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Abstract—In this letter, we study the robust beamforming the stochastic model, the CSI errors are often modeled as
problem for the multi-antenna wireless broadcasting systey with  Gaussian random variables and the system design is thed base
simultaneous information and power transmission, under tle on optimizing the average or outage performarice [8], [9].

assumption of imperfect channel state information (CSI) atthe . N
transmitter. Following the worst-case deterministic modé¢ our Alternatively, the deterministic model assumes that the CS

objective is to maximize the worst-case harvested energy rfio Uncertainty, though not exactly known, is bounded by pdssib
the energy receiver while guaranteeing that the rate for the values [10], [11]. In this case, the system is optimized to
information receiver is above a threshold for all possible bannel  gchieve a given quality of service (QoS) for every possible
realizations. Such problem is nonconvex with infinite numbe of CSl error if the problem is feasible, thereby, achievinguite

constraints. Using certain transformation techniques, weconvert
this problem into a relaxed semidefinite programming problem robustness. It was also shown [n[12] that a bounded worst-

(SDP) which can be solved efficiently. We further show that ta  Case model is able to cope with quantization errors in CSI. In
solution of the relaxed SDP problem is always rank-one. This this letter, we shall employ the worst-case approach toessdr
indicates that the relaxation is tight and we can get the opthal  the robust beamforming design problem.
solut|c_)n for the ongmal problem. Simulation results are presented Consider the three-node system shown in Fig. 1, where
to validate the effectiveness of the proposed algorithm. . .
we assume that the transmitter only has imperfect knowledge
Index Terms—Energy harvesting, beamforming, worst-case of the channels to both the information receiver and energy
robust design, semidefinite programming. receiver. We formulate the worst-case robust beamforming
problem for harvested energy maximization at the energy re-
[. INTRODUCTION ceiver while ensuring a minimum target rate at the infororati

Energy harvesting for wireless communication is able f@ceiver. Since the original problem has infinite consteaiiue
extend the flying power of handheld devices and advocacy fe@rthe channel uncertainties, we first transform it into asiera
green communication [1]£[3]. With the aid of this promisingoroblem which has finite constraints but is still nonconvex.
technique, the transmitter can transfer power to terminal§en we apply the semidefinite relaxation (SDR) and obtain
who need to harvest energy to charge their devices, whighsemidefinite programming (SDP) problem which can be
is especially important for energy-constrained wireless- n solved efficiently. Finally we show that the optimal solutio
works. Beamforming is another promising technique whic®f the SDP problem is always rank-one, which means that the
exploits channel state information (CSI) at the transmittéelaxation is tight and we can obtain the optimal solution of
for information transmission[[4]-[]6]. In wireless netwark the original problem.
with simultaneous transmission of power and information, The rest of this letter is organized as follows. In Sectign Il
beamforming is anticipated to play an important role as wethe system model and the problem formulation are presented.

The beamforming design with perfect knowledge of CS$ection Il presents our proposed algorithm to find the so-
at the transmitter was first considered [ [7] to characterifutions to the robust problems using convex optimizatiod an
the rate-energy region in a simplified three-node wirelegank relaxation, and show its optimality. Simulation résuaire
broadcasting system. In practical scenarios, perfect ledye given in Section IV. Finally, Section V concludes this lette
of CSI may not be available due to many factors such asNotation: ()" and T{-} stand for Hermitian transpose and
inaccurate channel estimation, quantization error, ank ti the trace respectivelyz| denotes the absolute value of the
delay of the feedback. scalarz and ||x|| denotes the Euclidean norm of the vector

The goal of this letter is to investigate the robust beanihe function log(.) is taken to the baSe
former design with imperfect CSI for simultaneous informa-
tion transmission and energy harvesting. In general, there |
are two classes of models to characterize imperfect CSI:

the stochastic and deterministic (or worst-case) models. | With reference to Fig. 1, we consider a three-node multiple-
input single-output (MISO) communication system, whem th
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wheree is the radius of the uncertainty region. We assume
/ that both the two receivers have perfect CSI knowledge.
(I Energy Receiver To take the CSI errors into account, the problPm based
on worst-case criterion can be formulated as

P;: max min |(g+ Ag)HW|2 (11)
W ||Agll<e
Transmitter B |(f1 i Ah)HW|2
Information Receiver S.t. |Og <1 + 2 Z T,V ”Ah” S € (12)
Fig. 1. A three-node wireless MISO system for simultaneamisrination ||w||2 <P. (13)

and power transmission.
Since lod1 + x) is monotonically increasing for positive,

respectively, problemP; can be reformulated as below
i = h¥ws + 2 (1) Pi: max ”AH;i”IL . (g + Ag)wl? (14)
— o=
Ye = 8TWS 2 (2) st |(B+ AR w? > 022" —1),V|Ak|| <e (15)
wherew is the N x 1 beamforming vector applied to the |w|? < P. (16)

transmitter, andz; and z. are the additive white circularly

symmetric Gaussian complex noise with variange/2 on It can be seen that the goal of the probl®mis to maximize
each of their real and imaginary components. the harvested energy for the worst channel realizationewhil

For the energy receiver, it will harvest energy from itfguaranteeing that the information rate is above a thresoold
received signal. Thanks to the law of energy conservatien, ! Possible channel realizations.
can assume that the total harvested RF-band power, denoted

by @, is proportional to the power of the received baseband  Ill. SEMIDEFINITE PROGRAMMING SOLUTION
signal, i.e., The key challenges in probler®, are the channel un-
Q = nlg"w|? (3) certainties and the nonconvex constraints, which cause tha

where 1y is the efficiency ratio at the energy receiver foPl is a semi-infinite nonconvex quadratically constrained

converting the harvested energy to electrical energy to &g;dtr:ém grzcégr;?mn:)nr:r;gnE/QeS%F():)QFIJDrObI!EB}'erlr: :: \[ilvgl_lh';?g"\;?] d
stored. Here we simply assume that= 1 and the details 9 b

for the converting process is beyond the scope of this lettetrhus’ intractable. However, as we will show in the following

Our objective is to maximize the harvested energy for thdeue to the special structure of the objective function ared th

. . . . . constraints, probler®?; can be reformulated as a convex SDP
energy receiver while guaranteeing that the informatide ra
for the information receiver is above a threshold. Mathémap

cally, the problem is expressed as follows:

roblem and solved optimally.
We first transform the above problem into a more tractable
form. For the objective function oP; in (I4), we simplify

Py : max |gfw|? (4) it using an approach similar to the one developedin [10] and
v b w2 [13]. According to triangle inequality, we obtain
S.t. Iog(l + ) ) > (5) |§Hw+ AgHW| > |§HW| — |AgHW|- a7
[w[? <P (6) Then applying the Cauchy-Schwarz inequality to the second

where r is the rate target for the information receiver antf™ in the right-hand-side (RHS) df{17), we have
P is the power constraint at t_he transmitter. Similar p_ro_bl_em IAgfw| < ||Ag]l - |[w] < e|w]. (18)
has been considered in| [7] with the objective of maximizing _ _
information rate subject to a minimum energy threshold.  Plugging [I8) into[(Il7), we then have that

Herein we consider thgt the transmitter has imperfect CS‘EHW+AgHW| > [gHw|—|AgHw| > [g7w|—c|wl|. (19)
of both receivers. In particular, the channels are modeted a
An important observation about probld? is that its optimal

h=h+Ah (7) solution is obtained only when the constraint[inl(16) is\agti

g=g+Ag (8) i.e., the transmitter should work with full power. Then wevéa
where h and g denote the estimated CSI known at the lgfw + Agtiw| > |g¥w| — eVP. (20)

transmitter, Ah and Ag are the error vectors. We assume ) ) . )

no statistical knowledge about the error vectors but thay th1h€ inequality becomes equality whekg = —Twree ™’

are bounded by some possible values (also known to tgered is the angle betweeg” andw. Note that it has been
transmitter) as assumed thafg”w| > ¢[lw|| in (I9), and|g”w| > eV/P in
(20). This assumption essentially means that the er\gds

|Ah[| < e 9) sufficiently small or equivalently is sufficiently small. It is

lAgl < e (10) a practical assumption since large channel estimatiorrserro



can cause large beamforming errors and no robustness can 405 ———
be guaranteed in such case. Then combining (I7)-(20), we 35 RS
conclude that
min |(g + Ag)¥w|* = |[gfw| —eVP 2. (21)
llagli<e
For the infinite number of constraints if_{15), we can
similarly have that
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Ihw + Abfw| > [h"w| — eV/P. (22) o
. . . 5r
Here, the equality holds wheAh = —ﬁse‘”’ with ¢
being the angle betweeh andw. Then in order to meet iz 35 38 4.1 4.4 4.7 5
. . . . rate target (bps/Hz)
the constraints for all possibl&éh, we just need to satisfy the
following Fig. 2. Average harvested energy for the robust beamforrdesign.
hfw| —eVP > ov2r — 1. (23) 1 ‘ ‘ ‘ ‘ ‘
—S—¢=0
Then the robust beamforming probldPy can be rewritten gl | e=002 |
as follows ' —— =006 P
o ——£=0.2 s —
P, : max [gfw|? (24) £
w g
~ 2 g 0.5
st w2 > (VP +0v2 1) (25) 5 |
g —
[wl* < P. (26) E
Although the problenP; is much easier now, it is still a .l
nonconvex QCQP problem. We then apply the semidefinite
relaxation and obtain the following relaxed problem: 32 35 3.8 41 44 47 5
=N rate target (bps/Hz)
Py: max Tr{GW} 27 -
W>0 Fig. 3. Outage percentage for the nonrobust beamforminmmies
~ 2
st THHW) > ( PtoV2 — 1) 28 . . . .
{ b= sVP+o (28) The optimal solution ofP; is then obtained asr = v/ a*w*.
T{W} <P (29)
where G = gg and H = hh'. Notice that the rank-one IV. SIMULATION RESULTS
constraint has been dropped dAglis a relaxed version dP; . In this section, we present numerical results to evaluate

The problemP;, is a standard SDP problem which is conveihe performance of the proposed robust beamforming algo-
and can be solved efficiently using the software package [14fhm. We consider the three-node MISO system in which the
At this point, an important question is that whether thtransmitter has four antenng®v = 4). We set the power

optimal solution ofP, is rank-one. IfW is rank-one, then P = 10 and noise covariance® = 1. The channel from
the optimal beamformer for the original proble®; can the transmitter to each receiver is assumed as the normalize
be extracted by eigenvalue decomposition. Otherwise, tRayleigh fading channel. The rate target for the infornmatio
solution of Py is only an upper bound ofP?; and the receiver is set to be smaller thaog(1 + 10||h||?) in order
beamformer extracted froiW is not guaranteed to be globallyfor the problem to be feasible. For simplicity, we normalize
optimal. Generally there is no guarantee that an algorithiimese channel vectors with respect to the number of transmit
for solving SDP problems will give the desired rank-onantennas aglh||> = ||g||> = 4. Thus the feasible region
solution. However, in some special cases sucH as [L5]- [1#r the rate target i$) < r < log(1 + 40). A total of 100

the relaxation is proven to be exact and thus there alwaypslependent normalized channel realizations are sindilate
exists a rank-one solution. Whether the relaxation is tfight For each channel realization)0 channel uncertainty samples
our proposed algorithm will be addressed in the followingre generated.

theorem. In Fig. 2, we plot the average harvested energy versus differ
Theorem 1: The optimal solutionW for problemP, is ent targets of information rate for different levels of bded
rank-one. channel uncertainty. The special case with the CSI @.e:,0)
Proof: Please refer to Appendix A. B is also simulated. It can be seen that the performance loss is

According to Theorem 1, we can see that probPmis small when the CSI error is not big. Also the performance gap
indeed equivalent to the original probleRy, which means increases when the rate target becomes larger.
that the relaxation is tight. So in order to solve the problem In order to show how important it is to take the channel
P,, we first solve the SDP probleR, and obtain the resulting uncertainty into account when designing the beamformets, |
rank-one matriXW*. Apply eigenvalue decomposition 3¥* us assume that the beamforming design takes place under the
as assumption of perfect CSI at the transmitter while in fact
W* = a*wrwrf. (30) there is some uncertainty associated with the CSI used in the



design problem, which we call the “nonrobust beamforming DefineQ £ (1*I— A*H) » 0 and letW = Q/2WQ!/2,

design”. Fig. 3 shows percentage of out% different rate the problem in[(34) is then rewritten as

targets for the nonrobust design. We observe that the channe /o Hrr ~—1/9~ —

uncertainty, when not considered in the design procesdslea o (Q™*R)"W(Q"/%g) - TH{W}.

to frequent violations of the rate target at the informatio, - . . .

receiver. However, for our proposed worst-case robust beaﬂ?en we claim that the opt!mal SOIU“.CEQ:‘BS) Is always
nk-one. Suppose the optimal solutid¥V is not rank-

forming algorithm, the rate target is always satisfied and A8 thout | f lit its rank i
outage happens. one, without loss of generality, we can assume its rank is

(2 < k < N) and decompose it a& = >}, o ;w;w!,

JE——
V. CONCLUSION Then we choose anothéV™ = (YF_, aj)wiw!,

o~ p— —*/ -
In this letter, we consider the worst-case robust beamform= arg max }I(Q_l/gg)ijI. ThenW" can achieve a

ing design for the wireless communication system with both etk L .
9 9 y }?rger value tharW ", which is a contradiction.

information and energy receivers when the CSI is imperfect. : : L = .
e ) .. From the above discussions, it is known tW&t is always
By means of semidefinite relaxation, we transform the oagmrank-one SInCaV* —

(35)

where

robust design problem into a SDP problem. Then we Proyg..

that such relaxation is tight and we can always obtain the
optimal solution of the original problem. The performande o

the proposed beamforming algorithm has been demonstrated

by simulations. Future research directions may include thi]
robust beamforming design for the more general broadcas&—]
ing systems with multiple information receivers and mudip

energy receivers. @l

APPENDIXA
PROOF OFTHEOREM 1

2
Denote3 £ (s\/ﬁ—i— oV2r — 1) , the Lagrangian oP,
is given by
L(W,\p) =Tr{GW} + A (Tr{ﬁvv} . 5)
—K (Tr{W} - P) )

where A and i are the dual variables. The Lagrange dual”
function is then defined as

g\ ) = tax L (W, )

Since P, is convex with strong duality, we can solve it by o]
solving its dual problem

DQZ

(4]

(5]

(B1) g

czy

[20]

nin g(A, ). (33)

Denote the optimal solution oD as (\*, u*), then the
matrix W* that maximizesL (W, \*,p*) is the optimal
solution of P, which means that we can fin@* through
the following problem

(11]

[12]

max TH{GW} —Tr { (M*I - )\*H) W} (34) g
where the constant terms has been discarded. In order for
problem [3#) to have a bounded value, it is shown as follows
that the nlatrixu*l—)\*ﬁ should be positive definite. Supposé14
w*I—A*H is not positive definite, then we can chodde = [15]
tww', wheret > 0 and T{t(u*T-\*H)ww' } < 0. Due to

the independence @ andh, it follows that T{tGww} > 0

with probability one. Lett — +oo, the optimal value in[{34)
will be unbounded, which is a contradiction of the optimalit

of (A%, i*).

[16]

[17]

1We call the outage happens when the rate target is not sdtiafi¢he
information receiver.

Q Y/2W"Q~1/2, we must have that
is rank-one, which completes the proof of Theorem 1.
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