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Abstract— Spectrum sensing is a key technical challenge for
the cognitive radio (CR) technology which allows it to access the
spectrum of the licensed systems without causing interference
to them. It is well known that cyclostationarity detectors have
a great advantage of the robustness of noise uncertainty which
significantly degrades the performance and makes its implemen-
tation difficult in energy detectors. This paper pays attention
to the fact that cyclostationarity detector can achieve diversity
gain by manipulating multiple cyclic autocorrelation functions
(CAFs). While most of combining schemes in cooperative sensing
with multiple detectors require the signal to noise power ratio
estimation which is impractical in low SNR regime, combining
with multiple CAFs in single detector based on transmit signal
characteristic can be used. In this paper, three detector schemes
of selection combining (SC), equal gain combining (EGC) and
maximum ratio combining (MRC) with multiple CAFs are
evaluated in additive white Gaussian noise (AWGN) channel
considering the OFDM signal of Japanese digital television
broadcasting (ISDB-T) as a primary system. The numerical
results will show that the cyclic detector based on MRC using
several cyclic frequencies has the best detection performances
even though EGC shows slightly worse performance in assumed
condition.

|. INTRODUCTION

Recently, a cognitive radio (CR) technology, which is a
solution to a problem of spectrum scarcity, has received an
increasing attention [1], [2]. For example, the IEEE 802.22
working group (WG) in the United States (US) has developed
a standard of a fixed wireless regional area network (WRAN)
based on CR technology for operating in the TV bands [3],
[4]. The IEEE WRAN system is considered as the secondary
system which can access the primary bands without creating
harmful interference to the primary systems, e.g., TV systems.
The key challenge in designing WRAN based CR is to detect
the primary signals as reliable as possible, even in very low
signal to noiseratio (SNR) regime. Therefore, spectrum sensor
or signal detector is seen as an essential functionality of the
cognitive WRAN system. Various signa detectors have been
investigated for that purposes such as matched filter, energy
detector, and cyclostationarity detector (hereafter, cyclic de-
tector) utilizing cyclostationarity, etc.

A matched filter is usually considered as an optimal detector
if the primary signa is perfectly known. In addition, this
filter has to precisely demodulate the primary signal by per-
forming timing and symbol synchronization which is almost
impractical in very low SNR regime. An energy detector is
simple to implement and does not need any prior knowledge
about the primary signal but it is difficult to control false

alarm rate because the statistics of the signals, noise and
interference are not distinct in the signal processing [5]. A
cyclic detector utilizing cyclostationarity is seen as a possible
candidate to achieve the sensing requirements in the cognitive
radio system because it does not need a explicit knowledge of
noise distribution thus it is robust to random noise in practice.
However, this technique supposes knowledge of a minimum
characteristic of the primary signa such as modulation type,
symbol rates and so on. Although the cyclic detector has arich
literature review, the result may have not been directly applica-
ble to the cognitive radio system [6-9]. Recently a number of
studies have extensively applied the cyclostationarity to signal
detection in the cognitive radio application [10-18].

The signal detector can be considered as a binary hypothesis
testing problem; the primary signa is absent (Hy) or the
primary signal is present (). The test statistic under H,
and H; can be established by genera likelihood ratio test
(GLRT) which introduces the mean square sense consistency
and the asymptotically complex normality of cyclic auto-
correlation function (CAF) of the received signal [9]. The
periodic nature of the cyclostationarity is exhibited by multiple
cyclic frequencies and the CAFs at different cyclic frequencies
are asymptotically uncorrelated [13], [19]. Although multiple
CAFs at single time delay were utilized in [9], Hy or H;
can be determined by mutiple CAFs both at multiple cyclic
frequencies and multiple time delay [12], [13]. In other words,
cyclic detector can achieve diversity gain by manipulating
multiple CAFs. In [10], [11], the detection performances were
evaluated at any arbitrary cyclic frequencies which might result
poor detection performances. And only selection and equal
gain combining were discussed in [12], [13] where compre-
hensive guideline about how to select cyclic frequencies for
evaluating the detection performances was not provided.

While most of combining schemes in cooperative sensing
with multiple detectors require the signal to noise power ratio
(SNR) estimation which is impractical in low SNR regime, a
single detector combining test statistics obtained at multiple
cyclic frequencies based on transmit signal characteristic can
be used. In this paper, the detection performances are eval uated
in three combining schemes of selection combining (SC),
equal gain combining (EGC) and maximum ratio combining
(MRC). The probability of detection (Pp) vs. SNR and Pp
vs. probability of false alarm (Pra) are examined. The perfor-
mance is evaluated based on numerical simulations observed
in an additive white Gaussian noise (AWGN) by considering



an orthogonal frequency division multiplexing (OFDM) signal
of Japanese digital television broadcasting (ISDB-T) as the
primary users. In addition, we also compare the performance
of cyclic detector with well known energy detector.

The rest of this paper is organized as follows. Preliminar-
ies about cyclostationarity detector including cyclostationary
property of OFDM signal and test statistic and detection rule
for cyclic detector are presented in Sect. 2. In Sect. 3, a
description of signal detection methods based on above three
schemes are presented. The simulation results are illustrated
in Sect. 4. Finally, Sect. 5 concludes this paper.

Il. PRELIMINARIES

A. Cyclic Autocorrelation Function (CAF)

Consider a zero mean discrete time signa «[n] = z(nTy),
where T, is the sample period. A signad z[n| exhibits a
wide sense second order cyclostationarity if its time varying
autocorrelation function

Roye[n, l] = E{z[n]a*[n + 1]}, @
is periodic in terms of afixed lag I(= 0, +1, £2, - - -). x[n] for
n=20,---,N — 1 represents a sample of the signal x[n] and
N denotes the number of samples. We assume that 75 is a
period of R..[n,l]. T, corresponds to embedded periodicity
in the signa z[n| e.g., symbol rate, carrier frequency. From
the Fourier series expansion, that is
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where «y is caled cyclic frequency of z[n] for k =
0,+1,+2,--- (k is called cyclic frequency index). Typically,
oy, is related to symbol rate, modulation scheme and carrier
frequency of x[n]. The Fourier coefficient R2x[!] is caled a
cyclic autocorrelation function (CAF) at cyclic frequency oy
and at time lag [ and written by

RO(;, — lim — Z Rzz n le jQﬂM, (3)
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and in practice it can be estimated as
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RSFN = N Z x[n)z*[n + e 2"~ (4)
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[9]. Rox[l] is an estimate of conjugate CAF of R2:[l] and
* denotes conjugate operator. If oy, is the cyclic frequency of
x[n], then R2x[1] # 0. However, R2k[I] # 0 although ay is
not a cyclic frequency of x[n] because R2:[l] is computed
using a finite number of samples, N. Therefore, it is quite
difficult to conclude that « isthe cyclic frequency of x[n] by
just checking the value of k2% [1] at cyclic frequency oy, and at
timelag . Therefore, it is necessary to determine the statistical
test for the presence and the absence of the cyclostationarity.

B. Cyclic Autocorrelation Function of OFDM signal

Orthogonal Frequency Division Multiplexing (OFDM) is a
key technology in the digital radio broadband transmission
including the TV broadcasting systems. For examples, both
Digital Video Broadcasting Terrestrial (DVB-T) system and
Integrated Services Digital Broadcasting-Terrestrial (ISDB-T)
system use OFDM [20]. Therefore, it is reasonable to assume
that the primary signa is an OFDM signal. The problem of
detecting an OFDM signal is thus very relevant. In this paper,
the OFDM signal of ISDB-T system is considered as the
primary signals. The complex baseband OFDM signa s[n]
can be represented as follows [20].

—+o0

Z gln — ulNg] -

U=—00

<Z d[u, ] 632771 Shan ) ’ (5)

where N, and N, denote the number of subcarrier and the
number of FFT points, respectively. N (= N, + N, ) becomes
the total number of samples in an OFDM symbol by adding
N, samples of cyclic prefix. d[n, ¢] is the transmit information
for i-th subcarrier in n-th symbol, where they are statistically
uncorrelated with each other and modulated by a quadrature
amplitude modulation (64 QAM). g[n] is the rectangular
shaped pulse
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The autocorrelation function of s[n] can be written by
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where o2 = E{d[n,i]d*[n,i]} and A[l] can be expressed as
N.—1
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From (7) it is clear that the autocorrelation function is peri-
odic with period of Ny at lag I. Thus the OFDM signal is
cyclostationary with cyclic frequency
k k

.A— {ak | aE = i = —NSTO,
The CAF of g[n], R, [l], can be calculated by Fourier series
expansion of (7) by

Al =

k=0,4£1,+2,---}.  (9)

sinfras(Ns—[ID]  for | 1 |< N
Ryl =g o =N g
g 0, otherwise
Hence, R%*+[l] can therefore be written as
2 A Sinlrar (N =] for 11 1< N.
rerl = O D
0, otherwise
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Fig. 1. Cyclic detector using cyclostationary property.

(11) establishes two important facts. First, R2:[l] # 0 since
All] # 0 when | = £N, and it is noted that R%*[l] has the
largest CAFs among those at other lags. Second, the OFDM
signal must insert the guard interval at the start of the useful
OFDM symbol otherwise R+ (] = 0 because when Ny = N,
and ! = N, leading to sin[ray (Ns— | I |)] = 0. Therefore, the
OFDM signal induces cyclostationarity when the cyclic prefix
is used in the OFDM waveform and R%*[l] has the largest
CAFswhen [ is equal to N,.

C. Satistical Test of Cyclic Detector

In this paper, we basicaly follow the same approach as [9].
In OFDM signals, cyclic frequencies appear only at the time
lags of integer multiples of useful symbol duration (r = T,
namely [ = N,), thus we consider CAFs in single time lag at
I = N, where the CAFs are dominant, although Dandawate’s
approach generally used CAFs in multiple time lags. By using
the mean square sense consistency and asymptotical complex
normality of CAF of the received signal, the statistical test
based on GLRT for the presence and the absence of the
cyclostationarity has been established as follows [9]
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where 2% (1] is a row vector for single CAF which is defined
by

Bgsll] = Re{ R [}, Im{ R[],

x

(13)

and $2x[l] is the estimation of the covariance matrix which
can be derived analyticaly as follows [9]
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where the cyclic spectra
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Fig. 2. Distribution of 7% [{] under Ho and H; along with the threshold

where Wi, [s] is a smoothing spectral window (e.g. Kaiser
window) and Fy;[k] is the Fourier transform of f[n] =
x[n]z*[n + 1] which is defined as,

N—-1
Fya(k) = 3" aln]a*n+ e 7%

n=0
D. Detection Rule of Cyclostationarity Detector

The signal detection problem can be modeled as two binary
hypotheses test as follows,

{Ho : 2[n] = wln]

Hi : z[n] = s[n] + w[n|

(17)

: signal absence

: , (18)
: signal presence

where z[n] represents the sample of the received signal, s[n]
is the primary signal which may be modeled as a zero mean
cyclostationary signal and w(n] denotes the complex additive
white Gaussian noise (AWGN) process. The detection problem
aims at determining which of Hy or H; is the most likely.

Figure 1 depicts the detection algorithm using cyclostation-
arity with the test statistic 7+[I] in (12). In order to design
the cyclic detector, at first, the distribution of 7*[/] under
Ho should be known so that the threshold value v can be
determined for a specified probability of false alarm (Pra).
The signal detection mechanism can be stated as follows. The
signal presence and absence are determined by comparing the
test statistic of 7<+[l] against a predefined threshold v. When
T[] > +, the primary signal is decided to be present and
when 7%#[I] < ~ the primary signal is decided to be absent.

Figure 2 illustrates the distribution of 7*[] under H, and
H1. As described in Sect.ll, under H, it is assumed that each
elements of #$%[l] is asymptotical Gaussian random variable
with zero mean, thus 7+[l] follows chi-square distribution
with degree of two, namely

lim T[] D X%,

N —o0

(19)

regardless of the noise variance. On the other hand, under
"H1, it has been shown that 7 >+ [l] asymptotically follows non-



central chi-sguare distribution with degree of two, namely

lim T[] 2 GV ek [l] - SpE T ess ) (20)

[9], where r2x[l] and X2k[I] denote true value of CAF and
covariance matrix. As can be seen, there is aways a tradeoff
between having a high probability of detection (Pp) and
having a low probability of false alarm Pgp. This tradeoff
can be made by changing the detection threshold. Pra can be
derived as follows

Pop = Pr{T"*[]] > v [ Ho}. (21)
The decision threshold ~ can be defined as
v=F; (1 - Pra), (22)

where F,'(y) is the inverse function of Fy(y) =

0” 1 exp(—¥)dy, the cumulative distribution function of chi-
square distribution with degree of two. Once the threshold
has been set, one can theoretically evaluate the probability of

detection such that

Pp = Pr{T°[l] > v | Hy}. (23)

However, in reality, the Dandawate's approach assumed to
use the asymptotical property of the test statistic where there
was no consideration of the SNR, but the SNR significantly
affects on the distribution in practice. Further this asymptotic-
ity makes the theoretical analysis of the performance in terms
of SNR quite difficult because the test statistic can use only
limited number of samples.

I1l. COMBINING METHODS WITH MULTIPLE CYCLIC
SPECTRUM COMPONENTS

As mentioned above, the periodic nature of the cyclostation-
arity in OFDM signal is exhibited by multiple cyclic frequen-
cies. Thus, Hy or H; can be determined by using multiple
CAFs at multiple cyclic frequencies which are asymptotically
uncorrelated with each other. In other words, cyclic detector
can achieve diversity gain by manipulating multiple CAFs,
eg., a o1 = 7, az = %, ---,an, = 5. In this scheme,
a secondary user combines multiple test statistics of 7 []]
over different cyclic frequencies, which are also asymptotically
uncorrelated non-central chi-square random variables [13],
[19]. In other word, a weighted sum extension of test statistics
can be used as

N
T4 = > wT* =T w, (24)
k=—Ng
where
T = [T, T, TN, (25)
w = [w17w2a"' awNa]Ta (26)

where wy, is rea-valued weight coefficient. A (C A) denotes

A={ap | k=0,41,42,---  £N,}. (27)

A. Selection Combining (SC)

The key idea behind the SC technique is that the detector
monitors the value of 7<+[I] at all 2N, + 1 spectral lines
at a time and select the spectral lines with the highest
decision statistic. Thus, the test statistic for SC scheme can
be constructed as

Tot 1) = max Tl
The implementation of SC technique can be found in [21].
Under Hy, using the cumulative distribution function (CDF)
of T [1] for given independent {7+ [1]} Y= variables, the
Pra can be written as

(28)

Ppa =1 F (ysc) ™", (29)

where ~g¢ is the decision threshold for SC which can be
written as

nse = Fy! ((1 - PFA)WIH) . (30)

B. Equal Gain Combining (EGC)

Instead of choosing maximum test statistic, combination of
test statistics with equal gain is considered. Under H,, the
test statistic at each CAF are assumed to be independent. In
the test statistic of EGC technique is calculated with wy =
1/v2N, +1 for dl k. Under H, the test statistic of EGC
can be approximately written as

n 1
Tl = ——X 31
EGC[ ] /72]\/-& T 1 9 ( )
where the random variable X ~ X2 The threshold

2(2Na+1)"
YEce can be given as Pra = Pr{T#cll] > yrcc | Hol-
Similar to (22), the ygac can be calculated as

nyGC == FQ_(QlNQ_;'_l)(l - PFA)7 (32)

where F2_(21N L1y is the inverse function of Fy, 1), the
cumulative distri f)uti on function of chi-square distribution with

degree of 2(2x, + 1).

C. Maximum Ratio Combining (MRC)

In optimizing the Pp performance with multiple test statis-
tics, there can be some techniques, e.g., the optimization of
combined PDF (probability density function) both for H, and
H1, simultaneously. To measure the effect of the PDF on the
detection performance, a modified deflection coefficient was
introduced in [23]. In cyclic detector 7>+ follows approxi-
mately chi-sguare distribution with degree of two under H,,
and non-central chi-square distribution of x3(Z;**) under H;
where 7, denotes a asymptotic test statistic value. However
the distribution under H; is quite difficult to formul ate because
the non-centrality strongly depends on the SNR as well as the
computational gain. It should be noted that Dandawate's ap-
proach assumed the asymptotical property of the distribution,
thus there was no consideration of any noise contribution. In
this paper, we propose an aternative method of maximum
ratio combining to enhance the performance, that is, spectrum
sensing scheme using CAF values of transmit signal.
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distributions under Ho where w?w = 1.

In multiple antenna system, the maximum ratio combining
technique is acommonly used technique to combine the output
signal maximizing the SNR with multiple received signals.
As applied in [22], MRC scheme has been proposed for
cooperative sensing among multiple sensors. However most
of combining schemes in cooperative sensing with multiple
detectors require the signal to noise power ratio (SNR) esti-
mation which is impractical in low SNR regime and fading
environment. On the other hand, a single detector combining
test statistics obtained at multiple cyclic frequencies can be
based on transmit signal characteristic because the fluctuation
of individual cyclic frequency spectrum taken at an instant
bears no straightforward relation to the propagation channel
effect.

A simple strategy in MRC detector is to combine the output
with multiple test statistics at different cyclic frequencies
according to the non-centrality value of the distribution in
(20), that is, magnitude ratio of asymptotic test statistic of
T[] = Nrex[l)sex 1)~ rex (1] which is a quadratic value
proportional to |R%%|?. Namely, we can obtain the MRC
weight as

Qg
SR i | B

SN (T ()°

where w”w = 1. Practically the MRC weight can be obtained
by using the theoretical calculation of CAFs with known
primary signal because (33) requires only the ratio among
different CAFs. The CAFs for an OFDM signal was described
in Sect. Il and |R2x|? of (11) can be actually used.

Under H,, the test statistic combined by MRC is

Nao

> w T[],

k=—N,

(33)

Tithelll = (34)

where T2 ~ 2. (34) becomes weighted sum of the central
chi-square distribution. In order to calculate the threshold

value the closed form expression of PDF for (34) is needed.
Instead of the exact expression, (34) can be alternatively
approximated by

Tl\?IiRC [l ~a-xi, (35)

as applied in [24], where a and b are the scale factor and the
approximated degree of freedom. By using the first and second
moments of (34) and (35) as

Na
E[TifhollHo) = Y wi-2=a-b (3
=N
_ Na
VarlTigho[lllHo] = Y w}-4=a*-2b, (37)
=N
we can obtained « and b as
Nq Nq
o = > wi Y wk (38)
k=—Na k=—Na
N 2 Na
b = 2<Zwi>/2wk. (39)
k=—Na, k=N

Figure 3 shows an example of the approximated distribution
that is combined by 13 central chi-square distributions with
degree of two under H, where w”w = 1. As can be seen,
this approximation provides sufficient accuracy to determine
threshold value corresponding to the false alarm probability
than that of equally-combined distribution.

Similarly to (22), the y\rc can be calculated as

ke = a - Fy (1 — Pra), (40)

where Fb‘1 is the inverse CDF of Fy, chi-square distribution

with degree of b.

IV. SIMULATION RESULTS
A. Parameters

The detail of ISDB-T mode 3 OFDM signal specification is
provided in [20]. Single ISDB-T channel basically consists
of 13 OFDM segments for wide band and 1 or 3 OFDM
segments for narrow band system. Now, this system serves
in the frequency bands from 470 MHz to 770 MHz with the
bandwidth of 5.572 MHz in Japan. In this paper, the ISDB-
T Mode-3 signal which includes all 13 OFDM segments is
considered. The OFDM parameters are presented in Table I.
In addition, Table Il shows the simulation parameters used
for estimating the R2:[l] and $2x[I] in constructing the test
statistic 7+ [1].

B. CAF Estimation

Now, the CAF estimation in (4) is compared with the ideal
CAF of the OFDM signal using (11). The R2k[l] in (4) is
computed via FFT with size N and a fixed time lag [ = N,
as shown in Table Il. The normalized spectrum of the ideal
CAF and its estimation results are shown in Fig. 4 (a) and (b),
respectively, where they are the square values of the magnitude
and it is shown that their pesks appear at o, = k/Ty, k =



TABLE |
OFDM SIGNAL PARAMETERSOF | SDB-T MODE-3

Parameters Values
Modulation 64 QAM
OFDM useful symbol duration (7,) 1008 us

OFDM guard interval ()
OFDM total symbol duration (7s)

126 us (= Tu/8)
1134 ps (= Ty + Ty)

Number of sub-carriers (N¢) 5617
Carrier separation (A f) 0.9920 kHz (= 1/Txv)
Sampling frequency (fs) 8.127 MHz
FFT size (NFFT) 8192

TABLE Il
SIMULATION PARAMETERSFOR ESTIMATING TEST STATISTIC

Parameters Values
Data length (V) 10 symbols (= 10Ns)
Time lag (1) 8192 (=Ny)
Kaiser window parameter L =65537, =1

0,+1,+2,---. Thus OFDM signa exhibits cyclostationarity
at cyclic frequencies ay, = k/T; as expected. To estimate the
Tex[l], first, we compute the row vector in (13). Second, we
compute the iﬁ‘; [[] estimation in (14) by using (15) and (16).
Here the non-conjugate and conjugate cyclic spectra of f[n]
in (15) and (16) can be computed via FFT with size N using
Kaiser window with parameters shown in Table II. Findly, the
test statistic 7>+ [I] can be obtained by substituting (13) and
(14) into (12). Fig. 4(c) shows the test statistic (12) without
noise and it is seen that the 7<*[l] represents Fig. 4(a) well
as expected. Further, as can be seen, some cyclic frequencies
cannot be utilized because they might be quite lower than the
decision threshold. For example, when | k |> 7 dl the spectral
lines are disappeared. Therefore, cyclic detector should detect
the OFDM signal at o, with | k£ |< 7 in order to gain a better
detection performance.

C. Detection Performances

In our simulations, the noise level is fixed frorp trial to trial
and the SNR is defined as SNR = 10log;,, (;’—) where o2
and o2, are the variances of the signal and noise, respectively.
Detection was carried out using a signal recorded for a dura-
tion of 10 OFDM symbols (11.34 ms). The Pga is specified at
10% as recommended in |EEE 802.22 working group and the
simulation was carried out over 1,000 realizations. Figure 5
shows the detection probabilities Pp vs. SNR for a single
cyclic frequency. The performance is examined for severa
choices of «y for illustrating the impact of this parameter
on the detector. The result shows that the detection perfor-
mance highly depends on the choice of cyclic frequencies. As
expected, the detection probability at oy and «a; is the best
comparing with those at the other cyclic frequencies. The Pp
approaches to 1 when the SNR gets close to —10 dB with the
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Fig. 4. Normalized power spectrum of (a) Idea CAF, (b) CAF estimation,
(c) test statistic where [ = N,.

sensing time about 11.34 ms.

Figure 6 illustrates the performance comparison between the
cyclic detectors with SD (single detector), SC, EGC and MRC
where the performance of the energy detector is also plotted
as a reference. In this simulation, the multiple cyclic detector
combined the test statistic with 13 CAFs of —ag ~ ag. First,
we can observe that MRC has the best performance which
is gdlightly better than that of EGC. It means that there is
no significant improvement in MRC comparing with EGC.
The reason is that the combining effect in very low SNR
regime does not offer significant improvement in output SNR.
However we can find that PDF itself gets improved if the SNR
gets higher, but unfortunately it doesn't directly contribute to
Pp because it has aready converged on unity.

Second, the performance of the energy detector were in-
vestigated under different values of noise uncertainty level,
p, where p = 0 and p = .5. p = 0 means that the noise
variance is perfectly known, p = .5 dB means that the noise
variance estimation has error of .5 dB in maximum [25], [26].
The result shows that the energy detector outperforms that of
the cyclic detector as long as the noise variance is perfectly
known. However, the performance of the energy detector is
significant degraded under the noise uncertainty. For example,
the energy detector cannot detect the signal when the SNR is
below —8 dB for the noise variance error of .5 dB otherwise
the performance of the cyclic detectors are better than that of
the energy detector. It is obvious that the robustness against
the noise uncertainty of the cyclic detectors is a big advantage
over the energy detection in practical situation.

The detection probabilities of the multiple cyclic detector
which is based on MRC is depicted in Fig. 7. The result shows
that the performance is improved as long as N,, is increased.
However, there was quite small difference in cases of N, > 7.
Thus, we can conclude that N, = 7 is sufficient to consider
for the multiple cyclic detector. For the sensing time of 11.34
ms (10 OFDM symbols), it is seen that the multiple cyclic
frequency detector can detect the signal at SNR of —14 dB
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Fig. 5. Detection probabilities of a single cyclic detector for each cyclic
frequency with 10 OFDM symbols and Pra = 10% where the results are
obtained from simulations over 1,000 trials.

Fig. 6. Comparison between the energy detector (ED) and the single cyclic
detector (SD), multiple cyclic detectors of SC, EGC and MRC; It shows
the probability of detection Pp vs. SNR obtained over 1,000 trials and
the probability of false darm Pgpa of 10%. The performance of the energy
detector was evaluated for p = 0 dB and p = 0.5 dB.

(Pp > 90%).

V. CONCLUSION

In this paper, three combining methods including SC, EG
and MRC in cyclic detector for primary OFDM signa work-
ing in an AWGN channel have been examined. Herein, we
introduced the reduced scheme of Dandawate's algorithm that
employs single CAF at time lag | = N,. We also proposed
maximum ratio combining method based on transmit signal
characteristic, which is easily calculated from the closed-form
solution. From the Pp evaluation results, we found that MRC
had the best performance even if it was just slightly improved
over EGC. It is also seen that the combining effect in very low
SNR regime did not offer significant improvement in output
SNR. For the sensing time of 11.34 ms (10 OFDM symboals),

30 -25 20 -15 -10 5 0
SNR [dB]

Fig. 7. Detection probabilities of the MRC detector combined by each cyclic
frequency set with 10 OFDM symbols and Pra = 10% where the results
are obtained from simulations over 1, 000 trids.

the multiple cyclic detector could detect the signal at SNR
of around —14 dB. This work is being expected to be an
application to |EEE 802.22 WRAN system.
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