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Article history: Cognitive radio deals with the efficient managemeinspectrum resources. Cognit
Received 12 February 2016 radio technology allows the unlicensed user to sxtiee licensed band when it is
Accepted 12 March 2016 used by the licensed use Spectrum sensing function of cognitive radimsito
Available online 20 March 2016 increase the detection performance by reducinge falarm and misdetection ra

Energy detection technique is adopted for specsensing since it doesn't require ¢
Keywords: prior knowledge about primanyser. An adaptive optimal threshold is formulateat
Cognitive Radio, Energy detection, minimizes the sensing error thereby increasingditection performance under no
Noise uncertainty, Spectrum Sensing, uncertainty environment.
Threshold.

INTRODUCTION

In recent years, the rapid growth in wireless sEnincreases thdemand for the frequency specti
(Razavi, B., 201D The available spectrum is underutilized due #® shatic allocation of the spectrum. .
efficient solution to overcome the under utilizatiof the spectrum band is cognitive radio technpladich is
defined by software defined radiMitola Ill, J., G.Q. Maguire Jr, 19Y). Among various functions of cogniti\
radio, spectrum sensing is the crucial functioiit &svolves the detection of primary user(licengesr) signa
so that the secondary userfoensed user) can access the unused spectrum xamin@ the spectrur
utilization. Various spectrum sensing techniquesuide Energy detection, Matched filter detectiod &eature
detection and so orY(icek, T., H. Arslan, 200). Matched filter detectio and Feature detection requires p
knowledge about the primary user signal, which asdhto realize practicall since primary users differ
different situations. Energy detection does nouieqprior knowledge of primary user signal. Itsisple and
not complex compared to matched filter and featletection, hence it is easy to implement. The pevémce
of the energy detection scheme lies on how efftbjahdetects the primary user. Energy detectiathod aim:
in increasing the detectiorrgbability and decreasing the false alarm and métection probabilit (Shen, B.,
2009. Threshold determination in the energy detectilarygpan important role in reducing probability afde
alarm (R) and miss detection {p. If the threshold is se¢o a low value the miss detection probability idueed,
thus the interference to the primary user is mimmiLow value of threshold implies that the probigpibf
‘spectrum occupancy’ decision is more which redutesspectrum utilization and henc; increases. When
threshold value is high, it is difficult to find éhspectrum occupancy hence the secondary userccansatht
channel frequently which increases the spectrutization thus the false alarm probability is reddic&he
secondary user aess can cause interference to the primary usechwiniurn increases the miss detec!
probability. Performance of energy detection degsaghder low SNR and noise uncertainty environr
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[1. System model:
Energy detection is the common method for thedtiete of unknown signals in noise.. It is also kmoas
non-coherent detection mechanisohén, Y., 201 The block diagram of energy detector is givefkigure 1.

Y "
0
Y Band Pass L, ADC N Squaring L, L, Decision |—p
Filter Device Integrator Threshold ;b
1

Fig. 1: Block diagram of energy detector.

Energy detector is implemented in the cognitivdicaerminal. The Energy detector measures theggrar
the signal received from the primary user band. fEeeived signal is passed through band pass tiilte¥move
the noise and it is passed through the squariniceleand Integrator. The output from the integrasothen
compared to a predefined threshold in the decidmrce. The decision device depicts the presenabsence
of primary user. If the energy of the signal isajez than the threshold value, it indicates thesgmee of
primary user. If it is less than the threshold ealthe primary user is absent, hence the secondsery can
access the spectrum. Consider y(n) be the recedigrthl at the cognitive radio terminal and x(n) the
transmitted signal at the primary nodes. We asschanel noise w(n) as Additive White Gaussian Noise
(AWGN) with zero mean and unit variance and numiifesamples as N. Let be the SNR of the cognitive
radio system. The general hypothesis to indicaethailability of the primary user is formulated as
{Ho:y(n) =w(n) n=12,.... ,N 1 H

Hy:y(n) = x(n) + w(n) nm=12,.... N (1) 0
denotes the absence of primary user and the specaten be used by secondary user andiéhotes the
existence of the primary user i.e the sensed bawddupied.The performance metrics of the energgctien
are defined as follows.

2.1. Probability of detection (Py):
It detects the exact status of the channel.

2.2. Probability of false alarm (P):
The channel is detected as occupied when the ehawacant. It reduces the chance to accesshtinenel
when it is free

2.3. Probability of miss detection (P,):
The channel is detected as vacant when the ch@petupied. It causes interference to primary,use
the secondary user attempts to access the channel.
The output of the integrator is called test st@s(Ts) and it is compared with the predetermined thrlesho
A to decide the availability of the primary usetlie licensed band
Ty = =0 ly[n]|? 252 A 2)
Assuming the noise variance to be fixed, accordimghe Central Limit Theorem the test statistiss i
approximated as a Gaussian distribution.
N {Normal(Na,f, 2Na}) H,
$ (Normal(No?(y + 1),2No(y + 1)?) H,
whereo? represents the noise variance and P represertsdhage signal power.
Probability of detection defines the probabilifydetecting the presence of the primary user ctiyremhen
the received test statistics is greater than thestiold indicating the hypothesis.Ht is determined as

Py = P(T, > AlH) = Q (%—y—l)(ﬁ(yﬂ)) @)

Probability of false alarm is defined as probapitf detecting as the primary user is present wihaés
actually free under the hypothesig H is given as

Py = P(T, > A|Hy) = Q ((Ui%— 1) \/g) (5)

Probability of miss detection is obtained usinglability of detection as

Pn=1Ps = 1-Q (%—y—l)(ﬁ(yﬂ)) (6)

®3)
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Sensing error is represented by less spectraliarifty and interference to the primary user. gdie the
factor that defines the probability about the spgadccupancy and — g indicates that the spectrum is free.
Sensing error can be formulated as,

Pse=.BPm+(1_ﬁ)Pf (7)
The number of samples is also an important desigameter to achieve the requirements on detectidriadse
alarm probabilities. From the equations gfaRd R by eliminating), the number of samples N can be estimated

as, N=2[Q%(P)—Q ') +1)]y? (8)

[11. Optimal threshold determination:
Performance of the energy detector lies on th@grdhreshold set by the system since it deterntines
probabilities of detection, false alarm and misedton.

»

i Threshold Range "

Fig. 2: Gaussian distribution of Test statistics T

From the Figure 2 it is observed that, if the rneee test statistics fall is greater thad it indicates that the
spectrum is occupied. If it wrongly depicts as $hectrum is vacant then miss detection occurs .Whénless
than?, indicates the spectrum is vacant, but when thectien result wrongly occurs as ‘occupied’, thee t
secondary user may not attempt to use the avaitgdgetrum, results in increase in false alarm taexplains
the occurrence ofRand B, with the threshold. Spectrum sensing error israefias a combination of false
alarm and miss detection probabilities.

The optimal threshold which minimizes the sengmgr under sensing bounds is represented as
APt = min, A (PHoP; + PH,By,) (9)
under == (t,A) = G(z,t,4) (10)

where equation (10) is the differential equationdn objective function z(t,x).
The closed form expression for optimal detecttmeshold is given as

_ 2_s
Aape = (2= (11)
8§ =o0f—a¢ (12)
n = oduy — otuy (13)
a = ofu§ — ogui — 20fagn (01/0) (14)

Whereoy 61 Ho, andy; are considered as per the equation (3).
By using4,,,, obtain B, P and R, and it should satisfy the condition given belowhathe sensing bounds
Py, Pr, Py

_ (llopt_l‘-l) . '
Py=1Q (—A ) Pz Py (15)
opt—H ’
= (fEt) o p<py (16)
Pp=1-P,; ; P, <P, (17)
Sensing error is calculated usingaRd R, and is given as,
Pse=.BPm+(1_ﬁ)Pf (18)

I'V. Noise uncertainty:

Threshold calculation depends on the noise potvgmoper threshold calculation is possible onlyndise
power is accurately known at the receiver. Thenegtion error is referred to as noise uncertaintlyictv can
seriously degrade the energy detector performaNoée uncertainty effect can be studied using estoh
noise power, it is assumed to be in an intewéé[c2;,,, 5.24x]-

With noise uncertainty factor, according to theTGis in equation (3) the test statistics is appnexéd as a
Gaussian distribution and it is represented as

{Normal(Npa,%,Zsza,%) H,
S

Normal (Na,f (y + %) .2Na;t (y + %)2) H, (19)
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Optimal threshold 4,,. , Probability of detection, misdetection and datdarm is determined using
equation (11-17) with the above modified paramedsrs equation (19).

By using the low-SNR approximation and the noiseauntainty effect, the required number of samptes f
the energy detector to achieve givgrafd B can be given as N.

, , 2
[po-t(e7)-(Geren o)
. = 2
- [r=(o=3)]
SNR limit is given as
SNRijmiz = p =~ (21)

A practical energy detector cannot be implemeatetiis SNR level, referred to as SNR limit, belahich
detection is not possibl@éndra, R., A. Sahai, 20Dp5

(20)

V. Adaptive optimal threshold determination:

From the above analysis it is observed that, nomertainty may degrade the detection performavee.
introduce an adaptive factor with the optimal thedd to mitigate the effect of noise uncertainty[3he
optimal threshold is made adaptive in the inteagsgiven below.

Rope€ 2 Aopep ) (22)

Wherep’ is the adaptive factor and it should be gredtantor equal to 1.

The adaptive optimal threshold is given by

—n+/n?%-8a
Agpe = 20— (23)
5= (((p')zcrf) -(7 aé)) 24)
n= (pi) agus — p'otig (25)
a = ofud — ogui — 20fag In((p)?ay) /(0o) (26)
Detection probability using adaptive optimal threlsl and considering noise uncertainty is represtat
(2%-1m) ,
Pcl=Qo_—1 i Pg= Py (27)
False alarm probability and miss detection proltglis given as
AoptP — ,
Py = Q( pt:O_uO) ;0 P < Pf (28)
P,=1-P; ; P, <P, (29)

Minimum numbers of samples required for detection under the sensing bounds are given as

@ e{(r @ )eea]

p

Nmin - 2 (30)
[(P'ﬂw(ﬂ%—%)] ]
The SNR limit is given as
SNRjmir = (Lz - l) (31)
p P

By considering the adaptive factor we could achithe detection up to the SNR limit, and below \utte
detection is not possible.

VI. Simulation results:

For Simulation, following design parameters arasidered. For modulation, Binary Phase Shift keying
(BPSK) is used and the channel is considered tAduitive White Gaussian. Since we consider the isgns
error, the false alarm probability is fixed as 0.1.

Figure 3 illustrates the relationship betweennhenber of samples N and SNR Increasing the number o
samples under low SNR conditions improves the dete@erformance, thereby decreasing the probwtulfit
error.

Figure 4 shows the effect of noise uncertaintgun proposed methog.defines the uncertainty factor and
if it is equal to 1, the uncertainty effect is ngiile and hence we could maintain the probabditgrror within
0.2 up to -20dB. Similarly, if we increase the umaimty factor as 1.04, the noise uncertainty dffethe
detection performance, hence the SNR limit alsoei®es below which the probability of sensing ereaiches
the maximum value.

To overcome the noise uncertainty effects, therdd@hed optimal threshold is made adaptive to avers
the uncertainty effect, which is shown in Figurd=6r simulation, the uncertainty is considered.ds When the
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adaptive factor (AF) equals 1, implies no variasion the optimal threshold, hence noise uncertadiaty its
effect at SNR around -4dB, the probability of ereaches the maximum value 1 below which the deteds
not possible and that defines the SNR limit. Ineorid overcome the uncertainty effect, the adagteeor (AF)
is increased to 1, then the SNR limit is decredaseatound -7dB after which the probability of erreaches the
maximum value.

Pratetility of EmarPse)

Probetility of Eor(Pse)

—e—p=1.1 AF=1.1
—+—p=11AF=1.2 |
—+— p=1.2 AF=1.3

Probability of Emor(Pse)

-20 -15 -10 -5 o 5 10
SNR(dB)

Fig. 5: Probability of error Vs SNR with different dynanfactor.

VII. Conclusion:

An optimal adaptive threshold is determined tousedthe spectrum sensing error and it is also coedpa
with the conventional methods. Effect of noise utaisty is studied and explained how to mitigate th
uncertainty effect using adaptive factor. From #imulation results, it is observed that if noiseenainty
increases even using the adaptive factor in thpge®d optimal threshold determination method wddcba
able to reduce the sensing error
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