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Resource Allocation Algorithm Based on Energy
Cooperation in Two-way Cognitive Radio Relay
Networks

Zhenwei Xie

Key Wireless Laboratory of Jiangsu
Province, Nanjing University of
Posts and Telecommunications

Nanjing, 210003, China
1015010333@njupt.edu.cn

Abstract—We consider a two-way cognitive radio relay
network where two secondary users (SUs) can simultaneously
transfer energy and information to a relay. Then, a joint
optimization algorithm for power allocation and energy
cooperation is proposed. The algorithm proves that the
formulated throughput maximization problem is a convex
optimization problem. Next, we decompose the formulated
problem into a power allocation problem and an energy
transmission problem. Finally, the power allocation problem is
solved by an iteration water-filling algorithm, and the energy
transmission problem of each timeslot is solved by the derivative
method. Simulation results show that energy cooperation can
significantly improve system throughput.

Keywords—energy harvesting (EH);
cognitive radio; resource allocation

energy cooperation;

1. INTRODUCTION

Energy harvesting technology has the ability to collect
energy from electromagnetic waves, light and so on. So it can
greatly expand the device lifecycle, reduce energy costs and
improve the performance of wireless networks [1-2].

There have been many studies on the resource allocation
problem of energy harvesting wireless networks. In [3], the
authors consider a two-node energy harvesting network, and
then a directional water-filling algorithm is proposed by the
Lagrangian function and KKT conditions.

When a wireless communication system contains more than
one energy harvesting node, the nodes with less energy may
severely degrade the system performance. In this case, the
nodes with more energy can transfer some energy through
energy cooperation [4-5] to the nodes with less energy. In [6],
the authors propose a two-dimensional directional water-
filling algorithm by maximizing the system throughput. In [7],
the authors propose a procrastinating policy in which the
energy transferred in a timeslot must be used in the same
timeslot, without affecting the optimal value.

However, [6-7] do not consider cognitive radio technology,
which can improve spectral efficiency, whereas the problem to
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be solved will be more complex. In [8], assuming that the
primary user (PU) and secondary user (SU) both have the
energy harvesting ablity, and the PU could transmit
information and energy to the SU. Then, the throughput
maximization problem of the SU is decomposed into three
layers, and each layer is solved by the gradient method. But [8]
only takes into account a single SU, and uses the gradient
method to synchronously update multiple dual variables with
high computational complexity.

This paper proposes a joint optimization algorithm for
power allocation and energy cooperation by maximizing the
system throughput. The algorithm considers energy
cooperation and cognitive radio technology, so as to improve
spectral efficiency and energy efficiency simultaneously. In
this paper, the two SUs can share the common spectrum of the
PU [9] through a FDMA (frequency division multiple access)
mode. The main contributions of this paper are as follows:

1. We prove that the formulated problem is a convex
optimization problem, and there must be the procrastinating
policy which is optimal for the formulated problem.

2. We decompose the joint optimization problem for power
allocation and energy cooperation into a power allocation
problem and an energy transmission problem of each timeslot.
Then, the power allocation problem is solved by an iteration
water-filling algorithm, and the energy transmission problem
of each timeslot is solved by the derivative method.

3. We explain the energy backflow phenomenon, and then
give a solution.

II. SYSTEM MODEL AND PROBLEM FORMULATION

This paper studies a two-way cognitive radio relay network,
consisting of a PU, two SUs and a relay, as shown in Fig. 1,
where the two SUs and relay all are energy harvesting nodes.
The system contains N equal-length timeslots, and the
duration of each timeslot is unitized to 1. Assuming that the
harvested energy and transferred energy instantaneously arrive
before the start of each timeslot. In addition, all channels
experience Rayleigh fading. The channel fading coefficients in
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timeslot i between the PU and two SUs are denoted as g
and g, ;, and the channel fading coefficients between the two
SUs and relay are denoted as 4,; and 4, , respectively. The

total bandwidth of the PU is W . We denote the harvested
energy of the two SUs and relay in timeslot i as £, E,; and

Li>

E, ;. At the same time, the two SUs can transfer energy with

amount J,; and &,, to the relay in timeslot i, and the energy
transfer efficiencies are set as 7, and 77,(0<7,,17, <1) . In this

paper, {x,} and x both denote the set of x,, ISi<N .

PU
8 ¢ 82
E]x]]]] EZJ
\ U, Relay ﬁ //
\6 77‘ E ~__ Gy ,2//

Fig. 1. Two-way cognitive radio relay network model

Assuming that the two SUs perform a bidirectional
communication with each other, and each SU occupies half the
bandwidth of the PU through a FDMA mode. Meanwhile, the
relay uses an orthogonal carrier of the same bandwidth with the
two SUs. Then, the allocated power of SU, in timeslot i is

denoted as p,,, and the allocated power of SU, is p,,. The

total interference of the two SUs cannot exceed the system
interference threshold 7 [9],i.e.,

P&+ P18 ST 0y

The relay works in a DF full-duplex protocol, and forwards
the data sent by the two SUs. Note that the relay always has
one timeslot delay compared with the two SUs, as shown in

Fig. 2. In timeslot i, SU, transfers information with power
p,, and energy &, to the relay with the energy transfer
efficiency 7, . Meanwhile, SU, transfers information with

power p,, and energy 0,, to the relay with the energy
transfer efficiency 7, . In timeslot i +1, the relay forwards the
data sent in timeslot i by the two SUs with power p,. . In

order to align the timeslot subscripts of the two SUs and relay,

the timeslot subscripts of the relay is moved up one timeslot [6].

Assuming that the relay cannot store data, i.e., the data

received in one timeslot must be forwarded in the next timeslot.

So, the energy causality constraints for the three nodes are:

Zpll <Z(El, ») )
ZPZL Z(EZI L (3)

ZPR,[ < Z(ER,,' +771§1,[ +77252,[) “)
i=1 =1

where n denotes that the energy consumed in the first »
timeslots is less than or equal to the energy collected.

Since the data received by the relay in one timeslot must be
forwarded in the next timeslot, we can obtain:

Ltog, 0 aiPuiy Ly iog 14 JaP2ry
2 WN, /2 2 WN, /2
0 . 0 (5)
1 min(%, ;,hy ;) pp,
~Wlog, (1 + b )P
2 WN, /2

where N, denotes the noise power spectral density of the

receivers. Since O is a constant, let hj=—~0*—
WN, /2
- - min(h ., h, .
hai= and hR,f=—(hl" 21) to simplify the
WN, /2 WN, /2

derivation process.
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Fig. 2. Slot diagram of two-way cognitive radio relay network

We can formulate the system throughput maximization
problem of N timeslots as:

N — —_
P1: max Z log, (1+hip,;)+log,(1+haip, ;)

WPisP2is i=1

s.t. pllgll+p21g21 <1

Zpl, <Z(
sz,,- < Z(Ez,,- ~5,) (6)
ZPR, < Z(

log2(1+hl,p1 )+log2(1+hz,p21)<10g2(1+hR,pRl)
0<p,, 0<p2’ 08P, 00, 0<5,,

100, +1,0,,)

where %W is omitted temporarily in the objective function for
convenience, and we will add it in Algorithm 1.

Next, we prove that P1 is a convex optimization problem.



Proof: Let 7, =log,(1+hup,,) , r,=log,(1+hup,,)

and rR’i:10g2(1+ZR,[pRJ) for 1<i<N , and then P1 is
equivalent to:

N
r‘1’1’.121X Zfil +I"2’i
sy
2% 1 2% —1
S.t. — g t——g,, <1
I hoi
n 2’|,1 -1 n
= < z (El,i - 51,)
o h i=1
n 2’5.: _1 n
Z = < Z(Ez,f - 52,,') (7)
i=1 ‘hz,f i=1
n 2'}?.r’ _1 n
z = < Z (Eg; +m6,, +11,0,,)
i1 hri i=1
hith; < TR,

0<7,,0<r,,0<r,,0<0,, 0<9,,

Assuming that there are two feasible strategies
(r),r;,ry,0;,85) and (r’,r;,rs,8:,8;) . And another strategy
(7,15, 1,87,83) = Ay, 1y, 1,87, 85 ) H(1-A) (7, 17, 1,7, 83)
is given, where 0 < A <1. First, we prove that the strategy
(rf,rz3 ,r&,ﬁf,ﬁ;) is a feasible strategy, that is, the constraint
set of (7) is a convex set for the strategy (r,,r,,ry,0,,0,). For
the first constraint,

2*1%,’ -1 2’23.1 -1

= &, t—= &,
s a +(17sz}[ Al (-2
2 1 . XX |
= = 8 = 82,
hl,i ' hz,i ' (8)

©22" 4 (1-2" -1 2% + (=427 -1
< = Lt -
I, i

2,i

SAI+(A-DI=1
where the reason of (a) is that the exponential function is a
convex function.

For the second constraint,

n zlrll,ﬂf(l*i)’li -1

n 2'13,, -1
2=

o i=1 hii

AR D+ 1= -] )
i=1 hi
<A (Eu _é‘ll,i)-’_(l_/,”)Z(El,i _51%[) = Z(El,[ _513,,')
i=1 i=1 i=1

The feasibility proofs for r; , ry are similar to (9) and will
not be repeated. The other constraints all are linear and must

be feasible. As a result, the constraint set of (7) is a convex set.

Meanwhile, since the objective function of (7) is a linear
function, which must a convex function. In summary, equation
(7) is a convex optimization problem [10].

III.  OPTIMAL POWER ALLOCATION ALGORITHM
In the optimal power allocation strategy, we could obtain
log, (1+ Zl,,-pl’,.) +log,(1+ Zz,,-pz)i) =log,(1+ ZR,pr,,.) for
1<i< N , without affecting the optimal value of (6). If
log, (1+huip,,)+log,(1+haip,,) <log,(1+ heip,,) , the
wasted. In this

energy of the relay is case, let

2logz<1+%,,m,, )+logy (1+h2ipy;)

Pri = —
f i

(6) is unchanged.

, and then the optimal value of

Proposition 1: There must be the procrastinating policy
Pri ZM0,; +1,0,,; , for 1<i< N [7], which is an optimal

solution of P1, i.e., the energy transferred to the relay in a
timeslot must be used out in the same timeslot.

*

Proof: Assuming that {pi,,p;,.,p;,,.,élw[,é';[} is an optimal

solution of P1, and it does not satisfy the procrastinating
policy p,, 2nd,; +n,6,,, 1<i<N . Then, there is at least

one timeslot n, 1<n<N , where p;,ﬂ <7715:n +7725;,n is
satisfied. We assume that the allocated power p, consists of
&, from SU,, ¢,, from SU, and ¢,, from the relay itself,

that is, p,,=mé., 1,6, +&, - When n<N , let

sk £ £ * sk * £
é‘l,n#—l = é‘l,n-%—l +é‘1,n _gl,n > 52,'1+1 = 52,/1+1 + é‘2,;1 _82,n > é‘l,n = gl,n
* . £ *
and J,,=¢,,. When n=N, just let 6,, =¢,,, 5,,=¢,,.
Now the procrastinating policy is satisfied. Since

{ PrisDass p;’i} will not be changed, the optimal value

obtained by P1 is not changed. Meanwhile, since we only
delay the energy transmitted in timeslot » to timeslot n+1, it
is easy to verify that all the constraints are not violated.

By Proposition 1, let ;u = p,; +6,, denote the actual
consumed power of SU, , ;2’,=p2’,+52’[ for SU, and

;R,i:p&i—nlb‘u—nz&z,i for the relay. Then, P1 is

transformed into:

N - — — —
P2 _max ) log,(I+hu(p,, —6,,))+log,(1+h2(p,; = 6,,))

PrisPais i=1
s.t. D&t D282 — &0, — 8,0, ST
n n

21_71,1' < zEl,i

= i=1

21_72,1' < ZEZ,i (10)
i=t =

ZpR,i < ZER,i

=1 =y _

log, (1+ A (_pl,i :51,1' ) +log,(1+ h2i(p,, —0,,)) =
IOg_z (I+hri(pg, +m0,,; +1,6,,))

S, <p,, 0<6;

6,, < ;2,1” 0<6,,

0= pp,

Since the system capacity of the i-th timeslot



log, (1+hui(p,, —8,)) +log, (1 + hai(p,, = 5,,)) s
related to the index i in the objective function of P2, we can
define:

only

f(;u’;z,w;m) = _ [ —
m%‘x} 10g2(1 + i (pl,z' - 51,1' )+ Ing (I+ha, (pZ,f - 62,1'))

s.t. _gl,ié],i :g2l52,i <I P18 T P8
log, 1+ h1,,-£pl,i_— o) +log,(I1+ h2i(p,, —6,,)) = an
lng_(l +hri (pR,f + 77151,,' + 77252,1' ))
6, <p,, 06,
0,; < ;2,1' ,0<96,,

where f (;U,;z,i,;}“) denotes the maximum system
throughput of (11) by optimizing 6,;, and J,, in the case
where ;“, ;2)[ and ;R’i are determined. Then, we can prove
f(;“.,;”,;m) is a joint convex function of ;z,w ;Z,i and

;R,i in a similar way to the proof of P1.

At the same time, P2 is equivalent to:

N _ _ _

P3: _ max i»P2ir Pri
{;U,;m’;m}_ ;{f(f“ pZ,z pR,z)}
s.t. D18t P18 S I

Z;u < ZEI,I'
i i (12)

N
where Z{f(pl’,.,pb.,p“)} is a joint convex function of

i=1
{;w;z, ,,;R’ ,.} , because the sum of several convex functions
is still convex [10]. Meanwhile, since all constraints of P3
are linear for {;Li,;z’i,;&i} , the constraint set is convex. So

P3 is a convex optimization problem.

To facilitate solving P3, we initialize 6,, =0, &,, =0, for
1<i<N . Meanwhile, let £, =F ,-06,,, E,, =E,,—0,,
and E,; =E, +n0,,+n,0,,, for 1<i<N to denote the
actual energy harvested by each node after energy transfer.
Then we can solve P3 by the iterative water-filling algorithm

S

[11] to obtain {;1,,-,;2)[,;“} due to &,,=0, &,, =0, for

1<i<N , where {;R’i} is obtained by the criterion of

2Ing (1+Z1 ipyj)tlogy (HZZ-' P2i) _ 1
Pri = =
hR,i

;R,isz), due to ¢6,,=0, 6,,=0, for

N

Note that ;U:pl,i ,

Pri =P >

I<i<N.

210gz(1+214p1>,)+log2(l+Zz,lpz_‘) 1

First, let p,, =E,,. When p, >

>

B
the energy of the relay is wasted because of the requirement of
6,20, 0,,20,so0 let

21022 (14 Pri)+log, (+h2ipy ) -1

Prist = Prin T Pri—

olog (I+inip ) +logy (L+h2ipy) _ g

ZR,[ (13)

Pri = —
* i

logy (1+/1,v py ) +logy (1+ha v py) 1

ifi=N.

where just let pp , = 7
RN

log, (1+h1ip; ;) +log, (1+h2.ips ;)

When p,; < , the two SUs need

ZR,[
to transfer energy to the relay. We substitute ;1,,., ;2’, and

P, into (11), and then compute the optimal &, and &;, in
timeslot 7 . The specific steps are given as follows:

1. First, from the equality constraint of (11), we can obtain:

_ 4 _bié‘l,i (14)
! ¢ —%gﬁz,ié‘u
where
a,=(+hip, )1 +haipy ) —1=hri p,,
b, :ﬁl,[(1+}12,[£2’[)+771&&i (15)

¢ = ha,i (1 + i pl,i) +n, hr,i
2. Equation (14) is substituted into (11) to obtain:

a; — bié‘l i
C; _hl,ih2,ié‘1,i
st. (@ =c,pyy+ (mihaip,, —b)S,, |(c; —hihaid,) <0 (16
0< (a[__ bié‘l,i)(c[ _Zl’fzz’ié‘l,[)
6, <y 06,

max log, (1+ e (;R,,- +m0,, +1,

)

where —g, .6, —&,,0,; < I_El,igl,[ _;2,[g2,[ is omitted since

1_;1,[&,,- —;ugw >0 and —g, .0, — g,,0,; <0 always hold.

3. The optimal 5:[ must be at the points which are the

boundary points of feasible region or satisfy that the first
derivative of the objective function is zero. From the latter, we
get:

m(hihai)'(8,))! = 2m hihaic,d,, +17,(c) +

17
1, (hihaia, —b.c;) =0 {17

Equation (17) is a quadratic function whose discriminant is:



A:(ZHIZLI'ZLI-CI-)Z —4n, (zhiﬁz,i)z |:771 (¢,) +n, (zhzﬁz,iai —bici)}
=4n, 0, (hi h2.i)2 (be, — i haa,)

- 7 - 7 - Zuﬁz_i; . +n Zl,i (1+Z2,,‘; A)+
=4 h ih,i 2 h,ih,i-i-h i ZER: A2 2
771772( rihe) { e : |: 771h2,i (1+h1,ip”)+771772 hr.i

>0
(18)
The two solutions of (17) are:
_ 2771%1,,'Z2,,‘CI. +\/X
’ 21, (i)
Thn 19
Y = 2771h1,ih2,ic[ —\/X ( )
2 2n, (Zl,[zL[ )2

4. The possible boundary points of feasible region are

a, G Cizzi —4q; - .
= = D¢ - So we verify {x“,xz,.}
b[ hl,ihZ,[ hl,ihZ,[pz’i_b,- ’ ' '
) c.p,. —d.
and 40,% G _ i D2 7%
b,- hl,[hZ,i hl,[hz,ipz,,-—b-

i

,;U} to find the optimal

points which satisfy all the constraints of (16). Finally, all the
possible optimal points are substituted into the objective

function of (16) to find the optimal 51*, , which can obtain the

maximum objective function over the other possible optimal
points, and &, is calculated by (14).

However, in some adjacent timeslots, there may be an
energy backflow phenomenon, as shown in Fig. 3. We explain
it in timeslots i and i+1. In the process of solving P3 by the
iterative water-filling algorithm, firstly, the directional water-
filling [3] of the two SUs in the horizontal direction will be

carried out respectively, where
— E . +1/h;+E, +1/h« 1
1i=— : - , and
2 hl,i
— B, AV hu+E, 4 1 .
Litl=— : - Meanwhile, the
2 hai
relay allocates p,, =E,,, Pp,q =Eg;,, as shown in Fig.

3(a)-(b). Assuming that the maximum total throughputs of the
two SUs in timeslot i and i+1 both are more than the
maximum throughputs of the relay, as shown in Fig. 3(c).
Obviously, the two SUs should transfer energy to the relay.

Since E,, < E,,,,, we can obtain &, > &, ,,, which will lead
to the energy level (Eii —3,,) <(E.in —6,,,,). On the other
hand, it violates the directional water-filling in the horizontal
direction, so the energy of SU, in timeslot i+1 should flow
back. Meanwhile, since the energy flows back in the horizontal
direction, the maximum total throughput of the two SUs in
timeslot i+1 will less than the maximum throughput of the
relay, and the relay should flow energy back to the two SUs
and so on. This process will be repeated until the energy levels
of the two SUs satisfy the directional water-filling in the
horizontal direction, and the maximum total throughputs of the
two SUs in timeslot i and i+1 both are equal the maximum

throughputs of the relay. Note that Fig. 3 is only to illustrate
the energy backflow phenomenon, so the peak power
constraint of each SU is not marked.

Relay 1E;§Eh‘l = _17E;1 ilk Epin = I Ey;. {77151,”1 1120 11

W hed 1/

Fig. 3. Schematic diagram of the energy backflow phenomenon

For the energy backflow in the horizontal direction, we
solve it by reusing the iterative water-filling algorithm. For the
energy backflow in the vertical direction, we use the method
of defining the metric taps [6]. The detailed steps are as
follows:

1. First, we initialize the system throughput initial value
C° =0, and transferred energy &, =0, &,, =0 for 1<i< N,
where the superscript n represents the n-th iteration.
Meanwhile, let £/, =E,,, E; =E,,, Ey,=E,,, for ISi<N .
Then, we define the metric taps Zap,; and tap,, in the vertical

direction to record the energy transferred from the two SUs to
the relay in each timeslot, where the initial values are
tap,; =0, tap,, =0 for I<i< N, and the positive direction

is specified from the two SUs to the relay.

2. Let n=1 to represent the 1-th iteration. The actual
energy harvested by each node after energy transfer will be

Ell,i:Elo,i _51(?:' ’ E;,[:Eg,i _520,:' ’ E11e,[ :Eg,i + 77151(?[ +772520,[ ’
1<i<N.

3. Let 6,,=0, 6,,=0, 1<i<N . Note that we have

consider the transferred energy in step 2, and the initialization
of this step is just to give an initial value to solve P3 and get

{;l,i,;w,;&i}. Next, we solve P3 by the iterative water-

filling algorithm to obtain {;LI.,;LJ}, where the directional

water-filling in the horizontal direction is done and the energy
backflow in the horizontal direction is solved.

. Let {7, = Ev . If
log, (1+ Zl,i;i’f) +log,(1+ Zz,[;lz’,.) <log,(1 +ZR,,-;1RJ) ,  we

update ;1“ by (13). Otherwise, (&;,,6,,) is calculated by the



1

above method of (14)-(19), and let ;i,i:;“.—é‘ll

—1 —1 —1 —1
P2y = D2 =0y s DPri=Pr; +M0,, +1,0,, . Meanwhile, the

metric  taps are updated as fap, =tap ,+5,,

tap,; = tap2,i+521,i .

N
/4 - = .
5. The system throughput C' =2710g2(1+hmp;)[) is
i=1
obtained. Let u=C"'—C° to represent the gain obtained by
this iteration over the system throughput calculated by last
time iteration. If u >0, we repeat the steps 2-5 until the
system throughput converges to a fixed value.

Note that when n > 2, if the maximum total throughput of
the two SUs in timeslot i is less than the maximum
throughput of the relay, we cannot directly update ;z’i by

(13). Because although the relay cannot transfer energy to the
two SUs, there is the energy backflow in the vertical direction.
The method of energy backflow is as follows:

If log,(I+/ip,) +log,(1+ i p, ) <log, (I+heipy,)
tap,; >0 and tap,, >0, the ratio of the energy backflow is

determined according to (14), otherwise only the energy of the
SU whose metric tap is more than zero is flowed back. This
process will be carried out until

log, (1+Zl,i;1ﬂ’i)+10g2(1+22,[;;i) =log2(1+zR,[;;’i) or the
metric taps of the two SUs both equal zero. The energy of
backflow is recorded as { Viis y;[}. In this process, the two

SUs will not transfer energy to the relay. Then, let
PL= DLt s Poi = Do Ve Pai = Py~ VL YA,
If  log, (1+ /i py,)+log,(1+hai p) ) <log,(1+hei py,) s
still satisfied, ;z’i can be simply updated by (13).

Unless the system throughput achieves the optimal value,
each iteration will monotonically increase the system
throughput. Meanwhile, P3 is a convex optimization problem
with a unique optimal value. If we repeat iterations many
times, the convergence of the original problem is guaranteed.
The detailed process can be seen in Algorithm 1.

Algorithm 1: Optimal Power Allocation
I Initialize n=0, E=E,, , E\=E,, . Ej~E

x> the metric taps

tap,, =0 , tap,,=0 , transferred energy &;, =0, &,,=0 , energy of
backflow »/=0, y7,=0, 1<i<N, C’=0, u=1;
2. while u>0 do

3. n=n+l;

4. Let E\=E =67, By =B -6

Eq =g 41,87 =y )+ m (8 = y5), 1<i< N
5. Initialize 6, =0, 8,, =0, 1<i< N, obtain {;;‘vi,;;".} by the
iterative water-filling algorithm, and let {;’;_i = E;;I} H
6. for i=1: N do
7. if log,(1+ /i p, ) +log,(1+ hai p;,) <log,(1+hri py,) do
8. Compute y;,, y;, by the above method of energy backflow
andlet &, =0, =0, p, =P+ ¥ss Poy =P+
P = P~V — M, 5 1
log,(1+ /11 p,,) +log,(1+ has p,,) <log, (1+ hr py,) is still

satisfied, update ;;_i by (13);
9. else

10. Compute &/, J,, by the above method of energy transfer
and let y; =0, y}; =0, ;1.1’ = ;u =0, ;z.z’ = ;2,1’ =&

;R,i = ;R,i +771é‘17i + ’7252".1 5

11. end if
12. Update tap,; =tap, +0); =y, , tap,; =tap,,+6,,~y;,;
13. end for

log, (1 +zR,i;;_i) H

N
14. Compute C" = Z
i=1

i

w
2

15. u=C"-Cc"';
16. end while

IV. SIMULATION RESULTS AND ANALYSIS

The simulation parameters are set according to [7].
Assuming that the number of timeslots is N =20, and the
total bandwidth of the PU is W =2MHz. The noise power

spectral density of the receivers is N, =10"" W/Hz . At the
same time, the channel fading coefficients # h

modeled as Rayleigh fading with mean —110dB, and g,

i s My, are

g,, with mean —100dB. Assuming that the harvested energy

of the two SUs and relay in each timeslot is uniformly
distributed between [0, ™ ], [0, E;*] and [0, E;™ ] .

We compare the system throughputs of the two-way energy
cooperation by using Algorithm 1, the one-way energy
cooperation where only one-way energy transfer from SU, to
relay is allowed and the no-energy cooperation where energy
transfer is not allowed.



Fig. 4 shows the system throughput comparison under
different E5*, where E/™=Ey*=10mJ, I =0.4x10"" mW ,
n=n,=0.5 . When E;*™ is small, the gain of energy

cooperation is large. With the increase of E;™, the gain of

energy cooperation gradually decreases. Finally, the
throughputs of different algorithms will converge to the same

optimal value. In fact, when E;™ is sufficiently large, the two
SUs do not need to transfer energy to the relay.
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-—%-No energy cooperation
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max
Ep/ml

Fig. 4. System throughput comparison under different £,

Fig. 5 shows the system throughput comparison under
different interference threshold I , where 7=n$,=0.5 ,

EM™=E=E7*=10mJ . With the increase of /, the system

throughputs of three algorithms all gradually increase. On the
other hand, when [/ is sufficiently large, the system
throughputs of three algorithms will converge to different
values, because the system throughputs will be limited by the
harvested energy of the two SUs and relay.
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Fig. 5. System throughput comparison under different /

V. CONCLUSIONS

In this paper, a joint optimization algorithm for power
allocation and energy cooperation is proposed by maximizing

the system throughput. The proposed algorithm considers
energy cooperation and cognitive radio technology. Firstly, we
formulate the throughput maximization problem, and then
decompose it into a power allocation problem and an energy
transmission problem of each timeslot. For the energy
backflow phenomenon in some timeslots, this paper gives the
water-filling interpretation. The simulation results verify that
energy cooperation can significantly improve the system
throughput, especially for some energy-constrained nodes.
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