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Abstract—OFDM-based cognitive radio (CR) systems are
shown to be an effective solution for increasing spectrum effi-
ciency by activating the certain group of subcarriers (subbands)
in locally available spectrum. However, each CR receiver should
synchronize itself to appropriate carrier frequency and to identify
currently activated subbands. Moreover, energy and bandwidth
efficiency of CR systems can be improved if each CR could pro-
vide additional characterization of the local spectral content. In
this paper a novel joint frequency synchronization and spectrum
occupancy characterization method for OFDM-based CR systems
is proposed. The synchronization preamble structure is appro-
priately modified in order to efficiently perform frequency offset
estimation, to identify occupied subbands, and, finally, to provide
SNR and interference power estimates as reliable quantitative
indicators of spectrum occupancy. The performance of proposed
method is evaluated for different amounts of spectrum occupancy
and interference levels.

I. INTRODUCTION

Spectrum efficiency of current wireless systems can be
significantly increased by opportunistic sharing of the available
frequency band between licensed primary users (PU) and
a group of unlicensed secondary users or cognitive radios
(CRs) [1]. While monitoring the spectrum of interest, CRs
are able to detect the unused portions (spectrum holes) and
adapt waveform properties according to dynamically changing
environment without introducing harmful interference to the
PU. In order to regulate adaptive cooperative spectrum utiliza-
tion, IEEE 802.22 working group initiated the standardization
of wireless regional wireless networks (WRAN) for allowing
broadband access in UHF/VHF TV bands between 54 and
862 MHz [2]. The standard also leaves the opportunity for
extension of spectrum utilization methods within any regula-
tory regime.

Due to its flexibility in allocating resources among CRs,
OFDM has been shown as a promising candidate for physical
(PHY) layer in WRAN standard. OFDM is a multicarrier
modulation scheme based on division of broadband channel
into many narrowband subchannels modulated on different
subcarriers. By leaving a set of subchannels unused, OFDM
provides a flexible spectral shape that fills spectral gaps
without interfering with the PU.
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Standardization efforts for observation, decision, and action
of CRs are widely discussed in [2]. One of them is based on
fractional bandwidth (FBW) usage where common bandwidth
is divided into several subbands which can be activated (occu-
pied by CRs) if spectrum sensing indicates the absence of PUs
within them. During the initialization, the OFDM CR receiver
firstly needs to adjusts its timing, then to synchronize itself
to appropriate carrier frequency and, finally, to identify active
subbands in order to further process only the subcarriers which
are belonging to them.

Therefore, after initial coarse timing estimation, the receiver
has to estimate carrier frequency offset (CFO) which arises due
to mismatch between transmitter’s and receiver’s oscillator.
In most cases, the CFO may exceed the subcarrier spacing
Δf . Therefore, it is customary to divide the CFO into an
integer part (ICFO), a multiple of Δf which produces a shift
of subcarrier indices, plus a fractional part (FCFO) which
results into interchannel interference (ICI) due to loss of
orthogonality among subcarriers. Conventional methods for
estimating the fractional offset operate in the time-domain
and measure the phase shift between the repetitive parts of
a dedicated preambles [3]. In contrast, the integer offset is
typically estimated in the frequency-domain by loading a
known pseudo-noise (PN) sequence over used subcarriers [4].
This can be extended to mode detection as it is proposed in [5].

After the acquisition of carrier frequency, the identifica-
tion of active subbands under FBW scenario can be reli-
ably performed via a dedicated out-of-band control chan-
nel [6]. However, this approach can significantly reduce the
bandwidth efficiency, particularly in heavy loaded networks,
while increasing receiver complexity through the need of
mutual synchronization among CR receivers. One efficient
way to avoid the usage of control channel is to embed the
information of currently used subbands into the structure of
data packets. Authors in [5][6] utilize the synchronization
preamble for embedding the information of spectrum usage
patterns. Particularly, each CR identifies the FBW mode jointly
with the ICFO estimation. However, those methods do not
provide additional characterization of spectral content in order
to quantify CR signal quality in active subbands and/or the
level of interference in nonactive subbands. Such information
can be further exploited for adapting transmission parameters
(bandwidth, coding/data rate, power) in order to preserve
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energy and bandwidth efficiency of CR systems. A widely
used standard measure of received signal quality is the signal-
to-noise ratio (SNR). Under the FBW scenario, SNR in active
subbands is defined as the ratio of the CR signal power to the
noise power. Similarly, the level of interference in nonactive
subbands can be characterized by interference power caused
by the PU signal.

In this paper we utilize the time periodic structure of packet
preamble proposed by [3] which allows for FCFO estimation
over a wider CFO range with only one preamble, hence reduc-
ing the training symbol overhead. After FCFO is corrected, we
modified the method proposed in [5] in order to exploit the
general frequency domain form of the same preamble for joint
ICFO estimation and current FBW mode detection. Moreover,
we have shown in [7][8] that the given preamble structure
can be also efficiently used for SNR estimation based on
second order moments of received preamble samples. The key
contribution of this paper is based on extension of our previous
work which leads to robust and efficient SNR estimation in
active subbands and interference power estimation in nonactive
subbands under the FBW scenario, thus giving more detailed
information on spectral content in this particular band.

Within the paper, the PU interference is modeled as additive
Gaussian noise over subcarriers in nonactive subbands, as
proposed in [9]. Additional assumption is that PU occupies
all non active subbands with the same average power and that
there is no mutual out of band transmission between PU and
CR bands. Obtained results can be easily further extended by
introducing filtering effects and arbitrary PU occupancy of the
deactivated subbands.

The remainder of this paper is organized as follows. In
Section II the FBW scenario is introduced and appropriate
modification to synchronization preamble design is presented.
The FCFO estimation proposed in [3] is briefly discussed
under the FBW scenario in Section III, while the modifications
assuming different number of time periodic parts for joint
ICFO estimation and mode detection, proposed in [5], are
considered in Section IV. The novel method for spectrum
occupancy characterization by means of SNR estimation in
detected active subbands and interference power estimation
in nonactive subbands is described in Section V. The perfor-
mance of proposed solution is analyzed by computer simu-
lation in Section VI. Finally, some concluding remarks are
drawn in Section VII.

II. SYSTEM MODEL

A. Fractional Bandwidth (FBW) Scenario

As shown in Fig. 1, the FBW scenario assumes the op-
portunistic usage of common bandwidth B where PU signals
can appear on preassigned portion of the band or dynamically
change the position within it. After obtaining the information
about spectrum occupancy provided by spectrum sensing,
the CR transmitter deactivates (nulls) the subcarriers in the
subbands occupied by PU signals. Moreover, by sensing any
change in spectrum occupancy, the proposed CR system can
activate previously nulled subbands or null the subbands that
were active. As shown in Fig. 1, the common frequency
band B, consisting of N subcarriers, is divided into M = 8
subbands, each carrying NBW = N/M subcarriers. The total
number of activated subbands can vary from 1 to M where
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Fig. 1. Frequency representation of considered FBW model

only contiguous subbands are allowed to be activated in order
to reduce the power leakage in the nulled subbands and mutual
interference between PUs and CR [2]. Therefore, there are
total MT = M(M+1)

2 FBW modes with MA = 1, 2, . . . ,M
contiguous active subbands.

Moreover, define pool allocation as ρ = MA/M as a
parameter which indicates the level of CR system spectrum
utilization [10]. In the example shown in Fig. 1, with M = 8
subbands, where the total MT = 36 FBW modes are sup-
ported, currently MA = 5 subbands are active, giving the pool
allocation of ρ = 5

8 = 0.625.

B. Transmission model

The block diagram of typical CR system in FBW scenario
is shown in Fig. 2. Given the spectrum sensing results, the
CR transmitter activates particular FBW mode m by loading
only the subcarriers of the active subbands of particular FBW
mode while the rest of subcarriers is nulled. Let Cm(n) denote
the symbol carried on nth subcarrier in mode m, for n =
0, . . . , N−1, while Sm present the set of subcarriers belonging
to active subbands. Therefore,

Cm(n) =

{
S(n), n ∈ Sm

0, n /∈ Sm
, (1)

where σ2
S = E

{
|S(n)|2

}
is the average signal power. Without

loss of generality, let’s assume that all subcarriers in nonactive
subbands are occupied with interference with same average
power and that there is no interference power leakage to
active subbands. The interference on subcarriers is modeled as
sampled complex zero-mean Gaussian random variable with
zero mean and variance σ2

I , i.e., I(n) ∼ N
(
0, σ2

I

)
[9], thus

giving

Im(n) =

{
0, n ∈ Sm

I(n), n /∈ Sm
. (2)

Furthermore, noise samples are modeled as complex zero-
mean AWGN, W (n), with variance σ2

W , i.e. W (n) ∼
N

(
0, σ2

W

)
. To simplify the ongoing analysis, without losing

generality, AWGN channel is considered, which is a regular
assumption since timing synchronization is performed with
sufficiently large cyclic prefix [6]. The spectral content on the
subcarriers within the common bandwidth then can be written
as

R(n) =

{
S(n) + W (n), n ∈ Sm

I(n) + W (n), n /∈ Sm
. (3)
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Fig. 2. The FBW system model

Therefore, we can define the frequency domain average
signal-to-noise ratio (SNR) of the received signal in active
subbands as

SNR =
σ2

S

σ2
W

. (4)

Although desired signal and interference are separated within
common band B, as shown in Fig. 1, let define the ratio
between average signal power and average interference power
as the average signal-to-interference ratio (SIR), written as

SIR =
σ2

S

σ2
I

. (5)

The visual representation of above defined quantities and their
relations in frequency domain is shown in Fig. 1.

In order to characterize received signal in time domain, let
Ng denote the number of samples in cyclic prefix. At the
receiver side the incoming signal after ADC is sampled at
the rate fs = NΔf , where Δf is the subcarrier spacing.
Due to frequency mismatch between transmitter and receiver
oscillator, the frequency fLO of the local oscillator at the CR
receiver differs from the received carrier frequency fc. Let
denote ε = (fc−fLO)/Δf the CFO normalized to the subcar-
rier spacing. Assuming the perfect timing synchronization, the
received signal in time domain r(k), for k = −Ng, . . . , N−1,
in the presence of normalized CFO ε, is given as

r(k) =
e

j2πεk
N

N

N−1∑
n=0

R(n)e−j2π nk
N

=
e

j2πεk
N

N

(
(

∑
n∈Sm

S(n) +
∑

n/∈Sm

I(n))e−j2π nk
N

)

+
1
N

N−1∑
n=0

W (n)e−j2π nk
N

= e
j2πεk

N

(
s(k) + i(k)

)
+ w(k).

(6)

We now give the insight into the preamble design issues in
order to facilitate its time and frequency domain structure for
joint CFO synchronization and spectrum occupancy character-
ization under the FBW scenario.

Fig. 3. Preamble structure in (a) time and (b) frequency domain

C. Preamble design

In many wireless OFDM systems, transmission is normally
organized in frames where sequence of data symbols is pre-
ceded by several preambles of known data used for the syn-
chronization and/or channel estimation purposes. Here we will
use only one preamble with time periodic structure for FCFO
estimation, joint ICFO estimation and mode detection, and,
finally, for SNR and interference power estimation. We utilize
the preamble structure proposed by Morelli and Mengali [3].
In order to cover a wider frequency range, preamble is divided
into Q identical parts, each containing Np = N/Q samples as
shown in Fig. 3. It can be also seen that such time periodic
structure can be created in frequency domain by loading every
Qth subcarrier.

Therefore, the time domain representation of the preamble
with Q identical parts can be written as

sp(k) = sp(k + q
N

Q
), k = 0, . . . ,

N

Q
− 1, q = 1, . . . , Q − 1.

Given preamble can be formed in frequency domain by
transmitting QPSK or PN sequence on every Qth subcarrier
in the active subbands, thus giving

Cp,m(n) =

{√
QSp(n), n ∈ Sp,m

0, n /∈ Sp,m
, (7)

where Sp,m presents the set of loaded preamble subcarriers
which belong to active subbands of mode m, i.e., Sp,m ⊂ Sm

while scaling factor
√

Q is used to preserve average signal
energy.

In order to perform joint ICFO estimation and mode de-
tection using one preamble, authors in [4][5] proposed the
differential coding structure of loaded subcarriers, which for
given preamble with arbitrary number of time periodic parts
Q, can be constructed as

Sp(n) = Sp(n − Q) · Pm(n), n ∈ Sp,m − Nst,m, (8)

where Nst,m is the index of the first carrier of mode m and
Pm is the PN sequence used for embedding the information
of particular mode m. Prior work [6][10] emphasized the
advantage of using Frank-Zadoff-Chu (FZC) sequence due
to its preferable autocorrelation properties and low PAPR
behavior in time domain. Therefore, the FZC sequence used
in (8) can be accommodated as [10]

Pm(n) = (−1)m·n/Qe
jπmn2

ρmNQ , n ∈ Sp,m, (9)

where ρm is the pool allocation for given mode m.
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Fig. 4. Block diagram of the SNR and interference power estimator

Having this preamble structure, CFO can be decom-
posed into a fractional part ν which belongs to the interval
(−Q/2, Q/2], and an integer part which is a multiple of Q.
Therefore, the normalized CFO can thus be written as

ε = ν + ηQ. (10)

Clearly, the estimation of η is unnecessary if the maximum
value of |ε| is guaranteed to be less than Q/2, since in such
a case we have η = 0.

III. FRACTIONAL CFO ESTIMATION

Assume that the initial timing estimation was successfully
performed utilizing the sufficiently large cyclic prefix [6], the
next synchronization stage should then correct FCFO utilizing
the time domain structure of received preamble. From (6),
the received preamble in time domain, in the presence of
normalized frequency offset ε can be written as

rp(k) = e
j2πεk

N (sp(k) + ip(k)) + wp(k). (11)

Authors in [3] proposed the best linear unbiased estimator
(BLUE) of FCFO which is given as

ν̂ =
Q

2π

Q/2∑
j=1

w(j)ϕ(j) (12)

where

w(j) =
12(Q − j)(Q − j + 1) − 3Q2

2Q(Q2 − 1)
, (13)

and ϕ(j) is the angle

ϕ(j) =
[
arg

{
V (j)

V (j − 1)

}]
2π

. (14)

Here [x]2π presents modulo 2π operation and V (j) denotes
the correlation of time periodic preamble parts separated by
jN/Q samples given as

V (j) =
1

N − jN/Q

N−1∑
k=jN/Q

rp(k)r∗p(k − j
N

Q
), 0 ≤ j ≤ Q/2.

After obtaining the FCFO estimate ν̂, the phase corrected
preamble samples r′p(k) signal can be written as

r′p(k) = rp(k)e−
j2πν̂k

N . (15)
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IV. JOINT INTEGER CFO AND FBW MODE ESTIMATION

Assuming perfect FCFO compensation, i.e., ν̂ = ν, the
frequency domain form of of phase corrected preamble
R′

p(n) = IFFTN [r′p(k)] will be shifted due to the ICFO pres-
ence, thus giving

R′
p(n) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

√
QSp(|n − ηQ|N )Pm(|n − ηQ|N ) + W (n),

n ∈ Sp,m,ηQ

W (n), n ∈ Sp,z,ηQ

I(|n − ηQ|N ) + W (n), n ∈ Sp,i,ηQ

where |n− ηQ|N is the value n− ηQ reduced to the interval
[0, N − 1]. Here, Sp,m,ηQ is the set of subcarriers where CR

signal is present and which satisfy
(
(n ∈ Sp,m)∧(|n−ηQ|N ≤

ρN + Nst,m − n)
)
∨

(
(n /∈ Sm) ∧ (|n − ηQ|N > ρN +

Nst,m−n)∧([|n−Nst,m|]Q = 0)
)

. Similarly, Sp,z,ηQ present
the set of subcarries with only noise samples for which holds(
(n ∈ Sz,m) ∧ (|n − ηQ|N ≤ ρN + Nst,m − n)

)
∨

(
(n /∈

Sm)∧(|n−ηQ|N > ρN +Nst,m−n)∧([|n−Nst,m|]Q 	= 0)
)

,
where Sz,m denote the set of nulled subcarriers which belong
to active subbands of mode m, thus Sz,m = Sm/Sp,m. Further,
Sp,i,ηQ is the set of subcarriers where interfering PU signal is

present and which satisfy
(
(n /∈ Sm) ∧ (|n − ηQ|N ≤ ρN +

Nst,m−n)
)
∨

(
(n ∈ Sm)∧(|n−ηQ|N > ρN +Nst,m−n))

)
.

Utilizing the structure of appropriately constructed preamble
defined in (7), the ICFO η and current mode m can be
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estimated by maximizing the following differential correla-
tion [5][6]

Bm(η̂)=
|
∑

n∈Sp,m
R′

p(n + ηQ)R′∗
p (n + ηQ + Q)Pm(n + Q)|2

(
∑

n∈Sp,m
|R′

p(n + ηQ)|2)2 ,

(16)
which yields appropriate estimates

(m̂, η̂) = arg max
(m,η)

|Bm(η̂)|2, (17)

for 1 ≤ m ≤ MT .

V. SNR AND INTERFERENCE POWER ESTIMATION

Given the ICFO estimation and mode detection obtained in
(17), the spectral content characterization can be performed by
means of SNR estimation in active subbands and interference
power estimation in nonactive subbands. After shifting the
received signal R′

p(n) with estimated ICFO η̂, the corrected
signal can be written as

Rp(n) = R′
p(n + η̂Q). (18)

Assuming perfect FCFO and ICFO estimation and mode
detection, i.e. ν̂ = ν, η̂ = η, and m̂ = m, respectively, the
received preamble can be written as

Rp(n) =

⎧⎪⎨
⎪⎩

Rp,l(n), n ∈ Sp,m

Rp,z(n), n ∈ Sz,m

Rp,i(n), n /∈ Sm,

(19)

where
Rp,l(n) =

√
QSp(n)Pm(n) + W (n) (20)

denotes the received signal on loaded subcarriers of active
mode m. Further,

Rp,z(n) = W (n) (21)

denotes the received signal on nulled subcarriers of active
mode m, and

Rp,i(n) = I(n) + W (n) (22)

is the received signal in nonactive subband.
Extending the preamble-based method for average SNR es-

timation that authors proposed in [7][8], the empirical second-
order moment of the received signal on loaded subcarriers in
active subbands can be written as

M̂2,l =
Q

ρN

∑
n∈Sp,m

|Rp,l(n)|2, (23)

0.125 0.25 0.375 0.5 0.625 0.75 0.875 1
10

−3

10
−2

10
−1

10
0

ρ

N
M

S
E

(S
N

R
)

 

 

Q = 2, Perfect ICFO/mode det.
Q = 4, Perfect ICFO/mode det.
Q = 8, Perfect ICFO/mode det.
Q = 2
Q = 4
Q = 8

SIR = −10 dB

SNR = 6 dB
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with expected value E{M̂2,l} = Qσ2
S + σ2

W . Similarly, the
empirical second-order moment of the received signal on
nulled subcarriers in active subbands, given as

M̂2,z =
Q

ρN(Q − 1)

∑
n∈Sz,m

|Rp,z(n)|2, (24)

has expectation E{M̂2,z} = σ2
W . Finally, the empirical

second-order moment of the received signal on subcarriers in
nonactive subbands is given as

M̂2,i =
1

(1 − ρ)N

∑
n/∈Sm

|Rp,i(n)|2 (25)

with expected value E{M̂2,i} = σ2
I + σ2

W .
As shown in [7][8], the average SNR can be estimated as

ˆSNR =
1
Q

M̂2,l − M̂2,z

M̂2,z

=
1
Q

(
(Q − 1)

∑
n∈Sp,m

|Rp,l(n)|2∑
n∈Sz,m

|Rp,z(n)|2 − 1
)
,

(26)

where, by the strong law of large numbers, M̂2,l and M̂2,z are
strongly consistent unbiased estimators of QS + W and av-
erage noise power W , respectively. Similarly, the interference
power σ2

I can be estimated as

σ̂2
I = M̂2,i − M̂2,z

=
1
N

( 1
1 − ρ

∑
n/∈Sm

|Rp,i(n)|2 − Q

ρ(Q − 1)

∑
n∈Sz,m

|Rp,z(n)|2
)
.

(27)

The block diagram of proposed estimators is shown in Fig. 4

VI. PERFORMANCE EVALUATION

The performance of proposed preamble-based joint fre-
quency estimation and spectrum occupancy characterization
method in cognitive radio systems under the FBW scenario is
evaluated using Monte-Carlo simulation. It is assumed that
timing synchronization is already performed while the CR
channel is considered as AWGN, which is a regular assump-
tion since the cyclic prefix is sufficiently large. However, the
straightforward extension to other types of channels can be
conducted. It is further assumed that the total number of
subcarriers is 1024 according to WRAN standard [2].

The available band is divided into M = 8 subbands, where
the lowest mode corresponds to pool allocation ρ = 0.125,
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while the highest mode, where ρ = 1, corresponds to the
absence of PU when CR occupies the whole band. Different
number of time periodic parts, i.e., Q = 2, 4, and 8 is
considered for analysis. Furthermore, the normalized CFO is
taken to be ε = 8.5, which corresponds to ν = 0.5 and
η = 4, 2, and 1 for Q = 2, 4, and 8, respectively. The accuracy
of the FCFO estimation is measured in terms of mean square
error (MSE), which is defined as E{|μ̂ − μ|2}. Fig. 5 shows
the performance of MSE vs. ρ for Q = 2, 4, and 8. The SIR
is chosen to be -6 and -10 dB while SNR is fixed at 6 dB. It
can be seen that MSE decreases with ρ and that for both SIR
values there are slight variations of MSE with respect to Q.

The ICFO and mode detection error probabilities, defined as
Pr(η̂ 	= η) and Pr(m̂ 	= m), respectively, are shown in Fig. 6.
Since they are obtained from joint maximization of differential
correlation defined in (16), their performance overlap along all
considered values of given parameters. It can be also seen that
for SIR = -6 dB, the cases when Q = 4, 8 perform almost the
same and outperform the case when Q = 2 while the error
probabilities go below 10−3 even for the ρ = 0.375. Similarly,
for SIR = -10 dB the error probabilities are smaller than 10−3

starting from ρ = 0.625 and ρ = 0.75 for Q = 4, 8 and Q = 2,
respectively.

The SNR estimation is evaluated in terms of normalized
MSE, or NMSE(SNR), defined as E{( ˆSNR−SNR

SNR )2}, while

NMSE(σ2
I ), defined as E{( σ̂2

I−σ2
I

σ2
I

)2}, is used as performance
measure for interference power estimation. Fig. 7 and Fig. 8
show NMSE(SNR) vs. ρ for fixed SNR = 6 dB and SIR = -6
dB and SIR = -10 dB, respectively. Two cases are analyzed
here: the first case considers the perfect ICFO estimation and
mode detection while the second case assumes that those
estimates are jointly obtained using (17). As it is expected,
the increase of Q improves performance. For SIR = -6 dB the
performance of both cases overlaps starting from ρ = 0.375
which agrees to detection error performance depicted in Fig. 6.
Similar behavior can be noticed for SIR = -10 dB.

Fig. 9 and Fig. 10 shows NMSE(σ2
I ) vs. ρ performance

for the same set of parameters which are considered in SNR
estimation analysis. As it is expected, the increase of Q
improves performance due to increased number of available
noise samples in active subbands, thus making (24) more ac-
curate. Additionally, when ρ increases, there are two opposite
effects which influence the performance, since for both SIR
values there is a certain value of ρ up to which NMSE(σ2

I )
decreases while afterwards increases. This can be explained
with the change of the number of available samples which
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Fig. 10. NMSE(σ2
I ) vs. pool allocation for SNR = 6 dB and SIR = -10 dB

determine the accuracy of estimates M̂2,i and M̂2,z , defined
in (24) and (25), respectively. It can be seen that this value
is additionally determined by the actual SIR value and, in
contrast to SNR estimation, is shown to be very sensitive to
previously performed ICFO estimation and mode detection.

VII. CONCLUSION

In this paper, we propose a novel joint frequency synchro-
nization and spectrum occupancy characterization method for
OFDM-based CR systems under FBW scenario. The synchro-
nization preamble structure is appropriately modified and uti-
lized for efficient frequency offset estimation, for identification
of occupied subbands, and, finally, for SNR and interference
power estimation considered as quantitative measure of the
spectral content. The performance of proposed approach is
evaluated for different amounts of spectrum occupancy and
interference levels. Simulation results show that the increase
of time periodic parts of synchronization preamble improves
performance of proposed method and that SNR estimation
performs well even for low spectrum occupancy. On the
contrary, interference power estimation is more sensitive to
residual errors originating from carrier frequency estimation
and mode detection, especially for low spectrum occupancy.
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