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Distributed Beamforming for Spectrum-Sharing
Systems With AF Cooperative Two-Way Relaying

Ali Afana, Ali Ghrayeb, Vahid Asghari, and Sofiene Affes

Abstract—We consider in this paper distributed beamforming
for two-way cognitive radio networks in an effort to improve the
spectrum efficiency and enhance the performance of the cogni-
tive (secondary) system. In particular, we consider a spectrum
sharing system where a set of amplify-and-forward (AF) relays
are employed to help a pair of secondary transceivers in the
presence of multiple licensed (primary) users. The set of relays
participate in the beamforming process, where the optimal beam-
former weights are obtained via a linear optimization method.
For this system, we investigate the transmission protocols over
two and three time-slots. To study and compare the performance
tradeoffs between the two transmission protocols, for both of them,
we derive closed-form expressions for the cumulative distribution
function (CDF) and the moment generating function (MGF) of the
equivalent end-to-end signal-to-noise ratio (SNR) at the secondary
receiver. We analyze the performance of the proposed methods
where closed-form expressions for the user outage probability
and the average error probability are derived for independent
and identically distributed Rayleigh fading channels. Numerical
results demonstrate the efficacy of beamforming in enhancing
the secondary system performance in addition to mitigating the
interference to the primary users. In addition, our results show
that the three time-slot protocol outperforms the two time-slot
protocol in certain scenarios where it offers a good compromise
between bandwidth efficiency and system performance.

Index Terms—Cognitive radio, performance analysis, spectrum
sharing systems, two-way cooperative relaying, zero forcing beam-
forming.

I. INTRODUCTION

CARCITY and under-utilization of the spectrum usage
necessitate exploiting the available spectrum opportunisti-
cally. Cognitive radio (CR), as an emerging solution, offers the
cognitive (secondary) users (SUs) the ability to access the li-
censed spectrum in an opportunistic manner. More specifically,
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the cognitive radio techniques allow SUs to sense the unused
spectrum (spectrum sensing), to manage the best available
spectrum to fulfill the user communication demands (spectrum
management), and to provide a fair spectrum sharing among all
coexisting users (spectrum sharing) [1]. Two main approaches
of spectrum sharing are identified in the literature [2]. One is the
underlay approach which operates over ultra-wide frequency
bands with strict restrictions on the transmitted power levels,
and the other is the overlay approach, which is based on giving
higher priority for primary users through the use of spectrum
sensing and adaptive allocation. While the underlay approach
allows multiple systems to be deployed in overlapping locations
and spectrum, in the overlay approach, the CR users try to
access the available spectrum without causing interference to
the primary users (PUs). To meet this limitation, SUs adapt their
transmit powers or make use of other degrees of freedom such
as beamforming to ensure the quality-of-service (QoS) of the
PU while enhancing their own performance [3].

Cooperative relaying emerged as a powerful solution for
improving the performance of single-antenna communication
nodes. This is gained by incorporating intermediate relay nodes,
which are used to assist transmission from the source to the
destination. There are two types of cooperative relaying net-
works according to the relaying directions known as one-way
and two-way relaying. Two-way relaying achieves higher band-
width efficiency than one-way relaying. Both techniques have
been extensively studied in the traditional non-cognitive radio
sense. The authors in [4]-[6] and references therein consider
threshold-based relaying strategies for two-way decode-
and-forward (DF) (digital network coding) cooperative com-
munication networks in an effort to mitigate the impact of
error propagation, resulting in preserving the diversity order
of the system. In [7]-[12], two-way amplify-and-forward (AF)
(analog network coding) cooperative relaying networks are
investigated where the performance of two, three and four
time-slot transmission protocols are compared and analyzed.

A common conclusion shared by all mentioned published
papers is that the two time-slot (2-TS) transmission protocol
offers an improved spectral efficiency as compared to the three
time-slot (3-TS) transmission strategy. However, such conclu-
sion ignores the fact that, for the 2-TS protocol, the number of
degrees of freedom decreases, and at the same time, the level of
interference at the relays increases. This motivates us to study
the tradeoff between the two schemes in terms of bandwidth
efficiency, relay power consumption, and interference cancella-
tion in spectrum-sharing systems.

Applying the concept of cooperative relaying in spectrum-
sharing systems has recently received considerable interest due
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to its efficacy in guaranteeing reliable transmission for sec-
ondary systems [13], [14]. In [14], a dual-hop relaying system
is studied, in which a secondary source wishes to send data to
a destination employing either DF or AF relaying strategy in
the presence of one PU. While cooperative one-way relaying
systems in cognitive radio networks (CRNs) have been heavily
studied, two-way relaying in spectrum-sharing environments
received little attention [15], [16]. Recently, in [15], outage
probability expressions for both primary and secondary systems
were derived in a cooperative two-way DF relaying system
where a SU helps two primary transceivers to communicate
with each other. In [16], the outage performance of a two-way
AF relaying system in a spectrum sharing environment was
investigated. However, in [15] and [16], an overlay spectrum-
sharing scenario is assumed.

Beamforming is an alternative emerging technology pro-
posed to alleviate the inflicted interference in spectrum-sharing
systems [17], [18]. Recently, applying beamforming in cooper-
ative CRNSs has received great interest [19]-[21]. For instance,
in [19], an iterative alternating optimization-based algorithm
was developed to obtain the optimal beamforming weights to
maximize the worst signal-to-interference-noise (SINR) ratio.
Convex optimization methods are used to optimize the beam-
forming weights in an overlay cognitive system [20]. However,
these algorithms and tools suffer from high computational
complexity. Zero forcing beamforming (ZFB) is a simple sub-
optimal approach that can be practically implemented. In [21],
a ZFB approach is applied to improve the primary system per-
formance in an overlay CR scenario with multi-antenna system.
However, all these works assume cooperative one-way relaying.

Recently, the problem of sum-rate maximization under con-
straints on interference on a primary receiver for multi-antenna
cognitive two-way relay network has been investigated in [22].
In that paper, the authors have provided a structure of the
optimal relay beamformer and proposed projection-based sub-
optimal beamforming schemes such as zero-forcing reception-
orthogonally projected zero-forcing transmission. The authors
in [23] have obtained the optimal beamforming coefficients in a
cognitive two-way relaying system using iterative semidefinite
programming (SDP) and bisection search methods with the
objective of minimizing the interference at the PU with SUs’
SINR constraints. This scheme suffers from high computational
complexity and implementation difficulties. We remark that all
previous works considered only one primary user that coexists
with the secondary users. Recently, in [24], the authors have
proposed a transceiver design for an overlay cognitive two-way
relay network where a secondary multi-antenna relay helps two
PUs to communicate between themselves. Optimal precoders
using SDP methods are found with the aim of maximizing the
achievable transmission rate of the SU while maintaining the
rate requirements of the PUs for different relay strategies.

Motivated by the great potential of combining two-way
relaying and beamforming, we use in this paper collaborative
distributed ZFB in two-way AF relaying in a spectrum sharing
environment. In particular, we consider a spectrum-sharing
system comprising two secondary sources communicating with
each other in two or three consecutive time slots, a number of
secondary AF relays and a number of PUs. The available relays
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that receive the signals (from the sources) are used for relaying
in the second time-slot or in the third time-slot according to
the adopted transmission protocol. Specifically, the selected
relays employ distributed ZFB to null the inflicted interference
on the PUs in the relaying phase in addition to improve the
performance of the secondary system. We also limit the interfer-
ence from the secondary sources by imposing peak constraints
on the their transmit powers in the broadcasting phase. Based
on the aforementioned facts, comparing the 2-TS and 3-TS-
based distributed beamforming techniques in spectrum-sharing
systems is important because the 3-TS protocol offers certain
advantages, which can result in improved performance of two-
way network beamforming as compared to the 2-TS protocol.
These advantages include the additional degrees of freedom in
suppressing the interference. While such a comparison may
include the four time-slot protocol, in this paper, we restrict
our investigation to the 2-TS and 3-TS protocols as these two
competing protocols are more feasible among the two-way
network beamforming techniques. To study and compare the
performance tradeoffs between the two transmission protocols,
we derive the cumulative distribution functions (CDF) and the
moment generating function (MGF) of the end-to-end equiva-
lent signal-to-noise ratio (SNR) in both protocols. Exploiting
these statistics, the outage probability and the average error
probability are derived. It is shown that the ZFB approach
has the potential of improving the secondary performance and
limiting the interference in a simple practical manner compared
to other complex approaches.

Our main contributions and differences from other works can
be summarized as follows:

* We derive closed-form expressions for the outage and av-
erage error probabilities for the two transmission protocols
(2-TS and 3-TS) and confirm the results numerically as
well as by simulations for different values of interference
temperatures (), different number of relays and different
number of PUs.

* We derive the diversity order of the proposed system by
analyzing the asymptotic behavior of the secondary system
performance at high SNRs (high values of @)). We show
that the diversity order is (Ls — M) which indicates that
the diversity order increases linearly with increasing the
number of secondary relays Ly and and decreasing the
number of primary receivers M.

e The beamforming weights at the secondary relays are
optimized to maximize the received SNR at the secondary
receivers subject to nulling the interference inflicted on the
existing primary users. From the closed-form solutions of
the weight vectors, we propose a distributed scheme that
requires little cooperation between the two transceivers
and the relays, which leads to a reduced overhead.

e Compared to [23] where optimal beamforming weights are
obtained via iterative and semidefinite relaxation methods,
our proposed scheme exploits ZFB as a sub-optimal ap-
proach to obtain the beamforming weights using a stan-
dard linear optimization method. Moreover, we consider a
more general assumption by considering multiple existing
PUs where [23] considers only one PU.
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e Comparison between the performances of the 2-TS and
3-TS based ZFB techniques is evaluated and discussed.
It is demonstrated that the 3-TS protocol outperforms
the 2-TS protocol in terms of performance in certain
practical scenarios. We show that this occurs when the
two transceivers transmit at different powers as the 3-TS
scheme allocates more power to the received signal trans-
mitted from the transceiver with a higher power. The
advantage of the 2-TS scheme, however, is that it achieves
higher bandwidth efficiency.

e Comparison between the sum-rate performances of the
optimal beamforming scheme and the adopted sub-optimal
ZFB scheme is simulated and discussed in the numerical
results. It is demonstrated that the adopted sub-optimal
scheme presents a good performance with less complexity
and therefore offers a good compromise between complex-
ity and performance.

The rest of this paper is organized as follows. Section II
describes the system model. The transmission protocols are
presented in Section III. ZFB weight design is described in
Section I'V. Section V introduces the end-to-end SNR analysis.
The outage probability analysis of the 2-TS and 3-TS protocols
is analyzed in Section VI while the average error probability
analysis is analyzed in Section VII. Numerical results and
discussions are given in Section VIII. Section IX concludes the
paper.

Throughout this paper, the Frobenius norm of the vectors are
denoted by || - ||. The Transpose and the Conjugate Transpose
operations are denoted by (-)7 and (-)', respectively. || means
the magnitude of a complex number x. CA/(0,1) refers to a
complex Gaussian normal random variable with zero-mean and
unit variance. Diag(x) denotes a diagonal matrix whose diag-
onal elements are the elements of x and Diag(X) is a vector
which contains the diagonal entries of the square matrix X.

II. SYSTEM AND CHANNEL MODELS

We consider a two-way relaying system that is composed of
two secondary transceivers S;, j = 1,2 and a set of L, AF
secondary relays denoted by R; for i =1,..., L, coexisting
in the same spectrum band with M primary receivers (PUs) as
shown in Fig. 1.! All nodes are equipped with one antenna. The
two sources wish to communicate with each other in a half-
duplex way. There is no direct link between the sources and
thus they can only exchange messages via relay nodes. The SUs
are allowed to share the same frequency spectrum with the PUs
as long as the interference to the PUs is limited to a predefined
threshold. Both systems transmit simultaneously in an underlay
manner.

We consider in this work two transmission protocols, the first
protocol is the 2-TS scheme, and the second protocol is the
3-TS scheme [7]. In 2-TS, in the first time-slot (TS;), based
on the interference channel state information (CSI) from S
to the pth PU, which suffers the most interference caused by

I'Hereafter, in the secondary system, we use the term “transceiver” instead of
transmitter and receiver. Meanwhile, we use transmitter and receiver terms in
the primary system.
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Fig. 1. Spectrum-sharing system with two-way AF relaying.

S1, S1 adjusts its transmit power under predefined threshold
(21 and broadcasts its message to all relays. Simultaneously,
in TSy, based on the interference CSI from S to the pth
PU, which suffers the most interference caused by Ss(the pth
and pth PUs could be different or the same), S5 adjusts its
transmit power under predefined threshold ()5 and broadcasts
its message to all relays.? In the second time-slot (TS,), ZFB
is applied to null the interference from the relays L, (that are
allowed to participate) to the PUs so that the relays are always
able to transmit without interfering with the PUs. The ZFB
processing vector, namely w,¢, is optimized to maximize the
received SNRs at both transceivers while nulling the inflicted
interference to the existing PUs.

Similarly, in TS; of the 3-TS protocol, S7 adjusts its transmit
power under a predefined threshold (); and broadcasts its
message to all relays. In TS5, S5 also transmits its message to
all relays under a tolerable threshold Q5. In the third time-slot
(TS3), ZFB is applied to null the interference from the L relays
to the PUs. Two ZFB weight vectors, namely w,¢, and wye,,
are optimized so as to maximize the received SNRs at S; and
So, respectively, while nulling the inflicted interference to the
existing PUs.

All channel coefficients are assumed to be independent
Rayleigh flat fading and quasi-static, so that the channel gains
remain unchanged during the transmission period. Let hg, ,,,
fsy,r; denote the channel coefficients from the sources S;
and S to the 7th relay, respectively, which are modeled as
zero mean, circularly symmetric complex Gaussian (CSCG)
random variables with variance A, ,,, As,r,. Denote hg,
and hg, ; as the interference channel coefficients from S;
and Sy to the pth and pth PUs, and their channel power
gains are |hs, ,|% and |hg, 5|?, which are exponentially dis-
tributed with parameter \g, , and A, 5, respectively. Let the
ZFB vector in the 2-TS protocol be wff = (w1, ws, ..., wr]
where Wye = Diag(wzf). Also, let the ZFB vectors in the
3-TS protocol be wZfl [wi1, w12, ..., wir,] used to direct
the signal to Sy and wje = [wo1,waz,. ..., war,] used to
direct the signal to Sa. Let h” = [h,. ..., h;, . s and T =
[fri,ss+++» fry.,s] be the channel vectors between the relays

2When the PUs are affected from the interference of both transceivers simul-
taneously, (01 and Q)2 could be optimized to maximize the SU performance
such that QoS at the PUs is ensured.
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and S; and Sy, respectively. Let G, = [grp,s-- -, 8rp,,] be
the channel matrix between the relays and all M PUs where
8r.pm = [9r, Pmo ’gTLSJ)m]'

It is assumed that S; and S2 have perfect knowledge of
their interference channel power gains, which can be acquired
through a spectrum-band manager that mediates between the
primary and secondary users [1], [16], [21], [22], [26]-[29]. It
is also assumed that the ith relay knows the CSI for the links
(R; — S;). In the underlying system model, full knowledge of
the CSI h and f is assumed at S; and Sy [10]. In practice,
this CSI can be obtained by the traditional channel training,
estimation, and feed-back mechanisms as in [25]. Also, the
transceivers are assumed to have full knowledge of the inter-
ference between relays and PUs, i.e., Gyp. We acknowledge
that obtaining the interference might be a challenging problem
in practice. To this end, several protocols have been proposed
in [1], [26]-[29], which allow secondary and primary users to
collaborate and exchange information such that the interfer-
ence channel gains can be directly fed-back from the primary
receiver to the secondary network. In practice, for a primary
licensee that allows the secondary to access the spectrum band,
presumably for a fee, certain cooperation between the primary
and secondary networks can be expected [27]. Exploiting the
knowledge of the CSI at the transceivers, wW,¢, and w,¢, are
designed at S; and S and sent back to the relays by only
one of the transceivers via low date-rate feedback links, and
that is applicable in slow fading environments [11], [12]. We
argue later that each relay (exploiting the knowledge of the
CSI between itself and both transceivers) can calculate its own
optimal beamforming weight based only on the information that
are broadcasted to all relays by the two transceivers.’

III. TRANSMISSION PROTOCOLS
A. 2-TS Protocol

In this scheme, the sources communicate with each other
over two time-slots. In the first time slot, S; and S5 broadcast
their signals to the relays simultaneously. The received signal at
the ith relay in TS; can be written as

yiz =V Plhsl,’r‘imsl + V szsz,'f‘ixSQ +nq, (l)

where P, and P, are the transmit powers of S; and So,
respectively, 5, and z,, are the information symbols of S
and Sy with E|zg, |?] = E[|xs,|?] = 1 and ny denotes the zero-
mean CSCG noise at the ith relay with variance o2 in TS;.
In the second time slot, the relays weight the received signals

31t is also assumed that the interference from the primary transmitter is
treated as additive white Gaussian noise (AWGN), which accounts for the worst
case scenario, but leads to tractable upper-bounds on the performance of the
secondary system [29], and is justified in the following cases: 1) the interference
is represented in terms of AWGN when the primary transmitter’s signal is
generated by random Gaussian codebooks [28], [29]; and 2) as a practical
scenario, consider a heterogeneous network in which the primary transmitter
is a macro base station and the secondary transceiver could be a femto base
station. When both base stations are far away from each other, which is mostly
the case, they do not impose interference on each other [42]. It is worth noting
that this assumption is widely used in the literature (see for example [16],
[21], [29D).
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and forward them to the two sources. The weighted transmitted
signal in a vector form is

xgr = Diag(w,)y?, )

where y1 is the relays received signals in a vector form. The
received signal at Sy is given as

9?92 = /P B,f'Diag(w¢)hz,, + \/EBTfTDiag(sz)fxsz
+B,fDiag(wge)ng +n.,, (3)

where n,, denotes the zero-mean CSCG noise at Sy with
variance o2, and B, is the normalization constant designed to
ensure that the total transmit power at the relays is constrained,
and they are given as [7]

P,
Py W[ P3| W o2 + Trace (W,e Wi ) o>
“4)

B, =

where P, is the total transmit power at the relays.

As the two transceivers have perfect knowledge of h, f and
Gp [10], the transceivers can use this knowledge to determine
the self-interference signal. Note that the second term in (3)
depends on the signal transmitted by S during the first time
slot. Also, the weight vector w,¢ is calculated at this transceiver
[11], [12]. Furthermore, B, is known at both transceivers.
Therefore, the second term in (3) is known at S5. Hence, this
self-interference term can be removed and the received signal
at S, becomes

y%z = /P, B, f'Diag(w,¢)hz,, + B,fDiag(w,e)n; + n,,.
&)
The combined received SNR at S5 in the 2-TS protocol is
given as
. 2
2TS _ P, B? ||fTD1ag(zwzf)hH

. . (6)
a B2 ||t Diag(wye)||* 02 + o2

Similarly, the total received SNR at S; is obtained with the
notations interchanged. Hereafter, since the analysis is the same
for S7 and So, we consider only .S5.

B. 3-TS Protocol

As mentioned above, the communication process occurs over
three time-slots. In TSy, S; broadcasts its signal z,, to all
relays, then the received signal at the ith relay is given as

Yy, = VPihg, s, + 11, (7

In TSq, S broadcasts its signal x4, to all relays, then the
received signal at the ith relay is

y?n =V P2f5277'ix82 + n2, 3)

where ny denotes zero-mean CSCG noise at the ith relay
with variance o2 during TSs. In TS3, the relays combine
linearly the weighted received signals from TS; and TS, and
forward the sum to both transceivers, e.g., the ith relay forwards
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(wi 2yy, +w;1y2) to both Sy and Sa. As such the received
signal at S5 in a vector form

y§2 =v/PyB,/(1 - oz)f]LDiaug(szl)f:vs2
+ V Plgr\/afTDiag(wzf?)hxm
+ B, /af Diag(wae)ny

+ B,/ (1- a)fTDiag(szl)nz + Ny 9)

where B, is the normalization constant designed to ensure that
the total transmit power at the relays is constrained and they are
given as [7]

B, = %, (10)
where Z:Trace((lfa)(wzflhThwlfl))+Trace(a(wzf2fffwif2)) +
o? and « is the power allocation parameter used to allocate
the available power at the relays with 0 < o < 1.* As S
and Sy know the CSI and their transmitted signal, the self-
interference term (first term) can be perfectly subtracted before
further processing of the received signals. After removing the
negligible noise term (fourth term), (9) reduces to

y?5’~2 = /P, B,\/af Diag(wys2 )hz,,
+ B,vaf Diag(wy)ng + ng,.  (11)

Then the total received SNR at S in the 3-TS protocol is
given as
= . 2
3TS P B%a HfTDlag(wzm)hH

SIS = .12
7t B2 | Diag(waga)|” 0 + 02

IV. ZFB WEIGHTS DESIGN

Our objective here is to maximize the received SNRs at the
two transceivers to enhance the performance of the secondary
system while limiting the interference reflected on the PUs.
Due to its simplicity and low complexity, ZFB is applied as an
alternative to the optimal scheme. To be able to apply ZFB, the
general assumption that the number of relays must be greater
than the number of primary receivers is considered, hence,
L, > M.

A. 2-TS Protocol

In this subsection, we derive the ZFB vector w,¢ in the 2-TS
protocol. As we use a suboptimal approach, we first derive the
two beamforming vectors w,r, and w¢, that are designed to
direct the desired signals to S and S, respectively. Then we
combine them in a one beamforming vector as will be shown
below.

4o is chosen to satisfy the minimum average error probability at the two

secondary transceivers. Since the optimization problem is very complicated to
get an optimal solution in closed-form, it can be solved numerically. When « is
optimized, the secondary system performance should perform better than when
it is fixed (more details in the Section VII).

Swiye is designed to direct the signal to Sy as will be explained in the
next section. The term ||fTDiag(w,¢1)||? results in a negligible gain. This
is verified through simulations.
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According to the ZFB principles, the transmit weight vectors
Waf,, Waf, are chosen to lie in the orthogonal space of Glp
such that [gf | Wyr,| =0 and |gl | Wae,| =0,Vi=1,.,M
and |hfwy¢, |, |f'wys, | are maximized. So the problem formu-
lation for finding the optimal weight vectors is divided into two
parts as follows.

max  |hiwyr, |
Wazfq

st gl o War, | =0, Vi=1,.,M [wg, | =1. (13)

max  |fiwye, |
Wty

st gl o, Wae,| =0, Vi=1,,M [wae,| =1 (14)

By applying a standard Lagrangian multiplier method, the
weight vectors that satisfy the above optimization methods are
given as

=L
=~h
Wazfy, = T =1, (15)
R =
and
=i
Wafy, = T2 , (16)
=

where 2" = (I - Gyp(Gl,Grp) *Gl,) is the projection
idempotent matrix with rank (Ls — M). The rank of the matrix
is approved from the following Lemma in the projection matrix
theory [30].

Lemma 1: Let G be an n X k matrix with full column rank
k, k < n, then the nonzero matrix G(G'G) 1G' is an idem-
potent symmetric matrix and its orthogonal projection matrix
is I - G(G'G)"*G' with rank (n — k) [30, Theorems 4.21,
4.22].

It can be observed from the rank of the matrix that the
cooperative ZBF beamformer becomes effective only when
L, > M. Otherwise, the interference from secondary relays to
primary receivers cannot be mitigated. The case when L, < M
can be handled using conventional schemes by limiting the in-
terference via transmit power control methods, e.g., [15], [16].

In the 2-TS protocol, since each relay knows the CSI of
the channels between itself and both secondary sources and
between itself and the primary receivers, the ZFB matrix wf is
made up by the diagonal of the product of the two ZFB vectors
W, (used to direct the signal to S1) and we, (used to direct
the signal to S5) which is represented as [8], [9] and references
therein

we = Diag (Wae, Wiy, ) - (17)

Proof: Let Hyy, = [h, f] with dimension space Lg X 2,
and Hpy, = [f, h]7 with dimension space 2 x L. First, con-
struct the subspace E* such as E'= (I- Gyp (G, Grp) Gl
with Ls x L, dimension. Second, project the CR channels to
the space =, utilizing that =+ is idempotent matrix matrix,
ie., = (212, then HprE'Hyr = HpE'E Hyy.
Third, perform ZFB to the CRs within the subspace orthog-
onal to the PU channel with the power constraint W,s =
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1
=Ll 0
(HpLE")" l:(;h 1 ](EJ‘HUL)T. This results in
[=+£]
W,s = Diag(wys, wff2). O

It is worth noting that the weight matrix is diagonal, which
guarantees that the relays transmit only their own received
signal and there is no data exchange among the relays. Thus,
the algorithm works in a distributed manner.

B. 3-TS Protocol

The ZFB vectors in 3-TS protocol are simply chosen to be
Wy, and wy,e, given by (15) and (16) in the first and second
time-slot, respectively. In the third time-slot, the weighted
received signals are combined linearly with certain power al-
location values as described previously.

Remark: By having a closer look at the closed-form so-
Iutions of the optimal weight vectors in (15) and (16), we
propose a distributed implementation instead of the centralized
one mentioned before. From (15) and (16), to design wys,
and w,¢, at the relays, each relay needs the global constants
(1/||Z+h]|) and (1/||=*f||) and also the interference matrix,
i.e. 2, which are broadcasted by either S; or Sy. Upon
receiving the broadcast messages from Sy or Sz, each ith relay
node determines the optimal wy; and wo; weights from its local
information of h,, s, and f,, s,. As such, the beamforming
computation is calculated in a distributed manner.

V. END-TO-END SNR ANALYSIS

A. First Order Statistics of v2; 75

eq

In the underlay approach of this model, the secondary source
can utilize the PU’s spectrum as long as the interference it
generates at the PUs remains below the interference threshold
Qj;, Vj =1,2. For that reason, P; is constrained as P; =
min{(Q;/|hs, »|*), Ps,} where P, is the maximum transmis-
sion power of S;[18]. So the received SNR Vs, At the sth relay
is given as

4 2
Pyl fs;rl P <« @
o2 ) Ex e
Vg = 2 AR (18)
i Qilfe | Q,
UQ‘th-,PP ? 8j = ‘hsj,p‘Q
where o2 is the noise variance at each relay. We focus on

the analysis of the second case (Ps, > (Q;/|hs, p[?)) as it
is more effective and restrictive than the first case (Ps, <
(Qj/lhs, p|?)). It determines the effect of the peak power
constraint in the first time-slot on the performance of the
secondary system while the system in the first case becomes
a non-cognitive system. So the transmit powers P, and P, are
constrained as Py < Q1/|hs, p|? and Py < Q2/|hs, p|*
Substituting (4), and (17) into (6), and after simple manipu-
lations, the equivalent SNR at S, can be written in the general

form of 72, ™ = y1 275 13,215/ (V1,218 + V2,218 + Y3215 +
1) as:
TS L =tn|2 L= 1|12 (19)
“ %HELhH2 + &=o)2 + LB )2 + 1
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Considering the peak constraint on the received power at the
most affected primary user, we substitute P, and P» into (19).
Then 72" becomes

=inl®
7111 |||h |||2 %”||‘=‘Lf||2
Vo S =—— 1 , (20)
[ R
Tar Tho L2 *+ Va2 hoyol? + 7|27 +

where v, = P, /02, 74, = Q1/0? and 7y, = Q2/0”.

We first find the statistics of the new random variables
defined above. Then, we compute the CDF and MGF of 72 TS,
which will be used in the the derivation of the performance
metrics. To continue, let 71275 = 74, (|IE [/ |hs, »|?),
2,275 = Vg (IE 2/ Ry ) and 73215 = 7, [EE]%.

Lemma 2 (PDFs of v121s and 72215): Let each entry
of h and f be i.i.d. ~ CN(0,1), then |Eh|?> and |E*f|?
are chi squared random variables with 2(L, — M) degrees
of freedom. Given that |hs, ,|*> and |hs, 5|? are exponential
random variables, the PDFs of f,, ,..(7) and f,, ,.s(7) are
given respectively by [13]:

ASz‘ P (LS

Ls—M o
Vai© (E + Asip

M+ 1)7L5—M
)L57M+2’

f"/z‘,ZTs (’7) = Vi=1,2.
(21)
Lemma 3 (CDF of ~y32rs): Let each entry of f be i.i.d.
~ CN(0,1), then ||Ef|? is a chi squared random variable
with 2(Ls — M) degrees of freedom [31, Theorem 2 Ch.1]. The

CDF of 3 275 can be expressed as

r (L — M, 7)
1_ Vr

E (L,—M—1)"

V3,278 (v) = v = 0.

(22)

B. First Order Statistics Of’y3 TS

Substituting (10), (15) and (16) into (12), and after simple
manipulations, the equivalent SNR at S5 can be written in the
general form of 2™ = 41 5105 v3375/ (11,375 + V2,378 +
V3,375 + 1) as:

Zh|*als|E
© Ln)z + L f)12 + o s =2 41

3-TS _
Veq

(23)

Again, considering the peak constraint on the received power at
the most affected primary user, 73, ™ becomes

Yo 2Ly, 14 £]2

2
$1,P

N + Yo \hH I o + Yy H_lf”2 + 1

3-TS __
Yeq = e

Tar Tho,

(24)

where ., = aP,./c?.

Remark: We notice in (23) that the 3-TS protocol results in a
different received SNRs at 57 and S2, depending on the power
allocation parameter . However, for the 2-TS protocol, equal
power allocation is used since the sum of the two signals at the
relay(s) is weighted by the same vector. This gives an advantage
to the 3-TS protocol since it benefits from allocating different
transmit powers to the sources.
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To proceed, let 17 = Y, (IB2/|hs, pI?). vo7s =
Vs U1/ gy 2) and 3 575 = 70, | ZE].

Lemma 3 (PDFs of y1,37s and 72 37s): Let each entry of h
and f be i.i.d. CNV(0,1), then ||h||? and ||f||? are chi squared
random variables with 2L, degrees of freedom, Given that
|hs, p|? and |hs, ,|? are exponential random variables, the PDFs

of fy, srs(7) and fo, ... (7) are given respectively by [13]:
)‘Sq‘,,PLS(’V)L571

Frisrs (V) = =12 (25)
() (2 + Aeup)
According to Lemma 3, the CDF of 73 37g is
F@@—Nﬂ%J
Fryars () =1— L4 >0.  (26)

(Ly—M—1)1 " ' =

In the subsequent sections we consider the statistics of
the random variable ’y(, 9 defined by ’yZTS (1,75 V3,i18/
(118 + V2,18 + ’yg,sz)), 1=2,3, Wthh can be consid-
ered as a tractable tight upper bound to the actual equivalent
SNR.

VI. OUTAGE PROBABILITY ANALYSIS

In this section, we derive the outage probability for both
2-TS and 3-TS. As previously mentioned, the interference CSI
between S; and the pth PU, i.e., hg, , is unknown at S, and
hs, 5 is also unknown at S7. Due to this randomness, the end-
to-end received SNR at each transceiver in (22) and (26) is still
a random variable and there is no guarantee of zero-outage.

A. 2-TS Protocol

An outage event occurs when ’yQ “TS falls below a certain
threshold ~;,, which can be characterlzed mathematically as
follows.

P2 -TS 2-TS

out =Pr (Pqu (27)

< ’Yth) = F’yZ;TS (Ven)-

Theorem 1: A closed-form expression for the outage prob-
ability in the 2-TS protocol for a two-way AF relaying in
spectrum-sharing system is given by

Ls—M-1m k—r m k .
az2
r

Py 3oy

m=0 k=0r=0
—2Lb+2lw 2—r] = _3r

_th 2 a7yth (%h)m Z
X e Raddd
v 2T Yr Tr
Ls—M N
< Ly—M\ 1. _n- 1
D Dl R ) O
p=0 p s=0
X _7152h 4 Ve \ " 28T MEL (4 @)
Tr Yr QWF(LS - M + 2)

472 (v +a)>
(d%h)2

A(2,1-a,),A(1,1-b;) )

A(2,(Lstl)—a,),A(l,1-ay)
(28)

where @ = As, pVgss b= (Ls—M+1)I(r+Ly— M +1),
= ((1/4) = (1/4)(=2Ls +2M =2 —r), (3/4) = (1/4)

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 62, NO. 9, SEPTEMBER 2014

(=2Ls +2M =2 —7)), by=((1/2)+(1/4)(1 =), (1/2)—
(1/4A=r),  1Q/HA=7),(-1/4)A =7)),  po=p—
k+3r/2)—s—Ls+M—3/2, «,=po+ Ls—M+2,
A(i,a) = (a/i),(a +1/i),...,(a—i+1/i) and G:(.].) is
the Meijer’s G-function defined in [34].

Proof: To derive the outage probability of 72,5, con-

ditioned on 7y 275 and 72275, We first express the CDF of

2-TS 4,
TVeq

o0
Fzrs () = / Pr (vg,sz <
0

Xf’Yl,sz (y)f'72,2TS (z)dydz

Using variable change, w = y — 45, and after some algebraic
manipulations, we have

Yen(y + Z)>

Y — Vth
(29)

nlw +vn + 2
Fz-rs (yn)=1-— /Pr (’YS,QTS > %(w%))

0
Xf’n,szs (w + ’Yth)f’yz‘sz (Z)deZ'

Substituting in the complementary of the CDF of 3 275 and
the PDF of 1 o7 from (22) and (21), respectively, we obtain

(30)

> 1 Yen (W + Y + 2)

F’Y3,2TS(P)/): (Lg—M—l)'F <LS _M7 YW )
(3D

where F, ,..(v) denotes the complementary of the CDF of

vs3,275. Before proceeding in the derivation, (31) is expressed
in another mathematical form using [34, eq. 8.352.2] and [34,
eq. 1.111] as follows.

— 7?}1("’+"’th+z

F’Ys,sz (7) =e T

Ls—M—-1 m k 1 m
> 2y ()

(@) 6 e
r Yr Wy, w

Then substituting (32) into (30) and after some mathematical
manipulations, we have

Ls—M-1 m m—k m
s () =1— Y. ZZ (%h) (k)
m=0 kOTO !

k ) o0 72 k—r
Jth
X <’I“)e o ‘/<,wt,;/lr) f"/l,sz(w+fYth)
0

_ ZVth

e wir f’Yz,sz(Z)dZ dw.

Iy

(33)
The inner integral /; can be solved using the variable change,

U= 2+ Ag, p7Vq,» leading to

Jth (u a) (u a)’“"’L -M

R Yth " _
I = Ly vy (W)L
! / ¢ (w) ‘ (u)Le T2

Aso.pVaz

du, (34)
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Using [34, eq. 3.383.4], I; results in

o -r/2 A
I :dgb(%> @2'3%}:- W _ar.yom—2-r “(a,ym) , (35)
wyr 2 T2 \wYr

where W._(.) is the Whittaker function [34]. Returning to the
main expression in (33), after substituting the results in (35)
with further simplifications, we obtain
-r k\ -
b
—(1)0)

—-M-1 m

F2TS 'Yth —1— Z ZZ "Yth

k=07=0
3r

Jth Yth mee
_Jth t ~
X e r < > a
Vry
00 3r
1 k=% _ i +
X — e wiyr
w

ayen
X W72L5+2M7277‘ 1—r i
2 T\ wy

X le,sz (w + 'yth)dw~

[Nk

ayep
2wy

(36)

To the best of our knowledge, the integral I» in (36) has no
closed-form solution. To solve I, we first represent the expo-
nential term using Taylor series representation [34, eq. 1.211.1],
apply the binomial theorem [34, eq. 1.11.1] for the term
(w + en)¥*~™ and express the Whittaker function in terms of
Meijer’s G-function using [34, eq. 9.34.9] and [34, eq. 9.31.2],
which after many manipulations results in
k= m\ [k
- ()0)

272Ls+221\/17277‘ ~ m—%

2ar _DJth th

X baze v ———

V2m ( Ir )

N L,—M N

a7Yth Ls -M Ls—M-p 1
S IN U LT D

s=0
_~2 a\’
" (m N W>
fYT‘ ,YT"

o0

Ls—M-1 m

Foem) —1= 3 30y 0w

m=0 k=0r=0

wp—k+%—s—1/2

X
/ ((w T Yn + @)LeME2
0
1-b

04 [ Ay2w? "
x (G“ ( Crd

The integral in (37) is solved using [36, eq. 2.24.2.4, vol. 3],
then after few simplifications, the outage probability in the
2-TS protocol is expressed as in (28), thus completing the
proof. O

We remark that the Taylor series in the outage expression is
expressed in the form of a finite sum where only six terms are
needed in the summation over index s to obtain the accuracy
to the degree of seven decimals as will be explained in the
numerical results. It is worth noting that the Meijer G-functions
are easily implemented in many mathematical softwares such
as Mathematica and Matlab.
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B. 3-TS Protocol

Similarly, for this scheme, an outage event occurs when

’yquS falls below a certain threshold ~;;,. As such, PfutTS can
be expressed as
PSS =Pr (437 < qun) = Fogrs(yn). - (38)

Theorem 2: A closed-form expression for the outage prob-
ability in the 3-TS protocol for a two-way AF relaying based
distributed ZFB in spectrum-sharing system is given by

a2
m=0 k=07r=0 r

—2Lg—r 3r+1

L m-"5
e (%h)
V 2T Yy
L1 N :
L1\ L. 1px~ L (D tma
X Vin Z o
p s! Yoy

p=0 s=0
25 (e + )™
27T (L + 1)
y G2,2(4731(7th+a)2 ‘A@,km),A(Ll—bﬁ) >
(ayen)? A(2,(Letl)-n),A (1L, 1-ar, )
(39

Lo—M-1 m k&

Pg’utTS—l—b Z ZZ %h

where 3 =p—k+(3 r/2)fs L,—(1/2) and oy =p1+Ls+
L oap, = ((1/4) — (1/4)(=2Ls —r), (3/4) — (1/4)(=2L —
), be=((1/2) + (1/4)(1 —-r),  (1/2) = (/491 =),
(/41 = r), (=1/4)(L —7)).

Proof: To derive the outage probability expression in the
3-TS protocol, we follow the same steps as performed in the
case of the 2-TS protocol. This yields the expression in (40).
Although we have multiple summations, all of them are finite

and easy to compute numerically. (]

C. Asymptotic Outage Probability

Although the expressions in (28) and (40) enable numerical
evaluation of the exact system outage performance, they do not
provide useful insights on the effect of key parameters (e.g.,
the number of secondary relays, the number of PUs, etc.) that
influence the system performance. To get more insights, we
now introduce asymptotic outage probability expressions, i.e.,
Yq: — 00, for the 2-TS and 3-TS transmission protocols. The
obtained asymptotic expressions are useful in analyzing the
average error probability at high SNR in the next section.

Corollary 1: The asymptotic outage probability at the sec-
ondary source in the 2-TS and 3-TS protocols for a two-way
AF relaying based distributed ZFB in spectrum-sharing system
is given by

Lo—M+1 Lo—M
prTS o <(Ls = M+ 1)y M + Vi )

out o )\L —M+1 I‘(LS — M + ]_)

SisP

1

Lo—M
x() to(2). (0)

’yql‘
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where 7=2,3, i=1,2, respectively, c= (ay,)Ls=M+2

where o = 1 for 2-TS and o(~3,) stands for higher-order terms.

Proof: The technique developed in [41] can be used to
find asymptotic behavior of P7 TS at high SNR. First, we
find the approximate CDFs of the total received SNR at S,
77, 7. Recalling (20) and (24), we make use of the infinite
series representation of the incomplete Gamma function as in

[34, Eq. 8.354.2]

o n 0+n

nzonﬂ—kn

(6, ) 41)

which leads to

T, z) "2 T0) - %. (42)
Therefore, using the mutual independence between hg, .,
f327T1 (7’ = 17 e 7LS)’ hShP? hsz,p and ripm > (m = 1’ )
M) and by using Taylor’s series, the approximate CDF of
Yeq 7S denoted by F,ZQTS (), can be written as

Lo—M+1 Lo—M 1\ LM
FJ_TS(V)% <7L ESEa = > () :
€doo Asip I'(Ls — M+1) Yai

(43)
Finally, by computing F]~"5(7) , we get (40), thus com-
pletes the proof.

It can be observed from (40) that the diversity order is
Ly — M. This means that the diversity gain increases linearly
with the number of the secondary relays. Furthermore, as the
number of the primary receivers increases, the outage prob-
ability increases. Meanwhile, as the value of @ increases,
the outage probability decreases. We remark that M spatial
degrees of freedom of the L single antenna relays are used for
interference suppression as a condition to perform ZFB, which
leads to (Ls — M) diversity gain.

Mla=ren

VII. AVERAGE ERROR PROBABILITY ANALYSIS

In this section, we derive expressions for the end-to-end of
average error probability performance for both 2-TS and 3-TS.

A. 2-TS Protocol

Theorem 3: A closed-form expression for the average error
probability in the 2-TS protocol for a two-way AF relaying
based distributed ZFB in spectrum-sharing system is given by

Iy L (Y
= cmm! \ A

1 b2 —1)—%,0,%,—1}-&-%
xGia | 5 (44)
4,4 ’
A Ls—M,0,0,—Ls+M

where § = 6(M — L, —2)!, § =4(L, — M + 1)y, L))
¢LsmMANT(La=M))? 4y — 9L, — 2M + m + (3/4), A = 1(for
binary phase shift keying (BPSK) modulation), ¢ = A
and b = 2/,/7;.

1 1

G

P2 TS _

517p7q1
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Proof: To obtain the average error probability for the
secondary system, the MGF based approach will be used in this

paper. Let (7275)"' =~ g + (v2.2rs/M10ms73.2m8) +
73*5:,15 = X; + Xo + X3 where X = vféTS, Xo =215/
Y1 ,27573,2rs and X3 = 'ygéTS. As (’yquS) is the sum of

three independent random variables, the MGF of the (vquS) ,

denoted by (b(,\/g;TS)—l (8), results simply from the product of
the three MGFs of X7, X5, and X3, denoted as ¢ x, (s), ¢x,(s)
and ¢ x, (s), respectively. The MGF of random variable X with
PDF fx(x) is defined as

o.¢]

ox(s) = /efsrfx(ac)dx,

0

(45)

We first need to find the PDFs of X, X5 and X3. For the PDF
of X, we derive it in the same way we did in (25), which after
a few mathematical manipulations, is obtained as [13]

Asip(Ls — M +1)

fx,(7) = L,—M+2"
(vgy ) Fem MHL (>‘81’ )

(40)

Without loss of generality, we assume here that both of the
sources have the same maximum transmission powers, i.e.,
P,, = P,,. Considering that X5 = 1/7,|[Z"h||?, which is an
inverse chi-square random variable with 2(Ls — M) degrees of
freedom, the PDF of X5 is given as

—1

ere

(y) =M (Ly — M — 1)lgks—M+1

fx,(2) = (47)
Similarly, the PDF of X3 is the PDF of the inverse chi-square
random variable, which also leads to the following expression

=1
erx

sz(z) = (’Yr)LsfM(Ls M — 1)!(,L.L571W+1 :

(48)

Substituting (46) into (45), and using [34, 3.382.4], the MGF
for X is

L= MA1 ;5
CL —M+1

dx,(5) = F(fLerMfl,f

C
(49)

Similarly, substituting (47) and (48) into (45), and using [34,
3.471.9], the MGFs for X5 and X3 are

200) M) )

bx;,(s) = Kro_m|2y/—

ﬁ (Yrs)” 2 s— ™
(50)

where K, (.) is the modified Bessel function [34]. Now, we can
easily find the MGF of (vgéTS)’l as the product of ¢x, (s),
¢x,(s) and ¢x, (s), which is given as

bzzrsy-1 () = 025 2MHIEET (L 4 M = 1,2)
¢ C

(3 e
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By representing the incomplete Gama function into another
mathematical form using [34, 3.352.2], (51) simplifies to

M-Ls=2 or —2M+1+m
d)(,yg;TS)—l(S) =6(M — Ls —2)! A

cmm/!
m=0

(D)

We utilize the following formula to compute the MGF of the
quTS exploiting the MGF of (VE;TS)’l [35, Eq. 18]

by1s(9) = 1= 205 [ B(2BVE)( poney 1 (57)dB, (59)
0

where Ji(.) is the Bessel function of the first kind [34].
Despite seeming difficult, this formula can still be used to
study the performance of the average error probability based on
the relationship that exists between the MGF and the symbol
error rate [33]. Utilizing the MGF-based form, the average
error probability of coherent binary signaling is given by

(33, Eq. 9.15]
/ (;572 TS <Sln > ng,

where A = 1 for BPSK. Substituting (53) into (54) and after
some manipulations, the formula of the error probability be-
comes

T _ L 4 ) 2) [ A
Pe /¢(’y ﬁ / sm 0
462 A
><J1< ﬁ%) dpdB.  (55)

The inner integral of (55) can be solved by using the variable
change and equation [36, eq. 2.12.4.15] which results in the
value (sin(23v/A)/23). So the error probability can be evalu-
ated according to the following formula

pFTS = (54)

p2-TS _ % _ i/¢(735TS)1(52)Wdﬂ, (56)
0

2

Iy

where Qb(,yg;TS)—l is the MGF of the inverse SNR given in (52).
We put 1, in the following format

o0

I4(V» oy at, >\1a )‘27 bla b2) = /SVJ#(G‘\/E)
0
X Ky, (b1v/s) Ky, (bav/s)ds. (57)
To continue, we make use of the identity
sin(26v/A) = \/7BVA (Wm?f) (58)
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By incorporating (52) and (58) into (56), the format of I in
(56) becomes as in (58), that is,

14:/5( ~ L,
0
2

(@f) (KL M< f)) dB. (59

T

M—-Lgs—2
B
2

m=0

2(2Ls—2M+m+3)

— 2
cmm)

By solving I, in (60) using [37], a closed-form expression for
the BER in the 2-TS protocol is shown as in (44). This completes
the proof. U

B. 3-TS Protocol

Following the same steps used in the 2-TS protocol, the MGF

based approach is used to obtain the average error probability
expression in the 3-TS protocol. Let (73, 75)™t =474, +
(v2,375/71,37573,375) + ’YgféTS =Y +Ys+ Y3 where Y, =
’YféTS, Yo =2 0rs/71,215Y3,2rs and Yz = ’Y;;,%TS' As
(*yg’qTS) is the sum of three independent random variables,
the MGF of the (v2;"°)7", denoted by ¢(,s-1s)-1(s), is
Qb(,Yg;TS)—l(S) =Y, x Yy x Yg. For the PDF of Y], we derive
it in the same way as applied in (46), which after a few
mathematical manipulations, is obtained as [13]

A

(’Y )Ls ()\ x -+ 1 )Ls-i-l
q1 S$1,P Yaq

Ly

(@) = (60)

Considering the same maximum power constraints, Y, =
I£[12/7», ||Z*£]|?||h[|?, which is a ratio between a chi-square
random variable and a product of two chi-square random vari-
ables. The PDF of Y5 is obtained using [38, eq. 22] which after
few mathematical manipulations results in

(2Ls—M—1) —(2Ls—M+1)
Pl —

1 x
fra(@) = (7) (0(Ls)2T(Ls — M)

1,2 (1+M> - M)
><GY21 Vri T (4LS—JW 1) . (61)

The PDF of Y3 is the same as the one in (48). Substituting (60)
into (45), and using [34, 3.382.4], the MGF for Y; is

Ls [ s 5
by, (s) = —=ste F(LS,E>. (62)

Similarly, substituting (61) into (45) and representing the expo-
nential part in terms of Meiger’s G-function using [39, eq. 11]

—ST

ase " = G1 0(sx|0 ), ¢y, (s) is expressed as

oo
¢Y2 / 7!1
0
xGéﬁ (fynx

—(2Ls—M+1)
2

2Lg—1\4 1) €T

(D(Ls)*T(Ls — M)

(14+M) (1—1\4) -~
7 \7T 32 1,0
‘(4[/5*1\/1*1) Gyi (sx’()) dx. (63)
2
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Knowing that the integral of the product of two Meijer’s
G-functions and a power term results also in a Meijer’s
G-function [39, eq. 21], ¢y, (s) simplifies to
1-L
3,1
Gy

1 s s
| ).
Yy 10,Lo—M,L,

(T(Ly)*T(Ls—M)
The MGF for Y3 is the same as the one in (50). We can now
easily find the MGF ¢ ~3-TS)-1 aS

3Ls—M s S S
QS(,YS)QTS) ( ) =615 2 el <L37 E) KLS—M <2 >
1-L,

Yry
s s
G ( ) L 5)
Yy 10,Le—M, L,

where 6, = (2L (7, )~ Fe=M/2) /cle(T(Ly))?). Again, utiliz-
ing the relationship that exists between the MGF and symbol
error rate [33], the average error probability in the 3-TS proto-
col can be evaluated according to the following formula

5. sin(23v/A)
9 /¢ JTS B ) 25 dﬂ,

¢Y2 (S) =

P3TS — (66)

where (;5 3 TS) 1 is the MGF of the inverse SNR given in
(65). Unfortunately, the integral in (66) is difficult to evaluate.
Therefore, we tackle it using the Gauss-Laguerre quadrature
numerical integration as follows [40]:

P¥TS (67)

1 2
j=1

where J is the number of interpolation points, x; are the jth
zeros of the Laguerre polynomial L, (x), w; are the associated
weights given by

v - (n!)2x
T (n 12 L (25)?

(68)

and

F(2y) = €20 oy (a8 S22V,

The approximate BER expression in (67) gives high accuracy
results, which will be clear in the subsequent numerical results
section.

Remark: Using ¢ 2-rs)-1(s) and ¢(,s-s)-1(s) derived in
(51) and (65) respectively, and with the help of the formula in
(53), the average error probability can be evaluated for different
modulation schemes such as M-ary phase shift keying (M-PSK)
and M-ary quadrature amplitude modulation (M-QAM) [33].
For example, the average symbol error rate (SER) for M-PSK
can be obtained as [34, Eq. 9.15]

(M-1)r/M
/ ¢,YT TS < ) d(p, (70)
si Il (0]

where A = sin?(7/M) and 7 = 2, 3. Furthermore, (55) can be
upper bounded by a simple form as in [34, Eq. 9.27]

(69)

=TS _
Pe

Pl < (1= 1/M)gyp-rs (A) (71)
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The equivalent average bit error probability for M-ary PSK
assuming Gray coding is well approximated as [34, (5.2.62)]

7-TS
PT TS Pe
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C. Asymptotic Average Bit Error Probability

To gain key insights, we consider the average bit error
probability at high SNR.

Corollary 2: The asymptotic average bit error probability at
the secondary source S; in the 2-TS and 3-TS protocols for
a two-way AF relaying based distributed ZFB in spectrum-
sharing system is obtained by

prors L aVB (T (L =1+ 3)
e NQﬁ c)\éﬁ;M+1bL-(M+%

I (L,—M+1 1\ M
p AL My) () SNCE)
['(Lg—M+1)blsM+3 Vi

)L57M+2

where 7 =2,3,i=1,2, ¢ = (a, where o« = 1 for
2-TS and (a, b) values depend on the modulation scheme.

Proof: The asymptotic error probability can be given
through

—bu

pPT- TS CL[
€oo 2\/>

FT TS (w)du.

Nk (74)

where FJ” Ts(u) is the approximate CDF as ,, — oo. Uti-
lizing (43) “combined with Corollary 1 and after doing the
integration, we get (73). This concludes the proof. (]

Similar to the asymptotic outage probability case, (73) sug-
gests the same diversity gain L, — M with similar conclusions.
We remark that this diversity gain is achieved in the regime
where there is a constraint on (), not on PS].. However, if st
is limited, an error floor will occur and hence the diversity gain
approaches zero at high SNRs.

D. Power Allocation at the Relays

In this section, the design of the power allocation parameter
« at the secondary relays is investigated. The objective is to pick
« such that the minimum average error probability at the two
secondary transceivers is achieved. Specifically, o is chosen
according to the optimization problem:

Qopt = arg Hlain (PS-TS,SQ (Oé) + PS'TS,Sl (Oé))

subjectto 0 < a < 1 (75)

where P37T5:52 and P3-T5:51 are the average error probability
at Sy and Sy, respectively and can be obtained from (56).
Obtaining a closed-form expression for the solution to (75) is
not easy. As an alternative, it can be solved numerically as we
will show later. Obviously the sum average error probability
is minimized when o, is used, and this yields better perfor-
mance compared to the case when « is fixed.
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Fig. 2. Outage probability vs. @1 (dB) for the 2-TS protocol for Ls =
6,8,10and M =1, 2.

VIII. NUMERICAL RESULTS AND DISCUSSION

In this section, we investigate the performance of the derived
results through numerical examples and simulations. Unless
otherwise stated, the distance between the sources equals d. Let
dgj, r,denote the distance from S; to the ith relay, and hence,
ds, r, = d — ds,, r,. We assume that the relays are located on
a straight line vertical to the distance between the two sources,
however, the results and conclusions of this paper extend to any
setting. Furthermore, the path loss exponents is set to four. The
channel mean power for the links from PUs to the secondary

nodes is defined by the locations, as A, , = (y/d2 + d2)~%,

where (d, d,) are the coordinates of the PUs. We also assume
that A\, , = A5, 5 = 1. It is also assumed that the range of
the power transmission of S; and S5 is limited according to
the peak power constraints that were mentioned in the system
model.

A. Effects of ZFB, Number of Relays and Number of PUs on
the Performance

Figs. 2 and 3 show the outage performance of Sy versus
@, for Ly =6,8,10, M = 1,2 at 4, = 1 dB, 4, = —2 dB,
v» = 10 dB and v,,, = 5 dB. As observed from the figures, as
the value of (), increases, the outage performance improves
substantially. Moreover, by increasing the number of relays
with ZFB, we observe significant improvements in the outage
performance. This is attributed to the combined cooperative
diversity and beamforming which enhances the total received
SNR at the transceiver. Clearly, as the number of existing PUs
increases from one to two, the outage performance becomes
worse because the secondary sources have to adapt their trans-
mit powers according to the most affected PU.

In Fig. 4, we simulate the outage system performance using
the exact received SNR and the approximate received SNR in
(9), assuming the negligible noise term. It is observed from the
figure that there is a small gap between both curves at low @)
values due to neglecting the noise term. As () increases, the
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Fig. 4. Outage probability of 3-TS protocol using the exact and approximate
received SNR.

curves almost overlap. To conclude, neglecting the noise term
does not affect the system performance.

Figs. 5 and 6 illustrate the average bit error probability
performance versus Q1 = Q2 = @ for Ly = 6,8,10 and M =
1,2,3, v» =y, =5 dB at v, =1 dB. It is obvious that the
average bit error probability performance improves substan-
tially as the number of relays increases and () becomes looser.
With beamforming and increasing the number of relays, the
gain becomes more. The larger the number of existing PUs, the
worse the error probability, as expected.

In Fig. 7, we simulate the average bit error probability for
both approximate and exact received SNRs. It is clear that there
is a small gap between the two curves, which confirms the
validity of the assumption used in the paper.

B. Comparison Between 2-TS and 3-TS

For a fair comparison, we fix the total transmit power at the
relays, i.e., P, and the total available power at both transceivers,
Py, + Ps,. Hence, for the 4-TS protocol, we use P,./2 in the
second and fourth time slots to keep the total power the same.
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Fig. 7. Average bit error probability of 3-TS protocol using the exact and
approximate received SNR.

In Fig. 8, the outage probability for the 2-TS, 3-TS and
4-TS protocols is investigated. We use v, = 0.57,, Ly = 7,8,
M = 4 at two different SNR thresholds ~;;, = 1,3 dB. It can be
readily seen that the outage performance in the 3-TS protocol
performs better than that of the 2-TS and 4-TS protocols for
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the same values of L, M and . This offers a good trade-off
between the system performance and bandwidth efficiency. It is
also clear from the figure that as ~y;;, goes from one to three, the
curves shift up implying worse performance.

For a fair comparison in the average bit error probability
curves, we use two different modulation schemes to maintain
the same spectral efficiency. We use quadrature phase shift
keying (QPSK), 8-PSK and 16-PSK modulation schemes for
the 2-TS, 3-TS and 4-TS transmission protocols, respectively.
Fig. 9 shows a plot for the average bit error probability versus
Q2 of both 2-TS, 3-TS and 4-TS for varying values of 1, Ly =
6,8 and M = 4. The analytical results are based on (72). For the
3-TS protocol, we use the optimum values of « according to
(75) obtained only by simulations which minimize the average
error probability at both transceivers. We notice that when
the values of (), increases from O to 10, the 3-TS protocol
performs better than the 2-TS protocol when ()1 = 1.8Q)2 and
also when Q1 = 0.5Q. This is due to the reason that, in
3-TS, the different transmit powers at transceivers S7 and
So lead to a different power weightining at the relays. The
transceiver with a higher transmit power will be weighted more
at the relay than the transceiver with a lower transmit power.
This is not the case in the 2-TS and 4-TS where the received
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signals from both transceivers are weighted equally and thus
can not make use of the different transmit power to improve
the system performance [7]. This highlights a good advantage
that the 3-TS is effective when the transmit powers at the
transceivers are different. This is a practical scenario since in
underly cognitive radio networks, the transceivers’ powers vary,
depending on the interference constraints.

Fig. 10 shows the asymptotic average bit error probability
performance of the 2-TS and 3-TS protocol versus () assuming
v =10, Ly = 10, M = 2,3 at y, = 1 dBs. We see a good
match between the asymptotic results based on (73) and the
simulation results. Observations and conclusions similar to the
ones made for the other figures hold for this figure. Based on
the analytical results in (73), it is clear that the diversity gain of
both schemes for the given parameters is the same.

In Fig. 11, we plot the optimal values of « for the 3-TS
protocol as function of ()2 for different values of Q1. As
explained in the analytical section, the value of « increases or
decreases with ;. The signal broadcasted by the transceiver
with a higher transmit power will be weighted more at the
relays than the signal broadcasted by the transceiver with lower
transmit power. Meanwhile, in the 2-TS protocol, the received
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Fig. 12. Average sum rate comparison between the proposed ZFB scheme and
the optimal beamforming scheme, with Ly = 4 and M = 1, 2.

signals at the relays are weighted equally. Note that the curves
are not matching at high values of ()2 because one curve results
from simulations whereas the other is obtained analytically at
high values of ). However, they have the same trend.

C. Comparison Between the Sub-optimal ZFB Beamforming
Scheme and the Optimal Beamforming Scheme

In Fig. 12, the performance of the achievable sum-rate for
the 2-TS and 3-TS protocols employing the ZFB scheme is
compared (the achievable sum-rate curve is generated by simu-
lations, where over 50,000 channel realizations were generated
and averaged) with the one that employed optimal beamforming
scheme, e.g., [22]. The optimization problem for the system in
[22] is to maximize the sum-rate of both transceivers subject to
power constraints. The system is a two-way multi-antenna relay
channel that transmits over two time-slots. For comparison, we
assume that the total power available at the relay(s) is the same,
the number of antennas in [22] is equal to the number of relays
Ly = 4inoursystem and M = 1, 2. Itis observed that there is a
1-dB gap between the performance of the adopted ZFB scheme
and the optimal beamforming scheme. However, our proposed
scheme offers a good performance at lower complexity in
addition to being practically implementable if compared to the
optimal scheme. The figure also clarifies that 2-TS is better
than the 3-TS protocol in terms of bandwidth efficiency, which
is expected. Although adding one more time-slot in the 3-TS
protocol enhances the performance in terms of the outage and
error probabilities, the bandwidth efficiency of 2-TS protocol is
still better.

To compare the complexity between the proposed scheme
and the optimal scheme, we note that the ZFB vector has a small
fixed complexity, requiring only one matrix inversion E* and
one matrix multiplication to obtain the beamforming weights.
However, in the optimal scheme in [22], an iterative numer-
ical optimization technique is used which converges within
20-30 iterations. Within each of these iterations, a number of
matrix multiplications, matrix inversions, and vector 2-norm
calculations for each user are needed to find the solution.
So the computational complexity of the two schemes is not
comparable.
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IX. CONCLUSION

We investigated a cooperative two-way AF relaying system
model in a spectrum sharing environment. The proposed system
limits the interference to the primary users using a distributed
ZFB approach and peak interference power constraints. The
beamforming weights were optimized to maximize the received
SNR at both secondary transceivers and to null the interference
inflicted on the primary users. We considered two transmission
protocols over two time-slots and three time-slots. It is often
expected that the three time-slot protocol is subordinate to the
two time-slot protocol due to the loss in the data rate. Such
a comparison, however, ignores the fact the 3-TS protocol
benefits from one additional degree of freedom per relay. To
clarify the potential advantages of 3-TS and 2-TS transmission
protocols and study the performance tradeoffs of both of them
in spectrum sharing systems, we investigated the performance
of the secondary system by deriving closed-form expressions
for the outage and average error probabilities. We compared
the performance of the two protocols in terms of the outage
probability, average error probability and average sum-rate.
When compared to the performance of the optimal beamform-
ing scheme, the adopted sub-optimal ZFB scheme performance
is somehow close to that of the optimal one in terms of the
average sum-rate performance. Our numerical results showed
that the distributed ZFB method enhances the outage and error
probabilities by increasing the number of participating relays in
addition to limiting interference to the PUs. In addition, our
results showed that the 3-TS protocol outperforms the 2-TS
protocol in certain scenarios, which was clear in the outage and
error probabilities performance. As a result, the 3-TS protocol
offers a good compromise between bandwidth efficiency and
system performance. As an extension, an adaptive 2-TS/3-
TS system could be adopted to enhance both the bandwidth
efficiency and reliability.
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