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Abstract

This paper investigates the spectrum hole utilization of cooperative schemes for the two-way
relaying model in order to improve the utilization efficiency of limited spectrum holes in
cognitive radio networks with imperfect spectrum sensing. We propose two specific
bidirectional secondary data transmission (BSDT) schemes with two-step and three-step
two-way relaying models, i.e., two-BSDT and three-BSDT schemes, where the spectrum
sensing and the secondary data transmission are jointly designed. In the proposed cooperative
schemes, the best two-way relay channel between two secondary users is selected from a
group of secondary users serving as cognitive relays and assists the bi-directional
communication between the two secondary users without a direct link. The closed-form
asymptotic expressions for outage probabilities of the two schemes are derived with a primary
user protection constraint over Rayleigh fading channels. Based on the derived outage
probabilities, the spectrum hole utilization is calculated to evaluate the percentage of spectrum
holes used by the two secondary users for their successful information exchange without
channel outage. Numerical results show that the spectrum hole utilization depends on the
spectrum sensing overhead and the channel gain from a primary user to secondary users.
Additionally, we compare the spectrum hole utilization of the two schemes as the varying of
secondary signal to noise ratio, the number of cognitive relays, and symmetric and asymmetric
channels.
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1. Introduction

Cognitive radio is emerging as a promising solution to the problem of low efficient spectrum

utilization that has appeared as a result of stringent spectrum allocations [1-3]. For the full use
of a spectrum hole unoccupied by its primary network at a particular time and specific
geographic location, cognitive radio can find the spectrum hole by spectrum sensing and
allows unlicensed users, i.e., secondary users or cognitive users, to communicate over the
detected spectrum hole. It is clear that the efficient utilization of limited spectrum holes can
improve the quality of communication among secondary users, such as spectrum hole
detection, transmission outage, and channel capacity.

One-way cooperative relaying, which assists one source to transmit information to one
destination, has been considered as an effective means to improve the performance of
spectrum sensing and secondary user transmissions in cognitive radio networks (CRNs) [4].
The detection time and detection probabilities for the presence of primary users are improved
as one-way cooperative relays are applied in spectrum sensing [5-8]. The chances of secodary
users to access the primary users' spectrum can also increase with the utilization of one-way
cooperative relaying [9]. When multiple secondary users serve as one-way cooperative relays
to help data transmissions from one secondary user to the other, paper [10] has studied the
spectrum hole utilization efficiency which is the percentage of spectrum holes utilized by the
secondary user source for its successful data transmissions without channel outage. However,
one-way relaying techniques have low spectral efficiency due to the half-duplex operation
mode [11]. Specifically, when two terminals T, and T, intend to exchange information,
one-way relaying protocols need four sequential steps, i.e., T; transmits information to the
relay and T in the first step; in the second step, the relay forwards its information to T; in the
third step, T, in turn transmits information to the relay and T;; and in the fourth step, the relay
forwards its information to T,, whereas two-way relaying protocols generally need two steps
or three steps. For the three-step two-way relaying protocols, T; and T, transmit their own
information in the first and second steps, respectively. In the third step, the relay broadcasts its
information to the two terminals. For the two-step two-way relaying protocols, T; and T,
simultaneously transmit information to the relay in the first step. Then, the relay broadcasts its
information in the second step. It was shown that the two-way relaying protocols, which
exploit the shared broadcast channel nature of the wireless medium, have higher spectral
efficiency than one-way relaying protocols [11][12]".

Since two-way relaying protocols can achieve high spectral efficiency, they also have great
potential to further improve the CRNs performance. Most of the current studies consider the
scenario where secondary users share the spectrum of the primary user as long as they do not
interfere with primary user operations and thus spectrum sensing is not required. In [13-15],
two-way relays acted by secondary users are applied to assist two primary users' bi-directional
traffic. In exchange for secondary users relaying services, secondary users either broadcast

' This paper mainly takes advantage of high spectral efficiency of two-way relaying protocols. However, for
achieving the high spectral efficiency, two-way relaying protocols need some sacrifices at Some other aspects, such
as hardware implementation and communication complexity. For example, two-way relaying protocols require
more critical synchronization than one-way relaying protocols including source to source node synchronization,
and handshaking between the sources and relay nodes. Another example is that for the successful self-interference
cancellation in two-way relaying protocols, the appropriate channel estimation schemes are needed to estimate both
source to relay channels and relay to source channels.
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secondary information in the last step of the two-way relaying protocols [13], or achieve their
own communication in the primary user's sub-channels for a fraction of time [14][15]. It was
demonstrated that the performance of both the primary and secondary systems can be
enhanced by cooperation between the primary and secondary users [16].

In the other scenario which is also considered in this paper, secondary users achieve their
own communication only in the spectrum holes and thus spectrum sensing is required. For this
scenario, the two-step two-way relaying protocol is discussed for the spectrum sensing
improvement in [17], where secondary users serve as two-way relays to assist the
bi-directional traffic between two primary users and in the second step of the protocol, the
secondary users broadcast their information to the cognitive base station (i.e., fusion center)
which determines whether the primary users are present or not. However, when the
bidirectional traffic between two secondary users is performed through the help of the
two-way relays, the performance of secondary data transmissions has not been fully studied.
This has motivated our work.

In non-cognitive radio networks, the performance of two-way relaying assisted information
exchange between two end-sources has been extensively analyzed. Paper [18] compares the
outage probability of two-step and three-step two-way protocols based on decode-and-forward
(DF) relaying, where the three-step protocol is better than the two-step protocol at the high
signal-to-noise ratio (SNR) region. The amplify-and-forward (AF) and DF relaying of
two-step two-way relaying protocols are investigated in [19], where outage probability
performance of DF outperforms that of AF as all nodes have a single antenna and the target
rates of two end-sources are equal. For the networks including multiple two-way relays, the
optimal relaying selection among a group of relays usually achieves full diversity and high
spectral efficiency through saving the used channels. Paper [20] discusses a relay selection
scheme for two-step AF relaying networks, which is to maximize the worse received
signal-to-noise ratio (SNR) of the two end-sources. Then, paper [21] investigates the relay
selection for three-step DF relaying channels, which is to minimize the average sum
bit-error-rate (BER) of the two end-sources. Considering the imperfect channel state
information (CSI) with a high feedback rate and a sufficiently high maximum Doppler Shift,
paper [22] discusses the partial relay selection for AF relays.

Compared with the above performance analysis of two-way relaying protocols in
non-cognitive radio networks, CRNs face two challenges. The first is that the mutual
interference between the primary and the secondary users has to be considered [23][24] due to
the coexisting of the primary and secondary users in the same spectrum and due to the existing
of the false alarm of spectrum holes, which means imperfect spectrum sensing. The second is
that spectrum sensing and secondary data transmissions must be jointly designed, since they
are closely connected [25][26].

In this paper, we focus on two-way relaying assisted secondary data transmissions with
multiple relays and jointly consider spectrum sensing and bidirectional data transmissions.
The main contributions of this paper are summarized as follows. First, we extend the idea of
the one-way relaying assisted SFSS-BRDT (selective fusion spectrum sensing and best relay
data transmission) scheme [10] to the two-way relaying scenario, i.e., the SFSS is used for
achieving spectrum sensing results and then the best relay is selected from a group of two-way
cognitive relays to help the bidirectional traffic between two secondary users. Second,
two-step and three-step bidirectional secondary data transmission (BSDT) schemes (i.e.,
two-BSDT and three-BSDT schemes) are proposed, where the typical two-step and three-step
two-way relaying protocols based on DF relaying are applied in bidirectional secondary data
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transmissions. Finally, the closed-form asymptotic expressions of outage probabilities are
derived for the two proposed schemes, where the interference from the primary user to
secondary users is considered due to the existence of the false alarm of spectrum holes.
Meanwhile, under a primary user protection constraint, we calculate and evaluate the spectrum
hole utilization which is the percentage of spectrum holes utilized by two secondary users for
their successful information exchange without channel outage.

The remainder of the paper is organized as follows. In Section 2, we describe the system
model and propose two-BSDT and three-BSDT schemes. Section 3 derives outage
probabilities of the proposed schemes. Next, in Section 4, we conduct the computer
simulations and numerical evaluations. Finally, Section 5 gives some concluding remarks.

2. System Model

In a primary network, a primary user works on a slotted structure. In each time slot, either the
spectrum is occupied by the primary user, or it is idle. On the other hand, a cognitive relay
network coexists with the primary network, where a set of M secondary users as cognitive
relays (CRs) denoted by w={CRj|i=1,2, ...,M} assists a secondary user SUs for both sensing
the spectrum hole unoccupied by the primary user in a fraction of time and exchanging
information with another secondary user SUy. The direct link between SUs and SU4 does not
exist due to the poor quality of the channel. A time slotted structure of cognitive transmissions
is illustrated in Fig. 1 which includes the spectrum sensing slot o and the secondary data
transmission slot 1-o.. The parameter o, is also referred to as spectrum sensing overhead.

To be practically feasible, all nodes operate in half-duplex mode. Each wireless link
between two terminals is modeled as a Rayleigh fading channel where the fading process is
considered as constant during one time slot. The independent channel coefficients from two
different terminals a to b (or a—b) is denoted as h,,. Notice that random variables (RVS) |hap|*
follow exponential distributions with mean &2 . In addition, we denote the terminals SU, SUy,

CR; and the primary user as the subscripts s, d, i, and p. The transmitting power at each
terminal is P, where | {s, d, i, p}. The additive white Gaussian noise (AWGN) at all receivers
is modeled as a complex Gaussian random variable with zero mean and variance No. Thus, the
SNR at each terminal can be given by 1 = P/No. Ry and Ry are the data rate at SUs and SUy,
respectively.

2.1 Spectrum Sensing

We refer to [10] for designing the spectrum sensing protocol. In the first sub-phase of
spectrum sensing as shown in Fig. 1, i.e., the first sub-phase of the time slot k, SUs and CRs
independently detect a spectrum hole and each secondary user applies an energy detection
method?.

In the second sub-phase, i.e., the second sub-phase of the time slot k, the detection results of
all CRs are forwarded to SU; for fusion with an "AND" rule. In order to avoid interfering with
the primary user in this sub-phase, a common control channel (CCC) is applied to forward the
CRs' detection results [27]. Here, we consider only the selective fusion spectrum sensing

% To simplify the analysis of spectrum sensing, we assume that SU does not assist in sensing the spectrum hole. In
fact, if SUq joins in detecting the primary user, it only means that the number of secondary users to sensing the
spectrum hole adds one and becomes M + 2. Therefore, we can discuss the different value of M to know the
performance diversity as SUy participates in the spectrum sensing.
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(SFSS) scheme in [10], where only the successfully decoded outcomes in SUs are selected for
fusion.

|t Timeslot (k) ———— — (k3) — P — (4) —P
(k1) (£, 2) | Best CR
CR,—> SU, SU;—> CRi | —>SU,. SUq4
SU, and CRs : Secondary data transmission or
detection : ; Y SU4—> CR; SU.. SU .
CRy—>SU, . arepea
" » 12— 12—
- o >« 1-a > B 1-a — P
Spectrum sensing Secondary data transmission
Fig. 1. Time slotted structure of cognitive Fig. 2. Time slotted structure of two-
transmissions BSDT scheme

Notice that the above spectrum sensing protocol belongs to the parallel sensing strategy
[28][29] where the secondary users simultaneously sense a primary user's channel in a time
slot and update the channel selections in the next slot. In the scenario with existing multiple
primary users, a secondary user can simultaneously utilize the method of wideband spectrum
sensing [30] to detect multiple users.

For notational convenience, we denote H,(k) to represent whether there is a spectrum hole
unoccupied by the primary user for the time slot k. Let Hy(k) = Hy if there is a spectrum hole for
the time slot k. Otherwise, we set Hy(k) = Hi. Meanwhile, Hy(k) can be modeled as a Bernoulli
random variable with parameter P,, i.e., Pr{Hy(k) = Ho} = P, and Pr{H,(k) = H.} = 1—P,. For
a clear representation of the detection of spectrum holes, we denote Hy(k) as the final fusion
sensing result at SU; for the time slot k. Then, the detection probability of spectrum holes is
represented as Pgs = Pr{Hs(k) = Ho|Hy(k) = Ho}. Similarly, the false alarm probability of
spectrum holes is given by Pg = Pr{Hs(k) = Ho|Hp(k) = H1}.

2.2 Secondary Data Transmission

After a spectrum hole is detected by spectrum sensing, the related information of the SU4 node
(e.g. the code of SUq receiver) is broadcast to the CRs by SU; over the CCC. Then, SU;, CRs
and SUy are switched to the channel of the detected hole to build a communication link. In
Section 2.2.1 and 2.2.2, the received signals and the signal-to-interference-and-noise ratios
(SINR) at terminals SUs, SU4 and CR; are given when the interference from the primary user is
considered®, which means the false alarm of spectrum holes occurs. For the case that no false
alarm of spectrum holes exists, the received signals and SNRs at these terminals are not given,
since they can be easily obtained by deleting the primary user interference terms of those
corresponding expressions with the interference from the primary user. Additionally, for

3 We assume that secondary users know the channel state information (CSI) of the primary user and the estimation
of channels between diferent secondary users is perfect. Such assumption has also been widely adopted in existing
literature such as [9][10][16][17]. Additionally, a method to estimate the channels of the primary user by referring
to [34] is to utilize the pilot symbols transmitted from the primary transmitter to its receiver for the estimation of the
channels between the two primary transceivers. Specifically, when the primary user transmits a pilot symbol at the
beginning of its transmission frame, the secondary users observe pilot signals during the spectrum sensing and then
each secondary user estimates the CSI of the primary user using the pilot signals. A method to estimate secondary
users channel information is the pilot-assisted channel estimation using compressing sensing techniques for the
OFDM-based cognitive radio networks [35]. To be specific, secondary transmitters send pilot symbols to other
secondary receivers using some idle subcarriers detected by spectrum sensing. Then, the secondary receivers
perform the sparse channel estimation using the pilot symbols. Note that for the sparse channel estimation using
compressing sensing techniques, the pilot design is necessary at the secondary transmitters and the results of the
pilot design need to be sent to the secondary receivers through a common control channel.
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protecting the primary user from the secondary signals' interference, the false alarm
probability Pg of spectrum holes should be guaranteed to a target value. Hence, through the
paper, we consider Pg = 0.001 to protect the primary user's quality-of-service (QoS)*.

2.2.1 Two-BSDT Scheme

The two-BSDT scheme needs two sub-phases to complete the bidirectional data exchange
between SU; and SUq4 as shown in Fig. 2. In the first sub-phase, SUs and SU4 simultaneously
send their data to CRs. Thus, the received signal at CR; is expressed as

Vi (K,3) = hg [P (K, 3) + g Py xa (K, 3) + Ny [Py X (K, 3) + 1y (K, 3) (1)

where Xs(k,3), Xa(k,3) and x,(k,3) are the transmitting signals for the third sub-phase of the time
slot k at terminals SUs, SUy and the primary user, respectively. nj(k,3) is AWGN at CR;. The
primary user interference term h \/p_p x,(k,3) expresses the interference from the primary user.

In the second sub-phase, i.e., the fourth sub-phase of the time slot k, all CRs decode their
received signals. We define a decoding set D which includes a non-empty subcollection D,, of
all CRs and an empty set &.

e Case 1: D = D,,,. Those CR; which have successfully decoded both x,(k,3) and x,(k,3) form
D.,. First, we define events

_ R
E., ={1—0‘|og2 [1+ s I 7s > RS} )

2 |hgi £ 7g+ i Py +1
and
1-a |hai [ 74 3
Ey i ={——log,|1+ t >Ry ®)
~ { 2 2[ [0 P ye+ g P 7, +1

from Eq.(1) with considering the primary user interference term. Then, the event E(i) of
successfully decoding at CR; includes three events Ei(i), Ex(i) and Ez(i). Specifically, E;(i) is
that E,_,; and Eq_,; are both satisfied, i.e., E1(i) = Es_i ™ Eq_i. The events E,(i) and E(i) happen
when only Eg ,; or E4_,; is satisfied and the corresponding event

sic _J1-a 2

sIC l-a ‘hsif]’s
ES‘)i = T|Og2 1+2— > RS
‘hpi‘ 7p+l

NEy,; NESS, and E4(i) =E, ; NE,_; nES., where CR;

or

is satisfied. That means E,(i)=E

S

4 According to IEEE 802.22 requirement, the detection probability Py of the presence of primary user should be
guaranteed to a target value, i.e., Py = Pr{Hy(k) = Hy|H,(k) = H} > 0.9. Therefore, the false alarm probability Py of
spectrum holes equals 1 — P4 and needs to be below 0.1, i.e., Pt < 0.1.
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will attempt successive interference cancellation (SIC) to decode the remaining data stream
[31]. Thus, the event E(i) can be given by’

E(i) = E, (i) UE, (i) UE4(i) = (Es,; NEJS) U(ESS, NEy,;), €D, (4)

soi MEdSi S—i

Meanwhile, CR; in the complementary set of D,, (i.e., D,, =y —D,,) fails to decode its
received signals, which satisfies

E(j)=(Ey,; NEZS;) U(ESS;NEy,;). jeDy (5)

d—j S j

where the expressions of E._;, E3';, EJ'S;and E,_,; are obtained from those of E

s=>j! md—j s S—i !

ESC., ES and E,_,;, respectively, by changing their subscript i to j. Similarly, as the

d—i’ “=soi

primary user interference does not exist, the event E(i) of CR; successful decoding in the set
D,, and the event E(j) of CR; decoding failure in the set D,, can be respectively given by

E(i) = (B, NESSH U(EDS NEy,), €Dy (6)
E(j)=(Ee,; NEFS ) V(ESS,nEy,)). (€D, (7)
where
i 1-a Ihy 2 - l-« g [* 74
E =—log, |1+ 3725 ISR b Ey ,, =1———log,|1+——LLd_|SR, ¢,
ot {2 92[ haPrasd) [T 2 U g Bres)

1-a = 1-a i, j
E ={—2 log, (1+|hSt ? 75) > Rs}, ESC, = {ngz (1+ |yt 7d)> Rd}’t e{i, j}-

In the set Dy, only the best relay is selected to broadcast its signal through network coding
(bitwise XOR between SUy's and SU4's decoded data streams [32]). Then, the respective
received signals at the two end-sources are expressed as

Ys(k,4| D = D) =hi R (K, 4) +hyo [P x (K, 4) + g (K, 4) ®)
Yo (k4] D = D) =hig (P x; (k,4) + hyg ([P X (K, 4) + g (K, 4) ©)

where x(k,4) and x,(k,4) are the transmitting signals for the fourth sub-phase of the time slot £
at CR; and the primary user, respectively. ny(k,4) and ny(k,4) are AWGN at SU; and SUj,
respectively. The primary user interference terms are h [P x (k,4) and h, \/E x,(k.4). Hence,

the corresponding received SINR are given by

% Here, we refer to [31] for defining the event E(i) of successfully decoding at CR;. Considering the practical
scenario where SUg and SUy lack mutual cooperation and coordination, and each of them selects a fixed data rate to

simultaneously transmit their signals to CR;, we eliminate the event that both ngi and ngi are satisfied as

events Eg_,; and E4_,; are both unsatisfied. If both ngi and Eﬁ'f)i are satisfied, SUs and SU4 will transmit signals to
CR;, respectively, without the interference from each other.
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2
SINR(CR) =Ml 7i i p (10)
[hps 7 7p +1
2
smm(ca):M, icD, (11)
|hpd| 7/p+1

In general, the “best” relay is defined as achieving the maximum of the worse SINR of the
two-way links from CR; to SUs and SUy. The selection criterion can be expressed as®

Best relay =arg max min(SINR(CR;),SINR4(CR;)) (12)
ieDp,
Then, the received SINR at the selected best link is given by
SINRbest (CRi)(D = Dm) = (SINRS(CRbestrelay)vSINRd(CRbestrelay )) (13)

eCase2: D=, i.e, Disempty. All CRs in the set y fail to decode the received signals.
That means the event E(i) or E(i) with no interference from the primary user is satisfied as

E(i) = (Es,i NEgS) U(ESS NEq ), Tey (14)
Ei) = (Eoi nESS)U(ESS nEqL), Tew (15)

Thus, an outage of data transmission occurs and then SUs and SUq4 will start a new transmitting
process.

2.2.2 Three-BSDT Scheme

The three-BSDT scheme which includes three sub-phases is displayed in Fig. 3. The two
end-sources SU, and SUq4 broadcast each data to CRs in the first and second sub-phases (i.e.
the third and fourth sub-phases of the time slot k), respectively. The corresponding signals
received at CR; are expressed as

- —(},3) — - — ([, 4)— P — (},5) — P>

Best CR
—> SU,. SU4

SU,—>» CR; | SU;—>CR;

-—1/3 — - —1/3 — P g— 1/3 —P|

et} - -
Secondary data transmission

Fig. 3. Time slotted structure of three-BSDT scheme

8 Here, the best-relay selection criterion takes into account the condition of the interference links from the primary
user to the two end-sources, different from [20] where it is in non-cognitive radio two-way relaying networks that
there is no primary user. Additionally, for using the best-relay selection criterion, a centralized algorithm can be
developed by referring to [9][33]. Specifically, a table including the related channel information (i.e., | hy |2 > | hyg P,

s P, g ?) should be maintained at SU,. Note that | h, |2 and |h, 2may be estimated by CRs, while s | and

al
o | could be estimated by SU; and SUy, respectively. Then, such channel information is transmitted to SU; over

CCC. Finally, using the proposed criterion (i.e., Eq. (12)), the best relay can be determined by looking up the table.
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Vi (k,3) = hg [P x (K, 3) + oy ([P X (K, 3) +1; (K, 3) (16)
i (k,4) = hgi [Py Xg (k,4) + iy [Py X (k,4) + 1y (K, 4) (17)

where x, (k,4) is the transmitting signal at SU, for the fourth sub-phase of the time slot k. n(k,4)
is AWGN at CR;. hgiy[Po Xp (K, 3) and hoi [Py X, (k,4) are the primary user interference terms.

In the third sub-phase, i.e. the fifth sub-phase of time slot k, all CRs decode their received
signals. Being similar to two-BSDT scheme, we define a decoding set D.

e Case 1. D = D,,,. Those CR; which have successfully decoded both x,(%,3) and x, (k,4) form
D,.. Considering the primary user interference terms, we define events

2
Fo =11 %0, 1+—|hsi2| s SR, (18)
3 o P 7y +1

_ ) 2
Fy =11 %0, 1+—|hd'2| Yd |5 R, (19)
3 i P 7y +1

from Egs.(16) and (17). In the set D,,, the event F(i) of CR; successful decoding is expressed
as

and

Due to the lack of a direct link between the two end-sources, the case that only one of the
signals x4(k,3) and x, (k,4) is successfully decoded at CR; can not achieve the successful

bidirectional data exchange between the two end-sources and thus is not included in the set Dy,
Then, the event F(j) of CR; decoding failure in the set D,, is given by

F(j)=F_;nFy,;, ieD, (21)

where the expressions of F_,; and F, ,; are obtained from those of Egs. (18) and (19),

respectively, whose subscript is are converted into js. Similarly, as the primary user
interference does not exist, the event F(i) of CR; successful decoding in the set Dy, and the

-]

event F(j) of CR; decoding failure in the set [_)m are respectively expressed as

F(i)=F_,;nFj jeby (23)
where

- 1— = l1-« -
Fsat :{Ta|092(1+|hst |2 7/5)> Rs}’ Fd—)t ={T|Og2(l+|hdt |2 yd)> Rd}’ te{l’ J}

In the set D.,,, only the best relay is selected to broadcast its signal through network coding.
Thus, the respective received signals at the two end-sources are expressed as
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Ys(k,5| D = Dy,) = hig /R X (K,5) +hpe [P, X, (K, 5) +1ng (K, 5) (24)
Ya(k,5]D = Dp) =g \[Rx (k,5) +hg ﬁxp(k,s) +ny(k,5) (25)

where x; (k,5) and x,(k,5) are the transmitting signals for the fifth sub-phase of the time slot k at
CR; and the primary user, respectively. ny(k,5) and n,k5) are AWGN at SU, and SUj,
respectively. The primary user interference terms are hos/Pp Xp (K,5) and hpd ﬁxp(kﬁ).

From Egs.(24) and (25), we obtain the corresponding SINR at the two end-sources just as Egs.
(10) and (11). Besides, the selection criterion of the best relay is also the same as Eqgs.(12) and
(13) in the two-BSDT scheme.

eCase2: D=, i.e, Disempty and all CRs in the set w fail to decode the received signals.

Then, the event F(i) (or E(i) as no interference from the primary user) is satisfied, i.e.,

F(i)=F_iNFy iey (26)

Fi)=F inFi iey (27)

—i

Thus, the data transmission outage happens.

3. Outage Probability
3.1 Two-BSDT Scheme

Since the aim of the two-way relaying network is to exchange information between two
end-sources, an outage event is declared when the channel capacity of either SU; — SUq or
SUq4 — SU;s falls below the data rate. Thus, the outage probability of two-BSDT scheme can be
calculated as

P = Pr{l_Talogz(HSINR) < R} (28)

M
=Pr{SINR(D=Z)<A,D=}+ ¥ Pr{min(SINRbest(D = Dm)) <yA\,D=D,}

m=1

where R = Ry =Ry and A = [2°" — 1]/y . Assuming that y, = ay, where a is a constant.
The transmitting power of all secondary users is assumed to be equal, which means ys = y4 = y;=
y. According to Eq.(13) and the definition of D = Dy, in Section 2.2.1, and considering the
spectrum hole sensing results Pgs and Py , we write the term Pr{min (SINRpes; (D = Dy )) < yA,
D =Dn }in Eq.(28) as

Pr{min (SINR (D = D)) <A, D = D, } (29)
= PPy, Prmaxmin(|y, [, 1yg ) < A} TT PRE@}= IT Pr{E()}
ieDpy ieDp, jeDp,

2 ' 2
€Dp [hps 7 7p+1 [hpg [ 7 +1 ieDy, jebp

+(1=P,)PPr {maxmin[ |his [ |hig [ ]<A}x_]‘[ Pr{E(i)}x T PHE())}
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From Eqgs.(6) and (4), we obtain the probabilities

PHE@)}=Pr(hg > Alhg [ 7+ A hg > A)+Pr( hg > Ahg [P 7+ A, hg P> A)
—Pr(|hg > Alhg [P 7+A, [hy P> Alhg Py +4) (30)
= Ai)exp(-T';(i)A) + B(i) exp(-T',(i)A)
Pr{E()}=Pr(hg > Alhg [ 7+ AlhG Py + A, [hy P> Alhg [ 7, +4)
+Pr(lhg > Ahg y+Alhy § 7p+A, |hg |2>A|hpi § 7pt+4)
—Pr(lhg > Ay [ 7+Alhy i 7pTA, |hy P> Alhg P 7+Alhy i 7ptA4)

_ AQep(TL0)8) | BHep(-T()4) e
1+ A;/paplrl(l) 1+ A}/paplrz(l)

where A(i) =03 / (Ayog +0%) - B(i) =0/ (Ayo +05) - Ty(i) =1/ o +(L+Ay)/ 0§ and
I,@i)=1/03 +(1+Ay)/ o4 . According to Egs.(7) and (30), Pr{E(j)} in EQ.(29) equals
1-[A(j)exp(-T(j)A) + B(j)exp(-T,(j)A)] . Similarly, Pr{E(j)}=1-A(j)exp(-T:(j)A)/
(1+ Ay Ta(J)) ~ B(j)exp(-T5( j)A)/(1+Ayp o T,(j)) from Eqs.(5) and (31). The other
terms in Eq.(29) are calculated as

Pr{maxmln(| h,s| | hig | )<A}y=T1 {1 exp[— (1/ai§+1/aifj)A]} (32)
ieDpy,
Pr{ max min ”;iSl , |h;d| <A
1€D0m |hps| Yp +1 |hpd | 7/p+1 (33)
_Pr{maxX <A}=Pr{X; <A X, <A,..., Xp <A}
ieDp, m

In Eq.(33), X; equals min(|his P /(0 7 +1), [0 /10 P }/p-l—l)). We have proved in
Appendix A that the event X; < A is independent with other events X; <A (i, j € Dy and i # )
under the conditions of o4y2A? / (c20%) —0 and o-pdypAzl(o-,daJd)—w Thus, the
closed-form asymptotic expression of Eq.(33) is given as

Pr{maxX <A}=Pr{X,; <A}

ieDpy
2 2
=[] [1-Pr —”;isl >A |Pr —|h;d| >A
ieDpy [Nps 7 7p +1 [Npg 7 7p +1

) [1_ exp[—(l/ ol +1/ aﬁ,)AJ J (34)
ieDy,

A+ Ay o5 1 o)A+ Ay yoog | o)

Eq.(34) can be derived by Eq.(A.2) in Appendix A.

In addition, from Egs.(14) and (15), the term Pr{SINR(D = &) < yA, D = &} in Eq.(28) is
found to be
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Pr{SINR(D = @) < A, D =}

M (= M (35)
=P,P,I1 Pr{E(.)}+ (1-P,)P[1PH{EG)}+P,(L—Py) + 1—P,)1-P,)

i=1 i=1
where pr{E(i)} =1- pr{E(i)}and Pr{E(i)}=1- Pr{E(i)}, whose closed-form expressions can

be obtained from Egs.(30) and (31).

At this point, we have obtained the closed-form asymptotic expressions of the outage
probability for two-BSDT scheme.

3.2 Three-BSDT Scheme
Being similar to Eq.(28), the outage probability of three-BSDT scheme can be expressed as

Pout = Pr{l_Talogz(1+SlNR) < R} (36)
M )

—P{SINR(D=@) <A, D=C}+ ¥ PH{min(SINR (D = D,)) <A, D =D,,}
m=1

where A = [23¥079 — 1]/y.. According to Eq.(13) and the definition of D = Dy, in Section 2.2.2,
and considering the spectrum hole sensing results Py and Pg, we write the term Pr{min
(SINRpest (D = Dpy)) < yA, D =Dy, } in Eq.(36) as

Pr{min(SINRe(D = D,,)) <A, D =D} (37)
= P, Py Pr{maxmin(| hy, [*,1 g ) < A}x TT PH{F()}x 1 Pr{E(j)}
ieDy ieDy, jeDn
+(1-P,)P, Pr{ maxmin [ , [y <Alx TT PHF@}x TT PHF(j)}
iDn | [hps P yp+1 oy P yp+1 iDp j<Dp
From Eqgs.(22) and (20), we obtain the probabilities
Pr{F(i)}=Pr(lhg > A, |hy > A)=exp[-(1/ 5 +1/ 65)A] (38)

Pr{F(i)}="Pr(Ihg > Alh, 7, + A, [hg F>Alhy Py, +A)
exp| ~(1/ 0% +1/ o)A |

=1+(0'2 l62 +0%162)A )
pi / Osi pi 1 Odi )N p

where the closed-form expression of Eq.(39) is derived from Eq.(A.1) in Appendix A.
According to EQs.(23) and (38), Pr{ﬁ(j)}in Eq.(37) equals 1—exp[—(1/ o5 +1/ o)Al
Similarly, Pr{F()} is equal to 1-exp[—(1/ 05 +1/c§)A |/[1+ (o) o5 + 05 1 o5)Ay, |

from Egs. (21) and (39). The other terms in Eq.(37) are expressed as
Pr{maxmin(|hy .| hy ) < A}= TT {1-exp[~(1/ of +1/ o)Al (40)
ieDp,

ieDpy,
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2 2
Pr{maxmin[ [ P [ J<A}= I [1— exp[_(llaierl/aid)A} (41)
ieDp,

icDyy Ihos P 7 +1 [Ny P vy +1 (+ Ay 05 | 03) A+ Ay ooy | )

The closed-form expression of Eq. (40) is obtained by referring to Eq.(32). The closed-form
asymptotic expression of EQ.(41) is similar to Eq.(34) and satisfies the conditions of

272 2 2
O'SS}/SAZ/(O]ZSUJZS) -0 and O'gd]/pA /(O-ido-jd) —0.

In addition, from Egs.(26) and (27), we write the term Pr{SINR(D = &) < yA, D = J} in
Eq.(36) as

Pr{SINR(D = @) < yA,D =}

M = . M — . (42)
= PP [T Pr{F(i)}+ (L= PP [T PHF()}+ Py (1 - Pos) + (1 P,) (1= Py,)
i=1 i=1

where pr{fz(i)} =1- pr{f:(i)} and Pr{F(i)}=1— Pr{F(i)}. whose closed-form expressions can

be obtained from Egs.(38) and (39), respectively.

Now, we have derived the closed-formed asymptotic expressions of the outage probabilities
for two-BSDT and three-BSDT schemes. According to [10], the definition of the spectrum
hole utilization 7 is based on the derived outage probability, i.e.,

772(1_P0ut)/ Pa' (43)

The spectrum hole utilization can be considered as a measure to quantify the percentage of
spectrum holes utilized by SU; and SU4 for their successful data exchange. In the next section,
we give the numerical evaluation of # for the two BSDT schemes.

4. Simulation Results

In this section, we will evaluate the spectrum hole utilization for two-BSDT and three-BSDT
schemes according to Eq.(43). For a primary user's QoS requirement, the false alarm
probability Py of spectrum holes needs to be below a required target value. Here, we set Py, =
0.001. In the spectrum sensing protocol, Eqg.(29) in [10] can be applied to calculate the
detection probability Py of spectrum holes under the given target value of Pr..

Considering the effect of the spectrum sensing on secondary data transmissions, we discuss
the performance of the spectrum sensing first. Fig. 4 shows that the detection probability Py, of
spectrum holes varies with the secondary SNR (y,), the channel gain ggi and the number (M)

of CRs. It is obvious that P4 becomes larger with the rise of y;, the reason of which is that the
higher y, results in the lower outage probability to transmit sensing results from CRs to SU;. As
the gain o2 of channels from the primary user to CR; increases from 0.1 to 1, the energy of the

primary user is more easily detected by CR;, which leads to the rise of P4. On the other hand,
an increased number of CRs from M = 4 to 8 achieves higher P4 due to the merit of the
spectrum sensing protocol SFSS, i.e., although the rise of M and the limited CCC resources
bring the transmission failure of initial sensing results received at SUs, the SFSS protocol is
able to identify and discard such transmission failure, and thus the performance of the
spectrum sensing is not affected.
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Fig. 5 shows the overall outage probability versus the existing probability (P,) of spectrum
holes for two-BSDT scheme, three-BSDT scheme and one-way relaying scheme’. As observ-

-ed from Fig. 5, the overall outage probability decreases with the incremental existing
probability of spectrum holes. The reason is that with the increasing P,, cognitive users can
transmit information through choosing more available spectrum holes in order to keep
communicating without interruption. Moreover, the overall outage probability is further low
as the number of cognitive relays increases from M = 4 to 8. It can be also seen that the
two-BSDT scheme performs worse than both the three-BSDT and one-way relaying schemes,
since the performance of the two-BSDT scheme is interference-limited, which is indicated by
Egs.(2) and (3). In addition, the simulations match the theoretical results very well.

Next, we give the spectrum hole utilization versus the secondary SNR (ys) for two-BSDT,
three-BSDT and one-way relaying schemes as shown in Fig. 6. It is clear that the theoretical
results fit well with the simulation and the three-BSDT scheme (in terms of spectrum hole

utilization) outperforms both two-BSDT and one-way relaying schemes for both asi =1 and

0.1. Additionally, the two-BSDT scheme appears a performance floor and thus performs
worse than one-way relaying scheme in the high SNR region. This results indicates that for the
best spectrum hole utilization, the two-BSDT scheme with network coding is not suitable for
all SNR values. Therefore, compared with two-BSDT scheme, the three-BSDT scheme is the
best choice across the whole SNR region. Considering the simple hardware implementation
and low communication complexity, however, one-way relaying scheme is also attractive in
high SNR, since its spectrum hole utilization is similar to that of the three-BSDT scheme in the
high SNR region according to Fig. 6.

7 One-way relaying scheme is obtained by referring to [10] where the cognitive relay CR; acts as one-way relaying
to assist the information transmission from SU; to SU, through two sub-phases. Being different from [10], one-way
relaying scheme achieves the information exchange between SU; and SUy assisted by one-way relaying CR;
through four sub-phases. In addition, the direct link between SU, and SUy is not considered due to the poor quality
of the channel.
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For the comparison between O'Si = a_fi =1and0.1inFig. 6, we can see that the spectrum hole

utilizations of the three schemes are better for o2, = o’ = 1 than those for o= o’ =0.1which

means that the channels from the primary user to CR; and those among cognitive users have
higher attenuation. This phenomenon shows that the decrease of Py, with O'Si from 1t0 0.1 as

shown in Fig. 4 becomes the dominant factor adversely resulting in the poor overall outage
performance of secondary data transmissions, although the decrease of Gf)i from 1 to 0.1

degrades the interference from the primary user to CR; and improves the partial outage
performance. It also demonstrates that the spectrum sensing performance directly affects the
spectrum hole utilization of secondary users.

In addition, we also investigate the spectrum hole utilization versus the number (M) of CRs

in Fig. 7 for symmetric channels where & =4 = 100 and asymmetric channels where &3 =1,

o4 = 100. It is straightforward that the three-BSDT scheme and the two-BSDT scheme

increase with the rise of M for both symmetric and asymmetric channels. The reason is that the
spectrum hole detection performance of SFSS protocol is unaffected by many error initial
sensing results which occur with an increased number of CRs, and thus the spectrum hole
utilization is not diminished. Furthermore, we can find that when the number of CRs is smaller
than a critical value, the spectrum hole utilization of the three-BSDT scheme for symmetric
channels is better than that for asymmetric channels. The reason is that the asymmetric

channel from SU; to CR; has larger attenuation (Gszi = 1) and thus the probability of

successfully decoding at CR; is lessened by this poor channel. However, the spectrum hole
utilization of the two-BSDT scheme for asymmetric channels is better than that of symmetric
channels before a critical value due to the interference-limited characteristic of the two-BSDT
scheme. Specifically, for the poor channel in asymmetric channels, CR; can use SIC to decode
the data stream and thus the probability of successfully decoding at CR; is higher for
asymmetric channels. Fig. 7 also demonstrates that, no matter which scheme (two-BSDT or
three-BSDT) is used, the performance gap between symmetric channels and asymmetric
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channels decreases and even disappears with the increasing of M. The reason is that the
increased number of CRs reduces the possibility for all relays to fail to decode the data streams,
which makes the successfully decoding probability at CRs grown and further improves the
overall outage performance and spectrum hole utilization performance. The same reason leads
to the lessening of the perform disparity between the three-BSDT scheme and the two-BSDT
scheme as M increases regardless of the specific channels used.

Lastly, we illustrate the spectrum hole utilization versus the spectrum sensing overhead «
for R = 0.5 bit/s/Hz and R = 1 bit/s/Hz. In Fig. 8, the spectrum hole utilization corresponding to
R =0.5 bit/s/Hz is larger than that to R = 1 bit/s/Hz regardless of the specific scheme used. This
shows that due to the decrease in R, the probabilities of decoding failure at cognitive users
drop and so do the communication outages occurring between the two end-sources. Also the

lower R requires less time duration allocated for secondary data transmissions, which induces
the longer spectrum sensing time duration left for R = 0.5 bit/s/Hz as shown in Fig. 8. It is clear
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that an optimal sensing overhead corresponding to the maximum of spectrum hole utilization
exists for the two schemes. Moreover, no matter which data rate (R = 0.5 bit/s’THzorR =1
bit/s/Hz) is used, the three-BSDT scheme has larger optimal sensing overhead than the
two-BSDT scheme and achieves higher spectrum hole utilization. The reason is that the larger
sensing overhead obtains the higher detection probability of spectrum holes, which brings on
the lower outage probability of the three-BSDT scheme, whereas outage probability of the two
-BSDT scheme can not always reduce with the increase of detection probability of spectrum
holes due to the interference-limited feature of it. Since the three-BSDT scheme has higher
spectrum hole utilization than the two-BSDT scheme regardless of the specific data rate used,
it is better for high data rate applications to choose the three-BSDT scheme.

5. Conclusion

In this paper, we studied the spectrum hole utilization of secondary bidirectional data
transmissions between two secondary end-sources in CRNs with imperfect spectrum sensing.
We derived closed-form asymptotic expressions of outage probabilities for two-BSDT and
three-BSDT schemes over Rayleigh fading channels. Due to the interference-limited
characteristic of two-BSDT scheme, three-BSDT scheme has better spectrum hole utilization
than two-BSDT scheme in symmetric channels, whereas the spectrum hole utilization of
two-BSDT scheme is greatly improved in asymmetric channels and thus two-BSDT scheme is
more appropriate for applications with asymmetric channels. Furthermore, the performance
gap between symmetric channels and asymmetric channels diminishes as the number of CRs
rises. On the other hand, when the influence of channel gain from the primary user to
secondary users on spectrum hole utilization is considered, the spectrum hole utilization
becomes poor as the decrease of the channel gain induces the decline of detection probability
of spectrum holes. Finally, the optimal spectrum sensing overhead is investigated in order to
maximize the spectrum hole utilization, which indicates the necessity of joint optimization of
spectrum sensing and secondary data transmissions.

Appendix A

Theorem: Given i, jeDy and i # j, X¢= min(Xs, Xw), Where Xis = s |2 /(|h Yp +1) and

o f
Xig =| htd | /(lhpd | 7p +1), te (i) If O'gSVSAZ/(UéO'J?s)HO and ngysAzl(Ui%lszd)_)O’
all the events in Pr{X; <A, X, <A,...,Xp_ <A} are mutually independent.

Proof: According to the expression of X;, it is obvious that if only RVS Xis, Xig, Xjs and xjq are
mutually independent, X; and X; also do. We have assumed that the channels between different
nodes are independent, which means RVs |hif?, [his%, [Nial, [hial®, [hes/® and |hygl* are mutually
independent. Therefore, Xis and x;q satisfy the independence. Likewise, Xis and X;q, Xia and X;s, Xjs
and xjq also do. The following discusses the independence of x;s and x;s, the result of which is
applicable to xiq and x;q. First, we derive the probabilities of both x;s < v and x;s <w, where v,w >
0. Assuming that r = |h?, s = |h,® and u = |h>. The joint probability density function of r, s
and u is expressed as

o(r.s.0) = {gsipsijs exp(—AisF — AysS —A;su)  1,8,U--0

r,s,u<0

where. 4 =1/ 0%, Ay =1/ 05 and 2 =1/ o%. Thus,
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Pr(Xis <V, Xjs <W)

r u 0 SWy , +W SVy+V
=Pr 2 <w |=[yds[, P “duf, P r,s,u)dr
( sy, +1 } Jo ds]g Io 9( )

- (A.L)
syp+1

—1- lps eXp(_ﬂisV) _ ﬂ'ps exp(_ﬁ'jsw) 4 lps exp(—ﬂisv — ljsW)
ﬂ'ps + ﬂisvyp ﬂps + ;Ljsw7p ﬂ’ps + ﬂisvyp + ﬂ'jswﬂ’p

Second, we calculate the probability of x;s < v.

_ /Ips eXp(_ﬂisV) (A.Z)
Aps + Ay p

r
Pr(x, <v)=Pr
(% <V) (sy I

< v] = [*ds]y """ h(r,s)dr =1
p

where

Aps EXp(=AFr—A,8) r,s-0
h(r,s):{;“ ) & ) r,s<0

Similarly, the probability of x;; <w is given by

Aps EXP(=AjsW) (A3)

Pr(xi <w)=1-—
o Aps + AWy

Therefore,

Pr(xs <Vv) Pr(x;s <w) (A.4)

—1_ ﬂ’ps exp(_ﬂisv) _ ips exp(_/ljsw) n )“ps exp(_ﬂ'isv B ijsw)
ﬂ‘ps +;iisv7p /1ps + ﬂ“jsw7p lps + /ﬂ'st + ljsW7/p +/115/IjsVW7/S /igs

Comparing Eqs. (A.1) with (A.4), we can obtain if . 10wy2 /22 -0, Eq.(A.1) equals

Eq.(A.4), which means x;s < v and xj; <w are independent. Likewise, we can get xig < v and Xjq
<w independent if 4,4, wiy% /A% —0 where 4, =1/02, Ay =1/ 0% and A,y =1/ o5y - When

—w= i 2702 _ 4. 2,202 2 2,2 4 2:2,0.2 2
v=w = A, we obtain Ais AWy p [ Aps = 07 A 1 (05075s) and AigAjgVWy p | Apg = 0pq7 pA” 1 (0igTig) -

Accordingly, If o4 2A% I (c50%) >0 and  ohyyiA? I (ogo%y) >0 , the events in

Pr{X; <A, X, <A,..., XIDmI < A} are all mutually independent.
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