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Abstract—This paper considers max-min fairness for wireless
energy transfer in a downlink multiuser communication sysem.
Our resource allocation design maximizes the minimum har-
vested energy among multiple multiple-antenna energy haest-
ing receivers (potential eavesdroppers) while providing gality
of service (QoS) for secure communication to multiple sing-
antenna information receivers. In particular, the algorithm design
is formulated as a non-convex optimization problem which taes
into account a minimum required signal-to-interference-gus-
noise ratio (SINR) constraint at the information receiversand a
constraint on the maximum tolerable channel capacity achieed
by the energy harvesting receivers for a given transmit powe
budget. The proposed problem formulation exploits the dual
use of artificial noise generation for facilitating efficiert wire-
less energy transfer and secure communication. A semidefiei
programming (SDP) relaxation approach is exploited to obtin
a global optimal solution of the considered problem. Simuldon
results demonstrate the significant performance gain in harested
energy that is achieved by the proposed optimal scheme comyeal
to two simple baseline schemes.

I. INTRODUCTION

20th century[[l]. There have been some preliminary applica-
tions of wireless energy transfer such as wireless body area
networks (WBAN) for biomedical implants, passive radio-
frequency identification (RFID) systems, and wireless sens
networks. Indeed, the combination of RF energy harvesting
and communication provides the possibility of simultane-
ous wireless information and power transfer (SWIPT) which
imposes many new and interesting challenges for wireless
communication engineers|[2]2[8]. Inl[2], the trade-offieen
channel capacity and harvested energy was studied for near-
field communication over a frequency selective channel. In
[3], the authors investigated the performance limits of a
three-node wireless MIMO broadcast channel for SWIPT. In
particular, the tradeoffs between maximal informationerat
versus energy transfer were characterized by the boundary
of a rate-energy (R-E) region. Iril[4], a power splitting
receiver and a separated receiver were proposed to realize
concurrent information decoding and energy harvesting for
narrow-band single-antenna communication systems| |l [5]
[7], different resource allocation algorithms were progubs

Ubiquitous, secure, and high data rate communication i@ improving the utilization of limited system resources.

basic requirement for the next generation wireless commgptimal beamforming and power allocation design was stlidie
nication systems. The rapid growth of wireless data traffigr multiuser narrow-band systems with multiple transmit
in the past decades has heightened the energy consumpjigfennas in[5], while the resource allocation algorithrsigie

in both transmitters and receivers. As a result, multiusgs, wide-band SWIPT systems was studied[ih [6]—[8]. Th [6]
multiple-input multiple-output (MIMO) has been proposed i and [7], the energy efficiency of multi-carrier modulatioittw

the literature for facilitating energy efficient wirelessnemu-  \w|pT was investigated for single user and multiuser system
nication. Although the energy dissipation of the transendtt respectively. In particular, it was shown il [7] that the @yye
may be significantly reduced by multiuser MIMO technologyfficiency of a communication system can be improved by
mobile communication devices and sensor devices are Sfifegrating an energy harvester into a conventional infdiom
often powered by batteries with limited energy storage Csceiver which further motivates the deployment of SWIPT in
pacity. Frequently replacing the device batteries can Isyco practice. Besides, a power allocation algorithm was design
and inconvenient in difficult-to-access environments, @@ne for the maximization of spectral efficiency of SWIPT systems
infeasible for medical sensors embedded inside the humaRploying power splitting receivers inl[8]. The resultsiiH
body. Hence, the limited lifetime of communication netw®rk(g] reveal that the amount of harvested energy at the receive
constitutes a major bottleneck in providing quality of Se&v can pe increased by increasing the transmit power of the
(QoS) to the end-users. _ _ _information signals. However, a high signal power may also
_ Recently, energy harvesting based mobile communig@ad to substantial information leakage due to the broadcas
tion system design has drawn significant interest from boffatyre of the wireless communication channel and faddlitat
academia and industry since it enables self-sustainafafit eavesdropping.

energy constrained wireless devices. Traditionally, wstdar,  The notion of physical (PHY) layer security in SWIPT

and biomass, etc. are the major sources for energy hargestgystems has recently been pursued_in [9]-[11]. By explgitin
Although these renewable energy sources are perpetual, théjiiple antennas, transmit beamforming and artificialseoi
availability usually depends on location and climate whicheneration can be utilized for providing communication se-
may not be suitable for mobile devices. _On the other h,artﬂ;rity while guaranteeing QoS in wireless energy trangder t
wireless energy transfer technology, which allows regsivegnergy harvesting receivers. However, the resource ditoca
to scavenge energy from the ambient radio frequency (Rglborithms in [9]-[11] were designed for a single infornoati
signals, has attracted much attention lately although dre ¢ (gceiver and single-antenna eavesdroppers. The resyil-n
cept can be traced back to Nikola Tesla’s work in the earm may not be applicable to the case of multiple-antenna
eavesdroppers. Besides, the works [ih [2]-[11] did not take
into account fairness issues in transferring energy togsner
harvesting receivers. Nevertheless, fairness is an éss@uaiS
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eavesdropping the information for thé intended information
receivers, artificial noise is transmitted concurrentlyhwthe
information signals for interfering the reception of thesegy
harvesting receivers. As a result, the transmitted sigeetor,
x € CNtx1 consists of thex desired information signals and
artificial noise, and can be expressed as

Information receiver 1 . Energy harvesting receiver 2 K
Base station % (potential eavesdropper) X = WSk + v (1)
- § )
Energy harvesting receiver 1 1 e Y .
(potential eavesdropper) N , art|f|Cal noise

desired signals

Fig. 1. Downlink SWIPT communication system model wih= 2 single- Nex1
antenna information receivers and= 2 multiple-antenna energy harvestingwhere s, € C and w;, € C*~ are the symbol and

receivers. the beamforming vector intended for information receiker
respectively. Variablar € CNt*! s the artificial noise vector
generated by the transmitter and is modellest as CA/(0, V)

figure c_)f merit for wireless energy transfer. _ _ with zero mean and covariance matk V € HNT V > 0.
In this paper, we focus on the resource allocation algorithithout loss of generality we assume teftis, |2} = 1,k €
design for providing fairness to energy receivers in theewir ;{ K}. '

less energy transfer process while guaranteing commuwrcat in this paper, we focus on a frequency flat slow fading

secrecy to information receivers. The resource allocalgn-  channel. The received signals at the information receiards
rithm design is formulated as a non-convex optimizatiorbprone energy harvesting receivers are given by

lem. In particular, we promote the dual use of artificial eois

for secrecy communication and efficient wireless energystra yr = hffx+ny, Vke{l,...,K}, and (2)
fer provisioning. The _cqnsidered non-convex problem i;zexd)l YER, = Gfx +ngg,, Vj € {1,...,J}, ()
optimally by semidefinite programming (SDP) relaxation and i ' )

our simulation results unveil the potential performancéengarespectively. The channel vector between the transmittdr a

achieved by the proposed optimization framework. desired receive; is denoted byh;,, ¢ C¥7*'. The channel
matrix between the transmitter and energy harvesting vecei
Il. SYSTEM MODEL j is denoted byG,; € CNt*Nr, The channel vectors and

A. Notation matrices capture the joint effects of multipath fading aathp

s.ng ~ CN(0,02) andngg, ~ CN(0, 021y, ) are additive

We use boldface capital and lower case letters to den&?ﬁ_ . _ .
matrices and vectors, respectivel”, Tr(A), Rank(A) white Gaussian noises (AWGN) caused by the thermal noises
' ' ' ’ the antennas of the information receivers and the energy

and det(A) represent the Hermitian transpose, trace, ran'}i1<1 ) X : .
and determinant of matriA, respectively;\ma.(A) denotes arvesting receivers, respectivedy denotes the noise power
the maximum eigenvalue of matriA; A = 0 and A > o &t the receiver.

indicate thatA is a positive definite and a positive semidefinite ||| ResoURCEALLOCATION ALGORITHM DESIGN
matrix, respectivelyly is the N x N identity matrix; CV>*M A E Harvest
denotes the set of alV x M matrices with complex entries; "™ nergy narvesting

HY denotes the set of alN x N Hermitian matrices. The In the considered system, the energy harvesting receivers
circularly symmetric complex Gaussian (CSCG) distribmtioscavenge pow@rfrom the RF. The total amount of power

is denoted by’ A/(m, X) with mean vectoim and covariance harvested by energy harvesting receiyas given by

matrix ; ~ indicates “distributed as’¢{-} denotes statistical K
expectation;|-| represents the absolute value of a complex Ber, = n;Tr (G?(ZWkaH +V)Gj), (4)
scalar.[z]T stands formax{0,x}. Lo

B. Channel Model where0 < n; < 1 is a constant which denotes the energy

We consider a multiuser downlink communication sysconversion efficiency of energy harvesting receiyer
tem.wnh SWIPT. In particular, a base station (/trans.m)tteB. Channel Capacity and Secrecy Capacity
equipped with Ny > 1 antennas serving< information _ ) )
receivers and/ energy harvesting receivers is considered. The Given perfect channel state information (CSI) at the re-
K information receivers are low complexity single-antenng€iVer, the channel capacity (bit/s/Hz) between the trafism

devices while theJ energy harvesting receivers are equipped’d information receivek is given by

with Ng > 1 antennas. We assume thét > Ng. A possible Cr = logy(1+T%), where (5)
application of the considered system model is cognitivéorad E |}’1H E

In particular, the energy harvesting receivers may be the Ty = — k Wk (6)
primary users which are temporally connecting to a secgndar hi 2 L Tr(H.V 2
transmitter with the intend to harvest energy from the nesxbi m§k| £ Wl + Tr(HLV) + 03

signals for extending the lifetime of the primary network. | h . ianal-to-interf | ise raf
turn, the primary network may grant the secondary netwol% "€ receive signa —to-|gter erence-plus-noise r tNR) at
spectrum usage rights for the energy supply services. 'fformation receiver: and Hy, = hihj’.

e.aChl time SIOII,K |2{de_‘p$ndeni signal S.tream_sl_ are transmﬁtedl In this paper, we study the algorithm design for a normalizet
simultaneously to_ n Ormat'on rece'YerS- 0 prevent t eenergy, i.e., Joule-per-second. Thus, the terms “enemgg™power” are used
J energy harvesting receivers (potential eavesdroppeavs) frinterchangeably.



On the other hand, we focus on an unfavourable scenario foNow, we apply Propositiod]1 to[9) and replace con-
the decoding capability of the energy harvesting receif@rs straint C2 with constrainC2. By settingW, € H"T, Vk,
providing communication security to the information reees. W = w,wi, andRank(W) < 1, Vk, we can rewrite the
Specifically, we assume that energy harvesting recejveroptimization problem in its hypograph form:
performs interference cancellation to remove all multiuse - 11
interference and eavesdrops the message intended for infor WHI:%%%I}VZT?T T (1)
mation receiverk. Therefore, the channel capacity between K
the transmitter and energy harvesting recejvéor decoding ¢t c1: Tr(Hp W) Tr (Hk( Z W, + V)) > o2, Vk,

the signal of information receivey can be represented as req, Tk

Ciin, = log, det(Iny +Q; G wiw/Gy), (7)) C2ZGIWiG; Zapr,,Q; Wik,
= GIVG; + 021y, =0, a

QJ J J s LNr Cc3: Tr (V+2Wk) < P,
whereQ; is the interference-plus-noise covariance matrix for k=1

energy harvesting receivei assuming the worst case for C4:V =0, C5: Wy = 0,Vk, C6: Rank(W) < 1, Vk,
communication secrecy. Thus, the achievable secrecy itapac

K
of information receivet is given by C7:m; Tr (Gf(zwk +V) Gj) >rvje{l,...,J),
+ k=1
_ k
Cseor. =[Ok~ H@f;‘-x {CERj} : (8) wherer is an auxiliary optimization variable. Then, we adopt

o ) SDP relaxation by removing constraint CRank(Wy) < 1
C. Optimization Problem Formulation from the problem formulation which results in a convex SDP
The system objective is to maximize the minimum harvestgdgoblem. The relaxed SDP problem formulation bfl(11) is
power among all energy harvesting receivers while progdirgiven by

QoS for communication security. The resource allocation .
maximize T

algorithm design is formulated as an optimization problem Wy, VEHNT 7
which is given by st. C1C2, C3, C4, C5, CT. (12)
K .
We note that the relaxed problem i {12) can be solved
Ve ae el {771 Tr (Gj (D wiwi +V)Gﬂ')} efficiently by numerical solvers such as CVX [12]. If the
o k=1 obtained solution for[{12)W,, admits a rank-one matrix,
st CLTk 2 gy, VE, then the problems in[19)[{11), an{12) share the same
C2: C’ERJ_ < Rgr,,, Yk, Vj, optimal solution and the same optimal objective value. & th
K following, we investigate ifRank(Wj) = 1 holds for the

C3: Tr(V) + 2 < P, CAV 0. (9) solution of [I2). _ .
x(V) ;HW}CH - - © It can be shown that the problem i {11) satisfies Slater’s

) o ) ) _constraint qualification. Thus, strong duality holds anlisg
Constraint C1 indicates that the receive SINR at infornmatighe dual problem is equivalent to solving the primal probhlem

receiverk is required to be larger than a given thresholdphe Lagrangian of {12) is expressed as:
Iieq, > 0, for guaranteeing reliable communication. The

upper limit Rgg,, , > 0 in C2 is imposed to restrict the channel C(Wk, V7,2, Y, Xk, O, A, ﬁj) (13)

capacity of energy harvesting receiyef it attempts to decode J ”

the message of information receiviervk. ConstantP.x in { T (GH W,V )}

constraint C3 limits the radiated power from the transmitte Z;ﬂj T (]; V)G,

accounting for the power budget of the transmitter. Coirgtra X = -

C4 andV € HMT ensure that the covariance matiX is a 25 [ Tr(H,Wy)
_ o = kR TR

K
2
positive semidefinite Hermitian matrix. +I (Hk( Z Wm+V)) +US}

r
reqy, mk

k=1
D. Optimization Solution K K
Problem [®) is a non-convex optimization problem. 1ol Tr(YV)+ZTr(Zka)_)‘[Tr (V+Zwk) _PmaX}
particular, the non-convexity arises from constraints @l a k=1 k=1

. . J K
C2. To overcome the non-convexity, we first propose the H
following proposition and then recast the considered mobl — Z Z Tr {XM {Gj WiGj — apr, , QJ} }’

into a convex optimization problem using SDP relaxation. 7= #=!
Proposition 1: For Rgg,, > 0,Vj,k, the following impli- where X;x, Y, and Z; are the dual variable matrices for
cation on constraint C2 holds: constraintsC2, C4, and C5, respectively;, A, and 3; are
— ) the scalar dual variables for constraints C1, C3, and C7
C2= C2: Gj WkG; = QOER; i Qja Vi, k, (10) respective|y_ LeB, = /\INT—FZ’;:l Gj (BjINR_Xj,k)G;'q'f’

> mzk Hindm, and Rank(By) = r;. Besides, we denote

_ H _9oRER, |, _ 1 il ¢
whereW; = wyw;’ andagr, , = 27"+ —1isanauxiliary ™60 onormal basis of the null space Bf, as Yj
constantC2 is a linear matrix inequality (LMI) constraint. We ¢ N x (Nt —r) andé, € CNT¥1, wherel < v, < Np — 7,
) 1% 1 —= —= ’

note that constraintS2 and C2 are equivalentifank(W,) < denotes thev,-th column of Y. Hence,B,Y; = 0 and
L, VE. Rank(Yy) = Nt —rk. Also, it can be shown th&l, Y, =0
Proof: Please refer to the Appendix for the proof. B holds for the optimal solution.



TABLE |

SYSTEM PARAMETERS 23 ‘ ‘ ‘ ‘
—EO— Proposed algorithm, NT =8
Carrier center frequency 915 MHz - —E+— Baseline 1, N, =8 |
. L . ici | i Icl ' _ —— Baseline2,N_=8
Small-scale fading distribution gggp 3 fchjmg with Rician z < Froposed algorihm. Ny =8 - proposed algortm, N, =6
o
- - 21% LN = b
Total noise variancey2 —23 dBm 25 omeene e
Transmit power budget’yax 46 dBm §§ T
Number of receive antennas at each BV, |2 3 é,zo’ o —Proposed algorithm, N, =6
Receive antenna gain 6 dB ¢g
Max. tolerable channel capacity at ER . gg19 1
pacity Bt bit/s/Hz =L
RER 28
RF energy to electrical energy conversidg £5 A
efficiency for ERj, n; %g
g
<

18[’ —Baseline 1
17F &l
3

Now, we introduce the following theorem for revealing thi

tightness of the SDP relaxation adopted[in] (12). 16y £ Baseline 2 1
Theorem 1. Suppose the optimal solution ¢f(12) is denote = \@) P S, S S, S
by {W3, V*,7*}, I'teq, > 0, and Rgg,, > 0. The optimal 4 6 8 10 12 14 016 18 20 2 2

Minimum required SINR (I"eq)

solution, W}, can be expressed as

Nrt—rg Fig. 2. Average minimum harvested power (dBm) per energyesing
H H receiver versus the minimum required SINR of the informatieceivers,
WZ = Z wwc ¢Vk ¢uk + fkukuk ) (14) Treq. .
I/kzl
rank-one
where ¢, > 0,Vu, € {1 Nt — i}, and f, > 0 ¢anbe observed that the minimum harvested power decreases
k — 3 ] 3 . . . .
are positive scalars and, € CNT*! |u,| = 1, satisfies With I'req. Indeed, for satisfying a more stringent SINR
Y, = 0. If 3k : Rank(W}) > 1, ie, ¢, > 0, requirement, the transmitter is forced to allocate a higher

then we can construct another solution 6f1(12), denoted B§Wer to the information signal and to steer the direction of

{Wb {77 71, which not only achieves the same objective Va|u§ansmission towards the information receivers. Besisese

as {W;, V*,7*}, but also admits a rank-one matrix, ie. egrees of freedom have to be sacrificed for artificial noise

. . transmission for reducing the interference to the infoiamat
Rank(Wy) = 1,k. The new optimal solution is given as receivers. This leads to a smaller amount of RF energy for

N Nr—ry, energy harvesting. On the other hand, when the number of
W, = fkukukH =Wj — Z ¢uk¢uk¢i, (15) antennas increase frolVt = 6 to Ny = 8, a significant

vp=1 energy harvesting gain can be achieved by the proposed

Np—ry, optimal scheme. In fact, the degrees of freedom for resource

V=V+ Z ’L/Jl,kqbukgbfk, T=71" allocation increase with the number of transmit antennas,

ve=1 which enables a more power efficient energy transfer to the

energy harvesting receivers.

with Rank(Wy,) = 1,Vk € {1,..., K}, where fy andvy,  £or comparison, we also show the performance of two
can be easily found by substituting the Va”ablesm 1% Ir'Eimple suboptimal baseline schemesior > K. For baseline
e blem f q &Eheme 1, the artificial noise is transmitted into the nuicep
optimization problem forfy, andd,,. spanned by the channel of th€ information receivers. In

Proof:  The proof of Theorem 1 is similar to the proof Ofother words, the artificial noise does not interfere with the
[10, Proposition 4.1] and omitted here for brevity. [ | i

B bini h | fp ion 1 and Th esired information receivers. Then, we maximize the mini-
y combining the results of Proposition 1 and Theorem %, ,m harvested power at the energy receivers by optimizing

the global optimal solution of[9) can be obtained by solVingy;, ang the power of artificial noise subject to the same
(12) even though SDP relaxation is applied. constraints as in[{12). We note that the obtaiéad, for
IV. RESULTS baseline scheme 1 may not be a rank-one matrix. As for

. . baseline scheme 2, it shares the same resource allocation
In this section, we study the system performance of the

proposed resource allocation scheme via simulation. Térere thcyf as _basellng &(f:he‘m? 1de|xcept .th"’}t the dw:act:on of
K = 3 information receivers and = 2 energy harvesting eamiorming ma1r|x,~;, IS fixed. i p_artlcu ar, we caicu ate
receivers, which are uniformly distributed in the rangensatn e Null space oh_;hZ, for desired information receiver

a reference distance @f meters and a maximum distance ofvhereh_; = [hy ... hy_1 hiy1 ... hg]. Then, we project

50 meters. The detailed simulation parameters can be foundfe vectorh; onto the null space oh_,h”, and use the
Table[l. We assume that all information receivers requiee ttiesulting vector as the direction of beamforming veotar.
same minimum SINR, i.elveq, = Ireq,Vk € {1,..., K}, We note thatW,, in baseline scheme 2 is a rank-one matrix
for illustration. Besides, we solve the optimization perblin by construction. It can be observed in Figlie 2 that for the
@) and obtain the average system performance by averagiigposed optimal scheme, the energy harvesting receivers a

over different channel realizations. able to harvest more energy compared to the two baseline
schemes, due to the joint optimization'df;, andV. Besides,
A. Average Total Harvested Power the performance gain of the optimal scheme over the two

In Figure2, we study the average minimum harvested powesiseline schemes is further enlarged for an increasing eumb
per energy harvesting receiver of the optimal scheme versfstransmit antennagvr. This can be explained by the fact
the minimum required SINRT',q, for different numbers of that the optimal scheme can fully utilize the degrees of
transmit antennas and different resource allocation sekeih freedom offered by the system for resource allocation. In



APPENDIX-PROOF OFPROPOSITIONT
We start the proof by rewriting constraint C2 as

C2: log, det(In, + Q; 'GYWG;) <Rgr,,  (16)
) = det(In, +Q; *GIW,G,;Q; ) <1+ ags, . (17)

Baseline 2 ' V
N_=

ot T\

Baseline 2
~ N.=6

o
T

Proposed algorithm

by introducing the following lemma.
Lemma 1. For any square matribA > 0, we have the
following inequality [13]:

&
T

N
T

Average secrecy capacity (bit/s/Hz)

per information receiver

Then, we propose a lower bound on the left hand sidé_df (17)

P — = — Minimum required secrecy capacity
3r ,ﬁ roposed algorithm, N, =
I det(I+A) > 1+ Tr(A), (18)
H -5 Bagelne t aseline 2, N, = . .
2 . / N,=6 ?:mp;e;a‘v:;mh: s where the equality holds if and only Rank(A) < 1.
1oy Baseline 1., =6 Exploiting Lemmé[lL, the left hand side ¢f {17) is bounded
0?»; ‘ ‘ ‘ ‘ ‘ ‘ %Baselinez, N =6 be|OW by
4 6 8 10_ . 12 _14 16 18 20 22 24 1/2 1/2
Minimum required SINR (I"eq) det(INR + Q; / GjHWij Q; / )
—1/2 —1/2
Fig. 3. Average secrecy capacity (bit/s/Hz) per informmatieceiver versus > 1+ TI“(QJ / GfWij Qj / ) (19)

the minimum required SINR of the information receivel5e.

contrast, although multiuser and artificial noise integfere are W€ have the following implications:
and baseline scheme . respectvely. the degrees of fefsor 49 <= e
’ ’ —1/2 H ) —1/2
resource allocation in the baseline schemes are reducethwhi = Tr(QJ' G WiG;Q; ) < amR, (20a)
results in a lower harvested energy at the energy harvesting — ,\max(Q]fl/QGfWijQ]fl/Q) < apr,, (20b)

receivers. _ _
= Q;'*GI'W,G;Q;"? 2 apn,, I,  (200)
B. Secrecy Capacity — GI'W,G; < ogr,,Q,. (20d)

Figure[3 illustrates the average secrecy capacity per-infdie note that equation$ ([16) and (20d) are equivalent,
mation receiver versus the minimum required SINR, of C2<« C2, whenRank(W,) = 1, Vk.
the information receivers for different numbers of trartsmi REFERENCES
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