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In this paper, cognitive radio and simultaneous wireless
information and power transfer (SWIPT) are effectively
combined to design a spectrum-efficient and energy-
efficient transmission paradigm. Specifically, a novel
SWIPT-based primary-secondary cooperation model is
proposed to increase the transmission rate of
energy/spectrum constrained users. In the proposed
model, a multi-antenna secondary user conducts
simultaneous energy harvesting and information
forwarding by means of power splitting (PS), and tries to
maximize its own transmission rate under the premise of
successfully assisting the data delivery of the primary user.
After the problem formulation, joint power splitting and
beamforming optimization algorithms for decode-and-
forward and amplify-and-forward modes are presented,
in which we obtain the optimal PS factor and
beamforming vectors using a golden search method and
dual methods. Simulation results show that the proposed
SWIPTbased primary-secondary cooperation schemes
can obtain a much higher level of performance than that
of non-SWIPT cooperation and non-cooperation schemes.
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1. Introduction

Spectrum and energy are two high-profile scarce resources in
wireless communication networks. In particular, in wireless ad-
hoc networks, many smart nodes, always equipped with
limited energy, are badly in need of extra energy supply to live
longer, and meanwhile require more available bandwidth to
improve their communication capability. Fortunately, cognitive
radio (CR) and energy harvesting (EH) have been developed to
settle these problems [1], [2]. CR enables unlicensed users, that
is secondary users (SUs) to share the spectrum owned by
authorized users, that is primary users (PUs). As a promising
transmission paradigm, primary-secondary cooperation (PSC)
allows SUs to share authorized spectrum with PUs under the
premise of assisting PUs to improve their data transmission,
resulting in a win-win solution for both PUs and SUs, and has
thus attracted the attention of many researchers [3]. Meanwhile,
simultaneous wireless information and power transfer
(SWIPT), which combines EH from radio frequency (RF)
signals and information transmitting together on the same
wireless device has brought about significant convenience, and
has been one of the most important green communication
methods [4].

Joint PSC and SWIPT can improve the spectrum and energy
scarcity in traditional networks. Therefore, this paper
investigates the resource allocation problem for a SWIPT-
enabled multi-antenna PSC in CR networks. Specifically, a
multi-antenna SU assists a PU in data delivery, and in return, is
awarded the use of a licensed spectrum. Meanwhile, the SU
conducts power splitting (PS) for simultaneous energy
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harvesting and information forwarding. Aiming at maximizing
its own transmission rate, the SU also needs to design its
beamforming vector. Thus, the joint power splitting and
beamforming optimization (JPSBO) algorithms for decode-
and-forward (DF) and amplify-and-forward (AF) modes are
designed.

The studies in [S]{7] are researches most related to our
paper. The authors in [5] studied an AF relaying protocol
for a three-node multi-antenna cooperation model, in which
the relay simultaneously harvests energy from information
transmitted by the source and a dedicated energy signal
transmitted by the destination. However, PSC is not considered,
and owing to the separation of EH and information forward
(IF), the PS is also removed from consideration. In [6], a two-
way relay model is proposed in which an SU harvests energy
from two PUs, helps the PUs exchange their data using the AF
protocol, and transmits its own data by sharing spectrum with
the PUs. However, multi-antenna relaying is not considered in
this paper. In [7], the authors studied a SWIPT-enabled multi-
antenna PSC model similar to our own. Their study is limited
to AF mode, and the centralized beamforming policy is
employed at the SU, requiring vast information exchanges and
more complex signal processing. In addition, the proposed
algorithm is based on a one-dimension (1-D) exhaustive search,
and a huge computation complexity making it inapplicable in
practice. By contrast, both AF and DF modes are studied in our
research, and a distributed beamforming strategy is adopted
to reduce the information exchange. Meanwhile, we also
contribute to the design of a low-complexity algorithm by
proving the quasi-convexity/quasi-concavity of the objective
function, and then exploit a bisection search and/or Golden
search to quickly achieve a globally optimal solution.

The contents of this paper are as follows. Section II
summarizes the related studies regarding cognitive cooperation
and SWIPT in cooperation networks. In Section III, the system
model and problem formulation are introduced. The algorithm
design is presented in Section IV, followed by a performance
analysis in Section V. Finally, Section VI provides some
concluding remarks regarding this research.

II. Related Works

Apart from the works mentioned above [SH7], the related
works mainly center on the following two aspects: researches
on non-SWIPT PSC [8}H13], and researches on SWIPT in
traditional relay networks [14]-{19]. In [8] and [9], one PU
selects one or more SUS to assist in its data delivery. In [10] and
[11], the authors studied resource allocation for network-coded-
based cognitive cooperative networks. The study in [12] further
analyzes the physical security in PSC. In addition, our previous
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paper [13] proposed a network-coded PSC for OFDM-based

cognitive multicast networks.

On the other hand, researches on SWIPT in traditional relay
networks involve a DF relay, an AF relay, a compress-and-
forward relay, and a compute-and-forward relay [14]-{19]. In
[14], multiple source-destination pairs communicate with the
help of an EH relay, and the PS and power allocation are jointly
conducted during the relay to improve the energy utilization.
Chen and others [15] adopted game theory to study SWIPT for
relay interference channels with multiple source-destination
pairs communicating through their dedicated EH relays. A
multi-antenna relay is considered in [16]-{19]. In [16], the
authors studied the antenna selection and PS optimization for
multiple multi-antenna relay models, whereas the authors of
[17] analyzed a transceiver design for multiple input multiple
output interference channels. These researches are further
extended to a full-duplex relay in [18], and the impact of
relaying strategies described in [19].

In this paper, SWIPT in a cognitive cooperation network is
considered, and resource allocation at a multi-antenna SU for
SWIPT-enabled PSC is investigated. Specifically, the SU
maximizes its own transmission rate under the premise that the
target transmission rate of the PU is satisfied. Thus, a
JPSBO problem is formulated for DF and AF modes. Both
transmission rate maximization problems are transformed into
a contrapositive power minimization problem, which can be
effectively solved using the dual method. Moreover, in DF
mode, the optimal PS ratio can be obtained directly, and
beamforming vectors are derived through a bisection method
and by solving the quadratic equations. While in AF mode, the
optimal PS ratio and beamforming vector are derived by jointly
utilizing the fix point iteration, bisection search, and golden
ratio methods. The contributions of this paper are summarized
as follows.

« The SWIPT-enabled multi-antenna PSC model is established
for both AF and DF relaying modes, in which a multi-
antenna SU harvests energy from a PU, and uses the
harvested energy to conduct information forwarding for the
PU and its own data transmission simultaneously.

« A unified problem formulation for both DF and AF modes is
built, which aims at maximizing the transmission rate of the
SU subject to the target transmission rate requirement of the
PU.

« Bisection searching and/or Golden searching-based low-
complexity algorithms are designed for the JPSBO problems
in DF and AF modes, respectively, by analyzing the
monotonicity and quasi-convexity/quasi-concavity of the
objective functions.

Notations.: Throughout this paper, the vectors and matrices
are represented by boldface lowercase and uppercase letters,

ETRI Journal, Volume 38, Number 5, October 2016
http://dx.doi.org/10.4218/etrij.16.0115.0561



respectively. In addition, ||-|, ()", )", (", and O
represent the Frobenius norm, transpose, inverse, Hermitian
transpose, and element-wise product operations of the vectors
or matrices, respectively. Moreover, x ~ CN'(m,®) indicates

that x is a complex Gaussian entry with a mean value of m and
covariance matrix of @ ; < is an empty set; A >0
indicates that A is positive semi-definite; and diag(x) is a
diagonal matrix with -th diagonal element equaling to the i-th
element of x.

III. System Model and Problem Formulation
1. System Model

The communication system considered consists of a primary
transmitter (PT), a primary receiver (PR), a secondary
transmitter (ST), and a secondary receiver (SR). The PT, PR,
and SR are equipped with one antenna, whereas the ST is
equipped with N antennas. The ST harvests RF signal energy
from the PT, and transmits both the received signal and its own
signal to the PR and SR, simultaneously. As shown in Fig. 1,
h,,, hy, and h e C"™ denote the transmission channel
from the PT to ST, from the ST to PR, and from the ST to SR,
respectively, and /,,, denotes the transmission channel from the
PT to PR.

2. Transmission Model
A. Phase

Each transmission consists of two phases. In phase I, a PT
broadcasts its information x; to both a PR and ST. As a result,
the received signals at the PR and ST are

Veri = hp,p \/lel + nlp and 9]
Ysta = hp,s \/lel +ny, ()

where P is the transmit power at PT, and n ~ CN(0,07)

Fig. 1. System model of multi-antenna primary-secondary

cooperation.
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and n’ ~ CN(0,0°1) are the received noise at the PR and
ST, respectively.

A portion of the received signal at the ST is used for energy
harvesting, and the left part is for IF by adopting the DF/AF
protocol. Denote 5 € [0, 1] as the PS ratio. The finally received
signal and harvested energy can then be calculated as

Tsr :\/EYSTJ +n/ :\/ﬁhp,s\/ﬁxl +\/Enf +n{ and (3)
O(B) =n(-p)E |, | +aN), )

where n] ~ CN(0,071) is the additive noise caused from
power splitting at the ST, and # € [0, 1] is the energy

conversion efficiency. Therefore, using MMSE, the
transmission rate of the PT at the first hop is
Ry, =0.5Af log,(1+7) and ®)
Jor _ PRIy, ©
" poltor’

where y,) is the achievable transmission signal to

interference plus noise power ratio (SINR) at the SR.

B. Phase II in the Case of DF

During phase 1, the received information for the IF and its
own information of the ST are processed by N % 1 dimensional
encoding vectors w; and w,, respectively. As a consequence,
the transmitted signal at the ST is s =w,x, +w,x, € C**.
The information received at the PR is

Vera =his+ny =hi (Wx, +w,x,)+nl, 7
where n? ~ CN (0, 0'[2,) is the received noise at the PR. Thus,

with the maximum ratio combining, the transmission rate of
the PU’s data at the second hop is formulated as

Rl?; =0.5Af log, (1+;/l?§ s ®
Rlh, I
po = oo, and ©)
O-p +7/P,2
h w |
}7PD]; _ | s,p ]| (10)

H 2 2
|hs,pw2| + O—p
where Af’is the spectrum bandwidth.
In addition, the received information at the SR is
H K H s
Vsr2 =hg $+m, =h (wlxl WX, ) +n,,

(11

where 1) ~ CN'(0,57) is the received noise at the SR. The

achievable transmission rate of the SR is formulated as
R =0.5Aflog,(1+ ) and (12)
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hw, [
DF s,s 2
=2 13
}/S |h:,{sw1 |2 + O’f ( )
where 0" is achievable transmission SINR at the SR.
Finally, the power consumed at the ST is
P = |lw [P +llw, I - 0(B). (14)

C. Phase II for AF

In the case of AF, the transmitted signal at the ST is
s =W, Ory; +W,x, € C" . The received signal at the PR is

Vero = h:ps+n§’ = ,/ﬂPlhfp(wl th)sx1)+n§’
+/AhE (w, on)+h" (w, on)+h! w,x,.

P P

(15)
Therefore, the transmission rate of the PU at the second hop is

1
Ry =5Aflogz<1+y;i'; : (16)

2
Bl

ey :—£+7P,2nand

V4

17

77AF — ﬁE'hprZ"vl'z (18)
" (Bol+o )l w P +h w0l

where B, =diagth, }.
The received information at the SR is
H s H
ySR,Z = hs,ss + n2 = vV IBIJIhs,swl O hp,sxl
+ \/Eh:‘s (W, On})+h{ (w, On))+hiw,x, +n;.

In addition, the achievable transmission rate of the SR is
calculated as

(19)

R =0.5Af log,(1+y,") and (20)
7/AF — |h;—,lsvv2|2 (21)
© o (Bol o)W, + BRBwW + o
The consumed power at the ST is
PN =E[[w, Org|F + [w,x, | |-0(8) -

= BRIB,W,|[ +(Bo; +o)[w, |+ W, - O(B).

3. Problem Formulation

Aiming at maximizing the achievable transmission rate at
the SR, the investigated problem can be formulated as follows.

OP, : max g,
l‘u {thz’ﬁ} 7/8
s.t. G ip1 220
C, 75, 22,,,and
C,:P'<P,
944  ZhiHui Liu et al.

where u € {DF, AF}, and & = DF if u equals DF; otherwise,
ii=2 . In addition, z,, =2"%"/
the target transmission rate threshold of the PR. Constraints C,

and C, indicate that the achievable transmission rates for two

hops should satisfy the QoS requirement of the PR, and
constraint C; denotes the maximal transmit power budget

—1 with R, indicating

constraint, with P, being the maximal available transmit power
at the ST that it owns before harvesting energy.

IV. Algorithm Design

1. Problem Solving in the Case of DF

Analyzing O/PI‘DF , it is easy to find the following: 1) From
constraint C,, f3 2 z,,07 /(R |Ih | ~z,,07) if B, |f
>Z o’ ; otherwise, the problem cannot be solved. 2)

From constraint Cy, [|w,|[* + [[w,[|” <n(1=8) (B |[h,, [P +

No&?)+ P,. Therefore, the available transmit power decreases
as fincreases, and the maximum available power is achieved at

(23)

The problem OR‘DF can then be simplified as

H 2
OP, .: max —l bW |
2pE {wiwy} |hiWl |2 +O'r2 ’
[h,w, [
r, sp il ~
s.t. G, >z, and

b w, [ o
Clllw, I+l w, IP< B +0(8),
where Z . =z, —Rlh | / o, .
To solve the problem OTJZ‘DF, the following contrapositive
problem OR‘DF is proposed, in which we fix the objective

transmission SINR of the SR and try to minimize the total

power consumption.

2
>

. 2
OPyoy  f(zn) = min - [wi [+ w,
s.t. Gl thw1 = Zu( thw2 & +0'12,)

" pH 2 H 2 2
C3 | hs WZ | 2 Zs,th (| hs,swl | +O_r )

S

The problem OR‘DF can be solved with the dual method.
After achieving the minimum power f(z,,), it is compared with
the available transmit power P, + O(f%), and the optimal z, is
found using bisection search methods [20].

The dual method used to solve OR‘DF is briefly explained
as follows. First, Lagrangian multipliers 4, and 4, are defined
for constraints C, and C,’, respectively, and the Lagrangian
function is
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L=w, [ +[wal = A [w f ~ 2, (hw.F +07) ]
— [ Iw,f =z, (hiw P+ 07) ]
=WIAW +WYAW, +Z 004 +2,,0.,,
where A, =I1-Ah_h! +4,z,h h and A,=I-A4h h +
AZ,ph b

Its dual problem is presented as follows:

@4

. ~ 2 2
For {r}na}x} z p’thapﬂl +zs’lha,,ﬂz,
172

st. 1+4z,h h" = Ah h!

I+4Z ,h h = Ah hl.

pth™sp™“s,p

Using the matrix inversion lemma, it is easy to prove that the
optimal 4, and 4, should satisfy

l+ﬂ’zzs,th || hs,s ||2

A= ,and (25)
I, IF [1+ Az, b, IF (1= p)]
_ 1+/112p,th || hs,p ||2 (26)
2 - 5
Iy I [1+ A2, Th, [F (1= p) ]
N [hih, [
where p=——F-F—"——.
b, IFllh,, P

Substituting (25) into (26), the optimal 4, can be obtained
by solving a quadratic equation. Then, using (25), the optimal
Ay can also be obtained. Finally, according to constraints CZ'
and C,, we compute the normalized beamforming vector
through

W, =L W, = ([+4z,,h ") 'h, and (27)
(W, ]
~ Vsz A ~ H \-1
W,=—— W, = (I+ﬂ,‘zp,thhsgphs’p) h . (28)
(W, |l
Let w, =\ 1, W,, W, =4/, W,, and the power coefficients
be calculated as follows.
T —
[/1’1’7(2] =X lYa (29)
—_In" w 2 4 H | ~ 2
X = - hs,pwl| Zp,th hs,pw2| ,Y _ [Zp,thap J, (30)
H~ |? H= |? z 2
Zs,th hs,swl| - hs,sw2| sth=r

According to above derivation, a joint power splitting and
beamforming optimization algorithm for DF mode (referred to
as JPSBO-DF) is proposed, as shown in Table 1.

2. Problem Solving for AF

For the case of AF, the following contrapositive problem is
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Table 1. JPSBO-DF.

1: Input hys, hyy, by, iy, Pr, Po, 7, N, A, 07, 07, 0,, 0;, Ry, and
tolerable error &

2: Compute 4" as(23)

3: Initialize 23, z" with f(z5)>P,+Q(8"), f (23" ) <B+O(B").

s,th s,th

Iteration: (Obtain z, y, using bisection methods)
4:Let z, =(z

up down
s,th +z s,th

) / 2, and solve problem OR‘DF to gain f(zsm).

S f(z,)> B+0O(B), let 2z =z, ;Elselet z{3" =z

s;th >

6: Compute I =|£(z,,)~ (R, +Q(8)
Il<e.
7: Calculate 4, and 4, with (25) and (26).

8: Determine w, and w, following (27) and (28), and the power]
coefficient y; and y, according to (29) and (30).

sith ©

, and repeat steps 4 and 5 until

Output:
9: Compute w, =

LW, and W, =7, W,.

established, in which we optimize the beamforming vectors
to minimize the total power consumption subject to the
minimum transmission SINR constraints for both the PR and
SR.

OPyye : min AR [Bowi[[+ (ol + o[+ w

-n(1=p)(L |h, [ +No))
C, : BRI B,w,[ >

Z,u[ (Bo? + o)W, [+ w,[ + 07 |
C, :lhfw,[ >

Zow [ (Bo? + o]0 w P+BEIRB,w, [ + 07 .

.S

Define the optimal objective value, that is, the minimum
power consumption, as  f,:(f,z,,,) . The following theorems
are then presented to facilitate the algorithm design.

Theorem 1: f,.(f,z,,) is monotonically increasing with
Zsm, and is quasi-convex about f3.

Proof: See Appendix A.

Theorem 2: Denote the optimal value of problem (’)7?1‘ Ap @S
F(B). Then, F(B) is quasi-concave about f3.

Proof: See Appendix B.

With the help of Theorem 2, we can first optimize the
problem (’)731‘ A for the given A and then search for the
optimal £ using the Golden searching method [21]. To solve
problem (’)731‘ AR
algorithm is designed in detail.

for the given £ the following bisection

First, Lagrangian multipliers 4; and 4, are introduced. The
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Lagrangian function is as follows.
L = BRIB,w, |} +(Bo? + )W, +[w, |
—n(l= )P, [+ No?) = At = Aty 31
=w,Cw, +W,C,w, + A% 00 +4,z,,0;

—n(1=B)(Rlh, [ +No?),

where
t, = R B,w,[’ -

pth |h |
2 :|hs,sw2 - Zsth (ﬂa +61)|h |

H
B2w1| -

Zp 0 (,6’0'2 + 012 )|hfpw1 |2

pthG

- Zs,th stho-r
C, = SEB)B, +(fo; +0,)I- 4, 3FB}h _h'B,
+ﬂ‘lzpth(ﬂo- +6 )h:p ;p+ﬁ’lznh(ﬂo- +O_ )hss 8,8
+ 4,z +BPB} h“h“B and

(32)

C,=1+4zZ - h 33)

P, 1h s, p s,p
The dual problem is presented as follows.

‘FAF - max ﬂ’lzp,thai + ﬂZZs,tho-rz - 77(1 _IB)(I)l | hp,s |2 +N6s2)9

(.4}
s.t. G(4,, ﬂz)>ﬂlB hSp B

I+ﬂlzpthhsph?p iﬂ’zhss 8,82
where  G(4,4)=G(4,4)/BR.  G(4,4)=BFBIB, +

ﬂ‘lzp,th (ﬁo-:z + 0-1 )hs phi-lp +ﬂ‘225 th (ﬁo- + 0-1 )hs sh:ls + ﬂPBIZ-lhs shs sB ]
HBol +a})l.
The two linear matrix inequalities uniquely determine 4, and

A, as follows.
1
A= - and
h:IpBZG(A’I s /12) 1]312{]‘15,;)

34

1
A, = — - . (35)
? h:Is (I + ﬂ‘lzp,lhgs,pg;lp) lhss

From (34) and (35), the optimal 4, and 4, can be obtained
using the fixed point iteration algorithm [22]. Then, compare
Sar(Bsz.) with Py, and search the maximum zg, to satisfy
Jar(Bozg) < B

Finally, according to the two constraints of OFP,

compute the normalized beamforming vectors as

|AF >

W, =W, /IIW,[[,W, =G(4,4,)"'B}h,, and (36)
V"612 =W2/||W2”,W2 = (I+ﬂ'12pthhsph:lp) ]hs,s N (37)

Letting w,=,/y,Ww, and w,=.,/y,W,, the power

coefficients can be calculated as follows.
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Table 2. JPSBO-AF.

1: Input hys, hyy, by, iy, Pr, Po, 7, N, A, 07, 07, 0,, 0;, Ry, and
tolerable error &, &.

2: Initialize a =0, and b= 1 (obtain Susing Golden section methods).

3: Initialize S**"=a+0.382(b—a) and B =a+0.618(b—a)..
Iteration: (Obtain F(S*™) and F(B™) using bisection method)
4:Initialize 2%, , 25" with £ (B",25) > B, fur(B 20" ) < B
S:Let z,, =(z% +z0") /2 ;

6: Update 4, and 4, according to (34) and (35) until 4; and 7, converge;

T foe (B2 > B, let z[§ =z, ; Else, let zs“’]:”“ =Zm s

8 Compute IT=|z% —z*"|, and repeat steps 5 through 7 until
II<eg,;
9: F(B™) =z

10: Repeat steps 3 through 8 with 3 replaced by S ;
1 F(B) =2,

12:If F(B™)>F(S*") ,leta=p*" ;Else, b=pF".
13: Repeat steps 3 through 12 until ‘b - a‘ <¢g

Output:
20:Set z,, =[F(B")+F(B™)/2, B=(B"+B*")/2.
21: Determine w, and W, following (36) and (37), and the power

coefficients », and y, according to (38) through (40).

22:Compute w, =/, W, and W, =/, W,.
T -
[x.2.] =X7Y, (38)
2
hWiB,W,| -2 (B0 +o;
X(,1) = B . ' D)
_Zs,m(ﬂo'sz +07) [ W ‘ —z,wPh thBZWI
-z |h"w, ] z o’
X(:,2) = Zp’thJ i | Y = “pn ; (40)
|hs,sW2| Zs,thar

According to the above derivation, a joint power splitting
and beaming optimization algorithm for AF mode (referred to
as JPSBO-AF) is proposed, as elaborated upon in Table 2.

V. Performance Analysis

In this section, simulation results are presented to demonstrate
the performance of the JPSBO-DF/AF algorithm. Unless
stated otherwise, the following parameter settings are used
throughout the simulation. The transmit power at the PT and
ST is set to 1.5 W and 0.1 W, respectively, and the receiving
noise power is set to o, =0, =N, =-36 dBW, and

ol =0} =N, —3. The target transmission rate of PU Ry, is
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-3 SWIPT-PSC with CB [7]
—©—Proposed scheme for DF |,
%= Proposed scheme for AF | ¥
—©—Non-SWIPT-PSC for DF | |
~ " Non-SWIPT-PSC for AF

—45 —40 -35 -30
Noise power Ny (dBW) with R, 4, = 6

Successful transmission probability for PU

Fig. 2. Average successful transmission probability of PU vs. noise
power with R, ;, = 6 Mbps.

set to 6 Mbps, and the number of antennas N is 8. The
bandwidth Af'and energy conversion efficiency 7 are 2 MHz
and 0.8, respectively.

The transmission channel vectors/variables are generated
as h, =d,"h, . h =d "h, h,=d "h,
andh =d, ~h ., where h, h, h, and /  are
independent identically distributed Rayleigh fading channel
vectors/variables; ds, dss, dsp, and dj,, are the normalized
distances from the PT to ST, from the ST to SR, from the ST to
PR, and from the PT to PR, which are set to 5, 5, 6, and 10,
respectively; and « is the path loss exponent, which is chosen
as 2 [23], [24].

For brevity, the proposed JPSBO-DF/AF algorithms are
referred to as “Proposed Scheme for DF” and “Proposed
Scheme for AF,”” and are compared with the following schemes.
1) SWIPT-PSC with CB in [7]: The proposed SWIPT-enabled

multi-antenna PSC scheme with centralized beamforming.
This scheme is limited to AF mode, and requires a large
information exchange and more complex signal processing.
2) Non-SWIPT-PSC for DF and Non-SWIPT-PSC for AF: ST
assists the transmission of the PT using the DF or AF
protocol, and transmits its own signal simultaneously
through NV antennas without energy harvesting from the PT.

Figures 2 and 4 depict the performance of these five schemes
when noise power N, changes. Specifically, Fig. 2 presents the
successful transmission probability for the PU, and Fig. 3
elaborates the average achieved transmission rate for the SU.
It is observed that, as the channel condition worsens, the
successful transmission probability decreases, as does the
achievable transmission rate of the SU accordingly. Meanwhile,
compared with traditional non-SWIPT-enabled PSC schemes,
that is, “Non-SWIPT-PSC for AF” and “Non-SWIPT-PSC for
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Fig. 3. Average transmission rate of SU vs. noise power with
Ry =6 Mbps.

DFE,” allowing the ST to harvest energy provides an apparent
improvement in performance. Taking the DF relay for example,
the achieved successful transmission probability for the PU and
the transmission rate for the SU increase by about 48% and
52%, respectively, in our proposed schemes when N, =
—42 dBW.

In addition, it was found that the reference scheme, that is,
the proposed SWIPT-enabled multi-antenna PSC scheme in [7],
consistently achieves a better performance in terms of the
successful transmission probability for the PU, whereas the
proposed scheme outperforms this in terms of the average
achievable transmission rate of the SU. The performance gain
of the reference scheme in [7] results from the adopted
centralized beamforming at the SU, which supports more
flexible signal processing and hence better spatial gain.
However, the performance gain is at the cost of a large resource
overhead for information exchange. Meanwhile, because the
authors only utilize a simple 1-D exhaustive searching method
to determine the optimal PS factor, the corresponding
computation complexity is prohibitively high. In contrast, the
proposed scheme aims at designing a distributed beamforming
scheme in which the received signal at each antenna is
forwarded independently with only the exchange of channel
state information and no data information, resulting in a great
reduction in the signal overhead. Meanwhile, our proposed
JPSBO algorithms are based on the bisection search and/or
Golden search methods, whose complexity is much lower than
the exhaustive searching method.

Figures 4 and 5 further plot the average successful
transmission probability and the average achieved transmission
rate of these five schemes when the target transmission rate of
the PU varies. Not surprisingly, along with the increase in Ry,
both the successful transmission probability for the PU and the
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achieved transmission rate for the SU decrease accordingly.
In addition, the proposed schemes, which integrate energy
harvesting capacity into the ST, provide a significant
performance improvement over the traditional PSC scheme.
For instance, when R,s = 4.5 Mbps, the average successful
transmission probability for the PU and the average
transmission rate for the SU of the proposed DF and AF
schemes are 99% and 107%, and 34% and 42%, higher than
that in the traditional schemes, respectively. Finally, similar to
the observations in Figs. 2 and 3, the reference scheme in [7]
behaves better in terms of the average successful transmission
probability of the PU, and our proposed scheme is superior,
providing a higher average transmission rate for the SU.
Moreover, because the PS factor is critical to balancing the
information forwarding and energy harvesting, as analyzed in
Section IV, we further illustrate the average optimal PS factor
obtained in the proposed schemes for different transmit power
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settings and different target transmission rates of the PU in
Fig. 6. It is shown that, as R, increases, more signal energy
should be reserved to support a better signal transmission for
the PU, that is, a larger PS factor is adopted at the ST.
Meanwhile, when the PT has more transmit power, the
received RF signal at the ST is of high energy. Hence, the PS
factor should be reduced, and the ST can harvest more energy
without deteriorating the signal reception (DF) or signal
forwarding (AF) of the PU. On the contrary, when the transmit
power at the ST varies, the PS factor in DF mode remains
unchanged because the same portion of signal energy is
required to guarantee the successful signal reception in the first
hop. In addition, for AF mode, a higher transmit power at the
ST implies a smaller PS factor, indicating that more energy is
harvested at the ST. This is because the PS factor is set as =1
in our simulation when the target transmission rate of the PU is
unsatisfied. At the same time, P, < P), and the second hop is a
bottleneck. As a result, when the ST has a small transmit power,
the probability that the target transmission rate of the PU is
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satisfied is reduced, leading to a larger probability of =1 and
hence a larger average PS factor, £

Finally, we demonstrate the performance of the proposed
schemes when different antennas are deployed at the ST, as
shown in Fig. 7. Owing to spatial limitations, only the average
achievable transmission rate of the SU is depicted. Because an
ST equipped with more antennas can receive more RF energy
and provide a large spatial gain, the performance achieved
should increase accordingly along with the increase in
deployed antennas. This coincides perfectly with the simulation
results in Fig. 7.

VI. Conclusions

This paper investigated the power splitting and beaming
optimization for multi-antenna primary-secondary cooperation
in a cognitive radio network. Concentrating on maximizing
the data transmission rate of an SU and guaranteeing the target
transmission rate of a PU, the optimization problems in DF
and AF modes were formulated. Through transforming the
formulated problems into contrapositive power minimization
problems, the problems are solved using a dual method. Joint
power splitting and beamforming algorithms were derived
through monotonicity and quasi-convexity/quasi-concavity
analyses. Simulations show that the scheme with an energy
harvesting function is superior to the scheme with only a relay
forwarding function.

Appendix

1. Appendix A: Proof of Theorem 1

First, it is casy to see that the feasible region of OF,,;
decreases along with an increase in z.. Hence, the minimum
value of the objective function, that is, f,:(5,z,,), is
monotonically increasing with zg,.

Second, modify problem (9772‘ Ap 85

min

. 2 2 2 2 2 2
OF : R[Byw,[ + 0l [ws [+ a7 [w, | +[w.
{ws.wiwa}

r. H 2 = 21l H 2 211, H 2
CZ . P1|hs,pB2W3| 2z I:O-v |hs,pw3| +O—] |hs,pw1‘

p.th
-|-|h:’1pw2|2 +012,],
' W H 2 211, H 2 211, H 2
C3 . |hs,sw2| 2 Zs,th |:O-s |hs,sw3| + UI |hs,pW]|

+ B0 B,w, [ +0? ],

C, 2W3:\/EW1,

and define the minimum value of problem (’)733‘ Ar 88
fAF(ﬁ,zs,lh).Itisthenfoundthat
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fio(Bozo) = far(Bozow)—n(1= BB | | +No?) . (41)

Meanwhile, because (9733‘ ¢ Can be transformed into a cone
programming problem, its dual gap is zero. Define the

’

Lagrangian multipliers A, £, and @, for constraints C,, G,

and C,, respectively,andlet x=[4,u,q,,4a,, ... ,a,].Itcan

then be derived that

Sar (B, Zsth )= mxax wfrvlviliv g(p, Zom> X, W3, Wy ,W,) and (42)

8Bz X, Wy, W, W,)
= BB,w|[* + o7 Iw;|* + o7 [w, [ Hiw, |
~A[ Bl B,w,[ -2

21l H 2
p.th Gs |hs,pw3 |

~ 2 2 ~ 2 ~ 2

_Zp,!hal |h:lpwl| _Zp,thlh:,lpwzl _Zp‘thap:' H (43)
H 2 21l H 2 21l H 2

_/u|:|hs,sW2| _Zs,lho-x |hs,sw3| _Zs,tho-I |hs,pwl|

- Zs,lh})l|h:,IsB2w3 |2 - Zs,lhaf :I
N
S [ 5)

n=1 w[ [/’l]
where w[n] and w;[#] denote the n-th elements of w; and ws,
respectively.

Let w3(x), wi(x), and wy(x) denote the optimal ws, w;, and
w, with dual variables x=[A,u,a,,a,,...,a,]. Then, (42)
can be further written as

Jue(Bz0) = max g ( s Zoan X W3 (X), W, (X), W, (X))
:mfxg(ﬂ,zssth,x). '

For V g, < p,, 6 <[0,1], B, =66, +(1-6)p,, we have
fNAF (ﬂ3vzs,th) = mflx g(ﬂwzs,th’x)

< max max { Z(f. 2, %), £(fy. 2, %)}
) ] : @5)
= max{mflx 8Bz x),mflx g(ﬂ’z,zs’Ih s x)}

= maX{J;AF Bis 2y e B 2o )}

where the inequality is due to g(4,z,,x) being quasi-
convex about £.
Therefore, f,.(f, Z,,) 1s also quasi-convex about £ Finally,

according to (41), f,:(B.z,) is also a quasi-convex
function about £

2. Appendix B: Proof of Theorem 2
First, F(8) can be written as
F(f)=max{x| f;(B,x) < B} .

In addition, it can be seen that f,.(B,F(B)) <P, .
Then, for 4, F(£),i=1,2,and 8 € [0, 1], B,= 66 +

(46)
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Let and we have

(1_9)132' Zy :H:l]iIle(ﬂ,-),
Jae(Bozg) S [l B F(BIIS P for @ = 1,

far (B:,z) monotonically increases with z. Thus, we have

max{/ (8,.2)} < P, @7

2 because

Moreover, because for a fixed zyy, f,r(B,z,,) 1S quasi-
convex about variable £ we have

Sur ((Hﬁl +(1-0)p, )aZo) < IE?? {fAF (ﬂiazo)} . (48)

Combine (47) with (48), we can  obtain
far ((6B,+(1-6)p,),2z,) < P, . Therefore, F(f,)>z, and
F(p) is a quasi-concave function of £
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