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Abstract

Inspired by recent developments in full-duplex (FD) communicatiores,cansider an opportunistic spectrum access (OSA)
network in which secondary users (SUs) are capable of partial/comgeétinterference suppression (SIS). This enables them
to operate in either simultaneous transmit-and-sense (TS) or simultatr@ogsit-and-receive (TR) modes, with the goal of
achieving improved primary user (PU) detection and/or higher SU timmutg We first consider an overlay OSA setup, and we
study the TS and TR modes. We also explore the spectrum awarenewssieyfitradeoff and determine an efficient adaptive
strategy for the SU link. We then consider a spectrum underlay model, vatbijective of optimizing SUs’ transmission powers
so as to maximize the sum-throughput/gfFD secondary links subject to a PU outage constraint. Operating in andridifais
not always efficient for SUs. Hence, we propose an optimal policg\atching between FD and half-duplex. The criteria for this
policy depend mainly on the SIS capabilities of SUs. Finally, we propose dermelection algorithm for the switching process.
Numerical results indicate that operating in the TS mode can reduce theufageoprobability by up td 00% compared with
the classical listen-before-talk scheme.

Index Terms
Cognitive Radio, full-duplex, self-interference cancellation, spectawareness/efficiency tradeoff.

I. INTRODUCTION

Until recently, the concept adimultaneous transmission and receptiover thesamefrequency channel, i.e., operating in
full-duplex (FD) mode, was deemed impossible. A traditioralio is half-duplex (HD), i.e., the radio can either traniisor
receive over a given channel, but not simultaneously. Tleblpm of achieving FD communications over the same chaisnel i
that the transmitted power from a given node is typically mlazger than the received power of another signal to be caghtu
by the same node. While the node is receiving, its transmitgdal is considered as self-interference. The infeatsibiff
FD communications has recently been challenged in sevarddsw(see [1] for a survey), which showed that various of-self
interference suppression (SIS) techniques (e.g., RF greaocellation, digital baseband interference cancehattirculators,
phase shifters, etc.) can be combined to enable FD comntigmsaln fact, it has been demonstrated that a node’s trissgm
can be suppressed at its receive chain by up to 110 dB, deypendithe underlying SIS schemes [2].

In this paper, we consider an opportunistic spectrum ac@@S#\) system in which a secondary user (SU) employs SIS
techniques to mitigate the undesirable interference obws transmission. In this setup, SIS can be used to incredese t
SU’s throughput by enabling bidirectional simultanedssmission-and-reception (TR} can also be used to increase the
SU’s awareness of primary user (PU) activity by allowing 8ié to sense while transmitting, a capability that we refeaso
transmission-sensing (T.S)Ve study two main scenarios. First, we consider a spectiariay model (i.e., the SU must first
sense the spectrum for any PU activity) and analyze the TST&dnodes at the SU. We investigate the switching policy
at the SU link, taking into consideration the tradeoff betwespectral efficiency (throughput) and spectrum aware(fds
detection). Our objective here is to determine the optinadiloa for an SU link that maximizes its throughput subjectato
given PU outage probability. We also obtain the optimal sgnand transmission durations that achieve this objecBesond,
we consider a spectrum underlay model and determine thenap8U transmission powers that maximize the throughput of
K secondary links, operating in FD fashion (TR mode). In tldse; sensing is not used, as SUs transmit concurrently with
PUs, but controlling SUs’ interference onto the PU is themdallenge. We determine the SUs’ optimal transmissiongpsw
taking into account the residual self-interference andai&ge constraint for the PU link.

Exploiting FD/SIS in dynamic spectrum access (DSA) systhasbeen discussed in [3]-[7]. In [5], we studied the overlay
model of DSA systems and explored the spectrum awarengsstety tradeoff. In this paper, we extend our work in [5]
to address the power control problem. In addition, we allowd more realistic formulation of the SU collision probitiil
PU outage probability, and SU throughput. Instead of thegnbased technique used in [5], we consider waveformébase
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sensing . The authors in [3] focused on deriving the falseraland detection probabilities, and the PU and SU throughpu
under TS mode assuming energy-based detection and petf&cO8r work is different in that we consider waveform-based
spectrum sensing and imperfect SIS. Because energy-basectidn cannot differentiate between different typesighals, it
exhibits poor sensing accuracy under low SIS capabilitie$8] the authors focused on the cooperation between pyiraad
secondary systems in cellular networks. They proposedvilipthe secondary base station to relay the primary signahi
FD/TR fashion to enhance the system throughput. To enabld 81mode, the authors in [4], [9], [10] focused on studying
SIS techniques from an antenna perspective. Other spestianng protocols based on relaying systems can be fouridlin [
[12].

Power control for the spectrum underlay setting was addelssfore (e.g., [13]-[16]), but only considering HD traimssions.
Centralized and distributed power control algorithms wereposed in [17], where SUs utilize PU feedback to contrel th
interference at the primary receiver. For the sake of commparwith the HD case, in our analysis of the underlay model we
consider a similar power-control setup to [17]. In [18], #nethors proposed an optimal dynamic power allocation sehfem
FD devices that maximizes the sum-rate in a multi-user sys@ur power control approach is different from [18] in thag w
address the problem in an OSA setting subject to a PU outag&remt. Furthermore, switching between FD and HD modes
was not considered in [18], which is important for nodes vg#rtial SIS capabilities.

The contributions of this paper are as follows. First, wevéethe detection and false-alarm probabilities for the T&lm
assuming waveform-based sensing. We analyze the SU oaliBbbability, the SU throughput, and the PU outage prditabi
for both TS and TR modes. Based on our analysis, we compapetfmance of the two modes with the traditional HD Listen-
Before-Talk scheme (also refereed totesmission-only{TO) mode). Second, we study the sensing/throughput tfafteo
SUs in both TS and TR modes. For both modes, we determine gtaral” sensing and transmission durations that maximize
the SU throughput subject to a constraint on the PU outageapility. Third, we explore the spectrum awareness/efiicye
tradeoff that arises due to the competing goals of miningizire collision probability with the PU (TS mode) and maximg
the SU throughput (TR mode). Given this tradeoff, we deteeman adaptive strategy for the SU link that enhances its
throughput subject to a given outage probability. Fourtmsidering a spectrum underlay setting, we study the powetral
problem for SUs that are capable of perfect/imperfect Sibthat operate in FD fashion. Our objective is to find the optim
SU transmission powers that maximize the sum-throughput D secondary links, subject to a PU outage constraint. [Fifth
we determine the optimal policy for SUs to switch between Tid 20O modes.

The rest of the paper is organized as follows. The system khisddescribed in Section Il. In Section Il we study
waveform-based sensing for the TS mode and formulate tHisiooloutage probabilities for both TS and TR modes. The
sensing/throughput tradeoff and the spectrum awarelffisetecy tradeoff are discussed in Section IV. In Sectionwé, study
the power control problem for the underlay model. Numeriggults are given in Section VI, followed by conclusions in
Section VII.

II. SYSTEM MODEL AND OPERATION MODES
A. System Model

As shown in Figure 1, we consider an OSA network where SUs mppigtically access PU-licensed channels. SUs have
partial/complete SIS capability, allowing them to transamd receive/sense at the same time. ebe a factor that represents
the degree of SIS at an SU nodey; € [0, 1]. Specifically,y; is the ratio between the residual self-interference anatlggnal
self-interference before suppressionylf= 0, SIS is perfect; otherwise, the SU can only suppress a @ratt- y; of its self-
interference (imperfect SIS). For example, if the residiedf-interference id% of the power of the original self-interference
signal, y; = v/0.01 = 0.1. x; may differ from one node to another, depending on the empl&I& technique.

We assume that interference between different SU linkssislved by implementing an appropriate multiple accessmaehe
(e.g., [19], [20]). For SUi, let P; denote its transmission power. We consider a path-lossnethamodel, where the channel
gain between a transmittérand a receiverj at distanced;; is given by h;; = Ad;j”. Here, A is a frequency-dependent
constant and is the path-loss exponent.

The PU activity on a given channel (hence, channel avaitgkibr the SU) is characterized by an alternating busy/idle
(ON/OFF) process. Let the ON and OFF durations be denotefibRyand Torr, With corresponding probability distributions
fon and forr, and meand oy and Torr, respectively. A PU/SU collision occurs whenever an SUsnaission overlaps with
a PU transmission. However, the PU/SU may still be able todieancorrupted packets in the non-overlapping periodp [21
Hence, in defining the SU collision probability and the PUamt probability, we consider the ratio of the overlappingatian
of the SU/PU transmissions to the total transmission domatiVe also assume a saturated traffic scenario, i.e., thehvi@ys
have data to transmit.

Let p be the SU belief that the PU is idle,c [0, 1]. The SU decides the optimal action according to this belidfich is
updated after each SU action. Since the PU ON/OFF periodgypieally much longer than an SU transmission period, we
ignore the small probability that the PU switches its statatiple times during a single SU transmission. Specifigailg only
consider the case where the PU may switch its state at most during a single SU transmission. In the analysis, we use
bold-font letters to denote vectors. The symbBls], Var|[.], and F(.) indicate the expectation, variance, and CDF of random
variables, respectively.
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Fig. 1. System model for an OSA network. Each Stonsists of a transceiver with a given SIS factar (0 < x; < 1).
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Fig. 2. Modes of operation for the SU.

B. SU Modes of Operation

1) Transmission-Only (TO) ModeAs shown in Figure 2(a), in the TO mode the SU senses the spedtr a duration
Tso (which we refer to a$dD sensiny and then carries out data transmission. The transmissicetidn is denoted by

2) Transmission-Sensing (TS) ModEo check channel availability, the SU will initially sensea HD fashion for a duration
Ts, as shown in Figure 2(b). Based on the sensing outcome, theilbdecide whether to transmit faf’ seconds or not. If
it decides to transmit, it will continue to sense for the retaf a PU. This sensing process may be split intdconsecutive)
short FD sensing periodBs;, i = 1,2,...,m. After eachTs;, the SU decides whether the PU is active or not. The motinatio
behind this approach is to account for the tradeoff betwessiag efficiency and timeliness in detecting PU activity. tBe
one hand, increasing the sensing duration improves théngeefficiency. However, such an increase implies delaylrggtime
to make a decision regarding the presence/absence of Plityactihus, in the TS mode, we have a totalsaf+ 1 sensing
durations. If at the end of any given sensing period, PU #gtig detected, the SU aborts its transmission.

3) Transmission-Reception (TR) Modmistead of sensing while transmitting, the SU may receivia @i@m its peer SU
while transmitting to that same peer, as shown in Figure. Zs)before, an initial sensing period of lendtly, is needed to
determine channel availability. L&tz be the reception duration. Without loss of generality, weuate thatl', = T

I1l. SENSING METRICS AND OUTAGE/COLLISION PROBABILITIES
A. Waveform-based Spectrum Sensing in the TS Mode

Due to its simplicity, energy-based spectrum sensing has Istudied extensively in literature. However, this teqbgi
cannot differentiate between different types of signaighe TS mode, residual self-interference from the SU tréssion can
cause energy detection to wrongly indicate PU activity. #fakm-based sensing was studied in [22], [23] for the HD case
To detect the presence of a PU signal, waveform-based geosimelates a known pattern in the PU signal (e.g., preanble
or pilot symbols) with the received signal. In this sectiare analyze waveform-based sensing for the TS mode. To $impli
the notation, we usg to denote the SIS factor at an arbitrary SU.

The hypothesis test of whether the channel is free or not eafordmulated as follows:

[ xs(n)+w(n), H, (if PU is idle) (1a)
(n)= { I(n)+xs(n)+w(n),  Hy(f PU is busy) (1b)

wherer(n) is the discretizedith sample of the received signal at the Skip) is additive white Gaussian noise (with variance
02), I(n) is the received PU signal, andn) is the self-interfering SU signal before carrying out Si&) is assumed to be
a zero-mean complex random signal with variane We assume that the self-interference channel coefficienhé. Given
the proximity of the transmit and receive antennas on theesBin device, this assumption is justified. We also assume that
all signal samples are independent, henge)s are independent.

The performance of any spectrum sensing technique is dieahkly the false-alarm and detection probabiliti®g,and P,
which are the probabilities that the SU declares the senkadnel to be busy given hypothedig and H,, respectively. A
good sensing technique exhibits high (to reduce collisions between SUs and PUs) and Idwto enhance the utilization
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Fig. 3. Two possible scenarios that lead to a PU/SU colligiothe TS mode (similar scenarios arise in the TR mode).

of the available spectrum. Le¥ be the number of samples taken during a given sensing pediefihe the decision metric

M as follows: N
> r(n) l*(n)] . 2)
n=1
In waveform-based sensing, the methi€ correlates the received samples with the samples of a ga@tiof the PU signal. The
value of M is then compared with some thresheldo determine the presence/absence of a PU signal. Sulpgfi{lia) and
(1b) into (2), we obtain the value dff for Hy and H, respectively. LetV/; be the resulting/ under hypothesig¢i;,i = 0, 1.
Then,MozRe[ziLl (Xs(n)z*(n)m(n)z*(n))} and M, ="N_ j1(n)4Re [N, (Xs(n)z*(n)+w(n)z*(n))]. Hence,P; and
P, can be expressed, respectively, as folloWs:= Pr [My > 7] = 1 — Fa, (), and Py = Pr[M; > v] = 1— Fay, (), Where
F, () and Fyy, () are the CDFs of\f, and M, respectively.

Proposition 1: Using the Central Limit Theorem (for larg€), the pdf of M, can be approximated by a Gaussian distribution
with meanyy,=0 and variancer3, =4 [XQE ls(n)|*E |I(n)|*+E |w(n)]*E |l(n)|2} (See the Appendix for the proof).

def

M = Re

Accordingly, Py = @ (%) for a large N. Substituting withy,,, and 012\/10, we getP; for FD sensing:

_ gl [ 2
Fr=0 (Xzog + 02 NSNF@FD)> ®)

whereSNR®) £ [1(n)[? / (XQE Is(n)]* + B \w(n)|2) is the SNR at the secondary receiver of the sensing node ifhe
case. Note the existence of a self-interference term, alwitly the noise term. The number of samplég,= Tsfg, is a
function of the sensing duratiofY’s) and the sampling ratés.

Proposition 2: For a largeN, the pdf of M; can be approximated by a Gaussian distribution with megn= N E |I(n)|
and variancer?, = N[E\l(n)\4 —Ei(n)? +1 (X2E|s(n)|2E\l(n)\2 +E\w(n)|2E|z(n)|2)} (See the Appendix for the
proof).

Hence,P; = Q (m) Substituting foru,,, and o?wl, we obtainP; under hypothesigi;:

oMy

2

v/ (X2O'§ + 03}) — N SNA™)
\/N [(a — 1) (SNRFP)? ¢ SNFéFD>/2}

Py=Q (4)

whereq is a parameter of the PU signal that relates to its randonf2@$sFor exampleq = 2 for complex Gaussian signals.
def

For constant-amplitude signals such as BPSK and QRSK, 1. Generally,a = E |~l(n)\4/E2 |l(n)|>. The expressions for
P; and P; in (3) and (4) for FD sensing converge to their HD countepé@ft; and P;) under perfect SIS (i.ex = 0):

) 7
Fr=q (075, V NSNRHD)> ®)

~ v/ (02) — N SNR'D)
Py=Q
\/N [(a — 1) (SNR'D)? 4 SNFQHD)/2]

(6)

where SNRFDZE |1(n)|? /E |w(n)|* is the SNR at the secondary receiver of the sensing node iklthease. Note that the
optimal sensing thresholg* can be determined according to the system requiremenf8;camd (1 — Fy).

B. SU Collision Probability

In this section, we analyze the SU collision probability fmth FD modes. This probability is defined as the ratio of time
overlap between PU and SU transmissions to the duration @fSth transmission period. Practically, the SU can still fiene



from the uncorrupted received packets that do not fall inaerlapping period [21].

Generally, there are two possible events that could lead RIUESU collision, as shown in Figure 3. First, due to its
imperfect sensing, the SU may wrongly decide that the PUl&sadd proceed to transmit data when the PU is actually ON.
Second, the SU may start transmitting while the PU is idle,l&er on the PU becomes active during the SU’s transmission
Both events are considered in the following analysis. tetnd 7> be the forward recurrence time for the PU ON and OFF
periods respectively, observed at the end of the initinksgy periodT’sg (see Figure 3). The pdfs of andr, are given by
fr(t) = [ fon(u) du/Ton, and f-,(t) = [ fore(u) du/Torr. Define POFP i = 1,2,...,m as the probability that the PU
swnches from ON to OFF durin@s;. Similarly, szN) is the probability that the PU swnches from OFF to ON durifig.

Formally,
i i1
PO — (Z T5k> —F,, (Z T5k> (7)
k=1 k=1
7 i—1
Pé?N) =F, (Z TSk) -, <Z TSk> . (8)
=1 =1

1) TS Mode: Without loss of generality, we assume that if the PU is actoveany part of a sensing duratidfs;,7 =
1,2,...,m, then the SU’s transmission during the whdlg; period will be corrupted. Note that an SU’s sensing duraifon
typically much smaller than the ON/OFF periods of the PU. W= [P Ps1 ... Prm] and Pg= [Py Py1 ... Pimn)
as(m + 1)-dimensional vectors that represent the false-alarm atettien probabllmes for then + 1 sensing penods in the
TS mode. By defmmon,Pfo = Pf and P = P,. As shown in Figure 3, there are two scenarios that lead tollsioa.
First, if the SU mis-detects the PU activity aft€f,. Although the SU has collided with the PU, it still has the oppnity
to detect the PU transmission through any of the parallesiasgndurations. The second scenario for collision occursrwh
the SU correctly decides that the PU is OFF affgp, but the PU later switches from OFF to ON during the pefiadThis
may happen during any of the FD sensing periéds ¢ = 1,2, ..., m. The duration of the overlap between the SU and PU
transmissions depends on two parameters: the probalhibitythe PU switches its activity during periddand the outcomes
of the consecutive sensing periods;,: = 1,2,...,m.

Proposition 3: The conditional probability that the SU collides with the Bwen that the SU decides to transmit in the
TS mode can be expressed as follows (see the Appendix forrtied)p

1-p)(1—-P - P

Pc(g||3) _ (1-p)( d.0) P(TS) n p(1 10) PgZS) 9)
w w

wherew=(1-p) ( —Pd>+p ( —Pf) is the probability that the initial sensing process resintél, (i.e., the probability that the

SU will attempt a transmlssmn)D(TS) is the SU collision probability given that the SU mis-degettie PU transmission after
Tso. It accounts for different possibilities about the PU leavihe channel during any sensing periBgi,: = 1,2,...,m
and different corresponding sensing outcorrft{g,s) is the SU collision probability under the second scenaribens the PU
becomes active durin@. It accounts for different cases about the PU return ancet@ifft corresponding sensing outcomes.
The expressions foPng) and szs) are shown in (10) and (11), respectively:

m

PE9-3"

i=1

11 (=Prs) }

k=i+1

m mln(t 7) T min(i,j—1) j—1 % T i
S _
Pf@?FF){ > i b=l 2Py jei [ =Pak) Prysi [T (-Prs) +7Z'ﬁ{1 2 T[0-Pas)

7 T,
J=1 k=1 LSk k=1 k=it1 2 k=1 Tsn k=1

(10)

H1-F7, (1)) Z(Pd,j 1T -Pusx ) + H 1=Py k)

j=1 k=1

m i—1 m j J—1 m m
T oy
PEI=> 1PV = Pra) > (Z]l«” E Pujsi [Ja- Pd.k)) + ki Sk [T - Pur) (11)

i=1 k=1 =i =1 LSk k=i > k=1 Tsw k=i

where Py j<;=P;; if j<i, otherwiseP; j<;=1. Similarly, Py ;~; and P, ;>; are defined. Theth term in the outer-most
summation of (10) represents the probability that the Plbimes idle during the sensing peridd; and the corresponding
overlapping ratio between the SU and PU transmissions. asietérm of (10) represents the case where the PU stays ON
throughout the whole SU transmission period. Note that titeame of7’,, will not affect the SU collision probability for
the current SU transmission session. However, it will dffbe next SU’s action. Since the SU is capable of monitorhng t
PU activity while transmitting, it can abort its communiocat once such an activity is detected. As a result, the doflis
probability in the TS mode is smaller than that of the TR/TOdem

2) TR Mode:Since the SU is carrying out sensing actions while transmission in the TS mode, we dénieéSU collision
probability by considering different possibilities abahe PU switching process during an SU action (with a pregisibl’s;



duration). For the sake of comparison, we assume that thedo@ris divided intom equal durationd;,i = 1,2,...,m in

the TR mode. This assumption is just to simplify the dervatiand does not have any effect on the physical SU operation.
Similar to the TS mode, two scenarios can lead to a collisiothe TR mode. Hence, the probability that the SU collides
with the PU given that the SU decides to transmit data aftgris given in (12). Note that, according to our definition, the
SU’s collision probability in the TO mode is similar to that the TR mode.

PR _ (1=p) (17}3{1) (i

coll w _
=1

P ]_7]51‘) m

+(1FT1(T))> +(wZ

i=1

Pé?FF) 22:1 Ty

i—1
P(ON)T — Zk:l Ty
T Si

- (12)

C. PU Outage Probability

Although the overlap duration is the same for the collidind &1d PU transmissions, the two have different collision
probabilities, as their transmission durations may beetifft.

1) TS Mode:To illustrate the difference between the SU collision philigy and the PU outage probability in the TS
mode, consider the first collision scenario. According tgufé 3, the SU’s decision after the instant where the PU besom
idle duringT (i.e., 1 < T') will not have any impact on the PU outage probability, asRkeON period is already determined
(in contrast to the SU collision probability).

Proposition 4: The conditional PU outage probability in the TS mode giveat the SU decides to transmit can be expressed
as follows (see the Appendix for the proof):

Ps _ (1-p)(A = Pay) POS) 4 p(1— Pro) POS) (13)
w w

where P[> and P{>) represent the PU outage probability under the first and seB4SU collision scenarios, respectively.

The ratio of the overlap duration to the total PU ON period éedmined by the instant where the PU switches its activity

during periodT" (if any) and the SU sensing outcomes. All these differensjpilies are accounted for imv(gTP and szs),

which are given in (14) and (15)

m—1 Z] T Jj—1
—1 1Sk
Pgls): Z ngFF) (’CT;VPMQ H (1- Pd,k)> ]
j=1 k=1

=1
m—1 m—1 Z TSk T m—1
1—F, T &h=l- 22 p, (1-P — 1-P
+ . kz:l Sk > Ton H ak) | + T II ¢ k) (s

j=1 ON =1

(14)

m

=3

i=1

oM TT (ke Ton = i Tsk T
Pg; (1= Pri) Z ﬁpd,jzi H (1= Pag) | + = H (1= Par) p|- (15)

k=1 Jj=1 k—i ON ki

2) TR Mode: In this mode, the PU outage probabilii§}®, given in (16), has a very similar structure BRI’ except for

the replacement of the SU transmission duration by the geelPdJ ON period. Note that the PU outage probability under the
TO mode is the same as that under the TR mode due to the styilarihe sensing-transmission structure.

P&R):(lfp ) Spd) (zm: +(1-F,, (T)) TT> <1 Pf) Z

=1 ON

(ON)T Z
N

P(OFF) E]:Z-, 1 (16)
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IV. ADAPTIVE SU COMMUNICATION STRATEGY
In this section, we study important tradeoffs in the TR andni&les and introduce an adaptive strategy for the SU link.

A. Sensing/Throughput Tradeoff

First, we analyze the SU’s throughput under different madegperation. Given our definition of a successful SU trassinn
(portion of the SU transmission duration where no overlapvben the SU and PU transmissions take place), we formulate
the SU throughput as follows:

1) TS Mode:The SU may gain some throughput during the non-overlapporggns of 7". To compute the SU throughput
under the TS mode, we need to consider two cases. First, 8lthmis-detects the PU activity, it will not gain any throughp
unless the PU completes its transmission before the efid 8econd, if the SU correctly identifies an idle channel, It gain
log (1 4+ SNRs), whereSNRs = P; |hij\2 /0]2- is the SNR at a receiving SU nodefrom a transmitting SU nodé under the
TS mode. However, this throughput gain may be reduced by thedahsmission if the PU decides to access the same channel
currently used by the SU. To formulate the SU throughput ittt two possible scenarios, we need to address differseisca



where the PU switches its activity during any of the paradehsing period§’s; and consider different outcomes from the
imperfect sensing durations.
Proposition 5: The total SU throughput under the TS mode is as follows (SeeAfipendix for the proof):

(1-p) (1—15d)

w

1) p(l_Pf) 2
Rrs= Rig+ " R7< | log (1+SNRs) (17)

WhereR%) andR%) are the ratios of the non-overlapping durations (betweerSiti and PU transmissions) to the summation
of the initial sensing period and the “actual“ SU transnadegperiod under the first and second collision scenarioperively.
Note that the actual transmission period in the TS mode doesave to be exactly” as the SU may abort communication
if any PU activity is detected. The expressions ﬂrls) and R%) are given as follows:

m—1 7 m 7 7j—1 m m
1 OFF Zk:i Tsi Zk:i Tsr
R%s)zz P )H(l—Pd,k){ > <j HT P 11 (1—Pf,k)> +7Zm+171 II a-Pw) p|.  (18)
i—1 k=1 j=it1 k=01 Sk k—it+1 k=0*Sk iy
@) m on m min(i—l,j)TSk min(i—1,j—1) Jj—1
RY=>_ | P§ ){Z Sl 2P ici [ =Prw) Pajzi [ ] (1=Pag)
i=2 j=1 k=0 Tsk k=1 k=i

J
m Z TSk Jj—1 (19)

k= r .
H-Fo(0)3 3| 5 Prs [T0-Pr0) |t [T0-P1)
=1 S Tg, k=l SO s
k=0

+2b— T[-Pre) T[O-Pur)

Z TSk k=1 k=1
k=0

i—1
> Tsk i1 m }

2) TR Mode: The benefit of using SIS in this mode is to achieve higher SOutjinput by enabling bidirectional commu-
nications over the same channel. The total SU throughpotyishin (20), is the sum of the throughput of the two directions

i—1

(1-p) (1—15d) m T=2Te| p (1_[:)7‘) m 2 T T
Ri=G|— 7/ pOFR)__k=1 : pONE=L 1\ (T 20
TR w FZI St T+Ts9 * w 1:22 31 T+Tso +( 2( )) T+Tsg ( )

where G = log 1+SNF§Q> +log(1+SN l,%) is the SU throughput gairSNRA =P, |h,;[* / (o?ﬂ(?Pj \hjj|2) is the SNR
in the TR mode at SU nodg for a transmission from SU nodg h;; is the channel gain from transmittgrto receiver;
at the same node (i.e., the self-interference channel),oérid the noise variance at node Rt is basically formulated by
multiplying the bidirectional SU throughput by the ratio thfe non-overlapping SU transmission duration to the totgiai
sensing plus transmission durations. Note that, the SWgimout in the HD modeRto, can be formulated similar t&rg.
However, Rro includes only the throughput of the forward litdg (1 + SNRo), whereSNRo = SNRs.

Now that the SU throughput is obtained for each mode, we ebt@ optimize the SU operation. Two optimization problems
(P1 and P2) are considered, which explore the sensing/throughpuéetfhih the TS and TR modes. Specifically, our objective
in P1 is to determine the optimal sensing and transmission durgtl’s and7, so as to maximize the SU throughput in the
TS mode subject to a constraint on the PU outage probalfiagmally,

P1:maximize R+s
Ts,T

m
subjectto  Fod < Poii™. D Tsi<T
i=1

Tmin <T< Tmaxa TSi,min < TSi < TSi,mam Vi

whereTs = [Tso Ts1 ... Tsm] is an(m + 1)-dimensional vector whose elements are the sensing dosaitiothe TS mode
and PJLEtTS) is a desired bound on the PU outage probability under the T&eti®; yin, Tsi,mazs Tmin, @NdTh,q, represent
constraints on the minimum and maximum values of the opttion parameters?1 addresses the sensing/throughput tradeoff
from different perspectives. First, with regard I, we havem -+ 1 optimization parameters. Fdfsg, there is an optimal
solution that maximize&ysfor any givenTs;,s = 1,2,...,m and a giveri'. The detection probability increases monotonically
with T's, ultimately satisfying constrain?gjfs). At the same time, increasirifso will reduce the transmission duration, hence
reducing the throughput (assuming that the SU either semsgansmits over a channel). The confluence of the two factor
ensures that there exists one local optimal point. Genetakk optimal values for the: sensing periodd’s;,: = 1,2,...,m
depend on two competing goals. First, increasing thesetidngawill improve the sensing accuracy of the SU, and hence
reduce the PU outage probability and enhance the SU thratigBpcond, if these parallel sensing durations increagenioea
certain point, this may delay the SU decisions, taken at titea the sensing durations, which may affect the SU perfogea



negatively. With regard to the SU transmission duratiorcréasing?” will increase the SU throughput. However, If is
increased beyond a certain limit, it will cause a reductiorthe throughput due to the high probability that the PU bezom
active in the currently used channel. Note thattan be determined using the second constrain®in after determining the
optimal values forT's andT'.

Next, we consider optimizing the parameters of the TR modeyely, T'so and 7" in P2, to maximize the SU throughput
subject to a given PU outage probability:

P2:maximize Rtr

Tso,T
subjectto PP < PR
Tmin < T < Tmaza TSO,min < TSO < TSO,maaz~

Using a similar argument as iR1, it is easy to see that the sensing/throughput tradeofteiisP2 w.r.t. both parameters
Tso andT'. However, inP2 we only haveTs, instead ofTs.

Since P1 and P2 are non-convex irf's and 7', an exact optimal solution cannot be obtained in polynorimé. Instead,
we rely on a discretization approach to obtain a near-optsnlution using a brute-force search method. To analyze the
computational complexity, we start with the simpler problé®2, where the decision variables are scalars. The decision
region consists of the combination of the two vect®s = [T'so min; 150,min + A1, L50,min + 241, ..., T50,maz) and Dg
= [Toins Tmin+A2, Tin+202, ..., Taz], WhereTso min, Ts0.maz> Tmin @NAT 4, are the minimum and maximum possible
values forTsg and 7', respectively.A; and A, are the step values faP, and D, respectively. Hence, the computational
complexity of P1 is O W +1 % + 1) ) with a maximum error ofA; and A, in detectingT’sg
andT, respectively. Note thdfsq is in the order of hundreds of msecs, dfids also in the order of few seconds, hence the
error in computing the optimal values is vanishing, assgndih and D, are long enough. The decision variables for are
Ts andT. Following a similar argument as iR2, and assuming the lengths of the decision vectorgfgr: = 0,1,2,...,m
are equal, the solving complexity d?1 is O ((m +1) gTSO""”'AITS“*’"”" +1 Tm"'fngm'i" +1)).

In problemsP1 and P2, we impose a limit on the PU outage probability. By examinihig outage probability, we found
that it is a monotonically increasing function of the mistettion and false-alarm probabilities. Hence, condisaim the
false-alarm and detection probabilities are already takém account in the PU outage constraint. One can simplysadju
the outage probability constraint threshold i1 and P2 to achieve a certain limit on the false-alarm (or miss-detaeg
probability. In fact, imposing constraints on the falsaral and detection probabilities iR1 and P2 (without constraining
the outage probability) makes the optimization problemsimeasier, but less informative. The reason for our choidbds
the PU outage probability is much important from a PU perpet¢han the false-alarm and detection probabilitieshie TS
mode, for example, this outage probability takes into antdalifferent possibilities for the PU to switch activity diog each
and every parallel sensing period.

B. Spectrum Awareness/Efficiency Tradeoff

The TS and TR modes give rise to a spectrum awareness/efficteadeoff. Specifically, the SU may select the TS mode
to continuously sense the channel while transmitting. Téay, it decreases the probability of colliding with the PLh @e
other hand, the SU may decide to utilize the spectrum effiigidsy transmitting and receiving data over the same channel
(TR mode). Our objective is to determine the optimal stated for the SU. To do that, we consider a combinBd/P2

formulation as follows:
P3: max7iTmize R = max (RSp, Rig RiR)

whereR§, £, R7g, and Ry are the optimal SU’s throughput in the sensing-only (SO),dr8l TR modes, respectively. In the
SO mode, the SU carries out in-band sensing-only or outaofibsensing-only process. In some cases, when the prdipabili
that the PU becomes active is too larger the SU is sure that the PU is active (e.g., multiple com$ez busy sensing
outcomes), it is better for the SU to operate in the SO modéad R/TS modes will not satisfy the PU outage constraint (in
this case, TS/TR modes will not be available/?3 due to the violation of the PU outage constraint).2h and P2, the SU
calculates the maximum achievable throughput in the TS d@dnbdes under the specified constraints, the®nit selects
the action that provides the higher throughput as long aatisfees the outage constraint. Denote the action spaceeobth
by A = {2(TR), 1(TS),0(SO)}.

Theorem 1: The optimal SU strategy* is given by (See the Appendix for the proof):

2 (TR), ifp > p3
™ =<1 (TS), if pi <p<p} (22)
0 (SO) if p<pj

1For some probability distributions (e.g., Gaussian, Umifpetc), the probability that the PU becomes active increaséstime



wherep] andp? are two threshold values:
. TS *(TS
pj = min {p : chut ) < POLS'[ )} (22)

Py = max (min{ : PP < P*(TR)} ,min {p : Ry > R'?s}) :

The scheme has a threshold-based structure that depenlds BUtbeliefp. The SU selects the TR actionyifis larger than
p5, as there is a high probability that the PU is idle and hertds,better for the SU to utilize this opportunity to increases
throughput. On the other hand, pf < p < p5, the SU will not be able to satisfy the PU outage probabiliystraint under
the TR mode. Hence, the SU selects the TS mode to monitor thackuty while transmitting. However, in some cases the
SU has to stop transmitting over the current channel (igerate in the SO mode), though it gets zero throughput. Thig m
happen if the probability that the PU returns to the curgended channel is very high (i.ep,< p7), in which case the SU
cannot satisfy the PU outage probability constraint eveih dperates in the TS mode. Note that this switching polioal
accounts implicitly for the SIS capabilities of both comnuating SUs. For instance, §; and x» of both SUs are very low,
then R7g > Rjs and the only factor that causes switching from TR to TS wdlthe violation of the PU outage probability
constraint. On the other hand, if SUs have low SIS capadslitthenRig < R7gdue to the high self-interference power which
will dramatically decrease the node’s SNR.

V. POWER OPTIMIZATION FOR AN SIS-CAPABLE UNDERLAY DSA SYSTEM
A. Motivation and System Model

In this section, we consider the power optimization probleman SIS-capable DSA system, operating according to the
underlay model. In this model, SUs transmit concurrentlhwiie PU while controlling their interference onto the PUaiger.
TR, (subscript ‘U’ stands for underlay) is the only FD mode thbisSan use. To control their interference, SUs can adapt
their transmission parameters based on feedback infaymétiey overhear from the PU receiver (e.g., ACK/NACK).

The secondary network consists Bf transmitter-receiver pairs. For notation purposes,itheSU link will be denoted by
l; =(2i—1,2i),i=1,2,..., K. For the primary link, letP.,, denotes the transmission power of the primary transmitter a
h, be the channel gain of the primary link. L&f, be the channel gain from SWUto the primary receiver, = 1,2, ..., 2K.
Channelsh, andh;, are modeled as Rayleigh fading channels. Helﬁqﬁ? and |h,7;,,\2 are exponentially distributed random
variables with unit mean. In a typical DSA network, the traission powers of PUs are much higher than those of SUs.
Hence, we focus on cases where SUs do not interfere with gaelnso Existing literature can be used to tackle the issue of
secondary-secondary interference.

For the TR, mode, the SINR) at the primary receiver can be expressed as %, whereo—2 is the noise

variance at the primary receiver. Note that in the HD case,stihmmation in the denominator ‘contaifis terms only. An
outage to the primary link occurs whénfalls below a certain threshold,;,. Even in the absence of SUs, an outage may
still occur due to random channel fading. In this case, thtagmi probability for the primary link can be expressed as
Co=Pr[d <] =1- eXp(—o‘%(Sth/PpU). Hence, the following constraint on the PU outage probgbdan be imposed to
maintain a certain QoS for the primary link in the presenc&0E: Pr[d < d:;] < ¢, where( is a given parameter. Although
we have not considered any constraint on the maximum SUrigs®n power (to reduce complexity), this can be easily
incorporated in the optimization problem.

There exists a tradeoff between limiting SU’s interferesoeas to reduce the PU outage probability (i.e., operatintpen
TO,, where only one node is active per link) and efficiently miilg the spectrum (i.e., operating in the JRiode, while
inducing more interference). The objective of our optirtiza problem is to determine the optimal SUs’ transmissiowers
that maximize the sum throughput of the bidirectiohalSU links while maintaining that the PU outage probabilitpkbelow
a certain threshold. Formally, the objective function is:

2K
. P, |h
P) ":‘§ log <1 + Pl ) (23)
=1

o? + X2 P; |hy; >+ I

where P & [Pl,Pg,.. PQK 1, Pak] is the SU transmission power vectardenotes the peer node of SU nodel e., for
link (1,2),if i =1, thenz = 2 and vice versa)/; ando; are the PU interference and the noise power at noddthough,
we have onlyK secondary links, the summation in (23) HEs terms because of the bidirectionality of each link.

B. Optimization Problem

In this section, we first convert the underlying non-conveatimization problem to a convex problem using geometric
programming techniques [24]. Then, we solve it using a @absagrangian approach. The solution of this problem ia th
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FD case converges to the HD case at perfect SIS. The powenotpnbblem for SUs in the TR mode is as follows:

P4:maximize f(P)
P (24)
subject to Pr[d < dy] < C.

It was shown in [25] that the outage probability in the asstdiiRayleigh fading environment can be expressed analytiaalhg
the following well-known result. Lety, 2, ..., z, be independent a;nd exponentially distributed random beegawith means
1/p;,Vi. ThereforePr(z; > >0,z +¢] = e M °[], (1 4 %) . Applying this result to the PU outage constraint, we
get the following:

Pr[6 < 6] = Pr ||hy)* <

By By

5 0_2 2K S P -1
o (5T (0 %57
PU PU

(Stha':?7 n 5th lefl Pz |h2p|2‘|

i=1
To simplify the notation, define = (1 — ¢y)/(1 — ¢), which is the ratio of the PU successful transmission proibalgiven
that SUs are OFF to that when SUs are ON. Then the PU outag&r@ioh€an be expressed as follows:

2K
I( %) <v (25)

- PU
i=1

This outage constraint can be converted to a convex functéimg geometric programming techniques [24]. We can apply

def

variable transformation in the log domain by lettigg = log (P;), i = 1,2,...,2K, resulting ianf1 log (1 + % <

log . Let Y=(y1, 92, ..., y2x). At high SINRs, and after applying the transformation ofi@hales, the objective function in (24)
can be reformulated 85, (y; + log |h;|* — log (o? +xFevi hi)? + Iz)> By examining this function, which is a summa-
tion of the throughputs oK secondary links, we notice that, for example, (which corresponds to powgrin (23)) is present
as the desired signal in the throughput of the forward link as a self-interference in the throughput of the backweanetton of
the same first link. Rearranging the terms to include all &nens withy,;, we gethf1 (yi + log \hﬁ\Q — hii® + Il)>
Without loss of optimality, we ignore the constalng\higf. Also, to simplify the analysis, we define the following term
which are not functions o¥". Let ¢; & af + I;,Vi and C « on/ Poy. Hence, our convex optimization problem can be written
in the standard form as follows:

)]

log (J? + x2e¥i

2K
P4:minimiz Y)=— {i_1 (,L. 2_y;
ize fu¥)=— 3 [u—tog (G

i=1

2K
subjectto > log (1 + Ce¥) < log.
i=1
Lemma 1: Our optimization problem is now a convex problem which carsblred analytically [26].
We formulate the Lagrangiah with a multiplier A > 0:
2K
LY, N) = =3 [ = og (i xde? [hal*) |

o 0
+ A (Z log (1+ Ce¥) — log¢> .

i=1

We define the Lagrange dual functignwhich yields a lower bound on the optimal value of the orgjjproblem(i.e.,g(\) < fo(Y™)).

gV =inf L(Y, ) =inf Y [i—1og (Cotxer hal*)|
=1

2K
+ A (Zlog (1+Ce¥) — logz/;) .

=1
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Lemma 2: The optimal value ofy; as a function of\ can be expressed as follows (see the Appendix for the proof):

—CiO(A = D/ C2C? (A1) G0N [
20Nx2 [hii|®

VA>0,i=1,2,...,2K.

The Lagrange dual problem can be formulated as follows:

y; (A\)=log

P5:maximize g(\)
subject to A > 0.

Since has to be greater thahto give room for secondary access, the constraint of thegbrproblem can be satisfied
with strict inequality by setting?;, = 0,7 = 1,2,...,2K, in (25) (i.e., slater's condition is satisfied). Hence, thality gap
between the primal and dual problems is zero (i.e., strorgjitguholds), and the solution of the dual problem will be the
same as the primal problem.

Theorem 2: The optimal powerP,7 = 1,2,...,2K for theith SU operating in a FD fashion can be expressed as follows:

e GO0 - 1)1/ C2C2 (A =1 +4C,ON N2 [

(27)

2

where \* is the optimal solution to the Lagrange dual problem. Déferatingg(\) with respect to\ and equating the result
to zero, we get\* by solving [[>%, (1 + C'P;) = ¢ numerically.

Corollary 1: The optimal transmission power for an SU 1operating in a FDitas converges to the HD case at perfect SIS
(See the Appendix for the proof). That is, at= 0, P} = %Vi, which is the same as the optimal solution obtained for
the HD case [17], but foRK links (since we have 2 active nodes/link). On the other han8Us operate in HD fashion,

1
their optimal powers are given higy"® = %=1 for i = 1,2,..., K.

7

C. Communication Mode Selection Algorithm (CMSA)

In the previous section, we derived the optimal transmispiowers for SUs communicating in the FD JRiode. However,
operating in TR mode is not always the best option, especially at high vatideg due to the residual self-interference. We
would like to determine the threshold values fgrwhich determines the optimal communication mode (TR TO,). Let XEZ)
be this threshold for thé&h SU,i = 1,2,...,2K. Note that these thresholds depends on the estimated dhayane and noise
variances. Becausg may differ from one node to another and since these threshalel time varying, both communicating
nodes should negotiate to determine the optimal operatiodemand the corresponding transmission powers. This poces
should be repeated to update the threshold values, and timeabpnode. Hence, we introduce the following mode selectio
algorithm.

Consider the first SU link; = (1,2), which consists of two SU noddsand2. The throughput of; in the TO, and TR,
modes can be expressed as follows:

Pl*(HD) ‘h12 |2

Rro, =log(1+ ——75——) (28)
03
Py |ho|? P |hoy |2
Rrg,=log <1+212|122> +log <1+222|i1|2> (29)
05 +X5P5 |hasl of +xi Py b

Since the SU has two operation modes,, T&d TQ,, the maximum secondary throughpi®, can be expressed as:
R, = max(Rtr,, R1o,)-
Theorem 3: The optimal mode selection policy is given by (see the Appefa the proof):

o= {1 (TR.), if (X1, x2) < (Xii),xﬁ)) (30)
0 (TOy,), otherwise
where (Xg,lﬂxﬁ,i? is any point that satisfies equation (31).

This threshold curve described by (31) is obtained by eggafirr, and Rro, and finding the optimal regions for both
modes. At low values of; and x», it's better for the SU to operate in the JRnode to increase its throughput. However,
Rrr, decreases withy; and y» until reaching the threshold curve, where any further im@et in the values ok; and y»
will force the SU to operate in the TOmode.
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2 2
(s ) = (3 () P al®) 4 P ool (2 + () P ) P 5 Tl o

(31)
2 2
— (PI# hsof? /o3 (a§+ () s |h222> (a% +(xi) Pr hHF) 0.

Algorithm 1 CMSA

1: Initialize: Kepp = K, Kpp = 0

2: Master and slave SUs report system parameters to NC

3: NC broadcast${rp and Kyp

4: SU; CalculatesP;* in Theorem (2)

5: Master SU calculateg(x1, x2), using (31)

if ¢ (x1,x2) > ¢ (Xi?%i?) then
Optimal action:a* =TR,,
Master and slave SUs: Optimal power/ts

else Optimal action:a* =TO,
Master SU: Optimal power i’
Slave SU: Optimal power is zero

end if

6: Master SU reporta* and the optimal powers.

7: NC updateskrp and Kyp as follows:

if a* =TO, then DecrementKgp, IncrementKpp

end if

8: Go to step 2.

(HD)

Corollary 2: For two communicating SUs with equal SIS capability factfrs., x1 = x2 = X), the following policy is
optimal:
1 (TR if
a* = { (TRu), T x <Xt (32)

0 (TOy,), otherwise

where x,, is the point whereRtg,=R10,, Which can be derived using a similar approach to that useteiiving (31).

Using theorems 2 and 3, secondary nodes can execute Algotithith the help of a network coordinator (NC) to maximize
the sum-throughput. We assume tligty) and K are known a priori to all users. For a given secondary link,aster SU is
the node that applies CMSA and negotiate with the slave nod#etermine the optimal communication mode. Note that in
theorem 3, we only consider one way traffic from nddw 2 in the HD mode assuming that SUis the master node at this
time instant. The role of the master/slave can be exchangedekn both nodes according to the traffic flow. Defitig, and
Kyp as the number of active FD and HD links, respectively. Notd #ip + Kyp = K.

In Algorithm 1, a joint determination of the SUs’ transma@sipowers and operation modes is provided. With the help of
a NC (a practical example of this setup is the ECMA 392 stahdahere a NC is used to organize the operation of multiple
secondary links), each SU calculates its optimal transarisgower (using Theorem 2), assuming that the whole secgnda
network will operate in an FD fashion, while maintaining alpabilistic outage constraint on the PU outage probabiiyen
these transmission powers and depending on the SIS cajeshilf the two communicating SUs of a secondary link, theteras
SU will check whether operating in an FD or HD fashion willuet higher link throughput (using Theorem 3). The master
SU will then report the optimal operation mode and the c@wasding transmission power to the slave SU. Note that the
communication between the NC, master SUs, and slave SUssiralgorithm can be executed simultaneously over different
sub-carriers of the control channel or in a time-slottedhifais, depending on the available resources and the usedphault
access technique.

VI. NUMERICAL RESULTS
A. Overlay Model

Unless stated otherwise, we use the following parametgrs= 6MHz, 02 = 5, m = 500, SNR™ — —20 dB, a = 1,
p = 0.5, Ton andTorr are exponentially distributed random variables with me&gs = Torr = 5, and SNRo = 20 dB.

1) Performance Metrics:We first evaluate the performance of waveform-based spactensing for the FD TS mode
and compare it with the energy-based sensing. Figures 4 atepist P; and P, versus the sensing duration for different
values of . Generally, the performance of any spectrum sensing tgqaenéxpectedly improves (i.eB; decreases anéy
increases) with the sensing duration, as more samples arg bsed for PU detection. Also, asincreases the performance
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of waveform-based sensing (and similarly for energy-bassting) degrades due the increase in the residual seifargnce.
At perfect SIS,P; and P; converge to the HD case. As shown in the Figures, SUs need ab#ulonger sensing durations
to achieve the same sensing accuracy of the HD mode 20ith residual self-interference.

Next, we evaluate the SU collision probability and the PUaget probability for the two FD modes (TS and TR) as well
as the TO mode. As shown |n Figure 6, with perfect SIS the SUatdneve a lower collision probability in the TS mode
than in the TO/TR modesPColl increases withl" due to the higher probability that the PU will become actigaia. This
effect is negligible in the TS mode, as the SU continuoushniteos PU activity while transmitting. As shown in Figure 7,
the SU collision probability decreases witlyy because of the increase in the number of samples taken digimging. Figure
8 demonstrates the benefit of operating in the TS mode, wheeelwction of almosti00% in the PU outage probability is
possible relative to the TR/TO modes, even in the case ofviaging PU activity. Note that the PU outage Probabllltyhret
TS mode is in the order af0—> (not shown in Figure 8 due to the significant difference beleé andPOI ))

2) Sensing/Throughput Tradeoffigure 9 shows the advantage of the TR mode over other modes. givenm, increasing
T corresponds to long€fs;,: = 1,2,...,m. At very small values ofl" and with perfect SIS, we notice th&tro is greater
than Rrs, which happens due to hlgh vaIuest and (1 — P;) (which cause wrong decisions for the SU). Asincreases,
the SU throughput in the TS mode becomes higher than thateof @ mode, a (Z"S) becomes smaller. Note that increasing
T initially increases the SU throughput, up to a certain poittere any further increment causes increase in the awilisi
probability, which has a dominant (negative) effect on tigtmput. Figures 10 and 11 show the effect of imperfect SIShen t
SU throughput. Asy increasesRtr decreases due to the additional self-interference. Algg,decreases witty due to the
poor sensing performance that occur because of the selfénénce.

3) Spectrum Awareness/Efficiency Tradedffext, we consider the optimization problenisl — P3 with a PU outage
probability constrainti0—?. Figure 12 shows how the SU can adaptively switch betweeTBi@nd TS modes according to
p to maximize the throughput. To show the relation betweenntagimum SU throughput ang, we solve our optimization
problems at different values of and for a PU outage probability constraiat4 = 10~%. As shown in Figure 13, at lowy,
the best action for the SU is the TR mode. Howeverascreases, the throughput achieved at the TR mode decrdases
to the increase in the self-interference. In this case, #&t action for the SU is the TS mode.

B. Underlay Model

We set a constraint on the maximum SU transmission powerPLet [0, P,,..], whereP,,,. is the maximum transmission
power for an SU. We sep=1.28, C;=0.04, C'=1/30, P4, =10 and unity channel gains.
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1) Secondary throughput for FD/HD mode/e start by the case where the PU outage constraint is loagpareFl4 shows
the variation of the SU throughput withR, at different values of?; for x = 0.1. Although x is very low, a reduction in the
SU throughput occurs due to the residual self-interferehaa the case for perfect SIS shown in Figure 15. Figure 1&/sho
the variation of the SU throughput versus the SU transnmspmwer aty = 0.1 after incorporating the PU outage constraint.
Adding this constraint causes a truncation in the througlpwe because as the transmission powers of both nodesager
the interference on the primary receiver increases. At theckise £, = 0 in Figure 16), the SU throughput increases with
until the point that the transmission power value violates PU outage constraint. The value of this changing pointedses
as P, increases until it reaches zero f&f = 10.

2) CMSA for SUs with Same SIS Factdfigure 17 shows the maximum SU throughput for an SU link dedsht values
of x. At low x values, the optimal mode is the JRnode. However, ify exceeds a certain thresholdy, one of the SUs
should keep silent (i.e., optimal mode is JYONote also that the throughput at the JRode decreases with. Figure 18
shows the optimal transmission powers at different opanatiodes. At the FD mode, both nodes will have the same optimal
power. If x > x:,, SUs will operate in a HD fashion, where the slave node wi#ksilent.

3) CMSA for SUs with Different SIS FactoFigure 19 shows the variation of the maximum SU throughptt wi, andys.
The threshold valuesgﬁ,ll) andxii), separate between the FD and HD regions, which can be repeesey the threshold curve
q(xg,?,xg,?) shown also in (31). For nodes witly, and - that are less than the threshold values (or equivalentheaes
positive ¢), the optimal action is the TRmode, where the throughput in this case is a decreasingidmnof 1, y2. On the
other hand, ify;, and s returns negative, the optimal mode is the TO Figures 20 and 21 show the optimal transmission
powers for the master and slave SUs, respectively as a @mofiy;, and x.. At the region where SUs operate in the FD
mode, the optimal transmission power vary according to tigecapability factors of both nodes. However, when and x»
go beyond the threshold values, the optimal transmissiovepwill be constant for the master SU and zero for the slave SU

VIl. CONCLUSIONS

We proposed and studied a novel application of FD/SIS in tmgext of DSA systems. Two DSA models were considered:
overlay and underlay. For the overlay model, we analyzedRidanodes of operation for an SU device (TS and TR). According
to our results, a significant reduction (almasbd% relative to the TO mode) in the PU outage probability can beexed under
the TS mode. On the other hand, the SU throughput can aimagtudged by operating in the TR mode. We studied the effect
of imperfect SIS and found that longer sensing durationsnaexdled in the TS mode (under imperfect SIS) than that of the
sensing-only phase to achieve the same performance. Wedtihe sensing/throughput and the spectrum awarenesi®iey
tradeoffs of the new FD modes, and proposed an optimal agagtiategy for the SU link. For the spectrum underlay model,
we studied the power control problem féf FD-capable secondary links, derived their optimal trassion powers, and
proposed a mode selection algorithm.
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APPENDIX
A. Proofs of Propositions 1 and 2

Proof of Proposition 1 The mean ofM, can be expressed as follows:

N
par, = Re | Y E (xs(n)I"(n) +w(n) I*(n)) | =0. (33)

Sinces(n),l(n), andw(n) are independent, the above result holds. The SU signal (amthdy for other signals) can be
written as a function of the real and imaginary component®lowns: s(n) = s,.(n) 4+ js;(n). Hence, the variance d¥/j is:

N

o, = Y Var (Re[(x s(n) 1" (n) + w(n) 1" (n))])

= N_[XQ {Var (s,(n)l.(n)) + Var (s;(n)l;(n))} + Var (w,(n)l.(n)) + Var (wz(n)ll(n))]
N[ A{E (s7(n) E (12(n) +E (si(n) E (I (n)) }+E (wi(n)) B (7(n)) +E (wi(n)) E (IF(n))]
= 3 [B s B i)+ [w(n) P E im)?]

2
|
Proof of Proposition 2Due to independence, the mean/df is expressed as follows:
N N
pa, = Y E ()" +Re | Y E (xs(n)I*(n) +w(n) F‘(ﬂ))} = NE [I(n)[* (34)
n=1 n=1
The variance of\/; can be shown to be:
N
o3 = D [Var (JUn)[?) + Var (Re[(xs(n) I"(n) + w(n) I"(n))])|
=N [Var (|l(n)|2> +x? {Var (s,.(n)l,.(n))+Var (s;(n)li(n))}+Var (w,(n)l,(n))+Var (wz(n)lz(n))]
= N[E [i(m)|* -~ B2 |i(n)?
FXE () B () + B () B (En)}+E (w3(m) E (20) + B (w2m) E (2(n) ]
= N (B im)* ~E2im) + 5 (B ls@) B [in)* +E () *E i(n)]?) ] .
|

B. Proofs of Propositions 3, 4, and 5

Proof of Proposition 3 Consider the first collision scenario (mis-detecting thé a&ttivity). The PU may switch from ON
to OFF duringT’s; which happens with probabilitf’,, (Ts1). In that case, the SU may detect the PU activity right away at
the end ofTs; and quit transmission with an overlapping ratio of one. TherSay also quit transmission at the endiof,



17

with probability (1 — Py 1) Py and an overlapping ratio dfisi/ (T's1 + Ts2) and so on. This happens with the following
probability:

T T
PO P 1—Py1)Pro—t 4 (1= Pyy) (1= Pyy) Ppgm—t 4 35
51 21+ ( 11) Pra Ts1 + Ts2 * 21)( r2) Pra Ts1+ Ts2 + Tss3 * (35)
The PU may also switch from ON to OFF durifig-, which has the following corresponding collision probéiil
Ts1 + T
PR {Pd,l + (1= Py1)Pio+ (1= Py1) (1 — Pys) P e T T ilng fng . ] (36)

Adding different possibilities of collision in the: sensing durations, we get the SU collision probability unithe first
scenario as follows:

o m min(%,j )TSk min(é,j—1) j—1 Zz TSk; i
PgiFF){Z S Py j<i H (1=Pu) Py j>i H(l—Pf,k) + e H(l—Pd,k)

m

RIS

i=1 j=1 k=1 Lsk k=1 k=i+1 Zk:l Tsk k=1
11 (1—Pf,k)} H(1=F7 (T) Z(Pd,y [T (-Pax > H 1=Py 1)
k=i+1 Jj=1 k=1 k=1

Consider now the second scenario for collision, which aceeunen the PU becomes active during periodSimilar to the
first case, the time when the PU switches from OFF to ON and theomes of the sensing periods determine the overlapping
ratio between the SU and PU transmissions. The PU may swiboh ©FF to ON duringl’s; which happens with probability
F.,(Ts1). In that case, the SU may detect the PU activity right awafi@end ofl’s; and quit transmission with an overlapping
ratio of one. The SU may also quit transmission at the en@sefwith probability (1 — P, 1) P;» and so on. This happens
with the following probability:

PEV[Pyy + (1= Pyy) Pao+ (1= Pay) (1 — Pyo) Pag+...]. (37)
The PU may also switch from OFF to ON durifig-, which has the following corresponding collision probépil
ON Ts2 s Tsi >y Tsi
P,éQ )(1_Pf,1) Pd’2m+(1_Pd’2)Pd3Z 2TS71 (I_Pd72) (1—Pd73)Pd74ﬂ+... . (38)

Adding different possibilities of collision, we get the S@lision probability under the second scenario as follows:

m i—1 m j j—1 m m
pzo 5 [0 Tl 0 o (55 (STt T 0 ) & SETo f s
c2 = Si f.k) Z J duzzH( wk) |+ S SkH( d,k)
k=i

i=1 k=1 =i =1 LSk k=i Zk:l T

Putting all together, we get the conditional probabilitgttthe SU collide with the PU given that it decides to tranamiter
the TS mode as shown in (9).

Proof of Proposition 4 For the first collision scenario, the PU may switch from ONGBF duringT’s; which happens with
probabllltyP(OFF) Regardless of the outcomes of thesensing actions, the corresponding PU outage probalsliag ifollows
P(OFF) (TSl/X) The PU may also switch from ON to OFF durifig;», which has the following corresponding collision
probab|lity:

T Tsy + T
PéozFF) {Pd’l?Jr(l_pd,l)SlXSQ]_

Adding different possibilities of collision, we get the PWitage probability under the first scenario as follows:

19 = | por e [ iy T =
PG =" | PG ’%#Pd,jan(l—ljd,k)
i=1 =1

k=1

m—1 m—1 Z TSk J—1 m—
+<1—FT1 (ZTSk>> ( kT;N Py ] pdk> H 1— Pyy)

j=1 k=1

(39)

For the second collision scenario, the PU may switch from @FBN during7s; which happens with probablhty’(ON).
In that case, the SU may detect the PU activity right away atehd of7s; and quit transmission. The SU may also quit
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transmission at the end @iy, with probability (1 — P;1) P42 and so on. This happens with the following probability:

T Ts1 +Tso Ts1 +Tso + Ts3
POV \p, 250 (P Py, 52 ST os2T S8 |,
31 a1 +( a,1) Pao < = +

The PU may also switch from OFF to ON durifi¢2, which has the following corresponding collision probépil

+ (1= Pax) (1= Pa2) Pas (40)

T Ts; Ts;
POV (1=Ppa) | Paa =7 +(1- sz)Pdgzl; S (1-Pyo) (1— Pd3)Pd4El§ Sig

Adding different possibilities of collision, we get the PWtage probability under the second scenario as follows:

i—1 m j j—1 m m
PENTI =P > iz Tsrp -h(l—P ) +7Zk:iTSk’H(1—P )
S .k TON d,j>1 d,k T d,k .

m

=y

=1

Adding P and P, together with the appropriate weights, we get (13), whichmpietes the proof.
|

Proof of Proposition 5To fully formulate the SU throughput under the first cobisiscenario, we need to address different
cases where the PU switches from ON to OFF dufihdf the PU leaves the channel durifi§, the SU will gain a throughput
iff it mis-detects the PU activity aftefs;. The quantity of throughput gained depends on the falserapaobabilities of the
remainingm — 1 sensing periods. In that case, the ratio of non-overlapdingtion to the actual SU transmission duration
(plus initial sensing duration) can be written as follows:

Tso Tsa +Ts3
PR (1= Pap) |Proeg + (1= Pra) Prag—— + .. ] : (41)
Zi:() Tsi Zi:() Ts;
The PU may also switch from ON to OFF durifg-, which has the following ratio:
Ts3 Ts3+ Ty
POT (1= Pyt) (1 — Pao) |Pra—so— + (1 — Ppg) Pra—a =20 1 : (42)
Zy‘,:o TSi 21‘:0 TSi

Adding different cases for the first scenario, we get thel tatto as follows:

7 mﬁ_ TSk m
plOFP) 1—P i 2h=it1 Tsk (1-P Zk;j“ 1-P .
i (1=Pax) Z > TSk Py ; H f.k) ST Ton 1T P

k=1 j=it+1 k=0 k=i+1 k=i+1

m—1

>

i=1

Assuming the SU correctly determines a channel to be idker df,, the ratio of non-overlapping duration to the actual
SU transmission duration (plus initial sensing durationgler the second collision scenario can be formulated, ailyito the
first case, as follows:

. m on m min(i—l,j)TSk min(i—1,5—1) Jj—1
Ryd=) | P§] ){Z Sl 2P iai [ =Prw) Puyzi [ (1=Pax)
i=2 j=1 k=0 I'sk k=1 k=i
i—1 J
ZTSk i—1 m m ETSk J—1 T m
k=1 k=
+— [[(—P) H(l—Pd,k-)} HI=Fr(T)R Y Py [J0-Prr) YT [10=Ps )

S Tsp k=1 k=i j=1 ETSk k=1 SOTE 15
k=0

Combining the two cases, we get the total SU throughput utidei™S mode as shown in (17).

|
C. Proof of Theorem 1
To proof theorem 1, we will first introduce the following twerhmas:
Lemma 3: Rysis a concave and an increasing functionpof
Proof: The first-order derivative of2ts can be expressed as follows:
, (1 de) (1 fPf)
Rys= (R - RYY) - log (1+ SNRrs) . 43)

SinceTon and Tore are much larger thaf'. Therefore, the probability that the PU switches its stabenfON to OFF (or
vice versa) durindl’ is relatively small (although we account for it in the an@&ysThen, the throughput gain resulting from
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R(TQS) is higher than that OR%). Hence,Rrs is non-negative and therefoilgrs is an increasing function gf. Next we find
the second-order derivative @irs.

" ~ . (1 Pd) (1 - Pf
Rilg= — (R%) - R%)) (Pd - Pf) — ) log (1 + SNRg) < 0. (44)
Hence,Rts is a concave function, which completes the proof.
|
Lemma 4: Rtris a concave and an increasing functionpof
Proof: DefineRSR) and R%) as follows:
m T - Zz B Tk
RW — pPOFR . Zik=1"F 45
TR l:ZI St T 4 TSO ( )
m i—1
Ty T
R N |ponXim1 Te | poop , 46
Hence, The SU throughput in the TR mode can be expressedlasgol
P (1’]5‘1)R<1> p(lfpf)R@)
TR= w R R
The first-order derivative oRtr is as follows:
, (1 . Pd) (1 . Pf)
Rie=G (R - RR) - - (47)

Generally, the major throughput the SU gains comes fromsirétting data over a free licensed channel due to the low
values of the mis-detection/false-alarm probabilitieente, the gained throughput (or equivalently the non-apgihg ratio)
underR%) is much larger than that ORQR). Hence, Rtr increases wittp. Since, the second-order derivative is negative (as

shown next),Rtr is a concave function ip.

Rig=—2G (R - RR) (Pa - Py) (- Pd?ﬂgl i) <o.

Proof of Theorem 1Since Rtr and Rts are increasing concave functions of the beligfemmas 3 and 4). AlsaRtr > Rrs,
atp = 1 (After all, the values otR%) and R%QR) are at most 1 since they are the aggregation of disjoint svétence, the
dominating factors ap = 1 areG andlog (1 + SNR). Note thatG > log (1 + SNR)). Since P{[? > P{Y. Therefore,Rrr
and Rrs intersect together at a threshold pojrit (where the SU violates the PU outage constraint at the TR jn&@lece
Rtr > Rrsfor p > p; and Rtr < Rts for p < p}, the first two lines of theorem 1 defines the optimal policytéNthat the
intersection point ap} is determined by the maximum that either violates the PU outage probability constratntha TR
mode or the point wher&r goes belowRts (due to low SIS capabilities). Sindésp is constant withp. Therefore,Rso and
Rys intersects in at most one poing;(, where the SU violates the PU outage probability constrairthe TS mode. If this
point does not exist, thep; = 0 and the SO region disappears. Hence, theorem 1 defines tineabpblicy.

D. Power Optimization Proofs
Proof of lemma 2Since,

2K
i _ i o ) 2 ,yi
g =inf LY. ) = Y inf [ yi + log (0,, +x2e

i

i=1

hu|2) + Mog (1 + C’eyi)] — Aog .

Therefore,
hi|? ACevi
hii|? 14 Cevi

Xzz eYi
Ci + x2evi

Cx2 [hii|* Ae?Yi + C;C(A — 1)e¥ — C; = 0
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—CiO(A = 1)+ 1/ C2C2 (A = 1)? + 4C,ONE [

y; (A) = log

Proof of corollary 1 At perfect SIS, the SIS capability factar = 0. Substituting byx = 0 in (27), we get0/0, which is
indeterminate number. Using I'Hopital’s rule, we can fin@ thptimal secondary power at perfect SIS as follows:

05 (CRC2(0 — 12 +4CON 2 hil?) " (8C.OX X haf?)

T ACK i b
= lim Ci
0 Je2e (e - 102 + 40,032 [
_ 1
O\ —1)
_yrE ot
e

Proof of theorem 3Since Rrr, is a decreasing function of; and x»2, and Rto, is constant withy; and x2. Also, Rtg,,
at x1 = x2 = 0, is larger thanRto, (check (29) and (28)). Thereford&rr, and Ryo, intersect together at a curve whose

equation is described by (X,E}),X,E,?) in (31). This intersection is called the threshold curvenc8iRtr, > Rro, for

(x1,Xx2) < ()é}f,)é?) and Rrr, < Rro, for (xi1,x2) > (XE}L)’XE;%)) equation (30) defines an optimal policy.
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