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Abstract— Cognitive radio is an enabling technology for effi-
cient utilization of radio spectrum. In this paper, an orthogonal
frequency division multiple access (OFDMA) based cognitive
(opportunistic) network is considered, which co-exists with a
macrocell network through utilizing its unused subcarriers. We
particularly consider the uplink opportunity detection problem
by the opportunistic network, where accurate synchronization to
the macrocell network is crucial for minimizing the interference
received from the macrocell users. After demonstrating the
impact of synchronization on the inter-carrier-interference (ICI)
observed at the opportunistic network, an improved blind first-
user synchronization technique is proposed, and its statistics are
analyzed. Through computer simulations it is shown that the pro-
posed technique yields less interference and better opportunities
for the opportunistic network.

Index Terms— Blind synchronization, Cognitive Radio, Fem-
tocell, ICI, Macrocell, OFDMA, Opportunistic Spectrum Access.

I. INTRODUCTION

The tremendous success and growth of wireless devices
operating in unlicensed bands have led to the overcrowding
of these bands. Cognitive radio has been proposed for more
efficient utilization of the wireless spectrum through exploiting
the so-called white spaces [1]-[4]. The main idea behind
cognitive radio systems is to detect spectrum opportunities in
time, frequency, and space, and use these opportunities for
communication without causing any significant interference
to the license-holder. Some of the recent works also suggest
that rather than utilizing the white spaces, through allowing
some limited distortion on the primary network (i.e., through
utilizing signal-to-noise ratio (SNR) gaps), there is a con-
siderable potential for further improving the spectrum reuse
efficiency [5].

In this paper, we consider two wireless networks both of
which utilize orthogonal frequency division multiple access
(OFDMA) in their physical layers [4]. One of these networks
(e.g., a femtocell network) is an opportunistic cognitive net-
work that utilizes the spectrum opportunities available in the
other network (e.g., a macrocell network). This requires to
reliably sense the spectrum opportunities by minimizing the
probability of false alarms (PFA) and probability of missed
detections (PMD).

Proper synchronization to the macrocell network carries
critical importance for maximizing the spectral opportunities.
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Uplink (UL) OFDMA signals of the macrocell users arrive at
the opportunistic network with different delays. Note that the
macrocell users are typically synchronized to their own base
stations (BSs) (see e.g., intial/periodic ranging mechanism
in WiIMAX [6]). However, they arrive at an opportunistic
network with different delays, with a spread that linearly
increases with the distance between the opportunistic network
and the macrocell BS [7]. If any of the macrocell users’ signals
arrive after the cyclic prefix (CP) of the opportunistic users’
signals, this results in inter-symbol interference (ISI) as well as
inter-carrier interference (ICI), and may considerably decrease
the spectrum opportunities for the opportunistic network [8].
Hence, the opportunistic network should intelligently and
blindly (due to absence of direct communication with macro-
cell users) synchronize to macrocell UL in order to minimize
the interference received from the macrocell network.

There are numerous papers related to blind time syn-
chronization for orthogonal frequency division multiplexing
(OFDM) systems in the prior art [9]-[14]. However, to our
best knowledge, blind synchronization in multiuser inter-
ference scenarios has not been addressed in detail in the
literature. In [15], a time/frequency synchronization scheme
was considered for multiuser OFDM systems, which requires
knowledge of each user’s subcarrier information, and aims
at demodulating the symbols of each of the individual users.
However, for an opportunistic network, the subcarrier map of
the macrocell users is not available, and its primary goal for
synchronization with the macrocell network is to minimize
the interference received from the macrocell network, rather
than demodulating individual macrocell users’ symbols. Even
though impact of narrowband interference on synchronization
performance has been studied in [16], a pilot-aided timing
estimation has been considered rather than a blind approach.

In this paper, we consider over-the-air [CI-minimizing blind
synchronization of an opportunistic network to the UL of a
macrocell network, without the knowledge of subcarrier allo-
cations of macrocell users. First, it is shown that the ICI power
observed at the opportunistic network is typically minimized
(or considerably reduced) by synchronizing to the first-arriving
UL macrocell user’s signal. After reviewing some single-
user blind synchronization techniques for OFDM systems, a
method that improves the first-user synchronization accuracy is
proposed, and its statistics are analyzed in a multiuser setting.
Through computer simulations, it is shown that the proposed
method reduces the ICI compared to prior-art techniques.
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(b) Time domain representation of signal arrival times at SU-2.

Fig. 1. Arrival of macrocell MS signals with different delays at SU-2. Note
that macrocell MSs are typically synchronized to their own BS.

The paper is organized as follows. In Section II, system
model for UL-OFDMA is presented, impact of synchroniza-
tion on the performance of an opportunistic network is dis-
cussed, and some of the blind OFDM synchronization methods
in the prior-art are briefly reviewed. Section III-A derives the
statistics of the conventional correlation-based synchronization
metric in a multiuser scenario, while Section III-B proposes
an improvement for blind first-user synchronization through
extending the correlation window length. Section IV provides
some related simulation results and the last section concludes
the paper.

II. SYSTEM MODEL

Consider the macrocell network as in Fig. 1(a), where,
multiple mobile stations (MSs) transmit their signals to the
macrocell BS in the UL. These signals arrive asynchronously
to a secondary user SU-2, where, the arrival time of a signal
from the MS; to the SU-2 is given by 7;. The time domain
representation of the received signals at the SU-2 is illustrated
in Fig. 1(b), along with the UL received signal from SU-I.
In order to avoid interference from the MSs, the SU-1 should
use different subcarriers than all the MSs'. Moreover, in order
to avoid/minimize ICI received from the macrocell, the signal

If the MSs are very far away from the opportunistic network, their
subcarriers may also be reused at the opportunistic network.

arrival time of SU-1 at SU-2, denoted by Tgynch, should be
appropriately designed, which forms the basic motivation for
the present work.

A. Signal Model

Since both the macrocell network and the opportunistic
network are OFDMA based, their signals can be modeled in
the same way. Consider an OFDMA system with IV, users in
the UL. The sampled time domain signal at the transmitter of
user ¢ can be written as

2" 0) = VB 30 X (R N <n< N -1
kel;
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where m is the symbol index, Pix; is the total transmitted
power per symbol for user i, k € T'; is the subcarrier index,
T'; is the set of subcarriers assigned to user ¢ out of IV total
subcarriers, Ncp is the length of the cyclic prefix (CP) in
samples (and Tcp is its length in seconds), and Xi(m)(k) is
the data on the kth subcarrier and mth symbol of the ith user.

The time domain aggregate received signal is the super-
position of signals from all users, each of which propagates
through a different multipath channel and arrives at the re-
ceiver with a delay d; = [N;/T'|, where 7; is the propagation
delay experienced by transmitted signal of MS; and T is
the symbol duration in seconds. Then, aggregate discrete-time
received signal in the absence of any carrier frequency offset
(which we assume negligible in this paper) can be expressed
as

y0) = D il — i) + (), @)

where w(n) denotes the additive white Gaussian noise
(AWGN), and
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where L is the total number of multipath components (MPCs),
hl(-m) (1) is the amplitude of the {th MPC for user %, and D; ; =
[N7,;/T], where 7 ; is the delay of the {th MPC for user 1.

B. Impact of Synchronization Error on the ICI observed at the
Opportunistic Network

Timing misalignment between the macrocell UL users and
the opportunistic network can lead to significant ICI and
limit the amount of available spectrum opportunities for the
opportunistic network. Therefore, selection of synchronization
point is critically important. If the spread of the MS signals
arriving at the opportunistic network is smaller than the CP
duration, then the ICI may be totally avoided by synchronizing
to the first arriving MS signal, since all the later coming signals
will be arriving within the CP duration. However, if the spread
of MS signals is larger than the CP duration, synchronization
to the first user may not always guarantee minimum ICI. Let
I;(k) denote the ICI signal caused by MS; on subcarrier k
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Fig. 2. Effect of the synchronization point on the ICI power. RTD of the

first arriving user is close to the optimum synchronization point. Distances of
12 macrocell users to the opportunistic network (in m); case 1: [250, 300, ...,
800]; case 2: [500, 550, ..., 1050].

used by SU-1. Assuming a single occupied subcarrier p; from
each user for notational brevity, the total ICI power observed
by SU-2 is given by [17]

Ny
Z Izz(k) = Z Esc,i
k#pi =1
>

k#p;

where F.; is the average received energy per subcarrier for
MS;, and £ denotes the synchronization point. In [17], it is
shown that the £ that minimizes the ICI, which can be named
as optimum &, can be obtained by differentiating (4) with
respect to & and equating it to 0.

In a distance dependent signal power scenario, it can be
shown that synchronizing to the first arriving user’s signal typ-
ically minimizes the ICI in most cases, or makes it sufficiently
small. A simple example illustrating this fact is given in Fig. 2,
where the amount of total ICI is plotted with respect to the
synchronization point for two different scenarios. Free space
path loss is assumed with parameters N = 512 and Ncp = 16
(i.e., Tcp = 2.8 ws). For the first scenario, the distances of
the 12 macrocell users to the opportunistic network are set
as [250, 300, ...,800] m. (corresponding to a round-trip-delay
(RTD) difference of 20 samples between the first and last
users’ signals), whereas in the second scenario they are chosen
as [500, 550, ..., 1050] m (corresponding to an RTD difference
of 21 samples between first and last users’ signals). Since the
spread of the signals in both scenarios (20 and 21 samples) is
larger than the CP duration (16 samples), there will always be
ICI, regardless of the synchronization point. In Fig. 2, it can be
seen that if the opportunistic network synchronizes to the first
arriving macrocell user signal accurately (i.e., Tsynch = 71),
observed ICI power will be minimum in the first scenario,
and considerably close to the minimum in the second scenario.
The primary reason for the difference in the second scenario
is that first arriving user’s signal is attenuated more strongly

1 —cos[2n(p; — k)(D1,; —& — Ncp)/N]
1 — cos [2m(p; — k)/N]
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compared to the first scenario, which makes the contribution
of the late arriving signals to the ICI more effective.

C. Review of Blind Time Synchronization Techniques for
OFDM Systems

Single user blind synchronization techniques for OFDM
systems have been investigated previously in the literature,
which will be briefly reviewed here. First, define the following
metrics that will be used for synchronization purposes

O0+Ncp—1

> ynyt(n+N), (5)
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Then, the metrics for timing estimation proposed by Beek
(maximum likelihood (ML) metric) [11], Muller [12], Speth
(square-difference metric) [13], as well as the simple
correlation-based approach are respectively given by

SNR ¢(0) + ¢(0 + N)

foeex(6) = (0)] — gp T . .
Pt (8) = (6] - LOFAOE) ®)
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fopen(@) = > ly(n) —y(n+N)*, ©)
n=~0
fCorr(g) = ‘7(9” . (10)

It was shown in [18] that at extremely low signal-to-noise
ratios (SNRs), the ML metric is equivalent to the correlation
metric, while at high SNRs, ML metric is equivalent to square-
difference metric. These methods all aim at synchronizing to
an individual user accurately, and demodulate its symbols.
However, in order to minimize ICI in a multi-user scenario,
as discussed the previous section, accurate first-user synchro-
nization is required.

III. BLIND FIRST-USER UL SYNCHRONIZATION

In order to understand how the simple correlation based
approach in (10) behaves in a multiuser setting, first, its
statistics will be derived below. Then, in Section III-B, a
simple method for improving the synchronization accuracy
through extended correlation window length will be proposed.

A. Statistics of the Conventional Correlation Metric for Mul-
tiuser Scenario

Consider the correlation metric in (10) in a multiuser sce-
nario. If we plug the multiuser signal in (2) into the correlation
metric (10), we may write
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which after re-arranging the terms may be re-written as

Y(0) = 51(0) +w1(0) + w2(0) + ws(0) +wa() ,  (13)
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Note that (14) is the desired term in the absence of noise and
multi-user interference, while (15)-(18) denote the noise-cross-
interference ((15) and (16)), interference-cross-interference,
and noise-cross-noise terms, respectively.

The statistics of the noise terms in (15)-(18) can be easily
derived as follows?

w1 (0) NN(O,Ncpafot> , wa(6) ~N<0,Ncpat20t) ,
w3 (8) ~ N (0 Ncpacm) L wa(f) ~ N (O,Ncpa4>
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2Note that the true distributions of the variables in (14)-(18) are not
Gaussian. However, since they are summations of Ncp Ny random variables
(Ncp NE for w3 (0)), we assume that the true distributions will converge to
a Gaussian distribution from the central limit theorem.

(22)

B. Improvement of the Correlation Metric for Multiuser Sce-
nario

Note that in (12), the correlation is taken over a duration of
Ncp OFDM samples. However, in the presence of multiple
users, a larger portion of the OFDM symbol will be pairwise
correlated, hence requiring a longer correlation window length.
Letting the correlation to be taken over a duration of N¢o., =
Ncp + Dpax samples, we may re-write (12) as’

0+ Necorr
v(0) = y(n)y*(n+ N) (23)
n=0
= 51(0) + w1(0) + w2 (0) + w3(0) + wa(0) , (24)

where the statistics of the noise terms become
’Lbl (9) ~ N<07Ncorr0t20t) 3 @2(9) ~ N<07Ncorr0t20t> 3

3(60) ~ N (0, Neors0%ms) + 3(0) ~ N (0, Neoma®)
(25)

while the distribution of the desired term becomes
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Note that noise terms in (25) have larger variances compared
to (19) due to a larger correlation window. However, since (27)
yields a correlation peak closer to the first user’s delay,
the synchronization performance (to the first user) will be
improved at medium and high SNR scenarios, as will be
demonstrated in the next section.

IV. SIMULATION RESULTS

The performances of the prior art blind synchronization
techniques and the proposed method are investigated through
computer simulations. First, four different single-user blind
synchronization techniques discussed in equations (7)-(10)
of Section II-C are simulated and compared in Fig. 3 for
completeness, where d; = 32, T'y = [-100, ..., —37], Ncp €

3A typical value for Dmax may be set as dn,, — d1.
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Fig. 4. Comparison of simulated RMSEs of different techniques for blind

synchronization in a multi-user scenario (Navg = 21, Ngp = 32).

{16,32}, and N = 256 (AWGN channel is considered). As
observed from the figure, Beek’s ML estimator gives the best
result. At high SNRs, Speth’s square difference estimator and
Muller’s estimator both converge to the ML estimator’s per-
formance. On the other hand, correlation estimator performs
worst among all the techniques. All the former three estimators
show marginal improvements when the CP size is increased,
while the correlation estimator’s performance gets significantly
better.

Next, a three-user scenario is considered, where d; = 32,
do 42, and d3 = b5, all in samples, with subcarrier
allocation vectors I'; = [—100, ..., —37], Ty = [—20,...,43],
'y = [50,...,113], Nep = 32, and N = 256 (both AWGN
and multipath channels (6-tap ITU-R vehicular-A channel
model) are considered). In Fig. 4, simulated root mean square
errors (RMSEs) of the ML (7) and correlation (10) based
approaches for first-user synchronization are illustrated in a
for different D, values. Both synchronization metrics are
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Fig. 5. Comparison of mean and variance of Re{~(0)} for Dimax = 0. Mean
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instant.
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Fig. 6. Comparison of mean and variance of Re{~(0)} for Dmax = d3 —
d1 = 23. Mean of Re{~(0)} is maximized at the true synchronization instant.

averaged over N,,, = 21 symbols to suppress noise. For
all SNR values, setting Dyax to ds — d; 23 samples
yields considerably better performance in AWGN channels
and some improvements in multipath channels. Hence, single-
user ML metric becomes no longer optimal for first-user blind
synchronization in a multiuser setting, and using a simple
correlation-based approach yields similar or better RMSEs.
Further improvements may be possible through more sophis-
ticated techniques that specifically consider the statistics of the
MS signal arrival times at SU-2 (see e.g., [7]), which is left
as a future work.

Comparison of theoretical and simulated statistics of
Re{7y(#)} for two different Dy, values are illustrated in
Fig. 5 and Fig. 6 for SNR=20 dB. The three-user scenario
with parameters used in Fig. 4 is considered. In Fig. 5, mean
and variance of Re{v(6)} for Dyax = 0 (see (21) and (22))
are plotted (i.e., the conventional approach). The mean of
the correlation function shows that the peak is achieved at



a sample that is later than the true synchronization point of
the first user. In Fig. 6, mean and variance of Re{~(¢)} for
Dyax = d3 — d; = 23 samples (see (27) and (28)) are
plotted. As opposed to the scenario when using Dyax = 0
(i.e., Neorr = Ncp), it is observed that using an appropriate
larger correlation window as in Fig. 6 results in a correlation
function that has a single peak appearing at the true time delay
of the first arriving user. Considering that the proposed method
has a larger variance, it is expected to perform worse at low-
SNRs and better in medium and high SNRs. This may also
be observed in Fig. 4, where the degradation in the RMSE
performance at low SNRs is worse for D, = 23 compared
to Dmax = 0.

Finally, Fig. 7 shows the spectrum sensing error probability
with energy detection, computed as the sum of the PFA
(defined as the ratio of the number of subcarriers detected
as used although they are unused to N) and PMD (defined
as the ratio of number of subcarriers detected as unused
although they are used to N). It is assumed that the delays
of the 12 macrocell users signals are uniformly distributed
within [Tinin, Tmax], Where, maximum delay 7,,x may be as
large as 60 us. Two different case studies are considered: 1)
Tmin = 0.25 X Tax, and 2) Tmin = 0.8 X Thax. Since the spread
of the macrocell users’ signals is lower in the second case, it is
expected that the ICI will be lower, resulting in smaller error
probabilities. The results in Fig. 7 confirm this intuition, where
the sensing results in Case-2 are considerably better than the
sensing results in Case-1. Moreover, synchronization through
the proposed method yields lower error probabilities (i.e.,
lower ICI) compared to the conventional correlation based
estimator.

V. CONCLUSION

In this paper, we analyze how the ICI observed at an
opportunistic network relates to the synchronization point
and argue that synchronizing to the first arriving UL MS
signal minimizes the ICI in most scenarios. Then, a simple
extension is proposed for the conventional correlation based
blind OFDM synchronization technique, and its statistics are
analyzed. Proposed method can be employed for synchro-
nizing OFDMA-based cognitive radio networks, where an
opportunistic network (e.g., a femtocell network) tries to
utilize the spectrum opportunities available in a primary net-
work. Our future work includes investigation of more accurate
synchronization techniques for the scenario in consideration,
and obtaining an analytical framework that relate the spec-
trum opportunities directly with the synchronization method
employed.
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