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ABSTRACT

This paper studies a multiuser multiple-input single-output (MISO)
broadcast system for simultaneous wireless information and power
transfer (SWIPT), where a multi-antenna access point (AP) sends
information and energy simultaneously via beamforming to multi-
ple single-antenna receivers. We maximize the weighted sum-power
transferred to energy harvesting (EH) receivers subject to a set of
minimum signal-to-interference-and-noise ratio (SINR) constraints
at information decoding (ID) receivers. In particular, we consider
two types of ID receivers, namely Type I and Type II receivers, with-
out and with the capability of cancelling the interference from ener-
gy signals, respectively. For each type of ID receivers, we formu-
late the joint information and energy transmit beamforming problem
as a non-convex quadratically constrained quadratic program (QC-
QP), for which the globally optimal solution is obtained by applying
the technique of semidefinite relaxation (SDR). It is shown that for
Type I ID receivers, dedicated energy beamforming is not needed to
achieve the optimal solution, while for Type II ID receivers, employ-
ing no more than one energy beam is optimal.

Index Terms— Wireless power, simultaneous wireless informa-
tion and power transfer (SWIPT), energy harvesting, beamforming,
semidefinite relaxation (SDR).

1. INTRODUCTION

Harvesting energy from the environment is a promising solution to
achieve an energy neutralization goal for energy constrained wireless
networks. Among other harvestable energy sources such as wind and
solar, ambient radio signals can be a viable new source for wireless
energy harvesting. On the other hand, radio signals have been wide-
ly used for wireless information transmission. Hence, simultaneous
wireless information and power transfer (SWIPT) is an emerging re-
search area that receives increasing attention.

SWIPT for point-to-point single-antenna channels has been
studied in [1-3], where the rate-energy tradeoffs in wireless in-
formation and power transfer were characterized under different
channel setups. Motivated by the great success of multi-antenna
techniques in wireless communication, SWIPT for multiple-input
multiple-output (MIMO) channels has been investigated in [4-6]
and [7] for wireless broadcast and relay systems, respectively, but
limited to the case with only two information/energy receivers.

However, in order to implement SWIPT practically, there are re-
maining challenges. For example, practical wireless information and
energy receivers operate with very different power sensitivity (e.g.,
—10dBm for energy receivers versus —60dBm for information re-
ceivers). Furthermore, practical circuits for wireless energy harvest-
ing are not yet able to decode the information directly and vice versa.
To tackle these challenges, in this paper we propose a multi-antenna
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Fig. 1. A MISO broadcast system for simultaneous wireless infor-
mation and power transfer (SWIPT).

or multiple-input single-output (MISO) broadcast system for SWIPT
as shown in Fig. 1. In this system, a multi-antenna access point (AP)
transmits simultaneously to multiple (more than two) single-antenna
receivers for either information decoding (ID) or energy harvesting
(EH). To exploit the “near-far” channel conditions in the multiuser
system, receivers near the AP are scheduled for EH while receivers
more distant from the AP are scheduled for ID. This scheduling rule
is designed to be consistent with the difference in receive power re-
quirements for EH and ID receivers. Furthermore, the multi-antenna
AP sends both information and energy at the same time with prop-
erly designed beamforming weights and power control to balance
the tradeoffs between information and energy broadcasting. Under
this setup, we study the joint information and energy transmit beam-
forming design to maximize the weighted sum-power transferred to
EH receivers subject to a set of minimum signal-to-interference-and-
noise ratio (SINR) constraints for ID receivers. In particular, we con-
sider two types of ID receivers, namely Type I and Type II receivers,
without and with the capability of cancelling the interference from
energy signals, respectively. For each type of ID receivers, the opti-
mization problem is formulated as a non-convex quadratically con-
strained quadratic program (QCQP), for which the globally optimal
solution is obtained by applying the technique of semidefinite relax-
ation (SDR). Interestingly, it is shown that for Type I ID receivers,
dedicated energy beamforming is not needed to achieve the optimal
solution, while for Type II ID receivers, employing no more than one
energy beam is optimal.

1D receiver i

2. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a multiuser MISO downlink system for SWIPT over
one single frequency band as shown in Fig. 1. It is assumed that
there are K ID receivers and Kg EH receivers, denoted by Kz =
{1,...,Kr} and K¢ = {1,..., Kg}, respectively. Suppose that
the AP is equipped with M antennas, M > 1, and each receiver is
equipped with one single antenna. In this paper, we consider linear
beamforming at the transmitter for SWIPT and each ID/EH receiver
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is assigned with one dedicated information/energy beam without loss
of generality. Hence, the transmitted signal from the AP is given by

D EH
T = E w;s; + E Vs, (1)

i€k j€Ke
where w; € CM*! and v; € C**! are the beamforming vectors

for ID receiver ¢ and EH receiver j, respectively; sﬁD and s?H are
the information-bearing signal for ID receiver ¢ and energy-carrying
signal for EH receiver j, respectively. For information signals, Gaus-
sian inputs are assumed, i.e., s;°’s are independent and identically
distributed (i.i.d) circularly symmetric complex Gaussian (CSCG)
random variables each with zero mean and unit variance, denot-
ed by si° ~ CN(0,1),Vi € Kz. For energy signals, since S?H
carries no information, it can be any arbitrary random signal pro-
vided that its power spectral density satisfies certain regulations on
microwave radiation. Without loss of generality, we assume that
S?H’S are independent white sequences from an arbitrary distribu-
tion with | (\SJEH|2) = 1,VYj € Ke, where E(-) denotes the ex-
pectation and | - | denotes the absolute value. It is further assumed
that s:°’s and SJEH’S are independent. Suppose that the AP has a
transmit sum-power constraint P; from (1) we have E(z”x) =

S JJws]|* + Y ||vjl|* < P, where || - || denotes the Euclidean
i€z JjEKe
norm of a complex vector.

We assume a quasi-static fading environment and denote h; €
C™M and g, € CY*M a5 the channel vectors from the AP to ID
receiver 7 and EH receiver j, respectively, where h;’s and g;’s are
independently distributed. It is further assumed that the AP knows
perfectly the instantaneous values of h;’s and g’s, while each re-
ceiver knows its own instantaneous channel. The discrete-time base-
band signal at the ¢th ID receiver is thus given by

D .

yi = hiz+ 2, Vi € Kz, (2)
where z; ~ CN(0,07) is the i.i.d Gaussian noise at the ith ID re-
ceiver. With linear transmit beamforming, each ID receiver is in
general interfered with by the signals from all other non-intended
information beams and energy beams. Since energy beams carry no
information but only pseudorandom signals that are known at both
the AP and ID receivers prior to transmission, their resulting inter-
ference can be cancelled at each ID receiver if such an operation is
implemented. We thus consider two types of ID receivers, name-
ly Type I and Type II receivers, which possess and do not possess
the capability of cancelling the interference from energy signals, re-
spectively. Therefore, for the ¢th ID receiver with Type I or Type II
receiver, the corresponding SINR can be expressed as
|hiw|?

(1 _ ;
SINR]’ = ,Vi € Kz,
: Y |hawiP+ 2 [hivs? + 02 ’
ki k€Kt jeKe
3
2
an [hiw;| .
sTNR(™ = , Vi€ Kz. 4
i hwi o7 i €Kz (C))
k#i k€KL

On the other hand, for energy transfer, due to the broadcast prop-
erty of wireless channels, the energy carried by all information and
energy beams, i.e., both w;’s and v;’s, can be harvested at each EH
receiver. As a result, the harvested power for the jth EH receiver,
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denoted by (@5, is proportional to the total power received [4], i.e.,

Qi=¢| D lgjwil>+ > lg,vil’ |, Vi€ Ke, (5)

kekKs keKe

where 0 < ¢ < 1 is the energy harvesting efficiency.

Our objective is to maximize the weighted sum-power trans-
ferred to all EH receivers subject to individual SINR constraints at
different ID receivers, given by 7;,7 € Kz. Denote «; as the en-
ergy weight (which can be assigned separately based on the energy
need of each individual EH receiver) for EH receiver j, o; > 0, and
define G = ¢ > «; gf g;, where the superscript H represents

JEKe
the conjugate transpose operation. Then from (5) the weighted sum-
power harvested by EH receivers can be expressed as  y, «;Q; =
JEKE
> wlGw; + 3 vlGwv;. Thus, the optimization problems
iekg JERe
for Type I and Type II ID receivers are formulated as

H H
E w; Gw; + g vy Gv;
ekt jeke

SR > ,, Vi € Kz

Do lwill?+ D vl < P

(P1) max
{w;} {v,;}

s.t.

i€k jeke
and
P2 max w? Gw; + vI G,
®2) (w0, ez,; L Z P
i T JEKe

s > v, Vi e Kz

Do lwil®+ Y ol < P,

i€kt jeke

s.t.

respectively. Both problems (P1) and (P2) maximize a convex
quadratic function with G being positive semidefinite, i.e., G = 0;
thus they are in general nonconvex QCQPs [8], for which the glob-
ally optimal solutions are difficult to be found in general. Prior to
solving these two problems, we first have a check on their feasibility,
i.e., whether a given set of SINR constraints for ID receivers can
be met under the given transmit sum-power constraint P. It can be
observed from (P1) and (P2) that both problems are feasible if and
only if their feasibility is guaranteed by ignoring all EH receivers,
i.e., setting ; = 0 and v; = 0,Vj € Kg. Thus, the feasibility of
both (P1) and (P2) can be verified by solving the following problem:

find {w;}
st. SR > v, Vi€ Kz

> llwil* < P.

€Kz

(©)

Problem (6) can be solved by the standard interior point method via
transforming it into a second-order cone programming (SOCP) [9],
or by an uplink-downlink duality based fixed-point iteration algo-
rithm [10]. Hence, in the rest of this paper, we focus on the case
when (P1) and (P2) are both feasible.

Moreover, consider the other extreme case with no ID receivers,
i.e., Kz = ¢, in which both (P1) and (P2) are reduced to

H
E v; Guj
JEKE

st. > Jlv|* <P

JjeKe

max
{v;}

(7



Let £ and vp be the dominant eigenvalue and its corresponding
eigenvector of G, respectively. Then it can be verified based on a
similar proof of [4, Proposition 2.1] that the optimal value of (7) is

&g P, which is attained by v?H =4 /qJEH'UE,j € K¢ for any set of

q?H > 0 satisfying > q;-:H = P. Accordingly, all energy beams
JjEKe

are aligned with the same direction as vg. Thus, without loss of
generality, it is practically preferable to use only one energy beam,
i.el,v?H =+vPvg forany j € K¢ andvEH =0,Vk € Ke, k# 7.
The main advantage of this single-energy-beam solution is its lowest
complexity for beamforming implementation. For convenience, we
refer to the beamformer v/Pv as the optimal energy beamformer
(OeBF).

3. OPTIMAL SOLUTION

In this section, we study the two non-convex QCQPs in (P1) and
(P2), and derive their optimal solutions in the general case. For non-
convex QCQPs, it is known that SDR is an efficient method to obtain
good approximate solutions [11]. In the following, by applying S-
DR and exploiting the problem structures, we show that the globally
optimal solutions for both (P1) and (P2) can be obtained efficiently.
First, consider (P1) for the case of Type I ID receivers. De-
fine the following matrices: W; = wz'wf{ Vi € Kzand Wg =
3= w;v. Then, it follows that rank(W;) < 1,Vi € Kz, and
JEKE
rank(Wg) < min(M, Kg). By ignoring the above rank con-
straints on W;’s and W g, the SDR of (P1) is given by

(SDR1) : _ max tr(GW;) + tr(GWg)
Wi Wy iEZ,CI
t tr(hflhbwb)

= - > tr(h{ThsWy)

ki, ke
—tr(hfhiWpg) — o} >0,Vi € Kz,

Z tr(Wi) -+ tI(WE) <P,

ieKz

W, =0,Vie Kz, Wg = 0.

Let the optimal solution of (SDR1) be W}, Vi € Kz and W i. Then
we have the following proposition.

Proposition 3.1. For the case of Type I ID receivers, the opti-
mal solution of (SDR1) satisfies: rank(W7;) = 1, Vi € Kz and
rank(W%) < 1; furthermore, there always exists one optimal
solution with W, = 0.

Proof. A sketch of the proof is provided here, while its details will
be presented in the journal version of this paper [12]. First, the dual
problem of (SDR1) is given by

SDR1D) : min AP — Nio?
( ): min B > Nt

iekr
st. A; 20,Vie Kz
C, <0,
where A, = G+ MR _ Sa 3 BB BT i Ko
K k#i,keK1
Ci=G- )\kthhk — BI; and \; and §3 are the dual vari-

kEKT
ables corresponding to the ith SINR constraint and the transmit sum-
power constraint in (SDR1), respectively. Since (SDR1) is convex
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and satisfies the Salter’s condition [8], strong duality holds between
(SDR1) and (SDR1.D). Let {\;} and 3* be the optimal solution of
(SDR1.D), and the resulting { A;} and C be { A} } and C7, respec-
tively. Then by complementary slackness conditions, we have

tr (ATW)) =0, Vi € Kz @®)
tr (C1WFg) = 0. )

Next, we prove the proposition by considering the following two
cases: A\ = 0,Vi € Kz, and there exists at least one 7 € Kz with
AF > 0.
First, the case with A} = 0,Vi € Kz, corresponds to A} =
T =G — *1,Vi € Kz. In this case, it can be easily shown from
(8) and (9) that rank(W7;) = 1, Vi € Kz and rank(W}) < 1,
and there always exists an optimal solution with W3, = 0.
Second, for the case where there exists at least one 7 € Kz with
A7 > 0, it can be shown from (8) and (9) that W g should satisfy
(G- B*I)Wp = 0and h’h;W} = 0 at the same time. Due
to the fact that h;’s and g;’s are independently distributed, we have
W% = 0, or equivalently rank(C7) = M. Furthermore, since
Ct = A7 — \(1+ %)hf’hi,w € Kz, it can be verified that
rank(A}) = M — 1 or equivalently rank(W7;) = 1 due to (8).
Therefore, the proposition is proved. O

From Proposition 3.1, it follows that the optimal solution of
(SDR1) satisfies the rank constraints, and thus the globally optimal
solution of (P1) can always be obtained by solving (SDR1). Note
that (SDR1) is a semidefinite programming (SDP), which can be ef-
ficiently solved by existing software, e.g., CVX [13]. Furthermore,
it is observed that there always exists one optimal solution of (P1)
with W% = 0 or equivalently v; = 0, Vj € Kg, which implies
that dedicated energy beamforming is not needed for achieving the
maximum weighted harvested sum-power in (P1). This can be intu-
itively explained as follows. Since Type I ID receivers cannot cancel
the interference from energy signals, employing energy beams will
increase the interference power and as a result degrade the SINR at
each ID receiver. Thus, the optimal transmission strategy is to ad-
just the weights and power values of information beams solely to
maximize the weighted harvested sum-power.

Next, consider (P2) for the case of Type II ID receivers. Simi-
larly to (P1), the SDR of (P2) can be expressed as

(SDR2) : _ max

W > tr(GW,) + tr(GW i)
{W.t,

E jeKkz
tr(hf{thl) _
Vi

s.t. > tr(h{hWy)
ki keKz
—oZ> 0,Vie Kz
Z tr(W;) +tr(Wg) < P
i€k
Wi t O,Vl (S ICI, WE t 0.

Let the optimal solution of (SDR2) be W;,Vi € Kz and Wi,. We
then have the following proposition.

Proposition 3.2. For the case of Type Il ID receivers, the optimal
solution of (SDR2) satisfies: rank(W7;) = 1,Vi € Kz, and Wy =
g opvE witho < ¢* < P.



Proof. A sketch of the proof is provided here, while its details will
be presented in [12]. First, the dual problem of (SDR2) is written as

SDR2.D) : min AP — \io?
(@120): min, 9P = 37 Aol

s.t. A; <0,Vi € Kz
Cy <0,

where C2 = G — I. Let {\;} and 8" be the optimal solution of
(SDR2.D), and the resulting { A;} and C> be { A } and C'5, respec-
tively. By complementary slackness conditions, we can show

tr (A; W) =0, Vi € Kz, (10)
tr (C5Wg) = 0. (11)

Next, we prove the proposition by considering the following two
cases: A\f = 0,Vi € Kz, and there exists at least one 7 € Kz with
;> 0.

First, the case with \j = 0,Vi € Kz, corresponds to A; =
C5 = G — "1,Vi € Kz. In this case, it can be easily shown from
(10) and (11) that rank(W?}) = 1,Vi € Kz, and W} = ¢*vpvh.

Second, for the case where there exists at least one 7 € Kz with
A7 > 0, it can be easily verified that rank(C3) > M — 1 and then
from (11) that W, = ¢*vepvi with 0 < ¢* < P. Furthermore, by

el H
noting that A} = C5 + M — 3 \ihih, Vi€ K7,
K k#i,keKT
and using the fact that h;’s and g;’s are independently distributed,
we can show that rank(Aj) = M — 1,Vi € Kz, always holds; thus
it follows from (10) that rank(W ;) = 1, Vi € Kz. The proposition
is thus proved. d

Based on Proposition 3.2, we can obtain the globally optimal so-
lution of (P2) by solving (SDR2) via CVX. Meanwhile, since W =
q*vpvi, all energy beams should align with v, the same direc-
tion as the OeBF. Similarly to problem (7), in this case we can
choose to send only one energy beam to minimize the complexity
of beamforming implementation at the transmitter as well as the en-
ergy signal interference cancellation at all ID receivers by setting
v; = /q*vE forany j € K¢ and v}, = 0,Vk € K¢, k # j.

By comparing the optimal solutions for (P1) and (P2), we can
infer that their difference lies in that whether or not energy beam-
forming is employed. Note that the optimal value of (P2) is in gen-
eral an upper bound on that of (P1) since any feasible solution of
(P1) is also feasible for (P2), but not necessarily vice versa. If in
Proposition 3.2 ¢* = 0, then the upper bound is tight; however,
if ¢* > 0, then a higher weighted sum-power for EH receivers is
achievable with Type II ID receivers. Therefore, the benefit of using
Type II ID receivers can be realized by employing no more than one
energy beam at the cost of implementing an interference cancellation
(with a priori known energy signals) at each ID receiver.

Remark 3.1. The strong duality between (P1) or (P2) and their
SDRs can also be verified using the rank reduction techniques for
separable SDPs as proposed in [14]. However, only existence of
rank-one solutions for the studied SDRs can be inferred from [14],
while in this paper we provide more direct proofs by exploiting the
specific problem structures, which reveal more insights to the opti-
mal beamforming design.

4. NUMERICAL RESULTS

In this section, we provide numerical examples to validate our re-
sults. We assume that the signal attenuation from the AP to all EH
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Fig. 2. Average harvested power versus SINR constraint.

receivers is 30dB corresponding to the same distance of 1 meter, and
that to all ID receivers is 70dB at the same distance of 20 meter-
s. The channel vectors g,’s and h;’s are randomly generated from
ii.d. Rayleigh fading with the average power as specified above.
We set P = 1Watt (W) or 30dBm, ¢ = 50%, 07 = —50dBm,
and y; = ~,Vi € Kz. We also set aj = KLE,Vj € Kg; thus the
average harvested power of all EH receivers is considered. Fig. 2
compares the average harvested power obtained by solving (P1) for
Type I ID receivers and (P2) for Type II ID receivers versus SINR
constraint «y with different values of K and fixed M = 4, K = 2.
It is observed that Type I and Type II ID receivers have the same
performance when K; = 1, for which a detailed proof will be giv-
en in [12]. For K; = 2 and 4, Type I and Type II ID receivers
have similar performance when ~ is either very large or small, while
the latter outperforms the former notably for moderate values of ~.
The reasons are as follows. When + is very small, it can be shown
that aligning all information beams in the direction of the OeBF is
not only feasible but also optimal for both (P1) and (P2); thus the
same optimal solution holds for both problems. When 7 is very large
(under which both (P1) and (P2) are still feasible), it is optimal to
allocate all transmit power to information beams to ensure that the
SINR constraints at all ID receivers are met; as a result, transmit
power allocated to energy beams is zero regardless of which type of
ID receivers used, and thus the same optimal solution holds for both
problems. For moderate values of +, the performance gap between
Type I and Type II ID receivers is due to the use of one dedicated en-
ergy beam in (P2). For example, as shown in Fig. 2, a 46% average
harvested power gain is achieved by Type II ID receivers than Type I
ID receivers with v = 10dB and K1 = 4, thanks to the cancellation
of (known) energy signals at ID receivers.

5. CONCLUSION

This paper studies the joint information and energy transmit beam-
forming in a multiuser MISO broadcast channel for simultaneous
wireless information and power transfer (SWIPT). The weighted
sum-power harvested by EH receivers is maximized subject to indi-
vidual SINR constraints for ID receivers. Considering two types of
ID receivers without or with the interference cancellation capability,
the design problems are formulated as two non-convex QCQPs,
which are solved optimally by applying the technique of SDR.
The results of this paper provide useful guidelines for practically
optimally designing multi-antenna SWIPT systems with receiver-
location-based information and energy scheduling.
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