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Sequential Likelihood Ratio Test under
Incomplete Signal Model for Spectrum Sensing

Wei-Ho Chung, Member, IEEE

Abstract—Detecting the existence of the transmitter emitting
signals is an important mechanism in many applications, e.g., the
spectrum sensing in the cognitive radio. In conventional detection
schemes, the predefined number of samples is taken for detection
and the statistics of the signals are assumed to be available in
the signal model. However, under the ubiquitous fading effects
and the non-cooperation of the targets, the signal statistics are
not accurately obtainable at the detector. In this paper, we
propose a sequential detector operating on the signal model
described by the autoregressive moving average (ARMA) process
without assuming known coefficients. The sequential detector
for the ARMA model is derived by using the likelihood ratio
test framework and the predictive distributions of the ARMA
process. The novelties the proposed sequential detector include:
1) performing detection without requiring complete knowledge
of the signal; 2) using smaller number of samples to reach the
decision on average; and 3) allowing user-specified probabilities
of detection and false alarm. We derive the approximate average
number of samples required to reach the decision. The energy
detector and sequential energy detector are compared with the
proposed sequential detector by simulations. The results show
the sequential detector uses the smaller average number of
samples than the energy detector and sequential energy detector
to termination.

Index Terms—Sequential detector, incomplete signal model,
ARMA, cognitive radio, spectrum sensing, target detection.

I. INTRODUCTION

DETECTING the existence or absence of non-cooperative
transmitters is an important mechanism in many engi-

neering applications. One of the important applications arises
in the spectrum sensing for the cognitive radios [1-12]. With
the increasing number of wireless applications, the demand for
the spectra increases and the efficient utilization of spectrum
is crucial in supporting the applications. The conventional
spectrum allocation scheme, which restricts the spectrum
usage to be available only to the licensed users, results in
low spectrum utilization [1-4]. The low spectrum utilization
in current usage model leads to the idea of increasing spectrum
utilizations by allowing the unlicensed users to dynamically
access the spectra. The concept of the cognitive radio is to
allow the unlicensed users to access the channels under the
condition that the intended channel is not occupied by the
licensed users. Therefore, the unlicensed user must detect the
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existence of licensed users on the intended channel before
accessing the channel. The undesired channel conflicts occur
if the unlicensed user accesses the channel occupied by the
licensed user. In other words, the missed detection at the
unlicensed user causes channel conflicts, and the false alarm
in the detection causes the loss of channel opportunity for the
unlicensed users. Therefore, the accurate spectrum sensing is
a crucial mechanism to enable the cognitive radio. Besides the
cognitive radio, the spectrum sensing is applicable to various
applications, including the opportunistic spectrum access for
ad hoc networks [13] and the non-cooperative target detection
and tracking [14-15].

In the spectrum sensing, the energy detector [5] is the most
widely adopted approach due to its simplicity. The energy de-
tector collects the predefined number of samples and computes
the energy of the collected samples. The decision is made by
comparing the sample energy with a threshold. The design
of the energy detector allows the implementation of CFAR
criterion [16]. Besides the energy detector, the likelihood ratio
test approach is investigated in [17], where the statistics or
the waveforms of the signals are required in the decision
making. The cyclostationary feature detector was discussed
in [4]-[6]. In [15], the AR process is used to model the non-
cooperative radar or sonar emitters, and the fixed amount of
samples are collected to detect the AR process with unknown
Doppler frequency shift and phase. The detection problem
is formulated as a spectral estimation problem. As opposed
to conventional detector using fixed number of samples, the
sequential detector [18-20] has the probabilistic termination
time. Upon the collection of a sample, the sequential detector
makes a decision to terminate or continue to the next sample.
The sequential detector [18-20] is designed using the iterative
formulation of likelihood ratio, which requires the complete
statistics of the signal of interest. Variations of the sequential
detector include the sequential energy detector [11] and the
sequential change detector [21]. The sequential energy detec-
tor [11] uses sequential likelihood ratio of the sample energy
for decision. The sequential change detector [21] continuously
monitors the signal of interest and detects abrupt spectral
changes. In [3][12], the spectrum sensing using distributed
decision fusion is investigated. In existing approaches, all or
parts of the following are assumed available: 1) the fixed
number of samples capable of supporting the desired detection
accuracies; 2) the a priori information of the signal of interest.
Nevertheless, in the cognitive radio, the spectrum sensing
is intended to detect non-cooperative primary transmitters in
a highly dynamic environment, where the previous assump-
tions on the primary transmitters encounter difficulties. The
cognitive radio requires spectrum sensing without assuming
strong information availability at the detector. Besides, in
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wireless communications, the signals traverse various physical
structures of the environments, which cause fading effects. In
many research works, e.g., [22]-[25], the Rayleigh, Rician, and
Nakagami channels are studied and considered applicable to
environments which wireless users often encounter. Since the
fading effects are ubiquitous, the accuracies of the detections
are influenced by the fading. Besides, the transmitters are often
non-cooperative in the detections. The fading effects and the
non-cooperation of the transmitters render the signal model
unavailable to the detectors. The amounts of knowledge on
the signal model, required by the conventional detectors, may
not be accurately available in such scenarios. To facilitate
the detections in these scenarios, the detection scheme needs
to be designed without assuming the complete knowledge of
the signal model, which we call incomplete signal model in
this paper. Besides, the availability of statistics in the primary
signal often requires certain degree of cooperation from the
primary users and the fading estimation, which poses great
challenges from the primary community [59][63] and diffi-
culties in the legacy compatibility. This observation motivates
our investigation of detection under incomplete signal model,
which demands only little amount of primary knowledge and
primary cooperation.

The autoregressive (AR) process has been known to be
capable of modeling various signals. In [26-27], the AR
processes are used to model the fading channels. In [28],
the non-cooperative narrowband interference is modeled by
AR process. The non-cooperative narrowband interference
signal is identical to the non-cooperative primary signals in
the cognitive radios. In [29], the AR modeling of channel
occupations is verified through experimental data. In [30-31],
the AR model is used to describe the data collected by the
synthetic aperture radar. In [32], the AR is used to model the
signals emitted by the non-cooperative target, where the AR
modeling is verified through experimental data. Besides, the
AR process is used to model the unknown digitally modulated
signals emitted by non-cooperative targets [33], spectrum
holes in the cognitive radio [34], and the unknown color
noises [35]. The primary transmitter of interest in the cognitive
radio is identical to the non-cooperative transmitters in [26]-
[34]. In other words, the primary transmitter in this paper
is in the identical situation as the transmitters in [26]-[34],
which may perform power control as in the communication
system and experience shadowing effects. The detector at
the secondary user in the cognitive radio is in the identical
situation as the detectors in [26]-[34], which operate without
cooperation of the signal emitters. With the experimental
results and commonly practiced adoption in [26]-[34], we
adopt the AR model to approximate the signals emitted from
the primary transmitters in the cognitive radio. The received
signals, consisting of the AR processes and noises, can be
represented by the autoregressive moving average (ARMA)
processes [36].

In the proposed sequential detector under the incomplete
ARMA signal model, although the received signals are as-
sumed to be in the category of the ARMA processes, the
coefficients are not assumed to be known at the detector.
Therefore, the flexibilities in the AR model can be fully
utilized to accommodate various primary signals in differ-
ent scenarios. One of the major challenges of opportunistic

spectrum usage is the concern from the primary-user com-
munity [59,63]; our proposed design in a rather conservative
perspective is aimed to hopefully reduce the concerns and
facilitate smooth transition from the fixed frequency allocation
to the opportunistic usage model. The sequential detector
sequentially and adaptively exploits the information from the
receiving signals. We derive the sequential test statistic and
the decision thresholds.

The major contribution of this paper is to propose a sequen-
tial detection algorithm for the incomplete signal model. The
novelty of the proposed detector includes: 1) The proposed
detector is capable of performing detection without requiring
complete knowledge of the primary signal. 2) The proposed
detector is able to use smaller number of samples to reach
the decision on average, as shown in the simulation section.
3) The proposed detector allows user-specified probabilities of
detection and false alarm.

This paper is organized as follows. In Section II, the incom-
plete signal model is discussed. In Section III, the proposed
sequential detector is described in detail. The expected number
of samples at termination is analyzed in Section IV. The com-
parison with energy detector and sequential energy detector is
discussed in Section V. The performances are verified through
examples in Section VI. The concluding remarks are given in
Section VII.

II. INCOMPLETE SIGNAL MODEL

A. Scenarios Causing Incomplete Knowledge

In detecting the non-cooperative transmitter that emits wire-
less narrowband signals, several factors are often encountered
in the physical environments. First, since the transmitter is
non-cooperative, the transmitter-specific mechanisms, e.g., the
power control mechanisms [37] in the cellular systems or
the information contents of the signals, are unknown to the
detector. Secondly, the physical environments, including the
scatters, deflection, and reflections, cause fading effects on
the signals. These transmitter-specific mechanisms and fading
effects make it difficult for the detectors to obtain the complete
properties of the signals. For example in detecting a mobile
terminal emitting radio frequency signals, the mobile terminals
move and perform the power control mechanisms. The speeds
and path losses are unknown at the detector. As the results
of the unknown speeds and path losses, the channel autocor-
relations and signal powers are unknown. In these types of
applications, the model without assuming complete knowledge
of the signals is needed in the detections.

B. Model Constraints of Detecting Unknown Signal

In formulating the model for detections, we denote H0 as
the hypothesis of the signal absence and H1 as the hypothesis
of the signal presence. In the unknown signal model without
assuming any constraints on the signals, the H0 could be
considered as equivalent to H1 with the signal equal to 0.
In other words, if the signal is allowed to be arbitrary, the
H0 is a special case of H1. Therefore, the detection on the
model, which imposes no constraints on the signals, can be
reduced to a trivial decision, where H1 is always the correct
decision. Such trivial decisions provide no useful information
to the applications. To resolve this problem, we adopt the
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constraint on the signal which assumes the lower bound on
the signal power. This constraint of the lower bound on the
signal power makes H1 and H0 mutually exclusive, such that
the decisions provide the meaningful information. The usage
of detection lower bound also follows general practices in
IEEE 802.22 requirements. The practical lower bound of the
signal power can be obtained through the physical parameters
of the detection scenarios, e.g., the cellular systems [38], TV
bands [4, 59], and wireless microphones [59]. In this paper,
the examples focus on the cognitive radios, where the signal-
noise-ratio (SNR) of interest is at the range of -20 dB [4]. The
transmitter with its SNR less than -20 dB at the detector is far
away and the probability of channel collision is negligible.

C. Formulation of Incomplete Signal Model

The AR processes have been applied to model a wide cate-
gory of signals, e.g., fading channels [26-27], non-cooperative
narrowband interferences [28], non-cooperative radar signals
[30-31], and digitally modulated signals [33]. In the cognitive
radio, the primary signals are similar to the non-cooperative
signals described by AR process in [26-28][30-31][33]. The
major feature in the scenario of the cognitive radio is the
unavailability of primary information at the detector. The
unavailability of primary information at the secondary de-
tector renders it impossible to properly design sampling rate
for uncorrelated samples. Furthermore, a properly designed
sampling rate with uncorrected samples for a specific primary
transmitter is unable to induce uncorrelated samples for other
transmitters with different physical parameters. Therefore, the
non-zero sample correlation generally exists in the samples in
the scenarios of cognitive radios. Because of the flexibilities
and wide applicability of AR processes, we adopt the complex
AR Gaussian processes to model the primary signal. The
signal model is formulated as

xt =

{
nt, H0

αt + nt, H1
, (1)

where nt is the complex white Gaussian noise with mean
0 and variance σ2

n, and αt is the complex signal. The t is
the discrete integer time index. In this model, the mean 0
and variance σ2

n of the nt are assumed to be known a priori
while the complete knowledge of the αt is not assumed. The
only assumed knowledge of αt is the lower bound of its
signal power and that αt belongs to the category of complex
Gaussian AR processes. We do not assume the detector knows
the parameters of the complex Gaussian AR process of αt.
Denoting * as the complex conjugate, the variance is expressed
as V ar[αt] = E[αtα

∗
t ] = σ2

α. In our model, the σ2
α is lower

bounded. Knowing the σ2
n a priori, specifying the lower bound

on σ2
α is equivalent to specifying the lower bound on the SNR,

denoted by S, i.e., σ2
α

σ2
n
> S. The αt can be described by the

AR expression with order q as

αt = a1αt−1 + a2αt−2 + a3αt−3 + ...+ aqαt−q + wt, (2)

where wt is the complex white Gaussian driving process. The
received signal under H1 is xt = αt + nt, which can be
reformulated as αt = xt − nt. Substituting αt = xt − nt into

(2) for all relevant values of t, we obtain

xt − nt =a1(xt−1 − nt−1) + a2(xt−2 − nt−2)

+ a3(xt−3 − nt−3) + ...+ aq(xt−q − nt−q) + wt

(3)

which can be reformulated as

xt =a1xt−1 + a2xt−2 + a3xt−3 + ...+ aqxt−q + wt

+ nt − a1nt−1 − a2nt−2 − ...− aqnt−q. (4)

The derivations in (3)(4) show that the received signal, xt, is
a complex ARMA process.

III. SEQUENTIAL DETECTION UNDER INCOMPLETE

MODEL

At each time instant t, the sequential detector collects xt,
updates the decision statistic Λt, and makes the decision Dt.
The decision Dt is made by choosing one of the H1, H0, or
continue, expressed as

Dt =

⎧⎨
⎩

H1

H0

continue
, (5)

where the decision criteria of choosing H1, H0, or continue
are discussed in the following sections. If Dt is chosen to
be H1 or H0, the sequential detection scheme terminates at
the time instant t, which is called the termination time. If
Dt is chosen as continue, the sequential detector continues
to time t + 1, collects xt+1, and perform the same decision
process as (5). As the design goal to reduce the complexity of
the sequential detection scheme, the Λt must be sequentially
updated without preserving all the past observations. In other
words, the statistic Λt must be updated, based on finite
length of the past observations. The procedures of sequentially
updating Λt are discussed in the following sections.

A. Deriving the Sequential Likelihood Ratio Test of ARMA

The sequential detector is assumed to start observing the
first sample at time 1. At time t, the observed samples are
x1, x2, ..., xt, which generate the logarithmic likelihood ratio
as

Λt(x1, x2, ..., xt) = log
P (x1, x2, ..., xt|H1)

P (x1, x2, ..., xt|H0)
. (6)

The logarithmic likelihood ratio Λt(x1, x2, ..., xt) is the func-
tion of all samples accumulated from time 1 to time t. We
express Λt(x1, x2, ..., xt) as Λt to simplify the notations when
there are no risks of confusions. We denote the probability
ratio of the sample at time t conditioned on the past p + 1
samples as λt, i.e.,

λt(xt|xt−1, xt−2,..., xt−p−1) =

log
P (xt|xt−1, xt−2, ..., xt−p−1, H1)

P (xt|xt−1, xt−2, ..., xt−p−1, H0)
. (7)

When there are no risks of confusions, we simplify
λt(xt|xt−1, xt−2, ..., xt−p−1) as λt to simplify the notations.
Using derivations in Appendix, we obtain

Λt =

t∑
h=p+2

λh. (8)
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The sequential update of the test statistic can be expressed
by

Λt = Λt−1 + λt. (9)

B. Predictive probability density function and decision rule

To compute the test statistic, the sequential detector
requires the explicit expression of λt. We derive ex-
plicit expressions for P (xt|xt−1, xt−2, ..., xt−p−1, H1) and
P (xt|xt−1, xt−2, ..., xt−p−1, H0) to obtain λt by (7). We de-
note the autocovariance as rx,k = cov(xt, xt+k) = E[xtx

∗
t+k]

and denote the column vectors of the observed past p + 1
samples at time t as

Xt,p =

⎡
⎢⎢⎢⎣

xt−p−1

...
xt−2

xt−1

⎤
⎥⎥⎥⎦ , Xt,p,# =

⎡
⎢⎢⎢⎣

xt−1

xt−2

...
xt−p−1

⎤
⎥⎥⎥⎦ . (10)

The covariance matrix and covariance column vector are
denoted by

Rx =E[XXH] =

⎡
⎢⎢⎢⎢⎢⎢⎣

rx,0 rx,1 rx,2 · · · rx,p
rx,−1 rx,0

rx,−2 rx,0
...

...
. . .

rx,−p · · · rx,0

⎤
⎥⎥⎥⎥⎥⎥⎦
,

Υx =

⎡
⎢⎢⎢⎣

rx,1
rx,2

...
rx,p+1

⎤
⎥⎥⎥⎦ . (11)

The N(x;μ,Ω) is used to denote the two-dimensional Gaus-
sian pdf with the real component and imaginary component
of x as the two random variables. In N(x;μ,Ω), the μ is the
mean vector and Ω is the covariance matrix. Under H0, the xt

is complex white Gaussian sequence with mean μ0 =

[
0
0

]

and covariance Ω0 =

[
σ2
n/2 0
0 σ2

n/2

]
. Therefore, we obtain

P (xt|xt−1, xt−2, ..., xt−p−1, H0) = N(xt;μ0,Ω0). (12)

The estimated rx,k at time t is denoted as rx,k,t. Using sample
average as the estimation of rx,k, the sequential updating
relationship of the of the rx,k,t and rx,k,t−1 is expressed as

rx,k,t =
rx,k,t−1 × (t− 1) + xt−kx

∗
t

t
, (13)

for valid values of k. Using (13) to update rx,k,t sequentially,
and using the estimated rx,k,t as the rx,k in (11) at each time
t, the elements in Rx and Υx are sequentially updated.

For the xt modeled by the ARMA process, we have the
one-step predictive mean and variance [41] expressed by

E[xt|xt−1, xt−2, ..., xt−p−1] = Υx
′R−1

x Xt,p,#, (14)

V ar[xt|xt−1, xt−2, ..., xt−p−1] = rx,0 −Υx
′R−1

x Υx, (15)

where the ′ represents the Hermitian operator, i.e.,
Υx

′ represents the transpose and complex conjugate
of Υx. It is noted that one-step predictive mean (14)

and variance (15) can be sequentially updated by

(13). By denoting μ1 =

[
Re(Υx

′R−1
x Xt,p,#)

Im(Υx
′R−1

x Xt,p,#)

]
and

Ω1 =

[
(rx,0 −Υx

′R−1
x Υx)/2 0

0 (rx,0 −Υx
′R−1

x Υx)/2

]
,

the predictive pdf can be expressed as

P (xt|xt−1, xt−2, ..., xt−p−1, H1) = N(xt;μ1,Ω1). (16)

By combining (7)(12)(16), we obtain

λt =
N(xt;μ1,Ω1)

N(xt;μ0,Ω0)
. (17)

The decision at time t is described as

Dt =

⎧⎨
⎩

H1 if Λt > logA
H0 if Λt < logB

continue if logA ≤ Λt ≤ logB
, (18)

where the decision boundaries A and B can be set [20] by

A =
1− PM

PFA
, B =

PM

1− PFA
. (19)

If Dt is H1 or H0, the sequential detection is completed and
terminated. If Dt is continue, the detector takes xt+1 and
repeat the same process at time t + 1. The processes repeat
till a decision, H1 or H0, is made.

C. Initialization

It is noticed that the white Gaussian noise is the spe-
cial case of the ARMA process. Therefore, under H0,
the N(xt;μ1,Ω1) estimated from the noises of H0 ap-
proaches N(xt;μ0,Ω0), which renders λt in (7) close to
zero and stagnates the progress of Λt. To resolve this,
the constraint of the SNR lower bound, i.e., the S, must
be imposed on the P (xt |xt−1, xt−2, · · · , xt−p−1, H1) in
the computation of λt. Given the S as the lower bound
on the SNR, i.e., σ2

α

σ2
n

> S , we obtain rx,0 = σ2
α +

σ2
n > (1 + S)σ2

n. We denote μ2 =

[
0
0

]
and Ω2 =[

(S + 1)σ2
n/2 0

0 (S + 1)σ2
n/2

]
. By using the maximum en-

tropy criterion under the constraint rx,0 > (1 + S)σ2
n, the

maximum-entropy pdf for P (xt|xt−1, xt−2, ..., xt−p−1, H1) is
N(xt;μ2,Ω2). Thus, the N(xt;μ2,Ω2) is used as the initial
pdf of P (xt|xt−1, xt−2, ..., xt−p−1, H1). Using N(xt;μ2,Ω2)
as the P (xt|xt−1, xt−2, ..., xt−p−1, H1) in (7) and combining
(12), we obtain

λt =
N(xt;μ2,Ω2)

N(xt;μ0,Ω0)
. (20)

The threshold on the power of the received signal is used to
trigger the update of P (xt|xt−1, xt−2, ..., xt−p−1, H1) by the
N(xt;μ1,Ω1). The power of the received signal is rx,0. At
time t, the mean of the sample variance under H0 is σ2

n, the
variance of the sample variance under H0 is 2σ4

n

t , which gives

the standard deviation as σ2
n

√
2
t . The criterion is to update

the P (xt|xt−1, xt−2, ..., xt−p−1, H1) by the N(xt;μ1,Ω1) if
the estimated signal power is larger than the mean of the
noise variance plus k deviations. The expression of the thresh-
old to trigger the update P (xt|xt−1, xt−2, ..., xt−p−1, H1) by

N(xt;μ1,Ω1) is rx,0 > σ2
n(1 + k

√
2
t ).



498 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 12, NO. 2, FEBRUARY 2013

*
, , 1

, ,
( ( 1) )x k t t k t

x k t
r t x xr t

− −· − +=

Update Autocovariances

1t t tλ−Λ =Λ +

1

0

1

(Detection Completed )  if log
(Detec tion Completed )  if log

(Sample  and Repea t)   if log log

t

t

t t

H A
D H B

continue x B+

Λ >
= <

≤ Λ ≤

tx

1 1

0 0

( ; , )
( ; , )

t
t

t

N x
N x

μλ
μ

Ω
=

Ω
2 2

0 0

( ; , )
( ; , )
t

t
t

N x
N x

μλ
μ

Ω
=

Ω

2 2
,0,

2(1 )x t nr k
t

σ> +If 2 2
,0,

2(1 )x t n t
σ +If

{

kr

Λt

A

≤

Fig. 1. The diagram of the proposed sequential detector.

D. Summary and Discussions

The sequential scheme is illustrated in Fig. 1 and summa-
rized in the following.

1) Take the sample xt.
2) Update the autocovariances by

rx,k,t = (rx,k,t−1 × (t− 1) + xt−kx
∗
t ) /t.

3) Update μ1, Ω1, μ2, and Ω2.

4) If rx,0,t > σ2
n(1 + k

√
2
t ), λt =

N(xt;μ1,Ω1)
N(xt;μ0,Ω0)

, else λt =
N(xt;μ2,Ω2)
N(xt;μ0,Ω0)

.
5) Update the test statistic by Λt = Λt−1 + λt.
6) Make the decision by

Dt =

⎧⎨
⎩

H1 if Λt > logA
H0 if Λt < logB
continue if log A � Λt � logB

.

In certain scenarios, more primary knowledge may be
obtainable through white space database or other auxiliary
means, e.g., the TV white space database [63], Geo-location
[62,63], or statistical modeling of white space [61]. The design
of a sequential detector with partial knowledge of the primary
signal can be facilitated through conditioning the above for-
mulations on the available information or through Bayes rule.
The detection accuracies of the small-scale primary users [64]
can also be improved, since the proposed algorithm allows
the user-specified detection accuracies. The sequential detector
can be further extended to the cooperative operation for better
detecting the small-scale devices.

IV. EXPECTED NUMBER OF SAMPLES AT TERMINATION

The sequential detection scheme terminates at the time
when a decision H0 or H1 is made. The number of samples
at the termination, denoted as �, is a random variable. With
probability 1, the sequential process terminates within finite
number of samples [18]. One of the important properties in

the sequential detection scheme is the expected number of
termination samples, expressed as E[�]. The E[�] indicates,
on average, the number of samples required for the sequen-
tial scheme to reach a decision. In many applications, the
smaller E[�] is meritorious, since the timely decisions usually
facilitate quick responses of the applications and lower the
computation complexities of the detector. The approximate
expression of E[�] is analyzed in this section.

In [42], the g(PFA, PM ) is defined as

g(PFA, PM ) = (1− PFA) logB + PM logA. (21)

By the above g(PFA, PM ), the expected termination time of
the sequential probability ratio test is expressed [20] as

E[�|H0] =
g(PFA, PM )

E[λt|H0]
, (22)

E[�|H1] =
−g(PM , PFA)

E[λt|H1]
, (23)

where E[λt |H0] is the expected step size conditioned on H0,
and E[λt |H1] is the expected step size conditioned on H1.
The E[λt |H0] and E[λt |H1] are expressed as

E[λt|H0] =

∫ ∞

−∞
λt(xt|xt−1, xt−2, ..., xt−p−1, H0)

× P (xt|xt−1, xt−2, ..., xt−p−1, H0)dxt, (24)

E[λt|H1] =

∫ ∞

−∞
λt(xt|xt−1, xt−2, ..., xt−p−1, H1)

× P (xt|xt−1, xt−2, ..., xt−p−1, H1)dxt. (25)

In (24), the estimated λt(xt|xt−1, xt−2, ..., xt−p−1, H0) un-
der H0 is approximately equal to (20). Therefore, by using
(12)(20), the (24) can be reformulated by

E[λt|H0] =

∫ ∞

−∞

N(xt;μ2,Ω2)

N(xt;μ0,Ω0)
N(xt;μ0,Ω0)dxt. (26)

By (22)(26), the E[� |H0] is expressed as

E[�|H0] =
g(PFA, PM )

E[λt|H0]

=
g(PFA, PM )∫∞

−∞
N(xt;μ2,Ω2)
N(xt;μ0,Ω0)

N(xt;μ0,Ω0)dxt

. (27)

We denote the real SNR as ζ, the mean as μ3 =

[
0
0

]
and the

covariance matrix as Ω3 =

[
(ζ + 1)σ2

n/2 0
0 (ζ + 1)σ2

n/2

]
.

Under H1, the P (xt|xt−1, xt−2, ..., xt−p−1, H1) in (25) is
approximately equal to N(xt;μ3,Ω3). It is noted that the
N(xt;μ3,Ω3) is to denote the sample distribution under the
SNR=ζ for the purpose of analysis. The N(xt;μ3,Ω3) is in-
herently different from the sequentially updated N(xt;μ1,Ω1)
in Section III. There are two stages for λt expressed
by (17) and (20) separately. At the first stage, the
λt(xt|xt−1, xt−2, ..., xt−p−1, H0) is expressed by (20). Using
N(xt;μ3,Ω3) as P (xt|xt−1, xt−2, ..., xt−p−1, H1) and (20)
as λt(xt|xt−1, xt−2, ..., xt−p−1, H0) in (25), we obtain

E[λt|H1, ζ,1st stage]

=

∫ ∞

−∞

N(xt;μ2,Ω2)

N(xt;μ0,Ω0)
N(xt;μ3,Ω3)dxt. (28)
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At the second stage, the λt(xt|xt−1, xt−2, · · · , xt−p−1, H0)

is expressed by N(xt;μ3,Ω3)
N(xt;μ0,Ω0)

. Using N(xt;μ3,Ω3) as

P (xt|xt−1, xt−2, · · · , xt−p−1, H1) and N(xt;μ3,Ω3)
N(xt;μ0,Ω0)

as
λt(xt|xt−1, xt−2, · · · , xt−p−1, H0) in (25), we obtain

E[λt|H1, ζ,2nd stage]

=

∫ ∞

−∞

N(xt;μ3,Ω3)

N(xt;μ0,Ω0)
N(xt;μ3,Ω3)dxt. (29)

Under H1, the approximated time, in units of samples, of
the detector being in the first stage is denoted as Eth and

expressed as Eth = 2
(

k
ζ

)2

. Therefore, under H1 in the first

stage, the expected step size is E[λt|H1, ζ, 1st stage] when

the time is smaller than Eth = 2
(

k
ζ

)2

. Under H1 in the

second stage, the expected step size is E[λt|H1, ζ, 2nd stage]

when the time is larger than or equal to Eth = 2
(
k
ζ

)2

.
Summarizing the step sizes and conditions under H1, we
obtain

E[�|H1, ζ] = E[λt|H1, ζ, 1st stage]

+ E[λt|H1, ζ, 2nd stage]

= min[
−g(PM , PFA)

E[λt|H1, ζ, 1st stage]
, Eth]+

max[
−g(PM , PFA)− E[λt|H1, ζ, 1st stage]Eth

E[λt|H1, ζ, 2nd stage]
, 0]. (30)

For the SNR ζ distributed by pdf f(ζ), we have

E[�|H1] =

∫
E[�|H1, ζ]f(ζ)dζ. (31)

Summarizing the derivation, the expected termination time can
be expressed by

E[�] = PH0E[�|H0] + PH1E[�|H1]. (32)

Therefore, to evaluate E[�], the E[λt |H0] and E[λt |H1]
are first evaluated by (27)(31). Then, E[�] can be evaluated
through (32).

V. COMPARISONS WITH ENERGY DETECTOR AND

SEQUENTIAL ENERGY DETECTOR

The energy detector collects a fixed number of samples and
makes the decision based on the collected samples. In this
paper, we use T to denote the pre-determined fixed number
of samples for conventional energy detector. The test statistic
of the energy detector is denoted and expressed by

λeng,T =
T∑

t=1

xtx
∗
t . (33)

The decision of the energy detector, denoted as Deng , is
expressed [5] as

Deng =

{
H1, ifλeng,T > γ
H0, ifλeng,T ≤ γ

. (34)

The energy detector uses central limit theorem to approximate
the test statistics by the Gaussian distributions, i.e.,

Deng =

{
λeng,T ∼ N(λeng,T ;Tσ2

n, 2Tσ4
n), H0

λeng,T ∼ N(λeng,T ;T (σ2
n + σ2

α), 2T (σ2
n + σ2

α)
2), H1

.

(35)

TABLE I
THE TARGETED (PM , PFA) AND THE SIMULATION RESULTS UNDER THE

SETTINGS OF EXAMPLE 1

Targeted Sequential Sequential Energy Energy
(PM , PFA) Detector Detector Detector
(0.1, 0.1) (0.0697, 0.0904) (0.0722, 0.1031) (∗∗, 0.0382)
(0.05, 0.05) (0.0357, 0.0517) (0.0332, 0.0498) (∗∗, 0.0189)
(0.03, 0.03) (0.0203, 0.0314) (0.0217, 0.0302) (∗∗, 0.0113)
(0.01, 0.01) (0.0067, 0.0096) (0.0058, 0.0093) (∗∗, 0.0035)

**Smaller than 10−3

By (34)(35), the PFA and PD are solved and expressed as

PFA = Q(
γ − Tσ2

n√
2Tσ4

n

), PD = Q(
γ − T (σ2

α + σ2
n)√

2T (σ2
α + σ2

n)
2
). (36)

Solving for T in (36), the T is expressed by T =

2[(Q−1(PFA)−Q−1(PD))
σ2
n

σ2
α
−Q−1(PD)]2.

For the given PFA, PD, and the SNR lower bound S, the
energy detector calculates the fixed number of samples by
T = 2[(Q−1(PFA)−Q−1(PD))S−1 −Q−1(PD)]2. By (36)
for the given PFA, the detection threshold of the statistic is
γ =

√
2Tσ4

nQ
−1(PFA)+Tσ2

n =
(√

2TQ−1(PFA) + T
)
σ2
n.

The energy detector performs the detections based on the fixed
number of samples, i.e., the calculated T .

It is noted that, in many applications, the samples are
correlated due to the narrowband property of the signals. The
energy detector does not incorporate the properties of the
autocorrelations in the formulations of the detection scheme.

Besides the energy detector, the sequential energy detector
in [11] is briefly described for comparison. We denote the log-
arithmic likelihood ratio of the sequential energy detector as
ΛSeqEng,t. The sequential update of the logarithmic likelihood
ratio can be expressed [11] as

ΛSeqEng,t =ΛSeqEng,t−1 +
1

2
log

σ2
n

σ2
α + σ2

n

+
σ2
α log e

2σ2
n(σ

2
α + σ2

n)
xtx

∗
t . (37)

The decision rule is described by

Dt =

⎧⎨
⎩

H1 if ΛSeqEng,t > logA
H0 if ΛSeqEng,t < logB
continue if logA ≤ ΛSeqEng,t ≤ logB

. (38)

The details of implementation and results are described in the
following section.

VI. NUMERICAL EXAMPLES

A. Example 1-Random SNR with Random Mobility

In this example, we simulate the detection of mobile trans-
mitters emitting primary signals traversing fading channels.
In the simulation scenario, the received SNR at detector
is uniformly distributed between −20 dB to 10 dB. The
prior probabilities of H1 and H0 are 0.5 separately. The
primary signal under H1 is the BPSK modulated signal
traversing fading channels generated by the Jake’s model
[23]. In the Jake’s model, the autocorrelation of the channel
is expressed as J0(2πfDΔ|τ |), where the τ represents the
index of the time lag, and the Δ represents the sampling
interval. The sampling interval Δ is set as 1/10000 second,
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Fig. 2. Realizations of the test statistic Λt in example 1 at PFA = 0.1 and
PM = 0.1. (a) Two realizations under the truth of H1. (b) Two realizations
under the truth of H0.

i.e., the sampling frequency is 10000 samples per second.
The Doppler shift, fD, is described by fD = vfc

3×108 , where
the carrier frequency fc is chosen as the GSM band at 900
MHz and the transmitter speed, v , is uniformly distributed
between 3 meters/second (m/s) and 30 m/s. The detection
schemes, including the sequential detector, sequential en-
ergy detector, and the energy detector, are performed. The
simulation are performed with the targeted (PFA, PM ) =
(0.01, 0.01), (0.03, 0.03), (0.05, 0.05), (0.1, 0.1), respec-
tively.

The examples of realizations of Λt are shown in Fig. 2.
The simulation and theoretical results of average number of
samples to reach decision are shown in Fig. 3. The detection
accuracies are shown in Table I. In Fig. 3, the energy detector
and the sequential energy detector require more number of
samples to reach the decision than the proposed sequential
detector. In Table I, the resulting (PFA, PM ) for the sequential
detector, sequential energy detector, and the energy detector
satisfies the targeted (PFA, PM ). Observing Fig. 3 and Table I,
the proposed sequential detector achieves smaller number of
samples while fulfilling the targeted (PFA, PM ).

B. Example 2-Fixed SNR with Random Mobility

In this example, the scenarios of the fixed SNR at the
receiver are investigated. The SNRs are −20 dB and 0 dB
separately. Other parameters are the same as those in the
example 1.

The examples of realizations of Λt are shown in Fig. 4.
The average number of samples is shown in Fig. 5. The
(PFA, PM ) is shown in Table II and III. In Fig. 5, at the
same SNR, the energy detector and sequential energy detector
require more number of samples to reach the decision than the
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Fig. 3. The average number of samples at PM = PFA = 0.01, 0.03, 0.05,
and 0.1, under the settings of example 1.

TABLE II
THE TARGETED (PM , PFA) AND THE SIMULATION RESULTS IN EXAMPLE

2 AT SNR=-20 DB

Targeted Proposed Sequential Sequential Energy Energy
(PM , PFA) Detector(−20 dB) Detector(−20 dB) Detector(−20 dB)
(0.1, 0.1) (0.0741, 0.1037) (0.0634, 0.1023) (0.1034, 0.0975)
(0.05, 0.05) (0.0328, 0.0469) (0.0312, 0.0465) (0.0453, 0.0531)
(0.03, 0.03) (0.0189, 0.0312) (0.0159, 0.0301) (0.0298, 0.0319)
(0.01, 0.01) (0.0067, 0.0095) (0.0074, 0.0103) (0.0103, 0.0983)

proposed sequential detector. In Table II and III, the resulting
(PFA, PM ) for the proposed sequential detector, sequential
energy detector, and the energy detector satisfy the targeted
(PFA, PM ). Observing Fig. 5, Table II and III, the proposed
sequential detector achieves smaller number of samples while
fulfilling the targeted (PFA, PM ). Observing the (PFA, PM )
of the proposed sequential detector in Table II and III, the
detection performances on the lower SNR (−20 dB) scenarios
are comparable with the performances on higher SNR (0
dB) scenarios. Thus, the detections on the transmitters with
lower SNRs are not unfairly disadvantaged by our sequential
detection scheme.

Because of the unavailability of the signal SNR for the
primary signal, the energy detector uses the conservative
detection strategy and performs much better than the targeted
performance by using a much more samples than necessary.
The performances of our proposed approach are closer to the
targeted detection accuracy. Comparing the average number
of samples for the −20 dB and 0 dB scenarios, our proposed
approach can adaptively terminate its sampling and make its
decision based on its accumulated likelihood ratio, which
enable our proposed approach to achieve smaller termination
time.

C. Example 3-Unequal Probability of False Alarm and Prob-
ability of Missed Detection

In cognitive radios, the event of missed detection, measured
by PM , causes channel conflicts which are often considered
more harmful than the event of missed channel opportunity,
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Fig. 4. Realizations of the test statistic Λt in example 2 at PFA = 0.1 and
PM = 0.1. (a) Two realizations under the truth of H1. (b) Two realizations
under the truth of H0.
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Fig. 5. The average number of samples at PM = PFA = 0.01, 0.03, 0.05,
and 0.1, under the settings of example 2.

i.e., the false alarm measured by PFA. Therefore, it is often
desired to design the detector with PM lower than PFA.
In this example, we simulate the design targeting perfor-
mances of (PFA, PM )=(0.1, 0.08), (0.1, 0.05), (0.05, 0.03),
and (0.05, 0.01), respectively. The simulation settings are the
same as example 1, except the PM and PFA described in this
section.

The results are shown in Table IV. We observe that the
proposed approach achieves the lower average number of
samples than the sequential energy detector, while their detec-
tion accuracies are comparable. The proposed approach and

TABLE III
THE TARGETED (PM , PFA) AND THE SIMULATION RESULTS IN EXAMPLE

2 AT SNR=0 DB

Targeted Proposed Sequential Sequential Energy Energy
(PM , PFA) Detector(0 dB) Detector(0 dB) Detector(0 dB)
(0.1, 0.1) (0.0530, 0.1019) (0.0520, 0.0937) (∗∗, 0.0305)
(0.05, 0.05) (0.0231, 0.0501) (0.0217, 0.0491) (∗∗, 0.0167)
(0.03, 0.03) (0.0125, 0.0297) (0.0131, 0.0310) (∗∗, 0.0102)
(0.01, 0.01) (0.0051, 0.0105) (0.0045, 0.0101) (∗∗, 0.0024)

**Smaller than 10−3

the sequential energy detector achieve much lower average
number of samples than the energy detector. The results in
this example show the effectiveness of the proposed approach
in the scenario of unequal PM and PFA in the cognitive radio.

Besides the detection accuracies, the comparisons of com-
plexities are discussed as follows. At each instant of taking
a sample, the proposed sequential detector performs Step.1)-
6) in Section III-D, whose complexity is fixed per sample.
Therefore, the computational complexity per detection of the
proposed detector grows linearly with the number of samples
to termination. With the expected termination time denoted
as E[�], the overall complexity per detection is O(E[�]).
At each instant of taking a sample, the sequential energy
detector performs (37)(38), whose complexity is fixed per
sample. Therefore, the computational complexity per detection
of the sequential energy detector grows linearly with the
number of samples to termination, and the overall complexity
per detection is O(E[�]). The complexities of our proposed
sequential detector and the energy sequential detector grow
at the same order with the number of samples to termination.
As observed in the numerical results, the expected termination
times of the sequential energy detector are roughly 1.5 to 2
times higher than that of the proposed approach, depending
on the scenarios. Therefore, the complexity of the sequential
energy detector is slightly higher than the complexity of the
proposed sequential detector.

VII. CONCLUSION

We investigate the sequential detector based on AR model
for the incomplete signal model suitable for non-cooperative
signal sources. With the goals to accommodate the uncer-
tainties and unavailability of the signal characteristics, the
incomplete signal model assumes only the knowledge of AR
process on the primary signal. The incomplete model provides
the detection framework with looser assumptions than the
previously studied models. We derive the sequential detector
for the incomplete model. The sequential detector utilizes
likelihood ratio test framework and uses the predictive distri-
butions of the ARMA process. The predictive distributions are
sequentially updated by the sample covariances. To measure
the efficiency of the sequential detector, the approximate
expected number of samples to reach the decision is derived.

The energy detector and the sequential energy detector
are compared with the sequential detector. The numerical
examples simulating the detections of the mobile transmitters
are demonstrated. The sequential detector is shown to reach
the decision with smaller average number of samples than the
energy detector and sequential energy detector while satisfying
the desired probabilities of miss and false alarm.

The incorporation of more information, e.g., the cyclosta-
tionarity, the fading statistics, and SNR, may have potentials
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TABLE IV
THE TARGETED (PM , PFA) AND THE SIMULATION RESULTS UNDER THE SETTING IN EXAMPLE 3

Sequential Detector Sequential Energy Detector Energy Detector
Targeted (PM , PFA) (PM , PFA) ANS (PM , PFA) ANS (PM , PFA) ANS
(0.08, 0.1) (0.0496, 0.0876) 2.18 × 104 (0.0506, 0.0905) 4.46 × 104 (∗∗, 0.0393) 1.45 × 104

(0.05, 0.1) (0.0301, 0.0902) 2.64 × 104 (0.0320, 0.0921) 5.54 × 104 (∗∗, 0.0326) 1.73 × 104

(0.03, 0.05) (0.0165, 0.0438) 3.12 × 104 (0.0153, 0.0480) 6.33 × 104 (∗∗, 0.0203) 2.51 × 104

(0.01, 0.05) (0.0062, 0.0463) 3.45 × 104 (0.0065, 0.0442) 7.02 × 104 (∗∗, 0.0161) 3.19 × 104

** Smaller than 10−3

to improve the detection accuracies, and may be the direction
of further investigations.

APPENDIX

PROOF OF PROPOSITION 3

Applying chain rules on (6), we obtain (39) in the next
page. Because the autocovariances tend to zero for large time
lags, we denote p+1 as the time lag by which the past p+1
samples capture most of the information of the probabilities
in (39). The P (xt|xt−1,xt−2,...,x1,H1)

P (xt|xt−1,xt−2,...,x1,H0)
in (39) can be truncated

to depend only on the past p+ 1 samples, i.e,

P (xt|xt−1, xt−2, ..., x1, H1)

P (xt|xt−1, xt−2, ..., x1, H0)

:=
P (xt|xt−1, xt−2, ..., xt−p−1, H1)

P (xt|xt−1, xt−2, ..., xt−p−1, H0)
, (40)

where ”:=” denotes ”approximately equal to”. The p is
selected to be approximately equal to or slightly larger than the
underlying order of AR process in (2), and the p can be deter-
mined using the commonly practiced information-theoretical
criterion [39][40]. By using (40) in (39), we obtain (41) in the
next page. Therefore, the (41) leads to the expression in (8).

REFERENCES

[1] S. Haykin, “Cognitive radio: brain-empowered wireless communica-
tions,” IEEE J. Sel. Areas Commun., vol. 23, no. 2, pp. 201–220, Feb.
2005.

[2] E. Visotsky, S. Kuffner, and R. Peterson, “On collaborative detection of
TV transmissions in support of dynamic spectrum sharing,” in Proc.
2005 IEEE International Symposium on New Frontiers in Dynamic
Spectrum Access Networks, pp. 338–345.

[3] W.-H. Chung and K. Yao, “Decision fusion in sensor networks for
spectrum sensing based on likelihood ratio tests,” Proc. SPIE, vol. 7074,
no. 70740H, 2008.

[4] D. Cabric, S. M. Mishra, and R. W. Brodersen, “Implementation issues
in spectrum sensing for cognitive radios,” in Proc. 2004 Asilomar
Conference on Signals, Systems and Computers, vol. 1, pp. 772–776.

[5] D. Cabric, A. Tkachenko, and R. W. Brodersen, “Experimental study of
spectrum sensing based on energy detection and network cooperation,”
in Proc. 2006 International Workshop on Technology and Policy for
Accessing Spectrum, article no. 12.

[6] Q. Zhao and B. M. Sadler, “A survey of dynamic spectrum access,”
IEEE Signal Process. Mag., vol. 24, no. 3, pp. 79–89, May 2007.

[7] A. Jovicic and P. Viswanath, “Cognitive radio: an information-theoretic
perspective,” IEEE Trans. Inf. Theory, vol. 55, no. 9, pp. 3945–3958,
Sept. 2009.

[8] R. Chen, J. Park, Y. T. Hou, J. H. Reed, “Toward secure distributed
spectrum sensing in cognitive radio networks,” IEEE Commun. Mag.,
vol. 46, no. 4, pp. 50–55, Apr. 2008.

[9] J. Mitola, III and G. Q. Maguire, Jr., “Cognitive radio: making software
radios more personal,” IEEE Personal Commun., vol. 6, no. 4, pp. 13–
18, Aug. 1999.

[10] R. Tandra and A. Sahai, “SNR walls for signal detection,” IEEE J. Sel.
Topics Signal Process., vol. 2, no. 1, pp. 4–17, Feb. 2008.

[11] N. Kundargi and A. Tewfik, “A performance study of novel sequential
energy detection methods for spectrum sensing,” in Proc. 2010 IEEE
International Conference on Acoustics Speech and Signal Processing,
pp. 3090–3093.

[12] R. Chen, J. Park, and K. Bian, “Robust distributed spectrum sensing in
cognitive radio networks,” in Proc. 2008 IEEE Conference on Computer
Communications, pp. 1876–1884.

[13] Q. Zhao, L. Tong, A. Swami, and Y. Chen, “Decentralized cognitive
MAC for opportunistic spectrum access in ad hoc networks: a POMDP
framework,” IEEE J. Sel. Areas Commun., vol. 25, no. 3, pp. 589–600,
Apr. 2007.

[14] A. Arora, P. Dutta, S. Bapat, V. Kulathumani, H. Zhang, V. Naik, et
al., “A line in the sand: a wireless sensor network for target detection,
classification, and tracking,” Computer Networks, vol. 46, no. 5, pp.
605–634, Dec. 2004.

[15] S. Kay, “Robust detection by autoregressive spectrum analysis,” IEEE
Trans. Acoustics, Speech and Signal Process., vol. 30, no. 2, pp. 256–
269, Apr. 1982.

[16] M. Barkat and P. K. Varshney, “Decentralized CFAR signal detection,”
IEEE Trans. Aerospace and Electron. Systems, vol. 25, no. 2, pp. 141–
149, Mar. 1989.

[17] D. R. Cox and D. V. Hinkley, Theoretical Statistics. Chapman and Hall,
1974.

[18] A. Wald and J. Wolfowitz, “Optimum character of the sequential
probability ratio test,” The Annals of Mathematical Statistics, vol. 19,
no. 3, pp. 326–339, 1948.

[19] T. W. Anderson, “A modification of the sequential probability ratio test
to reduce the sample size,” The Annals of Mathematical Statistics, vol.
31, no. 1, pp. 165–197, 1960.

[20] J. Bussgang and D. Middleton, “Optimum sequential detection of signals
in noise,” IRE Trans. Inf. Theory, vol. 1, no. 3, pp. 5–18, Dec. 1955.

[21] M. Basseville and A. Benveniste, “Sequential detection of abrupt
changes in spectral characteristics of digital signals,” IEEE Trans. Inf.
Theory, vol. 29, no. 5, pp. 709–724, Sept. 1983.

[22] Bernard Sklar, “Rayleigh fading channels in mobile digital communica-
tion systems—part I: characterization,” IEEE Commun. Mag., vol. 35,
no. 7, pp. 90–100, July 1997.

[23] W. C. Jakes, Microwave Mobile Communication, 2nd edition. IEEE
Press, 1994.

[24] M. K. Simon and M.-S. Alouini, Digital Communication over Fading
Channels, 2nd edition. Wiley-IEEE Press, 2004.

[25] R. K. Mallik, “On multivariate Rayleigh and exponential distributions,”
IEEE Trans. Inf. Theory, vol. 49, no. 6, pp. 1499–1515, June 2003.

[26] K. E. Baddour and N. C. Beaulieu, “Accurate simulation of multiple
cross-correlated Rician fading channels,” IEEE Trans. Commun., vol.
52, no. 11, pp. 1980–1987, Nov. 2004.

[27] K. E. Baddour and N. C. Beaulieu, “Autoregressive modeling for fading
channel simulation,” IEEE Trans. Wireless Commun., vol. 4, no. 4, pp.
1650–1662, July 2005.

[28] H. V. Poor and X. Wang, “Code-aided interference suppression for
DS/CDMA communications—part I: interference suppression capabil-
ity,” IEEE Trans. Commun., vol. 45, no. 9, pp. 1101–1111, Sept. 1997.

[29] K. Takeuchi, S. Kaneko, and S. Nomoto, “Radio environment prediction
for cognitive radio,” 2008 International Conference on Cognitive Radio
Oriented Wireless Networks and Communications.

[30] J. Salzman, D. Akamine, and R. Lefevre, “Optimal waveforms and
processing for sparse frequency UWB operation,” in Proc. 2001 IEEE
Radar Conference, pp. 105–110.

[31] J. Salzman, D. Akamine, R. Lefevre, and J. C. Kirk, Jr., “Interrupted
synthetic aperture radar (SAR),” IEEE Aerospace and Electronic Sys-
tems Mag., vol. 17, no. 5, pp. 33–39, May 2002.

[32] D. Wang, Y. Su, X. Ma, and S. Wang, “Natural resonance frequency
extraction using an early-time and late-time responses combined tech-
nique,” in Proc. 2004 International Workshop Ultrawideband and Ul-
trashort Impulse Signals., pp. 201–204.

[33] H. Ketterer, F. Jondral, and A. H. Costa, “Classification of modulation
modes using time-frequency methods,” in Proc. 1999 IEEE International
Conference on Acoustics, Speech, and Signal Processing, vol. 5, pp.
2471–2474.

[34] Z. Wen, T. Luo, W. Xiang, S. Majhi, and Y. Ma, “Autoregressive
spectrum hole prediction model for cognitive radio systems,” in Proc.
2008 IEEE International Conference on Communications Workshops,
pp. 154–157.



CHUNG: SEQUENTIAL LIKELIHOOD RATIO TEST UNDER INCOMPLETE SIGNAL MODEL FOR SPECTRUM SENSING 503

Λt = log
P (x1, x2, · · · , xt|H1)

P (x1, x2, · · · , xt|H0)

= log

{
P (xt|xt−1, xt−2, · · · , x1, H1)P (xt−1|xt−2, xt−3, · · · , x1, H1) · · ·P (xp+2|xp+1, xp, · · · , x1, H1)

P (xt|xt−1, xt−2, · · · , x1, H0)P (xt−1|xt−2, xt−3, · · · , x1, H0) · · ·P (xp+2|xp+1, xp, · · · , x1, H0)

× log
P (xp+1|xp, xp−1, · · · , x1, H1)P (xp|xp−1, xp−2, · · · , x1, H1) · · ·P (x1|H1)

P (xp+1|xp, xp−1, · · · , x1, H0)P (xp|xp−1, xp−2, · · · , x1, H0) · · ·P (x1|H0)

}
. (39)

Λt = log

{
P (xt|xt−1, xt−2, · · · , xt−p−1, H1)P (xt−1|xt−2, xt−3, · · · , xt−p−2, H1) · · ·P (xp+2|xp+1, xp, · · · , x1, H1)

P (xt|xt−1, xt−2, · · · , xt−p−1, H0)P (xt−1|xt−2, xt−3, · · · , xt−p−2, H0) · · ·P (xp+2|xp+1, xp, · · · , x1, H0)

= log
P (xt|xt−1, xt−2, · · · , xt−p−1, H1)

P (xt|xt−1, xt−2, · · · , xt−p−1, H0)
+ log

P (xt−1|xt−2, xt−3, · · · , xt−p−2, H1)

P (xt−1|xt−2, xt−3, · · · , xt−p−2, H0)
+ · · ·+ log

P (x1|H1)

P (x1|H0)
. (41)

[35] S. Kay, “Asymptotically optimal detection in unknown colored noise
via autoregressive modeling,” IEEE Trans. Acoustics, Speech and Signal
Process., vol. 31, no. 4, pp. 927–940, Aug. 1983.

[36] C. Debes and A. M. Zoubir, “Bootstrapping autoregressive plus noise
processes,” in Proc. 2007 IEEE International Workshop on Computa-
tional Advances in Multi-Sensor Adaptive Processing, pp. 53–56.

[37] J. Zander, “Performance of optimum transmitter power control in
cellular radio systems,” IEEE Trans. Veh. Technol., vol. 41, no. 1, pp.
57–62, Feb. 1992.

[38] S. Y. Seidel and T. S. Rappaport, “914 MHz path loss prediction models
for indoor wireless communications in multifloored buildings,” IEEE
Trans. Antennas Propag., vol. 40, no. 2, pp. 207–217, Feb. 1992.

[39] R. Shibata, “Selection of the order of an autoregressive model by
Akaike’s information criterion,” Biometrika, vol. 63, pp. 117–126, 1976.

[40] P. Stoica and Y. Selen, “Model-order selection: a review of information
criterion rules,” IEEE Signal Process. Mag., vol. 21, no. 4, pp. 36–47,
July 2004.

[41] M. M. Ali, “Analysis of autoregressive-moving average models: estima-
tion and prediction,” Biometrika, vol. 64, no. 3, pp. 535–545, 1977.

[42] M. Pagano, “Estimation of models of autoregressive signal plus white
noise,” The Annals of Statistics, vol. 2, no. 1, pp. 99–108, Jan. 1974.

[43] R. Viswanathan and P. K. Varshney, “Distributed detection with multiple
sensors—part I: fundamentals,” Proc. IEEE, vol. 85, no. 1, pp. 54–63,
Jan. 1997.

[44] Z. Chair and P. K. Varshney, “Optimal data fusion in multiple sensor
detection systems,” IEEE Trans. Aerospace and Electronic Systems, no.
1, pp. 98–101, Jan. 1986.

[45] V. I. Kostylev, “Energy detection of a signal with random amplitude,”
in Proc. 2002 IEEE International Conference on Communications, vol.
3, pp. 1606–1610.

[46] F. F. Digham, M.-S. Alouini, and M. K. Simon, “On the energy
detection of unknown signals over fading channels,” in Proc. 2003 IEEE
International Conference on Communications, vol. 5, pp. 3575–3579.

[47] B. Friedlander and B. Porat, “A spectral matching technique for ARMA
parameter estimation,” IEEE Trans. Acoustics, Speech and Signal Pro-
cess., vol. 32, no. 2, pp. 338–343, Apr. 1984.

[48] S. Kay, “The effects of noise on the autoregressive spectral estimator,”
IEEE Trans. Acoustics, Speech and Signal Process., vol. 27, no. 5, pp.
478–485, Oct. 1979.

[49] W. X. Zheng, “Autoregressive parameter estimation from noisy data,”
IEEE Trans. Circuits and Systems II: Analog and Digital Signal Pro-
cessing, vol. 47, no. 1, pp. 71–75, Jan. 2000.

[50] Q. T. Zhang, “A decomposition technique for efficient generation of
correlated Nakagami fading channels,” IEEE J. Sel. Areas Commun.,
vol. 18, no. 11, pp. 2385–2392, Nov. 2000.

[51] K. Yip and T. Ng, “A simulation model for Nakagami-m fading channels,
m<1,” IEEE Trans. Commun., vol. 48, no. 2, pp. 214–221, Feb. 2000.

[52] N. C. Beaulieu and C. Cheng, “Efficient Nakagami-m fading channel
simulation,” IEEE Trans. Veh. Technol., vol. 54, no. 2, pp. 413–424,
Mar. 2005.

[53] Z. Quan, S. Cui, A. H. Sayed, and H. V. Poor, “Optimal multiband
joint detection for spectrum sensing in cognitive radio networks,” IEEE
Trans. Signal Process., vol. 57, no. 3, pp. 1128–1140, Mar. 2009.

[54] R. D. Yates, “A framework for uplink power control in cellular radio
systems,” IEEE J. Sel. Areas Commun., vol. 13, no. 7, pp. 1341–1347,
Sept. 1995.

[55] F. Rashid-Farrokhi, K. J. R. Liu, and L. Tassiulas, “Transmit beamform-

ing and power control for cellular wireless systems,” IEEE J. Sel. Areas
Commun., vol. 16, no. 8, pp. 1437–1450, Oct. 1998.

[56] W. Han, J. Li, Z. Tian, and Y. Zhang, “Efficient cooperative spectrum
sensing with minimum overhead in cognitive radio,” IEEE Trans.
Wireless Commun., vol. 9, no. 10, pp. 3006–3011, Oct. 2010.

[57] S. Chaudhari, V. Koivunen, and H. V. Poor, “Autocorrelation-based
decentralized sequential detection of OFDM signals in cognitive radios,”
IEEE Trans. Signal Process., vol. 57, no. 7, pp. 2690–2700, July 2009.

[58] A. Shaw, M. Jamali, and N. Wilkins, “Toward bandwidth invariance of
spatial processing in the non-cooperative receiver,” in Proc. 2006 IEEE
Workshop on Sensor Array and Multichannel Processing, pp. 556–560.

[59] C. Cordeiro, K. Challapali, D. Birru, and S. Shankar N, “IEEE 802.22:
the first worldwide wireless standard based on cognitive radios,” in
Proc. 2005 IEEE International Symposium on New Frontiers in Dynamic
Spectrum Access Networks, pp. 328–337.

[60] Q. Zou, S. Zheng, and A. H. Sayed, “Cooperative spectrum sensing via
sequential detection for cognitive radio networks,” in Proc. 2009 IEEE
Workshop on Signal Processing Advances in Wireless Communications,
pp. 121–125.

[61] S. Geirhofer, L. Tong, and B. M. Sadler, “Cognitive radios for dynamic
spectrum access—dynamic spectrum access in the time domain: mod-
eling and exploiting white space,” IEEE Commun. Mag., vol. 45, no. 5,
pp. 66–72, May 2007.

[62] D. Gurney, G. Buchwald, L. Ecklund, S. L. Kuffner, and J. Grosspietsch,
“Geo-location database techniques for incumbent protection in the TV
white space,” in Proc. 2008 IEEE Symposium on New Frontiers in
Dynamic Spectrum Access Networks, pp. 1–9.

[63] C. Stevenson, G. Chouinard, Z. Lei, W. Hu, S. Shellhammer, and W.
Caldwell, “IEEE 802.22: the first cognitive radio wireless regional area
network standard,” IEEE Commun. Mag., vol. 47, no. 1, pp. 130–138,
Jan. 2009.

[64] Y. Zeng, Y. Liang, and R. Zhang, “Blindly combined energy detection
for spectrum sensing in cognitive radio,” IEEE Signal Process. Lett.,
vol. 15, pp. 649–652, 2008.

[65] A. Jayaprakasam and V. Sharma, “Sequential detection based cooper-
ative spectrum sensing algorithms in cognitive radio,” 2009 UK-India
International Workshop on Cognitive Wireless Systems.

Wei-Ho Chung (M’11) was born in Kaohsiung,
Taiwan, in 1978. He received the B.Sc. and M.Sc.
degrees in Electrical Engineering from National
Taiwan University, Taipei City, Taiwan, in 2000 and
2002, respectively. From 2005 to 2009, he was with
the Electrical Engineering Department at University
of California, Los Angeles, where he obtained his
Ph.D. degree. From 2000 to 2002, he worked on
routing protocols in the mobile ad hoc networks in
the M.Sc. program in National Taiwan University.
From 2002 to 2005, he was a system engineer

at ChungHwa Telecommunications Company, where he worked on data
networks. In 2008, he was an research intern working on CDMA systems
in Qualcomm, Inc. His research interests include communications, signal
processing, and networks. Dr. Chung received the Taiwan Merit Scholarship
from 2005 to 2009, and the Best Paper Award in IEEE WCNC 2012.
Dr. Chung has been an assistant research fellow in the Research Center
for Information Technology Innovation at Academia Sinica, Taiwan, since
January 2010.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ACaslonPro-Bold
    /ACaslonPro-BoldItalic
    /ACaslonPro-Italic
    /ACaslonPro-Regular
    /ACaslonPro-Semibold
    /ACaslonPro-SemiboldItalic
    /AdobeFangsongStd-Regular
    /AdobeHeitiStd-Regular
    /AdobeKaitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobeSongStd-Light
    /AGaramondPro-Bold
    /AGaramondPro-BoldItalic
    /AGaramondPro-Italic
    /AGaramondPro-Regular
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Aharoni-Bold
    /Algerian
    /Andalus
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Aparajita
    /Aparajita-Bold
    /Aparajita-BoldItalic
    /Aparajita-Italic
    /ArabicTypesetting
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BirchStd
    /BlackadderITC-Regular
    /BlackoakStd
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScriptMT
    /BrushScriptStd
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ChaparralPro-Bold
    /ChaparralPro-BoldIt
    /ChaparralPro-Italic
    /ChaparralPro-Regular
    /CharlemagneStd-Bold
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CooperBlackStd
    /CooperBlackStd-Italic
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /DaunPenh
    /David
    /David-Bold
    /DFKaiShu-SB-Estd-BF
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /DokChampa
    /Dotum
    /DotumChe
    /Ebrima
    /Ebrima-Bold
    /EccentricStd
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EuphemiaCAS
    /FangSong
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Gabriola
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Gautami-Bold
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GiddyupStd
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /Gisha
    /Gisha-Bold
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HoboStd
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /IskoolaPota
    /IskoolaPota-Bold
    /JasmineUPC
    /JasmineUPCBold
    /JasmineUPCBoldItalic
    /JasmineUPCItalic
    /Jokerman-Regular
    /JuiceITC-Regular
    /KaiTi
    /Kalinga
    /Kalinga-Bold
    /Kartika
    /Kartika-Bold
    /KhmerUI
    /KhmerUI-Bold
    /KodchiangUPC
    /KodchiangUPCBold
    /KodchiangUPCBoldItalic
    /KodchiangUPCItalic
    /Kokila
    /Kokila-Bold
    /Kokila-BoldItalic
    /Kokila-Italic
    /KozGoPro-Bold
    /KozGoPro-ExtraLight
    /KozGoPro-Heavy
    /KozGoPro-Light
    /KozGoPro-Medium
    /KozGoPro-Regular
    /KozMinPro-Bold
    /KozMinPro-ExtraLight
    /KozMinPro-Heavy
    /KozMinPro-Light
    /KozMinPro-Medium
    /KozMinPro-Regular
    /KristenITC-Regular
    /KunstlerScript
    /LaoUI
    /LaoUI-Bold
    /Latha
    /Latha-Bold
    /LatinWide
    /Leelawadee
    /Leelawadee-Bold
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMT-Bold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /LithosPro-Black
    /LithosPro-Regular
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MalgunGothic
    /MalgunGothicBold
    /MalgunGothicRegular
    /Mangal
    /Mangal-Bold
    /Marlett
    /MaturaMTScriptCapitals
    /Meiryo
    /Meiryo-Bold
    /Meiryo-BoldItalic
    /Meiryo-Italic
    /MeiryoUI
    /MeiryoUI-Bold
    /MeiryoUI-BoldItalic
    /MeiryoUI-Italic
    /MesquiteStd
    /MicrosoftHimalaya
    /MicrosoftJhengHeiBold
    /MicrosoftJhengHeiRegular
    /MicrosoftNewTaiLue
    /MicrosoftNewTaiLue-Bold
    /MicrosoftPhagsPa
    /MicrosoftPhagsPa-Bold
    /MicrosoftSansSerif
    /MicrosoftTaiLe
    /MicrosoftTaiLe-Bold
    /MicrosoftUighur
    /MicrosoftYaHei
    /MicrosoftYaHei-Bold
    /Microsoft-Yi-Baiti
    /MingLiU
    /MingLiU-ExtB
    /Ming-Lt-HKSCS-ExtB
    /Ming-Lt-HKSCS-UNI-H
    /MinionPro-Bold
    /MinionPro-BoldCn
    /MinionPro-BoldCnIt
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Medium
    /MinionPro-MediumIt
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /Mistral
    /Modern-Regular
    /MongolianBaiti
    /MonotypeCorsiva
    /MoolBoran
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MVBoli
    /MyriadPro-Bold
    /MyriadPro-BoldCond
    /MyriadPro-BoldCondIt
    /MyriadPro-BoldIt
    /MyriadPro-Cond
    /MyriadPro-CondIt
    /MyriadPro-It
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Narkisim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /NuevaStd-BoldCond
    /NuevaStd-BoldCondItalic
    /NuevaStd-Cond
    /NuevaStd-CondItalic
    /Nyala-Regular
    /OCRAExtended
    /OCRAStd
    /OldEnglishTextMT
    /Onyx
    /OratorStd
    /OratorStd-Slanted
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PlantagenetCherokee
    /Playbill
    /PMingLiU
    /PMingLiU-ExtB
    /PoorRichard-Regular
    /PoplarStd
    /PrestigeEliteStd-Bd
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rod
    /RosewoodStd-Regular
    /SakkalMajalla
    /SakkalMajallaBold
    /ScriptMTBold
    /SegoePrint
    /SegoePrint-Bold
    /SegoeScript
    /SegoeScript-Bold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /SegoeUI-Light
    /SegoeUI-SemiBold
    /SegoeUISymbol
    /ShonarBangla
    /ShonarBangla-Bold
    /ShowcardGothic-Reg
    /Shruti
    /Shruti-Bold
    /SimHei
    /SimplifiedArabic
    /SimplifiedArabic-Bold
    /SimplifiedArabicFixed
    /SimSun
    /SimSun-ExtB
    /SnapITC-Regular
    /Stencil
    /StencilStd
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TektonPro-Bold
    /TektonPro-BoldCond
    /TektonPro-BoldExt
    /TektonPro-BoldObl
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /TraditionalArabic
    /TraditionalArabic-Bold
    /TrajanPro-Bold
    /TrajanPro-Regular
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga
    /Tunga-Bold
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Utsaah
    /Utsaah-Bold
    /Utsaah-BoldItalic
    /Utsaah-Italic
    /Vani
    /Vani-Bold
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vijaya
    /Vijaya-Bold
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Vrinda-Bold
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


