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Multi-Hop Relaying Using Energy Harvesting

Minghe Mao, Ning Cao, Yunfei Chergenior Member, IEEE, Yulin Zhou

Abstract—In this letter, the performance of multi-hop relaying view, it is also of great interest to know how many times the
using energy harvesting is evaluated. Both amplify-and-forward jnitial energy carried by the signal from the source nodelman

and decode-and-forward relaying protocols are considered. The panested or how many relays this initial energy can support
evaluation is conducted for time-switching energy harvesting as t ti tai f iteri

well as power-splitting energy harvesting. The largest number 0 sa |§fy certain performance criterion. ) . .
of hops given an initial amount of energy from the source node  In this letter, the performance of multi-hop relaying using

is calculated. Numerical results show that, in order to extend energy harvesting is evaluated. Both AF and DF relaying
the network coverage using multi-hop relaying, time-switching is  protocols are investigated. For each protocol, TS and PS
Zn%e%‘arcvgfé'g?s;h:‘l:‘ pg‘;‘t’sermsg’r"e“;]”(? art‘ﬁ in 5°m|9 Casssf' decocfle- harvesting strategies are applied at the relays. Subjeet to
) PP ps than amplify-and-forwar fixed throughput restriction for each hop, the largest numbe
) ) ) of hops are studied, where the initial energy carried by the
Index Terms—Energy harvesting, multi-hop relaying, power- g4 from the source node is harvested by one relay after th
splitting, time-switching. - .. . .
other until the remaining energy is not sufficient to support
the required throughput. Numerical results show that, for
|. INTRODUCTION the purpose of extending network coverage using multi-hop
L . relaying, TS is better than PS. Also, DF and AF have similar
Energy harvesting improves the performance of wireless ;
relaying by relieving the energy consumption burden at trpeerformances for TS, but DF is much better than AF for PS.
relays. Several works have been conducted in this areaein th
seminal paper [1], the authors proposed two methods of lsigna Il. DERIVATIONS
relaying based on energy harvesting using time-switchli®) (  Consider a relaying system with one relaying link from the
and power-splitting (PS). The harvested energy was theth us@urce node to the destination node via several hops. All the
to forward the received signal to the destination. In [2jodes are half-duplex and have a single antenna. The signal
assuming that the relay does not have any energy stordigen the source node is relayed by relaying nodes in multiple
capacity, the optimum tradeoff between harvesting time ahgps, one node in each hop, until it arrives at the destinatio
relaying time has been studied. In [3], assuming multipleode. In each hop, the relaying node first harvests the energy
energy harvesting relays are available, the allocatioitigs! of the signal from the previous hop and the harvested energy
of the total energy harvested from multiple sources hava beis then used to relay the signal to the next hop. Assume that
studied among different relays. Reference [4] used PS tlystun each hop it take§" seconds to transmit the signal and that
the outage performance and the averaged harvested energyife initial transmission power of the sourceRs.
both non-cooperative and cooperative systems sufferiom fr
large-scale network interference. Reference [5] usedhaBIE A Time-switchi ng

geometry to study the effect of random relay location on In the TS method. the rel q " f the relavi
the performance of decode-and-forward (DF) relaying. [n [6. nthe Method, he relay spends a portion of the refaying
e on harvesting the energy of the signal from the source

the throughput was analyzed for a DF relaying system. q th . hoo. D thi i tth
[7], a joint power splitting and antenna selection scheme w ode or the previous hop. enaig, as this portion at the-
relay in them-th hop, with0 < a,, <1landm =1,2,---.

considered to maximize the achievable rate for amplify-an S :

forward (AF) relaying. he throughput in this hop is
All the aforementioned works have given useful guidance on Ro = (1 — aym) logy(1 4 vm) (1)

the performance of energy-harvesting-based relayingloaval ) ]

system designers to make informed decisions. However, my4tere v will be determined later. . .

of them have focused on dual-hop relaying instead of multi- 1) AF: In the AF protocol, the received signal from the

hop relaying. From a practical point of view, one of the maiR"€vious hop is amplified and forwarded to the next hop

benefits of relaying is to extend the network coverage withofiréctly- Thus, the received signal at theth relay is given

additional infrastructure, for which multi-hop relayindaps by

an important role, as the extended coverage often increases[ | =

U
m m— k ma k mc k 2
with the number of hops used. From a theoretical point o Y1kl + nmalk] +nme[k] (2)

P 1Gm—
19 1@
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amplification factor at thgm — 1)-th relay, y,,—1[k] is the be calculated as

received signal in thém — 1)-th hop andyglk] = s[k] is

the transmitted binary phase shift keying (BPSK) signahwit 1 (2f0/(mem) — )W 0<a, <1 (7)
equala priori probabilities fors[k] = 1 ands[k] = —1, 1,4 [k] " | TR | R e = A

is the additive white Gaussian noise (AWGN) introduced by

the RF front at them-th relay, andn,,.[k] is the AWGN for the m -th relay, where W =
introduced in the RF to baseband conversion avihth relay > | [[T7%,,, «5 [T)2; g2 - "Pi(o2, + o2)]. This
[1]. Furthermore, assume that the fading coefficiapt is equation does not Iead to a closed form expressiom,pbut

known. For simplicity, in the following, we set the distancét can be easily solved using mathematical software.

d,, to 1. Ifitis required to model the distances eXpIiCitIy, one 2) DF: In the DF protocoL the received Signa| from the
can simply replace.,, with “g; in the following results. previous hop is first decoded and then the decoded informatio
Also, assume that,,.[k] is a Gaussian random variable withis forwarded to the next hop. Thus, the received signal at the
mean zero and varianeg, ., andn,,,, [k] is a Gaussian randomm-th relay is given by

variable with mean zero and varianeg,,. Using (2), one

further has ymlk] = VPo-1umSm—1lk] + nmalk] + nmelk] (8)
m m—1 m—1
mlk] = u; ; /Ps[k 3y Wheres,, 1[k] = sign{ym-1[k]u;, ,} is the decoded and
Yml[F] };[1 21;[1 g g y ) forwarded information at the relayign{z} = 1 whenz > 0
m  m m—1  m—1 and sign{z} = —1 whenz < 0 is the signum function, and
+ ST wi I 9 [T /P (nialk] + niclk])].  all other symbols are defined as before. For DF, the harvested
i=1 j=it1 =i =i energy at then-th relay can be derived as
In this work, two types of AF protocol are considered: fixed- Enm = 1112, cm T )

gain and variable-gain [8]. For fixed-gain AF, the amplificat

factor is set tog; = ——————, whereA; = E{|u;|?
v VPi—1Ai+0? +o? {lal®} Similarly, using the throughput criterion for DF, one has
[9]. For vanable -gain AF, the” ampllﬂcanon factor is set t‘?n (1) as

gi = T 1‘%'2“ — . Also, in (3), the product of [, P 1u (1— )T .
in the signal term and the products P, , | uj, HJ g5 Tm = o2 +o2_ (10)
and[[7~; ' \/P; in the noise term are mathematically not well-

deflned when the lower limit is larger than the upper limitr FoThe TS coefficienty,,, can be calculated as

example, whemn = 1, H?Zl g; is not defined. If this happens,
the product is set to 1 to avoid this notational problem.

(2f/0mem) — 1) (07,0 + 0]

. m = 1- >O <o, < 1
From (2), the energy harvested at theth relay is @ Pp_1u2,T @ 1)
11
motomeh for the m-th relay, until the throughput drops below the
Epm =1 Py 9 H“i amT (4)  threshold agl —ay,)log, (1+vm) < Ry, for which the value
=0 =1 =1

of m is determined as the largest number of hops supported
wherey is the conversion efficiency of the energy harvestddy the initial power ofF%.

Since each hop has a total transmission time74f the

transmitted power at the:-th node can be calculated as

B. Power-splitting

m—1 m—1

T N P 1] g H“?O‘m ®) The previous subsection discussed the TS method. On the
' ' other hand, in the PS method, the relay splits a portion of
The normalization in (5) is with respect ¥, as7 is the total the received signal power for the whole relaying tiffieas
transmission time that determines the transmission power. harvested energy. Denotg, as the splitting factor at the:-

One sees from (4) that the harvested energy at each hop ttlerelay, with0 < p,, <1 andm =1,2,---. The throughput
creases at an accelerated rate when the hop number incredBdbis case is
At some hop, the energy will not be sufficient for transmissio

. S . . L Ro = log, (1 + v, 12
based on certain criterion. In this caseg, in (1) is given by 0 8al ) (12)
I, 2 T 11 g2 Hm—11 Pi(l )T where~,, is given later.
Tm = s [f_l_m ul m—1 ZH Pi(o2 + o2 )]- 1) AF: In this case, the received signal at theth relay
=1 Jj=i+1"j

6) is given by [1]

It is of great interest to find the first value af for which

(1 — am) logy(1 4 ym) < Ro. Before this happens, each hop ymlk] = V(1= pm)Pm19m—1tmYm-1[k]

has a throughput oR;, such that the TS coefficient,, can + 1 — pmnmalk] + nmelk] (13)
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for T seconds, where all the symbols are defined as before. S b and vl i AV S

——%— Fixed-gain and variable-gain AF with TS

One further has ol ]

m

ym{k] = H V 1_pz+1 -PzHuz ngs
. i

T o T 00— bl miil 22 i

Jj=i1+1 j=t

@
T

Number of Hops
Iy
T

1
H \/ (1 —pj+1)P.

m—
Jj=t [ 4

The same received signals are also used for energy harvest- % (@8)

ing. Using the harvested energies, the transmission poWer a
the m-th reIay can be calculated as Fig. 1. The maximum number of hops wg for d = 1, R = 2 andn = 0.5.

m—1 m—1 m m—1

T T T T
=T | | | I gz I | U I | 1 — Pi ) Pm- (15) % Fixed-gain and variable-gain AF with PS
¢ Fixed-gain and variable-gain AF with TS

i=1

DF wth PS
351 —©—DFwith TS

Compared with (5) for the TS method, one sees that the har-
vested power in (15) has an additional terml—{)ﬂjl(l —pi)-
Since this term is smaller than 1 and decreases quickly. as
increases, the harvested power using the PS method is smalle
than that using the TS method, under similar conditions. As
a result, the largest number of hops using the PS method is
smaller than that using the TS method, which is not desirable
for network coverage extension. This will be verified by
numerical results later. T
Again, applying the throughput per hop restriction, one has !
Ym in (12) for PS as Fig. 2. The maximum number of hops vg.for d = 1, R = 2 and

~o = 30 dB.
_ H’L 0 (1 _pl+1>P Hz 1’LL2 H’L 1 ng (16)
TYm = U

U=31" 1 M5 VA = ) P T u? TI g2(1 = Using this restriction, the PS splitting factgr,, can be
pi)oZ, + 0% )] The PS splitting factorom can be calculated calculated as

Number of Hops
&

~

as R 2
(2% —1)o
m:l_ mc 70< m<1. 21
pm=1— (28 —1)op,. P Pp_qu2,T —02,, (28 — 1) = Pm = (21)
mo m—1 2T 1 2
[Tizo (= pien) BILZ wf ITis 90T — ‘zl 7) In the next section, numerical examples of these calcuiatio
where 0 1 and V _ will be shown.
m—1
ooy WHJ L u IS g —
pi)ofa + o ‘)] + 02, }(2F —1). Unlike the TS coefficient IIl. NUMERICAL RESULTS AND DISCUSSION
am, the PS splitting factorp,, does have a closed-form | this section, numerical examples will be presented to
expression. show the dependence of the largest number of hops on differ-

2) DF: For DF, the received signal at the-th relay is  ent relaying protocols, different harvesting strategissaell
as different system parameters. To do this, in the calauniati
ym[k] = (1 - pm)Pm—lumsm—l[k] Y P

the parameters are set @, = 02,. = 0.01, 2, = 0.1 and
+ V1= pmnmalk] + nmelk] (18) A, =o0. 1 for m =12 v=—3andT = 1. Also, let
2
for the whole relaying period seconds, where all the symbols)0 = e 2 be the initial signal-to-noise ratio (SNR) in the
are defined as before. Using the PS method, the transmisdit relay, Wwhich is directly related to the initial amourtt o
power at them-th relay can be calculated as energy T from the source node.
Figs. 1 - 3 show the largest number of hops for different
P, = 0pmPro—1ug,. (19) values ofyy, n andd. From these figures, several observations

Then. apolving the throuahout restriction to each hoo. aam K can be made. Firstly, under the same conditions, the value
y in’ (1p2|; gsg gnp P of the largest number of hops generally increases when the

initial SNR ~, and the conversion efficiency increase or
when the distancel decreases. This means that one may
extend the network coverage by either increasing the amount

(1 = pp) Pry_qu2, T

. 20
(1 - p7TL)U’r2na + U’r2nc (20)

TYm =
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—k— Fixed-gain and variable-gain AF with PS
—<— Fixed-gain and variable-gain AF with TS

is in fact only using a large transmission power (consereed f

3 rm ] the following relays) to transmit a very weak signal (due to a
o ] small portion of power splitted) to the next relay. This is as
Fe27020008.1203 undesirable as using a small transmission power (harvest mo
energy from the source node at the first relay) to transmit a
st strong signal (due to a large portion of power splitted far th
first hop). In both situations, the received power at the next
relay will be very small, wasting a huge amount of conserved
energy. Thus, the PS method may not be effective for network
] coverage extension based on harvesting.
‘ ‘ In summary, the best way of extending the network coverage
¢ using multi-hop relaying with energy harvesting is to use th
TS method, followed by DF relaying using the PS method.
One should avoid using AF with PS to extend the network
coverage. Note that it is not possible to optimize the power-
splitting factor and the time-switching coefficient in oystem
model where the throughput for each hop is fixed. In fact,
of energy transferred from the source node and subsequemtlyy are also fixed and calculated directly by using (7),
harvested by all relaying nodes, or improving the efficiengu1), (17) and (21). If one uses a random valueagf or
of the energy harvester. This is expected. Among the thrgg the throughput restriction may not be satisfied, which is
parameters examined, one can also see that the initial §NRagainst the design purpose in this work. On the other hand,
has the largest impact on the network coverage extension. @ien the throughput is not fixed, it is possible to find the
the other hand, the curves are relatively flat wiechanges, optimum values ofy,, andp,,, that maximize the throughput,
indicating that it may not be worth improving the design a thwhich is beyond the scope of this work. Note also that our
energy harvester to extend network coverage when thelinitgerivation simplifies the analysis by setting the distanizes
amount of energy is low to medium. This is important, as the Ultimately, it is the signal-to-noise ratio that matten®t
improvement of energy harvester often requires a conditierathe fading coefficient or the path loss. Finally, for multigh
amount of time and effort. communications, protocols with better spectral efficiemgy

Secondly, comparing different relaying protocols, onessebe available. For example, if the node in the first hop is far
that AF relaying and DF relaying have similar performanceswvay from the node in the last hop, they could transmit signal
when TS is used, as they have similar harvested energiessiimultaneously. However, this requires designs of newyieda
this case. When PS is used, DF relaying is much better thamtocols and is not the focus of this work. All the results ar
AF relaying. This can be explained by comparing (15) witfor a fixed channel gain ofi2, = 0.1 and not averaged over
(19), where one sees that the harvested power of AF is mutifferent channel realizations.
smaller than that of DF due to the extra termF{)I;’ll(l —pi)
in the product and thus, the energy transferred from thecsour REFERENCES
node can be exhausted quickly in AF relaying. For fixed-gaifit] A.A. Nasir, X. Zhou, S. Durrani, R.A. Kennedy, “Relayimgotocols for
AF relaying and variable-gain AF relaying, they have the sam ?érﬁs'evsﬁr;réirsgQ;%iit;gagﬁg;gollT]ff;nss.o 3622 0-2222%55 013,
performances, as we have st = A,, = 0.1 such that their [2] I. krikidis, G. Zhang, B. Ottersten, “Harvest-use cocgiive networks
amplification factors are actually the same. with haIf/fuII-_dupIex reIaying,’P_roceedings of the 201._3’ IEE_E Wireless

Thirdly, comparing the TS method with the PS method, one .f.f. ’Z’;’gg’?ﬁt’z‘gﬁ and Networking Conferen&hanghal, China, 2013,
sees that the TS method can achieve many more hops thgn z. Ding, S.M. Perlaza, I. Esnaola, H.V. Poor, “Power afition strategies
the PS method in most cases. This is especially true for AF in energy harvesting wireless cooperative networkSEE Transactions

Number of Hops

Fig. 3. The maximum number of hops vé.for n = 0.5, R = 2 and
Yo = 60 dB.

relaying, where the largest number of hops for PS is always 1 wireless Communicationsol. 13, pp. 846 - 860, Feb. 2014.
while the largest number of hops for TS could reach 7. This
is explained as follows. For the TS method in AF relaying,
the powers of the signals for harvesting and for relaying ar55]
the same, and only the relaying time is switched. Thus, the
first relay can choose to take a small amount of time and
therefore harvest a small amount of energy (power is fixe[?]
during this), conserving the majority of the energy forfatee  [7]
by the following relays. However, for the PS method in AF
relaying, the powers of the signals for harvesting and retay
are different. Even if the first relay chooses to split a smal
portion of power for relaying and therefore harvest a small
amount of energy (time is fixed during this), with the good[g]
intent of passing on the majority of energy for later use by
the following relays, according to AF relaying, the firstagl
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