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Abstract—In this paper, we investigate the resource allocation maximization of large scale multiple-antenna SWIPT system
algorithm design for full-duplex simultaneous wireless ifiorma-  In [9], multi-objective optimization (MOO) was applied to
tion and power transfer (FD-SWIPT) systems. The considered jointly optimize multiple system design objectives to faate
system comprises a FD radio ba;e station, multiple smglenqaenna secure SWIPT systems. Although SWIPT has been already
half-duplex (HD) users, and multiple energy harvesters eqipped - qiqered for various system setups, the power efficiefcy o

with multiple antennas. We propose a multi-objective optiniza- : -
tion framework to study the trade-off between uplink transmit SWIPT systems[[7]]9], has not been fully investigated and

power minimization, downlink transmit power minimization , and 1S Still unsatisfactory due to the traditional half-dupigD)
total harvested energy maximization. The considered optiiza- Operation.

tion framework takes into account heterogeneous quality of Recently, full-duplex (FD) communications has become a
service requirements for uplink and downlink communication ;a0 ontion for next generation wireless communication
and wireless power transfer. The non-convex multi-objectie tworks. | trast t fi | HD t L FD
optimization problem is transformed into an equivalent rank- networks. In contrast 1o conventional AL transmission,
constrained semidefinite program (SDP) and solved optimafl COMMunication allows devices to transmit and receive simul
by SDP relaxation. The solution of the proposed framework taneously on the same frequency, thus potentially doubling
results in a set of Pareto optimal resource allocation polies. the spectral efficiency. In practice, the self-interfeer{gl)
Numerical results unveil an interesting trade-off betweenthe caused by the own transmit signal impairs the simultaneous
considered conflicting system design objectives and revede signal reception in FD systems severely which has been a
improved power efficiency facilitated by FD in SWIPT systems mgajor obstacle for the implementation of FD devices in the
compared to traditional HD systems. past decades. Fortunately, breakthroughs in analog aitaldig
|, INTRODUCTION self-interference cancellation (SIC) techniqu@ [10]ehmade

FD communication more practical in recent years. However,
idingrious practical implementation issues, such as protacd|
self-sustainability and high data rates to communicatiett N oo urce allocation algorithm design, need to be reinyatsti
works with guaranteed quality of service (QoS). A promlsmg] the context of FD communications [11J=]14]. In]11], the
technique for prolonging the lifetime of communication-net, ihors proposed a suboptimal beamformer design to maxi-
works is energy harvesting (EH). Among different EH techs;i; ¢ the spectral efficiency of FD small cell wireless system

nologles wireless power transfer (WPT) via electromagneﬁn [12], resource allocation and scheduling was studiedfr
waves in radio frequency (RF) enables comparatively contro,, It|ple input multiple-output orthogonal frequency igien
lable EH at the receivers compared to conventional natu It|ple access (MIMO-OFDMA) relaying systems. More-
source, such as wind, solar, and tidal. Recent progressin er the energy efficiency of FD-OFDMA relaying systems
development of RF-EH circuitries has made RF-EH pract| as investigated if [13]. The authors bf[14] proposed a nult
for low-power consumption devicesI[1[+{3], e.g. wirelesyyyq tive resource allocation algorithm for FD systems by

sensors. In particular, RF-EH enables simultaneous vesele. . cidering the trade-off between uplink and downlink $ean
information and power transfer (SWIPT [4]+[6]. Thereby, \aering v up wn

f both inf d h gIt power minimization. Although FD communication has
as a carrier of both information and energy, the RF signgl,, significant research intereSt[11[[14], researchFbn

unifies information transmission and power transfer. Besid q\ypT systems is still in its infancy. Lately, the notion dF
RF-EH advocates energy saving by recycling the energy in tEgemmunication in EH systems has been pursued. Specifically,

RF radiated by ambient transmitters. In SWIPT systems, the, -ombination of ED and WPT was first considered i [15]
amount of harvested energy is an equally important QoS @elfi, g 5,thors optimized the resource allocation in a systetn wi
as the data rate and the transmit power consumption Whigfb in the downlink and wireless information transmission i
are traditionally c_onsnderec_i in communication networksug, e uplink. In [16], the performance of a dual-hop full-despl
resource allocation algorithms for SWIPT systems shouﬁ laying SWIPT system was studied. However, simultaneous
also take into account the emerging need for energy ransfgjjing ‘and downlink communication has not been studied
[71-[9]. In [7], energy-efficient SWIPT was investigated iny,q6,,ghly for SWIPT systems. In fact, uplink and downlink

muC:ncatr)ner §yste|7ns \t/yhere power alllc(j)cat:jolr:}hu%ertshcmgt |, transmission occurs simultaneously in FD systems and the
and subcarrier allocation were considered.[n [8], the @sth 5546 ciated information signals can also serve as vitaiggner

proposed a power allocation scheme for energy efficiengyrces for RF energy harvesting. As a result, differentetra
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EH, we assume that the roaming users are multiple-antenna
devices, which are equipped witi®" > 1 antennas.

. “a\ . . . . .
Up\-\“\«s\g Uplink user For downlink FD communication independent signal
Seftinterforence | streams are transmitted simultaneously at the same freguen
/’“\ \ to the K downlink users. The transmitted signal at the FD
N -2 Energy signal | Cochannel radio BS is given by
. \ interference
Roaming user \ K
(energy harvester)
. . x =Y wid" +aq, @

k=1

where dP™ € C is the information bearing signal intended
for downlink userk € {1,..., K'}. Without loss of generality,
we assume{|dPt|?} = 1. Besides, a beamforming vector
Full-duplex base station wr € CV*! is employed to assist downlink information
transmission. On the other hand, in order to facilitate ieffic
Fig. 1 Multiuser FD SW|PT system with a FD radio 'base statibh = WP-lﬂ to roaming users, a dedicated energy beq{ﬂy(CNXl,
gt yiser e = 1 downlinicuser, and/ = 1 roaming user (nef9Y g transmitted concurrently with the information signaheT
energy signalq is modeled as a complex pseudo-random
sequence with covariance maty = £{qq’’}. In general,
goth pseudo-random signals and constant amplitude signals
are potential candidates for implementing the energy signa
The rest of the paper is organized as follows. In Sectid_rllowever’ psc_eudo-random energy signals can be shaped more
I we outline the system model for the considered Fi§aSily to satisfy certain requirements on the spectrum mask
SWIPT networks. In Section_lll, we formulate the multi-of the ftransmit signal and are thus adopted in this paper.
In particular, we assume thaf is generated at the BS hy

objective resource allocation algorithm design as a naveo . .
) g g %pseudo—random sequence generator with a predefined seed.

Downlink user

allocation algorithm for FD SWIPT systems which strikes
balance between the different system design objectives.

optimization problem and solve this problem by semidefini his seed information is known at the downlink users. Thus,

rogramming relaxation. In Sectign]lV, we present numéricg > X
brog N an b e interference caused by the energy signal can be coryplete

erformance results for the proposed optimal algorithm. . X ;
gectiorﬂ’ we conclude with 2 b?ief sumr%ary of ogur resul,[Scancelled at the downlink users before decoding the desired
' signals.

Il. SYSTEM MODEL C. Channel Model

In this SeCtion, we first introduce the notation adopted in We consider a narrow-band slow fadmg channel. The re-
this paper. Then, we discuss the signal model for FD SWIREijved signal at downlink user is given by

networks.

M
A. Notation e T e Y N e (2)
We use boldface capital and lower case letters to denote o=l
matrices and vectors, respectively”, Tr(A), andRank(A) co-channel interference

represent the Hermitian transpose, trace, and rank ofx&tri \nere h, € CVN*! denotes the channel vector between the
respectivelyiliag(A) returns a diagonal matrix containing thegs and downlink uset. The second term in12) denotes
diagonal elements of matrix on its main diagonalA™" and the co-channel interference (CCI) caused by simultaneous
A' represent the inverse and Moore-Penrose pseudoinvaiseink transmission in the FD systenf,,, € C is the
of matrix A, respectively;A = 0 indicates thatA is a channel gain between uplink uset and downlink userk.
positive semidefinite matriXy is the NV x NV identity matrix; - 4UL and P, denote the uplink transmit signal from uplink
C™™ denotes the set of alV x M matrices with complex ysers, and the corresponding transmit power, respectively.
entries;H” denotes the set of alV x N Hermitian matrices; \ye assume&{|dUL[?} = 1 without loss of generality.

U] :

/| and ||-[| denote the absolute value of a complex scalgivl . CcA/(0,02, ,) denotes the additive white Gaussian
and the Euclidean vector norm, respectivefi{-} denotes pgjse (AWGN) at downlink usek.
statistical expectatior{z]*™ = max{z, 0}; the circularly sym- At the same time, the FD BS receives signals frbfruplink

metric complex Gaussian distribution with mean vegioand sers simultaneously. The corresponding received signal i
covariance matrixs> is denoted byCN (g, X); and~ stands  given by

for “distributed as”.

M
B. Signal Model Y = ) VPugmd)"
We focus on a multiuser wireless communication system. m=t UL
The system consists of an FD radio base station (BSHD + L tn=", ®3)
downlink users,M HD uplink users, and/ roaming users, self-interference cancellation noise

ereg,, € CV*! denotes the channel vector between uplink

that can simultaneously perform downlink transmission al erm and the BS. VectomU" e CN*! represents the

uplink reception in the same frequency band| [10]. All uplin
and downlink users are S'ngle'antenna deV'C¢$ to I'm't_ the In this paper, we adopt a normalized unit energy, i.e., Jpatesecond.
hardware complexity. On the other hand, to facilitate effiti Thus, the terms “energy” and “power” are interchangeable.

cf. Figure[d. The BS is equipped wittv. > 1 antennas rl\@



AWGN distributed asCV'(0, 03, Iv). Due to the concurrent considered system. Therefore, the receive SINR at the BS wit

uplink reception and downlink transmission at the FD radi@spect to uplink usem € {1,..., M} can be expressed as
BS, the Sl caused by the downlink transmit signal impairs o2

the uplink signal reception. In practice, different ine¥gnce TUL_ Lo |gmzm| (6)
mitigation techniques such as antenna cancellation, balun "M oo 2. UL ) 2’
cancellation, and circulator§ [17], [18] have been progose Zpi|gi Zn| ™+ Sp” + oULlZm |

to alleviate the impairment caused by Sl. In order to iso- i#m

late the resource allocation algorithm design from the spghere

cific implementation of self-interference mitigation, wedel X

the self-interference cancellation induced noise by wvecto ., H{ 4 H H

¢~ CAF(0 g ing(€ [ Har (xx HI 1)) [18, Eq. (4)], where S = oz diag (Hst (Y- wiwl'+ QHE) )z, ()

Hg € CY*V s the self-interference channel afik p < 1 k=1

is a constant indicating the noisiness of the self-interiee s the noise caused by Sl cancellation apde CN*! denotes

cancellation at the FD BS. the ZF-BF receive vector for decoding the signal of uplinkrus
In the considered system, both downlink and uplink si@walm The ZF-BF matrix is given by

act as energy sources to the roaming users (energy hasjester

The received signal at energy harvestet {1,...,J} is Z = [z1,...,2m]" = (G"G)7'GY, (8)
M where G = [gl, . ,g]u].
Y =%+ > ¢jm/Pudy” + 0", (4)  On the other hand, the total amount of harvested energy at
m=1

energy harvestef € {1,...,J} is given by

where matrix2; € CV*N™ and vectorg,,, € CN""x! K M

denote the channel between the BS and energy harvgstepP—y), [Tr(Qf(Zwkwf+Q)Qj)+ZPm||¢j_,m|2}, 9)
and the channel between uplink userand energy harvester k=1 m=1

; i EH NEH 1

J, respectively. Vecton;™ € C* " represents the ANGN \ynere g < 5, < 1 is the energy conversion efficiency of

at energy harvester distributed aCA(0, oy Iny). energy harvestey. It represents the energy loss in converting
We note that all channel variables, i-By, fim 1 8m, Hst,  the received RF energy to electrical energy for storagee Not
25, and;,n, capture the joint effect of path loss and smafhat the thermal noise power is ignored [ (9) for EH as it is

scale fading. negligibly small compared to the power of the received digna

l1l. PROBLEM FORMULATION B. Optimization Problem Formulation

In this section, we first introduce the adopted QoS metrics.ln FD SWIPT systems, downlink transmit power minimiza-

Then, from the perspectives of uplink power consumptiogyy, - jink transmit power minimization, and total hartess

downlink power consumption, and EH, we formulate threg,e oy maximization are all desirable system design objec-

single objective optimization problems. In practice, B18®ee o5 "Now, we first propose three single-objective optatizn
system design objectives are all desirable but conflicfiing.s, problems with respect to these objectives.

we apply a MOO framework to study multi-objective resource . ) S
allocation algorithm design. Problem 1: Downlink Transmit Power Minimization:

K
A. Quality of Service Metrics minimize ZHWkHQ + Tr(Q)
We assume that full channel state information (CSlI) is avail R =1

able at the FD BS for resource allocation. The receive signal K
to-interference-plus-noise-ratio (SINR) at downlink useis st CL: Y wel® +Tr(Q) < PRY,
given by k=1
. UL
FDL B |h£IWk|2 . C2: Pm S Pmax,m? Vm,
kT K M ) ( ) C3: FEL > F?cg,kv \V/k,
ST wil? + Y Palfmil® + obp Ca: TUE >TUL v,
i#k m=1 .
where the interference from the energy beamforming signal o PJEH 2 Fning, ¥
. . ’ : > : >
i.e., Tr(hZQhy), has already been cancelled since energy C6: Pp 20, vm, C7: Qz0, (10)
signalq is known to the downlink users. wherew = {wy,Vk} and’P = {P,,,Vm} denote the down-

For uplink transmission, we adopt zero-forcing beamforniink beamforming vector policy and the uplink transmit pawe
ing (ZF-BF) for detection at the BS. In contrast to optimahmi policy, respectively. In[(10), we minimize the total dowrki
imum mean square error beamforming (MMSE-BF) detectiotransmit power by jointly optimizing downlink information
ZF-BF facilitates the design of resource allocation alfdons beamforming vectorsv,, V&, the covariance matrix of energy
in the considered problem. Additionally, the performante ignal,Q, and uplink transmit poweP,,,, ¥m. Constants?>L

ZF-BF converges to the performance of MMSE-BF in the highnd PVL  in C1 and C2 denote the maximum doWﬁ(Iink

max,m

SINR regime[[18], which is the desired operating region @f titransmit power for the FD BS and the maximum transmit
power of uplink userm, respectively. QoS requirements of

thi'cnh %ﬁgir;‘l'ih ;hﬁsggsogltseg trsg’r?;%”lﬁt g}%‘:g{/ g?;n;etoeﬁzgidég tﬁgﬁf\@"‘ﬁ reliable communication are taken into account in C3 and C4.
. ’ H DL UL

it may increase the peak-to-average power ratio and is ritbdel for uplink In_ p_artlcular, F}req,k > 0,Vk, and Frc ;m > 0,Vm, a_lre the

users equipped with low cost power amplifiers. minimum required SINRs for the downlink and uplink users,



respectivelyPin,j, Vj, in C5 is the minimum required amountsystem design objective functions in a unified manner, witho

of harvested energy for energy harvesteln addition, C6 and loss of generality, the maximization in ProblEin 3 was reemit

C7 enforce the non-negative uplink transmit power constsai as an equivalent minimization. As a resuﬁg(Q,w P) in

and the positive semidefinite Hermitian matrix constraont f Probleni# is given by’ (Q, w, P) = ZJ PEH Constant

covariance matrixQ, respectively. An, is @ weight imposed on the-th objectlve function subject
On the other hand, for the system designs with the objectlvlm) <\, <land)_, X\, =1, whichindicates the preference

of uplink transmit power minimization and total harvested e of the system de3|gner for theth objective function over the

ergy maximization, respectively, we have the same comstrapthers. We can obtain a set of resource allocation policies

set as for Problem 1. Therefore, the problem formulatiomy solving Problenfil4 for different predefined weights. In the

for these two other system design objectives are given astreme case, whek, = 1 and\; = 0, VI # n, Probleni# is

respectively, equivalerfi to then-th single- objec'uve optimization problem.
Problem 2: Uplink Transmit Power Minimization: C. Optimal Solution
o M p Problemds 1[4 are non-convex optimization problems due
Ol m to the non-convex constraints C3 and C4. To overcome the
wP =

=1 non-convexity, we recast these problems as SDPs via SDP

st. Cl1-C7, (11)  relaxation. To this end, we define new variables
Problem 3: Total Harvested Energy Maximization: W, = wiwld Hy=hh? G, =g.g, (14)
J H H
Z,, = zpz,, and®;.,=o; ¢ .- 15
maximize PP . ZmZ jom =@, ¢’J., (15)
QelY.w,P <=7 - Thus, the considered problems can be equivalently tramsfor
st. Cl—CT. (12) as follows:
The interdependency between the aforementioned objsdsive Transformed Problem 1: K
non-trivial in the considered FD SWIPT system. For instance minimize Tr (Zwk i Q)
although a large transmit power ensures h|gh received SINRs W,QeHN P

at the downlink users, the strong Sl impairs the receptlon s.t. C2,C6, C7

of the uplink signals at the FD BS. Similarly, increasing '

the uplink transmit power to satisfy a more stringent uplink —

SINR requirement will lead to severe CCl which degrades CI: Tr ( Zwk + Q) < Punax,

the downlink signal reception. On the other hand, the EH =1
QoS requirement has to be fulfilled by transferring a sufficie 3. Tr(H,Wy) > IPY + 63 ., Yk,
amount of power in both uplink and downlink. Yet, minimizing Fgﬁ,k N '
either uplink or downlink transmit power conflicts with the — P, Tr (GnZy)
objective of having a higher power for EH. Hence, a non- C4: B LT > IVE + ofy, Te(Zm), Ym,
trivial trade-off between these three system design obgst _ Tream
naturally arises in the considered FD SWIPT system. Thus, a  C5: PPH > Py, 5, Vj,
fI<_eX|bIe resource aIIc_;ca'uon algonthm_ wh|ch can accomrmeda C8: W, =0, Vk, C9:Rank(Wy) <1, Vk, (16)
diverse system design preferences is desired. To this emd, w
apply MOO to systematically address this resource allonatiwhere
problem.
In the literature, MOO is commonly adopted as a math-7>% = Z’H H,W,) + Z Pl fnel? a7)
ematical framework to study the trade-off between multiple itk
desirable but conflicting system design objectives. Thavit M

solution of a MOO program (MOOP) is defined by a ParetoIUL — ZPiTr(GiZm)
optimal set; a set of points that satisfy the concept of Baret

optimality [9]. In the following, we formulate a MOOP o P
based on the weighted Tchebycheff method [9], in which . H
the preferences for the aforementioned single system mlesig +ooTr (Zm diag (HSI(;W’“ + Q)HSI))’ (18)

objectives are quantified by a set of pre-specified weights. |
fact, compared to other approaches to formulate MOOPs, thegg

weighted Tchebycheff method can provide a complete Paretor ' [Tr( ZW’”’Q )+ZP Te(%;, m)} (19)
optimal set by varying the weights, even if the MOOP is

non-convex. For the sake of notational simplicity, we deno@ndW = {W;, Vk} is the set of downlink beamforming ma-
the objective functions of Problems 1-3 &,(Q,w,P), trices to be optimized. Constraints C8, C9, aw, € HY are
n € {1,2,3}, respectively. Then, the MOOP is given by introduced due to the definition dV,. Similarly, Problems

Problem 4: Multi-Objective Optimization: z-ﬁ_rg;ifgrqnlg\éa:aergg?/e&azn.sformed 0
minimize nr:nla%(:s {)\n (Fn(Qa w, 7)) - Fn) }

QeHN ,w,P vglgi%}}vz% P,
st. Cl-CT, (13) SRS
s.t. Cl1-—C9. (20)

where F¥ is the optimal objective value with respect to
Problemn € {1,2,3}. In order to represent the three single 3Here, equivalent means that both problems have the samiosolu



TABLE |

Transformed Problem 3: , SIMULATION PARAMETERS.
maxim}lze Z PJEH Carrier center frequency 915 MHz
W.QeHY,P Bandwidth 200 kHz
_ Antenna gain at FD BS 10 dBi
s.t. Cl1—Co. (21) Antennas gain at users 0 dBi
. Downlink user noise power -71 dBm
Transformed Problem 4: BS noise power 83dBm
L. SI cancellation constani -110 dB
maximize T Energy conversion efficiency;; | 0.8
W,QeHN,P,T
s.t. C1—C9,

C10: A\, ( n(Q, W, P)-F, ) <, ne{l1,2,3},(22) J =2 energy harvesters are located close to the FD BS at a
distance of between to 10 meters in order to facilitate EH.
wherer is an an auxiliary optimization variablge [20]. Each energy harvester is equipped witf* = 3 antennas.
Evidently, Transformed Problefd 4 is a generalization afhe small scale fading of the uplink and downlink channels is
Transformed ProblenisS[1-3. Hence, we focus on the methaededeled as independent and identically distributed Rgklei
ology for solving Transformed Problefd 4 in the followingfading. The EH channel and the S| channel are modeled as
Transformed Problerhl 4 is non-convex due to the rank-oRdcian fading channels with Rician factérdB. The maximum
matrix constraint C9. To obtain a tractable problem formularansmit power supply in downlink and uplink af®L = 46
tion, we apply SDP relaxation. Specifically, we relax coaistr dBm andP,%; ,, = 23 dBm,Vm, respectively. Without loss of
C9 in (22) by removing constraiitank(W}) < 1 from the generality, we assume that the required SINRs at all downlin
problem. Then, the considered problem becomes users are identical. Besides, we spedify; ,, = 15 dBm,
. vm, for uplink users. At the energy harvesters the minimum
WocHN P | required harvested energy B, j = —20 dBm, Vj.

s.t. Cl1—Cs, A. Trade-off Region of Multiple Design Objectives

C10: A, ( n(Q, W, P)—F ) <7, ne{1,2,3}.(23) Figure[2 depicts the trade-off region for uplink transmit
power minimization, downlink transmit power minimization
We note that the rank constraint relaxed problem[id (23) #hd total harvested energy maximization achieved by the
a convex SDP which can be solved by standard numerigabposed optimal scheme. There &e= 8§ transmit antennas
convex program solvers such as CVIX[21]. In particular, &t the BS and the minimum required downlink SINR is
the obtained solution of the relaxed problem satisfies thk-raTPL = 21 dBm, Vk. The points shown for the trade-off
one constraint, i.eRank(W7}) < 1, then the solution of(23) reg?on were obtained by solving the SDP relaxed problem for
is the optimal solution of the original Problelm 4. Thus, thgifferent sets of weight$) < A\, < 1,n = 1,2,3 subject
optimal beamforming vectow; of the original problem can to >, A» = 1. As can be seen, there is a nontr|v|a| trade-
be retrieved by solving the relaxed problem. Now, we revesif between uplink and downlink transmit power minimizatio
the tightness of the SDP relaxation by the following thearerand total harvested energy maximization. In particular,&o
fixed weight A3 for EH maximization, the downlink trans-
Theorem 1. Assuming that the channef3;, Hs;, andhy, mit power monotonically decreases for an increasing uplink
are statistically independent, the optimal beamformingrixa transmit power which suggests that downlink transmit power
for (23) is a rank-one matrix, i.eRank(Wj) = 1,Vk, and minimization and uplink transmit power minimization coofli
the energy beamformlng matrix satisfiBank(Q*) <1'with with each other. On the other hand, the objective of total
probability one forl'RL req,, > 0. harvested energy maximization does not align with the ob-
Proof: Please refer to the Appendix. B jectives of uplink and downlink transmit power minimizatio
In other words, whenever the channels satisfy the genenatan be seen that the amount of harvested energy can only be
condition stated in Theoref 1, the adopted SDP relaxationiigreased by transmitting with higher uplink and/or dowkili
tight. Hence, the optimal solution of the original MOOP ca&n btransmit power. In particular, the resource allocationigyol
obtained by solving the relaxed SDP problentinl (23). Besideaaximizes the harvested energy using the maximum downlink
information beamforming, i.eRank(W7}) = 1, and energy and uplink transmit power allowances, which corresponds to
beamforming, i.e.Rank(Q*) < 1, is optimal for optimizing the top corner point in Figurgl 2. In fact, this is the optimal
the considered conflicting objective functions. On the ptheolution of single objective optimization Problem 3 which
hand, the optimal solutions of the single-objective proide can be found by solving[{23) witlh\; = Xy = 0 and
can be achieved by solving special cased of (23). For insfang; = 1. Similarly, the other two extreme points in the left and
the solution of single-objective Probldmh 1 can be obtaingd bight corners correspond to the solutions of single-object
solving [23) withA; =1, A2 =0, and A3 = 0. Problems 1 and 2, which are obtained from the extreme cases
of 23) for A\; = 1 and \; = 1, respectively.

IV. RESULTS
In this section, we investigate the performance of th@ Average Uplink and Downlink Transmit Powers
proposed multi-objective resource allocation algoritifhe In Figure[3, we show the trade-off between uplink and

important simulation parameters are summarized in Tdblediownlink transmit power minimization for different mininmu

We evaluate a system with an FD radio BS located at thequired downlink SINRs,I'DX ok- In particular, we select
center of a cell. Furthermordl = 3 downlink users and resource allocation policies W|tk13 =0and\;+X = 1. The

M = 8 uplink users located in the range between the referenpeints are obtained by solvin§ (23) for different pairs Jaf
distance ofl 0 meters and the maximum distances0fmeters. and \,. For comparison, we adopt a baseline scheme based
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- < -Baseline HD, SINRP: | =15dB
req,k

—o— Baseline HD, SINRrDe: , =21dB

18

16

Average harvested energy (dBm)
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Fig. 2. Trade-off region between uplink transmit power mmization, down- Fig. 3.  Average downlink transmit power (dBm) versus averamplink
link transmit power minimization, and total harvested ggemaximization transmit power (dBm). The double-sided arrows indicate gbwer saving
for N = 8. due to FD communication.

on HD communication, where a HD radio BS is employe ‘ ‘ = ‘
for transmission and reception in alternating time slots. | 157 | —O=FD.SINR g, =218
other words, for a given time interval, the required dat
rates for uplink and downlink transmissions in each HD sl
are given byRate],” """ = 2log(1 + 'Vt ) Vm, and

Rate, °~P" = 21og(1 + I'PL ), V&, respectively. Thus, the
required uplink and downlink SINRs in HD transmission ar
given by THL VL = (1 4+ T4 )% — 1 and I} PY =

(1+TRk )* — 1, respectively. Additionally, both SI and CCI
can be avoided in the HD scenario. The baseline schei
is designed to achieve the optimal trade-off between tl
three considered objectives in a HD system with identic
sets of weights as for the proposed FD algorithm. In tf -15) 4 4

baseline scheme, we optimize the same variab®sw, P} i ‘ L& ‘ ‘ ‘ ‘
and impose the same QoS requirements as in the FD cz 10 15 Avjr%ge dowar ke power?’dem) 40 45
and also apply ZF-BF detection. As shown in Figlide <,

significant power savings can be achieved by the proposed .
FD resource allocation algorithm compared to the HD systegfﬁsﬁit Qg@ﬁgﬁ,g’,}f;', '}ﬂgiﬁiﬂ,g@%ﬂéiﬁ@@: e,,ﬁi;,‘;?;;;{fﬁ?“;gﬂ{;’ﬁ
as indicated by the double-sided arrows. Furthermore, wh@ance gain due to FD communication.

the downlink SINR required becomes less stringent, e.gn fro

L. =21 dB to I'PL, = 15 dB, both the uplink and

req,k req

downlink transmit powers can be reduced simultaneouslis Thninimum SINR requirement reduces the size of the trade-off
transmit power is required to satisfy the less stringentrdow | fact, the more stringent downlink minimum SINR require-
SINR requirements. Second, the decrease in downlink tfinsment reduces the feasible solution set of optimization ferab

power reduces the self-interference impairing the upligka  (@3) which yields a less flexible resource allocation.
reception which improves the uplink transmit power efficign

—a—FD, SINRP:  =15dB
reqk

10 |- ¢ - Baseline HD, S'NRZLC.  =21dB

- < - Baseline HD, SINR®- | =15 dB
reqk

Average total harvested power (dBm)
o

V. CONCLUSION

C. Average Total Harvested Power In this paper, we designed a resource allocation algorithm

In Figure[4, we show a trade-off between total harvestdéor multiuser FD SWIPT systems. We proposed a MOO
power maximization and downlink transmit power minimizaframework based the weighted Tchebycheff method to study
tion. In particular, we select resource allocation poBoidth the trade-off between uplink transmit power minimization,
A2 =0 and\; + A3 = 1. The points are obtained by solvingdownlink transmit power minimization, and total harvested
(23) for different pairs of\; and\3. Besides, the HD baselineenergy maximization. The non-convex optimization problem
scheme is adopted again for comparison. As can be obserweds transformed into an equivalent rank-constrained SP an
the proposed FD scheme is able to provide a larger tradelved optimally by SDP relaxation. The proposed algorithm
off region compared to the baseline scheme. In particulgrovided a set of resource allocation policies and demon-
although the FD scheme suffers from self-interferenceait cstrated a remarkable performance gain in power consumption
facilitate power-efficient SWIPT via the proposed resouraammpared to a baseline algorithm employing conventional HD
allocation optimization. Besides, a more stringent domkli transmission.



APPENDIX-PROOF OFTHEOREM[I] Rank(Y™* + Zf;k BrH;) = N. Then, based on the basic

TheorenTL can be proved by following a similar approadifOPerty of the rank of matrices, we obtain

as in [6] via investigating the Karush-Kuhn-Tucker (KKT) 8 K
optimality conditions of the SDP relaxed problem](23). The = Rank(X})+Rank(—p~ Hk)zRank(Y*+Zﬁin)
proof can be divided into two parts. In the first part, we Lreak i#k
prove that the optimal energy beamforming signal satisfies, Rank(X;)> N — 1. (29)
Rank(Q*) < 1. First of all, we introduce the Lagrangian of n
the problem as follows As W; lies in the null space ofX; according to [(28),
Rank(W7}) < 1 holds. ConsideringW; # 0 must hold to
LIW,Q,P,7,a,8,7,0,u,v,X, Y, p1, p2, p3) (24)  fulfill the downlink SINR requirement, we finally conclude
K oL M oL that Rank(W7}) = 1 holds for the optimal solution. [ |
- T (S WtQ)—PP } o (Pry—PY
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