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Abstract—In this paper we investigate the problem of deci- result, the model cannot be used to design reliable detectio
sion making in dynamic spectrum allocation radios by using algorithms. For distributed schemes, the discrepancy éstw
energy detection while being close to the coverage aréa ofgystem hehavior and analytical prediction is intensified.

a primary transmitter. Currently, the signal model used for In thi - th . babilities b d
dynamic frequency selection assumes that the primary signa n this papgr we assign the a priori prol abiiities a}s_e
is either absent or present with a fixed level. However, this ON & geometrical approach and thus we link the decision
model fails to capture the power distribution close to the ck performance to the system area. Regarding the distribation
border and thus the prediction capability of the related andytical  the signal power outside the primary cell, we claim that the
approaches is rather limited. In this paper we calculate the uniform distribution is a good approximation. This approxi

distribution of the signal power outside the primary cell and . . . . .
then we approximate it by using uniform distribution. On one mation allows to account for primary signal with low level in

hand, the proposed approximation allows to estimate the désion  the presence of hypothesis.
performance in a closed-form. On the other hand, the simuldbns We demonstrate the utility of our model for single and

illustrate that the proposed model has better agreement wit multi-user cooperative energy detection. For distribeeergy

realistic system behavior compared to the conventional mad.  4atection we look into centralized and decentralized syste

The proposed model allows to design the detector such that ¢h . .

system performance in terms of spectrum reuse is improved. W'th_ _fu3|on. The prOPOSEd model allows to evaluate the
decision performance in a closed-form for both systems.

. INTRODUCTION Il. SYSTEM ENVIRONMENT MODELLING

In this paper we analyze the primary user signal detection.\we consider a square aréawhere secondary users opt for
Particularly, we scrutinize the detection near the primasgr psa. The primary system consists of a TV broadcaster that is
coverage area. For instance, such situation occurs if Qggated at the centre of and TV receivers. We considérto
attempts to detect TV broadcast signal outside but close g@ |arge enough such that the SNR at its border is well below
the TV coverage area. This type of detection is prerequisfigs SNR requirement of TV receivers. The secondary users
for dynamic spectrum allocation (DSA) by secondary usefgym a short range ad hoc network. They are allowed to reuse
The signal identification can be framed as energy detectigyy frequency only if the primary signal levels, at reuse
problem which can be treated as a hypothesis test: The usdahtion is lower thanP.. P. is a system design parameter
detection algorithms assume that the signal either exi&ts W,sa( to discriminate between high signal level, hypothHsis
some constant level, hypothesif or it is zero, hypothesis anq jow signal level, hypothesiB,. We setP. close to the
Hy. We refer this detection scheme as on-off model. noise level in order to establish a guard area between the

The on-off model describes erroneously the signal powgt/ receivers and the reuse location. The users measures the
outside the primary cell. Indeed, outside the TV broadcagtannel and identify the primary signal strength with respe
service area, cell, the signal power is not zero. Accord@} o p.. We consider the channel activity due to a single primary
the SNR requirement for TV stations is approximatelly 34dBsgnsmitter.

However the power of the TV signal reaches the noise levelynjike the common practice we link the prior probabilities
well beyond the cell border. Therefore it is wrong to assumg the area geometry and the signal level For uniform
that under hypothesisl, only the noise is present. Anothergistribution of users, the prior probabilities equal théaa@f
simplified assumption adopted by the simplest energy detecfhe area corresponding to each hypothesis divided by
design assignes equal prior probabilities for the existenrc ) )

not of the primary signal [3] [4]. Hy:Pry=T, Hy: Pro= 5L 1)

These two simplified assumptions result in mismatch b\?v'hereR is related toP, through the channel model.

tween the simulations and the analytical prediction of the In the absence of slow fading the shape of the area where
model. In DSA design the on-off model estimates high SPeS _ p s circular (Fig. 1) \9/]Ve assurﬁe the shape %f

trum reuse probability that does not occur in practice. As bag. . o
eing square because its repetition can cover a large area
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high level is missed. The spectrum is reused when primary
signal with low level is identified.

The conversion of the distance to the power is due to the
channel modelPs = Pr, - r—™ wherer is the distancen
the pathloss exponent ané-, is the power of the primary
transmitter. For uniform distribution of users, the CDF loét
I Srin distances in the area @f, can be obtained by evaluating the
R T r > size of the area unddily, and divide it byS. The PDF of the
RC@ distances is derived by differentiating CDF and equals:

2 R<r<R,
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Fig. 1. Decision areas and critical signal levels.
(4)
_ . o where R, is the radius of the inscribed circle 1 (Fig. 1).
the calculation of the prior probabilities in (1) needs to be Since the random variablBs is continuous function of,

modified, . the distributionp(Ps|H,) can be determined. Unfortunately,
. _The secondary user measures the channel activity by 7 substituting it into (2) we are not able to acquire a
lizing @ commonly accepted model for energy detection [1 losed-form expression. We propose to approximate theakign

The K/2 complex sampl_es contains noise and s_lgnal that Afstribution underH, with uniform distribution. After using
both modelled as Gaussian random variables with zero mea

; p(‘PS|H0) ~ 1/(P: — Psmin) In (2) we are able to express
The user squares the samples and compares their sum - .,
. : ) - o L|Hy) in closed form. The reuse probability equals the left
with the thresholdy. The variableL is a sufficient statistic P(L|Ho) i use b "ty equ

. S ) tail integral ofp(L|H,) weighted with the a priori probability
a?rd foI(Ijovlv?hChhgquare _dlstrllbutlggﬁ[S];rﬁccord_mg to t??r}o Pry. By using the series expansion of-) we express the
0 mcl) ¢ tﬁre IS o S'gr}; uj N OIW € ;]/ana]r\l]ceto d € reuse probability in (5). Thereiny(-) stands for the lower
?(?rnlﬁeesolr?e s%:glfazvsg:lvspj)ve&run: 'der;s\ilzye(;? ngissea;ﬁz incomplete Gamma function. On the other hand, for the on-
. X . off model the distributi L|Hy) is derived f 3) f
for the positive signal bandwidth. One can observe in F|0 model the distributionp(L|H) is derived from (3) for

1 that the signal levePs under hypothesidi, takes values 935 = 0 and the spectrum reuse is:
betweenPs,,,;, and P.. Ps,,:, stands for the signal power at Pr = Pry - 1 ] (E n ) (6)
the corners ofS. Since the signal level ranges over a set of reuse I'(K/2) 2'2. Py

values, we propose to express the distributiol.ainder H,

as a composite hypothesis:

In the area ofH; the signal power is set to bg.. This
worst case condition, adopted both by the on-off and the
P proposed model, is a method to protect the primary system
p(L|Hp) = / p(L|Ps) - p (Ps|Hy) dPs (2) against interference increase [3] [4]. The distributigi,| H )
is derived from (3) by settind®’s = P.. The miss probability
equals the left tail integral op(L|H;) weighted with the a
priori probability Pr.

In order to determine the decision threshold at the user,
ﬁ1e system designer should constraint the miss probability
according to the primary system outage probabilRy;,,;ss <
Proutage. Obviously, there are multiple feasible solutions to
L @3 this problem. The common practice is to select the one that

maximizes the total number of correct decisions. The prable
of identifying the optimal decision level can be expressed a

Psmin

where p(L|Ps) is the PDF for fixed signal power and
p(Ps|Hp) stands for the PDF of the signal power undgy. In
order to derivep(L|Ps), we model every sample as Gaussia
random variable with variancéPy + Ps). Therefore the
distribution of the decision variablg is Chi-square:

LK1 exp (=L /2 (Py + Ps))
u
2K/2 . (Py + Ps)/2.T (K /2)

wherel'(+) is the upper incomplete Gamma and) is the unit
step function. We calculate(Ps|H,) and substitute it into Mazimize: Prreuse (1) + Pri— Prmiss (1)

(2). To the best of our knowledge the resulting equation does  Subject to : Proiss (M) < Proytage (7)
not have a closed-form solution. Therefore in section Il we

propose to approximatg( Ps|Hy) with uniform distribution. The optimization algorithm works as following. For increas
ing decision threshold) we calculate the objective function

Ill. PERFORMANCEMETRICS Prreuse (1) + Pr1 — Pross (n) until the design constraint is

In order to evaluate the quality of our approximation weot satisfied. From all feasible’s we select the one that

calculate the interference increase and the spectrum reassimizes the objective function. It is a matter of futurerkvo

probabilities. These metrics allow to quantify the difiece to show that the identified solution is globally optimal. Kex

between the proposed, the on-off model and the system simte explain the reasons for selecting the uniform distrdouti
lations. The interference is increased when primary sigiithl to approximate the signal power outside the cell border.

p(L|Ps) =



Pro K21 (Py+P) -y (J} m) — (Pn + Psmin) -y (ja m)

P = — . 5
xo0° this context a cluster of users senses the spectrum antljoint
141 Signal power distribution under H, decides whether to reuse a particular frequency or not. The

= = = Uniform approximation

distributed system performance is impacted by the amount of
information conveyed from the users to the fusion [8] [9]eTh
L R S TR P NP 1 two extremes here are the centralized scheme where the exact
measurement is conveyed and the decentralized scheme where
a hard decision is communicated. The performance of the two
6r 1 schemes is affected by different parameters. The perfarenan
of the centralized scheme depends on the decision threshold
set at the fusion. The performance of the decentralizedsehe
2r ] depends both on the quantization levels set at the users and
N S R NN S SR S N on the decision rule employed by the fusion centre [8] [9].
0O ey T Our model and the on-off model describe the system in
different manner. Because of that the optimized rules are in
Fig. 2. Signal power distribution undéidy for R = Rc. general different. We show that our model establishes bette
decision rule that results in higher spectrum reuse andhmatc
better with simulation results.
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IV. UNIFORM SIGNAL POWER APPROXIMATION

In our opinion, the limited prediction capability of the on-A' Centralized scheme

off model occurs because the model does not consider thd-et assume there ar&s secondary users deployed inside
existence of primary signal power undéf,. On the other a cluster that belongs t6. Each user collects’/2 complex
hand, the proposed model takes into account the presefdgples and sends them to the fusion. The secondary user
of primary signal with low power and thus it represents theluster size is relatively small comparedS$o Because of that
system environment more accurately. It was shown in sectidi¢ assume that all the users experience the same primary sig-
1l that the uniform approximation empowers the designehwinal level mean. That is, the user measurements are esential
analytical expression for evaluating the reuse probgbilihe drawn from the same distribution, with the same mean and
exponential or the power law reflects better the signal poweéariance. In addition, we assume that the user measurements
distribution but one should resort to numerical methods &€ statistically independent. Under these assumptidres, t
estimate the spectrum reuse. fusion processedVs - K/2 independent samples and decides
In order to justify our selection we look more closely téhe frequency availability on behalf of the users. Since the
what kind of system the uniform power distribution corresamples are not preprocessed at the users the decisioeprobl
sponds to; how it is related to the user distribution. In Rigee IS the same as the problem of a single user with more samples.
plot the distribution of the signal power und&y, for uniform  The optimal fusion rule squares the samples and compares
distribution of users. Compared to that system the uniforfieir sum with a threhsold. The optimal threshold is cafada
power approximation implies that more users experience IdW (7), separately for the on-off and the proposed model.
mean signal level. Such low power is observed close to the )
outer border ofS. Correspondingly, one can interpret thé: Decentralized scheme
uniform power distribution describing a system where user In the decentralized system the users convey hard decisions
concentration near the outer border$fis somewhat higher to the fusion indicating the presence or not of primary signa
than in the rest of5. The fusion receives the binary decisions and communicegtes i
own decision back to the users. The simplest rule employed by
the users compares the sum of the received samples with the
The single user detection suffers from poor performance.l8cal threshold;. If the sum is larger than, +1 is conveyed to
common approach to overcome this problem introduces matiye fusion; otherwises-1 is communicated. Given, the opti-
secondary users with fusion [4] [6]. The improved charactemal fusion rule compares the weighted sum of the individual
istics accompanying our model allows to express analyicadecisions with another threshold [7]. Provided that allubers
the performance and estimate the distributed system bahaviave identical;, the optimal fusion rule becomes tti€s out
more precisely compared to the on-off model. of Ng rule [8]. Although the assumption for identical levels
The problem of combining multiple user power measurdeads to only near optimal solution, it is employed in preeti
ments resembles distributed decision with fusion [7][§] [8 due to the significant reduction of computations. Finalhe t

V. DISTRIBUTED SCHEME
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fusion decides not to reuse the frequency provided that moreRecall thatP. is a system design parameter used to separate
than Kg users vote for hypothesid;. One can foresee thatbetween low and high signal levels. The sensitivity of the
the optimal test for the decentralized system needs thenapti proposed model should be tested for varidtis. We do it by

pair (n, Ks) to be derived. Before doing that we compute thoking at two different types of variation of parametens: |
performance in terms oK ¢ andn: the first we keep the size of the ar8dixed (R. ~ 125 [km])

We assume that the user measurements are independentwe change the size of the circular area corresponding to
and no communication channels exist between the usete signal levelP., P. = Pr, - R~". The R is selected such
Under these assumptions the hard decisions of the usersthet P. is increased froml [dB] to 5 [dB] above the noise
statistically independent. Therefore the test statisticche level. In the second we increaseand we keep the cell size
fusion centre follows binomial distribution. Under hypetiis fixed such that theP, is fixed to1 [dB] above the noise level
H, the binomial parameters afés and (1 — }p (L|H,) dL), (R~ 125 [km]). Let call the described variations #estl and

0 test2 respectively.
the probability of detection at the users. The miss proliglat ~ The parameter describing the quality of the spectrum sens-
the fusion occurs when only up s users decide correctly. ing is the maximum reuse that is calculated based on the
It is calculated in (8). Similarly, under hypothesi, the geometry of the area and by using (1). For both tests it varies
test statistic at the fusgon follows binomial distributigvith approximately fromPro = 0.21 to Pry = 0.56.
parametersVs and(1— [ p (L|Ho) dL). The reuse probability ~ Recall that the centralized system with specifications de-
is calculated in (9). scribed in section V is equivalent to a _slngle_u_ser systerh wit

In order to derive the optimal test for the decentralizerg;re collected samples. The_refc_)re it is sufficient to corapar

two models for the two distributed schemes only. Partic-

. . t

system we follow the same practice as for the single us i o -

system. The optimization problem is formulated as: ulgrly, we consider distributed system Bfs =5 users. The
primary system outage probability equals,,iage = 0.01.

Mazimize: Prl,,.. (Ks,n)+Pri—Pry, (Ks,n)  The miss probability at the fusion must satigty%, . < 0.01.
Subject to : Prl. (Ks,n) < Proutage Regarding the centralized scheme, the optimal level at the

10) fusion centre is obtained by solving (7) fofs - K/2 samples.

The optimal solution is obtained using the following alfFor the on-off model we substitute (6) into (7) and for the
gorithm: We fix Ks and deriven that satisfies the designProposed approximation we substitute (5) into (7). The only
constraint and maximizes the total number of correct dessi information available at the system designer is the signadl|
In order to construct the design constraint we evaluateqg) f<- The signal levelPs.i, is in general unknown. Therefore
Ps = P., obtainp(L|H, ) and substitute it into (8). In order to We Set in (5),Psm:» = 0. This setting indicates the condition
obtain PrZ .. we evaluatep(L|H,) both for the on-off and when thePs,,,;,, is not available and allows to make more fair
the proposed model and substitute them into (9). For fixé@mparison between the two models. For the decentralized
K, we increase) until the design constraint is not satisfiedScheme the quantization levels at the users and the optimal
After repeating the procedure for alfs we end up withVg  fusion rule are obtained by solving (10).
feasible pair§ K5, 7). The optimal pair is the one maximizing The optimal thresholds derived based on the two models are

the total number of correct decisions. in general different because the two models evaluate treereu
probability by using different expressions. After acquoiri
VI. NUMERICAL RESULTS them we create the simulation scenarios. We generate @clust

We illustrate the benefits of our model by comparing itsf 5 users that collecf/2 = 5 complex samples each. The
performance to the on-off model. Both models are validatesize of the cluster is negligible compared$o For instance,
with simulations obtained from a realistic system set uhwitR.;,ster = 50 [m]. We obtain the simulated reuse by counting
the following parameters: At the centre of the argathe the number of users that belong i and vote forH,.
primary transmitter use®r, = 100 [kW] and the pathloss For thetestl we plot the reuse probability for the centralized
exponent isn = 3.1. The one-sided power spectrum densitgnd the decentralized system in Fig. 3 and Fig. 4 respeytivel
of noise equalsNg = 5 - 10716 [W/Hz] and the channel The spectrum reuse obtained by simulations is also depicted
bandwidth isW = 25 [kH z]. In this case, the two models result in different decisioresul
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VII. CONCLUSIONS

The purpose of this paper is to improve the simple energy
detection for dynamic spectrum allocation. We augment the
simple detector by modeling the primary user power distribu
tion outside of its service area. Also, we incorporated therp
probabilities into the detector design. The proposed exbers
are selected such that the problem is still analyticallgtable.

We llustrated the usability of our model by calculating the
performance of the detector in distributed setups. It tuats
that the proposed extensions allow to derive an analytical
performance prediction that has good match with simulation
results in realistic environment. In some cases we were even
able to derive decision thresholds that provided better per
formance compared to the thresholds calculated with cenven
tional models. The results of our analysis are promising and
indicate that our model can be useful for network optimizati
and planning.
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