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Abstract—This paper studies the smultaneous wireless in-  issue for implementing SWIPT is the practical limitatiorath
formation and power transfer (SWIPT) in a multiuser wireless  existing energy harvesting circuits cannot be used to decod
system, in which distributed transmitters send independen and harvest the radio-frequency (RF) signals concurrétitly

messages to their respective receivers, and at the same tim s e . . .
cooperatively transmit wireless power to the receivers viaen- e[Z]' To overcome this difficulty, two practical receiver dgrss

ergy beamforming. Accordingly, from the wireless informaton ~have been proposed for SWIPT, namely time switching (TS)
transmission (WIT) perspective, the system of interest carbe and power splitting (PS) [1], [2]. With TS, a receiver swigsh
modeled as the classic interference channel, while it als@ae be jtg operation between the two modes of information decoding
regarded asadlstrlbu_ted multlple-lnputmultlple-qut_put (MIMO) (ID) and energy harvesting (EH) over time, while with PS,
system for collaborative wireless energy transmission (WE). To th ived si li lit into t ¢ ith t
enable both information decoding (ID) and energy harvestig € receivea signal IS split Into two streams W' one s rgam
(EH) in SWIPT, we adopt the low-complexity time switching Used for ID and the other stream for EH. It is worth noting
operation at each receiver to switch between the ID and EH that TS can be practically implemented at a relatively lower
modes over scheduled time. For the hybrid system, we aim cost as compared to PS, since the former requires only signal

to characterize the achievable rate-energy (R-E) trade-66 by  gyitches at the receivers whereas the latter needs morg cost
various transmitter-side collaboration schemes. Specifadly, to signal splitters

facilitate the collaborative energy beamforming, we propse a o . . .
new signal splitting scheme at the transmitters, where each  Building upon these two practical receiver designs, a hand-
transmit signal is generally split into an information signal and  ful of research work on SWIPT has been reported recently. In
an energy signal for WIT and WET, respectively. With this  particular, for point-to-point wireless channels, two gical
new scheme, first, we study the two-user SWIPT system over qcajver architectures for SWIPT have been proposed in [2]
the fading channel and derive the optimal mode switching rut . . L .

at the receivers as well as the corresponding transmit signa with separate_d or integrated ID and EH C|rCU|t_s at the reeiv
optimization to achieve various R-E trade-offs. We also copare based on which the authors characterized various perfarenan
the R-E performance of our proposed scheme with transmit trade-offs in WIT versus WET via the boundary of a so-
energy beamforming and signal splitting against two existig called rate-energy (R-E) region. In [3] and [4], the authors
schemes with partial or no cooperation of the transmitters Next, have investigated the optimal TS and PS schemes, respgctive
the general case of SWIPT systems with more than two users is . !

studied, for which we propose a practical transmit collaboation for fading SWIPT_ Ch_ann_els. The TS and(or PS scher_n_es have
scheme by extending the result for the two-user case: we grpu been further Stud|ed n ereleSS I’elay-aSSISted commtinoita
users into different pairs and apply the cooperation schen®e [5]-[7]. An information-theoretic study on the point-t@ipt
obtained in the two-user case to each paired group. Furthermre,  SWIPT channel was also given in [8].

we present a benchmarking scheme based on joint cooperation g\, ithermore, for the case of wireless broadcast channels,
of all the transmitters inspired by the principle of interference a multiple-input multiple-output (MIMO) SWIPT system has

alignment, against which the performance of the proposed scheme y o ! o / )
is compared. been first studied in [1], which optimizes the spatial traitsm

: , : . recoding for achieving various R-E trade-offs for a pair
Index Terms—Simultaneous wireless information and power P 9 9 P

transfer (SWIPT), energy harvesting, energy beamforming,in- of 1D and.EH receivgrs that f”‘re either separated or c_o-
terference channel, interference alignment. located. It is worth noting that in [1] the rank-one transmit

precoding (namely, energy beamforming) was shown to be
optimal if only the efficiency of WET is maximized under
a sum-power constraint at the multi-antenna transmittee T
SIMULTANEOUS wireless information and power transfemwork in [1] has been extended to multiple-input single-aitp
(SWIPT), as an emerging technology by which mobil@VMISO) SWIPT systems with more than two single-antenna
devices are enabled with both wireless information and ereceivers in [9] with TS receivers and in [10] with PS recesve
ergy access at the same time, has recently drawn significeagpectively. Moreover, SWIPT based broadcast systenms hav
interests. However, the new consideration of dual wirelebgsen further investigated in multiuser orthogonal freqyen
information transmission (WIT) and wireless energy transhvision multiplexing (OFDM) channels [11]-[13], and also
mission (WET) imposes various new challenges on wirelefy secrecy beamforming design problems [14], [15].
system design (see, e.g., [1]-[18]). Among others, onialit Besides the point-to-point and point-to-multipoint (i.e.
broadcast channel) setups, the study on SWIPT for the more
The authors are with the Department of Electrical and Costphgineer- general multipoint-to-multipoint systems has been rdgent
ing, National University of Singapore, Singapore (emds:.lee, liuliang, . . . . .
elezhang@nus.edu.sg). R. Zhang is also with the Institute for Infooo Pursued in [16]-[18], in Wh'(?h multiple transmlttgrs send
Research, A*STAR, Singapore. independent messages to their corresponding receivatstan
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designed energy signals are perfectly known at all the vec®i

’(J'\ ~~~~~~~~~~~~ W) 1D mode and thus they can be practically canceled at each receiier pr
T N erterence ™1 to decoding the desired information signal. For the purmdse
Y So T o illustration, an example of a three-user SWIPT system with
.é‘\: _____ {/\\\\ ~ ' [Dmode proposed collaborative WET is depicted in Fig. 1, where a
Network v En:rgv\ﬂ'ow‘\\\\ e network coordinator is assumed to collect the informatiomf
coordinator \@___E'ef"_bef"i"_m_w_\\_ ® o all the transmitters required for the joint design of traittars’
™3 Re3 signal splitting and energy beamforming, and then send the

designed parameters to individual transmitters for theal-r
time transmission. It is worth pointing out that the signal
splitting concept has also been introduced in other SWIPT
systems, but for different purposes; for example, in [14] an
the same time broadcast power wirelessly to all the receive 5, the transmit signal is split into information and eger
From the perspective of WIT, the system can be modeled as Hignals, where the latter carries artificial noise for petitey

classic interference channel (IC), while it also can beme@ the information sent from being eavesdropped by the energy
as a MIMO WET system with distributed transmitter angleceivers.

receiver nodes. Specifically, in [16] and [17], the authaeeh
studied various transmit beamforming schemes in MISO-IC
based SWIPT SyStemS with TS and PS I’eceivel’s, respectively. First' we consider the Specia| case of a two-user SWIPT
Furthermore, in [18], a two-user SWIPT system under the system to obtain insight as well as optimal design. In
MIMO-IC setup with TS receivers has been investigated, this case, similar to [18], we assume that the SWIPT
where the two receivers are assumed to switch among the system operates by switching among the four modes of
following four possible operation modes: modEH, EH), (EH, EH), (ID, EH), (EH, ID), and(ID, ID). However, dif-
where both receivers harvest energy, méide EH) (or mode ferent from [18], due to the newly proposed transmit co-
(EH, |D)), where one receiver decodes information (from its operation with energy beamforming and Signa| Sp||tt|ng'
intended transmitter) and the other receiver harvestsggner  new analysis is given to characterize the achievable R-E
or mode (ID, ID), where both receivers decode information performance. Specifically, for mod&H, EH), we show
from their Corresponding tl’ansmitters. For eaCh Of the abOV that energy beamforming with one Sing'e energy beam is
four operation modes, the achievable R-E trade-offs haee be  optimal for maximizing the WET efficiency under per-
analyzed in [18], especially for the high signal-to-noiséia transmitter power constraints, and also derive the closed-
(SNR) regime by assuming independent (non-collaborative) form expression for the optimal energy beamforming
WET of the two transmitters. weights. We then apply the energy beamforming design
Although the SWIPT system under the general multipoint-  jointly with signal splitting to optimize the R-E trade-
to-multipoint setup is practically modeled as MIMO-IC for  off for mode (ID, EH) or (EH, ID). The results obtained
WIT due to the lack of joint processing and message sharing are applied to SWIPT over block-fading channels, under
over the transmitters, from the perspective of WET, we can which the optimal mode switching rule at the receivers
further improve the energy transfer efficiency of MIMO WET  and the corresponding transmit signal optimization are

Fig. 1. A three-user SWIPT system with collaborative WET.

The main results of this paper are summarized as follows:

by jointly optimizing the energy signal waveforms at diffat

transmitters based on the MIMO channels to the receivers,

thus achieving arenergy beamforming gain [1]. However,
different from [1] where the transmit antennas are all egep
at one single transmitter and thus practically subject tora-s

solved. We also compare the R-E performance of our
proposed scheme with collaborative energy beamforming
and signal splitting against two existing schemes in the
literature with partial transmit collaboration [18] or no

transmit collaboration [3]. We show that our new scheme

power budget, the energy beamforming design here needs to achieves substantially enlarged R-E regions as compared
consider a set of individual power constraints for distiéal to these two baseline schemes.

transmitters. It is worth pointing out that the energy signa . Next, we study the generdl’-user SWIPT system with

at distributed transmitters can be designed offline andedtor K > 2. Due to the prohibitive complexity of exhaustively
for real-time transmission (as will be shown later in this  searching for the optimal operation modes for all users
paper), which is in sharp contrast to information signals as well as the associated signal splitting and precoding
that are independent and randomly distributed over diffiere designs for collaborative WET wheR becomes large,
transmitters and as a result their real-time joint processs we propose a suboptimal scheme of lower complexity.
more difficult to be implemented than collaborative energy  This scheme, calleghairwise cooperation, is based on
beamforming. Furthermore, in this paper we introduce a new users’ pairwise collaboration, where we divide the
signal splitting scheme for distributed transmitters, where each  users intoK'/2 groups (assumingds is an even integer)
transmit signal is in general composed of an energy signal with each group consisting of two transmitter-receiver
component and an information signal component, in order to pairs. Then over different paired groups, we apply the
facilitate collaborative WET (to other receivers in EH mpde collaboration schemes obtained for the two-user case.
via energy beamforming concurrently with WIT (to its in- Furthermore, to obtain a performance benchmark, we
tended receiver in ID mode). Itis also assumed that the efflin present a new scheme based on joint collaboration of



all the transmitters, which is inspired by a recently introtransmit power, i.e.E,[|zx(1n)]?] < Pmax, Yk € K, where
duced transmission technique for thé&user IC, called P,.x denotes the maximum power budget at all Txs.
ergodic interference alignment [19]. In this scheme, all  In order to enable collaborative WET along with WIT,
the transmitters/receivers switch their operation mod@s this paper we employ a newgnal splitting scheme, by
between ID and EH synchronously, where in ID modeavhich the transmit signal at each Tx in general consists
the transmitters employ ergodic interference alignmest an information signal component and an energy signal
for collaborative WIT while in EH mode, they employcomponent, i.e.,
energy beamforming (with more than one energy beams
in general) for collaborative WET. rp(n) = zi(n) +2F(n), k€ K,
The rest of this paper is organized as follows. Section Il
introduces the system model of tie-user SWIPT system where x/(n) and z{ (n) denote the information signal and
and our proposed signal de3|gn._ Section Il characterizegergy signal at Txk, respectively. It is assumed that the
the optimal R-E trade-off over fading channels for the twdnformation signalzf(n) is an independent and identically
user case, as compared to two existing schemes. Sectiondi¥tributed (i.i.d.) CSCG random variable with zero-mead a
considers the multiuser SWIPT system. Section V provideariance (powerp!, denoted byzi (n) ~ CA(0, pl), k € K.
simulation results. Finally, Section VI concludes the pape Furthermore, for the energy signaf’ (n), since it does not
Notation: Scalars are denoted by lower-case letters, vect@gry any information, it can be designed as a zero-mean
by bold-face lower-case letters, and matrices by bold-fapgeudo-random signal with arbitrary distribution, preddhat
upper-case IettgrsI and 0 denotg an |dent|_ty matrix and its power spectral density satisfies certain regulationsadio
an all-zero matrix, respectlvely, with approprlateldlmens. signal radiation for the operating band of interest. In ff@per,
For a square matrixS, Tr(S), Rank(S), and S™" denote we assume that}(n) is also a CSCG random signal, i.e.,
its trace, rank, and inverse (8§ is full-rank), respectively; xkE(n) ~ c/\/‘(o,pkE), k € IC, with PkE denoting its average
S = 0 (S = 0) means thatS is positive (negative) semi- power. Note that given the peak-power constraift,, we
definite. Diag(a) denotes a diagonal matrix with the mairavep! + pP < Pp.x, Vk € K.
diagonal given by vectos. For a matrixM of arbitrary size,  For convenience, we define the transmit covariance ma-
M*" and M" denote the conjugate transpose and transpgsg for the energy signals from all Txs as Sp =
of M, respectively; andM | ; denotes thék,[) element of [p(n)z (n)], wherezp(n) = [28(n), ..., oE (n)]T In
. . . . . n E ] FE 1 gy g .
M. E[] denotes the statistical expectation. The distributiqf} 5 ctice, S 1; conveys all the required parameters (i.e., power
of a circularly symmetric complex Gaussian (CSCG) randoffjjocations and beamforming weights) for the design of col-
vector with meanz and covariance matri¥ is denoted by |5porative WET by all Txs. LeRank(Sg) = dp, with 1 <

CN(z,%), and~ stands for “distributed as"C**¥ denotes ; ¢ and the eigenvalue decomposition®f be denoted
the space of xy complex matrices|z|| denotes the Euclidean by Sp = VEVH whereV e CExd2, VAV — [ is the

norm of a complex vectot, while |z| andz* are the absolute precoding matrix, an& = Diag(q: ga,) With g1 da
. H 90t E 90t E
value and the complex conjugate of a complex nuMBer yenoting the positive eigenvalues 8f;. Then we can ex-
respectively. press the energy signal vectatz(n) = Y207, /Givis? (n),
Il SYSTEM MODEL where v; is a beamforrglng vectgr, which is drawn from
. . V = [v1,...,v4,], and sy°(n), ...,s7 (n) are iid. pseudo-
_We consider aK-user SWIPT system consisting ot ohqom variables with? (n) ~ CA(0, 1), i = 1, .., d. Note
single-antenna transmitter-receiver (Tx-Rx) pairs, deddy o+ for the special case af; = 1, one single energy beam

the setC = {1,2,.., K}. It is assumed that aI-I Txs sharég ;sed and all Txs transmit the same pre-determined energy
the same band for WIT and WET over flat-fading C_ha””el§ignals‘1‘3(n) with different weights drawn fromy/grv;. From

For WIT, the system can be modeled by theuser single- 5 o ctical consideration, it is desirable to have sniglidue
input single-output (SISO) IC, since we do not considgy, ihe following two reasons. First, it is practically sesisito
joint information processing at different Txs. The basebangjce the number of energy signals stored at each Tx which
complex channel coefficient from Tito Rx k (k! € K) IS is equal tody. Second, as will be shown later in this paper,
denoted byh“', It is assum(?d thahkls, are aII_known at t.he the pre-designed energy signals should be canceled at each R
network coordinator (see Fig. 1), which provides the tratsmy o 15 |p to improve the WIT rate, which requires that each

design for all Txs. F_or convenience, we define the chann cancels up talz number of interference signals due to
from all Txs to Rxk in a vectorhy = [hi1, ..., hik], k € K. WET: thus, it is desirable to keefy; small.

The discrete-time signal received at Rxs then given by In this paper, we adopt the TS scheme at each Rx. For

yr(n) = hpx(n) + zx(n), k € K, convenience, we define an indicator function to denote the

where n denotes the symbol index;x(n) working mode of Rxk as follows:

T is the transmit signal vector with . .
[w1(n), o, 2 ()] 9 { 1, ID mode is active at R¥;,
Pk

0, EH mode is active at RX.

zx(n) denoting the transmitted signal from Tk; and
zx(n) is the additive noise at Rx. It is assumed that
zp(n) ~ CN(0,0%), Vk € K. We consider the practicpeak-
power constraint at each Tx, which limits the instantaneous Using (1), for WET, the harvested power at Rxlue to the

1)



information/energy signals from all Txs can be expressed a&. Problem Formulation

In this paper, we consider two performance metrics for the
Qr = C(1 = pr)En[lhya(n)]?] SWIPT system, which are the average sum-capacity for WIT
- i and the average harvested power of individual Rxs for WET.
=L =p) [ D |hul*pl +hiSphi’ |, k€K, (2) For convenience, we defing,(v) = (p!(v),pl(v)) as the
lex power allocation vector to the information signals for thet
Txs at fading state. It is worth noting that at one particular

where the constant < ¢ < 1 represents the efficiency in_ . : .
harvesting and storing received energy. For notationalityre fading statev, the harvested power and achievable rate given
: in (2) and (3), respectively, are functions p{v), p;(v),

we assume& = 1 in the sequel, unless otherwise stated. Not& . .
that since the background noise poweéris practically much ?Onrd/o:;g (;])e ;ﬁlgh%ra(:tfgglzrtnhi op:_rr:l?l E—Itflnt]r.a.dne—off, we
smaller as compared to the average received signal powe|mu and S wing p y jointly optimizing(v),

from the viewpoint of WET, here we have ignored it in thé)f(y)' ().

expression of harvested power. On the other hand, for WIT(P1) : Maximize E, [R1(v) + Ra(v)] (4)
it is assumed that the interference at Rxlue to the energy {Pw).p,().Se)}

signals, i.e.,zf(n), | € K, can be first perfectly canceled subject to  E, [Qx(¥)] > Qk, k=1,2 (5)
by Rx k, since the energy signals are pre-designed pseudo- p(v) € M, Vv (6)

random signals which can be stored at all Rxs for interfezenc g 7y
cancellation. However, the interference due to the infdiona {p/(v), Sp()} € F, W,

signals from other Txs, i.es/ (n), | € K, I # k, remains and where F is the feasible set fofp;(v), Sg(v)}, defined as
is assumed to be additional noise at eachiRfor a practical

— . I
receiver implementation. Therefore, for WIT, the achidgab” = {pr(v), Sp(v): Sp(v) = 0,p(v) >0,
rate at Rxk can be expressed as [SEW)lki =1k (v) = 0,pL(v) + i (V) < Prax. k = 1,2},
)
2.1 _
Ry = prlogy [ 1+ [Pk p§ - S|, kek. (3 and @)y, is the average harvested power requirement for Rx
Zlelc,l;ék \hi|?py + o k. By solving problem (P1), the network coordinator obtains

the optimal operation modes(v) for the two users as well
In the following two sections, we first investigate the trangs the corresponding optimal transmit power allocapg(v)
mit collaboration designs and the achievable R-E perfom®anand energy beamforming matrz(v) at the two Txs at each
for the special case of a two-user SWIPT system over fadifgting state.. We refer to this cooperation scheme for SWIPT
channels, and then address the gen&ralser SWIPT system asfull cooperation (FC).
with K > 2. It is worth noting that problem (P1) is in general non-
convex, since the objective function is non-concave over
p;(v), and furthermore the constraints in (5) and (6) are
[Il. COLLABORATIVE TRANSMISSION FORSWIPT: in general non-convex due to the binary variables for mode
Two-USERCASE switching. However, under the assumption that the fading
) ] channel distribution is continuous over, it can be shown
~ In this section, we focus on the two-user SWIPT systen,; strong duality still approximately holds for (P1), airthis
e, K = 2, over flat-fading channels. For the purpose qfoplem satisfies the so-calléidne-sharing condition [20]. As
exposition, in the sequel we use indexo indicate channel 4 result, we can apply the Lagrange duality method to solve

fading state, e.g.hy; () denotes the channel from Tito (P1) optimally, for which the detail is given next.
Rx k at fading statev. We assume the block fading model

such that the channély,(v), k,I € K, remains constant ) .

during each block for a given fading state but can vary B. Optimal Solution

from block to block asv changes. Furthermore, we define In this subsection, we study the optimal solution of problem

p(v) = (p1(v), p2(v)) as the working modes of the two user€P1) with the FC scheme. First, the Lagrangian of (P1) is

at fading state’, and denote the set of all four possible modtormulated as

combinations asM = {p(v) : pr(v) € {0,1},k = 1,2}. FC -

Specifically, the four m({)d((es a(EHEE)H) V\;th p}(u) _ (o,o%, £ pWw).pr(v), Sev), p, piz2) = By [Falv) + Ro(v)] +

(ID, EH) with p(v) = (1,0), (EH, ID) with p(v) = (0,1), and ~ #1 (B [@1()] = Q1) + p2 (Ev [Q2(¥)] = Q2) ,

(ID,1D) with p(v) = (1,1), at fading state/, similar to those \here i, 41, > 0 are the dual variables associated with the

considered in [18]. constraints in (5) fok = 1,2, respectively. Then, the Lagrange
In the rest of this section, we first formulate the desigdual function of (P1) is given by

problem for characterizing the optimal R-E trade-off of the

two-user system, by jointly optimizing the Rxs’ mode switch 9 (ks p2) =

ing rule and Txs’ collaborative signal design. Next, we deri max

the optimal solution to this problem. Finally, we introdue® ~ PMEM AP, (1).Se)teF

suboptimal schemes based on the existing results in [3], [18 (8)

LFC(p(V)apI(V)a Spv), p1, p2).



The resulting dual problem of (P1) is thus given as follows. Proof: See Appendix A. |
From (14), it is observed that the two Txs should both

transmit with maximum powepP, .., and furthermore the opti-

subject to g > 0, p2 > 0. mal transmit covariance can be expresse® as= Pnavv!!

o _ _ . wherev = [1,1/a]T is the beamforming vector, since we have
The maximization problem in (8) is for obtaining the dual - _ 1/a and|a| = 1. In other wordsS 1 is of rank-one, i.e.

function, which can be_ efficiently solved by considering & SBnly one single energy beam is used for collaborative energy

of subproblems all having the same structure and each for Pmforming at the two Txs. As a result, Txand Tx2 only

particglar fading state. F_or one particular fading state the .o4 to store one common pseudo-random energy signal and

associated subproblem is expressed as the network coordinator only needs to send the phase of
max f,,FC(p,pI,SE), (9) (a real scalar betweed and 27) to Tx 2 to implement the

peM AP, SeteF optimal collaborative energy beamforming.
2) Mode (ID,EH) or (EH,ID): Next, consider the case

of p = (1,0), where similar results can be obtained for the

case ofp = (0,1) and thus are omitted. For mod#D, EH)

(P, 1, SE) = Ri+ Ry + 111Q1 + p12Qo. (10) with p = (1,0), according to (2) and (3), we havg; = 0

Note that the fading state index has been omitted in and R, = 0. Note that for this case, it easily follows that
pl = 0, since Tx2 does not transmit information. As a result,

the above formulation for brevity. Problem (8) can thus b ] b |2p!
solved by solving parallel problems in (9) for differentiiag according to (2) and (3), we have, = log, (1 + lcly—gpl)
states, givenu; and po. It is then observed that problemandQ, = |ho|?p! + hoShi . Then problem (9) in this case
(9) for each fading stater can be solved by first finding can be expressed as

the optimal solution, denoted by, and Sy, to maximize

(D1) : Maximize ¢"(u1, p2)
M1, p2

where by discarding some irrelevant constant termgfin(-),
we have

2.1
fF<(p,p;, S) in (10) with each giverp € M, and then by (P1.2): Maximize log, <1+ 'h“'j“) +
comparing the resulting values 6§ (p, p;, Sg) overp € M {r],S5} o3
to obtain the optimal solution fop, denoted byp*, i.e., ot 120!+ hoSmhiT 15
p* = argmaxpenr fF<(p. ;. Sp). Finally, with the obtained - (1| al'p] +haSphy')  (19)
p*, the corresponding optimal solution fgr, and S of subject to {p;, Sk} € F.

problem (9) can be found, denoted py andS7,, respectively.
In the following, we solve problem (9) for different modes o
pEM.

1) Mode (EH, EH): Consider first the case g = (0,0).
According to (3), we have?; = R, = 0. Note that for this
case, we can easily hayé = p = 0, since the two Txs do not
send information. It thus follows from (2) tht; = hl,S’Ehf
and Q. = hQSEhf. It can then be shown that problem (9)2
in this case is equivalent to the following problem.

]:I'o solve (P1.2), first it can be shown thaft + p° = Prax
and p¥’ = Pn.x should hold for (P1.2), where from (7) we
have p? = [Sglkk, k = 1,2. In other words, the two Txs
should both transmit with maximum powét,,.., since the
energy signals from both Txs can be canceled atlRand
thus it is desirable for the two Txs to transmit their maximum
ower. Withp¥ = P — pl andpy = Pnax at hand, it can
e shown that (P1.2) is a special case of (P1.1) with= 0.
With ©y = 0 in Proposition 3.1, the optimab g for (P1.2)
(P1.1) : Maxémize pihiSehi 4+ shaSphE (11)  can be expressed @&y = uu®, where

E

: hi hoe 17
subject to Tr(11Sk) < Prnax (12) u= {\/Pmax—p{,m |hi1 hzzd . (16)
21

<
Tr(I2SE) < Prax (13)

Sg >0, To determine the optimad!, i.e.,p!, we substituteS r = uu?
into (15), and then (P1.2) reduces to the following problem.

whereI; and I, are defined as

10 0 0 Maximize y(pi) (17)
Li=1y o) L2=]¢ 1| i

It can be shown that (P1.1) is a semidefinite program (SDP)

and thus can be solved efficiently via existing software,, e.gvhere from (15)y(p!) is defined as

CVX [21]. However, in the following proposition we present Iy 2!

a closed-form solution to (P1.1) to provide further insight  y(p1) = log, (1 + 1;721)1) +
Proposition 3.1: The optimal solution to (P1.1), denoted by !

S, is given by

subject to 0 < pl < Prax,

M2 <|h21|2pmax + |h22|2Pmax + 2|h§1h22| (Pmax - p{)Pmax) .

SE'—Pmax|: iV:|’ (14)

Q= =

It can be shown thag(p!) is a concave function op! for
CH~  |~H=~ CH~ | ~H~ L 0 < p! < Pn.x; hence, the optimal solution to problem (17)
wherea = h, hy/ ‘h1 h2‘ = ‘hl h2‘ /hy by, With by, = can pe efficiently obtained by e.g., Newton's method [22].
(VBT hk, /izhar) T, k=1,2. Thus, Sz is obtained.



Since Sy is of rank-one in this case, similar to the case dhe power allocation (i.ep;(v) = (p!(v), pi(v))) and the Rx
mode(EH, EH), only one energy beam is needed for collab@peration modes (i.ep(v) = (p1(v), p2(v))) at each fading
rative energy beamforming at the two Txs. It is worth notingtatev. From (2), the harvested power at Rxat fading state
that in this case, according to (16), the network coordinato is thus given by
needs to send the optimal power allocation for the transnhitt 5 5
information signal to Tx1, i,e., p by solving problem (17), ~ @x(¥) = (1 = pr () (1har (V)" (V) +| i, (V) "p3 (),
and the phase of},hs2 to TX 2 to implement collaborative k=1,2, (29)
energy beamforming for WET to RX. _ )

3) Mode (ID, ID): Finally, consider the case gf = (1,1). Wherek := {1,2}\{k}. Next, from (3), the achievable rate at
According to (2), we have&); = Q. = 0. Note that in this RX & at fading state’ is given by
case we can easily hae = p¥ = 0, and thusSp =
0, since the two Txs do not transmit energy signals. It thus |hier (V) g (v)
follows from (3) thatR; = log, (1 + “II’”#) andR, = Ri(v) = pr(v)log, <1 + Fone ) PPL) + U]%) , k=12

I 2
12]?pytof

log, (1 + m!‘fﬁ%) and hence problem (9) reduces to (20)
b ) Since we havey? = p¥ = 0 in this schemeSr = 0 and
(P1.3): Maximize log, (1 4 | ;1|Ip1 2) thus (7) is simplified as
D, |h12|?p3 + o7 I
s (1 P = i) 0 < 40) < Pk =1.2)
° |ha1|?p] + 03 It then follows that problem (P1) is reduced to the following
subject to 0 < pi < Pray, k=1,2. problem in the case of partial cooperation (PC).
(P1.3) is a non-convex problem. However, it has (p2): Maximize E,[Ri(v)+ Ra(v)]
been shown in [23] that on-off power control is {p(),P;(»)}
optimal for this problem. Specifically, by defining subject to E, [Qr(v)] > Qr, k=1,2 (22)
P* — {(0, Prmax), (Pmax, 0), (ﬁmax,_ngx)}, then the optimal p(v) € M, Vv
solution to (P1.3), denoted by, is given by

p;(v) € P, V.
— loe. (1 |7 |*p]
P = argplflgg* ogy | 1+ |12 ?pd + o2 Similar to (P1), problem (P2) can be decoupled into parallel
oo |2p] ) subproblems each for one fading statand expressed as (by

2

log, (1 + m (18) omitting the fading state)
It is worth noting that, as can be observed from (18), the max _ f7(p,p;), (22)
network coordinator only needs to send an on/off (binary) pEMPLEP
signal to each Tx in this case, according to the optimal powahere
solution for (18). bc
To summarize, with a given pair of; and ju,, prob- fo-(p.pr) = R+ Ro + 1 Q1 + p12Qo, (23)

lem (9) has been efficiently solved for different operat|0\r,1vith u1, p2 > 0 denoting the dual variables associated with the

modes ofp € M. Then, problem (9) is solved for eaChconstraints in (21) fok = 1, 2, respectively. Problem (22) can

fading statev, by finding the modep that maximizes : . . .
F*(p, Py, Sx) defined in (10). Then, the sub-gradient base%l‘en be solved by first finding the optimal solution, denoted

_ 2 PC . o
method such as ellipsoid method [22] can be applied aalnéjir’];?]astergsé(r:?ﬂzfﬁ;’i ngg;(%z'gﬁg’z W'Eh)g(l)\\//i?peﬁ’
iteratively search for the optimal dual solution, defined b "9 v \PPr peM

. imilar to problem (9), (P2) is then solved by searching the
wy and pz, for problem (D1). The sub-gradient for updating_ . . L R
(i1, 12) can be shown to beE, [Q1 (p* (v), p (1), S5 (1))] — %ptlmal dual solutiorn(x:3, p3) based on the ellipsoid method.

Q1. Eo[Q2(p* (1), p(v), S (1)) — Qs). Thus, (P1) is solved Therefore, in the following we focus on solving (22) with

completely. givenp € M.
» Mode (EH, EH): In this case,p = (0,0). According to
C. Suboptimal Schemes (19) and (20), problem (22) in this case is expressed as
In this subsection, we introduce two suboptimal solutions (P2.1) : Maximize p1(|h11]?p! + |hial?pd)+
to problem (P1) based on existing schemes in [18] and [3], P,
namelypartial cooperation and no cooperation, respectively, pa(|ha1|?pl + |hoz)?pl)
for comparison with our proposed FC scheme. subject to p; € P.

1) Partial Cooperation: In this scheme, there is no signal
splitting applied at each Tx and the transmitted signal ahea It can be observed that the optimal solution of (P2.1) is
Tx is only information signal, i.e.z(n) = xé(n), k=12 given by p; = (Pmax, Pmax)-
As a result, collaborative energy beamforming cannot be ap-e Mode (ID, EH): In this casep = (1,0). Similar analysis
plied, where the two Txs cooperate by only jointly determgni can be made for modé&H, ID) with p = (0, 1), and thus



is omitted. According to (19) and (20), problem (22) irexpressed as (by omitting the fading staje

this case is expressed as
P max fN(p1, pa), (28)
|h11|2p1 p1,p2€{0,1}
P2.2) : Maximize lo 1+ 71> + here
(P22) P, 82 ( |hio|?pg + of " NC
pa(|ha1|*p] + [haa|*ph) (24) fvT(prs p2) = Bu+ Ba + nQr + 2@, (29)
subject to p; € P. with p1, e > 0 denoting the dual variables associated with the

o _ constraints in (27) fok = 1, 2, respectively. Note that problem
Note that the obje;:tlve fulnctlon of the above pro_blem i®8) can be solved by separately optimizinge {0,1} and
non-concave ovep; andp;; thus, problem (P2.2) is not ,, < {0,1} by Rx 1 and Rx2, respectively. According to (25)

convex. However, this problem can be efficiently solvegihd (26), the optimal solution to problem (28) is given by [3]
as follows. First, it can be observed that (24) monoton-

2
ically increases withp!; thus, we obtairp! = Pnax for 1, if log, <1 + |h’;k| Prmax 2>
problem (P2.2). Next, witlp! = P,.x, it can be shown * 1Pz |? Prax + 0,
that (24) is a convex function ovelr < pi < Pra; Pi i (|kk? + Pgi|?) Prax,
thus, the optimal solution of?, i.e., pi, is either0 or 0,  otherwise

ﬁmatxr;efrg:] (:\r/hll‘ﬁrr]lc\:ilc?n Sl/rglpul Z zilta(ZtA,)t heToonSeur:]ens;:Irtilzngor k = 1,2. Finally, (P3) can be solved by finding the optimal
arg ) R dual solution(u3, 113), which can be determined by Rxand
t,he optimal solution to problem (P2.2) is in the SetI32x2 respectively, by a simple bisection search.
fnloﬁe{ggmiﬁg)-)’éiﬁgff’ I(D:rgagii}der the case ¢f = (1,1) Note that in this scheme, since there is no Tx-side cooper-
* e Y, L .7 ation, the network coordinator is not needed, which reduces

According to (19) and (20), it can be shown that proble :
(22) in this case reduces to (P1.3), for which the sar%ﬁ gzztirgrt?;rzglg;gazzncompared to the other two cases of

on/off solution given in (18) applies.

Based on the above results, it can be inferred that in this V. COLLABORATIVE TRANSMISSION FORSWIPT:
case, for each mode, the network coordinator only needs to K-UsSerRCASE

send an on/off control signal to each of the two Txs since if | this section, we study the genedgtuser SWIPT system
any of them is switched on, it should transmit with maximuryith x ~ 2. Similar to problem (P1), we can formulate the
POWET Prax. problem to maximize the average sum-capacity subject to the
2) No Cooperation: For another benchmark scheme, w@yerage harvested power constraint for each Rx. However, to
consider the case when there is no cooperation at the two TX$eid the high complexity of exhaustively searching for dipe
and as a result the Rxs perform mode switching independenfial operation modes for all users as well as the correspond
based on their own observed CSlI, thus referred ton@s ing signal splitting and precoding matrix for collaborativ
COOperation (NC) It is worth nOting that under this Setup, th%nergy beamforming (as in Section |||-B) whéti becomes
operation of each Tx-Rx link is equivalent to the point-ift  |arge, we propose a suboptimal scheme with lower complexity
SWIPT system subject to time-varying co-channel interfeee This scheme is referred to asirwise cooperation, where we
which is studied in [3] In this case, we assume that ea@i‘/ide theK users |ntd{/2 groups (assuming is even)' and
Tx sends the information signal only to its corresponding Ren apply the collaboration schemes obtained for the tses-u
with the maximum powerPr., over all the fading states, case to the different groups. Furthermore, for a perforrmanc
i.e., xx(n) = z3(n), k = 1,2, wherexj (n) ~ CN'(0, Pmax).  benchmark, we present a baseline scheme that is named as
According to (2) and (3), the harvested power and achievalignt cooperation, where all the users operate in either ID
rate at fading state for Rx k are expressed as mode or EH mode synchronously at each fading state, which
is inspired by the principle of ergodic interference aligam
Qk() = (1= () (e () + [hae(@)I*) Prmaxs k= 1,2, introduced in [19]. Note that for each scheme, the network
(25) coordinator is needed to coordinate the transmissiornsof

Bk () |2 P
Ry, (v) = pr(v)log, (1+ o ()" Pina ),k:1,2. users.

e (V)2 Prax + 0
. (26)_ A. Pairwise Cooperation
It then follows that problem (P1) is reduced to the following

problem with Rx mode switching variables only:

First, we consider the pairwise cooperation based on the
transmit cooperation schemes proposed in Section Il fer th

(P3): Maximize E, [Ri(v)+ Ra(v)] two-user SWIPT system. For this scheme, we first divide the
{p1(V),p2(v)} - K Tx-Rx pairs intoK /2 groups with each group consisting of
subject to E, [Qr(V)] > Qk, k=1,2 (27) two Tx-Rx pairs, and then apply the FC scheme in Section I

pe(v) € {0,1}, Vv, k =1,2. to each group

- 1For the case whei is odd, we can groug< — 1 users with the proposed
Similar to (P1) and (P2), problem (P3) can be decoupl%ﬂ)uping scheme, where the remaining Tx-Rx link needs tdoper mode

into subproblems each for one particular fading state aselitching independently without user pairing.



We first address the key issue on how to group the usefstheoretical investigation, each Tk achieves the average
given channel conditions to guarantee good performancerafe 1E, [log,(1 + 2|hik(v)|* Pmax/0})], k € K, for WIT
the collaborative WIT and WET design. Although we camith maximum transmit powel’,.x. It should be pointed
exhaustively search over th€(K — 1)/2 possible grouping out that perfect E-IA is difficult to achieve in practice due
cases to obtain the one that leads to the best R-E performancehe required infinitely long transmission delay to achkiev
it should be noted that the complexity of such an exhaustibalf of the interference-free capacity; thus, we considher t
search is very high, i.eQ(K?) as K becomes large. Thus,scheme based on E-IA as a baseline scheme against which
a more efficient and practical grouping algorithm is needethe performance of the proposed pairwise cooperation sehem
However, intuitively there may be no straightforward siwot is compared.
to this problem, due to the conflicting goals between WIT Our proposed joint cooperation for th&-user SWIPT
versus WET. Specifically, for WIT, it is desirable to groug thsystem based on the E-IA is then described as follows. At
users to be far apart, in order to minimize the interfereneach fading state, we assume that all users operate in either
of both the intra-group and inter-group users; however, ftb mode or EH mode. If ID mode is selected, as for E-IA, all
WET, strong interference between the intra-group users Tigs send independent information to their corresponding Rx
advantageous to achieve higher collaborative energy beamd will also send the same signals when the complementary
forming gains. In order to strike a balance between WIT arfdding statevc occurs in future. On the other hand, if EH
WET, we propose a simple grouping algorithm that generaliode is selected, all Txs cooperatively send energy signals
results in weak inter-group interference (for WIT), bubosty to all Rxs via energy beamforming. At each fading state
intra-group interference (for collaborative WET). The maisimilar to (1), we define an indicator function as
advantages of our proposed grouping algorithm is twofold. . .
First, for collaborative WET, if the intra-group interferee A (1) 1, 1D mode '? actl\_/e
is strong, we can maximally exploit the collaborative egerg 0, EH mode is active
beamforming gain within each group. Second, for efficieRinen for fading state, the achievable rate of Rk € K
WIT, itis also.expected the_lt the strong intra-group m@ﬁee based on the E-IA is given by
could be avoided to certain extent by the opportunistic mode )
switching from mode(ID, ID) to mode(ID, EH) (or (EH,ID)), gl — p|A(V)} log, <1 N 2|hkk(Vl| Prnax kek.
as well as the Tx-side power control in mo@®, ID). O

Our proposed grouping algorithm is implemented as fol- (30)
lows. F_irst, we obtain the user indices with the Iargestager On the other hand, similar to (2), the harvested power at Rx
cross-link channel power over all the users Ay i.e., set . at fading state is expressed as
{m.n} = argmaxg, p{E,[|hu(v)[*]}riex ke, and then A A o
group themth andnth Tx-Rx pairs to be the first group. Next, @i (¥) = (1 = p"(¥))hi(v)Se(v)hy; (v), k€ K. (31)
we remove the groupedith andnth pairs from the user set  gjmjjar to problem (P1), to characterize the resulting R-

K, and repeat the same user selection untiliallusers are ¢ performance of the above E-IA based joint cooperation

grouped (assuming is even). ﬁcheme, we formulate the following problem.
After the grouping, for simplicity, we assume that eac

group first ignores the inter-group interference to optemiz  (P4): Maximize Z E. [leA(l/)]

their collaborative transmit signal design based on the FC {P"),Se@)} gk
scheme, to avoid the complications due to the inter-group subject to E, [QP(v)] > Qk, ke K  (32)
interference. However, after the intra-group FC scheme is ) € {0,1}, W

designed, the actual achievable rate or harvested power for
each grouped user pairs is computed by taking into account Se(v) €S, W,
the inter-group interference for the sake of completeness. where§ = {Sg(v) : Sp(v) = 0, [SEW)|kk < Poax, k €
K} denotes the feasible set f& () subject to the peak
transmit power constraint at each Tx.
Similar to the two-user case, problem (P4) can be decoupled
Next, we provide an alternative transmit cooperation designto subproblems each for one fading state and expressed as
for the K-user SWIPT system based on teegodic inter- (by omitting the fading state)
ference alignment (E-1A) [19], as a benchmark scheme for

B. Joint Cooperation Based on Ergodic Interference Align-
ment

IA[ A
our proposed pairwise cooperation scheme. The main idea of IAG{OI??% S (", SE), (33)
E-IA is as follows. Given any fading state, we define its H ? s

complementary fading state v such thathy (v) = hy(ve) WNere

if k& = 1 andhy(v) = —hu(vo) if k # 1, k1 € K. PP Se) = R+ QP (34)

It was shown in [19] that we can obtain interference-free kek kek

transmission of thés links if all Txs send the same signals atvith px > 0, & € K, denoting the dual variable associated
fading stater as well as at the complementary fading stateith the harvested power constraint in (32). Problem (33) ca
vc that appears in future. Assuming ideal channel quantie solved by first obtaining the optim&lz, denoted byS,
zation and no transmission delay constraint for the purpoteat maximizesf/A(p'A, Sg) in (34) for a givenp"* € {0, 1},



and then finding'* € {0, 1} to maximizef)*(p'*, Sg). First, 02
if p” = 1, according to (30), it follows that witlSp =
Diag(PmaXa EEE) Pmax),

— 1 2| hisie|? Prax omar
f,le(plA = 17 SE) = Z 5 1Og2 (1 + % . (35) 016}
kek k

E1 (uw)
°
=

— Full cooperation

Next, if p"* = 0, according to (31), problem (33) is expressed = \* - - - Partal cooperation

___________ A No cooperation

as :
(P4.1) : Maximize Z ukhkSEth (36) 006 E
SE ke 0.04F ‘ ‘ : ‘ ‘ ‘ : :
Subj ect to ’I‘I‘(Ik SE) S Pmax’ k e IC 0.25 03 0.35 0.4 EZO(:JSVV) 05 0.55 0.6 0.65
SE' t 07

Fig. 2. Achievable E-E region in the AWGN channel for MogeH, EH).
where I, is defined such thatl],,, = 1 if n =m =k
and 0 otherwise. In fact, problem (P4.1) generalizes problem
(P1.1) to the case witlk > 2, which is also a SDP. Although
the closed-form solution of (P4.1) cannot be obtained with
K > 2 (unlike (P1.1) in the special case &f = 2), we can
apply existing software e.g., CVX [21] to solve this problem
efficiently.

¥
According to (35) and (36), the optimal mode to problem 2
(33) is obtained as B N T —— Full cooperation
\‘ - - - Partial cooperation
|h |2P i v l A No cooperation
. 1 2N 2 I
1, |f2510g2(1+7m“)> X
ke k il :
IAx _ & L H '
Z MkhkSEhk ) %3 0‘35 D‘,A 0‘45 o.‘s 0‘55 o‘.s 0.65
ke E, (uw)
0, otherwise

Fig. 3. Achievable R-E region in the AWGN channel for Mo@®, EH).
Thus, given any set of dual variablég;}, k € K, problem
(33) is efficiently solved. Finally, to find the optimal dualy Two-User SMPT System
solution {u;}, £ € K, similarly as in Section 1lI-B, the

ellipsoid method can be applied. Problem (P4) is thus solved I this subsection, we consider a two-user SWIPT system.

It is worth noting that unlike (P1.1) in the two-user case, 'St We show the performance gains for the two modes of
and (ID,EH) (or (EH,ID)) assuming an AWGN

in general the optimal solution to (P4.1) is not guaranteed EEH’ EH) \ _
be of rank one withk > 2, and thus more than one energy@nel by the proposed full cooperation (FC) scheme with
beams may need to be transmitted by fhexs for achieving Uansmit energy beamforming and signal splitting, as com-
the optimal WET, with which the comparison with pairwis@@red to the existing partial cooperation (PC) and no co-
cooperation (which adopts only a single energy-beam aball toPeration (NC) schemes. By solving problems (P1.1) and
Txs, as shown in Section I1) may not be fair. To compensatB 1-2) with different weights, we obtain the resulting eyer
this in some extent, the so-calledndomization techniques €N€rgy (E-E) region and R-E region for tfiEH, EH) mode
(see, e.g., [24] and references therein) can be employed®! (ID,EH) mode, respectively, shown in Figs. ,127$£d 3
generate good suboptimal rank-one solutions based on [RaPectively. The channels are set/as = 0.0307¢7%,

_ —72.6973 _ —351.4011 _
optimal solution of (P4.1) obtained without applying anpka /12 = 8_'2(_)3;}1%6 PP, hor = 0.0349e7 » and hyy =
constraint, for which the details are omitted for brevity. ~ 0-0258¢/~"""", assuming an averag# dB of signal power

attenuation for each pair of Tx and Rx. Notice that for the

case of NC, only one single E-E or R-E point for the two
V. SIMULATION RESULTS links is achieved (see poind and pointB in Figs. 2 and
. ) 3, respectively). For(EH, EH) mode or (ID,EH) mode, it
In this section, we evaluate the performance of the proposgsh pe observed from Fig. 2 or Fig. 3 that the achievable
cooperation .schemes for SWIPT by simulation. We set theg o R-E region by the proposed FC scheme remarkably
peak transmit power aBna, = 20 dBm or 0.1 watt (W), the  oytnherforms that with PC and NC, thanks to the collaborative
noise power asj = —50 dBm, and the Rx energy harvestinganergy heamforming and the optimal signal splitting at e t
efficiency as¢ = 0.7. In the following, we first show the Tyg
results for the two-user SWIPT system, and then present thanspired by the E-E and R-E performance gains in the
results for the generak-user SWIPT system. AWGN channel, next, we show the simulation results on the
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schemes, by solving problems (P1), (P2), and (P3) by settifg. 7. R-E region for a four-user SWIPT system.

different harvested power targefs and(@- for the two Rxs.

In the simulation, we independently generate a sufficiently Fig. 4(a), in which both direct-link and interferenceki

large number of fading states to approximate the continu
fading channel, and the theoretical expectation is obthine

H3ve the same average received signal power for the two Rxs,

sample average. For the simulation setup, it is assumedxhathile in the second case, referred to as CasBx 1 (Rx 2)

1 and Tx2 are located in two opposite corners irbax5m

is located closer to Tx (Tx 2) than Rx2 (Rx 1) as shown in

squared region, as shown in Fig. 4. Under this setup, the lirgig. 4(b), in which the direct-link power is stronger thare th
of-sight (LoS) signal plays the dominant role, and thus &ici jnterference-link power for each of the two links.

fading is used to model the channel, where for each fading
stater the complex channély; (v), k,1 € K, is defined as

—£
hi(v) = (\/MJ\_J‘_IQ—O— \/Ml—l—lgkl(u)> Co (:—Ij) , (37)

where g is the LoS deterministic component with|? = 1;

Under the above setup, the achievable R-E regions are
shown in Fig. 5. Note that we have s&; = Q; = Q

to plot the R-E regions. First, for both Casesand 2, it is
observed that the proposed FC achieves the best R-E trade-of
as compared to the existing PC and NC schemes. Next, as
observed from Fig. 5, the gain of FC is more substantial in

gr(v) is @ CSCG random variable with zero mean and urfasel than that in Cas& (due to stronger interference-link
variance denoting the short-term (Rayleigh) fadint/ is the Power). Finally, it is observed that the R-E performance for
Rician factor specifying the power ratio between the LoS arf@ich of the FC/PC/NC schemes is better in Cagean that in

fading components i (), which is set asVl = 3; ¢y =

Casel (due to stronger direct-link power). The above results

—20 dB is a constant attenuation due to the path-loss atPgovide useful insights on how these schemes could perform
reference distance, = 1m at a carrier frequency assumedn practical systems with different Tx and Rx locations.

as f. = 900MHz; ¢ = 3 is the path-loss exponent, amg;

is the distance between Tixand Rxk. For the purpose of g Multiuser SMPT System

exposition, we compare the following two cases with diffdére
Rx locations: In the first case, referred to as ChsBx 1 and
Rx 2 are both located at the center of the region as sho

2For the short-term fading, we assume a scattering envirohragth

moving scatters.

Next, we consider thé(-user SWIPT system witli’ > 2.

e assume thak’ = 4, and the channel model is similarly
defined as in (37). The Tx/Rx locations are shown in Fig. 6.
Note that the grouping cask in Fig. 6(a) is given by our
proposed grouping algorithm in Section IV-A, which results



11

in weaker inter-group interference but stronger intraugro where\;, A2 > 0 are the dual variables associated with the
interference as compared to the grouping casge Fig. 6(b). constraints in (12) and (13), respectively. The Lagranga du
Also note that the result on the E-IA based joint cooperatidHnction of (P1.1) is then given by

is based on suboptimal energy beamforming scheme with ai@, \2) = max £(Sg, A1, A2)

single energy beam, obtained by randomization technique in 5520

Section IV-B. First, as observed from Fig. 7, under thisipast _ [ +oc, if bt by + p2hs ho — A1 — XoI2 = 0,
lar setup, the E-IA based joint cooperation achieves bBHEr (A1 4 X2) Prax,  if pihi hy + pohi ho — M\ I — AoIs < 0.
trade-off than that of pairwise cooperation, thanks to tike' T (39)

joint collaborative energy beamforming and E-IA based Dofag 4 result, the dual problem of (P1.1) is given by
(degrees-of-freedom) optimal WIT under the high-SNR regim

considered here due to short-range communicatigext, itis ~ (D1.1) : Mininize (A1 4 A2) Prnax
observed that for the pairwise cooperation, the groupirsg ca T H "
1 in Fig. 6(a) by our proposed grouping algorithm performs subject to pihi hy + pohy he = Mly = Aol
better than the grouping cagein Fig. 6(b). In fact, it has =0. (40)
been verified by exhaustive search that under this setup thegolve (D1.1), we re-express (40) as

grouping case 1 is indeed optimal. ~ .
|hil]> =M hy ke

~H ~ ~
VI. CONCLUSIONS hy hy [[hal]* — A2

This paper has studied SWIPT under a multiuser intephere we have definetly, = [/l /izhar] ™, k = 1,2.

ference channel setup. A new transmit scheme is proposEfP™ the theory of Schur complement [22], the condition in
namely signal spliting, to facilitate collaborative temit (41) holds if and only if

=<0, (42)

energy beamforming. For the two-user case, we derive the |he|> = A\ <0,

optimal receiver mode switching rule and correspondingstra SHo

mit optimization to achieve various R-E trade-offs over-fad ||ﬁ2||2 Ay — |~h1 ho| <0. (42)
ing channels. By comparing the two existing schemes with [[Re]]2 = A1

partial/no transmit cooperation, we show by simulationt thg then follows from (42) that
there are notable R-E performance gains in SWIPT achieved H-

by the proposed full cooperation scheme. Finally, the ganer > |h) hs|?
case of multiuser SWIPT system is investigated and two 2= A — ||hy]?
cooperation schemes are proposed, which are users’ gg}uDiRdding A1 to both sides of (43) yields
based pairwise cooperation and ergodic interferencerakgm !
based joint cooperation, respectively. |ﬁfﬁ2|2

+ [|ha| . (43)

7 2
As for future work, it will be interesting to extend the retsul ALt Az > A — [|ha[? + A1+ [[ha|
to the MIMO multiuser SWIPT system with multiple antennas SH
at the transmitters and receivers, where spatial-domaén-in _ |hy hg| T A — ||,~l1||2 T ||ﬁ1||2 T ||ﬁ2||2
ference alignment can be jointly designed with collaboeati A1 — [|ha]]?
energy beamforming to optimize the R-E performance. ~H ~ ~ =~
& gloop P > 2lhy ha| + |2 + [ ha|?, (44)

where (44) comes from the inequality of arithmetic and
geometric means, and thus the equality in (44) holds if and

only if A, equals|fy ||>+|R, hs|. Hence, we conclude that the
Since problem (P1.1) is a SDP, it is convex. Furthermorg,.:: ; P iz L5 g

it can be easily checked that this problem satisfies the ﬂatGSptlm*al SO|EJtIO£] of S%lil) is given by = [[ha | + [y ho

condition. Thus, strong duality holds for (P1.1) and its Idu&nd X5 = ||hz2||* + | ha.

problem [22]. Similar to (P1), we can apply the Lagrange Next, based on the above result, we proceed to derive the

duality method to solve (P1.1). The Lagrangian of (P1.1) isptimal Sz. Since (P1.1) is convex, the optimal primal and

APPENDIXA
PROOF OFPROPOSITION3.1

formulated as dual solutions, denoted b$z and AT, A5, must satisfy the
L(SE, A, A2) = ph1 Seh! + pshaSphl — following complementary slackness conditions:
AM(Tr(I185) = Prax) = A2(Tr(1285) — Pinax) MN(Tr(ISE) — Prnax) =0, k= 1,2. (45)
_ H Hy _
= Tr((uhi by + piohs he = MIh = 2212)SE)+  gjnce it has been shown above thats are strictly positive,
(A1 + A2) Prnax, (38) it follows from (45) that
31t should be noted from [19] that E-IA requires symmetric ghalis- Tl"(IkSE) = Prax, k=1,2.

tribution (e.g., uniform distribution) of the channels toh&ve half of the i _ . .

interference-free rate as given in (30); however, the Righannel model Therefore, sinceS'r is Hermitian, it can be expressed as
considered here does not satisfy such requirement due tdeteeministic

LoS component. As a result, the rate obtained from this sitiar is not SE _ [ Prax € } ) (46)

achievable in general and thus only serves as a performamer bound. T* Prax



Moreover, it can be inferred from (38) and (39) that
(uihhy + pohi hy — M\ I — X\oI5)SE = 0. (47)

By solving the two linear equations from (47) wisz given
in (46), S can be obtained as

= 1 «
SE - Pmax |: 1 1 ] )
(e}
Wh, PR .
wherea = —5=2 = L——=". The proof is thus completed.
’h1h2 h, h,
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