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Abstract—Full duplex (FD) wireless technology, which enables
simultaneous transmission and reception on the same frequency,
has shown its great potential for doubling the spectral efficiency
as well as spectrum sensing while transmitting in cognitive
radio networks (CRNs). However, the self-interference (SI)
suppression, the underlying technique of FD, is often imperfect,
resulting in non-negligible residual SI that severely affects the
test statistics of sensing methods. The residual SI thereby
significantly deteriorates the spectrum sensing accuracy. In this
work, we aim to address this issue by proposing a novel sensing
approach in FD systems leveraging the Pilot-Tone (PT) structure
of Orthogonal Frequency Division Modulation (OFDM) signals.
In comparison with the conventional sensing methods in FD
systems, the developed sensing approach holds the advantage
in the robustness not only to residual SI but also the carrier
frequency offset (CFO). Besides, the proposed sensing method
is able to accomplish sensing tasks in low SNR conditions with
much lower computational complexity. Numerical simulations
results demonstrate that the probability of detection of our
proposed approach can be improved up to 34.9%, compared
with state-of-the-art sensing methods in FD systems, suffering
from residual SI and CFO.

Index Terms—Full Duplex, cognitive radio network, spectrum
sensing, OFDM, self-interference.

I. INTRODUCTION

In recent years, in-band full-duplex (FD) wireless technol-
ogy has attracted significant interest in its application to cog-
nitive radio networks (CRNs). Unlike the half-duplex (HD)
radios that follow the traditional “listen before talk” (LBT)
principle, the FD technique enables simultaneous transmission
and reception/sensing on the same frequency channel, referred
to as the “listen and talk” (LAT) [1], [2]. In other words, under
the LAT protocol, unlicensed secondary users (SUs) can sense
the presence of incumbent users (IUs) while transmitting its
data packets using the same time and frequency resources
(when IUs is absent). That thereby significantly enhance the
sensing efficiency as well as increase the system throughput
[3].

Although the FD technique or LAT is promising for CRNs,
it suffers from a crucial, yet inherent problem: the self-
interference (SI) [4]. Various self-interference suppression
methods, e.g., advanced time-domain interference cancellation
[S], signal inversion and adaptive cancellation [6] and anten-
nas cancellation [7], have been investigated. However, none of
these works can guarantee perfect SI suppression performance
and the residual SI is still inevitable [8].

Sensing the TU activity states (i.e., absence or presence)
with the presence of the residual SI in FD systems is challeng-
ing. This is because the residual SI can lead to a low signal-
to-interference-plus-noise ratio (SINR) and severely affect the
test statistics of sensing methods. One of the most basic
spectrum sensing methods in FD systems is the energy detec-
tion (ED). However, it is very much susceptible to the noise
uncertainty [9]. Although some sensing methods that utilize
special features of Orthogonal Frequency Division Modula-
tion (OFDM) signals (e.g., Pilot Tone, PT) are able to achieve
better sensing performance, they are greatly vulnerable to the
carrier frequency offset (CFO) [10], [11]. A small synchro-
nization error in the frequency domain can result in significant
performance degradation [12]. To estimate and mitigate the
effect of CFO, a number of highly complex resources and
processes are required, posing significantly high complexity.
Another main barrier for these sensing methods is that it is
extremely difficult to achieve good sensing performance under
low signal-to-noise ratio (SNR) conditions. Given the above,
this work proposes a novel OFDM signal sensing method in
the FD system by leveraging the PT feature that is robust to
the residual ST and CFO with low computational complexity.
Our major contributions are summarized as follows.

o We investigate OFDM sensing methods in FD systems
under low SNR conditions, in the presence of residual SI
and CFO. We develop a novel OFDM sensing approach
drawing support from the PT feature of OFDM signals.
In comparison with other conventional spectrum sensing
methods, the proposed sensing approach is more robust
to the residual SI and CFO. Additionally, our approach
is capable of achieving much higher sensing accuracies
under the low SNR condition with lower complexity.

o In contrast to conventional PT-based sensing methods
which require complex estimation processes to estimate
the impact of the CFO, the presented sensing approach
is able to completely avoid such a requirement, signifi-
cantly reducing the computational complexity.

« For analyzing the performance of our proposed approach,
we take two types of residual SI: the residual SI that has
the PT structure and the residual SI that does not hold
a PT feature. For each type of residual SI, we derive
the closed-form expressions of the probability of miss
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Fig. 1. System model of FD: SU is in "Listen and Talk” mode .

detection and false alarm of the proposed approach.

« Extensive simulations are conducted to validate the ef-
fectiveness of our developed method. Simulation results
demonstrate that the proposed approach is able to achieve
a much higher sensing accuracy with lower complexity
under low SNR conditions.

The remainder of this work is organized as follows. Section

IT describes the system model and problem formulation. The
proposed sensing approach is expressed in Section III. The
simulation results are shown in Section IV, followed by the
conclusions in Section V.

II. SYSTEM MODEL

Consider a simplified cognitive FD system, as shown in
Fig. 1. The IU has the highest priority to utilize the licensed
spectrum and transmits OFDM signals. The SU works in the
full-duplex mode, e.g, simultaneously sensing the licensed
spectrum and using that licensed channel (when IU is absent)
for its data transmission. The SU transmits two types of
signals: OFDM signals or other modulation signals, as will
be discussed in Section III-A. At the IU transmitter side, the
transmitted OFDM signal is given by
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where m = 0,...,M — 1 and M denotes the total number
of transmitted OFDM blocks. F, stands for the transmitted
power of each symbol. Ny is the data block size. I, (k)
represents the symbol modulating the kth subcarrier with unit
variance. After passing through a multipath fading channel
with L uncorrelated taps, the received signal at the SU
transmitter, denoted by y,,(n), is expressed as

Hy: ym(n) :Tm(n) + wm(n)a
, L-1
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where H, refers to the null hypothesis standing for the
absence of IU. H; is the alternate hypothesis denoting the

presence of IU. 7,,(n) ~ CN(0,02) represents the residual
SI after self-interference suppression, which can be expressed
as 7y, (n) = 08, (n), where s,,(n) is the self-interference sig-
nal (transmitted signal from SU), and § refers to the SIS factor
[13]. wy,(n) stands for the complex additive white Gaussian
noise with zeros mean and o2, variance. f, represents the
CFO normalized to the subcarrier spacing. h; ~ CN(0,1)
denotes the channel gain of the /th channel component.

As discussed previously, the received signals are collected
for detecting the activity states of IU (i.e., presence or ab-
sence). However, from equation (2), it is clear that the residual
SI signals are involved in the received signals under both Hy
and H;i, thereby notably degrading the sensing performance
in FD systems. Although some feature-based sensing methods
(e.g., leveraging PT features [10]) can be applied to achieve
better sensing methods with the residual SI, they are sensitive
to CFO that causes dramatic performance degradation. To
address this problem, in the next section, we develop a novel
sensing method to overcome the adverse effect of the residual
SI and CFO.

III. THE PROPOSED PILOT-TONE BASED SPECTRUM
SENSING APPROACH

In this section, the details of our proposed spectrum sensing
algorithm based on the PT feature of OFDM signals are
firstly provided. We then derive theoretical expressions of the
probability of miss detection (F,,) and false alarm (Py) of
our developed sensing approach.

Given an OFDM system, PTs are always designed/added
to meet the channel estimation requirement. In this work,
we adopt a circular configuration type of PT [14], meaning
that the pilot symbols are the same every serval blocks but
different in one block. Besides, all PTs signals have the same
amplitude. As a result, the correlation features between PTs
can provide unique features that can be utilized to sense the
presence of IU. Furthermore, in order to utilize the PT feature
for sensing purpose, the received time domain signal should
be converted into frequency domain. Specifically, the discrete
Fourier transform of the received signal (the cyclic prefix (CP)
structure is already discarded) can be written as
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response of the nth subcarrier. R,,(k) ~ CN(0,02) and
W (k) ~ CN(0,02) denotes the residual SI and noise in the
frequency domain, respectively. Since the signal of IU has the
circular configuration PT structure, Y,,, and Y, have the same
PT arrangement if m — s = dv,d = 1,2,3..., where v is



the circular period. On the basis of this feature, the proposed
new cross-correlation matrix is given by

1 v v *
C= 3 2 Ya (Y )
N,

where C stands for the cross-correlation matrix of size IV}, x
N,. N, is the length of PT. Y27 denotes the PT vector in
the mth OFDM block. N, is defined as N, = [22=27(2M —
v — v[2=17]) representing the total number of OFDM block
pairs (m, s) with the same PT arrangement. (.)* means the
conjugate transpose.

Note that in (5), the proposed cross-correlation matrix only
computes the the pilot tones but ignores other transmitted
symbols, which is able to remove the correlation noise and
reduce the effect of residual SI. Thus the test statistic of
proposed method can be written as
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A. Probability of False Alarm and Detection

In this section, the expressions of the probability of false
alarm (Py) and miss detection (P,,) for the proposed algorith-
m are derived based on the test statistic provided previously.
According to equation (6), T" is the the sum of Ng variables
(|/C(p,q)|?). Thus in order to get the distribution of T, the
statistic features of C(p,q) should be discussed first. Since
C(p,q) is the value of cross-correlation of PT structures,
statistical characteristics of C(p,q) are depend on whether
the received signals have PT structures or not. For the noise
signal, it does not have a PT structure, so its effect on
test statistics is quite small. Regarding the residual SI signal
(i.e., SU’s transmitted signal), it is possible to have the PT
structure, so it is desirable to discuss the structure of residual
SI for achieving satisfactory sensing performance. In the
following parts, we consider two different cases: residual SI
signals have no PT structure and residual SI signals have the
PT structure.

1) Case A: Residual SI signals without PT structure

In this scenario, for deriving the probability distribution
function (pdf) of T, we first calculate the means and variances
of C(p,q) in hypotheses Hy and H;. Under Hy, since the
received signal only contains the residual SI signal and noise,
C(p, q) can be expressed as:

1
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As the residual SI signal has no PT structures, R,,(p) is
independent of R,(q). Besides, as mentioned previously, the
residual SI signal and noise are independent of each other,
hence, the mean and variance of C(p, ¢) can be obtained by
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Under H1, according to equation (3), C(p, ¢) can be written
as

*Z
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As discussed above, for the PT structure of the IU signal, if
block index difference m — s = dv,d = 1,2,3..., then two
OFDM blocks have the same PT arrangement. Thus the mean
of C(p,q) is

11 (p, q) = E[Cs(p, q)| H1]
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The variance of C(p,q) can be given by

oi(p.q) =

Since the SU intends to sense the licensed spectrum under
low SNR condition, when M is lager, 0?(p,q) can be ap-
proximated by
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2) Case B: Residual SI signals hold the same PT structure
as IU

In this case, we assume the residual SI signals have
the same PT arrangement as the IU signals. Thus when
m—s =dv (d = 1,2,3...), Ry(p) is equal to Rs(p),
p = [0,1,...,N, — 1], implying that the residual SI signal
causes a great impact on the value of C(p, ¢). In such a case,
the mean and variance of C(p,q) under Hy can be obtained
according to equation (7):

to(p,q) = E[C(p, q)|Ho] = o7, (14)
o3(p,q) = E[|C(p,q)]’|Ho] — E[C(p, q)|Ho]?
= Ni(a;i +20%02). (15)

The mean and variance of C(p,q) under H; can be
obtained by following similar derivation processes provided
in the previous section, which are

Ng—1

= E, Z |H(n)|2Ay, (n—p)Ay, (n—q)* +02, (16)
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Based on all the derivations above, the means and variances
of C(p,q) in two special cases can be calculated. According
to the central limit theorem, C(p, q) can be approximated as
complex Gaussian variable (C'(p, q) ~ CN (u(p, q),o%(p,q)))
when M is large under both Hy and H;. As a result,
2|C(p,q)|*/o?(p,q) obeys non-central Chi-square distribu-
tion with 2|u(p, q)|?/o%(p,q) non-centrality parameter and
two degree of freedom [15]. So the test statistic in equation
(6) can be rewritten as

—1N,—
20 > H
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where 7y is the threshold. According to equation (18), T is
the sum of Ng independent and identically distributed non-
central Chi-square variables. Thus T obeys noncentral Chi-
square distribution with 2N§ degree of freedom. The non-
central parameters and the probability distribution function of
T under Hy and H, are equal to
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where ¢ = 0,1. n denotes the degree of freedom. B, (6)

stands for the modified Bessel function of first kind defined

as Bo(0) = (§)* Py ol(& ) '/§IT(a+ 7 +1)] and I denotes

the Gamma function. The cumulatlve distribution function of

T can be calculated as

oo

: Do An/2+4,T'/2) (Am/2)
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where A denotes the lower incomplete Gamma function.

Based on the derivations and definitions above, the expres-
sions of P; and miss detection P can be obtained by

Pf =1- F(’Ya QNZ?; )‘T’,O)v
Py = F(v;2N2, A1)

; (21)

(22)

According to the Neyman-Pearson criterion [16], the perfor-
mance of the proposed sensing method can be evaluated by
fixing Py to obtain the threshold v which is

v=F"'(1=Pp;2N2, Arv o), (23)

TABLE 1
COMPUTATIONAL COMPLEXITY OF DIFFERENT SENSING METHODS

Method Number of complex multiplications
SCM [10] MNylog(Ng) + MN?
FD-AC [11] MNr 7 10g(Ner7) + 2M Neomp
Proposed method MNglog(Ng) + NuNg
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Fig. 2. Impact of CFO on probability of miss detection (Fp,) of various
sensing methods.

B. Computational Complexity

In this section, we compare the computational complexity
of the proposed sensing approach with other relevant sensing
methods, e.g., sampled covariance matrix (SCM) [10] and
frequency domain autocorrelation (FD-AC) [11], as shown
in Table L.

We select the number of complex multiplications as a
metric to validate the computational complexity because it
is the most computationally expensive. In Table I, Nppr
and N, stand for the FFT size and the number of used
subcarriers (denoted as K and K oy in [11]), respectively.
As can be seen from this table, our proposed method costs
a much less number of complex multiplications, compared to
the other two sensing methods. For instance, when Ny = 64,

=20, N, =16, v =3, Nppr = 1024 and Neomp = 242,
the total number of complex multiplications of SCM [10] and
FD-AC [11] are 87243 and 151640, respectively. By contrast,
that number of the proposed sensing method is only 19915,
much lower than the other two sensing methods.

IV. SIMULATION RESULTS

In this section, we validate the performance of the proposed
spectrum sensing approach using P, as a metric. The numer-
ical results are given via Monte Carlo simulations in the FD
system. Unless otherwise stated, the simulation configurations
are set as follows. The binary phase shift keying (BPSK)
modulation is applied to generate an OFDM system. We
assume the number of received OFDM blocks is M = 20, and
the data block size of the received OFDM signals is Ny = 64.
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The length of the PT structure is set as N, = 16 with circular
period v = 3. The operating radio frequency is 2.4 GHz, and
the signal bandwidth is set to be 5 MHz. The spacing for
each subcarrier is 78.125 kHz. SNR varies in the range of
—20 «~ —8dB, and the normalized CFO is evenly distributed
in [—0.5,0.5). The residual SI power at SU’s transmitter 7 is
set to be —87dBm adopting the self-interference suppression
method proposed in [17]. The value of the probability of false
alarm (Py) is set as 0.05.

In Fig. 2, we compare the probability of miss detection
(P,,) of our proposed approach with the other two sensing
methods, e.g., SCM [10] and FD-AC [11]. As can be seen,
our presented approach for both Cases A and B significantly
outperforms the other two methods regardless of whether
CFO is present or not. Although all the sensing methods are
affected by CFO, the impact on our developed approach is
much less compared with the other two methods. The figure
also shows that our proposed approach for Case A can achieve
better sensing performance, i.e., lower P,,, than Case B. This
is because the residual SI signal in the Case A has no PT
structure, hence, its impact on C is less than that in the Case
B (refer to equation (5)), leading to higher sensing accuracy.

To further evaluate the sensing performance, we show the
operating characteristic (ROC) curves for various algorithms
at SNR = —15dB in Fig. 3. As can be seen, this figure
illustrates the relationship between the probability of detection
(Pyg, P = 1 — P,,) and the probability of false alarm
(Pr). We can observe that our proposed sensing approach
clearly outperforms the other two methods. In particular,
with a fix P, the two cases of our proposed approach
are capable of achieving much better sensing accuracy (i.e.,
higher P; ) compared with the other two sensing methods.
When Py = 0.05, Py of our proposed algorithm in Case A
and Case B are 0.782 and 0.487, respectively. However, Py
of FD-AC [11] and SCM [10] methods are only 0.191 and
0.138, respectively.

From Fig. 2 and Fig. 3, we can obtain an observation that
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Fig. 4. The impact of residual SI on probability of miss detection (Pp,) of
different sensing methods

either P,, or ROC is able to show the sensing performance
of various sensing methods. Due to the space limitation, in
the sequel, we will only discuss P,,.

Fig. 4 demonstrates the P,, performance of various meth-
ods in the presence of residual SI. From this figure, it is
apparent that our presented algorithm is superior to others
regarding the robustness to residual SI. Besides, the sensing
performance of our method in Case A is better than in Case B
because of different types of residual SI signals. When SNR
is —10dB, as the residual SI power 7 rises from —80dBm
to —70dBm, P,, of our designed approach in the Case A
and Case B increase from 0.0122 to 0.0141, and from 0.0429
to 0.0480, respectively. However, P,, of SCM [10] and FD-
AC [11] increase from 0.2035 to 0.3263, and from 0.1247 to
0.1892, respectively.

Fig. 5 illustrates the impact of the number of received
OFDM blocks M on the sensing accuracy of various sensing
methods. Obviously, our proposed sensing approach in both
two cases can achieve much more significant improvements
in sensing accuracy (i.e., smaller P,,) with increasing M,
compared with the other methods. Moreover, for each sensing
method, increasing M can lead to a better sensing perfor-
mance, while this comes at the cost of higher computational
complexity.

In Fig. 6, we present the impact of different PT lengths
(INp) on sensing accuracy. We see from this figure that the
length of PT can greatly affect the sensing performance of
our proposed method in both two cases. For instance, as N,
increases, a smaller P,,, i.e., better sensing performance, can
be achieved. Take Case A as an instance, P,, decreases from
0.156 to 0.004 with increasing N,, from 8 to 32. However, it
is worth noting that a larger N}, leads to higher computational
complexity.
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V. CONCLUSION

We investigated the OFDM spectrum sensing in full-duplex
systems in the presence of residual self-interference (SI) and
carrier frequency offset (CFO). We proposed a novel OFDM
sensing method by leveraging the PT feature of OFDM
signals. Besides, two different types of residual SI signals
(with or without a PT structure) are taken into account when
analyzing the sensing performance of the proposed method.
We obtained the closed-form expressions of the probability
of miss detection and false alarm of the presented approach.
Extensive simulation results demonstrated that our proposed
sensing method is more robust to the residual SI and CFO
than the conventional ones. Additionally, the proposed method

can achieve better sensing performance under the low SNR
condition with much lower computational complexity.
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