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Abstract—Wireless energy transfer (WET) is a promising tech-
nique to prolong the lifetime of an energy-constrained wireless
network. In this paper, we consider a two-hop communication sys-
tem with multiple relay nodes powered by WET. To minimize the
transmission time, we propose an optimal transmission scheme, in
which the relay nodes adopt a “harvest-then-decode and forward”
policy. The optimal transmission time allocation of the source and
each relay node is calculated by a linear program under causality
constraints on both data and energy arrivals. The analytical and
simulation results reveal the relationship between the optimal time
allocation and system parameters.

Index Terms—Wireless energy transfer (WET), cooperative
relay.

I. INTRODUCTION

ENERGY harvesting is a promising technique to prolong
the lifetime of an energy-constrained wireless network. In

future wireless networks, nodes are envisioned to be capable of
harvesting energy from the environment. In addition to the re-
newable energy resources such as solar and wind, radio signals
can be a viable new source due to the emerging wireless energy
transfer (WET) technology [1]. In communication systems with
WET, energy and information flow simultaneously. Motivated
by the characteristics of such systems, the tradeoff between
information rate and energy transfer has been investigated in
different communication systems, such as MIMO beamforming
systems [2], OFDMA systems [3], and AF relay systems [4].

Due to the practical circuit constraints, the receiver is unable
to decode the information and harvest the energy from the
same signal. Therefore, a “time switching” receiver, which
switches its operations periodically between harvesting energy
and decoding information, was proposed in [2]. Based on [2],
“opportunistic energy harvesting” where the receiver switches
between decoding information and harvesting energy based on
the channel condition was proposed in [5]. The transmitter
using WET can control and optimize the energy provided to
the receivers by adjusting the transmission time. [7] studied
the sum-throughput maximization of all users by jointly op-
timizing the time allocation for the downlink wireless power
transfer and uplink information transmissions. In [6] and [8],
the amplify-and-forward relay network was considered, where
an energy-constrained relay harvests wireless energy and uses
all harvested energy to forward source signals.
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In this paper, we consider a two-hop system with multiple
relay nodes powered by WET. We assume that each relay node
has no fixed power supply and the source node is the only
available RF generator. Similar to [2], we suppose that the relay
cannot harvest energy and receive information simultaneously.
Therefore, the relay node will replenish energy opportunisti-
cally via WET when the source or other relay node transmits.
The relay node decodes and forwards the source signal using
the harvested energy. Our goal is to determine the optimal
transmission scheme which can minimize the transmission time
for a given packet. In the proposed transmission scheme, the
source node first broadcasts information (or wireless energy)
to all relay nodes, and then the relay nodes forward the source
signal to the destination using their harvested energy through
TDMA. The total transmission time is minimized by jointly
optimizing the transmission time of the source node and each
relay node given the packet size, based on the channel condi-
tions. The problem is formulated as a linear program. Based
on this formulation, we analyze the relationship between time
allocation for power transfer and information transmission and
system parameters.

II. SYSTEM MODEL AND TRANSMISSION SCHEME

A. System Model

We consider a Gaussian multi-relay channel with one source,
one destination, and L relay nodes. A direct link from the source
to destination does not exist (e.g., physical obstacles) [6], [8],
[9]. So, the information is sent from the source to destination
through multiple energy-constrained relay nodes. Channels be-
tween the source and relays (or between relays and the destina-
tion) are different, but constant during the whole transmission
period. The source and the lth relay node use the constant
transmit power PS and Pl(l=1, · · · , L), respectively. When
the source transmits to the lth relay node, the transmission
rate is bs,l=log(1+γs,lPS/N0), where γs,l denotes the channel
power gain between the source and the lth relay. When the lth
relay transmits to the destination, the rate is bl=log(1+γl,dPl/
N0), where γl,d denotes the channel power gain between the
lth relay and the destination. The relay nodes operate in a half-
duplex mode and the source-relay and relay-destination links
use the same frequency band. To avoid interference, the source
node and relay nodes transmit in different time slots. The relays
employ a regenerative, decode-and-forward (DF) strategy.

All relays are assumed to have no fixed power supply and
the initial stored energy is zero. The source signal is the only
resource of RF radiation and therefore it is used to charge the
relay batteries by WET. Due to practical circuit constraints,
relay nodes cannot decode the information and harvest energy
simultaneously, so the time switching based receiver architec-
ture in [2] is adopted. When one relay receives information
from the source, the other relays opportunistically harvest
energy from the same signal. The power harvested by the lth
relay node can be calculated as ηPsγs,l, where 0 < η ≤ 1 is a
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energy conversion efficiency [8]. Furthermore, when one relay
transmits, the other relays can also harvest energy from the
received RF signals. Specifically, when the lth relay transmits,
the power transferred from the lth relay to the l′ relay is ηPlγl,l′ ,
where γl,l′ denotes the channel power gain between the lth relay
and the l′ relay.

We assume that there is a data packet of B bits at the
source to be transmitted to the destination. Our objective is
to design an optimal transmission scheme to minimize the
transmission completion time taking into account the energy
and data causality constraints. The key of the transmission
scheme is to determine the transmission order and time allo-
cation among the source and relays. Given a transmission order
SR1 · · ·RLR1 · · · (S and Rl denote the source and the lth relay,
respectively), the optimal transmission time of each node in
each fraction should guarantee the energy and data causality
constraints of relays in each fraction.

However, if we do not consider the detailed transmission
process, and just consider the energy and data causality of each
relay at the end of the transmission, we can obtain a lower
bound of the minimal transmission time-J . Actually, whatever
the transmission order is, the total transmission time can be
decomposed into 1) τ0: time assigned to the source node to
broadcast wireless energy to all relays; 2) τl: time assigned
to the source node to transmit data to the lth relay; 3) TE,l:
total time allocated to the lth relay to broadcast energy to
other relays. If the relay has residual energy after finishing data
transmission, it can assist other relays’ data transmission by
transmitting power signals; and 4) TS,l: total time allocated to
the lth relay to transmit data to the destination. Therefore, the
problem of calculating J can be formulated as the following:

J = min
τ0,τl,TE,l

τ0 +

L∑
l=1

(τl + TS,l + TE,l), (1a)

s.t. Pl(TS,l + TE,l) ≤ ηγs,lPs

⎛
⎜⎝τ0 +

L∑
l′=1
l′ �=l

τl′

⎞
⎟⎠

+

L∑
l′=1
l′ �=l

ηγl′,lPl′(TS,l′ + TE,l′), ∀ l, (1b)

blTS,l = bs,lτl, ∀ l, (1c)
L∑

l=1

bs,lτl = B,

τ0 ≥ 0, τl ≥ 0, TE,l ≥ 0, ∀ l. (1d)

The linear constraints in (1b) and (1c) guarantee energy and
data causality of each relay at the end of the transmission.
That is, for each relay, the total energy consumption should not
be more than the harvested energy from the source and other
relays, and the total number of transmitted bits should be equal
to the total number of received bits.

B. Transmission Scheme

In this section, we will show that the J in (1a) is achievable
by constructing a feasible transmission scheme.

To coordinate the data transmission and energy transfer
among the nodes, a separate frequency channel is used to broad-
cast and exchange the signaling. In the proposed transmission
scheme, the source transmits first, and then relays forward in
the remaining time. At the beginning, the source transmits a

Fig. 1. An example of the proposed scheme (L = 2, Ps = Pl = 1 mW).

broadcast message which contains the transmission order of
relays. Then, the source spends τ0 to broadcast energy, and τl
to transmit data to the lth relay (l = 1, · · · , L). When one relay
receives the data from the source, other relays opportunistically
harvest energy. During the period of relay transmission, the
relays are to switch between 1) harvesting mode: the relay node
harvests energy from RF signals of other relays and 2) relaying
mode: the relay node transmits data to the destination or trans-
fers energy to other relays. The relay nodes transmit according
to the transmission order. When it is relay l’s turn to transmit,
it uses up energy to transmit (if there is residual energy after
transmitting data, the relay will transmit power signals). After
finishing transmission, relay l broadcasts an “END” signaling
so the next relay can switch from the harvesing mode to the
relaying mode. The process of relay transmission is repeated
until all bits are transmitted to the destination.

In this scheme, relays satisfy the data and energy causal-
ity constaints in each transmission. Therefore, we can only
consider the data and energy causality constaints at the end
of transmission. It is easy to observe that whatever the trans-
mission order is, the problem formulation of minimizing total
transmission time is the same as (1). The time allocation in the
proposed scheme can be obtained by solving (1). That means J
is achievable.

Fig. 1 shows a specific example of the proposed scheme.
For a given channel realization, the optimal time allocation
(τ ∗0 = 0.09, τ ∗1 = 0.02, τ ∗2 = 0.03) is calculated by (1). The two
relays harvest energy and receive data during the time period
[0, 0.14 s], then transmit to the destination alternatively from
0.14 s to 0.19 s. When one relay transmits, the other relay
harvests energy for the next transmission.

III. OPTIMAL TIME ALLOCATION

In this section, we will derive some properties of the optimal
solution to (1). For the lth inequality in (1b), we introduce a
slack variable ρl that represents the remaining energy of the lth
relay. We carry out this procedure for each inequality to get the
following equivalent representation of (1):

J = min
x

cTx,

s.t. Ax = b,
x ≥ 0, (2)
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where x = [τ1, · · · , τL, τ0, TE,l, · · · , TE,L, ρ1, · · · , ρL]T , c=[1

+
bs,1
b1

,· · · ,1+ bs,L
bL

, 1, 1,· · · ,1, 0, · · · , 0]T , b=[0,· · · ,B]T , and

A =

[
A1 aL×1 A2 I
b1×L 0 01×L 01×L

]
. (3)

In (3), A1 and A2 are L× L matrices, and I is an L× L
identity matrix. The elements of A1, (A1)i,j = −η(γs,iPs +

γj,iPj
bs,j
bj

) for i �= j, (A1)i,i = Pi
bs,i
bi

. The elements of A2,

(A2)i,j = −ηγj,iPj for i �= j, (A2)i,i = Pi. Furthermore,
(a)i = −ηγs,iPs,i, and (b)i = bs,i.

The linear program in (2) can be solved by the simplex
method. According to the fundamental theorem of linear pro-
gram, there exists an optimal solution if the problem is feasi-
ble and bounded below. Obviously, J ≥ 0, so the problem is
bounded below. It can be seen that at least one feasible solution
exists by considering the simplest case: only one relay is used
to DF the signals and other relays just replenish energy.

Suppose x∗ is the optimal solution of (2). Since each relay
can transmit data or transfer energy, we denote the relay with
T ∗
S,l > 0 as data relay and the relay with T ∗

E,l > 0 as energy
relay. The relay can keep harvesting energy from RF signals
from other relays, so it may have excess energy at the end of
transmission (ρ∗l > 0). We have the following result about the
surplus energy and the role of each relay in different systems.

Lemma 1: In the system with τ ∗0 > 0, each relay cannot
be a data relay and an energy relay simultaneously, and each
data/energy relay has no remaining energy when the transmis-
sion completes. In the system with τ ∗0 = 0, there exist two
mutually exclusive cases: one relay is both a data relay and an
energy relay, or one data/energy relay has residual energy when
the transmission completes.

Proof: According to the property of linear programming,
if Rank(A) = L+ 1, there are L+ 1 nonzero basic variables
in the nondegenerate basic feasible solution. On the other hand,
for the relay l(l = 1, · · · , L), among (τ ∗l , T

∗
E,l, ρ

∗
l ), at least one

variable should be greater than zero since each relay must take
at least one role: data relay, energy relay or energy harvester. If
relay l is used to transmit information, τ ∗l > 0. If relay l is used
to transfer energy, T ∗

E,l > 0. Otherwise, the harvested energy
will be stored, which makes ρ∗l > 0. Hence, if τ ∗0 > 0, among
(τ ∗l , T

∗
E,l, ρ

∗
l ), only one variable can be greater than zero. That

is, τ ∗l T
∗
E,l = 0, τ ∗l ρ

∗
l = 0T ∗

E,lρ
∗
l = 0, ∀ l. If τ ∗0 = 0, there exists

one relay such that two variables among (τl, TE,l, ρl) must be
greater than zero. That is, there exists only one relay (say l)
which satisfies τ ∗l ρ

∗
l > 0 or τ ∗l T

∗
E,l > 0 or T ∗

E,lρ
∗
l > 0.

In the system with L = 1, the source must spend dedicated
time to transfer wireless energy to the relay. In the system
with multiple relays, when the source or one relay transmits,
other relays can opportunisically harvest energy. If the relays
can obtain enough energy by opportunistic energy harvesting,
the source need not spend dedicated time τ0 to broadcast
wireless energy. Depending on the energy transfer efficiency
between the source and relays (or among relays), the system can
be categorized as either a low-efficiency or a high-efficiency
energy harvesting system. In the low-efficiency energy har-
vesting system, τ ∗0 > 0, which means the source will spend
τ ∗0 to broadcast energy to all relays. In the high-efficiency
energy harvesting system, τ ∗0 = 0, which means relay nodes
can harvest enough energy during the period of information
transmission. Whether a system is a high-efficiency or low-
efficiency energy harvesting system depends on the system

Fig. 2. Average throughput vs. transmit power of the source.

parameters. The following result gives a sufficient condition for
a low-efficiency energy harvesting system.

Lemma 2: If
∑L

j=1,j �=i

|(A1)i,j |
(A1)j,j

= η(
∑L

j=1,j �=i γs,i
Psbj
Pjbs,j

+

γj,i) < 1, ∀ i, then, in the optimal solution, τ ∗0 > 0.
Proof: We will prove that under the condition of Lemma 2,

there is not a feasible solution with τ0 = 0. The proof is given
in the Appendix.

It can be inferred from Lemma 2 that the energy harvesting
efficiency of the system is proportional to L,Ps/Pl, η and
channel gains. In practical systems, ηγs,i � 1 and ηγi,j � 1.
However, by increasing L and Ps/Pl, the energy harvesting
efficiency can be improved.

IV. SIMULATION RESULTS

We employ the average throughput to evaluate the perfor-
mance of different system configurations. Based on the minimal
transmission time J , the throughput is given by B/J . The av-
erage throughput is obtained by 105 Monte Carlo simulations.
The bandwidth is set to 10 MHz. The channel power gains
are modeled as an exponentially distributed random variable
multiplied with a κth-power path loss (κ = 2). The AWGN
at the receiver is assumed to have a white power spectral
density of −170 dBm/Hz. The energy harvesting efficiency is
assumed to be η = 0.7. The distance between the source and
the destination is 6 m. In each channel realization, positions of
relay are generated randomly in a 6 × 6 square.

Fig. 2 shows the average throughput versus Ps for different
number of relays L. Pl = 1 mW. As implied in Lemma 2,
when Ps/Pl and L are small, relay nodes cannot obtain enough
energy by opportunistic energy harvesting. For example, when
L = 2, Ps = 10 mW, the probability that τ ∗0 = 0 is less than
10−4. When L = 5 and Ps = 1 W, the probability that τ ∗0 = 0 is
greater than 65%. Therefore, incresing Ps or L helps to improve
the energy transferring efficiency and increase the probability
that τ ∗0 = 0. Next, by fixing Ps = 100 mW, Fig. 3 illustrates
the average throughput over Pl for different L. The total
transmission time includes the energy harvesting time and the
data transmission/reception time of all relays. Increasing Pl will
improve the transmission rate of the relay node, meanwhile,
prolong the energy harvesting time. From Fig. 3, we can get
the optimum Pl to achieve the maximum throughput. Fig. 4
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Fig. 3. Average throughput vs. transmit power of the relay.

Fig. 4. Average throughput vs. η (Ps = 100 mw, Pl = 1 mw).

displays the relationship between the average throughput and η.
Obviously, increasing η can improve the throughput.

V. CONCLUSION

This letter considers a two-hop communication system where
relay nodes harvest energy from transmitted RF signals. As-
suming each relay can harvest energy opportunistically when
the source or other relay transmits, we have proposed an
optimal transmission scheme which can achieve the maximum
transmission rate. The optimal time allocation can be obtained
by solving a linear program. Through analytical and simulation
results, we have revealed the relationship between the energy
harvesting efficiency and system parameters.

APPENDIX

We use the proof by contradiction to prove Lemma 2. Assum-
ing that in the optimal solution, τ ∗0 = 0. According to Lemma 1,
there exists only one relay (say l) which satisfies τ ∗l ρ

∗
l > 0 or

τ ∗l T
∗
E,l > 0 or T ∗

E,lρ
∗
l > 0. However, we will show that under

the conditions of Lemma 1, we cannot find such a relay l.

Assume that x is a feasible solution of (2), B consists of
L+ 1 linear independent column vectors from A in (3), and
x = [(B−1b)T ,0]T = [BcT ,0]T . c is the last column of B−1.
Without loss of generality, we suppose that τ1 and ρ1 are
nonzero basic variables in x. So, B can be written as

B =

[
X e
b̃ 0

]
(4)

where b̃ > 0, e = [1, 0, · · · , 0]T and each column of X comes
from A1 or A2 or I. According to the proof of Lemma 1, each
column of X corresponds to a different relay node. To finish the
proof, we need the following result.

Lemma 3: X−1 is a positive matrix.
Proof: By interchanging rows of X, we can make Xi,i>0

and Xi,j ≤ 0. Set Λ = diag(X) and B = I−XΛ−1. The
matrix B has all 0’s on the main diagonal, and Bi,j =
−Xi,j/Xj,j > 0 if i �= j. The condition in Lemma 3 guar-

antees that
∑L

j=1,j �=i
|Xi,j |
Xj,j

≤
∑L

j=1,j �=i

|(A1)i,j |
(A1)j,j

< 1. So, the

spectral radius of B ρ(B) < ‖B‖∞ < 1. When ρ(B) < 1,
by Taylor series expansion, (I−B)−1 = I+

∑∞
n=1 B

n. As a
result, X−1 = Λ−1(I+

∑∞
n=1 B

n). Since both B and Λ are
positive, X−1 is a positive matrix.

Based on the formula of inverse matrix, c can be written as

c =

[
X−1e/(b̃X−1e)
−1/(b̃X−1e)

]
. (5)

Due to X−1 > 0, we have ρ1 = (x)L+1 = B(c)L+1 < 0. Sim-
ilarly, we can prove that if TE,1 > 0, ρ1 < 0.

Finally, we suppose that τ1 and TE,1 are nonzero basic
variable in x. In this case, e in (5) becomes the first column
of A2. According to the proof of Lemma 3, X−1e can be
written as Λ−1(I+

∑∞
n=1 B

n)e. It is easy to calculate that
the first element of X−1e must be greater than zero. So, if
TE,1 = BcL+1 > 0, τ1 = Bc1 < 0.

In summary, the condition in Lemma 2 guarantees that when
τ0 = 0, we cannot find a feasible solution.
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