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Abstract: Compared with the conventional simultaneous wireless information and power transfer
(SWIPT) based relaying with “harvest-then-forward” protocol, the battery-assisted SWIPT relaying
is more practical and powerful due to the joint use of the harvested energy and supplementary
battery. However, to the best of our knowledge, the performance of a battery-assisted power splitting
(PS)-SWIPT decode-and-forward (DF) relay system has not been studied. In this paper, for a given
amount of energy from the relay’s battery, we propose to maximize the outage and ergodic capacities
by optimizing the static and dynamic PS ratios that rely on statistical and instantaneous channel
state information (CSI), respectively, and derive their corresponding outage and ergodic capacities.
Computer simulations validate our analytical results and demonstrate the advantages of the dynamic
PS over the static PS in terms of the outage and ergodic capacities, as well as the energy efficiency.

Keywords: decode-and-forward relay; SWIPT; power splitting; energy harvesting; battery; outage;
ergodic capacity

1. Introduction

Wireless relaying is considered as a privileged means to enhance the spectral efficiency and extend
the coverage of communication networks [1,2]. However, the development of relay networks is facing
challenges, particularly the limited battery capacity of relay nodes. Recently, the energy harvesting
(EH) technique has been incorporated into wireless relaying to prolong the operation time of the
energy-constrained relay node [3]. While harvesting energy from solar, vibration or other physical
phenomena is recognized as a practical solution, it may not provide an incessant and stable energy
supply due to the randomness of nature resources [4]. Apart from the traditional EH approach, a new
promising solution, i.e., simultaneous wireless information and power transfer (SWIPT), is proposed
to harvest energy from an ambient radio-frequency (RF) signal via a power splitting (PS) or time
switching (TS) scheme [5]. For the SWIPT based relay system, most existing works were based on the
“harvest-then-forward” protocol, i.e., the transmit power of a relay only relies on the harvested energy,
and various TS/PS schemes were proposed to improve the outage/ergodic capacity the performance
(see [6-13] and reference therein).

However, due to the potentially severe fading of the wireless channel and the low efficiency of
the energy harvester, the harvested energy at the relay may be insufficient to support its transmission.
In order to address this issue, the authors of [14] proposed the “accumulated-then-forward” scheme
for a decode-and-forward (DF) relay system, in which a rechargeable battery is deployed at the relay to
assist the information transmission. In [15], the authors considered energy accumulation at the relay’s
battery and proposed a hybrid protocol. Recently, the authors in [16-19] proposed a battery-assisted
SWIPT relay system, where the relay not only can use up the harvested energy, but also may draw
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energy from its battery. Compared with the “accumulated-then-forward” scheme, the battery-assisted
SWIPT relaying is easier to implement since it does not require energy accumulation.

In [17], the authors compared the outage performance between the PS scheme and the TS scheme
for a battery-assisted SWIPT amplify-and-forward (AF) relay system. Recently, this work was extended
to battery-assisted TS-SWIPT DF relays [18,19]. While the recent works have shown that the joint usage
of the harvested energy along with the battery energy can greatly enhance the outage performance,
there are still open challenges that need to be tackled. Firstly, the PS scheme for battery-assisted SWIPT
DF relay systems has not been investigated yet and there is a lack of fundamental understanding
of their performance, e.g., the outage and ergodic capacities. Secondly, we note that the existing
works [17-19] focused on the static PS/TS scheme, where the PS/TS ratio is determined by the
statistical channel state information (CSI). While it has been shown that the system performance can
be further enhanced by using a dynamic PS ratio that can be adjusted based on the instantaneous CSI
instead of the static one [8,11], the performance gain in battery-assisted SWIPT relay systems is not
known yet. This motivates us to study the performance of dynamic PS scheme in battery-assisted
SWIPT DF relay systems and compare its performance with that of a static PS scheme.

In this work, we study the performance of a battery-assisted SWIPT DF relaying, where both the
static and dynamic PS ratios are considered. Our main contributions are summarized as follows.

e The static PS scheme for the battery-assisted SWIPT DF relaying is studied. In particular,
for a given static PS ratio, we derive the expressions of the outage and ergodic capacities based on
the statistical CSI. Using the derived results, we can determine the optimal static PS ratios that
maximize the outage and ergodic capacities, respectively.

o  We develop a dynamic PS scheme for the battery-assisted SWIPT DF relaying. We first derive the
optimal dynamic PS ratio to maximize the outage and ergodic capacities simultaneously at each
transmission slot. Using the optimal dynamic PS ratio, the expressions for the maximum outage
and ergodic capacities are obtained.

e  Simulation results are provided to verify our analytical results, and to compare the static and
dynamic PS schemes from the following perspectives. One is to study the performance gaps (in
terms of the outage and ergodic capacities) between the static and the dynamic PS schemes for
a given amount of assisted energy from the relay’s battery, and the other is to see how much
battery energy consumption the dynamic PS scheme could save while maintaining the same
performance as the static PS scheme. In addition, we compare the achievable energy efficiency
between the static and dynamic PS schemes and show how the assisted energy E, affects on the
energy efficiency.

2. System Model

As illustrated in Figure 1, we consider a dual-hop relay system, where a source S with
N; > 1 antennas transmits its information to a single antenna destination D via a single-antenna
battery-assisted SWIPT DF relay. There is no direct link between the source and the destination. In our
considered system, the relay not only runs out of the harvested energy, but also may extract the energy
E, (Ep > 0) from its battery. Let us focus on the worst case scenario where Rayleigh fading is used
to model small-scale fading over each channel [8,10-12,16-19], and we assume that the small-scale
fading follows a complex Gaussian distribution with zero mean and unit variance. Hence, the k-th
(k=1,2,--,Ns) element hy of the S — R channel fading vector hy is distributed as hy; ~ CN (O, dl_"‘),
where d; is the distance of S — R channel; « is the path loss exponent; CN (-) denotes the complex
Gaussian distribution. Likewise, the fading coefficient of R — D channel follows hp ~ CA (0,d5%),
where d; is the distance of R — D channel.
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Figure 1. System model of dual-hop relay system.

The relay follows the PS scheme in which each transmission slot is divided into two equal sub-slots.
At the first sub-slot, the source S uses maximum ratio transmission (MRT) to transmit unit-energy
signal x; to the relay R. The received signal at R from S is written as

Ysr = \/stJrhlxs + N, (1)

where P; is the transmit power of the source S, w' = hi/||h;|| denotes the beamformer weights with
conjugation operation ()" and I,—norm operation || - ||, and 15, denotes the additive white Gaussian
noise with power c2. Meanwhile, the relay R divides the received signal into two parts through
a PS ratio f: \/Bys,r for energy harvesting and \/Wyw for information processing. Thus the
harvested energy Ej, is written as E;, = TyBPs||w'hy|[>/2, where € (0,1) denotes the energy
conversion efficiency and the normalized T (i.e., T = 1) is the duration time of each transmission slot.
The signal-to-noise ratio (SNR) at the relay R, -, is expressed as

7= (1-B)psllwhall?, @)

where ps = % denotes the input SNR.

At the second sub-slot, if the signal xs is successfully decoded, it will be forwarded to the
destination D by the relay R. The relay extracts energy E; from the battery in each transmission
slot to boost its transit power, as shown in Figure 2. Accordingly, the transit power at the relay is
P, = 2(E;, + Ep), and the SNR to decode x; at the destination D, vy, is calculated as

74 = (nBocllw'ha|[? +2E,/02 ) [hal. ®)

Battery Energy
Control Unit

BYsr . .
-------- | Energy Harvesting Receiver

-------- P> Information Receiver —

Figure 2. Diagram of the PS scheme at battery-assisted simultaneous wireless information and power
transfer (SWIPT) enabled relay.

3. Static Power Splitting Scheme

3.1. Outage Capacity

The link is in outage when the first hop fails, or when the first hop is successful, but the second
hop fails. Thus the outage probability can be written as
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Pout = Pr(vr <) +Pr(vr > v, va <), 4)

where 94, = 2Y — 1 denotes the SNR threshold and Y is the target rate. We define p, = 2(%, X =

Ns
||[w'hy||> and Y = |h;|?. Then the PDF of X and Y are fx (x) = r?}\ls)st_le_Alx, and fy (y) = Age 2,
respectively, where Ay = df and A, = d5. According to the above definitions, the outage probability is

given as

Yih
P,=Pr{X< )
out ( (1—B)ps

Vin
+ Pr (X > , s X + Y < )

_th © _ Tth
= (x)dx+/ " fX(x)/oylﬁpsvw fr (y) dydx
(1=B)ps '

N; [eS) _ _ Mo
1 A #Ns—1, A1x TBOs<+0p . (5)

Since the closed-form expression for (5) can not be obtained directly, the high SNR approximation
derivation is as follows.

A2 2
. . . ~ Bpsx+p . . . A2V
Using the Taylor series expansion for e v, and ignoring higher order terms of (,7 Booxton ) ,

the outage probability at high SNR regions can be written as

s el — MM /°° stleA1x<1 _ Morm
I (Ns) J 2t nBpsx + py
1/ A 2
¥z (27”1 ) )dx ©)
2\ nppsx + pp
=1-— A {/w xNs—le=Mx gy
r (NS) (1Z;;h)ps
4
_ / © AgyypNsTle I+ / ® Ay th)szS’le’)‘lx dx} @)
ihs oty i 20Bostpy)’
Hy g3
Based on the above definitions, 51 can be calculated, using Equation (3.351.1) [20], as
_ A Yth
= :,\Nsr<N/1f>, 8
whereT (n,z) = fzoo u"~le~"du is the incomplete gamma function.
The second term of P; ;, Zo, can be written as
A Mpp - poo _
5, = L2th e / (x — b)NsLo=M¥ )
1Bps a
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wher.e a= (1jtﬁh) o+ ﬁ and b = ﬁ Adopting binomial expansion for (x — b)Ns_l, &) can be
rewritten as
- A2Yin Alpb[ Ns—1 [ Ns—1 Ns—r—1
Hy =————¢Bps —b
> e [\ =
/ xr*le*)‘lxdx—l—(—b)NS*l/ e)‘lx/xdx]. (10)
a a
Using Equations (3.351.2) and (3.352.2) [20], E; can be calculated as
o Aoy i { Ns—1 [ Ns—1 Nsor1
Hy =———¢1Bps —-b
TP P =
X A{'T (r, Ma) — (=b)N*"1Ei (—Aqa) ] (11)

where Ei (x) = [*_ Lexp (t) dt with x < 0is the exponential integral function.

Similarly, using variable substitution and binomial expansion for (x — b)N 71 the third term of
P? ., &3, can be expressed as

0
1/ Aoy, 2 gy Ns—1 Ns—1 Ns—r—1
= = 1Bps _
¥ 2 ( U.Bps e Zr:Z r ( b)

X / X2 M¥dx4 (Ns — 1) (—b)Ns2
a

[x]

></ e_Alx/xdx—i—(—b)NH/ e_/\lx/xzdx]. (12)

Using Equations (3.351.2), (3.352.2) and (3.351.4) [20], &3 can be calculated as

1/ Ay \* A [ ws1 [ Ns—1 N
3 :2< e 1Bps 21’:2 . (—b) 5—r

[11

1Bps
x AL TIT (r = 1,20) + (M = (Ns = 1) (=5)*7?)

—/\la
x Ei (—Aqa) + ¢ p } (13)

Substituting Systems (8), (11) and (13) into (7), the approximate expression for P; ; can be written
as (16), as shown at the top of the next page. Accordingly, the outage capacity is calculated as

S

Y
Tout = 5 (1 - gut) . (14)

3.2. Ergodic Capacity

The ergodic capacity is expressed as
1
C°=E Elog2 (1+min (v, 74))| =C; + G5, (15)
where C] and Cj are the ergodic capacities corresponding to the case 7, < 74 and 7, > 74,

respectively [10].
Cj and C; can be derived as Systems (17)—(19) and Systems (20)—(22), respectively. From 7y, <4,

we can obtain that the range of random variable Y is y > 75/13;:@&)); Accordingly, the ergodic capacity

Cj corresponding to 7, <y is presented as (17). After solving the internal integral with respect to
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the variable y, (18) can be obtained. Since the integral is unbounded and there is no closed-form for
(18), we use the variable substitution y = tanf and adopt the Gaussian-Chebyshev quadrature (in
this paper, we adopt the Gaussian—-Chebyshev quadrature instead of other approximation methods
because it can provide sufficient level of accuracy with very few terms; thanks to this advantage,
the Gaussian-Chebyshev quadrature has been widely used in the state-of-the-art works [11,12,21])
to approximate Systems (18) as (19), where wy = g, fi, = cos (%), 0;, =7 (fi,+1) and ©; =

)\{Vs TTwq

ETCAR /1— flz1 N is complexity and accuracy tradeoff parameter. Similarly, the ergodic capacity C;
corresponding to 7, > 1y, is expressed as (20). Adopting the Gaussian—-Chebyshev quadrature, (21)
can be obtained. Similar to (19), (21) can be approximated as (22) by using the Gaussian-Chebyshev

quadrature, where w) =w3 =, fi, =cos ((21'22;\]1)71), fiy=cos ((21'32;\11)71), i, = fi, + 1,0, =7 (fi,+1),
(1—B)ps tan b; )\ SAw ANS 2 rtwopw 2 2
D, = nﬁpstan9i3+p3b’ O, = 4F(I\2, 21— fZ and @3 = 1165(1\[52) /1= fiy/1— f7%. Based on (15), (19)

and (22), we can obtain the ergodic capacity as given in (23) at the top of the next page.

s /\1Nq = = =
Pout Nl F(Ns) [“1 7HZ+E‘3]
)LlNS [ _N < MYt )
~1l— ——|A; T [ Ng, ————
T(N) [ 7 (1—-B)ps
A AMpp _ — . _
_ 20k (Zf_sll Ns =1 (=b)N TN (r, Aqa) — (—b)N 1Ei(—A1a)>
1Bps r
1/ Aoy \> 22 (Ns—1 [ Ns—1 Ns—r—1,—(r—1)
2<17ﬁps e (0, (] ()N A I (r = 1, M)
N 5 e*)\lﬂ
+ (/\1 —(Ns—=1)(=b)™" ) Ei(—Aqa) + p ﬂ (16)
Ns—1,—A1x —)\zy —
2/ /1 Bsr T (N, )x e Are log, (1+ (1 — B) psx)dydx 17)
nBpsx+pp
)\Ns _ (1=B)Appsx
= (1N) /O N1, (Gl )10g2(1+(1—/5) psx) dx (18)
S
(1-B)Apps tan;
A tan by, + et
~ Z ®1tanN 19 e ( Ltan b+ g Oiy +ep >10g2 (1 + (1 — [3) Os tanGil) S€C29il (19)
(1-B)psx N,
11Bpsx+ A s _ _ _
= 2/ //ﬁp D 2NN 0 MY og (14 (nBpsx + pp) y)dydax (20)
(1-B)Agc, psx
B) osx N, <A1x+ 2(’Iﬂpsx+zl’b) >10 (1 (nBosx+pyp) (1—B) Cizpsx)
~ RSl A wiiad + dx 21
/ Yin® 17/39 x+Pb & 2 (Bpsx-+pp) @)

Axg,
—| A tan6; +L> . D tan0;
~ 25:1 Zgil @3®;, tan™ 16, sec?6;,e ( P log, (1 + % ('I,Bpszan iy +pb)> (22)

Remark 1. The derived expressions Equations (14) and (23) can serve the following purposes. Firstly, the derived
results can be used to obtain accurate outage and ergodic capacities instead of the computer simulations.
Secondly, since the optimal static PS ratio is determined by the statistic channel gains instead of instantaneous
channel gains, it is practical to obtain the optimal static ratio offline by using the derived expressions and such
an approach has been widely adopted in many works [10-12]. Lastly, we can obtain some insights such as how
Ey, affects the optimal PS ratio in terms of energy efficiency, and how to select the assisted energy Ey, to realize
a higher energy efficiency.
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(1-B)Apps tan 6;
—| A tan6; +?1)
cs zzgzl @ tan™10; e ( P T Rt oy log, (1+ (1 — B) ps tan 6;, ) sec*d;,
A2ciy Piy
N N Ne-1g, goc2 ‘(Alfa“ef = ) ci, ®iy (1Bps tan 0, + py)
+ ZiFl Zizzl O3, tan" 10, sec’0; e : log, |1+ 22 > K (23)

4. Dynamic Power Splitting Scheme

Since maximizing the instantaneous capacity is able to maximize the outage and ergodic capacities
simultaneously [8], the optimal dynamic PS ratio at each transmission slot can be obtained by solving
the following problem,

(1 1
C = max 0T, {210g2 (1+97), 5log, (1+%z)} : (24)

The capacity optimization problem is equivalent to the following problem: %7 =

max min, (7, 7a)-

Lemma 1. The optimal dynamic PS ratio B* is

(25)

g { 0 L os|[whha|[* < pp|ha?,
= ps|[w'hy | —pp |12 the 2> 2

pelwiha Pl 1) PolW hall" 2 oy lhaf
Proof. Itis clear that 7, and 7y, are the monotone decreasing and increasing functions with respect to
B, respectively. When ps||wthy||? < py|h2|?, curves 7, and 7, have no intersection, and the optimal
SNR 77" is equal to ps||[w'hq||> when g* = 0. When ps||w'hq|[? > pp|ho|?, the optimal SNR is

+ 2 2
; ) ; < gt — Oslwh|[—py | ) g *
achievable when 7, equals ;. In this case, 0 < psl[WPhe 20yl 2+1) < 1. Substituting f* into (2),
(op+1ps||whhy[[2) |1z |2 -
Ty|ha |2 ’

the corresponding optimal SNR can be given as 7,/ =

Remark 2. As exhibited in (25), when ps||w'hy||? < py|h2|? is satisfied, all the received power at the relay is
used for information decoding and the transit power at the relay only comes from the assisted battery. In this
case, the relay system degenerates into a traditional relay system without SWIPT. When ps||w'hyq|[> > o, |12 |?
holds, the better the S— R (R— D) channel condition is, the larger the proportion of the received power at the
relay forwarded to the energy harvesting (information decoding) circuit is. Moreover, we note that our proposed
dynamic PS can be reduced to the one in [8] when E, = 0 and N = 1, that is to say, our study is more generally
than [8]. Therefore, by adjusting system parameters, the performance analysis of the proposed scheme is also
applicable to that of [8].

4.1. Outage Capacity for the Optimal Dynamic PS

The outage probability for the dynamic PS is given as P, =Pr(min (yr,v4) < vu)-
Thus, the outage probability corresponding to the optimal dynamic PS can be written as

Péiut =Pr(v°? <yy) ="Pr (’Yip <Y B* = 0)

whhy||2—pp o [?
+Pr<’yoP<7h, o _psll ) (26)
2 <M B = WP (gl e+ 1)

For notational simplicity, denote the first and the second terms of (26) as Pf and Pg, respectively.
Then we process (26) from whether the relay draws the energy from its battery or not.
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41.1.pp =0

This case means that the energy Ej, extracted from the battery equals 0, inferring P{ = 0.
Accordingly, P4 , can be given as

pl — pi—pr (x < i (1+’7y))

psYy
Yen (141y) /\Nq
nesy stl 7)\136 7/\2}/
= X e Are dxd
/ NS) 2 Y
Az /°° ( Ay (1+17y>> A
= N, — 2~ 7 )oY gy, 27
TNy Jo T\ 1psy y @7

where v (11,z) = [7 u" le~"du is the incomplete gamma function. P% , at hich SNR regions can be
Y 0 P g out g g
given by

Ay o0 AMYth A
P~ / <r N —F(Ns, >) g 28
Ns
2(AMA2vm/ (11ps)) 2 AMA2 Y
=1- Ky, (2,/712270 29)
' (Ns) N 1Ps

where K, (v) denotes modified Bessel function of the second kind. Using Equation (6.453) [20], (29)
can be obtained.

412. 05 #0

In this case, the corresponding P%,, can be calculated as

Pi, =Pl 4P ="r (x <Xy psx)
POs Pb

D (x< 'Yth+(’77th_Pb)y,x> pby)_ (30)
npsy 0s

The first term P{ can be calculated, using Equation (3.351.1) [20], as

Pd:/wpih /oo )\ s /\lx/\ e /\zydydx
1 e T(N;) 2

A N1, (
I'(Ns) Jo

_ ([ Mpe\ Y (Ns, Y1/ (0ups))
a < 1 > T (Ns) ' ey

Aops >
x
fp /) dx

where 1 = A10p + A2ps. The second term P§ can be calculated as
= Pr (l/)z <x < Y3, Y3 > l/)z) , (32)

where 1 = %y and ¢3 = %ﬁ;pb)y When 3 > 1, we obtain the following inequality, given by

oy + (ob — 1Yin) Y — Yen < 0. (33)
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Combining (33) and y > 0, the range of yis 0 < y < % Thus, Pg can be recalculated,
using Equation (3.382.5) [20], as

Tth

AN
Py 1 Ns—1 —/\le —)\2yd d
/ TN e 2e xdy

Ape—M¥2 /Wpt: _a M (Y3—12) No—1 _
= e 23’/ x+A ST e Ydxd
TN Jo 0 (et Aa) v

A Tth
T (13]5) /Opb (7 (Ns, Ap3) — 7 (Ns, M) e 2V dy. (34)

Using the Gaussian-Chebyshev quadrature, the P4 can be the approximated as

i N A, My, (17 — b)) + Vi)
P2 ~ Zi4:] @46 2%y |:r)/ (NS/ = 1’]ps<1>l

A1 op®;
— (Ns/ ”;f 4)] (35)

s

2i,-1)7
where wy = T, f;, = cos (( 142N) ) D, = gp”; (fi,+1), 04 = 2);2}’(}‘;\*;:)1/1 - li

Based on the above discussions, the minimum outage probability P4, can be expressed as

N
2(AM A ) 2 MA
1_%1@@ (2\/%> , pp =0,

A1op \ N5 7 (Noyitbr / (0p0s o~ P2;
Pl = (%’b) ot 7?5’1]\11)%) + 2N O 2% (36)

(e, ) ) (Ns, )] 2o

S

Accordingly, the outage capacity for a given assisted energy E; corresponding to the optimal
dynamic PS is calculated as

d _
Tout =

SIS

(1-Pd)- 37)

4.2. Ergodic Capacity for the Optimal Dynamic PS

According to (15), the ergodic capacity for a fixed assisted energy E; corresponding to the optimal
dynamic PS is

1
Cci=E {Zlog2 (1+ ’y"p)} =Y+, (38)

ps| Wy |[>—pp 1|
ps|[whha|[2(y|ha[2+1)”

Cf and Cg can be derived as (39)—(41) and (42)—(44), respectively. According to f* =0, we can get
that the range of random variable X is x < ppb—sy Then the ergodic capacity Cf corresponding to g* =0
is presented as (39). Adopting the Gaussian—-Chebyshev quadrature, (40) can be obtained. Similar to

(21), (40) can be approximated as (41), where ws = ws = §, fi; = cos ( 2152Nl ) fis = cos (W),

Ns
cis = fis + 1, 0;, = F (fi,+1) and ©s5 = (Alp”/ngr)(stﬂwS% 1- ie’ /1 ffé Similarly, the ergodic

ps|[w'ha|[2—py p|*
ps|[wha 2 (5|12 [>+1)
we can obtain (43). Similar to (40), (43) can be approximated as (44) by using the Gaussian—Chebyshev

quadrature again, where w; = wg = %, fi, = cos ((21771\]1) fig = cos (W), 0, =% (ﬂ-7+1),

where C¢ and C{ are the ergodic capacities when g* = 0 and g* = respectively.

capacity C4 corresponding to f* = is expressed as (42). By changing the variable,
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0 =71 (fi,+1), @i,y = tanb;, + pytan b /ps and Op = A 3/;?]\,‘57“]8 WJ1— f21 /1— f2 Based on (38),

(41) and (44), we can obtain the ergodic capacity as shown in (45).

PpY /\Nb

cf = 2/ /ps

Mepsi
(Mpp/205) Aaws _ 2 Ns 1y _(TS"'M)y PuCisY
~ 2T (N;) / 215 1= log, (H 2 )dy (40)

NS_16_)‘1"/\2@_Azylog2 (1+ psx) dxdy (39)

1PbCis 5 ) tan6; ¢ 0.
=~ Zilzzl 25:1 ®5tanN59iésec29iécgs_1e < s 2) o 610g2 (1 =+ pbcl52an16> (41)
1 o A (pp+1psx)
d s—1,— - y\pprip
CZ = E/O M T (}\] )xN 1e Alx/\ze Azylogz (1 + 14_}[;) dxdy (42)
© A (e \Y T () s PoY
2y M
LRl (e (2
xy/(1+ Uy))dxdy (43)

tan 0;, (Pb+’7psq)i7,s>

44
1+ ntan6;, (“44)

~ N N Nb )\1 <1>, Jr)Lz tan 9,
R Y i Oecisect; @i, e (s ho 0g, [ 1+

MPpe i5

d o VN N N; 2, Ni—1 ( %s “2) tan ;g 0pCis tan b;
CUA Y 1) g Ostan O secfic,” e N ‘log, 14+ =2 —*=

16~ i5 2

N N 5 Ni—1,~ (M1 @i A tan tan 0;; (0p+1705Pi, )
+Zi8=1 21‘7:1 Ogsec”fj;sec %6, 7 Pis ( e 8)10g2 (1 i 18+'7tan9is . )

5. Simulation Results

In this section, we present simulation results to verify the above analysis. The simulation
parameters are set as follows [18]: #=0.5,d1=2,d,=2,2a=3, N=10 and N; =

Figure 3 plots the relative approximate error versus ps with different setting of Ej, to illustrate
the accuracy of the Taylor series expansion approach. Specifically, according to [22], the relative
approximate error can be computed as

analytical result — simulation result
0= _ _ , (46)
simulation result

where the analytical result is obtained from (14) and the simulation result is achieved by Monte-Carlo
simulations. As presented in this figure, the relative approximate error approaches zero with the
increase of ps. For example, when E;, = 0.1 x 107 J and ps = 34 dB, the relative approximation error &
is 0.00455, which provides enough accuracy for the outage capacity. Thus, our derived expressions
based on the Taylor series approximation can evaluate the outage performance of the considered
network effectively.
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Figure 3. Relative approximate error vs. ps.

Figure 4 shows the relative approximate error versus N with different setting of E, to verify
the accuracy of the Gaussian—-Chebyshev approach. Similarly, the analytical result is obtained from
(23) and the simulation result is achieved by Monte-Carlos simulations. As shown in this figure,
when N > 7, the approximate results are sufficiently accurate. Thus, our derived expressions based
on the Gaussian-Chebyshev approach can also evaluate the outage/ergodic performance of the
investigated network efficiently.

——E_=0x10"%)

—8—E_=0.1x10"J

—6—E_=0.2x10")

0.5

Relative Approximation Error

E,=0.1x10%J
X7
Y:0.00191

Figure 4. Relative approximate error vs. N.

Figure 5 plots the outage capacity against the static PS ratio f with the given energy E,.
The approximated results match closely to simulations, which validates the accuracy of derivations
in (5). Obviously, the outage capacity is a concave function with respect to §, and the optimal static
PS ratio can be obtain by one-dimensional search methods. On one hand, we can see that the outage
capacity for the fixed § increases with the increase of E, due to the improvement of the transit power
at the relay. On the other hand, we can also see that the optimal static PS ratio to maximize the outage
capacity decreases as Ej increases due to lower dependence on EH.
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Figure 5. The outage capacity vs. 8, where ps = 30 dB and Y = 3 bits/s/Hz.

Figure 6 shows the variations of the ergodic capacity for the fixed energy E;, with the static PS
ratio B. From this figure, we can see that the derived approximation results under the expression in
(23) match with the simulation results. It is also shown that the ergodic capacity is a concave function
of B. Likewise, the optimal static PS ratio that maximizes the ergodic capacity can be determined by
search techniques. It can be observed that the ergodic capacity for the fixed  increases as Ej, increases.
Moreover, it can also be observed that an increase in E; causes the optimal static PS ratio to decrease.

Figure 7 depicts the outage capacity against the assisted energy E; for three PS schemes. For the
random PS scheme, the PS ratio is randomly given from the interval [0,1]. The approximate results
match with the simulations results well, which demonstrates the correctness of our derivations.
One can see that for a given Ep, the dynamic PS can achieve the highest outage capacity and the
performance of random static PS is the worst. This is because the dynamic PS maximizes the overall
SNR at each transmission slot by using instantaneous CSI, while the optimal static PS only uses the
statistic CSI and no CSl is required for the random scheme. This observation also shows the importance
of selecting the appropriated static PS ratio. In addition, it can also be seen that for the same outage
capacity, the dynamic PS can consume much less the assisted energy from the battery compared with
the optimal static one. The reason is as follows. It can be seen from (25) that the adjustment of the
optimal dynamic PS ratio is based on not only the instantaneous CSI but also the assisted energy E;.
This allows Ej to be fully utilized at each time slot.

2.4

2.2 b
~N
Ir 2 1
2
2]
S 18 1

= -6

0 E,=12, 9, 6, 3(x10°J)

1.6 ¥

Sim.
1.4 X Approx. eq.(19) and eq.(22)
<> @, opt ' Terg_opt) ) ) )

0 01 02 03 04 05 06 07 08 09
0 (Static PS)

Figure 6. The ergodic capacity vs. B, where ps = 30 dB.
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Figure 7. The outage capacity vs. Ej;, where p; = 35 dB and Y = 3 bits/s/Hz.

In Figure 8, the ergodic capacity against the assisted energy Ej is investigated. The approximate
results match the simulation results well, which verifies the accuracy of the derived ergodic capacity in
Section 3.2 or Section 4.2. It can be observed that a higher ergodic capacity can be obtained under the
dynamic PS by comparing with results achieved under the random or optimal static PS. The reason is
that the dynamic PS ratio is adjusted based on the instantaneous CSI to maximize the overall SNR.
Moreover, the random static PS achieves the lowest capacity among three schemes, which also suggests
the importance of choosing an appropriated static PS ratio. Besides, it can also be seen that compared
with the optimal static PS, a smaller assisted energy consumption is realized by the dynamic PS under

the same ergodic capacity.

~
N
I .
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Figure 8. The ergodic capacity vs. E;, where ps = 35 dB.

Figure 9 illustrates the energy efficiency EE,,; versus the assisted energy Ej, for three PS schemes.
The EE,y; is defined as EEoyut = Tout / (Es + Ep), where Es = 0.5P; and E;, denote energy consumptions
at the source and the relay, respectively. As can be observed from the figure, the EE,,; for three PS
schemes reaches a peak one after another. After the peak, the EE,,; is getting lower. This indicates that
although increasing E;, increases the outage capacity, the EE,,; decreases when Ej exceeds a threshold.
It can also be observed that the EE,,; of the dynamic PS is higher than those under the random
and optimal static PS. This is due to the fact that the dynamic PS achieves a higher outage capacity
compared to the random or optimal static PS under the given total energy consumption.
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Figure 10 represents the variations of the energy efficiency EE,., with the assisted energy Ej,
where the EE,, is expressed as EEerg = Terg / (Es + Ep). We can see that the EE.¢ for three schemes
firstly increases and then decreases. This suggests that the selection of appropriate E; is essential to
balance spectral efficiency and energy efficiency. We can also see that the dynamic PS achieves the
highest EE.;; among these three schemes. This is because the dynamic PS achieves a higher ergodic
capacity compared to the random or optimal static PS under the given total energy consumption.
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Figure 9. Energy efficiency for 7, vs. Ej;, where ps = 35 dB and Y = 3 bits/s/Hz.
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Figure 10. Energy efficiency for T vs. Ej, where ps = 35 dB.

6. Conclusions

In this paper, by adopting a static/dynamic PS scheme at the battery-assisted SWIPT DF
relay, the expressions for the outage and ergodic capacities were derived. We also compared the
performance between the static and dynamic PS schemes. Some findings are summarized as follows.
Firstly, the optimal static PS ratio to maximize the outage or ergodic capacity decreases as the
assisted energy E; increases. Secondly, for a given E;, the dynamic PS can achieve higher outage and
ergodic capacities than the random or optimal static PS. Thirdly, compared with the optimal static
PS, the dynamic PS consumes much less battery energy while achieving the same outage or ergodic
capacity. Fourthly, we provide some insights on the selection of the assisted energy E; for the static
and dynamic PS schemes in terms of energy efficiency.
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Finally, we point out two possible future works. Firstly, it is interesting to consider the assumption
that the harvested energy at the relay can be used to assist relaying transmission and recharge the
battery. In this scenario, we can analyze the outage/ergodic performance in terms of statistical and
instantaneous CSI, respectively. Secondly, the system model considered in this paper can be extended
to the battery-assisted SWIPT enabled two-way relay system. Note that the system outage probability
for the two-way relay system jointly takes the outage evens of both terminals into account, resulting in
a high correlation between two links. Hence, quantifying the system outage performance for the
two-way relay system is much more challenging than that for the dual-hop relay system.
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