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Dear editor,
Wireless energy harvesting (EH) is considered
as a promising approach to achieve power self-
sustainability in energy restricted communica-
tions. In literature, most studies on wireless EH
communications focused on the design of power
minimization (PM) or rate maximization subject
to EH constraints. In a different perspectives, re-
cent studies investigated EH maximization (EHM)
for MISO system [1], cognitive radio network [2],
outage constrained secure MIMO systems [3], and
MISO channels [4]. In these studies, Refs. [1, 2]
considered perfect channel state information (CSI)
and Refs. [3, 4] considered imperfect CSI with
Gaussian CSI errors caused by noisy channel es-
timation.

In this study, we consider EHM for multi-cell
system under bounded CSI uncertainties resulted
from the quantization introduced error. In each
cell, there are a group of EH mobile stations
(MS) and another group of information receiver
(IR) MS. The system is designed to maximize the
harvested energy at EH MS subject to the con-
straints of the signal to interference-plus-noise ra-
tio (SINR) at IR MS. The contribution of the letter
lies in the design on EHM for an unexplored sce-
nario of multi-cell networks inflicting bounded CSI
uncertainties by using the well-established worst-
case robust optimization algorithm and primal de-
composition based decentralized method.

Notations. CN and HN denote the sets of N -
dimensional complex vectors and Hermitian ma-
trices, respectively. CN (0, σ2) denotes the com-
plex Gaussian distribution with zero mean and

variance σ2. B
∆
= {1, . . . , B}, N

∆
= {1, . . . , N},

K
∆
= {1, . . . ,K}, for positive integers B, N , K.
System model. The multi-cell system consists

of B coordinated base stations (BS) with each one
equipped with NT transmit antennas. In each cell,
there are K IR MSs and N EH MSs with single
antenna. The received signals at IR MS k and EH
MS n in cell b are respectively given by

yI,bk =

B
∑

d=1

K
∑

j=1

hH
dbkwdjxdj + zI,bk, (1)

yE,bn =

B
∑

d=1

K
∑

j=1

gH
dbnwdjxdj + zE,bn, (2)

where wdj ∈ CNT and xdj ∈ CN (0, 1) are the
transmit beamforming vectors and data from BS
b to its serviced IR MS j. hdbk ∈ CNT and
gdbn ∈ CNT are the transmission channel vectors
from BS d to IR MS k and EH MS n in cell
b, respectively. zI,bk ∈ CN (0, σ2

I,bk) and zE,bn ∈

CN (0, σ2
E,bn) are the superimposed noise. In this

study, we consider imperfect CSI case and assume
the bounded channel model hdbk = h̄dbk +∆hdbk,
gdbn = ḡdbn + ∆gdbn, where h̄dbk and ḡdbn are
the estimated channel vectors, ∆hdbk and ∆gdbn
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are the error vectors respectively bounded in ellip-
soids ∆hH

dbkQ∆hdbk 6 1 and ∆gH
dbkQ∆gdbk 6 1

with Q ∈ HNT reflecting the size and shape of the
ellipsoid.

By (1) and (2), the SINR at IR MS k and the
harvested energy at EH MS n in cell b are respec-
tively written as

γbk =
(

∣

∣hH
bbkwbk

∣

∣

2
)

/( K
∑

j 6=k

∣

∣hH
bbkwbj

∣

∣

2

+

B
∑

d 6=b

K
∑

j=1

∣

∣hH
dbkwdj

∣

∣

2
+ σ2

I,bk

)

,

Ebn = λ





B
∑

d=1

K
∑

j=1

∣

∣gH
dbnwdj

∣

∣

2



 ,

where λ ∈ (0, 1] is the energy harvesting efficiency.
For system design, we formulated an EHM prob-
lem with SINR constraints below.

max
∑

b,n
Ebn (3)

s.t. γbk > γ̄bk, b ∈ B, k ∈ K,
∑

j
||wbj ||

2
6 P̄b, b ∈ B,

where γ̄bk and P̄b are the SINR threshold for IR
MS k in cell b and the power budget of cell b.

Problem solving. For robust optimization, in-
troducing auxiliary variables {tdbn}, {sdbk}d 6=b,

additional constraints
∑

j |g
H
dbnwdj |2 > tdbn,

∑

j |h
H
dbkwdj|2 6 sdbk, and replacing rank-1 matrix

wdjw
H
dj by semi-definite matrix Wdj with general

rank, problem (3) can be expressed as a semidefi-
nite programming (SDP):

max
∑

b,d,n
λtbdn (4)

s.t. (a) hH
bbkUbkhbbk >

∑

d 6=b
sdbk + σ2

I,bk,

(b) gH
bdnVbgbdn > tbdn,

(c) hH
bdkVbhbdk 6 sbdk, ∀b 6= d,

(d) Tr(Vb) 6 P̄b,

b ∈ B, d ∈ B, n ∈ N , k ∈ K,

where Ubk
∆
= (Wbk/γ̄bk −

∑

j 6=k Wbj), Vb
∆
=

∑

j Wbj . By S-Lemma [5], the constraints (4)(a)–
(c) relating to bounded channel uncertainties can
be respectively reformulated to be the following
linear matrix inequalities (LMI):

C1
bk :

[

Ubk+βbkQ Ubkhbbk

hH
bbkUbk hH

bbkUbkhbbk − cbk

]

� 0,

C2
bdn :

[

Vb+αbdnQ Vbgbdn

gH
bdnVb gH

bdnVbgbdn−dbdn

]

� 0,

C3
bdk :

[

−Vb+µbdkQ −Vbhbdk

−hH
bdkVb −hH

bdkVbhbdk−ebdk

]

� 0,

where cbk
∆
= βbk +

∑

d 6=b sdbk + σ2
I,bk, dbdn

∆
=

αbdn + tbdn, ebdk
∆
= µbdk−sbdk. {βbk}, {αbdn},

{µbdk}b6=d are non-negative auxiliary variables.

The reformulated SDP with LMI constraints is
convex and can be solved by off-the-shelf convex
optimization solver. Solving (4) requires all the
CSI of the coordinated networks, and the associ-
ated centralized algorithm incurs heavy overhead
on sharing the CSI together with beamforming
vectors. In contrast, decentralized algorithm can
reduce this overhead by decomposing the original
problem into a group of subproblems coordinated
by a master problem [6]. Primal decomposition,
which has been widely used in conventional PM
problems [7, 8], is appropriate for the problems
with coupling variables, and when the coupling
variables are fixed, the constraints decouple. Pri-
mal decomposition is applicable for the considered
problem (4) in which the constraint relating to
each cell couples with the other cells by the inter-
cell interference sdbk. By fixing sdbk and under the
framework of primal decomposition, problem (4)
is decomposed into B subproblems:

max
∑

d,n
λtbdn (5)

s.t. C1
bk,C

2
bdn,C

3
bdk, (4)(d),

for b = 1, 2, . . . , B, that are coordinated by a mas-
ter problem:

max
∑

b
f∗
b ({sdbk}d 6=b) (6)

s.t. sdbk > 0, d 6= b, k ∈ K.

In the decomposition, we have assumed the avail-
ability at a specific BS of the CSI from that BS
to all the MS in the coordinated networks, which
can be achieved by periodically transmitted pilot
signaling under the coordinated multi-cell frame-
work. Note that unlike the PM problem in con-
ventional cellular systems, the objective function
in the considered EHM problem is not naturally
decomposable. Nevertheless, it can be decoupled
by defining a group of local auxiliary variables
with each one relating to the EH contribution
of a specific cell. In (6), f∗

b ({sdbk}d 6=b) is de-
fined as the optimal objective value of subprob-
lem b with fixed {sdbk}d 6=b. The optimized solu-
tion to (6) can be updated by project sub-gradient

s
(i+1)
dbk = P(s

(i)
dbk+δ(i)ηdbk), d 6= b, where P(·) is the

project operator, i and δ(i) denote iteration index
and step size, ηdbk is the associated sub-gradient,



Chen D H, et al. Sci China Inf Sci August 2018 Vol. 61 089306:3

which can be obtained by ηdbk = ςdbk − ζbk with
ςdbk and ζbk the optimal Lagrange multipliers as-
sociated with the constraints C3

bdk of subproblem d

and with the constraints C1
bk of subproblem b, re-

spectively. For approaching the optimal solution,
the master problem and the subproblems are alter-
natingly optimized in an iterative manner. Note
that the signaling overhead is significantly reduced
compared with the centralized method in which
the exchanged singling is in the form of scalars
instead of vectors, and therefore, the computa-
tional complexity for the decentralized algorithm
is mainly determined by the SDP solving at each
cell.

Simulations. The system parameters are chosen
to be B = 2, NT = 4, K = 2, N = 3, λ = 0.1.
The channel parameters are set the same as in [8].
Specifically, the channel vectors are generated to
be i.i.d. complex Gaussian random vectors with
zero mean and unit variance. The path losses in
cells and across cells are set to be 0 and −10 dB,
respectively, and the noise variance is 10−4. With-

out the loss of generality, let γ̄
∆
= γ̄bk for b ∈ B,

k ∈ K, P̄
∆
= P̄b for b ∈ B, and Q

∆
= ε−2I symbol-

izing the CSI error to be bounded in a sphere of
radius ε.

Figure 1(a) plots the harvested energy versus
channel error bound ε under different transmission
parameters of γ̄ and P̄ . Since larger CSI errors re-
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Figure 1 (a) Harvested energy versus channel error
bound; (b) convergence property of distributed algorithm.

quire more power to compensate, less power is left
for the EH under a fixed power budget. Thus we
see from the plots that the harvested energy varies
inversely proportionally with ε. Similarly, as γ̄ in-
creases, more transmit power should be allocated
to the IR MS to satisfy the SINR constraints, and
a less amount of power is available to the EH under
a fixed power budget. Accordingly, the harvested
energy varies in a similar manner with γ̄ as with
ε. On the other hand, increasing the power budget
is certain to increase the harvested energy under
invariant γ̄ and ε, which is validated by the simu-
lations.

Figure 1(b) depicts the convergence property of
decentralized algorithm (DA) under ε of 0.2. As
a benchmark, the result of centralized algorithm
(CA) is also presented for comparison. We see
from the depicts that the decentralized algorithm
converges monotonously to the centralized solu-
tion under the considered channel errors, and the
effectiveness of the CA is thus verified.

Conclusion. We investigated EHM for multi-
cell coordinated systems under a bounded channel
error model. Both robust centralized and decen-
tralized solutions were presented using SDP and
S-Lemma techniques. Simulations verified the ef-
fectiveness of the proposed transmission scheme.
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