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Abstract—We consider transceiver design for a MIMO mul- recently the authors in [7] studied a multiuser multipletih
ticast channel for simultaneous wireless information and power gsingle-output (MISO) downlink system for SWIPT. In [8], the
transfer. We assume that (‘Tommon'lnformatlon is intended for authors considered SWIPT for MISO multicasting systems.
a subset of users, called information decoders (IDs), and the . . .
other users, called energy harvesters (EHs), harvest energyoin To t.he author's best knowledge, no Work'on practical joint
the received signals. Assuming linear receivers at the IDs, we design of the source precoder and receivers for a MIMO

jointly design the precoder at the source and the receivers at #n  spatial multiplexing SWIPT system exists yet for any network
IDs according to two criteria. In the first criterion, we minimize  topology.

the worst case mean square error (MSE) under source transmit In this lett id MIMO lticast t
power and harvested energy constraints. In the second criterig n this letier, we consiaer a muiticast system con-

we maximize the total harvested energy at the EHs under source Sisting of a source node and a number of destination nodes
transmit power and worst case MSE constraints. We formulate [9], [10]. Multicasting systems, such as media streaming an
both problems as semidefinite programming (SDP) problems that mobile TV, are of practical interest and we believe are very
we optimally solve using interior point algorithms. Simulation — ¢itaple for SWIPT. In this work, we assume that a subset
results show the importance of designing the transceivers in orde S . ) L
to achieve a desired tradeoff among the source transmit power, of destinations, for which common information is intended,
MSEs at the IDs, and harvested energy at the EHs. referred to as information decoders (IDs), decode the -infor
mation, while the rest of destinations, called energy rsters
(EHs), harvest energy from the received signals. In pddicu
we jointly design the source precoder and the receivers at
the IDs according to two criteria. In the first criterion, we
. INTRODUCTION minimize the worst case mean square error (MSE) subject to

Recently, energy harvesting in wireless communicatidhe source transmit power and harvested energy constraints
networks have attracted much interest due to its ability in the second criterion, we maximize the total harvested
prolonging the network lifetime as well as achieving greenenergy at the EHs under source transmit power and worst
communications. Traditionally, the enefgig harvested from case MSE constraints. In both criteria, we assume that the
the surrounding environment, such as solar, wind, etc. Buereceivers at the IDs are linear and take into account thedimi
recent advances in energy harvesting via radio frequenEy (Rstorage capacity of the batteries at the EHs. We formulate
electromagnetic signals [1] simultaneous wireless infitiiom  both problems as semidefinite programming (SDP) problems
and power transfer (SWIPT) has become possible and canasel solve them optimally using interior point algorithmse W
of great practical interest. However, until recently, wéss also evaluate the performance of the proposed designs and
communication systems were optimized only for informatiodliscuss the obtained gains. We note that this work is diftere
transfer and consequently they may not be optimal for §rom the works in [7], [8] in several aspects. In particular,
multaneous transfer of both information and power. Herme, [i7] and [8] considered a multiuser MISO downlink system
achieve both efficient information and power transfer, lgss Wwhere each destination node uses a power splitting approach
communication systems need to be redesigned taking in@both decode information and harvest energy. However, in
account both information and power transfer requirements.this work we consider a MIMO multicast system and each

The first work on SWIPT in [2] studied the fundamentatlestination node is either an EH or ID node. Moreover, [7]
tradeoff between the rates at which energy and reliable ianrd [8] investigated joint transmit beamforming and reeeiv
formation can be transmitted in a single-input single-autppower splitting while we consider joint source precoder and
(SISO) system. Later, Grover and Sahai [3] extended [2] tBs receivers design where the IDs are equipped with linear
frequency selective channels. SWIPT for MIMO broadcasgceivers.
system, MIMO interference channel with two users, and
multiple access and multi-hop channels was studied in [4],
[5], and [6], respectively. All the above works concentdate
on the characterization of the rate-energy region and the

design of the covariance matrix of the transmit signal. More ) _ )
We consider a MIMO multicast channel with one source
Aissa lkhlef was with Toshiba Research Europe Limited, BtisBS1 S, which is equipped with\/ transmit antennas, anfl + L
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aissa.ikhlef@ncl.ac.uk). Fig. 1. We assume that each destination node can either

1in this paper, we use energy and power interchangeably. decode information or harvest energy but not both at the same
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time?. Note that each destination node can switch between

information decoding and energy harvesting modes acogrdin : ({/?; 5,

to a given selection criteridnin the following, we assume that -

K and L destinations were selected for information decoding :

and energy harvesting, respectively. ket C**! denote the ;| Dk s,

transmit signal from the source to all ID nodes. The elements Souree ) Wio)

of the transmit signal are assumed to be independent and iden = B Y.,

tically distributed (i.i.d.) with unit power, i.eE[ss] = I, :| EH,

where E[] denotes the statistical expectation ahd is the

M x M identity matrix. The transmitted symbols can be

draV\_/n from_any .constelle_ltion, e.g., PSK or QAM. We assume ID: information decoder ;| EH,

spatial multiplexing and is precoded using precoding matrix EH: energy harvester "X

B € CM*M pefore transmission. The signal received at the

ith ID nOde,YID,i e CNx1 s given by Elgs 1. A MIMO multicast channel consisting of one sourég,IDs, and L
YiD; :HiBS+nID,i, ZZL,K (l)

, NxM ; :
where H; € C is the channeINmfmtnx between the,nore < 1 is a constant that accounts for the energy
source and theth ID, and nyp, € CY** is the additive conversion loss at the transducer [4].

white Gaussian n0|se with zero mean and covariance matrix
E [nip,nff, | = of, Iy at theith ID. The signal received at

theith EH, ygn, € CN*1 js given by
I1l. WORSTCASE MSE MINIMIZATION BASED DESIGN
yen;, = G;Bs+ngn;, j=1,...,L )

where G; € CN*M s the channel matrix between the In this section, we aim at designing the source precoder
source and theith EH andngp, € CNx1 js the additive and the receivers at the IDs via the minimization of the worst

white Gaussian n0|se with zero mean and covariance matfgse MSE at the IDs subject to source transmit power and
Iy at the jth EH. For notational fotal harvested power constraints. This criterion is oéiest

yvhen we wish to optimize the quality of service (QoS), here
g:E as well as ensuring fairness among the IDs, given

H
Enpn,ngy, | = UEHJ
convenience and without loss of generality, we assume ltleat
noise varlance |s the same at all the recelvmg nodes IDs af

EHs, i.e.02 = 02, = =02, =g —.. that we have a limited available source transmit power and
n — 91D, — — YIDx — YEH; — EH e

To recover the transm|tted signal, the IDs use linear r@ Minimum total power that needs to be harvested by the

ceiverd W, € CNxM ; — 1 K. The signal at the output EHs, that cannot be relaxed. The corresponding optimizatio
L] K3 il - P . H
of the receiver at théth ID, is given by problem is formulated as
§; = W;-HYIDi = WzHHiBS + WZHDIDi. (3) {wrr}un max MSE; (7a)
i=1, K

To measure the performance of the retrieved signals, we H
consider the MSE criterion. The MSE at the output of thet tr (BB™) SHP"”ZW‘” ) , (7b)
receiver of theith ID can be obtained as atr (G;BBYGJ +o7Iy) > &, j=1,...,L  (7c)

NISEZ 2 tr (E [(éz _ S)(éz o S)H]) O[tI'(GjBBHG;I‘F U?LIN) Semm’j, ] = 1, ‘e ,L (7d)
=tr(WH,B—Ty) (W H,B-Tu) " +0, W]'W)) (4) where P, ... is the maximum allowable source transmit
wheretr(A) denotes the trace of matrix. The receiver that power,§; is the minimum power that needs to be harvested
minimizes (4) is the well-known linear minimum mean squarey the jth EH, ande, .. ; is the available storage space in the
error (LMMSE) receiver, given by battery of thejth EH. Constraints (7b) and (7c¢) ensure that
. the transmit power is less or equal to the maximum allowable
W, = (H;BB"H/ +07Iy) H,B, i=1,....K. (5) transmit powerP, ..., at the source node and that the power
that needs to be harvested by flte EH is at least equal tg;,
respectively. Constraint (7d) ensures that the harvestecip
by each EH is less or equal to the empty storage space in its
e; = atr (G;BB G + 021y) (6) battery. Note that; < e,,q.; should be satisfied so that the

problem may be feasible.
2The reason behind this assumption is that with current diteahnologies : : P :
it is not yet possible for a node to decode information and ésirenergy at Itis obvious that optimization problem (7) is not convex due

the same time [4]. to the product between the source precoder and ID receivers,
¥Selecting a node for information decoding or energy hamgstan be a and hence it is difficult to solve optimally. Observe that the
function of, eg., que}llty of ghe links, available power f_retbattery, etc. Note constraints in (7) do not depend oW, i=1,...,K, and
that the selection criterion is beyond the scope of this pape . L . .
“Here, we assume linear receivers due to their low complexiouever, hence the receivers that mlnl_mlze th_e CO§t function 'n_ (é) ar
other types of receivers, such as decision feedback egualizan be used. the well-known LMMSE receivers, given in (5). Substituting

The source transmit power i®s = tr (BB¥) and the
harvested energy at thgh EH is given by



(5) into (7), and after some manipulations, yields IV. HARVESTED ENERGY MAXIMIZATION BASED DESIGN

. 9 2 HyrHer w) L In this section, assuming LMMSE receivers at the IDs,
mm- max o, tr ((U"IM +BYHH;B) ) (88) e design the source precoder via the maximization of the
st tr (BBH ) < Pyman (8b) total hgrvested.enefgy.undgr source _transmit power anq QoS
tr (GjBBHGf) > 597 i=1,....L (8¢) constraints. This criterion Is Interesting since both srait '
R ! . power and QoS are very important requirements and, in
tr (G;BBYG}') < el j=1,...,L (8d) general, cannot be relaxed. The corresponding optimizatio
problem can be formulated as

where¢) = &;/a— Nop andel,,,, ; = €maz,j/a — Nog.
Let us assume that problem (8) is feasible and proceed with L - )
solving it. Using the equalityr ((JELIM +BHHf{HiB)71) = max Zl atr (G;BBYGj' + 0, Iy)
J=

tr((U%IN+HZBBHHF)71 + M —- N and F = BBH, st. tr (BBH) < Psnas
problem (8) can be equivalently recast as :

tr (G,BBYGJ) <¢lppjo j=1,...,L
Flgiol,lr T (9a) miin otr ((aiIM + BHHfIHiB)_l) <p (13
s.t. tr (F) < Ps pmas (9b)

where p is the maximum allowable MSE at the output of
tr (GjFGf) > 5;, j=1,...,L (9c) each ID receiver. Let us assume that problem (13) is feasible
tr (GjFGfI) <eé (9d) and solve it. Similar to Section Ill, after some manipulatp

" . problem (13) can be reformulated as an SDP problem that is
tr((UiIN'FHzFHZH) ) <7 i=1,...,K. (9e) given by

wagr =10 L

where 7 is a real-valued slack variable. Introducing L

) H
(021y + H;FH?) ™" < T,, which, using the Schur com-  g2&%, Ztr (G,FG])
plement, can be recast in a linear inequality form as =t
tr (F) S Ps,mam

KX Sppme | =0 (10) tr (G,FGY) < e

1
IN 0'721:[]\/ + HIFHf{

L

’ .
max,j J=4s

T; In .
constraint (9e) is equivalent to { Iy 0%y + H,FHY } =0,i=1,--- K
tI‘(Ti)ST tr(Ti)Sp/7 Z:177K (14)
T In - (11) wherep’ = (p+ N — L)/o2. This is a convex SDP problem
Iy o2y +HFHY | =0 it optimally using interior poi i
N opln + HFHG and we can solve it optimally using interior point algorithm

In particular, here, we use the convex optimization toolbox

Hence, using (11), problem (9) is equivalent to X
CVvX [118 to solve problem (13) at a complexity order of at

F»%E.lfr,» T mostO ( (M? + K+ L + 1)3'5) [9]. Similar to Section I,
s.t. tr (F) < Py o ¥ve carl use the eigen-decomposition to get the optiBal
' rom F~*.
tr (G,FGY) > ¢, j=1,...,L Remark 1: Another way to design the source precoder and
tr (Gjpgf) < e’mam’ j=1,...,L the IDs receivers is by minimizing the source transmiF power
(T <7 i=1,.... K under harvested energy and worst case MSE constraints. This
- Y problem is omitted due to space limitation. However, the
T; ) Iy " ] ~0,i=1,...,K. (12) corresponding optimization problem can be formulated and
Iy oply + HFH; solved in a similar fashion to the optimization problems in

This is a convex SDP problem and we can solve it optimalfgections Il and IV.
using interior point algorithms. In particular, here, wes uke

convex optimization toolbox CVX [11] to solve problem (9) V. SIMULATION RESULTS

. 3.5
at a complexity order of at mos? g(M2 + K +2L+1) 2 In this section, we assess the performance of the proposed
[9]. Once we have the optimal solutidf of problem (9), the solutions. We assume that the transmitted symbols are drawn

optimal solutionB* can simply be computed using the eigenfrom a 4-QAM constellation. Moreover, we assume that the
decomposition ofF*, which is given byF* = U*A*U*2. entries ofH; and G; are i.i.d. zero mean complex Gaussian
U* is a unitary matrix containing the eigenvectors Bf random variables with varianeg ", whered is the distance in
and A* is a diagonal matrix containing the correspondingieters between the source and each receiving node (ID or EH)
eigenvalues. Hence, the set of optimal precoder matricesaisd ) is the path loss. In the following, we assume= 2.7,

B* = U*A*:P, whereP is an arbitrary unitary matrix. In and an energy conversion loss factorco= 0.8. We note that
this letter, we have choseR = I,,. Now, we can compute all the results are obtained by averaging ol@t realizations

the LMMSE receivers at the IDs by substitutil®f into (5). of the channels.
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Fig. 2. MSE at the IDs vs. the minimum required harvested povéor Fig. 3. Total harvested power vs. the maximum allowable M5Bt IDs.
K =2 IDs andL = 2 EHs. We assumés yae = 1 W, M = N =2 We assumel = 5 m, K = 2 IDs, L = 2 EHs, M = N = 2 antennas,
antennas¢d = 5 m, and an average receive SNR3#f dB. Ps.maz =1 W ando? = 1074 W.

VI. CONCLUSION

Fig. 2 shows the worst case MSE at the IDs vs. the minimum We investigated the joint source precoder and IDs receivers
required harvested powerat each energy harvester faf = design for MIMO multicast channels for SWIPT. In particular,
2 IDs and L = 2 EHs. We assume®, ... = 1 watt (W), We assumed linear receivers at the IDs and considered two
d = 5m, M =N =2 antennas, and an average signal-t¢”iteria to compute the source precoder and IDs receivers. |
noise ratio (SNR) of30 dB at each receive antenna. Sincéhe first criterion, we minimized the worst case MSE at the
optimization problem (12) is not always feasible, we onketa /DS subject to constraints on the source transmit power and
into consideration the solutions when the problem is féasip harvested power at the EHs. In the second criterion, we max-
plot Fig. 2. We observe that the performance in terms of MgEized the total harvested energy at the EHs subject to sourc
degrades as the minimum required harvested power increa&@smit power and worst case MSE at the IDs. To optimally
This is because it is not possible to simultaneously minémi£0lve the two optimization problems, we reformulated them a
the MSEs at the IDs and maximize the harvested power. SDP problems. Numerical results showed the effectivengss o
the proposed solutions and the tradeoff among source tiansm

F|g. 3 shows the total harvested power at the EHs vs. tB@wer, MSE at the IDs, and harvested energy at the EHs.
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