Exploiting Self-Interference Suppression for
Improved Spectrum Awareness/Efficiency in
Cognitive Radio Systems

Wessam Afifi and Marwan Krunz
Department of Electrical and Computer Engineering, Umiltgrof Arizona
E-mail: {wessamafifi, krung@email.arizona.edu

Abstract—Inspired by recent developments in full-duplex com- There are two main approaches for SIS: RF interference
munications, we propose and study new modes of operation for cancellation and digital baseband interference canaailat
cognitive radios with the goal of achieving improved primary Combined, these two approaches may still not achieve the

user (PU) detection and/or secondary user (SU) throughput. . L
Specifically, we consider an opportunistic PU/SU setting in amount of SIS required for FD communication. In [1], the

which the SU is equipped with partial/complete self-interference a@uthors proposed an antenna-based SIS technique and used it
suppression (SIS), enabling it to transmit and receive/sense atéh in conjunction with the two previous techniques to reach the
same time. Following a brief sensing period, the SU can operate in required suppression limit. In this technique, two appiaipty

either simultaneous transmit-and-sense (TS) mode or simultane- g5064 transmit antennas and one receive antenna are used
ous transmit-and-receive (TR) mode. We analytically study the t that the t itted si | dd destructivel t
performance metrics for the two modes, namely the detection 0 ensur_e a € transmittied signals a es_ruc 'Vey_ a
and false-alarm probabilities, the PU outage probability, and the receive antenna and cancel each other. This technique
the SU throughput. From this analysis, we evaluate the sensing- has some limitations in terms of design complexity (number
throughput tradeoff for both modes. Our objective is to find and placement of antennas) and the destructive interferenc
the optimal sensing and transmission durations for the SU that points that will appear in the far field. Furthermore, there

maximize its throughput subject to a given outage probability. . . . : S
We also explore the spectrum awareness/efficiency tradeoff that is a bandwidth constraint and a practical limitation on the

arises from the two modes by determining an efficient adaptive Operation of such a scheme, as it requires manual tuning. The
strategy for the SU link. This strategy has a threshold structure authors in [4] addressed these limitations and proposed an

which depends on the PU traffic load. Our study considers both interference cancellation mechanism based on signaldiorer
perfect and imperfect sensing as well as perfect/imperfect SIS. This technique has some practical limitations too, as dised
|. INTRODUCTION in [4]. Another technique for SIS was presented in [2],

Until recently, the idea that a wireless device can transrr‘(\’there the authors explored antenna placement as an aadition

and receive simultaneously on the same frequency chanr nce_llation technique 1o analog ahd digital inte_:rferem:ﬂ-
i.e., operate in full-duplex (FD) mode, was deemed impd:esibcenat'on' Some aspects of designing the physical and MAC

The traditional scenario was that at a given time, a no&%yvflﬁlw'tr:js'S are.d|ssc,‘ltéssed It? .[5]’ [6]. h Vel
can transmit or receive, but not both, which is often caIIedI lle advances In are being sought aggressively, ex-

half-duplex (HD) operation. The problem of achieving FiP

communications is that the transmitted power from a giveef?rly sta_ges. To support statist_ical quality-of-serv(@ta_$), the
node is typically much larger than the received power thors in [7] proposed an optimal resource allocationsehe

another signal at the same node. While the node is receivi ’.vvaIess FI,D a”‘?‘ :EE;e'lay netvlvorks. Th_ey skr:owefd r:hathSe

its transmitted signal is considered as self-interference 0 t:jma czpf;cny Vr\:ltb id IS not. aways t\gme that Oh.t € b
The infeasibility of FD communications have recently beefiode, and that a hy ri transmission mode may achieve etter

challenged in several efforts, which have successfullyatem performance than using FD alone. Cross-layer optimization

strated the possibility of FD communications using selfoUting in FD-capable wireless networks was studied in [8].

interference suppression (SIS) techniques [1]-[3]. Th(mmaThe aut_hors conside_red the problem of selecting. end-to-end
utes, first to maximize the total profit of users subjectdden

task in these works is to suppress self-interference to e lelP ) S .
that enables FD communications. Recent studies [4], [5¢ hagPnstraints, and secondly to minimize the power consumptio

shown that a transmitting device can significantly suppre‘gggjeCt to rgte_ demands. OSA) i fth |
its own interference by up to 80 dB, enabling it in certain pPOrtunistic spectrum access ( ) is one of the prevalent

scenarios to concurrently transmit and receive. means for improving spectrum efficiency [9]. In OSA, sec-
ondary users (SUs) sense the spectrum and opportunigticall
This research was supported in part by NSF (under grants TN6943 access it if the primary users (PUs) are thought to be idl§ [10
and CNS-0904681, 1IP-0832238, IIP-1231043), Raytheod, tae Connec- [11]_ In [12], a continuous-time Markov chain model was used
tion One center. Any opinions, findings, conclusions, ororemendations t | th hi ble th hout of PU dsu d
expressed in this paper are those of the authors and do nessaady reflect 0 analyze the ac '_eva e throug p_u 0 ] san S under an
the views of the National Science Foundation. FD spectrum sensing scheme. Using this scheme, the authors



showed that PUs can maintain their required throughput and
SUs can increase their achievable throughput compared with
the throughput under the HD scheme. The authors in [13]
derived the false-alarm and detection probabilities for-a&n
spectrum sensing scheme, assuming a non-slotted cognity
radio (CR) network. Some factors such as signal bandwid
antennas placement error, and the amplitude difference
the transmit signals were analyzed. It was shown that the
unavoidable error due to signal bandwidth has little impact
on network performance. Hence, the FD scheme can be
effectively used in CRs.

In this paper, we consider a CR setting in which the receiver
of an SU uses SIS techniques to mitigate the undesiralhig 1. System model for an SU link that opportunistically esses the
. . . . ... spectrum of a PU network. Each Slktonsists of a transceiver with a given
interference from its own transmitter. This SIS capabilit¥|s capanility factory;.
can be utilized in several ways. It can be used to increase
the SU throughput by enabling bidirectional simultaneous
transmission-reception (TRJ)t can also be used to increas

Sion 111, we derive the detection and false-alarm probsiei

hile t i hich for t thea - 10 SENEE: the two modes, and formulate the corresponding outage
while ran_?gn mg;, WW'C. we tre c:r t?] asﬂ. . ntsmlslglonf- probabilities. The sensing-throughput tradeoff is disedsin
Sensing .( )mo. €. We investigate the eflcient policy 107g e tinn v, we explore the spectrum awareness/efficiency
an SU link, taking into consideration the tradeoff betwe

- adeoff and determine the appropriate transmissionegfyat
speptrum efﬁqgncy (throughpgt) a}nd spectrum awareness ( r an SU link in Section IV. Numerical results are presented
tec_t|0n capablllty)_. Our object_lve_ IS to de'Fer_mm_e the ol in Section V, followed by conclusions in Section VI.
action for an SU link, whose aim is to maximize its throughput
subject to a given PU outage probability. We also attempt to
find the optimal sensing and transmission durations for this Il. SYSTEM MODEL AND OPERATION MODES
SU link. An important step towards reaching this goal is to
design and formulate appropriate performance metricshier tA. System Model with SIS Capability
SU network. o . .

The contributions of this paper are as follows. First, we AS Shown in Figure 1, we consider an SU link that op-
propose two novel modes of operation for opportunistic Sljg)rtynlstlcally accesses a I?_U-Ilcense_d channel. The_SU has
with SIS capability: TS and TR. Second, we derive theartial/complete SIS capability, allowing it to transmibch
detection and false-alarm probabilities, the PU/SU dofiis receive/sense at the same time. kdde a factor that represents
probability, and the SU throughput for both modes. Basdhe degree of SIS at an SU nodege [0,1]. If x = 0, the SU
on these metrics, we compare the performance of the tk8n completely suppress its self-interference; othepviiszn
modes with the traditional HD transmission-only (TO) mod&nly suppress a fraction—y of its self-interference (imperfect
Third, we study the sensing-throughput tradeoff for CRs @lS)- x may differ from one node to another, depending on
both TS and TR modes. Specifically, for both modes wihe employed SIS technique. For simplicity, we assume that
determine the “optimal” sensing and transmission duratiop 1S the same for all SUs.
that maximize the SU throughput subject to constraints onFor SU i, let P; denote its transmission power. Without
the PU outage probability. Fourth, we explore the spectrul@ss of generality, we assume that only one SU link can be
awareness/efficiency tradeoff that arises due to the congpetactive at a given time, over a given frequency channel, and in
goals of minimizing the collision probability with the PU T a given neighborhood. Time/frequency scheduling for a et o
mode) and maximizing the SU throughput (TR mode). O@U links has been well-studied in the literature (see [1z03y
objective here is to determine an efficient strategy for tlle Svill not be addressed in this paper. For the wireless channel
link that enhances its throughput subject to a given coltisi we consider a path-loss model [15]. The channel gajn
probability. Our scheme has a threshold-based structimehw between a transmitter and a receiverj at distanced;; is
depends on the PU traffic load: For low traffic loads, thki; = C'd,;", whereC is a frequency-dependent constant and
SU should operate in the TR mode, whereas the TS modeits the path-loss exponent. In gener@); # h;;.
superior at high loads. Finally, we study the impact of perfe A collision between PU and SU transmissions occurs when-
and imperfect sensing with perfect/imperfect SIS. To thst beever a secondary transmission overlaps by any period of time
of our knowledge, this is the first paper to address the spactrwith a primary transmission. We assume that the PU activity
awareness/efficiency tradeoff in CRs that arises from thre néand hence, channel availability for the SU) behaves as an
modes of operations, TS and TR. alternating busy/idle (ON/OFF) process. L¥étbe the length

The rest of the paper is organized as follows. The systavh the PU idle period. We assume thit is exponentially
model and operation modes are described in Section Il. In Seéstributed with parameteX.



[TsoI T ] channel (via the TS mode), which impacts the detection
and false-alarm probabilities. The reason is that, in prect
SIS techniques cannot completely suppress self-interfere
(Tso T (x > 0). Therefore, we have to account for the residual
Ty ITsz] ______ om self-interference when deriving the false-alarm and ditec
probabilities. In this case, the hypothesis test of whether
channel is busy or not can be formulated as follows:

(a) Transmission-Only mode

(b) Transmission-Sensing mode

[Tso T r(n) = { x s(n) +w(n) Hy (PU idle) (1a)
Ty I(n) + xs(n) +w(n)  Hy (PU busy) (b)
(c) Transmission-Reception mode wherer(n) is the discretized received signal after performing

_ _ _ _ o spectrum sensing in the FD casgn) is the SU’'s own

Fig. 2.  Different modes of operation for the SU. (a) is the itiadal . . .

HD mode, (b) and () are considered as FD modes, although thepico transmitted signal before applying SIS (assumed to be a zero

a sensing-only period at the beginning. mean iid random signal with variane€), w(n) is the noise
signal (assumed to be a zero mean Gaussian iid random
process with variance? ), andl(n) is the received PU signal

B. SU Operation Modes (assumed to be a zero mean iid random process with variance

In addition to the classic HD mode, the SU can dynamically?). For simplicity, we ignore the path loss between the

switch to one of two FD modes: TS and TR. The SU cafiU's transmitter and its receptioat the same noddi.e.,

decrease its collision probability or achieve higher tigtgout 211 = k22 = 1 in Figure 1).

by utilizing the SIS and FD capabilities in the TS and TR The hypotheses in (1a) and (1b) are applicable torthe

modes, respectively. The description of the various modessensing actions’s;, ¢ = 1,2,...,m, of the TS mode. As

as follows: for the sensing-only perio@T’sq), which is used in the three
1) Transmission-Only (TO) Modes shown in Figure 2(a), modes, the hypothesis test is given by:

in this que the SU senses the s_,pectrum fora dqrdﬁ@rgnd i { w(n) Hy (PU idle) (2a)

then carries out data transmission. The transmission idarat 7(n) =

is denoted byr". This is the traditional HD mode of operation, l(n) +w(n)  H (PU busy) (2b)

which is well studied in the literature. where7(n) is the received signal in the HD case.

2) Transmission-Sensing (TS) Modeven though FD pro-  The detection probability P;) and the false-alarm proba-
vides the capability to transmit and sense at the same tinmdity (P;) are defined as the probabilities that the sensing
the SU must initially sense in a HD fashion for a duratioprocess determines the channel to be busy gi#nand
Tsq, as shown in Figure 2(b). Based on the sensing outconi&,, respectively. To maintain a certain level of protection
the SU can decide whether to transmit fbrseconds (if the for the PU, P; must be high. Increasing®; reduces the
PU is idle) and simultaneously continue sensing to detext tSU/PU collision probability, which has a positive effect e
return of a PU, or not transmit if the PU is sensed to be bu®gU’s throughput. Hence from the PU side, the only parameter
While transmitting, the SU performs: sensing actiond’s;, of interest is P;. On the other hand, the SU should care
i € {1,2,...,m}. Thus, in the TS mode, we have + 1 about bothP; and P;. The lower thePy, the higher the SU
sensing durations. If at the end of any given sensing periddoughput, as fewer transmission opportunities will besad.

PU activity is detected, the SU aborts its transmissionl uniihe value of P; also plays a noticeable role in determining
the next cycle (which also starts with a sensing-only pedbd the SU’s throughput, since colliding with the PU will result
length T’sq). in fewer successful SU transmissions. In summary, a good

3) Transmission-Reception (TR) Modkistead of sensing detection system should have a ldw and a highP,.
while transmitting, the SU may start receiving data from
its peer while transmitting to that same peer, as shown 1 Energy Detection
Figure 2(c). As before, an initial sensing period of len@kh

is needed to determine channel availability. 18t be the In the following analysis, we focus on energy-detector Hase

reception duration sensing. The main idea is to compute the average energy of

To analyze the various modes of communications, we a3- Samples of the signai(n) and compare it with a threshold
sume that the time axis is divided into frames, where eagh!© determine whether the PU is 'dli_ or not. The decision
frame consists of a sensing-only peri@d, and a potential Metric M for the energy detector is defined as:

transmission period’, as shown in Figure 2. 1 N )
M=— r(n)|”. 3
I1l. SENSING METRICS AND PU OUTAGE N;' @l 3
In OSA networks, SUs utilize spectrum sensing to determing the FD casep; and P, are given by:

the idle/busy state of a channel. SIS can be exploited to FD
enable simultaneous transmission and sensing over the same P} ) — pr [M > ~/Hol =1~ Frym, (7) (4)



PéFD) =Pr[M >~/Hi|=1— Fyyp, (7) ®)

where Fyy/m, (v) and Fyr/m, () are the conditional CDFs P§FD) 0o (XL - y2an—a;—1)x

of the random variableM given hypothesisH, and Hq, 2

respectively. I (12)
Using the central limit theorem, we can obtain the distribu- \/QXQ% oo + 200 & 1).

tion of M given the two hypothesiél, and H;.
In the HD case, where there is no self-interference, thefals

Proposition 1: For a largeN, the pdf of M given Hj can alarm and detection probabilities are readily availabi@:[1

be approximated by a Gaussian distribution with the foltayvi

mean and variance: P(HD) p ((7 B 1) W) (13)
B [M/Ho) £ pas/n, = X202 + 02 (6) ! a2
def 1 4 4
Var[M/Hy| = o2 = Y'E [s(n)]” + E |w(n)] (HD) _ v N
ol = Onym, = [ e Py =Q ol UV ars1) (14)

- (o= a2)?].
Note that under perfect SI§¢ = 0), the equations for the

To compare with the HD case [16], we assume the noifalse-alarm and detection probabilities for th(_a FD cas&9in (
signal w(n) to be circularly symmetric complex Gaussiarf"d (12) converge to those of the HD case in (13) and (14),
(CSCG) ands(n) a complex PSK-modulated signal. In thigdiven a specific sensing duration.
caseE |w(n)|* = 204 andE |s(n)|* = 0. Substituting these
values in (7), we gets, ;. = + (2x?0202 + o4,). Note that B. Outage Probability

the number of sample¥ is a function of the sensing duration _ ) .
Toi i€ {1,2,...,m}: In this section, we analyze the PU outage probability.

Our analysis is conservative because it considers any time
N =Tsifs (8) overlap between the PU and SU transmissions as outage. In
. . . this case, the outage probability is the same as the cailisio
where fs is the sampling rate. Accordingly, the false-alarm . o .
2T i probability between the SU and PU transmissions. We conside
probability in the FD case can be expressed as: L . ,
the situation under perfect and imperfect sensing for edch o

the three communication modes.

N Generally, there are two possible events that could lead to a

PJSFD) =Q ((72 — X’ — 1) \/27> (9) collision, as shown in Figure 3. First, due to its imperfect

2xas + 1 sensing, the SU may wrongly decide that the PU is idle
and proceed to transmit data when the PU is actually ON.
wherea, = o7 /o7, is the received signal-to-noise ratio (SNRBecond, the SU may start transmitting while the PU is idle,
of the SU, measured at the secondary receiver of the sapig later on the PU switches from OFF to ON during the SU’s
node, and® is the complementary distribution function of aransmission. Both events will be considered in the folluyvi
standard Gaussian random variable. analysis.

Proposition 2: Under hypothesigl; and for a largeV, the 1) TO Mo.de:Under perfect sensing, cgllision occurs only if
pdf of M can be approximated by a Gaussian distribution wiflf]‘e PU was idle, but later on became active after the SU dtarte

the following mean and variance: its transmis;ion (before the end E‘D: Let 7 be the forward .
recurrence time for the PU OFF period, observed after the ini
E[M/H\] = g, = of + X202 + 00, (10) tial sensing-only period’s,. T has an exponential distribution
et 1 . A with parameter\,= (due to the memoryless property of the
Var[M/Hi] = 0%y, = i [E l(n)[* + x"E |s(n)| exponential distribution). Hence, the collision probépiin

the perfect sensing case is given by:
+Ewn)|* - (6 — x?02 - 030)2 + 4)803012”}. P g g y
11) Pro="Pr[r <T] S F(T) =1—e¢ . (15)

On the other hand, under imperfect sensing, the two afore-
fhentioned reasons for collision must be considered.A.be
the PU traffic load (activity factor)) < 8 < 1. The collision
probability in the imperfect sensing case is given by:

A similar argument to the one in [16] can be used t
prove the previous propositions. Suppose ttal is also a
complex PSK-modulated signal. SubstitutiRg(n)|* = o,
we gethQwQ/ZHl = % (2x%0202 + 2x?020} + 20702 + oL).
Let oy = o7 /c2 be the received SNR of the PU, measured at _ 8 (1 - PCEHD)> +01-p) (1 - PJSHD)> E(T)
the SU receiver. The detection probability in the FD case can Fro = W
be expressed as: (16)




PUdynamics Note thatPyo = P}HD) by definition. Assuming thaf’s; is
ON oFF ———— onN ’
the samevi € {1,2,...,m}, thenPy,; = P}FD). Hence, we

(7o ] T ][] T J get:
(a) Transmission-Only (TO) mode m-1 (i-1)
[Tsu T [Tso T B = (1 — /B) (1 — P)SHD)) Z |: (1 — P;FD)) X
Ts1 [Ts2)=====~ sm Ts1 |Tsz """ sm i=1 (19)
(b) Transmission-Sensing (TS) mode . .
FT ZTS 7F7- Z*].TS :|
i - [TSO _ {F- (iTs) (1= 1)Ts)}
U I Accordingly, the collision probability in the TS mode under
(c) Transmission-Reception (TR) mode imperfect sensing is given by:
Fig. 3. Two possibilities for collision in the three modesis the forward ~ A+ B
recurrence time for the PU OFF period when observed at the érileo PTS: w (20)

sensing period’sg.
Clearly, the collision probability under imperfect sergsin

the TS mode is smaller than that of the TO mode, which is
where W is the probability that the outcome of the initialthe gain of using SIS in the TS mode.

sensing process i, and is given by: 3) TR Mode: Exploiting SIS in the TR mode primarily
HD HD impacts the SU throughput, and has no effect on the collision
W=p (1 - ch )) +(1=5) (1 - P} )) : @) probability. Therefore, the collision probabilities inethlR

Note thatl¥ is also the probability that the SU will attemptmOde for perfect and imp_erfef:t sensing are similar to thése o
a transmission. the TO mode, as shown in Figure 3(c).

2) TS Mode:The collision probability in the perfect sensing
case for this mode is simply equal to zero. The reason is that
the SU is continuously sensing, and its sensing is perfeet. W In this section, we explore how an FD-capable SU adapts
assume that the sensing period is small enough for a callisiéss communication strategy so as to maximize its throughput
to occur within the sensing duration, and that the SU camthout exceeding a certain outage probability. First, we
quickly detect the change in the PU state [17], [18]. study the traditional sensing-throughput tradeoff for #i@

Consider now the imperfect sensing case. As explainetbdes (TS and TR). Then, we explore a novel spectrum
in Figure 3(b), there are two scenarios for collision, whichwareness/efficiency tradeoff that results from the TS aRd T
have different features than those of the TO mode. The firsodes. Finally, we propose an efficient adaptive strategy fo
scenario occurs if the SU makes a wrong decision afttire SU link, which allows it to switch between the TS and TR
the initial sensing period’sg, and determines the channemodes.

to be idle when it is not. This happens with probability

P B<1_PL§HD) . Define Py = [Ppo Pry ... Prn A. Sensing-Throughput Tradeoff

as an(m + 1) dimensional vector that represents the false- First, we analyze the SU throughput under the three differen
alarm probability for them 4 1 sensing periods in the TSmodes of operation. Given our definition of a successful SU
mode. The second scenario for collision occurs when thi@nsmission (no overlap between the SU and PU transmis-
outcome of the initial sensing perio@s, is Hy, and the sions), we formulate the SU throughput as the probability th
PU is OFF at that time, but it later switches from OFF t®o collision occurs with the PU multiplied by the maximum
ON. This may happen during any of the sensing peribgls achievable throughput. Note that the SU may be able to
i=1,2,...,m. It may happen durind’s; with probability communicate successfully even when the PU is ON. However,
(1 — B)(1 — Pfo)Pr[r < Ts1]. It may happen during’s, the throughput achieved without collision will dominate.

with probability (1 — 3)(1 — Py)(1 — Ps1) Pr[Ts1 < 7 < 1) TO Mode: In the traditional HD mode, the secondary
Ts1 + Ts2], and so on. In general, we can write the+ 1  throughput under perfect and imperfect sensing can beenritt

IV. ADAPTIVE SU COMMUNICATION STRATEGY

collision possibilities as: as:
e T
BZ(1-8)1— Pro)F-(Ts1) + (1 - B)(1 — Prp) Rto= (1 - Pro) T log (1 4+ SNRo) (21)
(1= Py1) [Fr(Ts1 + Ts2) — Fr(Ts1)] + ... TSO
m+1 i i—1 ETO =(1— ﬁ)TO ——log (1 + SNRro) (22)
:(I_B)Z {FT< TSk>—FT<ZTSl>}X ( )T+TSO R—O
i=1 k=1 =1 where SNRg is the SNR at a receiving nodg from a

i1 transmitting node. This SNR is given by:
H(I*Pﬁj) : P-|h--|2
3=0 SN — ® )



WherEsz- is the noise variance of node whereTs = [Tso Ts1 --. Tsm] IS an(m + 1) dimensional

As shown in (21) and (22), the expression for the throughpygctor, whose elements are the sensing durations in the TS
is the same in the perfect and imperfect sensing cases, texdégpde. Pygis the constraint on the outage probability.
for the collision probability. Henceforth, we focus on the#S  P1 addresses the sensing-throughput tradeoff from different
throughput under imperfect sensing. perspectives. First, for the optimization @f, we have two

2) TS Mode: The formulation of the SU throughput in thedifferent optimization parameters: the sensing-only quri

TS mode is similar to the TO mode except for the collisiofjso @nd them sensing periods in the TS mode. Fko,
probability. Recall that the TS mode has a lower collisioft€r® 1S an optimal solution that maximizes our objective

probability than the TO mode. Hence, the SU throughput fdnction, because increasinig;, will monotonically increase
given by: the detection probability, ultimately satisfying congttal’; g

while decreasind’so will increase the transmission duration to
Rrg= (1 _ ﬁTS) T log (1+SNRg (24) maximize the throughput (assuming that the SU either senses
T +Tso or transmits over a channel).
where On the other hand, the: sensing periods must only satisfy
SNRrs= SNRo. (25) the constraint on the collision probability. In contrastZigy,
] . ) ] _they do not have any effect on the transmission duration
3) TR Mode: The benefit of using SIS in this mode ispecause these: sensing periods are done in parallel with
achieving higher SU throughput, due to transmitting anflacause sensing is conducted while transmitting, the SU wil
receiving over the same channel. The throughput in this case aple to achieve a lower collision probability and satisfy
will be the summation of the throughputs achieved in the e constraint. Hence, increasing the transmission durati
directions. It is given by: will increase the SU throughput. However, if this value is
o (1P T loe (1 + SNE? increased beyond a certain limit, it will cause a reduction i
TR= ( - PTR) {m og( + R) 5 the throughput.
Tr i) (26) In the next formulationP2, our objective is to determine
+ Tr + Tso log (1 + SNF%’R) } the optimal sensing and transmission/reception duratibsas
andT respectively, to maximize the SU throughput in the TR

where PrR s the collision probability under imperfect sensingnode subject to a given outage probability:
for the TR mode. The SNR in the TR mode at ngds given

: I A T
by: SNR‘?) ) » |hij\2 o P2: m%ﬁ%lze RTR= (1 - PTR) T Too X |
R™ 02 4 22P; hy [P [1og (1 + SNFZL) + 1og (1 + SNR) |

Note thath;; is the channel gain from transmittgr to subject to Prr < PrR
receiver; at the same node (i.e., the self-interference channql)sing a similar argument as i1, it is easy to see that
Since the distance between the transmitter and receivéreof {o sensing-throughput tradeoff exists 2 w.r.t. both op-
same node is quite small, path-loss is ignored in this cas$gnization parameterd’s, and T. However, in P2 we only
That is, the only factor that affects the strength of thid-sel,gyve the initial sensing duratidfiy, instead of the vectoF .
interference signal is the SIS capability factar The formulation inP2 is for equal transmission and reception
If "= Tg, then durations. IfT # Tk, it is intuitive that the solution for the
~ —~ T , optimization problem will return the same optimal value for
Rtr= (1 - PTR) S [1og (1 +SN ]&)
T+ Tso

both parameters.
+log (1+ SNRTR) |.

(28) Since P1 and P2 are nonconvex problems, we use a
brute-force search method to find the optimal durations that
Now that the SU throughput is obtained for each mode, yaaximize our objective functions.
proceed to optimize the SU_ operation_. Two optimization p_rolB_ Spectrum Awareness/Efficiency Tradeoff
lems(P1 and P2) are considered, which explore the sensing- ) )
throughput tradeoff in the TS and TR modes. We consider "€ TS and TR modes give rise to a spectrum aware-
the imperfect sensing case in our formulation. SpecificalljeSS/efficiency tradeoff. That is, the SU may select the TS

our objective inP1 is to determine the optimal sensing andn©de to continuously sense the channel of interest while
transmission duration&ls and T, so as to maximize the gy transmitting to decrease the probability of collision witte

throughput in the TS mode subject to a constraint on the F(Y- On the other hand, the SU may decide to utilize the
outage probability. Formally, spectrum efficiently by transmitting and receiving datarove

the same channel (TR mode). Our objective is to determine the

P1:maximize Ryg= (1 _ ﬁTS> T log (1+ SNR-g) optimal action for the SU. To do that, we consider a combined
Ts,T 7 T+ Tso P1 — P2 formulation, which we refer to a®3. In P3, the

subject to Prs< Prg SU calculates the achievable throughput in the TS and TR



modes under the specified constraints. It then selects tlomac 035
that provides the higher throughput. The maximum achievabl
throughput for the SU can be stated as follows:

—+—x=0; perfect SIS
—©— x=0.005; imperfect SIS |
—8—x=0.01; imperfect SIS

P3: R\ = max(ﬁTS ﬁTR) .

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

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

. {1 (TR) if 3 < B*
a =

False Alarm Probability

3 3.5 4 4.5

1 15 2 25 5
Sensing Time (sec) x10°

. (29)
0 (TS) otherwise

The scheme has a threshold-based structure that dependggaﬁé C)fFaIse alarm probability vs. sensing time in the FD caseifferent
the PU traffic loads. The SU selects the TR action ff is X

smaller than a threshold valyg, because in this case, there is

a high probability that the PU will be idle and there is no need Fee e e SR EEE0
to sense the spectrum while transmitting. On the other hand, ool &
if 5> B*, the SU selects the TS mode, as the sensing process
will output a ‘busy’ outcome with high probability. Hence,
the SU proceeds to sense the spectrum while transmitting,
allowing it to determine the actual state of the PU and vacate
the channel if the PU is sensed busy during transmission.

0.96

0.94

Detection Probability
°
©

—+— x=0; perfect SIS
—6—x=0.005; imperfect SIS
—8— x=0.01; imperfect SIS

V. NUMERICAL RESULTS

Unless stated otherwise, we use the following parameter L ‘
values for the numerical results. We set the sampling freque PO g Time eee) e
fs t0 6 MHz, oy =20 dB, oy = —15 dB, Aor = 0.01, ) = 4,
and 8 = 0.5. The number of sensing periods durifigin the Fig. 5. Detection probability vs. sensing time in the FD caseliffierent
TS mode ism = 500. values of.

A. Performance Metrics

1) False Alarm and Detection Probabilitieigures 4 and the reception duration in the TR mode is done in parallel with
5 depict the false-alarm and detection probabilities infipe the transmission time. The SU achieves its lowest collision
case, as a function of the sensing duration at differentegallProbability in the TS mode. The collision probability foreth
of the SIS capability factory. The false-alarm probability the TO and TR modes increases withas shown in Figure 6.
generally decreases with the sensing duration, becausd & reason is that the probability that the PU becomes active
long sensing duration will result in a more reliable outcom@dain duringT" increases with the increase ifi, which is
regarding the PU state. In Figure 4, the false-alarm prdibabi the only parameter affecting the collision probability imet
with perfect SIS converges to the HD case, as expecté’&rfeCt sensing case. Under imperfect sensing, incredlseng
However, asy increases the false-alarm probability increases
(i.e., performance degrades), which is intuitive becaiusg a
increases the interference power increases. o e

The detection probability generally increases with thessen % @ - TS mode
ing duration, because a long sensing period translatesainto I
large number of samples, which helps in determining thegctu
state of the PU. As shown in Figure 5, the detection proligbili
in the FD case also converges to that of the HD under perfect
SIS. With imperfect SIS, we notice that asincreases the
detection probability increases (i.e., performance imes).
The reason is that under imperfect SIS, the residual self- ooy ]
interference increases the average energy resulting imehig ®-0-6--6-0G-0-6-"0-0-06--9
detection prObabi"ty' o : : Tr:nsmission Wéime (;ec) : oo

2) Outage Probability: As shown in Figures 6 and 7, the
collision (outage) probabilities for the TO and TR modes aigy. 6. Collision probability vs transmission time under petfsensing for
the same due to having similar sensing structures and becalfs TS, and TR modes.

Collision Probability




012 - - -TS mode e A - - =TS mdoe ||
6! Ssl - - TR mode |{

Collision Probability

——TO mode, TR mode

Fig. 7. Collision probability vs. initial sensing time undemperfect sensing Fig. 9.
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Initial Sensing Time (sec) x107°
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Fig. 8. SU throughput vs. transmission time for imperfect senand perfect Fig. 10. SU throughput vs. transmission time under imperfeasiag and
SIS (T'sp = 4 msec). perfect/imperfect SIS for the TR mod&so = 50 msec).

sensing duration results in gaining more information altbet decreased due to the reductionZin(assuming that the SU is
actual state of the PU, and hence achieving a lower collisieither sensing or transmitting).

probability, as shown in Figure 7. We also notice that theatff The SU throughput in the TR mode at different valuegof

of varying x on the collision probability in the TS mode isunder imperfect sensing is shown in Figure 10 as a function of
almost negligible, as the ratio of collided packets to thalto 7. We notice that ag increases, the SU throughput decreases
transmitted packets remains almost the same, irrespeativedue to the additional interference.

x. The figure is omitted due to space limit. C. Spectrum Awareness/Efficiency Tradeoff

B. Sensing-Throughput Tradeoff Next we consider the optimization problenfsl and P2

In Figures 8 and 9, we s&NR-o = 15 dB. It is observed with a collision probability constraint 0.04 and = 0.235.
that the maximum throughput is achieved in the TR mod&olving these problems, we found that the optimal initial
Notice also that the SU achieves higher throughput in the B8nsing durations are 6.6 msec and 7 msec for the TS and TR
mode than in the TO mode due to a lower collision probabilitynodes, respectively. We also found the optimal transmissio

The sensing-throughput tradeoff is illustrated in Figure &urations for the TS and TR modes to be 1.28 sec and 0.83 sec,
We notice that increasing the transmission tiffieinitially —respectively. We then solveft3. Figure 11 depicts maximum
increases the SU throughput, up to a certain point. Beyoisd tachievable throughput vsi, under imperfect SIS, where we
point, increasingl’ increases the collision probability, whichfound thats* = 0.38. If 5 is high, the best action for the SU
has a dominant (negative) effect on the throughput. is the TS mode. On the other hand,df< g* , it is better

In Figure 9 we notice that increasing the sensing duratidor the SU to transmit and receive data at the same time (i.e.,
improves the SU performance by increasing the detectioperate in the TR mode) because it is highly likely that the
probability and decreasing the false-alarm probabilegding PU will be idle.
to a lower collision probability and higher throughput. How To show the relation between the maximum achievable
ever, by increasing the sensing duration, the throughpaiss throughput and the SIS factor, we solve our optimization
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For SUs with weak SIS capability, it is better to operate i th
TS mode.

Several interesting directions for future work exist. A mow
control scheme is needed for the FD modes, when multiple
SUs with different SIS capability factors are present. Also
the number of sensing periods within a transmission duratio
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—

Fig. 11. Maximum achievable throughput vs. PU traffic loademithperfect [2
sensing and imperfect SIG¢ = 0.235). Collision probability constraint set
to 0.04. (3]
4.5
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Fig. 12. Maximum achievable throughput wsunder imperfect sensing and
perfect/imperfect SIS. Collision probability constraiat10=* and 8 = 0.3. [l

(10]

problems at different values gfand for a collision probability
constraint= 10~*. As shown in Figure 12, at low, where the
SU is capable of suppressing most of its self-interferetiee,
best action for the SU is the TR mode. Howeveradscreases, [12]
the throughput achieved at the TR mode will decrease due to
the increased self-interference. In this case, the beistrafcir [13]
the SU will be the TS mode.

(11]

[14]
VI. CONCLUSIONS
In this paper, we proposed and studied a novel applicatigs]
of FD/SIS in the context of CRs. Two modes of operation for
the SU (TS and TR) were analyzed, along with the tradition4f!
half-duplex TO mode. We found that the SU can improve
its throughput and/or detection capability while opemtin  [17]
the TS/TR modes. We also studied the sensing-throughput
tradeoff for these modes and found the optimal durations thas)
maximize the SU throughput given a constraint on the outage
probability. We explored the spectrum awareness/effigienc
tradeoff and proposed an efficient adaptive strategy for the
SU link. This strategy has a threshold structure that depend
on the PU traffic load. We noticed that the false-alarm and
detection probabilities increase with the SIS capabiligtér.

may be optimized to return the minimum collision proba#ilit
We will also consider the appropriate MAC design under the
TS and TR modes.
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