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AF Relaying with Energy Harvesting Source and
Relay

Yunfei Chen, Rui Shi, Wei Feng, Ning Ge

Abstract— In the conventional energy harvesting amplify-and- Il. SYSTEM MODEL

forward relaying, only the relay harvests energy from the source : ; ; .
In this work, a new energy harvesting relaying protocol is Consider an AF relaying system with three nodes: the

proposed, where the source also harvests energy from the relay SOUrce, the relay and the destination. Each has a singlerente

in addition to the energy harvesting relay. The performances of and works in a half-duplex mode. There is no direct link

the new protocols using two different strategies are analyzed. between the source and the destination. This could be tiee cas

Numerical results show that the new protocols have certain gain \when the destination moves out of the transmission range of

over the conventional protocol. the source or when there is obstacle between the source and
Index Terms—Amplify-and-forward, energy harvesting, the destination [10], [11]. This model is similar to that in

power-splitting, relaying, time-switching. [3]. Assume that there arg, joules of total energy initially
available at the source and that the total time of transomissi
I. INTRODUCTION is T seconds.

As a promising solution to encouraging relaying, energy
harvesting can be used as an application of simultaneddsTS
information and energy transfer [1]. Two harvesting method Assume that the TS coefficient is. The relay harvests
time-switching (TS) and power-splitting (PS), were progs energy from the source ferl’ seconds and then receives infor-
in [2]. Consequently, relaying with energy harvesting hesrb mation from the source fol52T seconds in the broadcasting

studied in the literature [3] - [9]. phase. The received signal at the relay can be given by
Specifically, in the seminal paper [3], energy harvesting L

was applied to amplify-and-forward (AF) relaying. In [4het Yplk] = /Py ——=s[k] + nralk] + nrc|k] (1)

total energy harvested from multiple sources was optimally Vs

allocated among different destinations. In [5], the effett where P is the initial transmission power of the source,

large-scale network interference on energy harvestingatec £ is the fixed channel gain of the source-to-relay lidk,.

and-forward (DF) was considered. Reference [6] studied tfsethe path loss in this links[k] = £1 is the transmitted

effect of the random location of the relay on DF relaying.-Fuinformation symbol,n,.[k] is the additive white Gaussian

thermore, reference [7] maximized the achievable throughpioise (AWGN) incurred at the RF front as a Gaussian random

of an AF energy harvesting system. A similar problem wariable with mean zero and varianeg,, and n,.[k] is

studied in [8] for DF. In [9], the achievable throughput ofhe AWGN incurred in the RF-to-baseband conversion as a

an AF energy harvesting system was optimized. In all the§gussian random variable with mean zero and variarfce

works, the conventional energy harvesting relaying prattocThus, the harvested energy at the relay is derivedigs =

was assumed, where in the broadcasting phase, the sowﬁg%aT, wheren is the constant conversion efficiency of

transmits signal to the relay for energy harvesting. Thislm& the energy harvester, as assumed in most previous works [3] -

further improved by allowing the source to harvest energynfr [9]. In the relaying phase, the relay transmits the signah&

the relay during the relaying phase to maximize the energy ugestination forl%‘lT seconds such that the received signal at
In this work, a new energy harvesting AF relaying protocahe destination is

is proposed where the relay harvests energy in the brodnigast

phase and the source harvests energy in the relaying phase. yalkl =

V er
The harvested energy _at the source is either used 'mqu'a%hereg is the fixed channel gain of the relay-to-destination
in the next transmission or accumulated to conduct moge

o . link, L,.q is the path loss between relay and destination,
transmissions. The performances of these two strategees ar o % B o
re — 221 p 2L s the transmission power of the

analyzed and compared with the conventional protocol. Nu? — o7 = T-a’sL, = _ _
merical results show that the new protocols can achievaicert'€lay, b:y-[k] is the normalized transmitted signal, normal-

throughput gain due to the extra energy harvested at thesouiz€d With respect to the average power @fik] as b, =
1 ng.[k] is the RF front noise with mean zero

9

Vb k] + naalk] + naclk] ()

. . [k 2 2
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Unlike the conventional relaying protocol, in the new proand the harvested energy is
tocol, the source also harvests energy from the relay in the
» / ’p(L = p)P2(|h[*/Lar)*T/2

relaying phase such that the received signal at the source is E,. = 8
ot h i b S A PP L + (= )t %
ys|k] = \T\/Prbtyr[k] + nsq k] (3) which will not be negligibly small and is comparable to the
sr received energy at the destination.
where h and L,,. are used due to channel reciprocity and
nsq[k] is the AWGN at the source. Using (1) and (3), the lIl. ACHIEVABLE THROUGHPUT AND OUTAGE
harvested energy at the source can be derived as PROBABILITY
P2(|h|?/Ls )T
By, = na— Lo A/ Lor) @ ATS

P|h[?/Lsy + 074 + 07 For the conventional relaying protocol using TS, the source

Note that, although the energy received at the source n@de transmits the signal for a duration@f’ + 1527 with
attenuated twice, it may not be negligibly small, as theyreld@ transmission power aPs, where the first part is the energy
has to amplify the signal before relaying for reliable déngd transfer time and the second part is the information defiver
at the destination. Thus, there is amplification between tfigle from the source to the relay. Thus, each transmission
two attenuations. From (2) and (3), the signal transmitté®sts the source an energy BI = [aT + 52T| P, anq

by the relay is received with a power @LVLTI for energy the total number of transmissions the source can make in the

. 5 . conventional protocol using TS &2 = £t = | B2 |
harvesting at the source and a powerf@‘% for decoding N _ hp toor f _9 > TI'SS hEi g P, T 1Ja_ I
at the destination, as,y,[k] has a normalized power of 1.W"€® []ist eSl\(l)F(:r flunction. For TS, the end-to-end signal-
Thus, for identically distributed links, the received eneat to-noise ratio ( )is
the source is comparable to that at the destination. Siree th B Psyavye 9
received energy at the destination is often strong requed YTs = a4 L=a L+1/(Peyr) ©)
reliable decoding, the received energy at the source will be 2an - Trat o
considerable too. Although the source receives consit®erafare~, — lg|? and~. — |n|2 Thus. the
energy, the final converted energy is subject to a furth 74 Tralod o, Tr = LTo(0%, 702" -

I d, ‘bed by th . fici in (4) with &lerall achievablé throughput in all transmissions using a
0ss, described Dy the conversion efliciengyin (4) wi initial energy of E, at the source node is derived as
0 < n < 1. Also, the sensitivity of the information decoder

i i i on l—a on
at the destination may be much hlgher than that of the energy ogon = KS2 logy(1 +vrs) (10)
harvester at the source. However, existing harvesteradire
have sensitivity as low as -22.6 dBm (3.8V') in 2008 [12], which is only achievable when the input is a continuous
while studies show that the ambient RF energy is often @fycularly symmetric complex Gaussian signal but nevéete
the order of milli-Watt or micro-Watt [13], high enough to bes also a good performance indicator for finite inputs like

picked up by the sensitive energy harvesters. binary phase shift keying as assumed here and in [3] - [9].
For the new protocol, two strategies are considered. In the
B. PS first strategy, all the harvested energies at the source node

will be accumulated until th&$sv transmissions are finished.

Assume thatp is the PS factor. In this case, the sourcghen, they will be used to conduct more transmissions. The
transmits the signal to the relay féf seconds, and part of new total number of transmissions is

this signal is received at the relay for information delives .
2 2 Ps 3( 2 22
Kq]ysgw _ \‘ ggn (1 + na . Vr (Jra +UTC) )J ) (11)

h
k] = /(1 = ) Po e sll] 4 /T ppal] + nrcli] (5) tra Bl
T Since the achievable throughput for each transmissionirsma
and part of this signal is harvested by the relaylas = the same as that in the conventional relaying protocol, @se h

inlehi%- In the relaying phase, the received signal at thbe total achievable throughput in the first strategy as

destination is

11—«
O™ = 5 Kps" logy(1+7rs).  (12)
valk] = = V/Pobyuie 4]+ naalk) + naclk] - (6) 2
rd For Rayleigh fading channels,; and~, in yrs are ex-
where P, — %2 _ inS\Lhi in this case andb, = ponential random vanalzlids with probability derlslty fuons
1 o (PDFs) of f(v4) = %e 7o and f(y,) = %e‘ﬁ, respec-
_ DEN R : . 2 - {|h)2
\/(1 P)Ps -~ +(1—p)o2,+o2. tively, wherey; = 7Li€;{f‘ﬂr}ai ) and~, = L‘gf«ixh—iﬁc)' Thus,

c

Also, unlike the conventional relaying protocol, in th : .
. he average achievable throughput is
relaying phase of the new protocol, the source harvestggner
from the relay transmission with a received signal of ~New C Tl -a New
Y g Crst = / / FKZIYS -logy (1 +rs)
0 0 YdVr
d

h
vslk] = = V Py, k] + nsa K] () e dyydyg (13)
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by using (12), f(v4) and f(v.). The next step is power P; and the source-to-relay ling,, and it improves
to solve the integration in (13). From (9), one hawhen the source-to-relay link becomes better. Whes: 0,
Poyayetyatbae gl P,.:(x) = 0, indicating that the outage will be very small

_ 2an o2 402,

L+ors = w+§;%ﬁ;§” - Thus, logs(1 + \hen the receiver has high sensitivity in practice.

vrs) = logy(Poyats + Ya + MQ H;/(f;;r)) —log,(va + In th_e secqnd strategy, the harvestgd energy will be used

L Li/(Pe)y |y this relationshi 13 1 immediately in the next relay transmission to increase the
) Using this relationship in (13)ogs (1+7rs) ?ource transmission power. In particular, one has

2an o2, 4o

WI|| be’ sphtted into two terms and using [14, eq. (4.337.1)

for each term, one can solve the integration oygmas Bl nza(P( ))2 3T (02, + 02,)?
hs - i
Newt [ Py, 41
Crs¥t = K 5e (14) (i+1)
2% ln2 pli+l) _ p Ly 2
gPartl Ps%«—l—l . B s =5t T 1+«
[e” P Ei(—f———) — ePsw Ei(— )]dyr
P P (i4+1)
. T S £t L (19)
_ l—a . H : TS o (i+1)
where § = e and FEi(-) is the exponential v+ 12an 1+1U/2(P+0 )

integral function [14, eq. (8.211.1)]. Note thatNs* cannot

. C 1 _ 1 _ i
be moved out of the integral, as it is a functionof from Wherei = 1,2,---, Kzg", Ej . = 0 and P; = P. In this

(11). case, the total achievable throughput is derived as
Also, the outage probability is defined aB,..(z) = K%"
Pr{yrs < z}. Using (9), it becomes CRgv? = —— Z log (1 4+ ~40). (20)

1—al+1 s Vr . . .
a [P, )} (15) Using a similar method to before, the average achievable

2 2
201 Ora 0 throughput in Rayleigh fading channels can be derived as
by multiplying both sides of the inequality with the denomi-

Pout(z) = Pr{(Psvr —x)va < T

KCon (i) 1
nator ofyrs. This further gives ClNew2 l-« i / P;u?:f (21)
Pou() = Pr{Pyy, < z} (16) 2z
x 1—a1+1/( S’Y’l“) . P£)7r+1 () B
P PS T ) - oG - P? " G T
PP > @70 < Py —x 2am o}, + 07, } s Py, ) e P! )%)]dv

. . H . (i—1)
where the first term is foPsy, < z and the second term IS \where P — P, + 2n%a (PU! 2 »yl)(am;rn,?y from (19) and

for Py, > x. Thus, I4a
= , is a function ofy,.. Also, the outage "probability can be shown
z /P,
: as
Pou(2) = / fGr)n ar) A
0 P 177 Zan'yd(a7a+a7c) P( ) o Ps(l)%v Vr d
P, ’v —z 2cx(n1 1+1/(f8%) OUt B ‘ o
] T e (), L (22
/Ps wheref is Ps v, > x.
Then, by usingf(v4) and f(~,) in (17), solving the inner
integral of the second term in (17) and letting= Py, — x, PS
the outage probability is derived as The calculation in the case of PS is similar. In the conven-
1 00 . i tional protocol, each relay transmission costs the source a
Poy(z)=1-— P / e 2emva(eZ o) t t0t ) - wy dt. energy ofE; = TP and the total number of transmissions is
sr

(18) thenK§gm = VE*J Also, using PS, the end-to-end SNR is
This outage applies to both the conventional protocol and

. . . P@ D
the new protocol using the first strategy. Note that in the Yps = T ’Yfﬂr/@y ) (23)
asymptotic case whefy; — oo, the first term in the exponent Vd T S T=p)oZ, tol,

of (18) can be ignored such thadt,,(z) — 1 — e Par.
This means that, when the relay-to-destination link hasdgo
guality, the outage is mainly determined ®yand it improves
when the source-to-relay link becomes better. Also, when

S/hereyp y—-re f;'j =) and other symbols are defined
as before. This ‘gives the total achievable throughput of the
conventional protocol using PS as

o0, 14 t%x — 1 in the exponent of (18) such th&t,;(z) — cSon — K&on logy(1 + 7ps) (24)
- 2 .
1 — 71,:’% \/ _ 2(1—a)x K (\/ _ 2(1—a)x _ ) - -
¢ 2am3a(07, 407 )PeFe L\ V 2amya (o7, +o7 ) PaAr In the new protocol, using the first strategy, the number of

by using [14, eq. 3.471.9]. Furthermor&, (u) ~ 1 when total transmissions is calculated as
u is large, which givesP,(z) ~ 1 — e~ 75 when

77 P P 2 212
\/Qmmfcf; = is large. This means that, when— oo gNew _ | on (1 00 pl0 = P)ova + 7]
such that ‘the ‘receiver sensitivity is very low in a practical Peyp +1

system, the outage is mainly determined by the transmission (25)
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Thus, the total achievable throughput is

New

Cp§™t = =% logy(1 +7ps)- (26)

In Rayleigh fading channelsy, is an exponential ran-

dom variable with PDFf(y,) %e_%, where 7, =
E{|h|*}

Lsrlo,+02./(1=p)]

put can be derived as

N 0 N Tp Psyp+1
C ewl  _ 27 1n2‘/0 Kpgwe > [6“ Psp (27)
p
Ps'y +1 A
Ei(—p—2——) — P Bi(— dry,
(-n=p5 =) (N
where p = mrald 1;)‘(’72 ek The outage probability can

be obtained by replacing, with v, and m with
17
npl(1—p)oz,+o?.] in (18).
Using the second strategy for the new protocol, one has
6+ _ Al (PY2A3((1 - p)o?, + 02 PT/2
’ Py, +1
_ o pli+D)
PFD = P, 4 =
pLity
i+1 YdVp
Tps = G+ 3 (28)
1—p 1+1/(Ps Yp)
Yat+ S ez Tl
The total achievable throughput is
| KEE
Cpsee = Z logy (1 +7p5). (29)

. Similarly, the average achievable through-

Gain (%)

Fig. 1. Gain vsd,,. whend,.; = 3 — d,., n = 0.5 and gain
vs.n whend,, = 1.2m andd,.q = 1.2m in AWGN channels.

T T
First strategy, TS
- .P

ecor
Sec dttgyP57

Sl S " —
22 24 26

T

Fig. 2. Gain vsd,,. whend,.; = 3 — d,., n = 0.5 and gain
vs.n whendg, = 1.2m, d.q = 1.2m in Rayleigh fading.

The average achievable throughput in Rayleigh fading chan-

nels can be derived as

Kgg" o

s ptl
_ u
CNer _ P, "p 30
NS T > | e (30)
Pé) I
Bi(—p e Yy R pi ey
P20 0) P
P, P,
e (pl—Dh 1—p)o2, 4+02.)%T/2
where PV = p, + 0= 5 Pl T2 trom

(z 1) +1
(28). The outage probab|I|ty is obtalned by replacipgwith
Yoy T With ¥, and with 1=p 77 in (22).

pl(1—p)o2,+o

—x
2

are easier to obtain. For fixéd the value ofh— is determined
by L,.. A singular model for path loss lﬁsr = d, where
ds, is the distance andh is the path loss exponent [5]. This
model requiresl,. > 1 to avoid issues for distances less than
1 meter. A non-singular model i6,, = d7. + 1 [15]. This
model gives a meaningful channel gaind&t = 1 without
any normalization. We will use the non-singular model. In
the following, we examine the effects of and d,, on the
performance gain. Other parameters are sePas 1 Watt,
E, = 100 Joules, T = 1 second, O’ = g2 2

= Orc = O4q —

The above protocol reqwres that the source can also opergte — 52 — 0.01, m = 2, andh = g = 1, similar to [3].

in the receiving mode in order to harvest energy from thﬁ’ne choices of distances are for illustration purpose only a
relay. Such applications have been widely used in the pusviogre similar to [3]. The gain is calculated as the difference

works.

IV. NUMERICAL RESULTS ANDDISCUSSION

In this section, numerical examples are presented to sh
the gain of the new protocol. In Figs. 1 and 2, the values
« and p are calculated by numerically searching for the be
values that maximizé5* log, (1+~7rs) and 1 log, (1+7yps),
respectively, for the conventional protocols for two re@so

between the achievable throughputs of the new protocol and
the conventional protocol divided by that of the converdion
protocol. The star marker represents simulation results.

owFig. 1 shows the results in AWGN channels. Since the
ghin is always positive, the new protocol outperforms the
sbnventional protocol in all the cases, as expected. Als®, t
first strategy has a larger gain than the second strategy & mo
cases, while PS has a larger gain than TS, as PS normally has a

First, the values ofn and p need to be the same in bothlarger achievable throughput than TS by not having a deslicat
conventional and new protocols for a fair comparison. Sécorharvesting time. As well, the gain increases whgeimcreases

the optimal values ofv and p for the conventional protocols

or when d,, decreases. Fig. 2 shows the Rayleigh fading



path loss. However, this scheme replenishes the energy at th
relay, not at the source which has data for transmission. An
interesting future work is to combine them at both the relay
and the source for improved energy efficiency.

V. CONCLUSION

In this paper, a new energy harvesting relaying protocol
has been proposed. Numerical results have show certain
performance gain of the new protocol. This work assumes
fixed locations of the nodes. An interesting work for future
investigation is to consider the random locations of theesod
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Fig. 3. Achievable throughput per transmission asor p

whend, = d.q = 1.2m andn = 0.5 in AWGN channels.
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Fig. 4. Outage probability of the first strategy wher= p =
0.5 in Rayleigh fading channels.

channels wher&2{|h|*} = E{|g|*} = 1. Similar observations

can be made. These findings suggest that it is beneficial[10]
have extra harvesting at the source. To maximize this benefit

it is advisable to use the first strategy that accumulategygne

relevant positions in order to have a reasonable gain.

Fig. 3 shows the achievable throughput per transmissions

vs. a for TS orp for PS. One sees that optimum valuesaof

andp exist. This finding suggests that it is important to chood&4]
the parameters oft and p whenever possible. Fig. 4 shows[15]

the outage probability of the first strategy in Rayleigh fei
It decreases whed,, or d., decrease or when increases.
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