f}lg electronics

Article

Outage Performance of Interference Cancellation-Aided
Two-Way Relaying Cognitive Network with Primary TAS/SC
Communication and Secondary Partial Relay Selection

Pham Minh Nam !, Ha Duy Hung %>*{, Lam-Thanh Tu 3, Pham Viet Tuan 00, Tran Trung Duy °

check for
updates

Citation: Minh Nam, P.; Hung, H.D,;
Tu, L.-T,; Tuan, P.V;; Duy, T.T.; Hanh,
T. Outage Performance of
Interference Cancellation-Aided
Two-Way Relaying Cognitive
Network with Primary TAS/SC
Communication and Secondary
Partial Relay Selection. Electronics
2022,11, 3645. https://doi.org/
10.3390/ electronics11223645

Academic Editor: Christos J. Bouras

Received: 20 September 2022
Accepted: 4 November 2022
Published: 8 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Tan Hanh >

Faculty of Electronics Technology, Industrial University of Ho Chi Minh City,

Ho Chi Minh City 700000, Vietnam

Wireless Communications Research Group, Faculty of Electrical and Electronics Engineering,

Ton Duc Thang University, Ho Chi Minh City 700000, Vietnam

Communication and Signal Processing Research Group, Faculty of Electrical and Electronics Engineering,
Ton Duc Thang University, Ho Chi Minh City 700000, Vietnam

Faculty of Physics, Universityof Education, Hue University, Thua Thien Hue 530000, Vietnam

Posts and Telecommunications Institute of Technology, Ho Chi Minh City 700000, Vietnam
Correspondence: haduyhung@tdtu.edu.vn

Abstract: In this paper, we propose a two-way relaying scheme using digital network coding in
an underlay cognitive radio network. In the proposed scheme, the transmit antenna selection and
selection techniques are combined using a primary transmitter and a primary receiver, respectively.
In the secondary network, two source nodes that cannot directly communicate attempt to exchange
their data with each other. As a result, the relaying technique using partial relay selection is applied
to assist the data exchange. Particularly, at the first time slot, the selected secondary relay applies an
interference cancellation technique to decode the data received from the secondary sources. Then, the
selected relay uses digital network coding to send XOR-ed data to the sources at the second time slot.
We first derive the outage probability of the primary network over block the Rayleigh fading channel.
Then, the transmit power of the secondary transmitters including the source and relay nodes are
calculated to guarantee the quality of service of the primary network. Finally, the exact closed-form
formulas of the outage probability of the secondary sources over the block Rayleigh fading channel
are derived, and then verified by computer simulations using the Monte Carlo method.

Keywords: interference cancellation; two-way relaying network; digital network coding; underlay
cognitive radio; outage probability; partial relay selection

1. Introduction

In recent years, cognitive radio networks (CRNs) [1] have become an attractive topic
that has gained significant attention among researchers. Underlay spectrum sharing (or
underlay CRN) is one efficient technique that allows secondary users (SUs) to access bands
licensed to primary users (PUs). To satisfy a pre-determined interference constraint, SUs
must adjust the transmit power, using the instantaneous channel state information (CSI) of
the interference links from SUs to PUs [2-6]. However, it is difficult to implement spectrum-
sharing methods in [2-6] due to the requirement of high synchronization between PUs and
SUs. In [7-9], the transmit power of the secondary transmitters is calculated using the ex-
pected values of CSI under the constraint of a target outage probability (OP) of the primary
network. Due to the limited transmit power and co-channel interference from the primary
operation, the performance of the secondary network is severely degraded [9]. To improve
the secondary performance, relaying schemes using intermediate relays (see [10-15]) are
commonly employed. Particularly, whilst some published works [6,7,10] studied dual-
hop relaying underlay CNRs, others [2,8] considered multi-hop relaying ones. To further
enhance the performance of the secondary network in dual-hop relaying models, relay

Electronics 2022, 11, 3645. https://doi.org/10.3390/ electronics11223645

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics11223645
https://doi.org/10.3390/electronics11223645
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-6980-7273
https://orcid.org/0000-0002-7060-2272
https://orcid.org/0000-0002-3947-2174
https://doi.org/10.3390/electronics11223645
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11223645?type=check_update&version=1

Electronics 2022, 11, 3645

2 of 20

selection methods were investigated in [3,16-18]. The authors in [16,17] proposed partial
relay selection (PRS) methods, where the best relay was selected using the CSI of the
source-relay links. In contrast to PRS, the full-relay selection (FRS) method in [18] used
the CSI of the source-relay and relay—destination links to find the best relay. Therefore, the
implementation of PRS is much simpler than that of FRS, and hence, in this paper, the PRS is
employed to enhance the OP performance for the secondary network. However, published
works [2,3,6-10,16-18] have not studied the non-orthogonal multiple access (NOMA) tech-
nique which can significantly increase the data rate for the secondary network.

In [4,5,19-25], the underlay CRNs using NOMA were reported. Applying NOMA, a
secondary source can communicate with different secondary destinations at the same time
and the same frequency, and the secondary destinations have to perform the interference
cancellation technique (ICT) to extract their desired signals. As a result, NOMA provides a
much higher data rate and multiplexing gain for the underlay CRNs, as compared with
conventional orthogonal multiple access (OMA). In [19], a dual-hop underlay CRN using
NOMA was introduced, where a secondary source could send its data to two secondary
destinations thanks to an amplify-and-forward (AF) secondary relay. Compared to the
corresponding OMA scheme, the scheme proposed in [19] obtained better performance,
in terms of OP and throughput. The published works [4,5] proposed that dual-hop co-
operative decode-and-forward (DF) underlay CRNs adopted NOMA. The authors in [20]
evaluated the throughput of a multi-user underlay CRN using the user selection method.
In addition, the published work [20] proposed an intelligent switching strategy between
NOMA and OMA. In [21], the authors proposed a CSI-based power control for an adaptive
NOMA /OMA switching scheme in the uplink underlay CRNs. In [22], PRS was applied for
the NOMA-assisted underlay CRNs to increase the reliability of data transmission between
a secondary base station and multiple secondary users. In addition, the authors in [22]
also studied the impact of the imperfect SIC on pairwise error probability (PEP). In [23],
the OP of a cooperative NOMA scheme with the imperfect SIC in the underlay CRNs was
evaluated. Th published work [24] proposed the cognitive NOMA scenario for Internet of
Things (IoTs) networks using short-packet communications under joint impact of imperfect
CSI and SIC problems. The authors in [25] considered a reconfigurable intelligent surface
(RIS)-aided cognitive NOMA model, where RIS (instead of the secondary relays) was
deployed to serve two secondary destinations. However, the published works [4,5,19-25]
were only concerned with one-way relaying underlay CRNS.

Two-way relaying (TWR) [26] is an efficient method that provides higher throughput
for bidirectional communication networks. In TWR, two sources attempt to exchange their
data via the assistance of one or many common relays. In conventional dual-hop TWR
networks [27], the data exchange is performed via 04 orthogonal time slots, and hence the
obtained data rate is 02/04 (02 data/04 time slots). In digital network coding (DNC) TWR
or three-phase TWR [27-31], the sources use the first two time slots to send their data to
the common relay. Then, this relay attempts to decode the received data, performs the
XOR operation, and finally transmits the XOR-ed data to the sources at the third time slot.
The DNC TWR approach can reduce one transmission time slot, and hence the obtained
data rate is 02/03 (02 data/03 time slots). The authors in [27,28] proposed max-min relay
selection approaches to reduce the bit error rate (BER) for the DNC TWR networks. In [29],
the three-phase TWR model using FRS, with the presence of untrusted relays, was reported.
The published works [30,31] studied the OP performance of the DNC TWR networks
operating in the radio-frequency energy harvesting (RF-EH) environment. Moreover, both
PRS and FRS were considered and evaluated in [31]. Analog network coding (ANC) TWR
or two-phase TWR was introduced in [32], where two source nodes used the first time slot
to transmit their data to the common relay. At the second time slot, the relay amplified
the received signals, and then sent the amplified signal to both sources. Therefore, the
ANC TWR scheme obtained the data rate of 02/02 (02 data/02 time slots). However, in
the two-phase TWR, when amplifying the received signals, noises are also amplified and
accumulated at the sources. Unlike ANC TWR, the relay in DNC TWR can perfectly remove
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noises due to the decoding operation. However, the disadvantage of DNC TWR is that this
technique must use three time slots for each data exchange. To enhance the data rate for
DNC TWR, the published works [33-35] applied the interference cancellation technique
(ICT) at the common relay, and hence the schemes proposed in [33-35] also obtained the
data rate of 02/02.

This paper proposes the DNC TWR scheme operating in the underlay spectrum
sharing mode. In the primary network, the transmit antenna selection (TAS) and selection
combining (SC) techniques are used at the transmitter and receiver nodes, respectively. In
the secondary network, the DNC TWR approach with PRS and ICT is used to enhance the
OP performance.

1.1. Related Works

In contrast to [27-31], in this paper, ICT is used to reduce one transmission time
slot for the DNC TWR networks. Unlike [33-35], our proposed scheme applies PRS to
the secondary network. Moreover, this paper considers block fading channels, in which
channel coefficients do not change during one data transmission cycle, but independently
change after each cycle. Although the published works [27,36,37] were concerned with
TWR in the underlay CRNs, these references did not study ICT. Moreover, Ref. [36] studied
the two-phase TWR model exploiting a direct link between the sources, while Ref. [37]
considered a single-relay model operating on the RF-EH environment. The authors in [38]
proposed the underlay TWR scheme using RIS and full-duplex transmission. However,
Ref. [38] did not study relay selection as well as ICT.

To the best of our knowledge, the published works [39,40] are the most relevant to
the topic of this paper. Indeed, [39,40] both considered the DNC TWR underlay CRNs
using ICT. In [39], the secondary relay node was selected to maximize the channel capacity
at both sources as well as to minimize the collection time of CSI. However, the main
differences between this paper and Ref. [39] are given as follows: (i) different relay selection
methods were proposed in this paper and [39]; (ii) in [39], block fading channel was not
considered; (iii) the secondary transmitters in [39] used the instantaneous CSI of the cross-
interference links to adjust their transmission power. Then, it is worth noting that this
paper was developed from our previous work [40], and the main difference between this
paper and [40] can be listed as follows: (i) this paper applies PRS for the secondary network;
(ii) the block fading channel was not considered in [40]; (iii) the transmit power adjustment
method for the secondary transmitters in this paper is different to that in [40]; and (iv) the
mathematical derivations in this paper are more challenging because we study the PRS and
block fading channel.

1.2. Motivation and Main Contribution
The motivation and main contribution of this paper can be summarized as follows:

*  We propose the TAS/SC technique for the primary network to enhance the OP perfor-
mance for the primary network as well as to increase the spectrum access possibility
of the secondary network.

* Based on the exact closed-form expression of the OP of the primary network, we
derived the closed-form expressions of the transmit power for the secondary source
and relay nodes under the condition that the minimum QoS of the primary network
must be guaranteed.

*  The PRS method is applied to the secondary network to enhance the OP performance
at the secondary sources.

*  We derive new exact closed-form formulas of OP at the source nodes over the block
Rayleigh fading channel, which are checked and corrected with Monte Carlo simulations.

We organize this paper as follows: the introduction is in Section 1. The proposed
system model is illustrated in Section 2. In Section 3, we analyzed the performance of the
primary and secondary networks. The results and discussion are given in Section 4. Finally,
the conclusions and useful recommendations are provided in Section 5.
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2. System Model

In Figure 1, we present the system model of the proposed underlay CRN applying
TAS/SC for the primary network, and the DNC TWR and PRS techniques for the secondary
network. In the primary network, the Nt-antenna primary transmitter (PT) uses TAS
to serve the Nr-antenna primary receiver (PR) using SC. In the secondary network, the
secondary sources SS; and SS; exchange their data (denoted by x; and x;, respectively)
with each other thanks to M secondary relays (denoted by SR;;, where m = 1,2,..., M). In
addition, only one relay (denoted by SR;) is selected to assist the SS; — SS, data exchange.
Assume that SS5; and SS; cannot directly communicate with each other due to the great
distance between them, and all secondary nodes only have one antenna. As mentioned
earlier, the data exchange is performed via two orthogonal time slots: i) S5; and SS,, at the
first time slot send its data to SR, which then uses ICT to decode the received data; ii) if
SRy, can correctly decode both x; and x», it performs the XOR operation, i.e., x¢ = x1 @ x2,
and then sends the XOR-ed data (xg ) to SS; and SS; at the second time slot. If SR;, only
correctly decodes x1 (or x;), it will transmit x1 (or x) to SS; (or SS1) at the second time slot.

Data Links ___: Interference Links

Figure 1. The DNC TWR model in the proposed underlay CRIN.

The proposed scheme can be applied to wireless sensor networks and wireless ad
hoc networks. For example, in wireless sensor networks, the secondary nodes are sensors
while the primary nodes are base stations and /or mobile users in cellular mobile networks.
Because of the limited size, the sensor nodes are only equipped with one antenna. Moreover,
the sensor networks have to operate on the USS mode to be able to access the bands licensed
to the primary nodes.

Let o denote the channel coefficient of the A — B link, where A is a transmitter and B
is a receiver, i.e., A € {SS1,SS, SRy, PT,, }, B € {SS1,SSy, SRy, PRy}, PT, (1 =1,2,...,Nt)
denotes the u — th antenna of PT and PR, (v = 1,2,..., NR) denotes the v — th antenna of
PR. Then, we denote gap as the corresponding channel gain: gag = |1ap |2, and dag as a
link distance between A and B. We can assume that the secondary relays are close to each

other, i.e., they are in one cluster. Hence, we can write that dasr , 24 Asr and dsg, B 2 dsre,
VA, B, m. Moreover, we can also assume that the secondary relays are closer to SS; than to
SS, (i.e., dsslsR < dSSZSR)/ and SS; is closer to PR than SS, (i.e., dsslPR > dsssz).



Electronics 2022, 11, 3645

50f 20

Remark 1. In the case where dss, pr < dss,pRr, we simply change the role of SSq by that of 5S>, and
vice versa. Then, considering ultra-dense wireless networks [41,42] where there are a lot of nodes that are
between the radio range of SS1 and SS», they can be considered the potential relays. Among these relays,
we focused on the M nodes which are nearer to SSq than SS,.

Because all the A-B channels are Rayleigh fading, the probability density function
(PDF) and cumulative distribution function (CDF) of gap can be written, respectively, as

faap (%) = Qapexp(—Qapx), Fgyp(x) =1 — exp(—Qapx), ¢))

where Qap = (dap)" and p (2 < p < 8) denotes a path-loss exponential.

For the ease of presentation and analysis, we assume that the random variables (RVs)
8prT,B (§APR,, §ASR,, and gsg ) are independent and identical. Therefore, we can use the
following notations:

A A A A
Qpr,B = Qp1B, QAPR, = QAPR, QASR,, = Qasr, Qsr,,B = Qsre, Vi, 0,m. ()

Remark 2. This paper considers the block Rayleigh fading channel, where g op remains unchanged
during one data exchange cycle, but changes independently after each cycle. As a result, we have
3AB = gBa for all the A and B nodes.

Since dss sr < dss,sr, We hence apply PRS for the second hop between SS; and SRy,
as (see [31])

SRy : gss,8R, =  ax M(gsszsm,,)- 3)

Because SS; and SRy, are in radio range of one another, we can assume that the CSI
of the SR, — SS; links are available at SS;. Therefore, SS, can select the best relay SRy, as
presented in (3).

From (3), and using CDF in (1), we obtain CDF of gsg sR, as

M
Fogs,sr, (X) = Pr( max M(gSSZSRm) < x) = {ngszsm (x)}

m=12,...,
= [t e ()|

M
=1+ Y (-1)Pck, exp(—pQgSSZSRx), 4)
p=1

14 . . . . . r _ M!
where C;; denotes a binomial coefficient, i.e., C); = SIM—p)T*

Then, the corresponding PDF of gss,sg, can be expressed as

fgSSZSRb (x) = MQgSSZSR exp (_QSSSZSRX> [1 —exp (_QgSSZSRx)} "
M-1

= Z%) (_1)pCK/I—1M085525R exp(—(p + 1)Qgsszsr<x)' ©)
p:

We now describe the operation principle of the proposed scheme. At the first time slot,
SS; and SS;, respectively, send x; and x; to SRy, and PT uses the f-th antenna to send its
data (xp) to PR. The received signals at the r-th antenna of PR and at SR, under the impact
of the cross interference, can be given, respectively, as

Ypr, = V/ PprhpT,PR, XP + 1/ Pss, hiss PR, X1 + 1/ Pss,liss, PR, X2 + PR, (6)
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Ysr, = \/ Pss, hiss,sr, X1 + 1/ Pss, hiss,sr, X2 + \/ PprhpT,sr, Xp + SR, - ()

In (6) and (7), Pa is the transmit power of transmitter A, where A € {PT,SS;,SS,}, npR,
and ngg, denote Gaussian noises at PR, and SRy, respectively. For the ease of presentation
and analysis, we can assume that the Gaussian noises at all receivers B have zero mean and
unit variance. In addition, we transmit the power Psg, and Psg,, which will be derived by
closed-form expressions in the next section.

From (6), we can formulate the instantaneous signal-to-interference-plus-noise ratio
(SINR) obtained at PR, as

PprgPT,PR, ®)

Yp1, PR, = .
" Psg, 8ss,PR, + Pss,8ss,PR, + 1

From (8), the TAS/SC algorithm can be written as follows:

t,7r): = ma max ( ) . 9
(t,r) : Ypr, PR, S XA YpT,,PR, 9
Equation (9) implies that PT and PR cooperate to choose the best transmit and receive
antennas to maximize the SINR obtained in this time slot.
For SRy, since dsg,sr < dss,sr, and hence Psg, > Psg, (see Section 3.2), and SR;, has to
decode x first. From (7), the SINR obtained for decoding x; is calculated as

Pss, gs5,5R,
Pss,8ss,9R, + PprgPT SR, 1

Psr, x, = (10)

Then, if x; can be correctly decoded, SR;, can be removed \/FsthSISbel in
Ysr, [20-25]. Then, the signal used to decode x; is given as

Ysr, = \/ Pss,Niss,sr, X2 + / Pprhpt s, xp + 1sR, - (11)
From (11), the SINR obtained for decoding x; is written as

P552 8SS,5R,,
= %5 - | 1 12
PSRy, s Pprgprsr, +1 ;

Remark 3. If SR, only correctly decodes x1, it will only send x1 to SSy at the second time slot. It
is worth noting that if SRy, cannot successfully decode x1, it cannot perform ICT to remove x1, and
hence x; is also not decoded. Moreover, in the case where SRy, cannot correctly obtain xq and x, it
will do nothing at the second time slot.

Let us consider the secondary time slot, and assume that SR, can access the licensed
band to transmit the data x* (x* € {xg, x1}). In this time slot, assume that PT uses the w-th
antenna to send the xp to PR. Then, the received signals at the z-th antenna of PR, at S5,
and at SS; can be written, respectively, as

ypr, = / Porhpr, pR.XP + \/KRthRbPRZX* + 1R, (13)
yss, = \/?Rbhsmsslx* + v/ Perhpr,s5,%p + Tiss, 14
Yss, = \/Km,hsmsszx" + v/ Perhpr, s5,%p + Tiss,, (15

where Psg, is the transmit power of SR;, (Psg, which will be derived in the next section),
and ng denotes the Gaussian noises at the receiver B whose zero mean and unit variance
with B € {PR;,SS1,SS,}.
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From (13), the SINR received at PR, is calculated as
PprgpT, PR
wPR, = 5 (16)
PPT PR PsR, &SR, PR, 1

Similarly to (9), the TAS/SC algorithm in the second time slot can be written as
,2) ’ = ax max . 17
(w,2) : gpr,, PR, pmax | max (GDPT,,,PRq) (17)

Remark 4. To realize the TAS/SC algorithms in (9) and (17), in the set-up phase, PT, 5S1, 552,
and SRy, send pilot signals to PR. Then, PR estimates the channel coefficients h PT, PR,/ hss,pr »
hssszq, and hSRprq to calculate the instantaneous SINRs @PT,,PR,- Using (9) and (17), PR can
determine the best transmitting antennas at PT and its best receiving antennas, in the first and
secondary slots. Finally, PR feedbacks the index of these antennas to PT. Here, we also assume that
the CSI estimation at PR is perfect.

It is worth noting that various diversity transmitting/receiving techniques such
as TAS/maximal ratio combining (MRC), maximal ratio transmission (MRT)/SC, and
MRT/MRC can be used to enhance the OP performance for the primary network. However,
the MRT and MRC techniques require both the amplitude and phase information of the
channel coefficients. As a result, the implementation of the MRT and MRC techniques is
more complex than that of TAS and SC. Moreover, as with using the MRT technique, PT
has to use all its transmit antennas, which can cause more co-channel interference on the
secondary network.

Next, for SS1 and SS,, the SINRs obtained for decoding x* can be formulated, respec-
tively, as

Psr, &5R, S8, PsRr, &SR, S8,

s Pss, = . (18)
Pprgpr,ss, + 177777 Pprgpr,ss, + 1

Pss; =

We note from (18) that when x* = xy, this means that SR, only sends x; to SS; at the
second time slot, and hence SS; is the outage in this case. When x* = xg,, the secondary
source SS;(i = 1,2) attempts to decode x¢g so that it can obtain the desired data by using
the XOR rule, i.e., x; ® xg = xj, where j = 1,2 and j # i.

This paper evaluates OP for the primary and secondary networks. For the primary
network, OP in the first and second time slots can be formulated, respectively, as

OPp; = Pr(¢pr,pr, < Opth), OPpp = Pr(¢@pr, PR, < OpPth), (19)

where Opy, is a pre-determined threshold of the primary network.
For the secondary network, we consider OP at SS; and SS,. At first, the OP of SS; is
formulated as

OPss, =1 —Pr(ysr,,v; = Osth, PR, x, = Osths Pss, = Osin ), (20)

where 0gy, is a pre-determined threshold of the secondary network.

In (20), Pr(l[JSRh/xl Z GSth/ IIJSRbeZ 2 BSth/ qusl 2 GSth) is the probabﬂlty that SSl can
correctly receive the data x, i.e., xp is successfully obtained by SR at the first time slot
(1/751{,,,x1 > Osth, Psr,,x, = GSth), and the transmission from SR;, to SS; at the second time slot
is successful (@ss, > Ogth)-

Then, the OP of SS, can be formulated as

OPss, = 1 — Pr(¢sr, x, > Osth, Pss, > Osen), (21)

where Pr (IIJSRb’xl > Osth, Pss, > GSth) is the probability that x; is successfully decoded by

SRy, and SS; at the first and second time slots, respectively.
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3. Performance Analysis

At first, we evaluate the OP of the primary network, and use this result to calculate
the transmit power of SS1, SS; and SR,
3.1. OP of the Primary Network

Combining (8), (9), and (19), the OP at the first time slot can be formulated as

OPp; = Pr max max ( ) <0
P1 p=12,..,Nr =12,...,Ng YPT, PR, Pth

NpNg
= [Pf (¢PTP,PRq < 9Pth)}
NpNr
= |Pr (gPT,,PRq < 01855,PR, 1 02855,PR,; + Po) / (22)
T
where
_Opw  PssOpn Pss)Opmn
Fo Per’ Ppr Ppr

As marked in (22), the probability Z; can be expressed in the following form:

—+o00 —+o00
I = /0 /0 FgPTpPRq (1% + P2y + po)fgsslqu (x)fgsszpkq (y)dxdy. (23)

Substituting CDF Fopy b (01% + 02 + p0) and PDFs feeg o (x) and feg pr, () into (23);
after some careful calculation, we obtain an exact closed-form expression of Z;. Then, sub-
stituting this result into (22) yields

(24)

O O
OPp; = [1 SSIPR S5,PR exp(—QprprO0)

NtNg
~ Qss,pr + QpTPRAT Qs5,PR + QPTPRO2 }

Similarly, combining (16), (17), and (19), the OP of the primary network at the second
time slot can be exactly computed as

OPpp = Pr max max ( ) <6
P2 p=12,.,Nrq=12,..,Ng PP, PR Pth

= [Pr((l)PTp,PRq < 9Pth)}NTNR

= [Pl" (ngpqu < 038R, PR, +‘OOHNTNR

[1 _ Qsrrr
Qgsrpr + QpTPRE3

, (25)

NpNg
exp(— QPTPRPO)}

where

PsRr, Optn
Ppr

p3 =

Remark 5. We now consider a special case where the secondary users are not currently using the licensed
band. Because there is no co-channel interference from the secondary network, the TAS/SC algorithms in
(9) and (17) can be re-written, under the following form:

(1) = grmer, = pL b Np g=12 N (gPTPPRﬂ ) (26)
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From (26), it is straightforward to calculate the OP of the primary network as
OPpg = Pr(Pprgpr,pR, < Opth)
(omom)
(s, o, (s ) <)
_ NrNg
= [1 —exp(—Qprprpo)] - (27)

3.2. Transmit Power of SSq, SSp and SR,

As proposed in [7-9], let epp denote the target QoS of the primary network, i.e.,
OPp; < gpp and OPp; < gpp. To find the transmit power of SSq, SS,, and SR, we have
to solve the following equations: OPp; = eop and OPp; = epp. Then, using (25) to solve
OPpp = eop, we have

A —1 Qgrpr

Q
oy = (A1) DR p
Opth OPTPR

Qprpr b

Ppr, (28)

where
1

A= ————exp(—QprrrP0)- (29)
1 — (eop) MR

Because Psg, is not negative, Equation (28) is re-written as follows:

A — 1 Qgrpr Por +

’ 30
Open  QpTPR (30)

Per, =
where [x]" = max(0, x).
From (27)-(30), it is straightforward that Psg, > 0 if

A—1> 0% [1—exp(—Qprprpo)] " < eop
& OPpg < gop- (31)

Remark 6. Equation (31) implies that the primary network only shares the licensed band with the
secondary network if the OP of the primary network without the interference from the secondary
network (OPpy) is less than the required QoS. Otherwise, if OPpy > €op, then SRy, is not allowed
to access the licensed band, i.e., Pg R, = 0. Itis also noted from (30) that the transmit power of the
secondary relays is the same.

Then, we consider Psg, and Psg,. Similarly to the power allocation method proposed
in [7,8], we have the following formula:

Pss,  Pss,
Oss,pr - Qss,PR

=4 (32)

Equation (32) presents that the average interference power at PR (due to the data
transmission of SS; and SSy) is the same or Psg, (dss,pr) | = Pss, (dss,pr) - Therefore, if
dss, PR = dss,pRr, then Psg, > Psg, and vice versa. Now, combining (24) and (32), we obtain

NtNg

Ppr ) 2
OPp1 = |1 — exp(—Q) . 33
M [ (PPT + QprprOph S P(=Orrereo) (33)
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Then, solving OPp; = eop, we can find Psg, and Psg,, respectively, as

VA -1 Qss pr
Ot QpTPR

Pss, = (34)

Optn  QprPR

+ +
VA -1 Qgspr
PPT] , Pss, = —Ppr| .

Remark 7. Similarly, the condition for Pss,, Pss, > 0is OPpy < eop. Moreover, as Ppy — +0o,
we have exp(—Qprprpo) ~ 1, and then we can approximate Psg,, Pss,, and Pss,, respectively, as

Pey—+o0 A* — 1 QOgrpr Ppr—+o0 ( VA* — 1) Qss, PR

SR, ~ —,—— - DIrr,Pss & Ppr,

Open  QpTPR Optn Qptrr
Ppr—+o0 ( VAT — 1) Qss, PR
Pss, = 2— Ppr. (35)

Opth Qptpr

-1
1
where A* = [1 — (eop) NTNR} . We can observe from (35) that at high transmit power Ppr, the

transmit power Psg,, Pss,, and Pss, linearly increases as Ppt increases.

3.3. OP of the Secondary Network

This sub-section calculates OPsg, and OPsg, as in Propositions 1 and 2 below. At first,
plugging (10), (12), and (18)—(21) together, we can rewrite OPsg, and OPsg, , respectively, as

OPss, =1 — Pr(X; > a1 X+ apU + g, Xp > agVo + as5), (36)

I,

OPSS1 =1- Pr(X1 > 01Xy + a4+ wg, Xo > agU+ w3, X7 > agVq + 065), (37)

I3

where X1 = ¢ss,5R, = $5R,S5; X2 = §55,5R, = &SR,SS,, U = &PTiSR,, V1 = &§PT,SS,, V2 =
§PT,,S5,, and

0 Osth Pss Osin P o Ppr0 0 Ppt0
Sth o _ USth7SS, - UsthfpT o Usth o IPTUsth o Usth | TPTUsth

Ky = = =
0 P581 ’ 7

= , &1
Psg, Psg,

- 7
Pss, Pss,

- 7
PR, Pog,

7

Proposition 1. OPss, can be expressed by an exact closed-form expression as

Qprsr
OPsg, =1 — exp(—Q) o
s5, Orrse + Oss,sritz p(—Qss,sr%0)
X Mil (—1)” Chi_1MQss,sr Qprss,
p=0 (p+ 1)QSSZSR + Oss;sr1 Oprss, + ((P + 1)QSSZSR + stlthXl)océ
x exp(— ((P + 1)0552'SR + stlsRacl)oc5). (38)

Proof. Setting U = u, V, = vy, we can formulate 7, in (36), conditioned on U = u,
Vo =1y, as
—+00
Ir(u,vp) = / [1 —Fx, (w1xp + apu + No)}fXZ(XZ)dXZ. (39)

KUy +a5

Substituting the CDF of X in (1) and PDF of X; in (5) into (39), after some calcula-
tion, we obtain
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T (u,v3) = exp(—Ogg,srt0) exp(—ss,srA21)

_ p
Y (MO
p=0 (p +1)Qss,sr + Oss,5R%1

x exp(—((p +1)Qss,sr + Qss,5R21 ) 462). (40)

exp (—((p +1)Qss,sr + Qs5,5R41 ) t5)

Then, from (40), we obtain an exact closed-form expression of 7, as follows:

Iz = /O+oo /O+°° 1'2(14, Z)z)fu(u)fvz (Uz)dudl)

_ QpTsr
Qprsr + Oss,srRA2

exp (—Qss,sr0)

X Mil (—=1)7 Cha—1MOssssr Qprss,
p=0 (P + 1) Ossysr + Qs sr1 Qprss, + (P + 1)Qss,sr + Qssysran) 6
X exp(—((p + 1)QSSZSR + stlsRDCl)DCS). (41)

Substituting (41) into (36), we obtain OPsg,, and finish the proof.
O

Proposition 2. OPsg, can be expressed as follows:
. Case 1: P551 > (1 + QSth)PSRb

OPec —1— % < BiOprss,  BaQprss,  B3Qprss, B4Qprss, >
1 =1 \Qprss; +p1 QOprss; +B3 Oprss, + B2 Oprss, + Pa
M
Qprsr Qprss, a8 ( a5 — Oé7)
— A . exp| —(Q) +
p;l > Qprsr + A3 Oprss, &8 + (QpTsr + X3) %6 P~ (Orrsr +x3) og

M

Qp1sr Oprss, 48 ( a5 — oy

+) A exp | —(Qprsr + X4 , (42)
p;l *Oprsr + x4 Oprss, @8 + (Qprsr + X4)%6 P~ xe) g

e Case2: Psg < (14 0su)Psg,

OPec — 1 A [ C1Oprsr C2Qprsr
10T Qprsr +B5  Qprsg +
p—1 LQPTSR +P5  Qprsr + Pe

_ % AsQprsg AZ/I: A3Qprsrite eXP<—QPTss a7 — 065)
o1 Qprsr +x3 )= (Qprsr + x3) 6 + Oprss, a8 '

M

M
A4Qprsr AgQprsras ( ay — “5)
- + exp| —Q) , (43

p;l Qprsr + X4 pgl (Qprsr + X4a)&6 + Qprss, &8 P TS50 )
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where
Ay = (—1)PHic Oss,sRA1 ox pQss,srao — (Qss,sr1 + POss,sRr ) X6
M Qg sr1 + pQss,sr aq ’
(Oss,sr11 + PQss,sR) e pQss,srA2
B1 = Qss,sr%6, B2 = ! ™ 2 X1 = PQss,sRA4, X2 = 04721'

Az = (—1)PT'Ch exp(—Qss srt7 — pQss,srA3),

Q w QO ap — (O wq + pQ) o
Ay = (~1)PIct, SS,SRA1 oxpy [ PESS25R%0 (Qss,srA1 + PQss,sR ) 47 ,
Qss,srR¥1 + pPQss,sR aq

Oss,sra1 + pQss,sr ) &8 — PLlss,sRA2
X3 = Qsgg,sr8 + pPOss,srA4, X4 = (Oss, ;1 ) e

A1Q) A1Q) O —
g, — AQprsr 5 AiQprsr (( PSR + X1) (&5 “7))

YT Oprsr+ 17 2 Oprer + 1 ag
. — A20pTeR  AOprer ( (Qprsr + x2) (a5 — 067))
3= By= ——— > exp| —
QpTsr + X2 QpTSR + X2 ag
_ (QprsR +x1)%6 ,  (Qprsr + X2)a6
183 - ,84 - -
xs xs

A1Qprss, (Qprss, + B1) (a7 — as) X146 + (Qprss, + B1)as
D E——— eXp — , ‘BS =

C

l pr—
Qprss, + B1 X6 Xp

~ AxQprss, ox ( (Qprss, + B2) (a7 — 065)) Bo = —X20t6 + (Qprss, + B2)ag

C =
Qprss, + B2 6 a6

Proof. At first, by setting U = u, V3 = v, we can write Z3 in (37), conditioned on
u= u, V2 = Uy, as

T3(u,v1) = Pr(Xy > a1 Xo + agu + ag, Xo > agu + a3, X1 > agv1 + a5). (44)

Then, Z3(u, v1) can be formulated in two conditions: (C1) agu + a7 < agv1 + as5; and
(C2) agu + a7 > vy + as, respectively, as

Xl 7“2117“0

Z3(u,v1|Cy) = /Ho fxl(xl)[/“

J eV tas5

sz (X2)de‘| dx1

qu+ag

+oo X1 — 0ol — &
= fx, (x1) {sz (120> — Fx, (aqu + “3)] dxy, (45)
N6V t+0u5 X1
+OO Xl*ﬂz“*ﬂ(o
T3(u,v1|Ca) = / fx, (x1) [/ fx, (x2)dx21 dxq
agu-+ay agu+ug

+o0

= [l B

agu-+tuy

X1 — XU — Ko

i > - FXZ(OC414 + 0(3):| dxl. (46)

Substituting the PDF of X; given in (1), and CDF of X, given in (4) into (45), after
some calculation, we obtain a closed-form expression of Z3(u, v1|Cy ) as follows:

M M
I3(u,v1|C1) = ) Arexp(—p1o1) exp(—x1u) — Y Asexp(—pav1) exp(xou).  (47)
p=1 p=1
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For Z3(u,v1|Cy) in (46), similarly, we have
M M
T3(u,v1|Ca) = Y Agexp(—xau) — Y Agexp(—xa). (48)
p=1 p=1

Then, by averaging Zs(u, v1), with respect to U and V;, we can obtain Z3 in Case 1 and

Case 2 as

M
QOprsr Qprss, &8 a5 — oy
=) A ! —(Q
> 321 54 ag P (Qprsr + Xx3) o

Case 1: PSS1 > (1 + GSth)PSRb or a5 > Ky
In this case, we have

+oo kU1 +ag—ay

13 = 0 fv, (01) [/0 " fu(u)Zz(u,v1|C1)du | dvq

Vi

400 400
+ fVl(Ul)[./%vﬁ%w fU(”)IB(”/UﬂCZ)d”]dvl' (49)

ag

J2

Considering J; as marked in (49); combining (1) and (45), we can write

M M

oo Zl By exp(—p1v1) — 21 B; exp(—pB3v1)—
jl = 0 fVl (01) = M = M dvl- (50)

— Bsexp(—PBov1) + Y Bsexp(—pBav1)

p=1 p=1
Next, substituting the PDF of V; given in (1) into (50), we obtain J; as
= % ( BiQprss,  BaQOprss,  B3Oprss, B4Qprss, > 51)
oot \Qprss, +B1 Oprss, +P3 Qprss, + B2 Oprss, + P/

Similarly, we can exactly calculate 7 in (49) as

PSR + X3 Qprss, &8 + (Qprsr + X3 8

M

QOprsr Qprss, &g ( a5 — oy

— ) Ay ! exp | —(Qprsr + X4 . (52)
El Oprsr + X4 Oprss, &8 + (Qprsr + X4) 6 P~ xe) og

Case 2: P551 < (1 + GSth)PSRh oras < ay

Similarly to Case 1, we can formulate Z3 in this case as follows:

—+00 “+o0
L= ful) [[war% fy (01)Z3(u, v1|C1)d01] du
%6

T3

oo syt
+ A Sfu(u) [/0 6 fv, (v1)Z3(u, Ul’CZ)dW] du . (53)

T
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Similarly to the derivation of J; and J>, we can obtain [J3 and Jj in (53), respec-

tively, as
M T C0 C,0
T3 = 1Qptsk - G2Oprsr } 5
o= LQprsr +Bs Qprsr + Pe
M M
A3Qprsr A3QpTsRAg ( oy — a5>
Ja = o exp| —Q)
' P;l Oprsr + 13 pgi (Qprsr + X3)&6 + Qprss, &8 P PTSS1 ™ o
M M
A4QpTsR AsQprsrie ( oy — “5>
_ + oxol —0 . 55)
o—1 OpTsR + X4 p; (Qprsr + X4)t6 + Qprss, X8 p PTSS

Substituting (49), (51), and (52) into (37), and substituting (53)-(55) into (37), we obtain
OPsgg, in Case 1 and in Case 2, respectively. Therefore, we finish the proof here. [

4. Simulation Results

In a simulation environment, we the fix positions of SS1, SS,, PT, and PR at (0,0), (1,0),
(0.65,1), and (0.65,0.5), respectively, while that of the secondary relays is (xgr,0), and where
0 < xg < 0.5. With these positions, we can see that dsg,sg < dss,sr and dsg, pr > dss,pR-
In this section, the system parameters are fixed as follows: the path-loss exponent equals
3 (u = 3), the outage threshold of the primary network equals 1 (6py, = 1), the target
QoS of the primary network equals 0.001 (¢op = 0.001), and the outage threshold of the
secondary network equals 0.001 (fsy, = 0.001). Finally, in the figures presented below,
the markers denote the simulated results (Sim), and the solid lines denote the theoretical
results (Theory).

4.1. OP of the Primary Network and Transmit Power of the Secondary Transmitters

Figures 2 and 3, respectively, present the OP of the primary network and trans-
mit power of the secondary transmitters as a function of Ppr in dB. In these figures,
the secondary nodes are located at (0.3,0), i.e.,, xg = 0.3. At first, we can see from
these figures that at low Ppr values, the QoS of the primary network is not satisfied (i.e.,
OPpy > eop), and hence the secondary transmitters are not allowed to access the spectrum,
(i.e., Pss, = Pss, = Psg, = 0). It is worth noting that without the secondary operation,
the OP values at PR equals to OPpj. Then, let us consider the case where the transmit
power Ppr is high enough and the QoS of the primary network is satisfied. In this case,
SRy, SS1 and SS; can access the licensed band to transmit the data, using the maximum
transmit power as given in (30) and (34). Therefore, the OP at PR is equal to ¢op, i.e.,
OPp; = OPp; = gpp. As seen, when Nt = 1 and N = 3, the secondary network can access
the licensed band when Ppy > 1(dB), and when Nt = Ny = 2, the secondary network can
access the licensed band when Ppr > —1(dB). We also see that Ny = N = 2 provides
better OP performance for the primary network as well as increases the spectrum access
possibility for the secondary network, as compared with Nt = 1 and N = 3. Moreover,
with Ny = NR = 2, the transmit power of the secondary transmitters is also higher than
those with Nt = 1 and Nr = 3. Looking at Figure 3, we also see that the transmit power
of all secondary transmitters increases as Ppt increases. Moreover, as proven in (35), the
transmit power of all secondary transmitters linearly increases at high Ppr region. From
Figure 2, we can observe that the simulation results validate the theoretical ones of OPpy,
OPp,, and OPpy derived in Section 3.
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10-1 T T T T

O OPP1-Sim (NT=1 ’NR=3)

] OPPZ-SIm (NT=1 ,NR=3)

\V/ OPP1-Sim (NT=2’NR=2)
< * OPPZ-Sim (NT=2’NR=2)
c;)-lo'z Theory .
= - - - -¢€,,=0.001 ]
() OoP
Z
>

OP of Primar

10-4 1 1 1 1
-5 -3 -1 1 3 5

y Transmitters
5_;

—_
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o
T

Transmit Power gj Secondar
o

10-3 1 1 1 1 1 1 1 1
-3 - 1 3 5 7 9 11 13 15

Figure 3. Transmit power of the secondary transmitters as a function of Ppr (dB) when xg = 0.3.
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Now, we consider an optimization problem for the primary OP performance, where
the total number of transmit and receive antennas is fixed by Nt + Nr = Niot, and Nyt is a
constant. From (24), (25), and (27), OPp;, OPp,, and OPpg obtain the lowest value when

Niot 3 ;
Ny — { 2, if Niot is even (56)

% or M, if Niot is odd

For example, in Figures 2 and 3, since Niot = 4, the optimal values of Nt and Ny are
Nt = N = 2.

4.2. OP of the Secondary Network

This sub-section studies the OP of the secondary network with Ny = Ng = 2. As
presented in Figures 2 and 3, Ppt should be higher than —1 (dB) so that the secondary
transmitters are allowed to use the licensed band.

In Figure 4, we present the OP at the secondary sources as a function of Ppr in dB with
different values of the number of relays (M), and with xg = 0.3. At first, we can see that
the simulation results verify the correction of the expressions of OPsg, and OPsg, derived
in Section 3. Then, we can see that OPsg, is lower than OPsg, because the datum x; has not
yet been decoded by SRy, at the first time slot. It is also seen from Figure 4 that the OP of
5S; and SS; is lower with the increase in the number of relays (M). However, as observed
in OPsg,, with M =3 and M = 8, OPsg, only changes slightly. Finally, we can observe that
OPss, and OPss, decrease with the increase in Ppr. However, both OPsg, and OPsg, rapidly
converged to saturation values as Ppy is sufficiently high. Moreover, the saturation values
do not depend on Ppt, which means that the diversity order is equal to zero. To explain
the saturation points in Figure 4, we first rewrite the SINRs given in (10), (12), and (18) at a
high Ppt regime as follows:

v Ppr—-+00 Psg, 858, 5R, v Ppr—-+o0 Psg, 853,8R,, (57)
SRy, x 7 ¥SRy,x ’
b Pss,8s5,5R, + PPTEPT;SR, b2 Pp1gpT,SR,
Ppr—-+oo PoR, SR, 88, Ppr—-+00 PoR, 8sR, S8,
Pss, N o————) P55, N o (58)

, )
PprgpT,sSS, PprgprT,SS,

OP of Secondary Network

Figure 4. OP of the secondary sources versus Ppy (dB) when xg = 0.3.
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From (35), (57), and (58), we can see that SINRS ¥R, v, ¥sR, x,, Pss,, and @sg, at high
Ppr values do not depend on Ppr, and this is the reason why OPsg, and OPsg, converge to
the saturation values.

Figure 5 presents OPsg, and OPsg, as functions of the number of relays (M) with
different positions of the secondary relays and with Ppy = 10 (dB). As seen from Figure 5,
OPss, and OPsg, are lower with the increase in M. However, when M is high enough,
OPss, and OPsg, converge to saturation values. For example, when xg = 0.4, OPsg, (OPssl)
converges to the constants as M > 2 (M >6). Figure 5 also illustrates that, as M increases,
the performance gap between OPsg and OPsg, is smaller. Therefore, an increasing M
also provides the performance fairness between SS; and SS,. Finally, it can be observed
that position of the secondary relays significantly affects OPsg, and OPsg,. As seen from
Figure 5, OPsg, and OPsg, with xg = 0.2 are much lower than those with xg = 0.4.

107
< 4
51072 ;
=
(O]
=z
Pany
©
-3 J

-210 2
8 l ]
$ ¥ SS1 (Slm,xR=O.2)
5 0SS, (Simx;=0.2)
010 ® SS, (Simx,=0.4) |
O v SS, (Simx,=0.4)

SS1 (Theory)

882 (Theory)

1 2 3 4 5 6 7 8 9 10

Figure 5. OP of the secondary sources as a function of M when Ppt = 10 (dB).

To more clearly show the impact of xg on the OP performance of the secondary sources,
in Figure 6, we present OPsg and OPsg, as changing xg from 0.1 to 0.5. In this figure, Ppt
is fixed by 10 (dB). We first see that both OPsg, and OPsg, increase as xR increases, which
means that the proposed scheme performs well when the secondary relays are near the
source SS;. Figure 6 also shows that OPss; and OPsg, are lower with higher values of M,
and the simulation results match very well with the analytical ones.
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107
X
51072
2
()
prd
§ ¥ (Sim,M=2)
2107 0SS, (SimM=2)| -
§ ¢SS, (SmM=3)
N O  SS,(SimM=3)
;C_j * SS, (SimM=4)
o1 v SS,(SmM=4)|
SS1 (Theory)
SSZ(Theory)
'5 1 1 1
10
0.1 0.2 0.3 0.4 0.5
XR

Figure 6. OP of the secondary sources as a function of xg when Ppr = 10 (dB).

5. Conclusions

In this paper, we proposed the underlay CRN using TAS/SC to enhance the OP
performance for the primary network, and using DNC TWR, ICT, and PRS to enhance the
performance of the secondary network, in terms of OP and data rate. Additionally, we
derived the closed-form expressions of the transmit power of the secondary transmitters
and exact closed-form expressions of OP at the secondary sources over the Rayleigh fading
channel. To check the correction of the derived formulas, Monte Carlo simulations were
realized. Because all the derived expressions are in closed-form, they can be easily used
to design and optimize the considered network. Then, as proven in Section 4, enhancing
the primary OP performance with TAS/SC also increased the spectrum access possibility
and transmit power of the secondary transmitters as well as increased the second OP
performance. However, under the impact of the co-channel interference from the primary
network, the secondary network only obtains the coding gain (i.e., the diversity gain equal
to zero). The results show that the OP performance of the secondary network could be
improved by increasing the number of secondary relays and placing the relays near one of
the secondary sources. Finally, it is worth noting that increasing the number of secondary
relays also provides performance fairness for the secondary sources.
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