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Abstract

This paper investigates the energy efficiency of a full duplex (FD) cognitive radio (CR) system in the low-power regime
under a practical self-interference cancellation performance and imperfect spectrum sensing. We consider an opportunistic
spectrum access network in which the secondary user (SU) is capable of self-interference suppression (SIS). The SIS ability
enables the SU to work in simultaneous transmit and sense (TS) mode in order to increase the quality of channel sensing.
Towards this goal, we first study the sensing performance, i.e., false-alarm and miss-detection probabilities, of the FD CR
networks using TS, and compare the results with traditional half duplex (HD) CR systems using transmit only mode (TO).
In the next step, we show that due to imperfect spectrum sensing, the secondary network channel is best characterized as a
Gaussian-Mixture (GM) channel, which is widely used to capture the asynchronism in heterogeneous cellular networks. We
then analytically characterize the low-signal-to-noise-ratio (low-SNR) metrics of the minimum energy per bit and wideband
slope of the spectral-efficiency curve, and obtain these fundamental limits in closed-form. Furthermore, the characterization
of these fundamental metrics allows us to identify practical signaling strategies that are optimally efficient in the low-SNR
regime for the considered FD CR system. The benefits in terms of energy efficiency offered by FD CR over HD CR are also

clearly demonstrated.

Keywords Energy efficiency - Full duplex radio - Cognitive radio - Spectrum sensing - Fundamental limits

1 Introduction

Recent years have witnessed an explosive growth in
mobile data traffic generated by wireless devices, which
is predicted to reach almost 50 billion users within the
next decade. To keep pace with such demands, future
generations of cellular networks are being designed to have
multi-tier heterogeneous architectures involving macrocells,
microcells, femtocells, device-to-device (D2D) links, Wi-Fi
access points, and cognitive radio (CR) networks. Among
these, CR has been considered as a revolutionary wireless
communication paradigm due to its flexibility to improve
spectrum efficiency by allowing cognitive users to access
spectrum resources that are unoccupied by primary users
(PUs) [1-7]. While research on CR is still an active area, the
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robust spectrum access offered by CR is undoubted, and it
will directly benefit a broad spectrum of applications.
Among different access mechanisms, CR under the
context of opportunistic spectrum access (OSA), i.e.,
interweave paradigm, has received significant attention (see
[8-12] and references therein. In CR with OSA, the SU
is compelled to monitor the availability of temporal white
spaces before transmitting. This operation is referred as
spectrum sensing. The literature on the analysis of OSA for
improving spectrum efficiency and throughput/capacity in
CR is vast, but mostly under the constraint of half-duplex
(HD) communication, where a SU senses the channel before
it can transmit. Given the recent development of several
encouraging full-duplex (FD) designs to overcome the self-
interference problem [13—16], the integration of full-duplex
(FD) radio in CR has also been explored [17-30]. More
specifically, the ability of FD cognitive users in sensing
primary activity or receiving information while they are
transmitting allows more flexibility in utilizing the spectrum
holes and/or improving the throughput and reliability. For
example, the ability of simultaneous transmit-and-sense
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(TS) and simultaneous transmit-and-receive (TR) in FD
CR has been investigated in [24, 25]. Under a similar
TS framework, references [26, 27] proposed a “listen-and-
talk” protocol for better spectrum utilization and sensing
accuracy. In recent works in [28-30], CR networks assisted
with FD relaying have also been investigated.

While spectrum sensing in CR is important, it is a
challenging task and, unfortunately, it is never perfect
in practice. Such imperfections must be taken taken into
account in evaluating the sensing/throughput trade-off of the
SU link. To date, existing works in the literature for both
HD CR and FD CR with imperfect spectrum sensing rely
on a traditional approach of treating aggregate interference
from collisions due to the simultaneous spectrum access
under occasional but consistent miss-detection as Gaussian
[10, 11, 31]. While the Gaussian assumption greatly
simplifies the analysis and has been prominent, this
Gaussian assumption is unrealistic. For example, miss-
detection occurs when the SU fails to detect an active PU
at a given moment. In this event, PU transmissions generate
interference to SU communication. The SU channel is
therefore no longer Gaussian. In a similar manner, it has
been shown in [32] that the use of finite-constellation inputs
in primary networks leads to non-Gaussian interference plus
noise that follows Gaussian mixture (GM) distributions in
CR networks. In addition, it has been widely recognized that
co-channel interference plus noise can be more accurately
modeled as GM noise in heterogeneous wireless networks
[33-36]. The realistic SU channel is therefore no longer
Gaussian and the well-known expression log(l + SNR)
cannot be used. The consideration of realistic non-Gaussian
co-channel interference plus noise will lead to a completely
new link and network behavior of CR network, but it
also poses difficult challenges. It is because even the
information-theoretic limits for a basic communication link
with non-Gaussian interference are not known [37—41].
Recently, the work in [42, 43] demonstrates that the optimal
signaling scheme for a channel subject to GM noise is
discrete in amplitude. However, numerical methods are
still needed in order to compute the link capacity and the
corresponding optimal input.

In wireless networks, especially CR, energy is at a
premium, since energy resources are scarce and have to
be conserved. As such, minimizing the energy cost per
unit transmitted information will improve the efficiency.
In the literature, the energy required to reliably send
one bit is a widely adopted metric to measure the
performance. Therefore, the energy efficiency is related
to the fundamental limits through the channel capacity
and optimal signaling schemes in the low-power regime.
It is also worth mentioning that this low-power regime is
the region in which both spectral efficiency and energy-
per-bit are relatively low. As such, the low-power regime

can also be referred to as the wideband regime [44—46].
There is a rich literature addressing fundamental limits
on energy efficiency in CR, e.g., in [47-51], but mostly
for half-duplex systems under the assumption of Gaussian-
distributed aggregate interference. To our knowledge, no
previous work in CR has examined energy efficiency in GM
environments.

Motivated by the above observations, this paper attempts
to develop new low-signal-to-noise-ratio (low-SNR) funda-
mental metrics of minimum energy per bit and wideband
slope of the spectral-efficiency curve for CR systems under
GM aggregate interference. The focus is on FD CR using
simultaneous transmit-and-sense (TS) mode within the con-
text of OSA, i.e., interweave paradigm, under the effect
of miss-detection and false-alarm events due to imperfect
spectrum sensing. For completeness of the solutions, we
shall also compare with the traditional listen-before-talk
operation in HD CR, which is referred to as transmit only
(TO) mode. The developed information-theoretic findings
on energy efficiency shall certainly provide useful results
that lead to more efficient use of resources and shed light on
the trade-off between bandwidth and power in CR networks.

In the first part of the paper, we first study the sensing
performance, i.e., false-alarm and miss-detection probabil-
ities, of the considered FD CR networks. The results are
useful for the characterization of the low-SNR fundamental
metrics of minimum energy per bit and wideband slope of
the spectral-efficiency for the secondary network Gaussian-
mixture channel under imperfect spectrum sensing. Instead
of trying to maximize the mutual information or determine
the optimal input directly, we will make use of the charac-
terization that the first derivative of the capacity with respect
to SNR at SNR= 0 (or equivalently capacity per unit cost
or minimum energy per bit when capacity is a concave
function of SNR) can be determined from the Kullback-
Leibler divergence without identifying the optimal input
[52], [45, Equation (42)]. As a result, the minimum energy
per bit and wideband slope can be obtained in closed-
form. The characterization of these two fundamental metrics
allows us to identify practical signaling strategies that are
optimally efficient in the low-SNR regime for the con-
sidered FD CR system. The benefits in terms of energy
efficiency offered by FD CR over HD CR are also clearly
demonstrated.

2 System model

We consider a CR network in which a secondary user
(SU) use the primary channels opportunistically; i.e SUs
only start transmitting if the channel is sensed free. We
assume that only one SU link is active at a time; i.e., SUs
transmit using appropriate multiple access methods [53, 54].
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In addition, the primary user (PU) activity is considered as
an alternating ON/OFF random process with P; and Py as
probability of primary user being ON and OFF, respectively
[24-27].

2.1 Secondary channel model under imperfect FD
spectrum sensing

The ability of sensing and transmitting simultaneously in
FD allows more flexibility in detecting the presence of
PUs. Specifically, as illustrated in Fig. 1, with FD, the SU
transmits to its peer SU a data frame of length 7', and, at the
same time, it senses the channel for a potential transmission
in the next frame [26, 27]. If the channel is sensed as busy
at sensing decision time, the SU stops transmitting and only
senses the channel until the next sensing decision time.
The SU then starts transmitting again once the channel is
sensed empty. This operation is referred to as simultaneous
transmit-and-sense (TS) mode. In the case of traditional
HD operation, sensing is initially performed in the first 7
seconds of a frame. If the channel is empty, the remaining
time slot shall be used exclusively for data transmission,
as shown in Fig. 1. If the channel is occupied, the SU is
refrained from transmitting until the next sensing decision.
Depending on the sensing techniques applied, e.g, energy
detection, a practical spectrum sensing performance can be
characterized by the probabilities of miss-detection P,, and
false alarm Py. Because of the FD operation, these two
parameters also depend on the quality of self-interference
suppression (SIS), and will be analyzed in the next section.
Now, let Hyp be the hypothesis that the channel is empty,
and H be the hypothesis that SU transmitter perceives the
channel to be free. On the other hand, H; is the hypothesis
that the channel is busy, while H, corresponds to the
case that the channel is sensed as busy. Clearly, in the
events of false alarm with the average probability P or
correct detection with the average probability 1 — P, the
SU channel outputs are respectively noise and noise plus
interference only (i.e., without SU transmission). Therefore,
in those two events, channel erasure can be declared.
Otherwise, SU transmits signal x, and the output y is either

FD operation with FIIIIF%IIIII
TS

HD operstion with (|

TO

() silent

Fig. 1 FD operation with simultaneous transmit-and-sense (TS) mode
versus HD operation with transmit only (TO) mode

D Sensing . Data Transmission
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y = hgx+nunder Hy and I—}o, ory = hgx+n-+w under H
and ﬁo. Here, n is the Gaussian thermal noise with variance
per real dimension %, w is PU interference, and h; is the
SU channel gain. Taking these events into consideration, the
SU channel output can be written as

y = bohex +n + aw. (1)

In Eq. 1, b, and « are binary indicator random variables
with state space {0, 1}. b, = 0 represents the event that
SU transmitter perceives the time-slot to be busy, which
includes both false alarm and correct-detection of an active
PU, and ¢ = 1 denotes the event that PU is active; i.e.,
P (¢ = 1) = P;.Inaddition, ¢ = 1 given b, = 1 represents
the event that SU fails to detect an active PU, and the
corresponding probability P(@ = 1 | b, = 1) can be
calculated as:

P(oe:llbezl):1—P(a:0|be:1):1—P(H0|ﬁ0>

(1=Pf) Py
Py(1—Pf)+ PPy

=1- )

It is also worth mentioning that « = 0 | b, = 1 is the event
that SU transmits without collision.

Now, given that the SU is transmitting; i.e., b, = 1,
let z = n + aw. If the PU interference w follows a
Gaussian distribution, we have z as a mixture of two
Gaussian distributions, which is no longer Gaussian. In
a more practical fading scenario where we have multiple
primary transmitters using modulated signals, both w and
z follow a GM distribution [32]. As such, in this work, we
consider w as a mixture of p circularly symmetric complex
Gaussian distributions, each with mean 0 and variance per

real dimension 0’3), ;»as follows:
p
fw (w) =) yiCNw, 0,0, ), 3)

i=1

where y; is the mixing probability satisfying Zle y; = 1.
As aresult, z is a mixture of (p + 1) Gaussian distributions
as:

f @)=

»
Pla=0]|b, = |)CN(z,0,@)+P(a: 1 |be:l)Zy;C./\/'(z,0,<r,%i+&)
2 Py 2
p+1
= Y &CN(z,0,0}), )

i=1

where ¢, = Pla = 1| b, = Dy;, 1 < i < p, and

€ps1 = P(a@ = 0| b, = 1). In addition, 6?7 = 02, + 20
forl <i < p,and G;H = % It can also be verified that z

. 1
has mean of 0 and variance of O'Z2 =2 Zfil eiaiz.
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2.2 Preliminaries on fundamental limits

The mutual information (MI) between the input x and the
outputs y and b, is given as

L(x; y,be) = L(x; be) + L(x; ylbe) = P(be = 1) L(x; ylbe = 1),  (5)

where P(b, = 1) = Py (1 — Pf) + Py P,,. For notational
convenience, we define y, as the channel output y
conditioned on b, = 1, ie, y, & (b, = 1) =
hgx + n + aow. Now, assume that an average power
constraint E(||x]|?) < P, is imposed on the input. The
channel capacity is the supremum of the mutual information
between the channel input and output over the set of all input
distributions, and it can be expressed as

C= sup
fx ()
Ex[llx[*]<Pin

Pbe = 1) L(x; ylbe = 1). (6)

Equivalently, the channel capacity can be written as
C=Pb.=1)-Cp. (7

and Cp is the channel capacity of the GM channel y, =
hgx +n + aw. In the recent work in [43], it was shown that
the optimal input for a GM channel has discrete amplitude
with independent uniform phase. However, the explicit
expression of the channel capacity still remains unknown.
On the other hand, energy efficiency is related to the
channel capacity in the low-power regime and can be
effectively measured by the energy per bit normalized by
noise power. Generally, energy efficiency is maximized
when energy-per-bit is minimized. For a given signal-

2
to-noise ratio (SNR) defined as SNR = %:”], this
normalized energy per bit is given as
E,  SNR @)
No C(SNR)’

Then the minimum energy per bit required for reliable
communication can be calculated as [45]
Ey . SNR log, 2

— = lim = — .
Nomin  SNR—0C (SNR)  C(0)

®

Here, C (0) is the first derivative of the channel capacity at
SNR = 0. An input distribution is therefore considered first-
order optimal if the first derivative of input/output mutual
information at SNR = 0 denoted as 1 (0) is equal to C(0).

Besides % ., the wideband slope of the spectral
0 min
efficiency as a function of Ej; /Ny calculated as C (%) =

C (SNR) (in bits/sec/Hz) is another important fundamental

limit in the low-power regime. This wideband slope (in
bits/s/Hz per 3dB) is given by [45]

. 2
) = M (10

—C0)
where C (0) and C (0) are the first and second derivatives
of the capacity at zero SNR. An input distribution is said to
be second-order optimal if it is the first-order optimal and
the second derivative of the input/output mutual information
at SNR = 0 denoted as 1(0) is equal to C (0). By using a
second-order optimal input signal, we can achieve a given
rate at a given power with the minimum possible bandwidth.

3 Energy efficiency: minimum energy per bit
and wideband slope

In this section, we establish in closed-form the minimum
energy per bit f’_gmin and the wideband slope for the consid-
ered FD CR channel. Due to the lack of explicit expressions
of both channel capacity and mutual information, we fol-
low the approach in [45, 52] and rely on the relative entropy
or Kullback-Leibler divergence without the need to identify
the optimal input. Towards this end, in the following, we
first calculate the two sensing metrics Py and Py, taking into
account the imperfectness of FD spectrum sensing. While
spectrum sensing can be performed by different methods,
such as energy detection, cyclostationary detection, and
cooperative sensing, we simply consider energy detection
[55-57]. The use of other methods is also possible, which
simply leads to different sensing performances.

3.1 Sensing metrics: Pr and P,

At a given sensing duration, whether or not the SU
transmitter transmits data depends on the previous sensing
result. In other words, unlike traditional cognitive radio
systems, the statistics of the received energy at the SU
which is used for sensing is not only a function of
PU activity status, but also a function of SU activity.
Consequently, based on the activity of PU and SU, there
can be four different states at each sensing decision instant,
{Hij}; jc(0.1)» Where Hi; represent the state of H; and H;.
As such, to calculate P and P,,, we first need to examine
two different cases of sensing: FD sensing where SU
transmits and senses simultaneously, or HD sensing where
only sensing is performed due to the negative result from
the previous sensing decision. To describe these processes
in further details, we can follow a similar approach in [26]
and model the changes among the four states using two
discrete-time Markov chains, as depicted in Fig. 2. Note that
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Fig.2 SU state transitions for _ pHD
TS mode (1,__1_)?1 )
Hyy
Hyg
pHD

in this structure we have assumed that PU activity changes
sufficiently slow with respect to one SU time slot and we
can neglect the rare time slots in which PU changes its state
[24, 26, 58, 59].

We can then apply the steady-state analysis of Markov
chains to calculate the probability of the system staying in
each state P (H,-j). It is then clear that P,, = P (Hp;), and
Py = P (Ho).

In the case that PU is active, we have

P (Hin) PP = P (Hop) (1 - PP

. (11)
P (Ho1) + P (Hyp) =1
So we can conclude that miss-detection probability is
pHD
Pyn = P (Ho1) = H#W- (12)
Moreover, if the PU is not active, we have
P (o) (1= P/'?) = P (Hoo) PFP 03
P (Hoo) + P (Hio) =1
and probability of false alarm is
pFD
P; = P (Hy) = H_Pfﬂf;—_me). (14)

To further evaluate Py, and Py, let first consider the case
of FD sensing. With energy detection-based sensing, the
energy is calculated as

IsTs

1
M=) lymP, (15)

n=1

where y (n) is the nth sampled signal at SU, and f; and
T; are the sampling frequency and the sampling time,

@ Springer
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Hy, H;
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respectively. By comparing M with a pre-defined threshold
€, the false alarm and miss-detection probabilities are
calculated as

PfP = Pr{M > €| Hol, (16)
and
PED — pr(M < €| Hy]. 17)

Under FD sensing, due the the presence of the data signal
x, the hypothesis tests of the the sampled signal y (n) are as
follows:

) = hgi (n)x (n) +n(n),Hy (18)
w(n) + hy (n)x (n) +n(n),H

where y (n) is the n™ sample of the received signal at
the SU receiver. In addition, and hg;x (n) is the residual
self-interference due to FD operation. In this work, we
consider a realistic SI model in [60-62] in which hg; is
modeled by a complex Gaussian distribution with zero mean
and variance x2. This variance can be understood as the
ratio of residual self-interference to the self-interference
before suppression. Then we have the following proposition
regarding the distribution of energy detected at SU receiver
in FD mode, Mrp.

Proposition 1 Under Hy, Mpp follows a Gaussian
distribution with the following mean and variance

E[Mpp | Hol = x>0 + No, (19)

and

VarMrp | Hol = ——= {10} @, = )+ N +2¢%02No} . 20)

S5 Ty
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On the other hand, under H;, Mprp is also Gaussian and
distributed, but with the following mean and variance q
» froix=xo(¥) = Y _ &CN(y. hsxo, 7). (28)
E[Mpp | H1=2) viop; + x*0; + No, @1 i=1
=1 Using the log-sum inequality, the relative entropy in Eq. 25
and

1 P
VariMep | Hil =+ lgz)/iaj;,[ +xtod Qe = 1)

»
+4Zy[(rfu( Zy, w,+N0)+2X o] <2Z% ,”+NU)+N0} (22)
i=l

i=1 i=1

Given that, Pf'P and P f D can be calculated as:

PFD=1_Q<€FD_E[MFD|H1]) (23)

" ~Var[Mpp | Hi]

and

PFD Q<€F[)_E[MFD|HO])' (24)
~Var[Mpp | Hol

The proof of this proposition is given in the Appendix. In
the case of HD sensing, PZ? and PHP can be obtained in
a similar manner, but under the assumption that there is no
residual SI, i.e., using x = 0 in Eqgs. 23 and 24. Finally,
substituting P;ID, pPHD P}{D, and PP into Egs. 12 and
14, we obtain P, and Py, respectively.

Given the above P, Py, we are ready to find the
minimum energy per bit and the wideband slope, which is

presented in the following subsection.
3.2 Minimum energy per bit and wideband slope
3.2.1 Minimum energy per bit

Based on the findings in [52], the first derivative of the
capacity at zero SNR in nats can be calculated using the
following equation:

¢ (0) = Nos D (fy)x=xo(») ||2fY|X:0(y))
X0 lIxoll

where fy|x=x,(¥) and fy|x=o(y) are the conditional PDFs
of the output when the input x = x( and x = 0, respectively
and D(-) denotes the relative entropy between the two
distributions. From earlier (9), it is clear that in order to
calculate the minimum energy per bit for TS mode, it is
enough to find the first derivative of capacity at zero SNR:

Ep I SNR log, 2

E— = m = 0 .
SNR—0 C (SNR) P (b, = 1) C, (0)

For convenience, from Eq. 4, let ¢ = p + 1. It can then be

verified that

: (25)

(26)

No min

q
fryix=0(y) =Y _&CN (3,000, 27)

i=1

can be upper bounded as

D (fryix=xo D) | fr,1x=0(3))

o [ 4
= f/ (Z €CN (y, hsxo, 0[2)) log
—% \i=1

oo 4 CN(y, hsxo, 0?)
< &CN(y, hyxo, 02). log — "2 717 g
_//_oo;, (0 hozo. 07).log =5 (=5 =y

| &CN (¥, hyxo, 07)
H 1e,CJ\/'(y 0, o; 2)

Il
.Eﬂ&

I
-

D (C./\/'(y, hsxo.02) || CN (3.0, a,?))

lhsxol®

€
2
: 20;

29

Il
'M*‘

1

L €CN (y.hsxo,07)
The equality in Eq. 29 holds when ST N hro0d) =

€CN (y,0,0%) . o
ST NG00 for all i. In other words, the equality is
achieved when ||xg|| = 0. Following from Eq. 25, the

supremum is achieved as ||xg|| — 0 and we have:

D (fryix=xo) Il fr,ix=0(¥))

2
llxoll

€ (0) = P (be = 1) 02sup
X0

q
_ _ 2 2 €
= P (b = 1) o ||hs]| ZP

q
= P (b = 1>||hs||2<Zze, )(Z ) (30)

Therefore, from Eq. 9, the minimum bit energy can be
calculated in closed-form as:

Ep log, 2

2 = .

Omin 2P ke = 1) (S €io )(Z{’*ﬁ —)
31

Note that in the case of traditional HD operation in TO
mode, the minimum energy per bit can be obtained in a
similar manner. Specifically, in this case, the calculations
of P(b,=1) and P (x| b, =1) as well as the noise
parameters in Eq. 4 are modified accordingly before
(31) can be used to find Eb . For the brevity of the
presentation, we omit these stef)ns

3.2.2 Wideband slope

In this section, we obtain the wideband slope in Eq. 10 in
closed-form. Having found C (0) in previous part, we need

@ Springer
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to formulate the second derivative of the capacity at zero
SNR:

C0)=P(be=1)Cp(0).

Given that the capacity-achieving input distribution of
the channel y, = hyx + z denoted as Py (x) is used, we
have [45]

Cp (SNR) — C}, (0) SNR
SNR? '

As the capacity-achieving input distribution is the first-order
optimal input, we can then simplify C(0) as

Cpr(0)=2 1i 32
b() SNggO ( )

’

) D (fr; 0 1l Frix=o»)
CO)=-2P®b. =1 SI\%QHLO SNR?
(33)

where fys(y) is the output PDF when Py (x) is used.

As we are studying static channel, we can rewrite the
channel as y, = x’ 4+ z where x’ = hgx. Using the polar
coordinates, we rewrite the input and output as x’ = re/?
and y, = ve/? where r = ||h|| ||x||. It can then be verified
that

D (fi; 0 1 frx=o)) = D (s 0 I frixr=03)) = D (= @) | frir=o(0)  (34)

where fy=(v) is the PDF of the optimal output amplitude.
In order to calculate the relative entropy in Eq. 34 we use
the characterization of the optimal input, Pxx(x), having
discrete amplitude and independently uniform phase that
was shown recently in [43]. The PDF of the output v can
then be written as[43]:

fre(v) = /0 K (v, ) dFpe (1), 35)

where Fp+ (r) is the CDF of the optimal input amplitude
and the Kernel K (v, r) is

q € v24r2 v
1 T2 r
K (v, r) =Za—lzve 27 1, (—2> (36)
i=1 "1

g;

Here, I(-) is the zero-order modified Bessel function. Since
the amplitude of Py (x) consists of a finite number of mass
points, let { pr} and {r;} be the probabilities and locations of
these mass points, with 1 < k < K. The PDF of the output
amplitude under PX;; (x) can then be expressed as

K
fre@) =" piK(,m). (37)

k=1

Moreover, we have

Sfvir=0(v) =K (v, 0). (38)

@ Springer

Then, using the log-sum inequality, we find the following
upper bound on

D (fv<) Il frir=0()):

K

D (fy=) Il frir=0(v)) < Zka(K(v, ) | K(v,0)).
k=1

(39)

It is straightforward to verify that the equality in Eq. 39 is
obtained if and only if ry — O fork = 1,2, --- K, which

K 2
can be translated to SNR = % — 0. Consequently,

we have

K
SI}]}{TLOD (fve@) I frir=o() = S]\}}gg;pkl) K (v, re) | K(v,0)). (40)
Without loss of generality, let’s assume r; < rp < -+ <

rk . As the function D (K (v, r) || K (v, 0)) is an increasing
function of r, we obtain:

K
pim D (fr=@) || frir=0()) = Sh}}{nlol;mD(K (v,r1) | K(v,0). (41)
Based on Eqs. 33, 34, and 41, we then conclude that

D (K, r) || K(v,0))
0 SNR?2 ’

C(0) < —2P (b, = 1)Sb%g
(42)

Now, we need to show that the equality in Eq. 42 can
be satisfied; i.e., the upper-bound is achievable. By using
an input with one mass point amplitude and uniformly

2

distributed phase we have SNR = For such input,

.
uhsnlzcr;'
it can easily be verified that the first derivative of the mutual
information at zero SNR is equal to C (0) (calculated in
Eq. 30), which means that this input is first-order optimal.
Moreover, it can be seen that this input achieves the upper-
bound in Eq. 42. Consequently, Eq. 42 is satisfied with
equality.

Furthermore, by applying the log-sum inequality to the
right-hand side of Eq. 42, we have

q

D (K (v, r) [ K(v,0) < ZGiD(Ki (v, r) I Ki (v,0)),
i=1

(43)

2,2
1
Ki(v,r) = —ve ¥ (—2> (44)
(o2



Mobile Netw Appl (2021) 26:1750-1764 1757
It is clear that the equality in Eq. 43 is achieved when  considered to be first-order optimal if
r1 = 0. Thus, C (0) can be formulated as x. y)
I&9) _ ). (48)
SNR—>0 SNR

E@ = 2P b =1 (2) Il ¢

1 &« o
i
,‘%727*/0 {

)l o

Because the integrand in Eq. 45 and its derivatives are
continuous in r for 0 < r, v < 0o, we use Leibniz integral
rule and L’Hospital’s rule to simplify (45). In particular,
by applying L’Hospital’s rule for four times, we obtain the
following:

z 3’ v3 v
§ g6 T )Y
640 do; do;

24
€
T

i=1 i

E@ = 2P b =1 (o2) Iyl Z%

\

2P (be = 1) s |I* (Zk‘

i=1

Then from Eq. 10, we can find the wideband slope for TS

mode as
2
Z[J+l €
1 o2

i

So=2P (b, =1) 47

p+1 €

1 7
9

Note that the expression in Eq. 47 is in closed-form, and the
wideband slope can be easily calculated. As similar to the
calculation of £2 0 , the wideband slope for the traditional
HD in TO mode can also be obtained by using modified
P b, =1).

4 Optimal signaling schemes for FD CR
under imperfect spectrum sensing

Now that we have found both the minimum energy per bit
and the wideband slope in closed-form, it is of interest to
analyze the first-order and second-order optimal signaling
schemes.

As we discussed in previous section, an input distribution
is considered first-order optimal if 7 (0) is equal to C(0) and
a first order optimal input distribution is said to be second-
order optimal if 7(0) is equal to C (0). Therefore in the
next following parts of this section, we derive a necessary
condition for an input to be first-order optimal and examine
several practical inputs to investigate their second-order
optimality.

4.1 A necessary condition for first-order optimality

In this part, we find a necessary condition for first-order
optimality of an input. As we stated before, an input is

For a specific input distribution, the mutual information
between the output and the input is:

Z(x,y)

By writing the mutual information Z (x, y) in the canonical
form, we then obtain:

=Pb.=DI(x,y,).

Z(x,y) =

P (be = D{Ex [D (fryix=x D Il fr,ix=0)] = Dfr, ) || fryix=0)}.  (49)

From previous section, we have D ( fy, x=x(») || fr,1x=0
. 2
() < ks> S 55 Therefore,

Ex [D (frix=xO) || fryix=0)] < lhsll? Ex |:Z & ||x|\ ]

9 .
sl Ex [1x12] 30 5 (s50)

3
o 20

When SNR — 0, Ex [||x||*] approaches zero. As a result,
the input distribution behaves like a Dirac Delta function,
i.e., fx(x) approaches 6 (x — Ex [x]). Hence,

lim P (be=1) Ex [D (fr,ix=x 3 |l fr,;x=0()]

SNR—0 SNR

_ jim 2D G=D Ex [p (fyh\x=x2()’) I frix=0»)]
SNR—0 Ex [||x|| ]

=C (0). (51)

So the first term on the right-hand side of Eq. 49
approaches C (0) when SNR — 0. As such, we now
need to find a condition from which the term D(fy,(y) |
Sfr,1x=0(y)) in Eq. 49 is o(SNR). Therefore, this condition
guarantees the first order optimality of an input. Toward this
end, we re-write the output distribution as follows:

q
fr,(») =Y ehi(y). (52)

Here, hi(y) is the convolution of hgx and i term of
noise distribution, f,. It is then clear that /;(y) has mean
hg Ex [x] and covariance matrix aizl 2x2+ X, x, Where 2y, i
is the covariance matrix of the distribution of hgx. We then
have the following inequality:

q
D (fr ) 1l frx=o) < Y aD (i) I N (3,0,69)).  (53)
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Each term on the right-hand side of Eq. 53 can be further
expanded as:

D (hi(3) I CN'(3.0.01)) = D (hi(3) 1| 61, () +D (¢, ) | CN (5.0.01))
(54)

where ¢, (y) is a Gaussian distribution with the same mean
and covariance matrix as /;(y). In [63], it is proved that

D (hi(y) | ¢n,(»)) = 0 (SNR). (55)

As a result, we need to focus only on the second term
D (¢n;(») | CN'(y, 0, 0?)). For that, we have the following
lemma:

Lemma 1 For an input x, if

IEx [x]]1?
—— =0, 56
SNR—0 Ey [||x||2] (56)

then D (¢n, (») | CN'(y,0,07)) = o (SNR)

Proof We have

D (¢,,, W I CN (G, o,a,.2)) _ gl NEx (=11 +log (det (a,?l))

(7.2
—tog (det (71 + B2 ) ) + Tr (0721 (071 + Sne) — 1) (57)
_ _ 1% | Ex [x1112
= —log (det (I + 0723 +Tr (0728, )+ L 22X 200 (58
g( ( i hvx)) (, hvx) 0’;2 (58)

1 g lI® | Ex [x]112

< sl (59)
i i
1, |1 | Ex [x]112

< 27 Tr? (Zhe) + N (60)
hg | hsl? | E 2

_l ﬂ 22 (x4 M2 x L1l 6D
20 o

Note that in Egs. 57 and 58, we have used the following:

D (CN (y,mp, Ty) || CN (v, myq, £)) =

log (det o) — log (det B1) + (m1 = mo)” T5" (my —mo) + Tr (5" £ = 1) (62)

and
log (det (I + A)) > Tr (A) — 0.5Tr (Az) . (63)
for a non-negative matrix A. Equation 60 also comes from

the fact that Tr (Z5,,) = lhsll® Tr () because hg is a
known value. Then combining Egs. 60 and 53, we have:

q X q X
D (fr, ) Il fryx=o) < Il (nz (=0 ) + I1Ex <1 Z%) :
1 i 1 i

(64)

@ Springer

As Ex[lIx|I’)] = Tr (), it is then clear that the
condition in Eq. 56 guarantees D (fyb ) | fyb|X=0(y)) =
o (SNR).

O

Based on Lemma 1, it is clear that Eq. 56 is a necessary
condition for the first order optimality of an input.

4.2 Second-order optimal signaling

In previous part, we found a necessary condition for first-
order optimality. Based on this condition, it is clear that
a wide range of inputs are first-order optimal. Thus, It
is of interest to investigate simple distributions that are
second-order optimal. Therefore, we are consider several
practical input signaling schemes to analyze their second-
order optimality. As such we consider: i) An input having
a single mass point amplitude and independently uniform
phase; ii) a Gaussian input; iii) BPSK; and iv) QPSK.

4.2.1 An input with a single mass point amplitude and
independently uniform phase

Using numerical results, it was shown in [43] that this
input is capacity-achieving for Gaussian-Mixture channels
at sufficiently low SNRs. Besides, it is straightforward to
verify that the equality in Eq. 42 is achieved by using an
input with a single mass point amplitude and independently
uniform phase. Hence, the results on Ep/Nop;, and the
wideband slope, analytically confirms that this input is
optimal in the low-SNR regime.

4.2.2 A Gaussian input

We consider a Gaussian input with mean 0 and variance per
dimension 0)2(, which is first-order optimal. The output PDF
can then be written as:

q
() =D _&CN (. 0,07 + |Ihs]* 03). (65)
i=1

Using Log-Sum inequality, we then have:

q
D (fr,0) Il fruix=o») = Y &D (CN (0,07 + s> o}) I CN (3,0, 7))
i=l

q 2 2 2

o; lhs |1 o

= E € (log — —— + s 5 X (66)
izl of + llhs|” oy o

with equality iff 0 = 0. It then follows that:

D (fr, W Il fryix=0(»))
0 SNR?

2 2 2
q o} llas |70 5
Yl €i(log —1>5> +
i=1€i ( 2 o2+l Pl o7

SNR?

10) = 2P e =1) Jim

67

> 2P (b, =1) lim
SNR—0
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AsSNR = [!rx” I ZJX , the equality in Eq. 67 is achieved

when SNR — 0. So, we obtam.

=

. Ei
O ==2Pbe =10 Ihsl* 3 =5 (68)

2
seof _ POe=v[Eh ]
-7y >, e' )
It means that the Gaussian input is second-order optlmal

As aresult, So (Gaussian) =

4.2.3 BPSK

Now. let’s consider the BPSK modulation with the
following PDF:

1 1
304+ 64 (69)

The output PDF can then be expressed as:

Px(x) =

fr,(y) = i (C/\/(y,h A, o )+CN(

1=

where h; (y) is the convolution of distribution of Asx and i™
element of f, and can be written as:

L P S e T WY Y
4nai2 20i2 201.2
— ks> A%
_ exp( 27 ) — 3P\ o (AN ()
= exp 702 Cos| =

hi(y) =

2nai2 o; f
— |lhs | A2 AR (hs*
= exp % cosh M CN(y,0, o,-z). (71)
20; o;

Based on log-sum inequality, we obtain

q
D (£ ) | frx=o) = Y D (hi I CN(3,0,9))
1
2)

with equality iff A = 0. Moreover, it is easy to verify that

D (hi(y) I CN'(3,0,01)) = E (g () logds 0}, (73)

where

_ 2 42 » *
i (y) = exp (L”/l) cosh (M) . (4
20 o’i

i

and the expectation is done over a Gaussian distribution with
AR (hs*y)
02

i

mean zero and variance 201.2. due to the fact that

—hiA, oiz))

q
=Y ehi(y), (70)
i=1

1759
242
follows a Gaussian distribution with variance %, we
have
2 2
, 2y [ sl A2 ks ||> A
D (h(y) I CN'(3,0,09)) = ( o) o\ ) )
(75)
Since SNR = 2 , we then obtain:
) = —2Ph=1 NanU—D & y,,(y;Lg,,‘x:(Ky))
e [( L 2 42 )2 ‘o (( L 242 )2”
! 207 207
2 2P (be = 1) (No)* lim e (76)
with equality iff A = 0. As a result,
Z(0)==2P (be = D)o, |lhs|* 24 T (77)

and the wideband slope can be found as

2
— q €
So (BPSK EIIC) Zl%]
o( ) = Fo . (78)

The wideband slope of BPSK is only half of the optimal
one, which means BPSK input is not second-order optimal

4.2.4QPSK

It is straightforward to verify that

SNR
Copsk (SNR) = 2Cgpsk - ) (79)
Moreover, we have
Ep SNR
— =\ (80)
NO QPSK CQPSK (SNR)
Hence, for the same energy per bit, i.e., for
E E
G @
No/ppsk No QPSK

QPSK clearly achieves twice the spectral efficiency of
BPSK, and, consequently, twice the wideband slope. As a
result, QPSK is second-order optimal.

5 Numerical result
In this section, numerical results are provided to confirm
the analysis on the sensing performance and the spectral

efficiency of full duplex cognitive radio systems. Unless
we state otherwise, the following setup is adopted. The
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sampling frequency is chosen at f; = 5MHz, and we 0.5
assume ;—i = 20dB, and Py = P; = 0.5. Moreover, for 0.45
the primary interference on secondary network, we consider 04
a 3-term Gaussian mixture noise channel with €; = 0.8, :f
02 =0.1,6 =0.1,0} = 1,63 = 0.1,07 = 10. 30
E 0.3
5.1 Spectrum sensing £ 025
g
Let first examine the sensing performance in the considered E‘l’ 02
full duplex cognitive radio system under practical self- 2 0.15
interference. For simplicity, we assume that the primary = 0.1
signal is complex PSK modulated. Similar results can be 0.05
obtained for any modulation scheme. ’
For the sensing performance, we use the receiver 00 1 2 3 4
operating characteristic (ROC) curve, which is a helpful Sensing Time (second) x107
tool to visualize the trade-off between the probability of . £ ) ) .
Fig. 4 £ vs frame length 7 achieved by TS operation with

false alarm and the probability of miss-detection. The ROC
curves for TS operation for different values of x are plotted
in Fig. 3. For comparison, the corresponding ROC curve
for traditional TO sensing is also provided in Fig. 3 for
drfferent . First, it is clear that a larger x results in a
poorer performance of TS-based sensing. It can also be
observed from Fig. 3 that the sensing performance of TS
mode is better than TO-based sensing when the residual
self interference is sufficiently low, e.g., it depends on the
performance of self-interference cancellation.

5.2 f,—" and wideband slope
0 min

Now, let examine the spectral efficiency of FD CR in terms
of 32 E ” and the wideband slope to demonstrate the benefits

offered by FD CR. It should also be noted that these two
fundamental metrics have been obtained in closed-form,

0.5 "

0.45

N
~

0.2

False Alarm Probability

0 i
0 1 2 3 4
Sensing Time (second) 3

Fig. 3 ROC curves for TS and HD sensing for different values of x
and I
T

@ Springer

et No min
different values of x

and they can be easily calculated without the need of
simulations.

Figure 4 first shows f,—g " of the TS-based system
achieved with different values of frame time 7' and x. It
is clearly that the quality of self-interference cancellatron
plays an important role on ﬁg in Interestrngly, with
x = 0.01 is almost identical to the case of perfect self-
interference cancellation with x = 0. Furthermore, it can be
observed from Fig. 4 that for a given x, when T increases,
%mm is getting smaller. However, the minimum energy
per bit approaches a constant at a sufficiently large 7. This
behavior can be confirmed analytically from Eq. 31 where it
can be shown that the quality of sensing cannot be improved
further by increasing T. As a result, 5* . asymptotically

approaches a fixed value when T increases.

= TS Sensing: x=0.01
= TS Sensing: x=0.1
= TS Sensing: x=0.5

= = =TO Sensing: TS/T=1/3
= = =TO Sensing: Tg/T:l/S

= = =TO Sensing: T /T=1/10 ||

m

Miss—Detection Probability, P

. 0.6 0.8 1
False Alarm Probability, Pf

. Ep
Fig. 5 Nom

0.01 and TO operation. For TO, Ty =

L Vs frame length 7' achieved by TS operation with x =

-3
% (seconds)
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0
-0.5 ‘ = TO mode |
TS mode
—1F |
g
= -1.51 E
g
_E
>
Z ot ]
g
” K |
3t : |

-35 i i i i i i i i i
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Frame Time (second)

Fig. 6 Wideband slope vs frame length T achieved by TS operation
with different values of x

Figure 5 compares ﬁ—’(’)min of TO and TS modes

using practical x = 0.01 over a wide range of frame

length T. For TO mode, the sensing time is fixed at 7 =
103—_3 seconds. The benefits of FD over HD can be clearly
observed where the TS-based system achieves significantly
better %

. A 0min . .

Similar results in terms of the wideband slope are also
obtained. In particular, Fig. 6 plots the wideband slope
achieved by the T'S-based system using different values of
X, while the wideband slope comparison between the TS-

based system with x = 0.01 and TO-based system is shown
in Fig. 7. Note that for the TO-based system, Ty is set at %

3 T T T T
2r =
1F —x=0 1
—_ —x=0.01
)
I —x=0.1 ]
g
_E
>
£ -1t 1
&8
2 J
-3 \__\
-4 i i i i i i i i

1 2 3 4 5 6 7 8 9 10
Frame Time (second) <107

Fig. 7 Wideband slope vs frame length 7 achieved by TS operation
with x = 0.01 and TO operation. For TO, T = g (seconds)

(seconds). It is clear from Fig. 7 that TS operation achieves
a significantly higher wideband slope.

6 Conclusion

In this work, we have proposed an effective way to
evaluate the energy efficiency of full duplex (FD) cognitive
radio (CR) in the low-power regime under practical self-
interference cancellation and imperfect spectrum sensing.
Specifically, the two fundamental limits of minimum energy
per bit and wideband slope of the considered FD CR
systems were established in closed-form. From these limits,
practical yet optimal signaling schemes at the low-SNR
regime were identified. The benefits in terms of both
minimum energy per bit and wideband slope of FD over HD
were also clearly demonstrated.

Appendix

Proposition 2 Using the Central Limit Theorem, for a large
number of samples ( fsTs), the distribution of Mfpp given
Ho can be approximated by Gaussian distribution with the
following mean and variance

E[Mrp | Hol = x*02 + No, (82)

1
Var [Mpp | Hol = 7T

sts

[xiof e =D+ NF+2302N | 83)

Proof

EMep | Hol = E[y,, 0 | Ho| = E[Ih ) x o) +n P

E I ) e () + I ) + b () () 0" () + B () x5 () m ()]

= XZO_XZ + No. (84)

Moreover,

1 2
Var Mrp | Hol = S Var ly,,, o0 | #o]

- )%T {E [1305 " 1 Ho] = (E |3, 0 | Ho])2}4 (®5)

We already have E [|yFD (n)|2 | Ho] in Eq. 84. So we only
need to calculate E [’ym (n)|4 | Ho].

Ely,, @]" | Ho| = E [1ha @) x () +n )]

:E[

E[Is; )l 1x 1" + In @)l + [hgs () x () ()]

2
lhsi W7 1x (W + In W) + ki (1) x () n* (n) + B () X7 () m (n)\ ]

1% %% G0 ) 21 02 1x () )

= 2x*ky0t +2NG + 4x%02No. (86)
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In the above expression we have used the fact that for
circularly symmetric complex random varibale X with mean
zero we have

E[x?] = E[x, + jx0?] = E[1%.P] - E[1X:P] + 2/ E1X, xi1 = 0687)

By using Eqs. 84, 85, and 86, Eq. 83 is proved. O

Proposition 3 Using the Central Limit Theorem, for the
large number of samples ( fsTs), the distribution of Mfp
given Hi can be approximated by Gaussian distribution
with the following mean and variance

p
E[Mrp | Hil =2 viol; + x*0% + No.

i=1

(88)

1 P
Var{Mep | Hil =+ ls D vioni+xtel Qe =1

i=1

p » »
+4Zy,-(ri_i <7 Zy;(rfu + No) +2x2(7s2 <22y;(rij + N(]) + Ng} . (89)
i=l1 i=1 i=1
Proof
EMrp | 1= E [y, 0 | ] = E [[0.00) +hy 003 00+ 0 0) ]

= E[[w ) + i 0 v (0 + 11 00 + w (1) B, ) x* (1)
+w (n) n* (n) + ki (n) x (1) w* (n) + hyi (n) x (1) n* (n)
+w* () n (n) + k5 () x* (W) n (n)]

14
=2 yiol; +x*0l + No. (90)
i=1

On the other hand,

1 2
VarMrp | H] = S Var [|ym )| \1—11]

= f% {E [1ep o' 1 E0] = (E[[30p 001 Hl])z}. o1

We already have E [|yFD (n)|2 | Hl] in Eq. 90. So we only
need to calculate E [\ym (n)|4 | Hl].

[y, o 1 1] = E [lw o)+ byt 005 00 +m o1
= E[[lw P + i 0P x 00F + | 00 + 1w () B, ()5 00
+w () n* (n) + hyi () x (n) w* (1) + hgj (n) x (W) n* (n)
+w* (1) n (n) + k7 (n) x* () m (n)\z]

E w0l + i I e 001 + In @)l + 41w ) [ () x 00) 2

+41w () 11 0 +41hgs () x 00 In ()]

4 P
=8 Z y,'af._i + 2)(4/(.‘0;‘ + ZNg +8 ()(20}2 + N(]) Z yiauz,_i + 4X20-\'2N0‘ 92)

i=1 i=1

In the above expression we have used Eq. 87. By combining
Egs. 90, 91 and 92 proves Eq. 89. O
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