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Abstract—In this work, we study energy cooperation in a
two-user Gaussian multiple access channel (MAC), where the
transmitters and the receiver are powered by energy harvesters.
In particular, the receiver consumes the harvested energy in
decoding the received data and bidirectional energy coopera-
tion is allowed between any two nodes in order to facilitate
data transmission and decoding. Our objective is to maximize
the number of decoded bits at the receiver, assuming offline
knowledge of the channel state information (CSI) and the energy
harvesting profiles. We first show that the original problem can
be decomposed into an inner problem in which we optimize
over the energy transfer variables and an outer problem that
characterizes the optimal power allocation. For the inner prob-
lem, we derive analytical expressions for the energy transfer
variables in terms of the fading coefficients and the energy
transfer efficiencies between the nodes. On the other hand, the
outer problem is solved using a generalized iterative directional
water-filling algorithm. The numerical results show that the
proposed energy cooperation can significantly enhance the system
performance.

Index Terms—Energy harvesting, energy cooperation, decod-
ing cost, optimal energy allocation, multiple access channel.

I. INTRODUCTION

Energy harvesting promises perpetual network operation, as
it provides self-sustainability for energy-constrained wireless
nodes [1]. In practice, energy can be harvested from several
sources such as solar radiation, body heat, and radio frequency
(RF) signals. However, a lasting and constant energy harvest-
ing process is rarely found, due to the intermittent nature of
the energy sources [2]. Therefore, optimal energy allocation
policies have been proposed for various setups in order to
prevent energy outages in the system [1], [2]. Additionally,
energy cooperation between the network nodes is motivated
by the fact that some nodes have abundant energy, while others
are energy-deprived. In particular, energy cooperation not only
prevents energy outages at energy-deprived nodes, but also
enhances the overall system performance. In practice, energy
cooperation between the nodes can be realized via multiple
techniques, such as resonant inductive coupling and wireless
RF energy transfer [3], [4].

References [5]-[10] have studied energy cooperation in
different network topologies. In particular, reference [5] has
introduced energy cooperation to two-way channels, relay
channels, and multiple access channels. Reference [5] has de-
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veloped a two-dimensional directional water-filling algorithm
in order to characterize the optimal energy allocation that
maximizes the system throughput. Furthermore, reference [9]
has considered bidirectional energy cooperation between the
nodes. In particular, a procrastinating policy has been shown
to be optimal for the throughput maximization problem.

On the other hand, the energy consumed in decoding the
received data at an energy harvesting receiver cannot be
neglected when it is comparable to the transmission power,
which is the case in short-range communication networks.
In reference [11], the decoding cost has been characterized
by analyzing the decoder operations in practical systems,
while reference [12] has considered an information-theoretic
analysis. Additionally, the effect of decoding cost on energy
harvesting systems is investigated in [13] for point-to-point
links, two-hop channels, multiple access channels, and broad-
cast channels. Both decoding and processing costs have been
considered in [14] for a two-way energy harvesting channel.

In this paper, we study energy cooperation between the
nodes in a Gaussian multiple access channel (MAC), which
consists of two energy harvesting transmitters and an energy
harvesting receiver. In turn, energy cooperation not only
facilitates data transmission, but also decoding at the receiver.
In particular, we study the throughput maximization problem
in a two-user Gaussian MAC channel with block fading, i.e.,
our objective is to maximize the number of decoded bits at
the receiver by jointly optimizing the power allocation and
energy transfer variables. We assume an offline setting, where
the energy harvesting profiles and the fading coefficients are
known at all nodes before the transmission.

For energy cooperation, there exist multiple paths for trans-
ferring energy between any two nodes, hence we first show
that the optimal energy transfer policy between any two nodes
is unidirectional. Furthermore, we show that we can restrict the
feasible policies to the set of procrastinating policies without
loss of optimality, i.e., we only need to consider policies that
delay the energy transfer until it is needed at the receiving
node. By considering procrastinating policies, the throughput
maximization problem can be decomposed into inner and
outer problems. In the inner problem, we find the energy
transfer variables at each time slot and show that the energy
routing is determined by the fading coefficients and the energy
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Fig. 1: Two-transmitter multiple access channel with energy
cooperation. Dash lines and solid lines indicate energy transfer
and information transmission, respectively.

transfer efficiencies between nodes. For the outer problem,
a generalized directional water-filling algorithm is applied
in order to obtain the optimal power allocation. Finally, we
illustrate the structure of the optimal solution via a numerical
example.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a two-user Gaussian multiple access channel
(MAC) with energy harvesting transmitters and an energy
harvesting receiver, as shown in Fig. 1. In particular, each
node can harvest energy and participate in energy cooperation
simultaneously. Additionally, we assume bidirectional energy
transfer links with different transfer efficiencies for each
direction. The system is assumed to be time-slotted, and each
time slot is of length 1 second. The energy harvesting profiles
of all nodes are known apriori for a transmission period of
T slots, i.e., we assume offline knowledge of the amount of
harvested energy, and the energy arrival times. The harvested
energy in slot ¢ at node k is denoted by Ej, > 0, where
k=1,2,3,and t =1,2,...,T. In particular, k = 1,2, refers
to transmitters 1 and 2, while £ = 3 refers to the receiver.
We assume that each node is equipped with a sufficiently
large battery in order to avoid any overflow as in [5], [7].
Furthermore, dj;, denotes the amount of energy transferred
from node £ to node j in slot ¢ with transfer efficiency 7y,
k # j, thus, the received energy at node j is 7y;0k;,¢. We
assume that 0 < 7g; < 1, and it is constant throughout the
transmission period.

We consider a Gaussian multiple access channel (MAC)
with block fading. In particular, the number of received bits
in slot ¢ is given as

1
Ry = 3 logy (1 + hipig + hogpay), t=1,...,T7, (1)

where p;, ;, denotes the transmission power of transmitter £ at
slot ¢, and hy, ; is the channel gain between transmitter & and
the receiver at slot ¢, which is normalized by the noise power.

Additionally, we assume that the receiver consumes energy
in decoding the received data. The decoding cost function is
assumed to be convex, and nondecreasing in the decoding
rate as in [11], [12], [15]. To avoid data buffer overflow

at the receiver and to avoid decoding delays, the decoding
rate is assumed to be equal to the received data rate in
(1). Specifically, we consider the exponential decoding cost
function ¢(xr) = 22* — 1 for simplicity and in order to
obtain a tractable analytical solution [13]. Therefore, the power
consumed in decoding at the receiver is given as

psr = O(Ry) = h1pre + hopoy, t=1,....,T. (2)

Our objective is to maximize the number of decoded bits at
the receiver in T slots. The problem is formulated as follows.

T
1

max Z = logy (1 4 hipis + hoipat) (3a)
D, t:0kj t P} 2

¢ 3 t
s.t. Z(pk,i+Z(5kj,i_njkéjk,i))fZEk,i;Vk7ta
i—1 j=1 i—1
Jj#k

(3b)

D3t = h14p1t + ho Doy, Vi, (3¢)

Pk,t, 61€j,t Z 0) Vkm? # k7t (3d)

In particular, (3b) represents the energy causality constraint at
node k. One can easily verify that the problem is convex due
the concavity of the objective function and the linearity of the
constraints.

III. PROBLEM DECOMPOSITION

In this section, we decompose the original problem in
(3) into outer and inner problems, which characterize the
optimal power allocation and energy transfer, respectively. In
particular, without loss of optimality, we restrict the feasible
solutions to procrastinating policies as in [9], i.e., we show
that one of the optimal policies is a procrastinating policy.

First, we prove that the optimal energy transfer between any
two nodes is unidirectional.

Lemma 1. The optimal energy transfer satisfies 6,10k, = 0,
k,j=1,2,3 k#j, Vt.

Proof: The proof follows from Lemma 2 in [9]. In
Appendix A, we provide an alternative proof based on the
Karush-Kuhn-Tucker (KKT) conditions. u

Furthermore, we denote the consumed power at node k in
slot ¢ by

3
Pre Zpeet Y, (Okje — Mjdik), 4)
j=1.j#k
which is called a procrastinating policy if it satisfies py ; > 0,
Vk,t. In the next lemma, we show that one of the optimal
solutions to (3) is a procrastinating policy, which guarantees
that energy transfer is deferred until it is needed.

Lemma 2. There exists an optimal solution to problem (3)
that satisfies the condition py; > 0, Vk,t.

Proof: Suppose that {pj ,, 0z} is an optimal solution
to (3). We can construct a procrastinating policy that achieves



the optimal objective value by repeating the following process
for all ¢ and k. If for some ¢ and k, we have pz’t <

3
> =1 j2k(MjkO5y, , — Of; ;)» then define
3
Ot £ Z (njké;k,t - 5ltj,t) *plt,t- ®)
J=1,j#k

In order to decrease the actual received energy at node k by
Ok,i, we obtain d;,, > 0 and dy;; > 0 by decreasing 67, ,
and/or increasing 6;; ;¢ such that

3
Pt = Z (Mk0jk,t — Okjit)s (6)

j=Li#k

and &;j,tgjk’t = 0 are satisfied. To maintain the feasibility,
energy equal to 6 is transferred to node k in later slots
by increasing 07, ; and/or decreasing dy;, for some [ > .
Therefore, one can construct a procrastinating policy that
achieves the optimal objective value, since the transmission
power py. , is unchanged. |

Next, by considering only procrastinating policies, the
throughput maximization problem can be expressed in terms
of the optimization variables {py ¢, 05, } as follows.

T

1

max —log,(1 + D1t D Ta
pbax ; 5 go(1+ ¢1(P1t,P2.t)) (7a)

t t
st Y pri <Y Eri, Yk t, (7b)

i=1 i=1

3

Prt > > (Okje = ixdjke), Yhot,  (70)

j=1,j#k
©1 (ﬁl,taﬁ&t) = (102(153,15)7 Vt7 (7d)
pk,tv 5kj,t 2 03 Vk»] 7é kvtv (76)

where

©1(P1,t:D2,t) =(haema — hit)d12¢ + (h1 a1 — hot)do1

2
+ Z Rt (Dt + M3603k,t — Ok3.t)s ¥
=1

©2(P3,1) =P3.t — 0314 — 0324 + M3013,4 + M23023,¢. (9)
In particular, (7c) is due to the nonnegativity of py, ;.

In the transformed problem (7), the energy transfer variables
at slot ¢ are constrained by (7c) and (7d), while the consumed
powers are constrained by the energy causality constraints in
(7b). Based on these observations, the problem in (7) can be
decomposed into outer and inner problems as follows.

T
1
max Y =logy(1+ @(prePasspss))  (10a)
Pkt =1 2
t t
st Y pri <Y Eri, Vit (10b)
=1 =1
pk,t > 07 Vk7t7 (IOC)

where @(p14, Pat, P3e), t =1,2,...,T is given as

@(P1.t D24, D3,t) = max ©1(P1,t, P2,t) (11a)

kgt

3
S Pre> Y (Okje—njndjns), Yk, (11b)
=1
Tk
©1(P1,t,D2,t) = P2(P3t),
6/€j,t >0, Vkaj # k.

(11c)
(11d)

In the outer problem (10), the energy allocation is obtained by
optimizing the consumed powers, and the energy cooperation
is characterized in the inner problem (11) by optimizing the
energy transfer variables for given consumed powers in each
slot ¢.

IV. OPTIMAL SOLUTION

In this section, we first show that an analytical solution is
possible to be obtained for the inner energy transfer problem.
Then, we solve the outer energy allocation problem using a
generalized water-filling algorithm.

1) Inner Problem: The inner problem is a linear program,
which can be solved analytically. In particular, for fixed
consumed powers, the energy transfer variables are determined
by the fading coefficients and the energy transfer efficiencies.
More specifically, the solution to the linear program can be
evaluated in two steps: 1) we determine the energy routing,
2) we calculate the amount of transferred energy.

First, note that for systems with more than two nodes, there
exist multiple possible routes for transfer of energy from one
node to another. For example, in order to transfer energy
from node 1 to node 3 in our system, we either transfer
energy from node 1 to node 3 directly or via node 2. To
minimize the energy loss during transfer, we always choose
the route with the highest energy transfer efficiency, i.e.,
max{nkj, Mty My s Moty MalaMogs Mhla Mgy - - - } for transferring
energy from node k to node j. In the sequel, we use 7j;; to
denote the transfer efficiency of the best route from node k to
node j.

The next step is to calculate the energy transfer variables.
In our system, there are at most two nonzero energy transfer
variables, which follows from Lemma 1. In turn, the inner
problem can be solved analytically. In particular, the energy
transfer variables are functions of the consumed powers, the
fading coefficients, and the energy transfer efficiencies. We
provide the analytical solution to the inner linear program in
Appendix B.

In order to maximize the objective function, the following
observations must hold [6], [7]. (1) If Ay < Tijhje, Vj, then
transmitter k transfers all of its harvested and received energy
to other nodes, i.e., it works as an energy relaying node. (ii)
If v1(P1,t, P2,t) > w2(Ps,t), then energy has to be transferred
from the transmitters to the receiver in order to achieve the
equality in (11c). In particular, if 7}1—’? > "h—f, then transmitter
k has a higher energy transfer priority than transmitter j. (iii)
If 1 (P1,t, P2,t) < w2(Ps,.), then energy has to be transferred



from the receiver to the transmitters. In particular, if hgnsg >
h;ns3;, then transmitter k& has a higher priority in receiving
energy than transmitter j.

2) Outer Problem: The outer problem is a convex prob-
lem. Thus, the KKT conditions are sufficient and necessary
conditions for optimality. The Lagrangian function is given as

L(p,A,B) =
T

T
1
-> 3 logs (1 + @(P1,t, P2,t5 P3,t)) — kz: > Bribri

t=1 =1t=1

3 T t t
F S (- X Bv)
1=1

k=1t=1 i=1

(12)

where Ay, ¢, 1., are the Lagrangian multipliers associated with
the energy causality constraints in (10b) and the nonnegativity
constraints in (10c). From the KKT conditions, for all k, ¢, we
have

9¢(P1.1,P2,6,P3.)
OPk,i

T
— — — — + Nem — =0, (13a)
2In(2)(1 + @(p1,e: D2t P3,t)) Z tin P

n=t

t t
Nea (DB =D Bra) =0, (13b)
i=1 i=1
Br,tPr,e = 0, (13¢)
Aty Bt > 0. (13d)

From (13a), we define the generalized water level wy, ; as

s (L+@(P1,e, D265 D3,t))
ODk,i
1

B 21n(2) (S Men — Bra)

From the complementary slackness condition in (13c), we
have 85+ = 0 for positive consumed powers. In turn, the
generalized water level wy ; is monotonically increasing. In
particular, the water level increases, i.e., Wi ; < Wk 141, only
when the energy at node k is depleted at slot ¢. Furthermore,
the following relation holds

Wit (14)

15)

Q1 W = Qo Way = o3 W3¢ = 1+@(D1t, P2es D3yt), (16)

0@(P1,t,P2,t,03,t)

where oy, = T . As a result, the generalized
water levels satisfy w“}:"f’tl = w“_’i’frl, Vk,j # k when
Js

ot = Qg gp1, VK. That is, the generalized water level at
any node is equalized between consecutive slots if all nodes
have nonempty batteries and increases whenever at least one
node has depleted its energy.

The optimal values for the consumed powers can be ob-
tained by applying a generalized iterative water-filling algo-
rithm [9]. In particular, we initialize the consumed powers as
Dr,t = Ey ¢ Next, we fix p1; and po; and iterate on ps3 ;. If
ws¢ > w3 ¢+1, then we decrease p3; to make energy flow to
future slots until the water level is monotonically increasing.
Then, we fix ps3 ; and iterate on p; ; and P2 ; in the same way.
We terminate the process when the objective value converges.

5,.1 1 1)

t

Fig. 2: The optimal water levels obtained from the generalized
directional water-filling algorithm. The dash lines represent
initial water levels for node 2, node 1, and node 3, respectively,
while the solid lines represent the optimal water levels.

Due to the convexity of the outer problem, the convergence is
always guaranteed.

V. NUMERICAL RESULTS

Next, we explain the solution obtained from the gener-
alized iterative water-filling algorithm. Fig. 2 illustrates the
optimal water levels of the three nodes, for ¢ = 1,2,...,5.
In particular, we consider the energy transfer efficiencies
N2 = 04, ms = 07, 21 = 06, 23 = 03, 31 =
0.5, and 732 = 0.5. The energy harvesting profiles are
E, =(23,12,38,38,37) mJ, E; = (37,5,34,23,11) mJ, and
E; = (49,412,88,82,333) mJ. The fading coefficients are
fixed throughout the transmission as hy = 6, hy = 20. The
optimal consumed powers are p; = (23,7.2,24.7,56.1, 37)
mJ, po = (31.2,10.8,20.5,29.6,17.9) mJ, and ps =
(49,211.2,198.3,172.5,333) mJ. The energy is transferred
via the route 2 — 1 — 3 with d3; = (27.4,0,9.5,18.6,0)
mJ, and 13 = (39.4,7.2,30.4,67.2,37) mJ. Node 1 works
as an energy relay, which transfers all of its harvested and
received energy to node 3 in order to facilitate decoding, and
all the data is transmitted by node 2. The energy is depleted
att =1and ¢t =4 at node 1 and node 3 and at ¢ = 2 at node
2, in turn the optimal water levels increase, as shown in Fig.
2.

In Fig. 3, we simulate a wireless AWGN channel between
each transmitter and the receiver over a distance of 1 meter.
In particular, we adopt the indoor free space path loss model
with path loss exponent 1.6 [16]. We assume that the carrier
frequency is 2.4 GHz and the bandwidth is 1 MHz. The noise
power spectral density is 107! W/Hz. The antenna gain at
the receiver is 6 dB. The average channel gain is set to —85
dB. The amount of harvested energy per slot is uniformly dis-
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Fig. 3: Decoded data rate by varying average harvested energy
in one slot.

tributed with average value E,yg, i.e., Ej ¢ ~ Unif (0,2E,.;).
The following results are averaged over 500 realizations for
the channel gains and energy harvesting profiles. In Fig. 3, we
compare the proposed energy cooperation to partial energy
cooperation, no energy cooperation, and an on-off policy.
In particular, in a partial energy cooperation scheme energy
transfer is only allowed between transmitters and between
one transmitter and the receiver. While, in the on-off policy,
the nodes transmit with the average harvested energy and
the receiver decodes the received signal as long as it has
enough energy. Fig. 3 shows the decoded data rate versus
the average harvested energy per slot. Intuitively, the decoded
data rate is increasing with the average harvested energy for
all schemes. Also, the proposed energy cooperation achieves
the best performance.

VI. CONCLUSION

In this paper, we have studied energy cooperation in a
two-user Gaussian multiple access channel, where all nodes
are powered with energy harvesters and participate in energy
cooperation. We have solved the problem of maximizing the
number of decoded bits at the receiver, by jointly optimizing
the power allocation and the energy transfer variables. In
particular, we decompose the original problem into outer
and inner problems by restricting the set of feasible policies
to procrastinating policies. In the inner problem, the energy
transfer variables are optimized for given consumed powers.
While, in the outer problem, the consumed powers are opti-
mized for given energy transfer variables using a generalized
iterative directional water-filling algorithm. Finally, we have
demonstrated numerically that energy cooperation with the
receiver significantly improves the system performance.

APPENDIX A
PROOF OF LEMMA 1

The unidirectional energy transfer property is proved using
the KKT condition of problem (3). By taking the derivatives

of the Lagrangian with respect to d12; and d21 ; and equating
them to zero, we obtain

T T
120 = — E Vin + N12 g V2 n,

(17)
n=t n=t
T T
le,t =121 Z Yin — Z V2 n, (18)
n=t n=t

where &2 and &2; ; are the Lagrangian multipliers associated
with the nonnegativity of 412+ and d2 ¢, respectively. While,
v, and vy, are the Lagrangian multipliers associated with
the energy causality constraint at node 1 and 2, respectively.
From (17) and (18), we have

T 1 Z
§a1,6 = —121 ( - Z Vin +— Z 1/2,n>
n=t n21 n=t

T T

(a)

< —7721<— E V1,112 E Vz,n) = —n21&12,¢, (20)
n=t n=t

19)

where (a) is due to 0 < 7; < 1. Hence, &2 and &1+ cannot
be both zero. From the complementary slackness condition,
we observe that d12; and d21+ cannot be both positive, i.e.,
012,¢021,+ = 0. Similarly, the unidirectional property can be
proved for other energy transfer variables.

APPENDIX B
ANALYTICAL SOLUTION OF THE INNER PROBLEM

For ease of exposition, we omit the slot index ¢ and use the
notation max{xz,0} = [z]*.

1) 931 >0, d32 > 0, hq > honia, he > hina,

O, if h27732 > h1’1731
031 = 9 (ps—h1ps thapa]t 1)
[p3—hip1+hap2]
B e I L 1jrhlm3f 2 ow.
[p3—h1p1+hap2]™ .
Gap = e Af hanza > hans 22)
0, 0.W.
2) d21 >0, 631 >0, ha < hin21,
—h Do - hibr) 4 BalT
So1 = Po, Oy = [—hi(n21D2 + h1p1) + D3] 23)
1+ hins:
3) 612 >0, 632 >0, hy < hani2
_h 5 4 hob = 1+
S1o = pr, Osp = [—ha(map1 + haD2) + D3] (24)
1+ hanse
4) 012 > 0,023 >0
P1, if hg’r]lg > hy
d12= 5 o malt (25)
[—n23P2+h1p1—ps]
23h12+7111277123 ° » O.W.
[h1(5222f5213)_ﬁ3]+7 if haniz > hy
[h1p1+hep2—p3]" ¢ han hin
523: ha+n23 ’ if 2h112 <L 1h221 <1, (26)

and hip1—mn23p2 <p3

hi (5 N
[h1(P2+mn12P1)—n12P3) , O.W.

hi+m12m23




5) 021 >0,813>0

521:

013=

P2,

[=n13P1+hape—ps] "

if hima1 > ho

ha+n211m13 ’
[Py (P1+m21P2)—Ps] "

0.W.

[h1p1+h2p2—p3] T

if hinay > ho
o han hin
if hatacy Moy

hi+n13 )

hi+n13 ’

and hopo—n13p1 < P3

(P2 (P14m21P2)—n21Ps) "

ha+m21m13 ) O-W.

6) 013 >0,023>0

013=

do3=

[h1p1—n23p2—ps] "

[h1p1+hapa—ps] ™

hi+m13
and 2mz <y, Pz <

ph
p%

[h1p1+hapa—pa] "

e hamio him21
h1+n13 , if hi <1, ha <1,
and hopa—mi3p1 <p3
0. W.

if 217215
12
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e hamio hin21
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ha+n23 ’

ha+n23

7) 623 >0, 831 >0

023

031
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ha+n23 ) N
12 +123
and 123 (1+h1n31) <1
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1+ hinzanor

023 =
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if Iy <1, s <1,
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27)

(28)

(29)

(30)

3D
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