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CoMP Meets Smart Grid: A New Communication
and Energy Cooperation Paradigm

Jie Xu and Rui Zhang

Abstract— In this paper, we pursue a unified study on
smart grid and coordinated multi-point (CoMP) enabled wireless
communication by investigating a new joint communication ad
energy cooperation approach. We consider a practical CoMP
system with clustered multiple-antenna base stations (B¥<o-
operatively communicating with multiple single-antenna nobile
terminals (MTs), where each BS is equipped with local renewzle
energy generators to supply power andalso a smart meter to
enable two-way energy flow with the grid We propose a new
energy cooperation paradigm, where a group of BSs dynamically
share their renewable energy for more efficient operation \a
locally injecting/drawing power to/from an aggregator with a

stations (BSs) is a practically appealing solution to rediie
on-grid energy consumption of cellular networks, since the
renewable energy is in general more ecologically and eco-
nomically efficient than conventional energy generateanfro
e.g. fossil fuels[R],[[B]. Moreover, with recent advancerne

in smart grid technologies, end users such as BSs in cellular
networkscan employ smart meters to enable both two-way
information and energy flowsvith the grid (see e.g.[[4]-

[8] and the references therein) for more efficient and flexibl
utilization of their locally produced renewable energyttiga

zero effective sum-energy exchanged. Under this new energyrandom and intermittent in naturélowever, since there are

cooperation mode| we consider the downlink transmission in one
CoMP cluster with cooperative zero-forcing (ZF) based preoding
at the BSs. We maximize the weighted sum-rate for all MTs by
jointly optimizing the transmit power allocations at cooperative

a large number of BSs in the network, the challenge faced
by the cellular operator is how to efficiently coordinate the
BSs’' renewable generations to match their energy demands,

BSs and their exchanged energy amounts subject to a new typé o Py taking advantage of the two-way information and energy

power constraints featuring energy cooperation among BSs ith
practical loss ratios. Our new setup with BSs’ energy coopeition
generalizes the conventional CoMP transmit optimization ander
BSs’ sum-power or individual-power constraints. It is show
that with energy cooperation, the optimal throughput is achieved
when all BSs transmit with all of their available power, which is
different from the conventional CoMP schemes without eneryg
cooperation where BSs'’ individual power constraints may nbbe
all tight at the same time. This result implies that some harested

energy may be wasted without any use in the conventional
setup due to the lack of energy sharing among BSs, whereas

the total energy harvested at all BSs is efficiently utilizedfor
throughput maximization with the proposed energy cooperaion,
thus leading to a newenergy cooperation gain. Finally, we validate
our results by simulations under various practical setups,and
show that the proposed joint communication and energy coope
ation scheme substantially improves the downlink throughpt of

flows in smart grid[[4].

On the other hand, in order to mitigate the inter-cell inter-
ference (ICI) for future cellular networks with more dernysel
deployed BSs, BSs’ cooperation or the so-called coordihate
multi-point (CoMP) transmission has been extensively save
tigated in the literature[]9],[[10]. With CoMP transmissjon
BSs share their transmit messages as well as channel state
information (CSI) so as to enable cooperative downlinkgran
missions to mobile terminals (MTs) by utilizing the ICI in
a beneficial way for coherent combining. In practice, since
the transmit messages and CSI sharing among cooperative
BSs are limited by the capacity and latency of backhaul
links, a full-scale CoMP transmission by coordinating &k t
BSs is difficult to implement in practical systems. Therefor

CoMP systems powered by smart grid and renewable energy, as clustered CoMP transmission is more favorable, where BSs ar

compared to other suboptimal designs without communicatio
and/or energy cooperation.

Index Terms—Smart grid, coordinated multi-point (CoMP),
cellular network, energy cooperation, power control.

I. INTRODUCTION

partitioned into different clusters and each cluster immats
CoMP transmission separately [11], [12].

In this paper, we pursue a unified study on both the smart
grid and CoMP enabled cellular networks as shown in Fig.
[, where each BS is equipped with one or more energy
harvesting devices (wind turbines and/or solar panels) to
provide renewable energy, araliso a smart meter to enable

I MPROVING energy efficiency in cellular networks haghe two-way information and energy flows with the smart grid.
received significant attentions recently. Among assorte@ effectively utilize the unevenly generated wind/solaey
energy saving or so-called green techniques that were peabopver geographically distributed BSs to match their demands
(see e.g.[[1] and the references therein), exploiting rebév e propose a newenergy cooperatioparadigm for the BSs
energy such as solar and/or wind energy to power cellula bag share their renewable energy with each other. The imple-
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mentation of energy cooperation is through the aggregator
[13], which serves as a mediator or broker between the grid
operator and a group of BSs to coordinate the BSs’ two-way
energy flows. With an aggregator, the energy sharing between
any two BSs is realized via one BS locally injecting power

to the aggregator and simultaneously the other BS drawing
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e X Aggregator :zz:zﬁ some harvested energy may be wasted without any use in the
! ! conventional setup due to the lack of energy sharing among
ii ii BSs, whereas the total energy harvested at all BSs is efficien
! @—» Simart <)r ! utilized to maximize the throughput with the proposed eperg
1 meter . . . .
! T ii cooperation, thus leading to a nemergy cooperation gain
i W, BS2 i Finally, we validate our results by simulations under vasio
Smart Y. Smart | N practical setups, and show that the proposed joint communi-
E_’ meter f[ meter Y cation and energy cooperation scheme substantially ingsrov
S;fl i Ry \ '"‘\\ E Wind the downlink throughput of CoMP systems powered by smart
, ; =) B —e—\ turbine grid and renewable energy, as compared to other suboptimal
‘ ?\Q =] = designs without communication and/or energy cooperation.
BS 1 3 g Ty BS3 It is worth noting that exploiting two-way energy flows to
AN / g . . . . .
e B Nt B o help integrate distributed energy prosumers into the sgratt
e - has been actively considered by government regulatiogs (e.
<> Energy flow <«==> Two-way information flow for energy information sharing feed-in tariﬁ and net meteriﬁg and alSO attraCted Signiﬁcant
—=t— Wireless signal <==> Backhual links for communication ibnformation sharing resea’rCh IntereSts recently [5]_[8]0[- InStance’ one pOSSIbIe

approach is to allow the grid operator to directly coordénat
Fig. 1. An example of a three-cell COMP system with joint coamication the prosumers by setting time-varying prices for them to
and energy cooperation, where the BSs are equipped withvaod and/or  hyv and sell ener 511 76]. However, this approach ma
solar energy harvesting devices and can share energy amamiy ather y ire high l@]Y[ ]’ ‘d] head ]L . lpp . y
through bidirectional energy transféirough an aggregator requ”‘? Igh complexity and overnead for implementation at

the grid operator due to the large number of prosumers such

as distributed BSs in the cellular network each with a lihite

energy supply/demand amount. It may also induce a high

power from it. As a return, the group of BSs need to pay thg,ergy cost to the cellular operator since the grid operator
aggregator a service fee, while the BSs should also commjten ‘sets the energy buying price to be much higher than
to ensure that their total power effectively injected int@ t {,o selling price to maximize its own revenue. Differently,

aggregator is equal to that drawn from the aggregator, iBrorgy,r proposed energy cooperation through the aggregator is
to maintain the supply-load equilibrium at the aggregator. \ore promising as it ensures win-win benefits for all the

practice, the service fee paid to the aggregator should bgies involved: First, the complexity of implementingeth
carefully decided by balancing the tr_ade-off between thuditpr two-way energy flow with the BSs is significantly reduced,
for the aggregator and the cost saving for the BSs brought §y,ce the grid operator only needs to deal with a small number
energy cooperation. In this paper, we assume that sucleeeryit syner-prosumers (BS groups) via the aggregators. Second
fee is sufﬁmgntly_ I_ow for the cellular operator and thus ig . aggregator can gain revenue by charging a service fee to
ignored for simplicity. the cellular operator; while energy cooperation of BSsulto

For the purpose of exposition, we study the joint commuhe aggregator also leads to a lower energy cost of the aellul
nication and energy cooperation approach by focusing on omeerator, thanks to the more efficient utilization of the BSs
single CoMP cluster, where a group of multiple-antenna B$scally generated renewable energy for saving the expensiv
cooperatively transmit to multiple single-antenna MTs Ipy a on-grid energy purchase (provided that such cost saviny wel
plying zero-forcing (ZF) based precoding [12], [14]. Wently compensates the service fee paid to the aggregator).
optimize the transmit power allocations at cooperative &85 |t is also worth noting that there have been other recent
the amount of transferred energy among them so as to maybrks in the literature [15][18] that investigated anathay
mize the weighted sum-rate at all MTs, subject to a new tyge implement energy cooperation in cellular networks, veher
of power constraints at BSs featuring their energy cooperat energy exchange is realized by deploying dedicated power
with practical loss ratios. Interestingly, our new setugthwi lines connecting different BSs. However, this approach may
BSs’ energy cooperation can be viewed as a generalizatigé too costly to be implemented in practice. In contrast, our
of the conventional CoMP transmit optimization under thgroposed energy cooperation by utilizitiye aggregator and
BSs’ sum-power constraint (e.g., by assuming ideal energe existing grid infrastructures is a new solution that isren
sharing among BSs without any loss) or BSs' individuapractically feasible. Moreover[ [19]/_[20] have proposed t
power constraints (e.g., without energy sharing among Bfsplement the energy exchange among wireless terminals via
applied) [14]. To solve this general problem, we propose atechnique so-called wireless energy transfer, which ghevy
efficient algorithm by applying the techniques from convexas very limited energy transfer efficiency that renders it
optimization. Based on the optimal solution, it is reveaieat |ess useful for BSs' energy sharing in cellular networks.
with energy cooperation, the maximum weighted sum-rate feirthermore, [[21] has studied smart grid powered cellular
achieved when all the BSs transmit with all of their avaiéablnetworks, in which the utilities of both the cellular netkor
power, which is different from the conventional CoMP sauti gnd the power network are optimized based on a two-level
without energy cooperation where BSs’ individual power
constraints may not be all tight at the same time (see Sectiofge, e.g. http://en wikipedia.org/wiki/Feed-tariff and
[M=C] for more details). This interesting result impliesath |http://en.wikipedia.org/wiki/Netmetering.
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Stackelberg game. The central unit can be either a separate entity deployed in
The remainder of this paper is organized as follows. Sectitie network, or one of thé&/ BSs which serves as the cluster
M introduces the system model and presents the probldmaad.
formulation for joint communication and energy coopenatio Furthermore, we assume quasi-static time-slotted models
Section[Ill shows the optimal solution to the formulatedor both renewable energy and wireless channels, where the
problem. Sectior IV presents various suboptimal solutiommergy harvesting rates and the channel coefficients remain
without energy and/or communication cooperation. Sed#bn constant in each slot and may change from one slot to another.
provides simulation results to evaluate the performandes la practice, the duration of a communication block is usuall
proposed optimal and suboptimal schemes. Finally, Section the order of milliseconds due to the practical wireless
[VTlconcludes the paper. channel coherence time, while the energy harvesting psoces
Notation: Scalars are denoted by lower-case letters, vect@golves at a much slower speed, e.g., solar and wind power
by bold-face lower-case letters and matrices by bold-fatgpically remains constant over windows of seconds. Withou
upper-case lettersI and 0 denote an identity matrix and loss of generality, in this paper we choose one communicatio
an all-zero matrix, respectively, with appropriate dimens. block as the reference time slot and use the terms “energy”
E(-) denotes the statistical expectation. For a square m8trix and “power” interchangeably by normalizing the slot durati
tr(S) denotes the trace . For a matrixM of arbitrary size, Under this model, the energy harvesting rates at BSs remain
M and M denote the conjugate transpose and transpazenstant over e.g. several thousands of communicatios, slot

of M, respectively.Diag(z1, - ,zx) denotes a diagonal and thus we focus our study on the joint communication and
matrix with the diagonal elements given by, - - - , xx. C*>¥  energy cooperation in one communication slot with givendixe
denotes the space afx y complex matrices. energy harvesting rates at all B3s. the following, we first

explain the energy cooperation model at BSs, then present th
downlink CoMP transmission model, and finally formulate the
joint communication and energy cooperation design problem
We consider a practical clustered CoMP system by focusing
on one given cluster, in whictv' BSs each equipped with
M antennas cooperatively send independent messagés t
single-antenna MTsAs shown in Fig[lL, the BSs are assumed We consider the energy management at each BS as depicted
to be locally deployed with solar panels and/or wind turbinen Fig.[2, where the BS does not purchase any expensive on-
for energy harvesting from the environment, and also eqdppgrid energy to minimize the cost, but instead only uses its
with smart meters to enable their energy cooperation throulgcally harvested energy and the transferred energy frdrarot
the aggregator in smart gridVe consider a narrow-bandBSs (if not zero) in the same clustdihe energy harvesting,
system with ZF-based precoding, which requires that tltensumption, and sharing at each BS is coordinated by a
number of active MTs in each cluster is no larger than the totsmart meter. For energy harvestiteg,the harvested renewable
number of transmitting antennas at AllBSs, i.e.,K < M N; energy at BS € A/ be denoted a%; > 0. Regarding energy
while the results of this paper can be readily generalizednsumption, we only consider the transmit power consump-
to more practical setups with broadband transmission afidn at each BS by ignoring its non-transmission power due
arbitrary number of MTs by applying time-frequency useio air conditioner, data processor, etc. for simplidisnd we
scheduling (see e.d.[22]) and/or other precoding scheRugs. denote the transmit power of BSc A/ as P, > 0.
convenience, we denote the set of MTs and that of BSs ad\ext, we introduce the energy cooperation among BSs. Let
K={1,...,K}andN = {1,..., N}, respectively, withk,! the transferred energy from BSo BSj be denoted as;; > 0,
indicating MT index and, j for BS index. 1,7 € N,i # j. Practically, this can be implemented by BS
We assume that all BSs within each cluster can perfectlyinjecting powere;; to the aggregatoiand at the same time
share theircommunication information(including both the BS j drawing powete;; —g;;(e;;) from theaggregatarwhere
transmit messages and CSI) via high-capacity low-latengy;(e;;) denotes the resulting power loss in the power network
backhaul links, similarly as in[]11],[112],[T14]and can with 0 < g¢;;(e;;) < e;;. In practical power systems, the power
also perfectly measure and exchange their energy infoomatiransfer lossg;;(e;;) is normally characterized by a linear
(i.e., the energy harvesting rates over time) by using theodel, i.e.,g;;(ei;) = (ijeqij, Where0 < (;; < 1is termed the
smart meters. Here, the assumption of perfect informatiincremental loss” that represents the incremental powss |
sharing enables us to obtain the performance upper boundhe power network caused lpth the power injected by BS
and characterize the theoretical limits of practical syste ¢ and power drawn by B$, and(;; is normally calculated via
It is also assumed that BSs in each cluster maplement the so-called B matrix loss formula” method (se€ [23] for
energy cooperation tehare energy with each other by locally

injecting/drawing power to/from thaggregator With both 2Since the non-transmission power is generally modelledcamstant term,
our results are readily extendible to the case with norstrassion power

information and ?nergy sharlng, the _]0'_m communicatiod afhcluded by simply modifying the harvested energy as thistedfby the non-
energy cooperation amonfy BSs within each cluster cantransmission related energy consumption at each BS. Ircétse, the locally

be coordinated by a central unit, which gaththe commu- 9enerated energy rate should be no smaller than the cometarttansmission
power so as to guarantee the reliable operation of BSs. Bhide ensured by

nICE_:ltI(_)n and _energy mfprmaﬂofror_n ‘T"” BSs, and Jomtly _carefully planning the solar and wind energy harvestingadsvat individual
optimizes their cooperative transmission and energy sari BSs or utilizing other backup energy sources such as fuld [l

Il. SYSTEM MODEL AND PROBLEM FORMULATION

(50" Energy Cooperation Model
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- S We consider cooperative ZF precoding at BSs| [12]] [14],

;7 Power exchange with Y with K < MN, although the cases of other precoding
\\otherBSs Zﬁj;ej,*zil schemes can also be studied similarly. Let the information
~-____-"- signal for MT & € K be denoted bys; and its associated
Two-way power flow precoding vector acrosd/ BSs denoted by, € CMNx1,
through the aggregator §7 Accordingly, the transmitted signal for M can be expressed
asxy = tysi. Thus, the received signal at MA is given by
Renewable Smart R Transmit .
generation meter power: P : Y, = hpxp + Z hiz; + v, k € K, (2
LEKC, Ik
wherehx is the desired signal for Mk, Zzezc 14k hix;
Fig. 2. Energy management schematics atiBS is the inter-user interference within the cluster, apdienotes

the background additive white Gaussian noise (AWGN) at
MT k, which is assumed to be of zero mean and variance

more details). The linear power loss model is practicallydva 7. Note that in this paper, the background noigeat each
because the variation of power flows in the network due to theceiverk may include the downlink interference from other
injected powee;; is negligibly small as compared to the totaBSs outside the cluster, although this effect can be neslect
power volume in the network. For notational convenience, weproper frequency assignments over different clustengeha
define B;; £ 1 — ¢;; as the energy transfer efficiency frombeen designed to minimize any inter-cluster interfererice.
BS i to BS j, where0 < 3;; < 1,Vi,j € N,i # j. Thus, is also assumed that Gaussian signalling is employed at BSs,
when BSi transfers powee;; to BS j, the effective energy i.e., s;’s are circularly symmetric complex Gaussian (CSCG)
drawn at BSj needs to bes;;e;;, in order to have a zero netrandom variables with zero mean and unit variance. Thus, the
energy exchanged with the aggregator to maintain its #abil covariance matrix of the transmitted signal for MTcan be
For the ease of analysis, we also consider the special caspressed as$), = E(z,z}) = tits = 0. Accordingly, the
of 8;; = 0,Vi,j € N,i # j, which occurs when no energytransmit power at BS can be expressed ds [14]
transfer among BSs is implemented, as well as another $pecia .
case ofg3;; = 1,Vi,j € N,i # j for the ideal scenario of no b= Z tr(BiSi),i €N, (3)
energy transfer loss in the network. hek

With the aforementioned energy cooperation model, tl%here
available transmit power of BS, P;, should satisfy the B; £ Diag( 0,---,0,1,---,1,0, - 70).
following constraint:

(i—1)M M (N—i)M
0<P<E+ Z Bjieji — Z eij,i € N. (1) By combining [3) and[{1), we obtain the transmit power
JEN jFi JEN jFi constrains under BSs’ energy cooperation, given by

It is worth noting from [(1) that to implement the en- Ztr(BiSk) < FE;, + Z Bji€ji — Z eij,t € N.
ergy exchange with the otheW — 1 BSs, each BSi € ek JEN j#i JEN j#i
N only needs to either draw the total amount of energy, (4)
> jen Bji€ii — Z%@\/ ¢ij, from theh aggregatorif this term(_ Specifically, the cooperative ZF precoding is described as
is positive, or otherwise inject the opposite amount (i.e ' T T T T
=2 ien Bjieii + 22 e i) Of energy into theaggregator follows. Define H . = |hy, ..., hy_y, By, ""hf(} '
(cf. Fig.[3). Furthermore, since the total power injectedie & € K, whereH _;, € CUX—D*MN et the (reduced) singular
grid by all BSS, .6,y Yje i €0 IS €qual to that value decomposition (SVD) I%Hl—k ge ldenqted adl_; =
drawn from the grid by all BSS, i.€)_;cx 2 je i Bij€iss T k2R V i where Uy, e CU=DxUK=D with UUY =

lus the total power loss, i.€}, . e thenet URUy =1, V) € CMNXE=D with V!V, = I, and Xy,
p p ’ Eze/\f Z]EN,];&, CZ] VA . k . . k . . .
energy exchanged with theggregatois zero. isa(K —1)x (K —1) diagonal matrix. Define the projection
matrix P, = I — V V. Without loss of generality, we
can expresP; = V.V, , whereV; ¢ CMNx(MN-K+1)
satisfiestHf/k = I and VYV, = 0. Note that[V', V]

We denote the channel vector from BSto MT k as forms anMN x MN unitary matrix. We then consider the
hg. € CMi e N,k e K, and the channel vectorcooperative ZF precoding vector given by
from all N BSs in one particular cluster to MT as (V)T
hy = [hig ... hyg] € CMN L ¢ K. It is assumed te = VPRV pm ol (5)
that the channel vectoh,’s are drawn from a certain set [heV i
of independent continuous distributions. Since we comsidend accordingly, the transmit covariance matrices can be
cooperative downlink transmission by BSs, the downlink expressed as
channel in each cluster can be modelled ds-aser multiple- - ~H g, < oH
input single-output broadcast channel (MISO-BC) with altot S, =p ViV i i ViV
number of M/ N transmitting antennas from al BSs. [he Vel

B. Downlink Cooperative ZF Transmission

: (6)



wherepy, > 0,Vk € K. Note that for simplicity, in this paper
we consider separately designed ZF precoding and powve /
allocation as in[{5) and{6), while our results can be extdnde
to the cases with optimal joint ZF precoding and power 1 2
allocation (seel[14]) as well as other precoder designsetnd

the above ZF precoding design, the inter-user interferenc

within each cluster can be completely eliminated, i.e., &eeh Ez + :BEl
hit; = 0, or equivalentlyh;, S;h = 0,Vk,le K,k #1.Asa

result, the achievable data rate by #te MT can be expressed E
as 2
hi.SLhy!
e = log, (1 + Tk =logy(1 +arpr), (7) =0,e,, >0
k
_ h V) e ai :
wherea, = -, Vk € K. Meanwhile, given{Sy} in
(@), the power constraints ill(4) can be rewritten as Pl
: A N
. 7
S bipk S Ei+ Y Bjieji— > e i€N, (8) 0 E  E+pE, E +E,
ke JEN ,j#i JEN j#i
R R Fig. 3. Feasible power region of BSs’ transmit power undeergn
we( BV, V, hi'hV,V, i ;
whereb;, — ( [ k ) Vie N, ke ICE cooperation for a two-cell system.

AZE

Accordingly, (P1) reduces to the conventional MISO-BC
weighted sum-rate maximization problem witN per-BS

We aim to jointly optimize the transmit power allocationpower constraints, given by, Vi € N [14]. On the other
{pr} atall N BSs, as well as their transferred enefgy; }, so hand, if 8;; = 1,Vi, j € N,i # j, the energy of any two BSs
as to maximize the weighted sum-rate throughput (in bps/Hzan be shared ideally without any loss. It can then be easily
for all K MTs given by > wr,, wherer, denotes the verified that in this case BSs’ individual power constraints

achievable rate by thth Mﬁl'eéciven in [3), andu; > 0 denotes (10) can be combined into one single sum-power constraint as

the given weight for MTk, k € KC. Here, larger weight value Z e < Z E;. (13)
of wy, indicates higher priority of transmitting information to ek ieN

MT k as compared to other MTs; hence, by properly deSigni%us, (P1) reduces to the conventional MISO-BC weighted

the weightuw;'s, rate faimess among different MTS can b% m-rate maximization problem under one single sum-power
ensured. Next, we formulate the joint communication anfgnstraint[[ﬂ]

energy cooperation problem as

C. Problem Formulation

As an example, we consider a two-cell system with= 2,

(P1) : whe_reﬁij £ B,Vi,j € {1,2},i # j. We depict in Fig[B thg _
feasible power region (shown as the shaded area) consisting
{pkff}lﬁ}é,,} Z wi; logy (1 + arpy) (9 of the all available transmit power paif®;, P,) at BS 1 and
" ke

BS 2 under energy cooperation in the case0ok § < 1,
S.t. Z bikpr < E; + Z Bji€eji — Z eij, Vi € Nas compared to the other two extreme caseg ef 0 and

ke JEN i JEN i £ = 1. It is observed that the boundary of the power region
(10) when g > 0 is always attained either by, > 0, e2; = 0
pr >0, e >0, VkeK, i,jeN,i#j. (11) or ez = 0, ey > 0. Similarly, it can be shown that for

the general multi-cell case withv > 2, the boundary of the
Before we proceed to solving problem (P1), we first cony.dimension power region should also be attained either by
sider the following two special cases for (P1) with; = eij >0, e, =00re; =0,e; > 0,Vi,j € Nyji#j
0,vi,j € N,i# jandf;; = 1,Vi,j € N,i# j, respectively, (for any pair of two BSsi and j). This result together with
to draw some insights. The former case®f = 0,Vi,j € the fact that the weighted sum-rate [d (9) always increases
N,i # j corresponds to the scenario of no energy transfgjh the transmit power implies that only unidirectionabegy
between any two BSs in the cluster, for which it is equivaleffansfer between any pair of two BSs is needed to achieve the
to settinge;; = 0,Vi,j € N,i # j. In this case, the power gptimal solution of (P1), as will be more rigorously proved i
constraints in[(10) reduce to Section[III-B (see Proposition 3.2). It is also observedifro
. Fig. [3 that the power region in the case @f< 8 < 1 is
gcbikpk < EnvieN. (12) larger than that without energy sharing, i.6.,= 0, and at
the same time smaller than that with ideal energy sharing,

3Since it is assumed that the channel veciog's are independently '-e-*.ﬂ = L Slml_larly_, It is ConJeCtured.that for the ggne_ral
distributed, without loss of generality we assume> 0, b;, > 0, Vi, k. multi-cell scenario withNV > 2, the feasible power region in



the case of0 < 3;; < 1,Vi,j € N,i # j is also larger  According to Lemmd_3]1, we only need to solve problem
than that ofg;; = 0,Vi,j € N,i # j, and at the same time (I5) with given{y;} satisfyingp, > 0,Vvi € N (but not all
smaller than that of3;; = 1,Vi,j € N,i # j. As a result, equal to zero), andBu; — pu; < 0,Vi,j € N,i # j, since

the optimal value of (P1) under practical energy coopenatiotherwise f ({1;}) will be unbounded from above and thus
with 0 < 3;; < 1,Vi,j € N,i # j should lie between thoseneed not to be considered for the minimization problem in
of the two extreme cases with the per-BS power constraiffisg). In this case, probleni (IL5) can be decomposed into the
(Bi; = 0,Vi,j € N,i # j) and the BSs’ sum-power constrainfollowing X + N2 — N number of subproblems (by removing

(Bij = 1,Vi,j € N,i # j), respectively, as will be shown the irrelevant constant tern}_ 1, E; in (14)):

rigorously later in this paper. ieN
max wylogy(1+ arpe) — Y bipipr, V€K, (17)
1. OPTIMAL SOLUTION Pr>0 ieN
In this section, we solve problem (P1) for the general case max (Bijhj — pa)ej, Vi, j € Nyi# j. (18)

of 0 < ;; < 1,Vi,j € N,i # j to obtain the optimal joint
power allocation and energy transfer solution for BSs’ tioin For the K subproblems in[{(17), note tha} bu; > 0

L. . ieN
communication and energy cooperation. always holds due to Lemnia3.1. Thus, it can be easily verified

It can be verified that (P1) is a convex problem, since thRat the optimal solutions can be obtained as
objective function is concave and all the constraints dfiaeaf

Thus, the Lagrange duality method can be applied to solve w 1 *
this problem optimally[[24]. Lef:; > 0,7 € A, be the dual pilrd) — ﬁ -— ] . VkeKk, (19)
variable associated with each of té power constraints of n E%/ ikl Ak

problem (P1) given in[(10). Then the partial Lagrangian of ) o
problem (P1) can be expressed as where(z)™ = max(z,0). Next, consider the remaining?—N
subproblems in[{18), for which it can be easily shown that

L({pit; {px} {eij}) with Bijp; — pi < 0,Vi # j given in Lemmd 311, the optimal
=" wilogy(1 + arpr) solutions are
ke el(_;{m}) =0, Vi,j € N,i#j. (20)

_ Z 14 Z biwpr — Ei — Z Bjieji + Z eij Notice that ifﬁimj — pi =0, then the optimal solution aof;; _
to problem [[IB) is not unique and can take any non-negative

ieN keKx JEN j#i JEN j#i N ({pi}) . .
value. In this case, we let;;""”’ = 0 given in [20) only
— Z wi log, (1 + arpr) — Z bis JiDk for solving the dual problem if{15), which may not be the
ek ieN optimal primary solution ot;; to problem (P1).
I . Combining the results if(19) and{20), we obtgify{ 1; })
+ _ _6%:# _(5”“7 piJeij + ;/qul. (14) with given {y;} satisfyingu; > 0,Vi € A (but not all equal
2,7 S UFE] 7

_ T to zero), andg;;jpn; — pu; < 0,Vi,j € N. Then, we solve
Accordingly, the dual function is given by problem (P1D) in[(16) by finding the optim&l.; } to minimize
) } Ny f({:}). According to Lemma&3]1, (P1D) can be equivalently
f{ki}) e L ({pi}; {pe}:{eii}) re-expressed as
s.t. pk > O,eij > O, Vk € ’C,i,j S N,Z 7é j (PlD) - min f({ﬂz})
(15) {ni}

Thus, the dual problem is defined as st.pi >0, Vie N
Bijuj — pi <0, Vi,jeN,i#j  (21)

(PID): min f({m}). (16)

{niz0} Since (P1D) is convex but not necessarily differen-
Since (P1) is convex and satisfies the Salter’'s conditioongt tiable, a subgradient based method such as the ellipsoid
duality holds between (P1) and its dual problem (P1D) [24inethod [25] can be applied, for which it can be shown
Thus, we can solve (P1) by solving its dual problem (P1Dhat the subgradients Of({m}2 for given p; are E; —
equivalently. To solve (P1D), in the following we first solve)", bikp,(g{“i})jtz.e/\/_’#i Bjiejg“i})—zjej\/#i egj{.“i}) =
problem [I5) to obtairf({ui})_with a give_n set ofu; > 0ic F — ke bikpgg{’”}]),w € N, where the equality follows
N, and then search ovéy; } in R to minimize f({1.;}) in  from (20). Therefore, the optimal solution of (P1D) can be
19). obtained ag{ ;] }.

We first give the following lemma. With the optimal dual solution{z¥} at hand, the corre-

Lemma3.1: In order for f({u;}) to be bounded from sponding{p,(c{“r})} in (I9) become the optimal solution for
above, we have:

(P1), denoted by{p;}. Now, it remains to obtain the optimal

1) At least one ofu;, Vi € ', must be strictly positive;  solution of {e;;} for (P1), denoted by{e};}. In general,

2) Bijuj — i <0,Vi,j € N,i# j, must be true. {e;;} cannot be directly obtained froi {20) with givép;},
Proof: See AppendiX’A. B since the solution ofC(20) is not unique ff;u} — u; = 0.



TABLE |

Algorithm 1: ALGORITHM FORSOLVING PROBLEM (P1) (Pl):
a) Initialize p; = p > 0,Vi € N.
b) Repeat: wi Z birpr — Ei — Z Bjiel; + Z el | =0,Vi e N,
1) Obtain{p{{*)) i ith gi i} . »y J ) T
) aln{pk } using M) wi gWen{l‘z}v ke JEN ,j#i JEN j#i
2) Compute the subgradients of f({u;}) as E; — (23)

D okek bikp,i{“i}),w € N, then update{u;} accordingly
based on the ellipsoid method [25], subject to the conggaif

i > 0, € N, and By — i < 0.Vi.j € N'yi # 5. it follows that in the case 0 < 8;; < 1,Vi,j € N,i # j,

c) Until {u;} all converge within a prescribed accuracy. we have

d) Setp; = p{*iH vk e K. bt — B o C_0Vie N

e) Compute{e;;} by solving the LP in[2R). Z kP — Fi T Z Bjieji + Z €y =DV EN.
kek JEN j#i JEN j#i

(24)

_ _ In other words, the optimal solutions of (P1) are always
Fortunately, it can be shown that givép; }, any {e;;} that 4ttained with all the power constraints [110) being mehwit
satisfy the linear constraints ii_(10) arid(11) are the opltimgqyajity, i.e., the total energy available at all BSs is &fidy
solution to (P1). Thus, we can obtafw;;} by solving the ijlized to maximize the weighted sum-rate.
following feasibility problem. From [23), it is evident that once the optimal transmit power
allocationp;’s are determined, the total amount of power that

find {e;} should be drawn or injected from/to the grid at each BS

s.t. Z bikpy, < Ei + Z Bjieji — Z eij, Vi € N can be easily obtained 85 jen i Bii€i = 2 jen ji € =
keK JEN j#i JEN j#i S wex binpi — Ei,Yi € N. That is, if the required power for
ei; >0, Vi,jeN,i#j. (22) transmission is larger than the available energy atiBie.,

b;kpt > E;, then an amount of energy, biLpy —

Since problem[(22) is a simple linear program (LP), it can bﬁikgco,k\l/)vl?ll be drawn from theaggregatqgr%:tlrcleelﬁwiég,lC the
efficiently solved _by eX|st|ng softwares, e.gyXx [26]. As a extra amount of energys; — ", . bipl > 0, will be injected
result, we have finally obtainefe;} and thus have solved, the aggregatarAs a result, it suffices for each BS to know
(P1) completely. _ the transmit power allocatiopi;’s to implement the proposed

In summary, one algorithm to solve (P1) for the generghergy cooperation, and thus it is not necessary for thealent
case of0 < f;; < 1,Vi,j € N,i # j, is given in Table | it 1o first solve the LP if{22) and then inform the BSs of the
as Algorithm 1, in whichu; = p > 0,Vi € NV, are chosen 5),eg ofe;;’s. Therefore, the computation complexity at the
as the initial point for the ellipsoid method in order to sBti cenral unit as well as the signalling overhead in the backha
the constraints in[(21). Note that Algorithm 1 needs to B&yn pe both reduced.

implemented at a central unit, which is assumed to have all
the CSI and energy information from all BSs in the same
cluster. B. Energy Exchange Behavior of BSs

Although the exact values of};'s are not required for
implementing the energy cooperation, we further discussth
under the practical case 0f< f3;; < 1,Vi,j € N,i # j to

So far, we have solved (P1) with any givén< 3;; < give more insight on the optimal energy exchange among BSs.
1,Vi,j € N,i # j. However, as we have discussed in Section proposition3.2: If 0 < Bii < LVi,j € N,i # j,

[0 in order to practically implement the energy coopematid then it must hold that at least one OF e i Bii€l; and
may not be necessary for each B® know the exact values sen.ji €5 Should be zeroyi € N. '

of ej;'s or ej;'s, Vj # i, while it suffices to know the total —~ "prgof: See AppendikT. m
power that should be drawn or injected from/to #ggregator  From Propositio 3]2 together with the fact they >

at BSi, i.e., the value o ;i Biicli — Djen j#i€jr 0,¥i,j € N,i # j, it is inferred that in the case of
In the following, we focus our study on the practical casg Bij < 1,Vi,j € N,i # j, each BS should either transfer
when the energy cooperation is feasible within this clustgiower to the otheV — 1 BSs in the same cluster or receive
e, 0 < B < LVi,j €N,i+# j, under which we derive power from them, but not both at the same time, which affirms
D jen i Bii€hi = 2Ljen i €5 Vi € Noand accordingly our conjecture in Sectiofllll (cf. discussion for Fig. 3). ghi
show how to implement the energy cooperation with lowggsyt is quite intuitive, since receiving and transfegramergy
complexity without the need of solving the LP [0122) to obtaisimultaneously at one BS will inevitably induce unnecegsar
€ij’S. energy loss.

Proposition3.1: If energy cooperation is feasible within
each cluster, i.e.) < f;; < 1,Vi,j € N,i # j, then it
follows thatp; > 0,Vi € N.

Proof: See AppendixB. ] Finally, we provide a comparison between the case with

From Propositio 3]1 and the following complementargnergy cooperation with < j3;; < 1,Vi,j € N,i # j, versus
slackness condition§ [24] satisfied by the optimal solutén that without energy cooperation with; = 0,Vi,j € N,i #

A. Practical Implementation of Energy Cooperation

C. Comparison to No Energy Cooperation



j, to show the benefit of energy cooperation in renewab2e No Communication Cooperation, Energy Cooperation Only

powered COMP systems. For the case with energy cooperation only, we consider
Consider the case ¢f;; = 0,Vi,j € N,i # j, i.e., without e practical case ob < B;; < 1,Vi,j € N,i # j. For

energy cooperation. In this case, since it is known that=  this case, we assume that each BServesk; associated

0,Vi,j € N,i # j is optimal for (P1), (P1) is simplified as pTsH where SienKi = K andK; < M,¥i € N. Let

1—1 7
(P1 — NoEC) : max Z log, (1 + axpr) Ki = {ijl K; +1,.. .,Zj:l K} denote the set of MTs
{pr} assigned to BS, where|K;| = K; and|J,. - K; = K. Each

ke
) BS then transmits to its associat&d MTs independently with
s-t. Z birpr < Ei,Vie N (25) ZF precoding over orthogonal bands each wiffiV portion
kek of the total bandwidth (to avoid any ICI within each cluster)
pr >0, Vk € K.

Although no communication cooperation is applied, BSs can

In problem (P1-NoEC), it can be shown that the transmiill implement energy cooperation as described in Sedfion
power constraints aV BSs in [Z5) may not be all tight in the Let the transmit covariance from BSo its associated ME
optimal solution, especially when the available energyante D€ denoted bys;. € CM*M vk € K;,i € N. We then design
at different BSs are substantially differeAs an extreme case, the ZF precoding for each B&as follows. Def'”j?H—k =
consider the setup wittv = 2 single-antenna¥/ = 1) BSs [h?z?*} POTIEE ,,h;fk_l,h;fkﬂ, . "hZZ? K| where
coopergtlvely transmitting té& = 2 MTs,!n Wh|ch.the energy g L Je CHEDXM L ¢ Kii € N. L]et the (reduced)
harvesting rate at BS 1 (e.g., with wind turbines) is muc VD of H._. be denoted asl . — T.5. V7 where
larger than that at BS 2 (e.g., with solar panels at nighd), i. - (K_,ik—l)x(Ki,—l) ih T R N i AL B

E; > Fs. In this case, it is likely that for any feasible powell_]’“ € % PR ng \ UpUy = Uy U’“ = T
allocation {p,} satisfying the power constraint of BS 2, i.e.Vk € C “ o ) with Vi Vi = I, and%; is a (Ki —
S iex bakpr < Ea, it holds thaty™, ., bupx < Ey due to 1_) x (K; — 1)_d|a_ggnal matnx. Define the propc'uon matrix
Ey1 > E,. Accordingly, the power constraint at BS 1 cannoPx = I — VkaH- Without loss of generality, we can
be tight at the optimal solutionas will be shown later in expressP;, = V,V, , whereV, € CM*(M-Kit+1) gatisfies
the simulation results (cf. Fidl 4From this example, it can f/ka/k — I and Vka/k = 0. Note that[V}, V] forms an
be inferred that with only communication cooperation amongy x M/ unitary matrix. As a result, the ZF transmit covariance
BSs but without energy cooperation, the harvested energyngtrices at BS can be expressed as

some BSs (those with large harvested energy amount) may S

not be totally utilized and thus wasfbdas a result, the 5 5 ViV hihi ViV (26)
achievable weighted sum-rate of MTs will be greatly limited B PR |hir V1|2 ’

by the BSs with less available energy. In contrast, if the(ﬁheref)k > 0,¥k € Ki,i € N. Using [28) and by defining
are both communication and energy cooperation in the case Hhvk_Vk’u? iy L |

of 0 < By < 1,¥i,j € N,i # j, it then follows from [2#) ar = — oz > 0. Vk € Ky,i € N, the weighted sum-
that the total energy at all BSs will be used to maximize tHé&te maximization problem with energy cooperation only is
weighted sum-rate (albeit that some energy is lost in theggne formulated as the following joint power allocation and egyer
transfer), which thus results in a nemergy cooperation gain transfer problem.

over the conventional CoMP system, as will also be shown by (P2) :

our numerical results in Secti¢n V. 1
max — wi logy (1 + arpr
{ﬁk}v{eij}N Z Z 2( )

IV. SUBOPTIMAL SOLUTIONS iEN ke,
In this section, we consider three suboptimal solutions s-t. Z Pe < Ei + Z Bjieji — Z eij, Vi € N
which apply only energy or communication cooperation or kekC; JEN jF#i JEN jF#i
neither of them in a single-cluster CoMP system with renew- Pk > 0,6 >0, VE€K;, i,jeN,i#j

able powersupphes as assumed in our system model in Sectlon is observed that (P2) is a special case of (P1), whgre
M These solutions will provide performance benchmarks fg . . _ T
) : e . .andpy in (P1) is replaced ag; andp; in (P2),Vk € K, re-
our proposed optimal solution based on joint communication ~ =" | ) . e A
and energy cooperation spectively, and b;; } in (P1) is setad;, = 1,Vk € K;,i € N,
' bir =0,Vk € K\ K;,i € Nin (P2). As a result, (P2) can be
solved by Algorithm 1 by a change of variables/parameters as

A. No Energy Cooperation, Communication Cooperation Ongpecified above. Note that although Algorithm 1 for solving

This scheme corresponds to settifig = 0, Vi, j € N,i # (P2) may also need to be implemented at a central unit, it only
j, in (P1), where no energy transfer among BSs is feasibl@guires the knowledge a’s, vk € K;, which can be locally
Algorithm 1 can be directly applied to solve the weighte§omputed at each BS. Thus, the complexity/overhead of

sum-rate maximization problem in this case. solving (P2) for energy cooperation only is considerablydo
than that of solving (P1) for joint communication and energy

4Another possible solution to reduce energy waste at eacts B& deploy
energy storage device to store unused energy for futurewtseh however 5The MT-BS association is assumed to be given here, which eatained
increases the operation cost of the cellular systems. by e.g. finding the BS that has the strongest channel to each MT
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Fig. 4. Sum-rate performance with; + E2 = 30 in a two-cell network.  Fig. 5.  Sum-rate comparison with versus without commuitoaand/or
energy cooperation in the low-SNR regime.
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cooperation, which requires the additional transmit mgssa —— B=1 (joint commun. and ideal energy coop.) )
. . —O— B=0.9 (joint commun. and imperfect energy coop.)
and CSI information from all BSs. 14} —%— p-0 (no energy coop., commun. coop. only) |
No commun. coop., energy coop. only (B=1)
— —&— No coop.
C. No Cooperation <
Q
. . . 2
When both communication and energy cooperation ar g
not available, the scheme corresponds to problem (P2) k [
setting 3;; = 0,Vi,j € N,i # j. In this case, we have S
ei; = 0,Vi,j € N,i # j, and Algorithm 1 can also be used g
to solve the weighted sum-rate maximization problem fos thi <
special case.

V. SIMULATION RESULTS 25 5 2 2 30

Average sum harvested energy E (dB)

In this section, we provide simulation results to evaluate
the performance. of our proposed joint: communication al’Ili(ljg. 6. Sum-rate comparison with versus without commuitioatind/or
energy cooperation algorithm. We sef = 1,Vk € K and energy cooperation in the high-SNR regime.
thus consider the sum-rate throughput of all MTs as the
performance metric. We also s8t; = 3,Vi,j € N,i # j.

First, we consider a simple two-cell network with single-
antenna BSs to show the throughput gain of joint communica-
tion and energy cooperation. We set = 1,N = 2, K = 2,
ando? = 1,k = 1,2. It is assumed that the channels arg; = 0 or 30 (accordingly,E, = 30 or 0). This is because that
independent and identically distributed (i.i.d.) Raytefgding, in this case, there is one BS with zero transmit power, ansl thu
i.e., hy is @ CSCG random variable with zero mean angithout energy sharing between the two BSs their cooperativ
variancer?,, i,k = 1,2. We further assume?, = k3, =1 ZF precoding is not feasible as discussed in SedfionlllI-C.
for the direct BS-MT channels, anef, < 1,x3, < 1 for the Furthermore, with any gived < 3 < 1, it is observed that
cross BS-MT channels. We average the sum-rates over 18R maximum sum-rate is always achieved when the energy
random channel realizations. arrival rates at the two BSs are equal, i8,,= F> = 15. The

In Fig.[4, we consider the case when the energy arrival ratemson is given as follows. Under the given symmetric chianne
E, and E, at the two BSs are constant over time subject tosetup, with equal’; and E,, the amount of transferred energy
given sum:E; + E, = 308 We setr2, = x3, = 0.5, and plot between the two BSs is minimized, and so is the energy loss
the average achievable sum-rate with different valugs @fid in energy sharing; as a result, the total available energy fo
E,. It is observed that ag increases, the sum-rate increasesooperative transmission is maximized, which thus yields t
for any given0 < FE; < 30, which is due to the fact that maximum sum-rate.
larger value ofg corresponds to smaller energy transfer loss.

It is also observed that the sum-rate is zero Wﬁeﬁ 0 and In F|gs B and:B, we show the sum-rate performance of

6 L . ) . the proposed optimal scheme with joint communication and
The energy unit is normalized here such that one unit enargguivalent

to the transmit power required to have an average signadige ratio (SNR) energy cooperation with the practicgl energy tranSfe.rieﬁ.my
at each MT equal to one dr dB. 8 > 0 as compared to three suboptimal schemes without com-
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munication and/or energy cooperation given in Seclioffl 1V.
We assume that?, and x2, are independent and uniformly
distributed in[0, 1], and the energy arrival ratd$; and E are
independent and uniformly distributed jo, E] each with an
equal mean of%, where E denotes the average sum-energy
harvested by both BSs. Note that the independent energ
distribution may correspond to the case where the two BSs a
powered by different renewable energy sources, e.g., one t
solar energy and the other by wind energy. From Eigs. 9and |
it is observed that the joint communication and (ideal) gper
cooperation with3 = 1 always achieves the highest sUmgig 9 Normalized energy harvesting profiles (i) at three BSs for
rate, while the joint communication and (imperfect) energymulation.

cooperation withs = 0.9 achieves the sum-rate very close to

that of 8 = 1, and also outperforms the other three suboptimal

schemes without communication and/or energy cooperatidrarvesting rates are sampled (averaged) every 15 minutés, a
This shows the throughput gain of joint communication anithus the four days’ renewable energy data corresponds to 384
energy cooperation, even with a non-negligible energysfiean points. Let the normalized wind and solar energy harvesting
loss. It is also observed that with < 6 dB, the scheme profiles in Fig.[8 be denoted as, = [rw.1,.-., w384

of “energy cooperation only” outperforms “communicatiorand 74 = [7s.1,...,7s3s4], respectively. In our simulations,
cooperation only”; however, the reverse is true when- 6 we assume that all three BSs are deployed with both solar
dB. This shows that the gain of energy cooperation is mopanels and wind turbines of different generation capagitie
dominant over that of communication cooperation in the lovand set the energy harvesting rates over time at three BSs
SNR regime, but vice versa in the high-SNR regime. ast; = E- (057 + 0.57,), T2 = E - (0.17y, + 0.974),

Next, we evaluate the performances of the proposed jomtd 73 = E - (0.97,, + 0.17,), respectively, as shown in Fig.
communication and energy cooperation scheme as well@swhereF is a given constant. Moreover, since the channel
the other three suboptimal schemes in a practical thrde-caherence time is much shorter than the energy sample time
cluster (with N = 3) as shown in Figl17, where the cells ar@f 15 minutes, for each sample of energy harvesting profiles
hexagonal with the inter-BS distance of one kilometer, ard we randomly generaté MTs in the area covered by each
setM = 4 and K = 12. We further consider practical wind hexagonal cell and run 100 independent channel realization
and solar energy profiles by using the real aggregated solaiwe assume that the channel is modelled by combining
and wind generations from 0:00, 01 October 2013 to 0:0pathloss and short-term fading. For each channel realizati
05 October 2013 in Belgiufh.Based on this real data, weit is assumed that the distance-dependent channel atiemuat
can obtain the normalized wind and solar energy harvestifitgm BS i to MT k is fixed, which is determined by the

Normalized harvested energy

rofiles over time as shown in Fi¢] 8, where the ener - di )~ °
P gl gB’athloss model ofi;. = ¢p dTS , wherecy = —60 dB

TWe set3 = 0.9 as a practical energy transfer efficiency for thdS @ constant equal to the pathloss at a reference distance
case with imperfect energy cooperation, since in practamout 7-12% d; = 10 meters,¢ = 3.7 is the pathloss exponent, and

of the electricity produced at the generation site is lostirdu the elec- d;x denotes the distance from BSto MT k. We also
1. .

tricity transmission from the generation facilities to tleed users (see . .. . .. . .
http?,’,WWW’Sunshineusamc_com?smartgrid,Hmn_ ( consider i.i.d. Rayleigh distributed short-term fading, i the

8See http://www.elia.be/en/grid-data/power-generation more details. ~ channels for each realization, denotedtyy’s, are zero mean
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Fig. 10. Sum-rate performance over time, whéte= 10 dBW. Fig. 11. Sum-rate comparison with versus without commuizinaand/or

energy cooperation.

CSCG random vectors with covariance matrix specified by the
corresponding pathloss, i.é.;. 1. In addition, we assume thatProposedaggregator-assisteenergy cooperation among co-
the background noise at each MT receiveris5 dBm. As a operatively transmitting BSs, we formulate the weighteohsu
result, Supposing the transmit power at each B30iiBW, rate maximization problem for a downlink CoMP system with
the average SNR for each BS to a MT at each vertex of #& precoding. By applying convex optimization techniques,
covered hexagon is thus 0 dB. we develop an efficient solution to the optimal transmit powe

In Fig.[10, we show the average sum-rate performance owdiocation and energy transfer at cooperative BSs. Further
time, where we setff = 10 dBW. It is observed that the more, we show by simulations under practical setups the
performance gain of the “joint communication and energjotential sum-rate gains by jointly exploiting communioat
cooperation” scheme against the “communication cooperatiand energy cooperation in cellular networks. It is reveéted
only” scheme is very significant in the night time (e.g., routinder a practical energy transfer efficiency value, energy ¢
0-7, 20-30), while this gain becomes much smaller duri,@oeration is most beneficial when the harvested energy among
the day time (e.g., hours 10-18). The reason is given BSs is unevenly distributed. Due to the space limitatioareh
follows. In the night time, the sum-rate performance of th@f¢ several important issues unaddressed yet in this paper,
“Communication Cooperation On'y" Scheme is ||m|ted by BthICh are b”eﬂy discussed in the fO||OWiI’Ig to motivate ilﬂitu
3 that mainly relies on the solar generation and thus has vé‘Y9rk3
low energy harvesting rates; hence, energy cooperatiolns m
beneficial during the night period. In contrast, during tlag d
time when the energy harvesting rates at three BSs are more
evenly distributed, the energy cooperation gain becones le
notable. Furthermore, the performance gain of the “energy
cooperation only” scheme over the “no cooperation” scheme
is observed to behave similarly. The result shows the bewiefit
energy cooperation again when the energy harvesting reges a
unevenly distributed, even in the case without commurocati thus important to investigate their effect on the joint

cooperation. cooperation performance and design robust schemes for
In Fig.[11, we show the MTs’ average sum-rate performance them.

over four days versus. Similar to the two-cell case in Figsl 5, we have considered one single cluster of cells with
and[®, it is observed that the joint communication and energy given users’ association to BSs to simplify our study.
cooperation with3 = 1 or 8 = 0.9 considerably outperforms However, in practice, cellular networks need to support

« So far, we have assumed that the communication and
energy information are perfectly obtained and shared
within the cluster of BSs to characterize the theoretical
limits of joint communication and energy cooperation.
In practice, due to channel estimation error, energy mea-
surement error, and finite capacity and delay of backhaul
links for information exchange etc., both communication
and energy information at BSs can be imperfect. It is

the other three suboptimal schemes at all value&’oivhich time-varying traffic over different cells or clusters of sel
shows the significant gains of joint communication and eperg  Therefore, how to optimally design communication and
cooperation under this practical setup. energy cooperation jointly with user association and/or

cell clustering according to both renewable energy and
traffic distributions in the network is also an interesting
problem to investigate for future work.

In this paper, we have proposed a new joint communica-e For the purpose of exposition, in this paper we have
tion and energy cooperation approach for designing cellula  considered the energy cooperation in a single BS cluster
networks with renewable power supplies. With the newly operating in an energy self-sustainable manner (without

VI. CONCLUDING REMARKS
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purchasing any energy from the grid operator). In order the presumption thai: = 0, we haveu; = 0, Vi € N/, which

achieve more reliable quality of service (QoS) at MTs, itontradicts Lemma=3/1 that at least onegfi € N, must

is beneficial to further allow the BS cluster to trade energye strictly positive. Thereforg; > 0,Vi € ' must be true,

with the grid operator and/or other BS clusters. Givewhich completes the proof of Propositibn13.1.

the different energy buying and selling prices provided

by the grid operator, it is an interesting problem to APPENDIXC

jointly design the CoMP communication cooperation, the PROOF OFPROPOSITION3.Z

internal energy cooperation (within each BS cluster), and _ . )

the external energy trading (with the grid operator and/or SUPPOSe that there exists an optimal solution for (P1),

among BS clusters) for minimizing the total energy co&{enoted by{p,ej;} such that for one given B3 it holds

subject to the QoS requirements at MTs. hatd ;v iz Bi€j; > 0and) v e > 0, at the same
« We have focused on the joint communication and ener?ﬂﬁe' Without loss of generality we can assume that thert exi

cooperation over independent slots (in the time scal@© BSsj andj satisfyinge; > 0 ande; > 0 with j 7 7 and

of communication scheduling, say, several milliseconds)- 7. In this case, by lettingl = (1 — % min(e’;, e’-)

to exploit the spatial renewable energy distributions.yith 4 >~ 0 due to BjiBs; < Bi;. we cah donstruct a new

Alternatively, energy storage devices can be employedg|ution for (P2) as{p, é;}, where{e;;} is given by
BSs to charge/discharge energy otiere to smooth out

the random renewable energy to match the demand. Since & =e* — min(eX;, e) + iA, (27)
. R . J 1) J? 1) N

the two techniques achieve the same goal of combating

the random reqewable energy over different dimensic_)rls &5 =et- + @ min(e%;, %) (28)

(space versus time), they can be good complementarities . 77 ﬁ;;— Je

and it is interesting to jointly design the storage man- - . By L.

agement over time with the spatial communication and €ji =€ — B min(ej;, e33), (29)

energy cooperation. However, since energy storage man- 1“ ) )

agement is normally implemented in the same time scale € =€3; + NA,Vj eN,j#1i,5#7, (30)

of the energy harvesting process (say, several minutes),

which is much larger than that of the joint communicatiodnd for othere;;’s not defined above, we havg; = ;.
and energy cooperation considered in this paper, the kaybstituting{e;;} defined in [2F){(30) into[(24), it follows
challenge is how to efficiently implement the joint spac@fter some simple manipulations that

and time cooperation by taking into account the time scal - - 1
differences. PZ bk =Ei— > Bei+ Y @i ~A
keK JEN j#i JEN j#i
APPENDIXA <Ei— > Bei+ Y, ey VieN.
PROOF OFLEMMA [37 JEN j#i JEN j#i

First, suppose that; = 0,Vi € N. In this case, it is easy (31)
to verify that the objective value of {lL5) goes to infinity af\s a result, we can find a set @f’s with p, = pj + 9 >
pr — oo forany k € K, i.e., f({u:}) is unbounded from p; > 0,Vk € K, whered > 0 is chosen as sufficiently small
above. Thereforey;,i € N, cannot be all zero at the samesuch that
time for f({u;}) to be bounded from above. The first part of ,
this Iemm(a;[ is}tzwus proved. Z biepr < Ei — Z Beji + Z eij, Vi e N. (32)

Next, suppose that there exists a pairiaind j satisfying ~ *<< JEN j#i JEN #i
Bijij — pi > 0,4,j € N,i # j. In this case, it is easy t0 Therefore, the newly constructdgy, é;;} is a feasible solu-
verify that the objective value of_(15) goes to infinity withtion of (P1) and achieves a larger objective value than tigat b
€ij — 00, .., f({p;}) is unbounded from above. Therefore{): ¢}, which contradicts the presumption thiat;, e} is
Bijp; — pi < 0,Vi,j € N,i # j, must be true forf({x;}) optimal. Thus, it holds that at least oneXJ,c - -.; B¢}, and
to be bounded from above. The second part of this Iemmaj%eN i €5 should be zeroyi € . Propositier]Z' is thus
thus proved. As a result, Lemria .1 is proved. proved.
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