by the same node. While the node is receiving, its transmittacveform-based sensing . The authors in [3] focused on
signal is considered as self-interference. The infeassibiif deriving the false-alarm and detection probabilities, &mel
FD communications has recently been challenged in seveld) and SU throughput under TS mode assuming energy-based
works (see [1] for a survey), which showed that varioudetection and perfect SIS. Our work is different in that we
of self-interference suppression (SIS) techniques (&Rd:, consider waveform-based spectrum sensing and imperf8ct Sl
analog cancellation, digital baseband interference dktios, Because energy-based detection cannot differentiateelbetw
circulators, phase shifters, etc.) can be combined to enadblfferent types of signals, it exhibits poor sensing accyra
FD communications. In fact, it has been demonstrated thatiader low SIS capabilities. In [8] the authors focused on
node’s transmission can be suppressed at its receive chiairntie cooperation between primary and secondary systems in
up to 110 dB, depending on the underlying SIS schemes [2Fllular networks. They proposed allowing the secondasgba

In this paper, we consider an opportunistic spectrum accessation to relay the primary signal in an FD/TR fashion to
(OSA) system in which a secondary user (SU) employs S&hance the system throughput. To enable the TS mode, the
techniques to mitigate the undesirable interference afita authors in [4], [9], [10] focused on studying SIS techniques

I. INTRODUCTION



from an antenna perspective. Other spectrum sharing mistogartial/complete SIS capability, allowing them to transamd
based on relaying systems can be found in [11], [12]. receive/sense at the same time. ketbe a factor that repre-
Power control for the spectrum underlay setting was adents the degree of SIS at an SU nadg; € [0, 1]. Specifi-
dressed before (e.g., [13]-[16]), but only considering HDally, x; is the ratio between the residual self-interference and
transmissions. Centralized and distributed power cortign- the original self-interference before suppressionyf= 0,
rithms were proposed in [17], where SUs utilize PU feedbadS is perfect; otherwise, the SU can only suppress a fractio
to control the interference at the primary receiver. For thie— x; of its self-interference (imperfect SIS). For example, if
sake of comparison with the HD case, in our analysis tie residual self-interference 1§t of the power of the original
the underlay model we consider a similar power-controlsetself-interference signaly, = +/0.01 = 0.1. x; may differ
to [17]. In [18], the authors proposed an optimal dynamitom one node to another, depending on the employed SIS
power allocation scheme for FD devices that maximizes thechnique.
sum-rate in a multi-user system. Our power control approachWe assume that interference between different SU links
is different from [18] in that we address the problem in ais resolved by implementing an appropriate multiple access
OSA setting subject to a PU outage constraint. Furthermosgheme (e.g., [20], [21]). For S& let P; denote its trans-
switching between FD and HD modes was not consideredrmssion power. We consider a path-loss channel model, where
[18], which is important for nodes with partial SIS capaisk. the channel gain between a transmitiesind a receiveyj at
The contributions of this paper are as follows. First, weistanced;; is given byh,;; = Ad;.". Here, A is a frequency-
derive the detection and false-alarm probabilities for 18 dependent constant amdis the path-loss exponent.
mode, assuming waveform-based sensing. We analyze th&he PU activity on a given channel (hence, channel avail-
SU collision probability, the SU throughput, and the Plability for the SU) is characterized by an alternating bisig/
outage probability for both TS and TR modes. Based on o(®@N/OFF) process. Let the ON and OFF durations be denoted
analysis, we compare the performance of the two modes wii Ton and Torg, With corresponding probability distributions
the traditional HD Listen-Before-Talk scheme (also reéere fon and forr, and meansloy and Torr, respectively. A
to as transmission-only(TO) mode). Second, we study thePU/SU collision occurs whenever an SU transmission ovsrlap
sensing/throughput tradeoff for SUs in both TS and TRith a PU transmission. However, the PU/SU may still be able
modes. For both modes, we determine the “optimal” sensitg decode uncorrupted packets in the non-overlapping grio
and transmission durations that maximize the SU throughg@®]. Hence, in defining the SU collision probability and the
subject to a constraint on the PU outage probability. Thir®U outage probability, we consider the ratio of the overiagp
we explore the spectrum awareness/efficiency tradeoff tthtration of the SU/PU transmissions to the total transmiissi
arises due to the competing goals of minimizing the colfisioduration. We also assume a saturated traffic scenariothee.,
probability with the PU (TS mode) and maximizing the SWBU always have data to transmit.
throughput (TR mode). Given this tradeoff, we determine an Let p be the SU belief that the PU is idlg,c [0, 1]. The SU
adaptive strategy for the SU link that enhances its throughplecides the optimal action according to this belief, whish i
subject to a given outage probability. Fourth, considerdngupdated after each SU action. Since the PU ON/OFF periods
spectrum underlay setting, we study the power control grobl are typically much longer than an SU transmission period,
for SUs that are capable of perfect/imperfect SIS and that ignore the small probability that the PU switches itsestat
operate in FD fashion. Our objective is to find the optimal Sbhultiple times during a single SU transmission. Specificall
transmission powers that maximize the sum-throughput of we only consider the case where the PU may switch its state
FD secondary links, subject to a PU outage constraint. Fiftat most once during a single SU transmission. In the analysis
we determine the optimal policy for SUs to switch betweewe use bold-font letters to denote vectors. The symbgls,
TR and TO modes. Var[.], and F(.) indicate the expectation, variance, and CDF
The rest of the paper is organized as follows. The systeshirandom variables, respectively.
model is described in Section Il. In Section Il we study
waveform-based sensing for the TS mode and formulate ige SU Modes of Operation
collision/outage probabilities for both TS and TR modes.” P
The sensing/throughput tradeoff and the spectrum aware-l) Transmission-Only (TO) Modes shown in Figure 2(a),
ness/efficiency tradeoff are discussed in Section IV. IrtiSec in the TO mode the SU senses the spectrum for a durdiign
V, we study the power control problem for the underlajwhich we refer to addD sensing and then carries out data
model. Numerical results are given in Section VI, followedransmission. The transmission duration is denoted’by
by conclusions in Section VII. Due to space limit, proofs of 2) Transmission-Sensing (TS) Moddo check channel
various results are omitted, but can be found in an onlirwailability, the SU will initially sense in a HD fashion for

technical report [19]. a durationT’sg, as shown in Figure 2(b). Based on the sensing
outcome, the SU will decide whether to transmit Toseconds
Il. SYSTEM MODEL AND OPERATION MODES or not. If it decides to transmit, it will continue to sense fo

the return of a PU. This sensing process may be splitsinto
A. System Model (consecutive) short FD sensing peridfls;, i = 1,2,...,m.
As shown in Figure 1, we consider an OSA network whergfter eachTys;, the SU decides whether the PU is active or
SUs opportunistically access PU-licensed channels. SUs haot. The motivation behind this approach is to account fer th



wherer(n) is the discretizedith sample of the received signal

at the SU,w(n) is additive white Gaussian noise (with vari-
ancec?), I(n) is the received PU signal, andn) is the self-
interfering SU signal before carrying out Sl§n) is assumed

to be a zero-mean complex random signal with variam¢e

We assume that the self-interference channel coefficient is
one. Given the proximity of the transmit and receive antsnna
on the same RF device, this assumption is justified. We also
assume that all signal samples are independent, hemoe

are independent.

The performance of any spectrum sensing technique is
quantified by the false-alarm and detection probabilitiés,
and P;, which are the probabilities that the SU declares the
sensed channel to be busy given hypothedis and Hi,
respectively. A good sensing technique exhibits high (to
reduce collisions between SUs and PUs) and by to

(v )
(=

T
Link 2 ((‘%’)) Link K
[}
(g
h (g (D) h
link1 (poe ]

Fig. 1. System model for an OSA network. Each &ténsists of a transceiver
with a given SIS factor; (0 < x; < 1).

™ = o m i T enhance the utilization of the available spectrum. Detbe
’ Toy [Tsy ) --—— om T the number of samples taken during a given sensing period.
() TO mode (b) TS mode (©) TR mode Define the decision metrid/ as follows:
N
Fig. 2. Modes of operation for the SU. M E Re Z r(n) l*(n)] ] )

n=1

tradeoff between sensing efficiency and timeliness in diegc In waveform-based sensing, the metfi¢ correlates the re-
PU activity. On the one hand, increasing the sensing duraticeived samples with the samples of a static part of the PU
improves the sensing efficiency. However, such an increagignal. The value ofi/ is then compared with some threshold
implies delaying the time to make a decision regarding theto determine the presence/absence of a PU signal. Substitut
presence/absence of PU activity. Thus, in the TS mode, g (1a) and (1b) into (2), we obtain the valueldffor H, and
have a total ofm + 1 sensing durations. If at the end of any/:, respectively. LetV/; be the resultingl/ under hypothesis
given sensing period, PU activity is detected, the SU abomts, i = 0, 1. Then,MozRe[Zﬁ’:l (Xs(n)l*(n)—|—w(n)l*(n))}

its transmission. N 9 N . .

3) Transmission-Reception (TR) Modkstead of sensing andMi=3_,,_, [{(n)[+Re [anl (xs(n)l (”)J“_w(")l ()
while transmitting, the SU may receive data from its peer Sgence,l’s and Py can be expressed, respectively, as follows:
while transmitting to that same peer, as shown in Figure. 2(d)f = P1[Mo > 7] = 1 — Fay,(7), and Py = Pr M, > 7] =
As before, an initial sensing period of lengfh, is needed ! — £ (7), whereFyy, (v) and Fiy, (v) are the CDFs ofi/,
to determine channel availability. LéEr be the reception @nd M, respectively.

duration. Without loss of generality, we assume that= 7. Proposition 1: Using the Central Limit Theorem (for
large N), the pdf of M, can be approximated by a Gaus-

sian distribution with meanu;,, = 0 and varianceafwo =
[1l. SENSINGMETRICS AND OUTAGE/COLLISION NINZE |s(n)E [I(n)]*+E |w(n)]*E \l(n)ﬂ.

2
PROBABILITIES _
o Accordingly, Py = Q (M) for a largeN. Substituting
A. Waveform-based Spectrum Sensing in the TS Mode : 5 Mo .
with gz, and o, We getP; for FD sensing:

Due to its simplicity, energy-based spectrum sensing has
been studied extensively in literature. However, this tégie ol / 2
cannot differentiate between different types of signaisthie Pr=0Q Y202 + o2 \| N SNED ©)
TS mode, residual self-interference from the SU transiissi c
can cause energy detection to wrongly indicate PU activiyhere SNR™ £ E [i(n)|* / (x2E |s(n)|* + E |w(n)|*) is

Waveform-based sensing was studied in [23], [24] for the Hfge SNR at the secondary receiver of the sensing ndde in the
case. To detect the presence of a PU signal, waveform-baggd .ase Note the existence of a self-interference terngalo
sensing correlates a known pattern in the PU signal (e.gith the noise term. The number of sampl@s,— Ts fs, is

preambles or pilot symbols) with the received signal. Irs thiy ,nction of the sensing duratidil’s) and the sampling rate
section, we analyze waveform-based sensing for the TS mode.

To simplify the notation, we usg to denote the SIS factor at S.Proposition 2: For a large N, the pdf of M, can be

an arbitrary SU'_ . approximated by a Gaussian distribution with mean, =
The hypothesis test of whether the channel is free or nR]tE 12 and . > _ NIEII — B2
can be formulated as follows: ()" and variancesy,, = l(n)[" = E=[i(n)]

([ xs(m)+wn), Ho (f PUis idie) (1) +5 (*Els)I* Eli(n)[* + EJw(n)” Ei(n)) | (See [29]
r( )_{ I(n)+ys(n)+w(n), H (if PU is busy)(1b) for the proof).




Hence,P; = Q % . Substituting fOf,U,]\/jl and O'jzul, we Ty PU dynamics

obtain P; under hypéthesiﬂlz on | OFF —2—{ 0N
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Fig. 3. Two possible scenarios that lead to a PU/SU colligicthe TS mode
) . _(similar scenarios arise in the TR mode).
where « is a parameter of the PU signal that relates to its

randomness [23]. For example,= 2 for complex Gaussian
signals. For constant-amplitude signals such as BPSK an
QPSK, o = 1. Generally,a £ E|i(n)[* /E%|i(n)|>. The
expressions forP; and P; in (3) and (4) for FD sensing

\/N [(a — 1) (SNFFD)” ¢ SNF&FD)/Q}

d1) TS Mode: Without loss of generality, we assume that
if the PU is active for any part of a sensing duration

. ~ ~ Ts;,i = 1,2,...,m, then the SU’s transmission during
converge to their HD counterpart&( and ;) under perfect the wholeTs; period will be corrupted. Note that an SU’s

SIS (i.e.,x = 0): sensing duration is typically much smaller than the ON/OFF

_ y 2 periods of the PU. DefinePp= [P;oPs1 ... Py ] and
Pr=Q| 5\ vens® G p,_ 0 DL
o2 \| N SNRD) i= (P10 Pi1 ... Pim] as (m + 1)-dimensional vectors
that represent the false-alarm and detection probablilfe
the m + 1 sensing periods in the TS mode. By definition,
P;o = Py andP; o = P;. As shown in Figure 3, there are two
HD)\ 2 HD) ©) scenarios that lead to a collision. First, if the SU mis-deste
\/ N [(a— 1) (SNRD)” + SN /2] the PU activity afterTs,. Although the SU has collided with
the PU, it still has the opportunity to detect the PU transmis
where SNR™® = E |1(n)|? /E |w(n)|” is the SNR at the sion through any of the parallel sensing durations. Thersco
secondary receiver of the sensing node in the HD case. Netgnario for collision occurs when the SU correctly decides
that the optimal sensing threshold® can be determined that the PU is OFF aftef,, but the PU later switches from
according to the system requirements Bpand (1 — Fy). OFF to ON during the period’. This may happen during any
of the FD sensing periodss;, ¢ = 1,2,...,m. The duration
of the overlap between the SU and PU transmissions depends
B. SU Collision Probability on two parameters: the probability that the PU switches its

) ] . . activity during period?” and the outcomes of the consecutive
In this section, we analyze the SU collision probability foéensing periodds;, i = 1,2 m
) ) A .

both FD modes. This probability is defined as the ratio of

time overlap between PU and SU transmissions to the duratior] Proposition 3: The conditional probability that the SU

of one SU transmission period. Practically, the SU can stiiP lides with the PU given that the SU decides to transmit

benefit from the uncorrupted received packets that do nbt fal the TS mode can be expressed as follows:

in the overlapping period [22]. pas) _ (1-p)(1— Pd70>P(TS)+ p(l— Pf,o)P(TS) )
ct T, fc

2\ _ HD)
Pi—0 v/ (c2) N SNR

Generally, there are two possible events that could lead ' w

to a PU/SU collision, as shown in Figure 3. First, due t\%h = 50\ y
o . ) erew=(1-p) (1-FPy )+p (1-P; ) is the probability that
its imperfect sensing, the SU may wrongly decide that t ne initial sensing( procgss r(esults)Hb (i.e., the probability

PU is idle and proceed to transmit data when the PU : o S TS)
actually ON. Second, the SU may start transmitting while tﬁcezﬁ';gﬁ Srl;b\;vtl)l_llltattemg:] ?h;a?;émgﬂonmfg} delt?acttzetria UPU
PU is idle, but later on the PU becomes active during ggsion p ity g '

SU’s transmission. Both events are considered in the faligw trgns:n;rs]SI?DnUalftet\Zl“iio. {L accr? ur?rtls|f8r r(ijr:fferint por?Si':'“t'eSri q
analysis. Letr; and » be the forward recurrence time for® ou _e ea gans %i; rent u rrg a );mlsfra] S gnpien 0
the PU ON and OFF periods, respectively, observed at tﬁ ST A erent correspo g sensing

L . : . otitcomes. P is the SU collision probability under the
end of the initial sensing periodls, (see Figure 3). The pdfs cz2 ) i
of 7 andr, are given by, (f) — j;ochN(u) du/Ton, and second scenario, where the PU becomes active during

() = ftoofOFF(U) du/Torr. Deﬁnepé?pp)?i —12....m accounts for different cases about the PU return and diftere

as the probability that the PU switches from ON to OFF durin@ﬁge;gg)n (;Irr;g sieor\]/\?rlwn?n o(ult(():)o n;ﬁ;' (11'21)3 ?Zgii‘:’;\?;sp%jhere
Ts;. Similarly, POV is the probability that the PU switches c2 » €SP Y.

. Py j<i=Py; if j<i, otherwisePy ;<,=1. Similarly, P¢ ;-, and
from OFF to ON durindT's;. Formally, Pdﬁjzi are ]defined. Théth term in the outer-most fsfjmmation
i il of (10) represents the probability that the PU becomes idle
sz?FF) = Fn(Z T5k>—Fn (Z TSk) ) during the sensing periddls; and the corresponding overlap-
k=1 k=1 ping ratio between the SU and PU transmissions. The last term
i i—1 of (10) represents the case where the PU stays ON throughout
Pfg?N) = Fw(Z TSk.)—FTz(Z TSk-) . (8) the whole SU transmission period. Note that the outcome of
k=1 k=1 Ts., will not affect the SU collision probability for the current



) m oFF) m Zlin(i,j) Tos min(,j—1) j—1 ZZ, T i
Pey :Z Pg; 731 Py j<i H (1=Pyx) Py j>i H (1=Py 1) +7Zm_1T H(I—dek)
i=1 j=1 j=1 Tk k=1 k=i+1 k=1-5k ;- 10
m m 7j—1 m ( )
H (1=Prk) } H1=F7, (1)) Z(Pd,j H (1Pd,k)) + H (1-Pa,x)
k=i+1 j=1 k=1 k=1
Ts) m on) i—1 m Zj ’TSk J—1 m 'TSk m
PSY=> | PV =Pra) Y ffilTPd,jZi [Ta=Puw) |+ 577} [T - Pax) (11)
i=1 k=1 =i k=11 Sk k=i k=1+5k ;.

SU transmission session. However, it will affect the nextsSUszs), which are given, along with the proposition’s proof, in

action. Since the SU is capable of monitoring the PU activitgur technical report [19] (due to space limits).

while transmitting, it can abort its communication oncetsuc 2) TR Mode:In this mode, the PU outage probabilif|?,

an activity is detected. As a result, the collision probabih  given in (14), has a very similar structure Ré;?) except for

the TS mode is smaller than that of the TR/TO modes.  the replacement of the SU transmission duration by the geera
2) TR Mode: Since the SU is carrying outh sensing PU ON period. Note that the PU outage probability under the

actions while transmission in the TS mode, we derive thBO mode is the same as that under the TR mode due to the

SU collision probability by considering different posditiés similarity in the sensing-transmission structure.

about the PU switching process during an SU action (with a

precision ofTs; duration). For the sake of comparison, we IV. ADAPTIVE SU COMMUNICATION STRATEGY

assume that the periddl is divided intom equal durations

T;,i = 1,2,...,m in the TR mode. This assumption is justT

to simplify the derivation, and does not have any effect @ th

physical SU operation. Similar to the TS mode, two scenarios

can lead to a collision in the TR mode. Hence, the probabilify. Sensing/Throughput Tradeoff

that the SU collides with the PU given that the SU decides to First, we analyze the SU’s throughput under different modes

transmit data afte¥’s, is given in (12). Note that, according toof operation. Given our definition of a successful SU trans-
our definition, the SU’s collision probability in the TO modemjssion (portion of the SU transmission duration where no

In this section, we study important tradeoffs in the TR and
S modes and introduce an adaptive strategy for the SU link.

is similar to that of the TR mode. overlap between the SU and PU transmissions take place), we
formulate the SU throughput as follows:
C. PU Outage Probability 1) TS Mode:The SU may gain some throughput during the

Although the overlap duration is the same for the collidin
SU and PU transmissions, the two have different collisio
probabilities, as their transmission durations may beecktft.

1) TS Mode: To illustrate the difference between the S
collision probability and the PU outage probability in th& T
mode, consider the first collision scenario. According tguiFé
3, the SU’s decision after the instant where the PU beco
idle during? (i.e., 71 < T") will not have any impact on the PU
outage probability, as the PU ON period is already deter(hin%ﬁ

(in contrast to the SU collision probability). . .
Proposition 4: The conditional PU outage probability inthe 33 throg%hput:mder thehtwo F;ﬁssl'abbe sc.e':{nﬁnos.i we ?e.fd
the TS mode given that the SU decides to transmit can g)ea ress dierent cases wnere the U SWIChes 1S gctivi
) uring any of the parallel sensing periods,; and consider
expressed as follows: . i . .
different outcomes from the imperfect sensing durations.
sy (1=p) (1= Pao) sy, P(1—Pro) ,s) Proposition 5: The total SU throughput under the TS mode
Fout’ = Por '+ FPoz” (13) .
w w is as follows (See [19] for the proof):

where P{S) and P( represent the PU outage probability ) ( 5
. .. . ( —p) 1—Pd p 1—Pf
under the first and second PU/SU collision scenarios, respgg._._ RW RP 1 100 (1SN
. . . TS TS TS og (1+SNRs)
tively. The ratio of the overlap duration to the total PU ON w w
period is determined by the instant where the PU switches its
activity during period! (if any) and the SU sensing outcomeswhere R(Tls) and R%) are the ratios of the non-overlapping
All these different possibilities are accounted forFPéTls) and durations (between the SU and PU transmissions) to the

nder the TS mode, we need to consider two cases. First, if the
U mis-detects the PU activity, it will not gain any throughp
nless the PU completes its transmission before the end of
. Second, if the SU correctly identifies an idle channel, it
will gain log (1 + SNRrs), whereSNRs = P; |hy;|* /o2 is the
m%lglR at a receiving SU nodg¢ from a transmitting SU node

1 under the TS mode. However, this throughput gain may be
duced by the PU transmission if the PU decides to access
e same channel currently used by the SU. To formulate

%on-overlapping portions &f. To compute the SU throughput




(1-p) (1_Pd) il ST p(l—Pf) m 7§l

(TR)__ (OFF) 2uk=1 "1k (ON) Zkzl k

Peor'= w ; Pg; — T +(1-F-, (T)) +T; Pg; 7 (12)
DR (] i P\ (P el e s

PiiP= POFP&Zk=L"k| L (1 (T)) =— |+ PO 2ik=1 Tk 14

” g s S [+ (=Fn (1) 7 " g Se (14)

summation of the initial sensing period and the “actual* Sisfying constraintP;{>. At the same time, increasingso

transmission period under the first and second collision sceill reduce the transmission duration, hence reducing the
narios, respectively. Note that the actual transmissiaioge throughput (assuming that the SU either senses or transmits
in the TS mode does not have to be exacilyas the SU over a channel). The confluence of the two factors ensurés tha
may abort communication if any PU activity is detected. Thihere exists one local optimal point. Generally, the optima
expressions forR%) and R(TQS) are given in [19]. values for them sensing period§’s;,i = 1,2, ..., m depend

2) TR Mode: The benefit of using SIS in this mode ison two competing goals. First, increasing these duratioifis w
to achieve higher SU throughput by enabling bidirectionéinprove the sensing accuracy of the SU, and hence reduce
communications over the same channel. The total SU throughe PU outage probability and enhance the SU throughput.
put, shown in (15), is the sum of the throughput of the twBecond, if these parallel sensing durations increase leyon
directions, Whereil:1og(1+SNF§-Jg)+log(1+SN g) isthe @ certain point, this may delay the SU decisions, taken at

_ o 5 S o 5\ . the end of the sensing durations, which may affect the SU

SU throughput gainSNRR =P || /(UjJerPj |hjsl ) IS performance negatively. With regard to the SU transmission
the SNR in the TR mode at SU nodefor a transmission quration, Increasing” will increase the SU throughput. How-
from SU nodei, h;; is the channel gain from transmitt¢to  ever, if 7' is increased beyond a certain limit, it will cause a
receiver;j at the same node (i.e., the self-interference channg@duyction in the throughput due to the high probability that
and o7 is the noise variance at nodg Rrr is basically the PU becomes active in the currently used channel. Note
formulated by multiplying the bidirectional SU throughgit  that s can be determined using the second constrai®in
the ratio of the non-overlapping SU transmission duratidn hfter determining the optimal values fits and 7.
the total initial sensing plus transmission durations.e\biat, Next, we consider optimizing the parameters of the TR
the SU throughput in the HD modéro, can be formulated mgde, namely,Ts, and T in P2, to maximize the SU

similar to Rrr. However,Rro includes only the throughput of throughput subject to a given PU outage probability:
the forward linklog (1 + SNRo), whereSNRo = SNRs.

Now that the SU throughput is obtained for each mode,
we proceed to optimize the SU operation. Two optimization
problems(P1 and P2) are considered, which explore the sens-
ing/throughput tradeoff in the TS and TR modes. Specifically Timin =T < Tmazs,  Tsomin < Tso < Tso,maa-
our objective inP1 is to determine the optimal sensing and Using a similar argument as iR1, it is easy to see that the
transmission durationgs and7’, so as to maximize the SU sensing/throughput tradeoff exists 2 w.r.t. both parameters
throughput in the TS mode subject to a constraint on the PiJ, andT. However, inP2 we only haveTs, instead ofTs.

P2:maximize Rtr

Tso,T

subjectto PSR < Pai®

outage probability. Formally, SinceP1 and P2 are non-convex iffls and7’, an exact op-
P1:maximize  Rrs timal solution c_annoF be_ obtained in polynom_ial time. Ilastg
Ts,T we rely on a discretization approach to obtain a near-optima

solution using a brute-force search method. Details abdwut t

m
H (TS) *(TS) . . . .
subject to  Pou’ < Poi > ) Tsi <T solution and the choice of the constraints can be found ih [19
=1

Tmin <T< Tma.’m T 7, min S T [ S T i,max v . .
T T 5 s 5t ! B. Spectrum Awareness/Efficiency Tradeoff

whereTSh: [Ts‘l) Tsy .. TSmr]] is an (m +d1)-d|_mens_|onf;]1l The TS and TR modes give rise to a spectrum aware-
vector w ose*(TeS)ements are the sensing durations in the [ /efficiency tradeoff. Specifically, the SU may seleet th

mode -a.nd Fou ™ is a desired bound on the PU outaggg moge to continuously sense the channel while transmittin
probability under the TS mod&ls; min, Tsimaz: Tmin, N hig way, it decreases the probability of colliding with fRg.

T”i‘“” re[;)r(re]sent popstr.alnts on the minimum and r:naxmuegn the other hand, the SU may decide to utilize the spectrum
values of the optimization parametefl addresses the SenS-iciantly by transmitting and receiving data over the same

ing/throughput tradeoff from different perspectivessEiwith o appe (TR mode). Our objective is to determine the optimal

regard toTs, we havem + 1 optimization parameters. FOr gy qaieqy+ for the SU. To do that, we consider a combined
Tso, there is an optimal solution that maximizdsrs for P1/P2 formulation as follows:

any givenTs;,i = 1,2,...,m and a givenl'. The detection o
probability increases monotonically witHso, ultimately sat- P3:maximize R = max (Rso, Rrs, fitg)



(1-p) (I_Pd) | p(OFF) T_klek P (1_Pf ) | o) kzl i T
Rip=G | ————= Py, = + Py o= | H1-F,, (T 15
TR— W ; St T+TSO w Z:ZQ S T+TSO ( 2( )) T+TSO ( )
whereR%o £ 0, Ris, and Rig are the optimal SU’s throughput V. POWER OPTIMIZATION FOR AN SIS-CAPABLE
in the sensing-only (SO), TS, and TR modes, respectively. UNDERLAY DSA SYSTEM

In the SO mode, the SU carries out in-band sensing-only or

out-of-band sensing-only process. In some cases, when the

probability that the PU becomes active is too ldrge the SU A. Motivation and System Model

is sure that the PU is active (e.g., multiple consecutivey bus

sensing outcomes), it is better for the SU to operate in theln this section, we consider the power optimization problem
SO mode as the TR/TS modes will not satisfy the PU outage an SIS-capable DSA system, operating according to the
constraint (in this case, TS/TR modes will not be availahle underlay model. In this model, SUs transmit concurrently
P3 due to the violation of the PU outage constraint)./fii ~ with the PU while controlling their interference onto the PU
andP2, the SU calculates the maximum achievable throughprgceiver. TR, (subscript ‘u’ stands for underlay) is the only FD
in the TS and TR modes under the specified constraints, thende that SUs can use. To control their interference, SUs can
in P3 it selects the action that provides the higher throughpatapt their transmission parameters based on feedbaak info
as long as it satisfies the outage constraint. Denote thenactination they overhear from the PU receiver (e.g., ACK/NACK).

space of the SU byl = {2(TR), 1(TS), 0(SO)}. The secondary network consists Af transmitter-receiver
Theorem 1: The optimal SU strategyt* is given by (See pairs. For notation purposes, tite SU link will be denoted by
[19] for the proof): l; =(2i—1,2i),i=1,2,..., K. For the primary link, letP,,
2 (TR) if p > pi denotes the transmission power of the primary transmitidr a
. ’ L 2 . h,, be the channel gain of the primary link. Liet, be the chan-
=91 (TS), ifpi <p<ps (18)  hel gain from SUi to the primary receiver, = 1,2, ... 2K.
0 (SO) if p < pj Channels, andh;, are modeled as Rayleigh fading channels.

Hence,|h,|> and|h,,|” are exponentially distributed random
variables with unit mean. In a typical DSA network, the
P} =min {p . piIS) < pgljtTS)} (17) transmission powers of PUs are much higher than those of
SUs. Hence, we focus on cases where SUs do not interfere
Py = max (min {p . PR < p;LEtTR)} ,min {p : Rig > R—?s}) . With each others. Existing literature can be used to tadide t
issue of secondary-secondary interference.
The scheme has a threshold-based structure that depends ¢f; he TR, mode, the SINF at the primary receiver can
the SU beliefp. The SU selects the TR actionyifis larger than be expressed a%— Peu|hy|? whereo? is the noise

p5, as there is a high probability that the PU is idle and hence, . he ori 375 Pilhip|*+o3’ N P H
it is better for the SU to utilize this opportunity to increas Yarance at the primary receiver. Note that in the HD case,

its throughput. On the other handgif < p < p3, the SU wil the summation in the denominator contaiisterms only. An

not be able to satisfy the PU outage probability constraiff!t@g€ to the primary link occurs wherfalls below a certain
under the TR mode. Hence, the SU selects the TS modeﬂ%eShOId‘sth' Even in the absence .Of SUs, "’_m outage may still
monitor the PU activity while transmitting. However, in sem °ccUr due to random channel fading. In this case, the outage

cases the SU has to stop transmitting over the current chanfi@P2bility for the primary link can be expressed @s =

(i.e., operate in the SO mode), though it gets zero throughpﬁr[é < 0] = 1 — exp (=06 /Pa). Hence, the following

This may happen if the probability that the PU returns to th(éor!strgint on thg PU outage pr(.)babilit.y can be imposed to
currently used channel is very high (i.e.,.< p), in which maintain a certain QoS for the primary link in the presence of

case the SU cannot satisfy the PU outage probability canstre>US-Fr10 < din] < ¢, where( is a given parameter. Although

even if it operates in the TS mode. Note that this switchin® nave not considered any constraint on the maximum SU
policy also accounts implicitly for the SIS capabilitieshuith dansmission power (to reduce complexity), this can belyeasi
communicating SUs. For instance,if and y» of both SUs Ncorporated in the optimization problem.

are very low, thenR%; > Ri, and the only factor that causes There exists a tradeoff between limiting SU’s interference
switching from TR to TS will be the violation of the PU outages0 as to reduce the PU outage probability (i.e., operatirigein
probability constraint. On the other hand, if SUs have lo® SITO,, where only one node is active per link) and efficiently
capabilities, thenRig < R%g due to the high self-interferenceutilizing the spectrum (i.e., operating in the JRhode, while

power which will dramatically decrease the node’s SNR. inducing more interference). The objective of our optirtiza
problem is to determine the optimal SUs’ transmission pswer

1For some probability distributions (e.g., Gaussian, Umifpretc), the t_hat maxjmize _the _Sl_Jm throthpUt of the bidireCtiO@BU
probability that the PU becomes active increases with time links while maintaining that the PU outage probability kept

wherep} andp? are two threshold values:



below a certain threshold. Formally, the objective funttis: the backward direction of the same first link. Rearrang-
oK ing the terms to include all the terms with;, we get
de P, |h, 2K 2 9 2 i 2 .
fP)E Y log | 14— (18) Ximy (¥i +loglhy|” —log (o7 +xie? [hil” + 1) ). With-
i=1 o7 + X B bl + I out loss of optimality, we ignore the constdng |h;|*. Also,
where P & [Py, Ps, ..., Pox_1, Pog] is the SU transmission to simplify the analysis, we define the following terms which

A . def . def
power vector; denotes the peer node of SU nodé.e., for are notfunctions ot LetC; = o7 +1;, Vi andC = din/ P,
link (1,2), if i = 1, theni = 2 and vice versa)/: and; are Hence, our convex optimization problem can be written in the

the PU interference and the noise power at nbdalthough, Standard form as follows:
we have onlyK secondary links, the summation in (18) has _ 2K

2
a

2K terms because of the bidirectionality of each link. P4:minimize  fo(Y)=— > {yi_bg (@+X?€yi hu‘\Q)]
i=1
. - . 2K
B. Optimization Problem subject to Zlog(l + Ce¥) < log .
In this section, we first convert the underlying non-convex i=1

optimization problem to a convex problem using geometric Lemma 1: Our optimization problem is now a convex
programming techniques [25]. Then, we solve it using problem which can be solved analytically [27].

classical Lagrangian approach. The solution of this proble We formulate the Lagrangiah with a multiplier A > 0:

in the FD case converges to the HD case at perfect SIS. The

2K
power control problem for SUs in the TRnode is as follows: LY, )\) = — Z [% —log (Oi + y2e¥i h”‘zﬂ
P4:maximize f(P) =1 21
P (19) 2K (21)
subject to  Pr[6 < 6,5] < C. + A (D log (1+Ce¥) —logv) | .
i=1

It was shown in [26] that the outage probability in the assdime

Rayleigh fading environment can be expressed analyticalffe define the Lagrange dual function which yields a
using the following well-known result. Let;, z, . .., z, be lower bound on the optimal value of the original problem

independent and exponentially distributed random veermbl(i-€-9(A) < fo(Y7)).

with means1/u;,Vi. Therefore,Pr(z; > > " .z +¢] = 2K ,
-1 —i —i o ) 2.Yi |y

emme e, (1 + Z—l) . Applying this result to the PU out- g(A)=inf L(Y’A)*'?f *; {yl log (C’z+x7; e [hii] )]

age constraint, we get the following: h

2K
0 2 5 2K P |h; 2 +)\< log(l-&-Cez”)—logq/;).
PI'[(S S 5th] =Pr |hp|2 S thO'p n th Z'LZI 7,| 1p| ;
Py Py

Lemma 2: The optimal value ofy; as a function ofA can
be expressed as follows (see [19] for the proof):

5 2 2K P -1
:1—[exp (—;};0[)>H<1+5$ L)
PU i=1 PU

~CiC(\ = Dy C2C2 OGO [ha
To simplify the notation, define = (1—¢y)/(1—¢), whichis  ¥; (A)=log TR
the ratio of the PU successful transmission probabilityegiv 200 [P
that SUs are OFF to that when SUs are ON. Then the PU YA>0,i=1,2,...,2K.

outage constraint can be expressed as follows: The Lagrange dual problem can be formulated as follows:

)

o otn P P5:maximize g(\)
H (1 + P) <. (20) A g

i=1 " subject to A\ > 0.
This outage constraint can be converted to a convex

functi . tri ing techni 251 Wi Sincey has to be greater thanto give room for secondary
unction using geometric programming techniques [25]. &ccess, the constraint of the primal problem can be satisfied

can apply d\e/fariable transformation in the log domain bé(/ith strict inequality by setting?, = 0,i = 1,2, ..., 2K, in
Iett;}r;g Yi = logy(Pi)’ i = 1,2,...,2K, resuling i o) e slaters condition is satisfied). Hence, the litya

> i1 log gl + 5}%) < logy. Let Y= (y1, 92, ..., y2K)- gap between the primal and dual problems is zero (i.e., gtron
At high SINRs, and after applying the transformation ofjuality holds), and the solution of the dual problem will be
variables, the objective function in (19) can be reformedat the same as the primal problem.

as> 7K (yl + log |h,ﬁ|2 —log <a§ + xje¥i h%|2 + I,) . By Theorem 2: The optimal powe*,i = 1,2, ..., 2K forthe
examining this function, which is a summation of théth SU operating in a FD fashion can be expressed as follows:
throughputs of K secondary links, we notice that;, . > o 5 T 5
for example, (which corresponds to pow&; in (18)) is P‘*:_CiCO‘ - 1)+\/C7:C (A*=1)2+4C;CN* X7 | I
present as the desired signal in the throughput of the for-* 20N\ 2 hii|?

ward link and as a self-interference in the throughput of




where)\* is the optimal solution to the Lagrange dual problenfAlgorithm 1 CMSA
Differentiatingg(\) with respect to\ and equating the resultto  1: Initialize: Krp = K, Kyp =0
zero, we gei\* by so|\/ingnff1 (14 CP;) = ¢ numerically. 2: Master and slave SUs report system parameters to NC
3: NC broadcastérp and Kyp
Corollary 1: The optimal transmission power for an SU 4: SU; CalculatesP;" in Theorem (2)
operating in a FD fashion converges to the HD case atd: Master SU calculateg(x1,x2), using (22)

perfect SIS (See [19] for the proof). That is, &t = 0,  if ¢(x1,x2) > ¢ (XE,?,XEZ)) then
Py = Y2E=1vi, which is the same as the optimal solution ~ Optimal action:a® =TR,
obtained for the HD case [17], but faiK links (since we have Master and slave SUs: Optimal power iy
2 active nodes/link). On the other hand, if SUs operate in HD €lse Optimal action:a* =TO,
fashion, their optimal powers are given By — ©% -1 Master SU: Optimal power i}
’ P P g ! o Slave SU: Optimal power is zero

fori=1,2,... K. .
! T end if

6: Master SU reportg* and the optimal powers.

7: NC updatessrp and Kyp as follows:

if a* =TO, then DecrementKp, Incrementkyp
In the previous section, we derived the optimal transmis- end if

sion powers for SUs communicating in the FD JRiode.  8: Go to step 2.

However, operating in TR mode is not always the best

option, especially at high values of due to the residual

self-interference. We would like to determine the thredhobptimal:

C. Communication Mode Selection Algorithm (CMSA)

values fory, which determines the optimal communication ,
mode (TR, or TO,). Let x\") be this threshold for theth <1 (TR, I X < Xtn (23)
SU,i = 1,2,...,2K. Note that these thresholds depends 0 (TO.), otherwise

on the estimated channels gain and noise variances. Becaysere un is the point whereRrr, = Rro,, which can be
x may differ from one node to another and since thesRied using a similar approach to that used in deriving.(22
thresholds are time varying, both communicating nodeslghou
negotiate to determine the optimal operation mode and theUsing theorems 2 and 3, secondary nodes can execute
corresponding transmission powers. This process should Agﬁorithm 1 with the help of a network coordinator (NC) to
repeated to update the threshold values, and the Optimaé'morﬂaximize the sum-throughput. We assume that) and K
Hence, we introduce the following mode selection algorithm} . 1 nown a priori to all users. For a given secondary link, a
Consider the first SU link, = (1, 2), which consists of tWo master SU is the node that applies CMSA and negotiate with
SU nodesl and2. The throughput of; in the TO, mode is  the slave node to determine the optimal communication mode.
Rro, =log(1+ Plg#), while that in the TR mode is: Note that in theorem 3, we only consider one way traffic from
’ nodel to 2 in the HD mode assuming that SUis the master
P; |ho|? Hoe[1 Pj |ho|? node at this time instant. The role of the master/slave can be
o . .
02+ X2 P} |haol? o2+ \2P; |hy|? exchanged between both nodes according to the traffic flow.
_ _ Define Kgp and Kyp as the number of active FD and HD
Since the SU has two operation modes,,T&d TQ,, |inks, respectively. Note thak'rp + Kup = K. Due to space

the maximum secondary throughpfit, can be expressed asiimit, we illustrate more about this algorithm in [19].
R, = max(RTRu,RTou).

Rr,=log (1 +

Theorem 3: The optimal mode selection policy is given by V1. NUMERICAL RESULTS
(see [19] for the proof): '
_ W @ A. Overlay Model
* {1 (TRw), i (X1,'X2) < (Xth ’Xth) Unless stated otherwise, we use the following parameters.
0 (TOw), otherwise fs = 6MHz, 62 = 5, m = 500, SNR™®) = —20 dB, a = 1,

o @) ) o ) p = 0.5, Ton and Torr are exponentially distributed random
where (Xth s Xin ) is any point that satisfies equation (22). ygriables with mean8on = Tore = 5, and SNRo = 20 dB.

This threshold curve described by (22) is obtained byue to space limits, more results can be found in [19].
equatingRrr, and Rro, and finding the optimal regions for 1) Performance MetricsWe first evaluate the performance
both modes. At low values of; and x, it's better for the of waveform-based spectrum sensing for the FD TS mode and
SU to operate in the TRmode to increase its throughputcompare it with the energy-based sensing. Figures 4 and 5
However, Rtr, decreases withy; and x» until reaching the depict P, and P, versus the sensing duration for different
threshold curve, where any further increment in the valdes walues of y. Generally, the performance of any spectrum
x1 and x2 will force the SU to operate in the TOmode. sensing technique expectedly improves (if&.,decreases and

Corallary 2: For two communicating SUs with equal SISP; increases) with the sensing duration, as more samples
capability factors (i.e.x1 = x2 = X), the following policy is are being used for PU detection. Also, gsincreases the
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performance of waveform-based sensing (and similarly f6tD mode with20% residual self-interference.

energy-based sensing) degrades due the increase in tthgalesi

Next, we evaluate the SU collision probability and the PU

self-interference. At perfect SIS?; and P; converge to the outage probability for the two FD modes (TS and TR) as well

HD case. As shown in the Figures, SUs need ab6t longer

: _ _ : as the TO mode. As shown in Figure 6, with perfect SIS the
sensing durations to achieve the same sensing accuracg ofgly can achieve a lower collision probability in the TS mode
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than in the TO/TR modesl?g”R) increases withl" due to the point that the transmission power value violates the PUgruta
higher probability that the PU will become active again.sThiconstraint. The value of this changing point decrease®as
effect is negligible in the TS mode, as the SU continuouslyicreases until it reaches zero 6% = 10.
monitors PU activity while transmitting. Figure 7 demoass 2) CMSA for SUs with Same SIS Factdtigure 15 shows
the benefit of operating in the TS mode, where a reduction thfe maximum SU throughput for an SU link at different values
almost100% in the PU outage probability is possible relativeof x. At low yx values, the optimal mode is the TRnode.
to the TR/TO modes, even in the case of fast varying PHdowever, if y exceeds a certain threshold,, one of the
activity. Note that the PU outage probability in the TS mod8Us should keep silent (i.e., optimal mode is ,JONote
is in the order of10=® (not shown in Figure 7 due to thealso that the throughput at the TRnode decreases wit.
significant difference betweeHéItR) and Péﬂts)) Figure 16 shows the optimal transmission powers at difteren
2) Sensing/Throughput Tradeofffigure 8 shows the ad- operation modes. At the FD mode, both nodes will have the
vantage of the TR mode over other modes. For a given same optimal power. I > y:, SUs will operate in a HD
increasingT corresponds to longefs;,7 = 1,2,...,m. At fashion, where the slave node will keep silent.
very small values ofl" and with perfect SIS, we notice that 3) CMSA for SUs with Different SIS FactofFigure 17
Rqo is greater tharRts, which happens due to high values oshows the variation of the maximum SU throughput with
P; and (1 — P;) (which cause wrong decisions for the SU)and y». The threshold valuesgg,ll) andxg), separate between
As T increases, the SU throughput in the TS mode becomtdée FD and HD regions, which can be represented by the
higher than that of the TO mode, @]’ becomes smaller. threshold curvey(x\}), x\2)) shown also in (22). For nodes
Note that increasing” initially increases the SU throughput,with y,, and x, that are less than the threshold values (or
up to a certain point, where any further increment causequivalently achieves positivg), the optimal action is the
increase in the collision probability, which has a dominantR, mode, where the throughput in this case is a decreasing
(negative) effect on throughput. Figures 9 and 10 show tf@nction of y, xy». On the other hand, ik, andy, returns
effect of imperfect SIS on the SU throughput. Asncreases, negativeq, the optimal mode is the T Figures 18 and 19
R1r decreases due to the additional self-interference. Alsshow the optimal transmission powers for the master ana slav
Rrs decreases withy due to the poor sensing performanceUs, respectively as a function gf, andy,. At the region
that occur because of the self-interference. where SUs operate in the FD mode, the optimal transmission
3) Spectrum Awareness/Efficiency Tradedext, we con- power vary according to the SIS capability factors of both
sider the optimization problemB1 — P3 with a PU outage nodes. However, wher;, and x» go beyond the threshold
probability constraint0~?. Figure 11 shows how the SU canvalues, the optimal transmission power will be constant for
adaptively switch between the TR and TS modes accordingtte master SU and zero for the slave SU.
p to maximize the throughput. To show the relation between
the maximum SU throughput and we solve our optimization VIl. CONCLUSIONS

pmb'e’T‘.S at dlﬁerent value_s6oj< and for. a .PU outage We proposed and studied a novel application of FD/SIS
probability constra_mt: A 1077 A.‘S shown in Figure 12, at in the context of DSA systems. Two DSA models were
lO\.N X, the best action for the SL.J Is the TR mode. However Lnsidered: overlay and underlay. For the overlay model, we
X Increases, the throu_ghput achl_eved atthe TR mode decre%\snea yzed two FD modes of operation for an SU device (TS and
gg; t:c;tgen ;r;tir;ehaesesbn i;hﬁlsg;glr;;eggeerence. In this caee, t'I'R). According to our results, a significant reduction (adto
' 100% relative to the TO mode) in the PU outage probability
can be achieved under the TS mode. On the other hand, the
B. Underlay Model SU throughput can almost be doubled by operating in the TR
We set a constraint on the maximum SU transmission pow ode. We s_tudied th_e effect of imperfe_zct SIS and found that
Let P, € [0, Pyas], Where Py, is the maximum transmission 'ON9er sensing durations are neede_d in the TS mode (u_nder
power for an SU. We seb = 1.28, C; = 0.04, C = 1/30, imperfect SIS) than that of the ;ensmg-only_phase to aehiev
Pyyas =10 and unity channel gains. the same performance. We ;tu_dmd the sensing/throughput an
1) Secondary throughput for FD/HD modedve start by the spectrum awareness/efﬂmgncy tradeqffs of the new FD
the case where the PU outage constraint is loose. Fig gdgs, and proposed an optimal adaptive strategy_ for the
13 shows the variation of the SU throughput wif?y at U link. For the spectrum underlay model, we studl_ed the
different values ofP, for y — 0.1. Although y is very low, power control problem forK FD-capable secondary links,

a reduction in the SU throughput occurs due to the residLFaef”V(ad the‘F opt|mall transmission powers, and proposed a
self-interference than the case for perfect SIS (Figure cghOde selection algorithm.

be found in [19]). Figure 14 shows the variation of the SU
throughput versus the SU transmission powey at 0.1 after
incorporating the PU outage constraint. Adding this caistr ~ This research was supported in part by NSF (grants IIP-
causes a truncation in the throughput curve because as 1865960 and 1IP-1432880) and the Army Research Office
transmission powers of both nodes increase, the inteidererfgrant W911NF-13-1-0302). Any opinions, findings, conclu-
on the primary receiver increases. At the HD cagg £ 0 sions, or recommendations expressed in this paper are those
in Figure 14), the SU throughput increases with until the of the authors and do not necessarily reflect the views of NSF
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