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Abstract

In Full-d uplex Cognitiv e Radios, the silent period of the Secondary User (SU) during the Spectrum Sensing
can be elimina ted by appl ying the Self-Interference Cancella tion (SIC). Due to the channel estima tion error
and the hardw are imperfections (the Phase Noise and the Non-Linear Distortion (NLD)) SIC is not perfectly
performed and resul ts in the Resid ual Self-Interference (RSI) which affects the Spectrum Sensing reliability .

In this paper, the effect of RSI on Spectrum Sensing is anal yticall y deriv ed by expressing the detection (p;)

and false alarm (pfﬂ) probabilities under FD in terms of the ones under Half-Duplex (HD) (where SU shoul d
remain silent during the Spectrum Sensing period). In addition, an algorithm is proposed to suppress the
NLD and improves the Spectrum Sensing performance. Hereinafter , the SU throughput under FD is anal ysed
comparing to HD by deriving the upper and lower bounds to be respected by ps, and p, respectiv ely in order

to make FD beneficia relative to HD.
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1. Introduction

Recen tly, the Full Duplex (FD) transmission has been
introduced in the context of Cognitive Radio (CR) to
enhance the Data-Rate of the Secondary (unlicensed)
User (SU). In FD systems, SU can simultaneousl y
transmit and sense the channel. In classical Half Duplex
(HD) systems, the SU shoul d stop transmitting in order
to sense the status of the Primary (licensed) User
(PU). Recent advancemen ts in the Self-Interference
Cancella tion (SIC) make the applica tion of FD in
CR possible. Due to many imperfections, a perfect
elimina tion of the self-interference cannot be reached
in real world applica tions [2, 3]. In CR, the SU makes
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a decision on the PU status using a Test Statistic [4-
6]. This Test Statistic depends on the PU signal and
the noise. Any resid ual interference from the SU signal
can affect the Test Statistic norm and leads to a wrong
decision about the presence of PU.

In wireless systems, the FD is considered as achieved
if the Resid ual Self Interference (RSI) power becomes
lower than the noise level. For that an important SIC
gain is required (around 110 dB for a typical WiFi
system [2]). This gain can be achiev ed using a passiv e
suppression and an active cancella tion. The passiv e
suppression is related to many factors that reduce the
Self Interference (SI) such as the transmission direction,
the absorption of the metals and the distance betw een
the transmitting antenna, T, and the receiv e antenna,
R,. The activ e cancella tion red uces the Self -Interference
(SI) by using a copy of the known transmitted signal.
The estima tion of channel coefficients becomes an
essen tial factor in the active cancella tion process. Any
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error in the channel estima tion leads to decreasing the
SIC gain.

Experimen tal resul ts show that hardw are imperf ections
such as the non-linearity of amplifier and the oscilla tor
noise are the main limiting performance factors [2, 7-
9]. Theref ore, the SIC shoul d also consider the receiv er
imperfections. The authors of [2] modify their previous
method of [10] to estima te the channel and the Non-
Linearity Distortion (LND) of the receiver Low -Noise
Amplifie (LNA). Their method requires two training
symbol periods. During the firs period, the channel
coefficients are estima ted in the presence of the NLD.
The non-linearity of the amplifie is estima ted in the
second period using the already estimated channel
coefficients. It is worth mentioned that the estima tion
of the NLD parameters in the second phase depends
on the one of the channel coefficients done in the
firs phase. However the estima tion of the channel
coefficients in the firs phase can be depending on
unknown NLD parameters. To solve the previous
dilemma, we propose hereinafter an estima tion method
of the NLD in such way that the estima tion of the
channel cannot be affected by the NLD.

The works of [11-16] deal with the applica tion of
FD in CR. In [11-13, 15], the RSI is modeled
as a linear combina tion of the SU signal without
considering hardw are imperfections. In [13, 16] the
Energy Detection (ED) is studied in a FD mode and the
probability of detection, (py), and false alarm, pg,, are
found anal yticall y. According to our best knowledg e,
there is no anal ytic rela tionship betw een the RSI, p; and
Pfa for both HD and FD mode.

Further, due to the RSI, p; and py, are highl y affected.
This fact impacts negatively the SU throughput. In
some circumstances, the SU throughput under HD can
be higher than the one of FD. This can be occurred
when the false alarm rate is high. On the other hand,
PU transmission is consider ably disturbed by the SU
activities when the detection rate becomes low. For
that reason, upper bound of false alarm rate and lower
bound of detection rate are important in order to be
abided by SU in FD mode in order to enhance the
throughput without increasing the interference rate to
PU comparing to HD mode.

This paper deals with the Spectrum Sensing in real
world applica tions. At firs , we anal yticall y determine
the impact of the RSI power on the detection process.
For that objectiv e, we deriv e a rela tion betw een the RSI
power, the probabilities of detection and false alarm
under HD and FD modes. Secondl y, we anal yse the NLD
impact on the channel estimation and the Spectrum
Sensing Performance. Hereinafter , novel algorithms are
proposed to suppress the NLD of LNA.

In addition, the effect of FD mode on the SU throughput
is compared to the HD mode. As the throughput
is related to p; and py,, the upper bound of false
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alarm rate and the lower bound of the detection
rate are derived. These two bounds characterize the
required limit in FD in order to enhance the SU
throughput comparing to HD without making an
additional interference to PU.

The rest of this paper is presen ted as follows, in
section (2), an overview of OFDM receiv er is presen ted
by focusing on the circuit imperfections. The Spectrum
Sensing hypothesis in Full-Duplex Cognitive Radio
is presen ted in section (3), where the effect of RSI is
anal ysed analyticall y. In section (4), an algorithm of
the NLD mitig ation in RF domain is proposed with its
corresponding numerical resul ts. Throughput anal ysis
in terms of detection and false alarm probabilities
is presen ted in section (5). At the end, section (6)
concludes the work by providing new perspectiv es.

Throughout this paper, uppercase letters represen t
frequency -domain signals and lower-case letters repre-
sent signals in time-domain.

2. Receiver chain Imperfection Analysis

In this section, we analyse the imperfections in a
classical OFDM receiv er. By referring to figur (1),
which represen ts a typical Ordinary Chain (OC) of an
OFDM receiv er block-diagr am, the SU signal receiv ed
at R, is modelled as:

v(£) = h(t) = s(t) exp (j27fct) (1)

where h(t) is the channel effect betw een T, and R, and
+ stands for the convolution operator. After that, y(t) is
amplifie using the LNA which introduces a NLD. The
output of LNA can be modelled in a general form as a
polynomial of odd degrees:

(o]

Yalt) = ) a1y (1) 2)

i=0

The firs coefficient a;, stands for the linear componen t
which represen ts the amplifie  signal. The other
coefficients (ay;41, i=>2) stand for the non-linear
componen ts contributing in NLD. Since the higher
component are of negligible power, the NLD of the
output of the LNA is limited to the third order
polynomial output:

Ya(t) = ayy(b) + asp* (t) 3)

In digital domain, y,(n) can be expressed as follows
(3,17]:

V(1) = ayy(n) + asy(n)ly(n)* (4)

After the amplific tion process, the received signal
is down-con verted to the base-band form. As shown in
figur (1), the oscilla tor can introduce a multiplica tive
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noise exp [jq[)(t)].

After converting to the base-band, the Analog-to-
Digital Converter (ADC) digitizes the received signal
and introduces a uniform noise wq(n), which has a
power inversel y proportional to the number of used
bits.

Consequen tly, the received time-domain
signals at OC is presen ted as foll ows:

base-band

Va(n) = |ayp(n) + asy(n)ly(n)lz]exP (jci)(n))

+ wq(n) + w(n)

= |a h(n) *s(n)

+ az(h(n) = s(n))|h(n) * S(n)lz] exp (j¢(n))
+w,(n) + w(n) (5)

Where w(n) is an additiv e zero mean white Gaussian
noise. w(n) is the internal noise in the receiv er circuit
and it is related to the input signal level and to the
blocks of the receiv er chain.

FFT and CP remov al oper ations will be applied on y,(n)
to obtain Y,(m). By assuming that wq(m) is domina ted
by w(n), Y,(m) can be presen ted as foll ows:

Y,(m) = a; H(m)S(m) = B(m) + D(m) + W(m)  (6)

Where  D(m) = a3FFT(y(n)|y(n)|2] +B(m) is  the

NLD of the

B(m) = FFT[ exp (jqb(n))].

In frequency domain, the channel estima tion is
done in order to perform SIC, as well as the circuit
imperfection mitigation. The frequency domain SU
signal S(m), contributing in the channel estima tion
and the imperfection mitigation is coming from an
Auxiliary Chain (AC), which is designed in a way to
mitig ate the imperfections and to help estimate the
channel.

After the SIC and the circuit imperfections mitiga-
tion, the obtained signal, Y(m), can be presen ted as
foll ows:

LNA in frequency domain and

Y(m) = &(m) + W(m) + Wy(m) + X (m) 7)
Where &(m) is the RSI and define as:
&(m) = (H(m) — H(m))S(m) * B(m) + D(m) — D(m) (8)

H(m) and D(m) are the estima ted channel and the NLD
respectiv ely.
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Ideall y H(m) = H(m) and D(m) = D(m), theref ore equa-
tion (7) becomes: Y (m)= W(m) + nX(m), which corre-
sponds to an HD mode. Any mistake in the cancella tion
process may lead to a wrong decision about the PU
presence.

3. The RSI effect on the Spectrum Sensing

In the spectrum sensing context, we usuall y assume two
hypothesis: H, (PU signal is absen t) and H; (otherwise).
In our works, we assume that PU signal and SU signals
are wideband signals such as OFDM. By focusing only
on the additiv e receiv er distortion which is domina ted
by the NLD of the LNA [2], the receiv ed signal can be
modeled as foll ows:

Yp(m) = Hm)S(m) + W(m) + D(m) + nX(m)  (9)

H(m) is the channel between the SU transmitter
antenna T, and the SU receiv e antenna Ry, S(m) is the
SU signal, W(m) is an Additive White Gaussian Noise
(AWGN), D(m) represen ts the NLD of the LNA, X(m)
is image of the the PU signal on R, and # €{0,1} is
the channel indicator (1 = 1 if PU is active and n =0
otherwise).

In order to decide the existence of the PU, several
algorithms have been proposed in the liter ature [4]. The
most commonl y used one is the Energy Detector (ED),
which compares the received signal energy, Tgp, to a

predefine threshol d, A.
LN o o
Tep = 5 )1V (m) EL (10)
m=1 0

Contrary to HD, where Only the noise variance
shoul d be estima ted prior to establishing the Spectrum
Sensing, in FD the pow er of the RSI shoul d be also taken
into accoun t. By assuming the i.i.d property of e(n) (the
time domain version of &(m)), w(n) and x(n), then &(m),
W (m) and X(m) become i.i.d. (See Appendix (A.1)).In
this case, the distribution of Tgp shoul d asym ptoticall y
follow a normal distribution for a large number of
samples, N, according to the central limit theorem.

Consequen tly, the probabilities of False Alarm, p;a, and

the Detection, p£ , under the FD mode can be obtained
as follows (See Appendix (A.2)):

A—po
Vo

A- A= (02 +0%+02)
FI)ZQ 12 g 2 (12)
Vi \/—ﬁ(aw+ o5+ 0x)

Where Q(- ) is the Q—function, and y;and V;are the

)=Q (11)

Pl. = Q

A—(a;m;)]

1 2 2
\/—N(O'w‘l' (Td

ph = Q(
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Figure 1. SIC circuit for OFDM receiver

. . 2
P=0-1; P;=0.9; 6=c?,

= FD mode
HD mode |5

Number of Samples (dB)

15 ; ; ;
-25 -20 -15 -10 -5
SNR (dB)

Figure 2. The number of samples required to reach p; = 0.9
and ps, = 0.1

mean and the variance of Tgp under H; respectiv ely,
ie{0;1}, Gj = E[|&(m)|*] represen ts the RSI power, 62 =

E[[W(m)]*] and o2 = E[|X(m)*]. The SNR, y,, is define
as: yy = Z—§ . If the SIC is perfectly achiev ed, i.e. 05 =0,

p]{a and pg take their expressions under the HD mode.

Figure (2) shows the required number of samples
to reach p; =09 and pg, =0.1 under the HD and
FD modes for different values of SNR. In FD mode,
we set O'; = 02 as the target values of 05 in digital
comm unica tion. Figure (2) shows that the number
of required samples slightl y increases under the FD
modes. For exam ple, if y, = —5 dB, then 85 samples are
enough to reach the target (pg; ps,) under the HD mode
while under FD mode, around 300 samples are needed.
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Let us defin the Probability of Detection Ratio (PDR),
0, for the same probability of false alarm under FD and
HD modes, as follows:

_
Pl

f

o withpfa:pj}u:a (13)

Where pg and pj}u are the probabilities of detection and
false alarm under HD respectiv ely, 0 <a < land 0 <
0 < 1. As with an excellen t SIC, the ROC can mostly
reach in FD the same performance of HD. In order to
show the effect of RSI on 0, let us defin the RSI to noise

ratio y, as foll ows:
2
-
Vi = —
Ow

Using (11) and (13), the threshol d, A, can be expressed
as foll ows:

(14)

A= (LQ—I((X” 1)(a;+o§) (15)

VN
By replacing (15) in (12), y; can be expressed as
foll ows:
_ 1+ 70Q 7 (0ph) - Q7M@) + VN

(16)
QM (a) - Q1 (sph)

Vd

If 6 = 1, then we can prove that y; becomes zero, which
means that the SIC is perfectly achieved. Figure (3)
shows the curves of y; for various values of PDR, o,
with respect to the SNR, y,, for pZ =0.9 and a =0.1.
This figur shows that as 0 increases 7y, decreases. To
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Figure 3. Evolution of y; with respect to y, for various values
of o, (P}’a ; pZ) =(0.1; 0.9)

enhance the PDR, the selected SIC technique should
mitig ate at most the SI. In fact, for y, =-5 and a
permitted loss of 1% (i.e. 6 = 0.99), y,; is about —15 dB

4. The Non-Linear Distortion of the Low Noise
Amplifier

In real world applica tions, the full duplex transceiv er
seems hard to be depl oyed due to hardw are imperfec-
tions: the non-linearity of the amplifiers the quan tiza-
tion noise of ADC, the phase noise of the oscilla tor, etc.
The NLD of LNA is an importan t perf ormance limiting
factor [2, 7-10]. According to NI 5791 datasheet [18],
the NLD power is of 45 dB below the power of the
linear amplifie component. A new efficient algorithm
is proposed in this section, in order to mitigate as
possible the NLD of LNA and to make the channel
estima tion more reliable. The proposed algorithms are
anal ysed by neglecting the quantific tion and the phase
noises.

4.1. Estimation of the Non-Linearity Distortion of
LNA

The LNA output can be written as a polynomial of odd
degrees of the input signal [17]. The NLD stands for the
degrees greater than one. By limiting to the third degree
and neglecting the higher degrees power [19], the NLD
componen t can be written as foll ows:

d(t) = py*(t) (17)

Where p is the NLD coefficient. The estima tion of f
can be helpful to suppress the LNA output. In this
case, the channel estima tion is no longer affected by the
NLD. The overall output signal of the LNA, v,(f), can be
expressed as foll ows:

va(t) = Oy(t) + By (1) (18)
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Figure 4. The effect of the number of training symbols on the
NLD residual power

6 and y(t) are the power gain and the input signal
of the LNA respectiv ely. To estimate 6 and f, by a
and b respectiv ely, one can minimize the following cost
function:

2
J = E[(ya(t) — (ay(t) + by3(t))] } (19)

By deriving J with respect to a and b we obtain:

J
27 0 = B0+ BERAO] = Elgy0] (20
J
2~ 0 = aEly* 0]+ BEBS (0] = Ely 0y’ 0] (1)

Using equations (20) and (21), a linear system of
equa tions can be obtained:

a _
[ b =A"'B (22)
Where:
BB Ewten] p [ Eoye) |y
Ely*()] E*M]]° Ely,()y* ()]

Once the non-linearity coefficient, g, is estima ted, the
non-linearity component can be subtracted from the
output signal of the amplifie .

4.2. Numerical Results

Figure (4) shows the residual power of the NLD
cancella tion. The NLD power is fixe to 45 dB under
the linear component [18]. This power is reduced to
less than -300 dB after the applica tion of our method.
The method of [2] reduces the NLD power by around
50 dB. f is estima ted using various number of training
symbols, N,. In this simulation, OFDM modulations
are used with 64 sub-carriers and a CP length equal
to 16. The received power is fixe to -5 dBm and
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the noise power to -72 dBm [18]. As shown in figur
(4), the residual power of NLD decreases with an
increasing of N, when the method of [2] is applied.
However our method keeps a constant value of this
power. Our technique outperf orms significa tly the
method proposed in [2]. To show the impact of NLD
on the channel estimation and the RSI power, figur
(5) shows the power of Y(m) obtained in FD under
H,. The channel is estima ted according to the method
previousl y proposed by [20] as foll ows:

Ne

N 1 Yk(m) . \
h=IDFT{— a d H = DET{h(1, .., ny,
e st bt - i, o)

(24)

Where IDFT stands for the inverse discrete Fourier
transform and 7, is the channel order. The number of
training symbols, N,, is fixe to 4 symbols. The number
of sub-carrier is 64, the transmitted signal is of -10 dB
(i.e. 20 dBm), and the noise f oor is -102 dB (i.e. -72
dBm) [18]. The transceiv er antenna is assumed to be
omni-directional with 35 cm separ ation betw een T, and
R,, so that a passiv e suppression of 25 dB is achiev ed
[3]. According to the experimen tal results of [3], in a
low reflectio environmen t, 2 channel taps are enough
to perform the SIC when the passive suppression is
bell ow 45 dB. Furthermore, the line of sight channel
is modelled as a Rician channel with K-factor about 20
dB. The non-line of sight component is modeled by a
Rayleigh fading channel.

Figure (5) shows that our method leads to mitigate
almost all the self interference, so that the power of
Y (m) becomes very closed to the noise power. However,
with the method of [2], the RSI power increases with
the NLD power because the NLD power is a limiting
factor of the channel estima tion which leads to a bad
estima tion of the channel.

To show the impact of the NLD on the Spectrum
Sensing, figur (6) shows the ROC in various situa tions
under y, = —10 dB. The simulations parameters in this
figur are similar to those of figur (5), only the NLD
power is set to 45 dB under the linear component
according NI 5791 indica tions [18]. The method of [2]
leads to a linear ROC, which means that no meaningful
information about the PU status can be obtained. By
referring to figur (5), the RSI power is of -82 dB for
a NLD power of -45 dBc, which means that y; in this
case is about 20 dB. This high RSI power leads to a
harmful loss of performance (see figur (3)). From the
other hand, our method makes the ROC in FD mode
almost colinear with that of the ROC of HD mode,
which means that all SI and receiver impairmen ts is
mitig ated.

Figure (7) shows the PDR for a target a = 0.1 and pH =
0.9. The ratio 6 increases with the SNR. At a low SNR
of -10 dB, 0 becomes closed to 1, so that a negligible
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Figure 5. The power of Y (1) under H, obtained after applying:
(1) our proposed method, (2) the method of [2] is applied and (3)
under HD mode
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perf ormance loss is happen. As the SNR decreases the
detection process in FD mode becomes more sensitiv e
to the RSI power.
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T, T

Figure 8. Activity period of SU under HD functioning is divide
into Sensing sub-period (T;) and Transmission sub-period (T}).

5. Throughput Analysis

In this section, we analyse the SU performance by
discussing from throughput viewpoin t. Although FD-
CR is introduced to enhance the SU data rate, the RSI
affects both false alarm and detection probabilities as
discussed in section (3). Consequen tly, the throughput
of SU under FD can be lower than the throughput under
HD for some circumstances.

First, let us present the activity period, T, of SU in
HD mode (see figur (8)). We assume that this activity
can be divided into sensing period (T;)and transmitting
period (T;). The throughput of SU (Rgy) is affected
by the sensing performance since the detection of the
PU is not perfect and it can be done up to a target
pair (pga, p4). After the sensing period, SU can continue
transmitting in one of the two following scenarios:

1. Missed Detection: SU decides that there is no
active PU in the bandwid th, while PU is truly
active. In this case, SU becomes active and
interferes with PU

2. Reject: SU rejects the hypothesis H; by detecting
correctl y the absence of PU. Theref ore SU becomes
active

As SU is activ e under Missed Detection and Reject cases,
Ry becomes the sum of the two throughputs: R, under
Reject case and R; under Missed Detection case.

Rsy =Rp + R4 (25)

Let us denote by p, the probability that PU is
truly absent, and p; the probability that PU is truly
transmitting, with pg + p; = 1. Accordingl y, Ry and R,
are given by [21]:

Ry TC0(1 —Pfa)Po (26)

IS}

TC1(1 - pd)pl (27)

where T = % is the ratio of the transmission period with
respect to the overall activity period, and Cy (resp. C;)
is the throughput of SU when it operates under H,
(resp. (Hp)). By assuming that SU and PU signals are
statisticall y independen t, white and Gaussian, C, and
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C,; are given by:

Co =log (1 +y,) (28)
Cy =log (1 +C) (29)

where 7y, is the SNR and (, and the Signal to Noise and
Interference Ratio (SNIR) of SU signal at the Secondary
receiv er.

Ry represen ts the interfering throughput of SU
transmission to PU. This throughput should be
minimized as possible by increasing p; in order
to do not affect the PU transmission. In contrast,
Ry represen ts the gainful throughput of SU to be
maximized by decreasing py,, since it results from
a true decision on the absence of PU. On the other
hand, both Ry and R; are related to 7. In FD-CR
the ratio 7 is equal to one since no silence period is
required. Even though this fact is important for the
SU throughput , it can affect the Spectrum Sensing
reliability , by increasing pg, (i.e. decreasing the gainful
throughput R;) and decreasing p; (i.e. increasing the
interference throughput R;). To establish the minim um
requiremen t of SU transmission in FD in order to
exceed the throughput in HD; two conditions have to
be respected:

1. the throughput under HD mode
represen ts the upper bound of the interfering
throughput under FD mode. This means the
interference amount under FD mode must not
exceed that under HD mode.

interfering

2. The gainful throughput under HD mode repre-
sents the lower bound of the FD gainful through-
put.

The firs condition can be expressed as follows:

Ci(1 = phpy <7Ci (1 -phpy (30)

The left-hand side of the equation (30) represen ts the
interfering throughput in FD mode, whereas the right-
hand side represen ts the interfering throughput under

HD mode. Accordingl v, p£ becomes:

pl>1-7(1-ph 31)

Equa tion (31) shows that pg is a function of pg and .
The condition presen ted in equa tion (31) represen ts the

limit detection rate to be reached (pf; =1-71(1- pZ)) in
order to respect the same interfering throughput of SU
to PU transmission for given pZ and 7.

Figure (9) shows the evolution of pg with pg for

various values of 7. Where 7 grows, the limit of

f This is due to the fact that in FD,

p; decreases.
SU does not stop transmitting, then the interfering
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Figure 9. Variation of p; in terms of pZ for various values of T

throughput increases relatively to HD mode. Increasing
the detection rate in FD comparing to HD leads to
compensa te the additional interference caused by the
elimina tion of the silence period. For 7 = 0.5 and 0.75,

pf; shoul d be greater than 0.95 and 0.93 respectiv ely for

pZ = 0.9. For 1 =0.99 (SU practicall y functions in FD

mode ), pg and pZ becomes approxima tely of the same
values.

Regarding the gainful throughput (2nd condition),
Ry, the condition resulting in increasing the SU
throughput in FD mode relatively to HD can be
introd uced by:

G —pfa)pl > 7Ci(1 - pf,)p (32)

This equation resul ts in the upper bound of the false
alarm rate of SU to be respected in order to increase the
gainful throughput of FD relatively to HD:

pjfa <1-7(1- p?a) (33)

Figure (10) shows the upper bound of p;a, bell ow

which the FD gainful throughput exceeds the one of
HD mode. pff‘a and p;a are linear ly correla ted. On the
other hand, it is clear from this figur

f

o BTOWS inversel y to 7. Increasing py, does

that the upper
bound of p
not affect the PU transmission, but it prevents SU from
using efficiently the spectrum opportunity .

In figur (11), we examine the gainful throughput
(Rp) of SU in terms of SNR for various values of
Pra- Note that p?u is fixe at 0.1, 7=0.75 and pg =
0.9. As shown in this figure the throughput decreases
with the increase of pg,, this is due to the spectrum

opportunity loss. On the other hand, for p;a = 0.4, the

FD throughput becomes lower than the HD one. This
means the functioning in HD mode becomes much
interesting to SU.

O EAI

EUROPEAN ALLIANCE FOR INNOVATION

0.7

P

I I I I
0.05 0.1 0.15 0.2 0.25

h
Pia

Figure 10. Variation of p}{a in terms of p]}ﬁa for various values of
T

251

N
T

—#—R, (HD)
||~ FD:pj=01
——FD: p:ﬂ=0.2

FD: p:a=0.4

Thoughputs (bits/sec/Hz)
- &
T

SNR (dB)

Figure 11. Evolution of the throughput of SU in terms of SNR
(dB) for HD and FD mode

6. Conclusion

In this paper, the Spectrum Sensing and the Through-
put of Full-Duplex Cognitive Radio are discussed.
Regarding the Spectrum Sensing, a relation betw een
the detection and false alarm probabilities under Full-
Duplex and Half-Duplex modes is deriv ed. Such a rela-
tion shows the effect of the Resid ual Self-Interference on
the Spectrum Sensing performance. In order to reduce
the RSI power, the Non-Linear Distortion (NLD) of the
Low Noise Amplifie is addressed by proposing a new
algorithm to suppress it. The proposed algorithm shows
its efficiency by reducing the RSI power and leading to
enhance the Spectrum Sensing performance. In addi-
tion, the Secondary User Throughput in Full-Duplex
mode is analysed by deriving the upper bound of the
false alarm rate and the lower bound of the detection
rate. When these two bounds are not respected, the
throughput of SU under Half-Duplex mode becomes
higher than the one under Full-Duplex, which means
no benefi is gained from the Full-Duplex functioning.
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Appendix A. Appendix

A, i.i.d. property in Frequency Domain

Let r(n) be an i.i.d. time-domain signal. The DFT, R(m),

of the r(n) is define as follows:
L .
R(m) = Zr(n)e_ﬂ”m% (A.1)
n=1

Where L is the number of samples of r(n). According
to the Central Limit Theorem (CLT), R(m) follows
asym ptoticall y a Gaussian distribution for a large L.
Based on [22], two normal variables are independen t if
and only if (if f) they are uncorrela ted.

The correla tion, C(my, m,), of R(m;) and R(m,) V¥ m; =
m, is given as foll ows:

C(my, my) = E[R(my)R"(my)

=k i T(ﬂl)r*(nz)e‘ﬁ”nlmlimznz]
ny,ny=1
L

- ) E|r(n1)|2]e-ﬂ“("”'?””l

ny=np=1
L

+ Z E[r(m)r*(nz)] gj2m
ny#ny=1

————
=0, since r(n) is i.i.d.

= E[lr(m)P] i efmtm=m) T —

ny=1

(A.2)

=0

As C(my,my)=0; ¥V my = m,, theref ore R(m;) and
R(m,) become uncorrela ted and independen t since they
are Gaussian.

A.2. Probability of Detection and Probability of
False Alarm

As by our assum ption &(m), W(m) and X(m), are
asym ptoticall y Gaussian i.i.d., then Y(m) is also
Gaussian and i.i.d. Theref ore, the Test Statistic, Tgp, of
equa tion (10) follows a normal distribution according
to CLT for a large N. Under H, (i.e. X(m) does not
exist), the mean, pg, and the variance, Vj of Trp can be
obtained as foll ows:

po=E[T]= E

N
% ) lem)+ W(m)lz] = ou+ g (A3)
m=1
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N 2
1 N
Vo = EIT*] = E*[T] = 5 E Z'Y<m)'2] ]— (o + 0g)?
m=1
- Llg y Y 4
—m Z [Y ()
my=my=1
N
wsE Y )P YOm)?| - (03 + 0}
N2 1 2 w d
my#my=1
N
_ L Z E|[Y(m)l* | - = (02 + 02)? (A.4)
N2 ! N v :
my=my=1

Since Y(m) is Gaussian, then its kurtosis kurt(Y(m)) is
Zero.

kurt(Y (m)) = E[IY (m)|'] - E[Y?(m)] = 2E*[|Y (m)I*] = 0
(A.5)

Assuming that the real and the imaginary parts
of Y(m) are independen t and of the same variance
then E[Y2(m)] becomes zero. Therefore: E[|Y(m)[*] =
2EX[|Y(m)|)? = 2((73/ + (75)2. Back to equation (A.4), the
variance, V|, becomes:

1
VO =

=N (A.6)

2 22
(o +0y7)

By following the same proced ure, y; and V; can be
obtained as follows under H; (X(m) exists):

2 2 2

M1 =0, + 05 + 0y (A.7)
1
v, = ﬁ(agj +0; +07) (A.8)
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