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Abstract—This letter analyzes the sensing-throughput tradeoff the joint sensing-throughput performance of SU in terms of
for a sgconda_ry user (SU) under randqm arrivals and departues sensing-throughput tradeoff, and compare performancédmibf
of multiple primary users (PUs). We first study the case where afqrementioned cases. To the best of our knowledge, thisr let

PUs change their status only during SU’s sensing period. Wehen . ) . .
= generalize to a case where PUs change status anytime during)S 'S the first work to study the effect of multiple PUs traffic dret

frame, and compare the latter case with the former in terms of Joint sensing-throughput performance of SU. Finally, wevh
N the optimal sensing time and SU throughput. We also investate the effects of number of PUs and their traffic parameters sisch

the effects of PU traffic parameters and the number of PUs on arrival and departure rates on the sensing-throughputdfad
S the sensing-throughput tradeoff for SU. Results show thatthough

) the increase in the number of PUs reduces the optimal sensing
time for SU, the opportunity to find a vacant PU channel reducs Il. SYSTEM MODEL

] the analysis by Monte Carlo simulations. frequency band and a SU attempts to use PU band opportunis-
Index Terms—Cogpnitive radio, energy detection, multiple primary tically, as in [9]. The ED is used for spectrum sensing, whose

'I_ 'users, primary user traffic, sensing-throughput tradeoff. output is given as\ = ZJLZI sz’ whereY; = W; denotesjth
—_— received sensing sample by SU when the channel is idle, while
(7)) . INTRODUCTION Y; =37, X;.+W, denotegith received sensing sample when

|2: PECTRUM sensing[]1] plays a key role in cognitive radidthe channe_l is busylV; denotes z_;ldditive white Gaussian noise
he energy detection (ED) is one of the most widely usddWGN) with mean zero and variane€’. The termy_7 ; X .
1 spectrum sensing techniques as it needs no knowledge dtmout€Presents signals from PUs atjth sample, with?> being the
primary user (PU), and has low complexifyl [1]. The frame giverage power of each PU. Lgf = P/o* be the signal-to-noise
a secondary user (SU) consists of a sensing period in whi@}io (SNR) of one PU at SU. Then, the received SNR at SU when
Q0 sy performs spectrum sensing to detect whether PU chan#dlUS are present igy,/] [©]. The PU remains either in busy:)
O is busy or idle; if found idle, SU may transmit over it in ther idle (5) state. The holding times of busy and idle periods are
(> transmission period of the frame. Longer sensing periodsed@ndom in nature and exponentially distributed [3], [4} y@th
- to better sensing performance, but at the cost of decreatse in Means, andd; while F,, (x) andFj; () denote their respective
transmission period for SU, thereby reducing its throughphis _cumulatlve distributions. The probabilities of a PU bemgs}z_)and
results in the sensing-throughput tradeoff for SU [2]. idle arepy, = 0o /(0o +0s) andpi = 0/ (0o +05), respectively.
Most previous works assume that PU maintains constant dd€ Probability mass function (PMF) when a PU changes its
- cupancy throughout the SU frame. However, PU may arrive 8fatus from idle to busy aftejth sample is[[10]
— depart anytime during the frame due to high PU traffic or long N - _ :
7 SU frame duration[[3]. In[J4]H7], authors study the sensing pp (4) = Fp ((J +1)ts) — Fp (jits) 1)
« performance of ED against the random arrival and departtirevheret, is the sampling interval. Similarly, PMF when a PU
(O one PU, while [[8] and[[8] examine the effect of a single PGhanges its status from busy to idle afjéh sample is
traffic on SU’s sensing performance as well as throughpygjin . . .
authors consider the effect of multiple PUs traffic on thessemn Pa(7) = Fa (7 + Dts) = Fa (jts) - (2)
performance of SU when PUs change their status only duringNotation: We definezf:a(.) =0, whenb < a.
the sensing period. However, authors[in [9] ignore the éftdc
PU traffic on SU throughput. It is possible that PUs may change |||, PROBLEM FORMULATION AND DERIVATIONS
their status anytime during SU frame, including the trarssion
period. In this case, even if SU finds the channel idle at thk ep,
of its sensing period, PUs may arrive in the transmissiofoper
interfering SU’s transmission. Therefore, it is importamistudy
the effects of random arrivals and departures of multiple B ~ (N\ . Nem and o, — N\ »~
SU’s sensing performance as well as throughput. PBm =\, | Po Pi Pr={\pn )b
In this letter, we first derive closed-form expressions aftpr : . -
abilities of detect!on and false aIarm,_and SuU throughpmt fwthtehrgp S'i:rtlsoﬁhtehep rg%al?;gtryr/];f(mjlf F)'(:’t:]e;ylgr?dt;? ;:Shz;\rr:gel
cases when multiple PUs change their status only during the

sensing period and anytime during SU frame. Then, we ewaluat!ror ease of representation and without compromising thighihinto analysis,
we assume that each PU has the same ShRas in [@]. When each PU
The authors are with the Department of Electrical EngimegrilT Kanpur, has different SNR, the received SNR at SU wherPUs are present becomes
208016, India. (e-mail{kalamkar, adrish@iitk.ac.in). > Y| Ypz, Whereqy is the received SNR at SU due #th PU.

Let N denote the number of PUs. Thus, at the beginning of
e sensing period,e.,, at the beginning of the SU frame, the
channel can havé/ + 1 possible states with probabilities,
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probability that all PUs are idle. Each PU changes its statusso that when 7 PUs depart, 3 PUs remain present at the end of
most oncel[B],[[8],[[9] during the entire frame period. Thas, the sensing period.

most N PU status changes may occur in a SU frame. Now, let (#,,;,m) denote the hypothesis thatPUs are busy
at the end of the sensing period amdusers are busy at the start
A. Satus Change Only During Sensing of the sensing period. Summing over all possible valuels, aie
In this section, we consider a scenario where PUs change i@ Write the probability of#,;,m) as
status only during the sensing period. L@, ;,m, k) be the min(m,i)
hypothesis thatn PUs are busy at the start of the sensing period, P (Hi:,m) = Z P (Hii,m, k). (5)
1 PUs are busy at the end of sensing period, amadit of m PUs k=max(0,m-+i—N)

remain busy throughout the sensing period. This means k
PUs leave the channel during the sensing period. Thus, te h
1 PUs present at the end of the sensing period, we reed
PUs to arrive during the sensing period. Th&h— (i — k) —m
represents the number of PUs that remain idle throughout the N

sensing period. The probabilities thatPUs remain present and P(Hii) = Z P (Hyi,m). (6)

N — (i—k)—m PUs remain absent throughout the sensing period m=0

are (1 — F, (T.))* and (1 — Fs (TS))N*(Z'*H*M, respectively, Let#,; denote the hypothesis that the channel is occupied at the
whereT} is the sensing period. Let; andd; denote the sample €nd of the sensing periode., 1 < < N. Then, the probability
after which jth PU arrives andith PU departs, respectively,0f hypothesisi, can be given as

The probability of hypothesig{, ; that i PUs occupying the
Yhannel at the end of the sensing period, givex 0, 1,..., N
PUs are present at the start of the sensing period is

and a;, d, = 0,1,...,L — 1, where L is the number of N

sensing samples. Considering all possible combinatiomkemun P(H) = ZP(HM)' (7)

the hypothesig?#, ;,m, k), we can write the probability of the i=1

hypothesis(#, ;,m, k) as [@), whereM = NN L when Let#, denote the hypothesis that the channel is idle at the end

of the sensing period,e., « = 0. The probability of hypothesis

all PUs are busy at the start of the sensing period, becayse . : -
N — k out of N PUs leave the channel add represents its all %0’ l.e, P (o), can also be obtained frorlll(6) by substituting

possible combinations. When all PUs are idle at the starhef - 0. Then, the probability of{, can be written as

sensing periodM = (]j) i.e, M here represents all possible P (Ho) = i P (Hism) with =0. (8)
combinations ofi out of N PUs arriving in the channel. In all m=0

other casesM = 1 aspp,, captures all possible combinations. For energy detection, when there is one PN & 1), the
generalized expression of the probability of detection #mel

probability of false alarm for AWGN channel under any hypoth
esis can be given akl[3, (8) and (ﬂ))]

Proposition 1. The value of k£ ranges from max (0, m +i — N)
to min (m, 7).

Proof: To find the maximum value th&t may take, we have
to consider following two cases: 1
. . . —erfc
1) i > m: Here, the maximum value th&tmay take ism. 2 W2\ /L +ny
1) i < m: Here, the maximum value that may take isi. 2 P
Thus, combining both cases, we can infer that the maximumevalheren is the detection threshold amdrepresents the number of
that k¥ may take ismin(m, ). samples for which PU occupies the channel in the sensinggberi
The minimum value of: corresponds to the maximum numbefhus, the termn~, corresponds to the energy received from
of arrivals of PUs, which can be represented by the equality PU’s transmissionerfc(-) is the complementary error function
k = N — m. This gives the minimum value 6f = m +i — N. given by erfc(z) = (2/7) [, exp(—t?)dt. Then, under the
However, the minimum value df should be non-negative. Thushypothesis %, ;,m, k) for multiple PUs, the energy received
it can be given asnax(0,m +i — N). m from k£ PUs that remain busy throughout the sensing period of
Taking an example, assume number of PUs to ba.&Q, N = L samples will correspond téL-,; the energy received from
10. Suppose 8 PUs are present at the beginning of sensing period & arriving PUs during the sensing period will correspond to
i.e, m =38, and 3 PUs are present at the end of sensing peri@;;ﬁ (L — a;) vp; and the energy received from— k departing
i.e, 7 = 3. Then, at most 3 out of 8 PUs may stay busy during the

whole sensing periocii,e., min(m z) Since maximum 2 new PUs 2Basically, [9) denotes the probability that SU senses theguce of PU at the
’ d of the sensing period. When PU is present, the tefm is non-zero, and

i - . n
can arrive, there has to be m'mmum 1 out of 8 PUs occupying t%represents the probability of detection. When PU is abysg in (@) becomes
channel throughout the sensing period,, max(0,m +i¢ — N), zero, makingy, = 0. In this case,[9) represents the probability of false alarm

W—L—”% (9)
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i—k m—k
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_ (18)
m—k N—(i—k)—m
x [[ratd) T oo @)),
=1 p=1
s
C (Hii,m, k) =logy | 1+ , ) (29)
’ k —L . N—(i—k)—m S—c,
1+ (Shoy S + (- B + SO0 Sy )
PUs during the sensing period will correspondﬁiﬁzlC divp- Under the hypothesi$/;, when at least one PU is present at

Then, in the case of multiple PUs, we can generalize (9) fuhe end of the sensing periode., ¢ # 0, we can obtain the
ther to obtain the expression for the conditional probgbitif average SU throughput by averagioy(#; ;) in (I3) over the
detectionP (H1|H1,:, m, k) given by [10), under the hypothesisprobability of occurrence, and is given as

(H1,:, m, k) with ¢ # 0 PUs busy at the end of the sensing period. N
The unconditional probability of detection can be derivgd b R(3{,) = (1 — Py) Li— T ZP(H“) C (Hi4), (15)
averaging the conditional probability of detection oveolmbil- Ty o
ities of respective hypotheses as whereT; is the frame period. Note that SU achieve&H; ) only
N N min(m,i) in the case of miss-detectiong., when it fails to detect the
Py = ﬁ Z Z P (Hy.i,m, k) presence of PU at the end of the sensing period. Similaryeun
(Ha) =1 =0 kmmax(Om-tie ) the hypothesig{,, the average SU throughput can be given as
X P (Hi|H1i,m, k). (11) R(Ho)=(1-P) Tf; Lp (Ho) C (Ho) - (16)
f

The probability of false alarm is the probability of falselyrnen the average achievable SU throughput is given by
detecting the presence of at least one PU at the end of thingens

period when, in actual, no PU is preseng, i = 0. Then, the R=R(H1)+ R(Ho). 17)
unconditional probability of false alarm is same [ag (11}, veith
i =0, and can be given as B. Satus Change Anytime During Frame

We now consider a generalized case, where multiple PUs
1 a change their status anytime during the frame. In this case;am
k=5 (o) > > . P (Hai,m. k) write the probabilityP (#;.;, m, k) thati PUs are busy at the end
m=0k=max(0;m+i-N) of the sensing period whem PUs are present at the start of the
sensing period,e., at the start of the frame, aridout of m PUs
remain busy throughout the sensing period,[by (18). Thetamua
(I8) is derived following the steps used in derivifd (4). d&8),
After sensing, if SU finds the channel idle, it may begin th§¢, cp =L, L+1,...,5, whereS is the number of samples in
transmission. As each PU changes its state only during thérame. All other notations have same meanings as they have i
sensing period and maintains the same state in the transmisSectiof 8. The termg,, (g,,) andp; (c,,) denote probabilities
period as it was at the end of the sensing period, the changetransition from busy to idle aftey,th sample and idle to busy
capacity under the hypothesi$; ; wheni PUs are occupying after c,th sample, respectively, during the transmission period.
the channel at the end of the sensing period can be given byg, = S andc, = S denote that PU remains busy and idle,
respectively, throughout the transmission period. Then(g,)
C (H1,:) = log, <1 R ), (13) andpg (c,) becomel — F,, (T¢) and1 — Fj (T¢), respectively.
L+ We can obtain the probability? (#;.;,m) by substituting the
where, is SNR of the secondary transmission. The capaciplue of P (#i,m, k) from (18) in [3). ThenP (H1), P (H1),
under the hypothesi&, when no PU is present at the end of th@nd P’ (Ho) can be found usind [6)l1(7), and (8), respectively, as
sensing periodi(= 0) is given by given in SectiofIll-A. The probability of detectioRy and the
probability of false alarmP; can be obtained by substitutifg{18)

C (Ho) = logy (1 4 ). (14) in @) and [IR), respectively.

min(m,i)

x P (Hi|H1,i,m, k)), for : =0. (12)




The channel capacity under the hypothe$is {, m, k) can be

11 PP —
given by [19), where the tenﬁj’;:1 %% corresponds to the | * Sf'"':9<l-%-°-5
departures of PUs in the transmission period who were pres¢ _ 1 ° igfg;ef"'z
. . — _ i
throughout the sensing period; the tefin— k), corresponds <oq Noof :
to PUs who were present at the end of the sensing period & 2
well as remain present throughout the transmission petioel; ?;’ 508 S
term Zg;l(z_k)_m if_cg’ 7, corresponds to the arrivals of PUs in S;OA’ 07
the transmission period. Accordingly, the average SU thihput 3 §>
under the hypothesi&/; ; can be given by £ 03 §°'6’
N min(m,i) a Three PUs (% 0.5} Two PUs
0.2r P :
R(Hi:) =3 ) RMaim. k), (20) o Sim Anyime P os
m=0 k:mdx(O,m+z—N) 04 —Analytical ‘ Thrge PUS/T
. . ) 5 10 15 0 5 10 15
whereR (Hi ;,m, k) is given as Sensing Period (ms) Sensing Period (ms)
Ty — T,
R (Haim, k) = (1= Pa) =P (H1,,m. k) @ (b)
:
x C (H1,i,m, k) (21) Fig. 1. (a) Sensing-throughput tradeoff assuming stat@@h only during

sensing and status change anytime during frafae= 63 = 0.02. (b) Sensing-
Then the achievable throughput when at least one PU is bus);héﬁughput tradeoff for different PU traffic parametershnstatus change anytime
. - . . during frame.
the end of the sensing period is given by g

N
R(H1) = ZR(HU)' (22) SNR received at SU increases, in turn, helping SU’s throughp
i=1 to increase. However, at the same time, increase in the numbe
The achievable throughput when there is no PU at the end of ffePUs reduces the chances of SU finding the channel idle,
sensing period is reducing SU th_roughput. The latter effect is more p_ronodnce_
as seen from Fig$. I{a) ahd J(b). Also, for Case II, increase i
Mp (H1s,m, k) C (Hii,m, k), (23) the number of PUs increases the probability of arrivals o$ U
T ' ' the transmission period of SU, in turn, increasing the pbdia
with ¢« = 0. Thus, the average achievable SU throughput beconmfsinterference. This further reduces SU throughput.
As shown in Fig.1(B), decrease in average holding times for
R=R(H1) + R(Ho). (24) busy @.) and idle @) states increases PU traffic, which leads
to decrease in SU throughput.

R(Ho) = (1 - F)
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