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Abstract—In this letter, we propose a practical non-linear energy |i|

harvesting model and design a resource allocation algoritin for > ;
‘ ; / . —
simultaneous wireless information and power transfer (SWPT) e e
systems. The algorithm design is formulated as a non-convex s

optimization problem for the maximization of the total harvested I

power at energy harvesting receivers subject to minimum re- @ formaticceceiver 2

quired signal-to-interference-plus-noise ratios (SINRsat multiple

information receivers. We transform the considered non-cavex Energy harvesting

objective function from sum-of-ratios form into an equivalent Transmitter receiver 1

objective function in subtractive form, which enables the @rivation Energy harvesting receiver 2

of an efficient iterative resource allocation algorithm. In each

iteration, a rank-constrained semidefinite program (SDP) § solved Fig. 1. A downlink SWIPT system witli' = 2 information receivers (IRs)
optimally by SDP relaxation. Numerical results unveil a sulstantial and/ = 2 energy harvesting receivers (ERs).

performance gain that can be achieved if the resource allot®n .
design is based on the proposed non-linear energy harvesgn H" represents the set of alN-by-N complex Hermitian
model instead of the traditional linear model. matrices. The distribution of a circularly symmetric coepl

Gaussian (CSCG) vector with mean vectorand covariance
[. INTRODUCTION matrix ¥ is denoted byCN(x, X), and ~ means “distributed

Energy harvesting (EH) is a promising solution for prolong@S - &{-} denotes statistical expectation.
ing the lifetime of communication networks by introducing Il. SYSTEM MODEL
self-sustainability to energy-limited devices. Amongfeliént
EH technologies, wireless power transfer (WPT) via electr4~ Channel Model
magnetic waves in radio frequency (RF) enables compahative We focus on a frequency flat slow fading channel for
controllable EH at the receivers compared to conventiorégdwnlink multiuser SWIPT systems, cf. Figire 1. In partaul
natural energy sources, such as wind and solar. Recentgsgf transmitter equipped withiVy > 1 antennas serving(
in the development of RF-EH circuitries has made RF-EH praieformation receivers (IRs) and energy harvesting receivers
tical for low-power consumption devices, e.g. wirelesssses. (ERs) is considered. Th& IRs are low complexity single-
In particular, RF-EH provides the possibility of simultaus antenna devices and each ER is equipped Wb receive
wireless information and power transfer (SWIPT) [L]-[5kty antennas to facilitate EH. In each time slot, the transmigads
this new technology introduces a paradigm shift in systegnvector of data symbols to th€ IRs. The received signals at
and resource allocation algorithm design. [ [3], the argholR £ and ERj are given by
studied rate-energy trade-off regions by designing annogti
beamformer. In[[4], energy-efficient SWIPT was investigaite
multicarrier systems, where power allocation, user schieglu
and subcarrier allocation were considered.[In [5], the @nsth k:Kl
solved the energy efficiency maximization problem for large H .
scale multiple-antenna SWIPT systems. However, exisiag | YER, = &j ZW’CS’C +npr;, Vie{l....J} o (2)
erature studie$ [1] and resource allocation algorithmgphessfor k=1
SWIPT networks[[B]-+[b] are based on a linear EH model wherespectively, wheres, € C and w;, € CNt™*! are the
the RF-to-direct current (DC) power conversion efficiensy idata symbol and the beamforming vector intended for IR
independent of the input power level of the EH circuit. I, respectively. Without loss of generality, we assume that
practice, EH circuits[[6][8] usually result in a non-limeend-  £{|s,|} = 1,Vk € {1,..., K}. The channel vector between
to-end wireless power transfer. Hence, the conventionabli the transmitter and IR: is denoted byh;, € CN7*! and the
EH model cannot properly model the power dependent Ed¢thannel matrix between the transmitter and ER denoted by
efficiency which leads to a mismatch for resource allocaflen G, ¢ CNv*Nr, ;. ~ CN(0,02) andnggr, ~ CN(0, 021y, )
the best of the authors’ knowledge, a practical non-linedr Eare the additive white Gaussian noises (AWGN) at the IRs and

model and a corresponding resource allocation algorithsigde the ERs, respectively? denotes the noise power at the receiver.
for SWIPT networks has not been reported in the literatuee, y

In this letter, we address the above issues. To this end, #eEnergy Harvesting Model
first propose a practical parametric non-linear EH haragsti In the literature, the total harvested energy at FRoLincar,
model and verify its accuracy with measurement data. Thésg,typically modelled by the following linear mod@[lﬂ}f:S]
we formulate the resource allocation algorithm design asra n X
convex optimization problem for maximization of the totalrh ;
vested enpergy. The cgnsidered non-convex optimizatiobleno (I)Iélfrilf Y =n;Per,;, Per, = Z Tr (Wkwl? G,GJ' )’ ®3)
is solved optimally by an iterative algorithm. Simulati@sults k=1
illustrate the total harvested energy loss when a conveatiowhere Pgr, is the received RF power at ERand0 < 7; <1
linear EH model is adopted for resource allocation algamithis the fixed energy conversion efficiency of ERWe note that
design. in this linear EH model, the energy conversion efficiency is
Notation: A#, Tr(A), A~!, and Rank(A) represent the independent of the input power level at the ER. In other words
Hermitian transpose, trace, inverse, and rank of mafkix the total harvested energy at the ER is linearly and directly
respectively;A > 0 indicates thatA is a positive semidefinite proportional to the received RF power. However, in pragtice
matrix; matrixIy denotes theV x N identity matrix. CY*™  EH circuits [6]-[8] result in a non-linear end-to-end wiss
denotes the space of all x M matrices with complex entries. power transfer.

@ I
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Yk b wisi + e, k€ {1,...,K}, and (1)
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In general, for low power, the RF energy conversion effi-
ciency improves as the input power rises, but there are dhin
ing returns and limitations on the maximum possible hapabst
energy, as was evidently proved by field measureménts [B]-[8
Thus, it is expected that the conventional linear EH model is Lo Nesemendnl] ]
only accurate for the specific scenario when the receivecpow 100200300 A R owe gy 0 %0 000
at all ERs are constant. In this letter, we propose a prdctica

N A O ®
5 T T

Harvested power (W)

. . . . = Q A4 A4
parametric non-linear EH model which captures the dynamics £ 0l > ° °
of the RF energy conversion efficiency for different inputvyeo g .l
levels. In order to isolate the system model from the speicific S ol
plementation details of the EH circuit, we propose a noedmn 3 Proposed non-iinear model
.. . . N g 5 O Measurement data [8]
EH model based on the logistic (sigmoidal) function. Hence, I ‘ ‘ ‘ ) ‘ ) ‘
the total harvested energy at ERQJEQJ?“C“‘I, is modelled as: S e &
[\I/PraCtical—M-Q i 1 Fig. 2. A comparison between the harvested power for theqgsegh model
~ ER, VALY Fg. 2. : TSP MO
PEractical _ 2 , = ————=, (4) in @ and the measurement data from two different pracdalcircuits with
7 1-— Qj 1+ exp(aj b_j) different dynamic ranges from1[7] and![8]. The parameiejsb;, and M; in
b . M. @) are calculated by a standard curve fitting tool.
ractical __ J
\IJERJ - : (5)
1+ exp (— a; (PR, —bj)) TABLE |
ITERATIVE RESOURCEALLOCATION ALGORITHM.

Practical ; it it i H

Here, Wgr; " Is the traditional Iog|_st|c function with resF)GCtAIgorithm Iterative Resource Allocation Algorithm
to the received RF powePgr.. We introduce a constarn?; R _ — e —
in @) to ensure a zero-input/zero-output response for EH. 1 zlltgar?éeﬁthe maximum number of iterationsy,ax, iteration indexn = 0,
is a constant denoting the maximum harvested power at ER repeat {Outer Loog
j when the EH circuit is saturated. Parameteysandb; are 3 Solve the inner loop problem "(Fﬂo)b via SDP relaxation Given
constants related to the detailed circuit specificationt s the . ,(f“u:?) ) and obtain the intermediate beamformef,
resistance, capacitance, and diode turn-on voltage. Ictipea 5: return Optimal beamformew} = w,
the EH hardware circuit of each ER is fixed and the parametefs else .
a;, b;, andM; of the proposed model iftl(4) can be easily found} ,;/Roaer ands according to[[T) andh = 7.+ 1
by a standard curve fitting tool. We note that the proposed until {I3) is satisfied o = Lmax
non-linear EH model is able to capture the joint effect of the
non-linear phenomena caused by hardware constraintslinglu the study of resource allocation algorithm design. AltHotie
circuit sensitivity limitations and current leakage [78].[ Dinkelbach method ][9] or the Charnes—Cooper transformatio

Figure[2 illustrates that the proposed non-linear EH modghn be exploited to handle a single-ratio objective fumgtio
closely matches experimental results [7], [8] for the véEsl they cannot be applied for a sum-of-ratios objective funrctin
power harvested by practical EH circuits. Besides, Figia#s@ order to obtain a tractable solution, we first transform tba-n

shows that the linear model ial(3) is not accurate in modglliconvex objective function into an equivalent objectivedtiorfl

non-linear EH circuits. . in subtractive form via the following theorem.

In the sequel, we adopt the proposed non-linear EH modelheorem 1: Supposew} is the optimal solution to[{6),
for resource allocation algorithm design. We assume thége then there exist two vectorg* = (uf,...,p5) and B* =
channel state information is available for resource atio [67, ..., B3] such thatw} is an optimal solution to the following

Furthermore, since?; does not affect the design of beampptimization problem
forming vector wy,, cf. (4), for simplicity, we will directly
use Wractical 19 represent the harvested power at ER the

J
following study. maximize _ i} ;=85 (14 exp (—a;(Per, — 1) )|, ()
Wk ‘:1
Ill. PROBLEM FORMULATION AND SOLUTION !

The system design objective is the maximization of the tot4n€re 7 is the feasible solution set OE(G)_- Besides;, also
harvested power and can be mathematically formulated as: Satisfies the following system of equations:

J * *

. “(1+exp(—a;(Pig —bj))) =M, = 0, 8

maximize Z ‘I’Efimcal (6) BJ ( Xp( i ER; 7 ))) J (8)

‘ put u;—(l +exp (—a;(Pig, —bj))) —1 =0, (9

K
subject to Cl: wi|? < Prax, N K —
] ;” ell” = and Py, = YOI, T (wi(wi) G, GH).
wi Hywy, req Proof: Please refer td [10][[11] for a proof of Theorem 1.

C2: > Iy, vk, Theoren{]L suggests that for the maximization problem with

H )
Z#k W Hiw; + o sum-of-ratios objective function if](6), there exists anieglent
where H, — hkth- ConstantsP,,., and T in constraints parametyic optimization problem with an objective funotio .
C1 and C2 are the maximum transmit power for the trangubtractive form, such that both problems have the samenabti
mitter and the minimum required signal-to-interferenaesp solutionwy.. As a result, the optimization problem can be solved
noise ratio (SINR) at IRk, respectively. It can be observeddy an iterative algorithm consisting of two nested loopsthie
that the objective function in({6) is in the form of sum-ofinner loop, we solve the optimization ial(7) for givép, 3).
ratios which is a non-convex function. In the following, welhen, in the outer loop, we find the optimat*, %) satisfying
assume that the considered optimization problem is feaginl the system of equations ial(8) arid (9), cf. algorithm in Tdble

L In practice, the channel state information of the IRS/ERs loa obtained 2Here, “equivalent” means that the optimization problemhwihe trans-
during the handshaking between the transmitter and théveesebefore power formed objective function leads to the same resource diwtaolicy as the
and data transfer start. original problem.



A. Solution of the Inner Loop Problem 7 o= =6 proposed scheme
As shown in Tablé€ll, in each iteration in the inner loop, i.e., ¥ -V-Nfsvbase""ed““:me

. . . . . . . T N_ =5, proposed scheme | 7

in line 3, we solve the following optimization problem forgn I _';'N;sy D e e

parametergu, 3):

—

J
epive. S (M= (1 e (s -0) )] 00)

Performance gain ]
J=1
—6

TI‘(W/C) < Phax, baselineg)

-8} scheme

Average total harvested power (dBm)

V- we-y

WE

subject to C1:

Performance gain

k=1 Th
Tr kak) 2 . . R B
C2: W > Z TI‘(Hij) + oy, Vk. ° 10 Minimumlrsequired SINR (dB) ® ®
k .
i#£k . . .
Fig. 3. Average total harvested power (dBm) versus the minimrequired
C3: Rank(Wj) <1,Vk, SINR (@B). O power (dBm) a

T T T
N, = 6, proposed scheme

K
Ca:my <3 Tr (WijGf),Vj, C5: W, = 0,k
’ k=1 ’ ’ —4r -7~ N, =6, baseline scheme
—— N, =5, proposed scheme
[| - - N, = 5, baseline scheme

whereW,, = wkw,f andr; are the new and auxiliary optimiza-
tion variables, respectively. Although the transformegkotive
function is in subtractive form, the transformed optimiaat
problem in [[I0) is still non-convex due to the rank-one nxatri
constraint C3. To obtain a tractable problem formulatioe, w
apply SDP relaxation. Specifically, we relax constraint @3 i
(I0) by removing constraiiRank(Wy,) < 1 from the problem.
Then, the considered problem becomes a convex SDP problem
and can be solved by standard numerical algorithms for conve -ur
programs such as the interior point method. Now, we study the - ‘
tightness of the SDP relaxation in the following theorem. : Number of ERs
Theorem 2: Assuming that the channels, i.éh;, and G,
are statistically independent anld {10) is feasible, theénugit
beamforming matrix of the SDP relaxed problem [of](10) is a
rank-one matrix with probability one, i.eRank(W3) = 1,Vk, IV. RESULTS

req

for I > 0. ) In this section, we present simulation results to demotestra
Proof: Please refer to the Appendix. the system performance of the proposed resource allocation
Therefore, the adopted SDP relaxation is tight whenever thgyorithm design. We assume a carrier center frequency of

general channel conditions stated in Theorgrare satisfied. 915 MHz and a signal bandwidth 0200 kHz. There are

Hence, beamforming is optimal for the maximization of totafy — 9 |Rs and.J ERs located50 meters andl0 meters

harvested power for the proposed non-linear EH model.  from the transmitter, respectively. Each ER is equipped wit

B. Solution of the Outer Loop Problem Nr = 2 receive antennas. Since the ERs are close to the

In this section, we present an algorithm to iteratively updatransmnter, line-of-sight communication channels anpeeted.

. L ence, the multipath fading between the transmitter an&&e
(1, 3) for the outer loop problem. For notational simplicity, Wé; modeled as Rician fading with a Rician factor 2B. In

define functionsp; (53;) = 5; (1 +exp (—a;(Per, —0;)) ) = contrast, the IRs are locatéd meters from the transmitter, thus,

. N o g -~ a line-of-sight may not be available and the multipath fgdin
MJ and ¢4 (k:) = L+ (_%Xp( ai(Per; —bi)) _1’ between the transmitter and the IRs is modeled as Rayleigh
i € {1,...,J}. It is shown in [10], [11] that the unique faging. All transmit antenna gains are dBi. The thermal noise
optimal solution(u", 37) is obtained if and only itp(k, 3) = power ise2 = —95 dBm. For the non-linear EH circuits, we set
[p1, 2., p25] = 0. Thus, the well-known damped Newton ;. — 99 mw which corresponds to the maximum harvested
method can be employed to gpdf@l& B)1|terat|vely. In partic- power per ER. Besides, we adopt = 6400 andb; = 0.003
ular, in then-th iteration, ™+ and 3" * can be updated as, yhich were obtained by curve fitting for measurement datafro
respectively, [7]. The average system performance is obtained by avegagin

™t = gt 4 gt and B = 8" 4 g, (11) ovE_r diffegn(; chatnn(t-:'rl] realizations:[. ah o
no_ —1 igure[3 depicts the average total harvested power versus
where q. e (“’_B)] go{,u,ﬁ) _ (12) the minimum received SINR at the IRs for = 10 ERs and
andy’(p, B) is the Jacobian matrix @b(p, 8). ¢" is the largest djfferent numbers of transmit antennas. We assume thaRall |
¢! satisfying require the same minimum receive SINR, i.E;¢ = I
n Il . n an I n sl and P.,.x = 30 dBm. Extensive simulations (not shown

HSD(H tedl At e )” = (1 =o)lelw. Al (13) here) have revealed that, in general, the proposed iterativ
wherel € {1,2,.. .}, ¢/ € (0,1), andé € (0,1). The damped algorithm converges to the globally optimal solution aftess
Newton method converges to the unique solutige®, 3*) than 10 iterations. It can be observed from Figlile 3 that the
satisfying the system of equatioris (8) andl (9), cf.l [10[]{11average total harvested power is a monotonically decrgasin

) ) function with respect td*°4. Indeed, to satisfy a more stringent

Remark 1: We note that when there is one ER in the systeminimum SINR requirement, the transmitter is forced to istee
the traditional linear and the proposed non-linear EH modiél the direction of transmission towards the IRs leading to a
lead to the same optimal resource allocation policy. smaller amount of RF energy for EH. On the other hand,

Remark 2: The signal model adopted in this paper can bge total harvested energy increases for an increasing @umb
extended to include dedicated energy beams for the ERS dfytransmit antennadVr, since the extra degrees of freedom
following a similar approach as in_[12]. offered by the increased number of transmit antennas tiateit
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Fig. 4. Average total harvested power (dBm) versus the nurob&Rs.



a more power efficient resource allocation. For comparia@n, Lagrangian function with respect ;. Besides, equatiofi (1L8)
also show the performance of a baseline scheme in Flgureirlicates that the columns aV; lie in the null space ofY;
For the baseline scheme, the resource allocation algorishmfor W} # 0. Therefore, ifRank(Y};) = Nt — 1, then the
optimized for maximization of the total system harvested@o optimal beamforming matrix is a rank-one matrix. To reveal
according to the conventional linear EH model[ih (3) subject the structure ofY}, we show by contradiction thaB} is a
constraints C1 and C2. As can be observed, the baseline schesgative definite matrix with probability one. For a giveh sk
can only achieve a strictly smaller amount of total harwéste@ptimal dual variables=*, and;, (@I8) can be written as
power due to the resource allocation mismatch. In particula
the baseline scheme may cause saturation in EH in some ERs (20)
and underutilization of other ERs because it does not adcoun ) ) o
for the non-linear nature of the EH circuits. SupposeB;, is not negative definite, then we can construct

Figure[@ shows the average total harvested power versus We = 7vi.v; as one of the optimal solutions df{20), where
number of ERsJ for Pu., = 30 dBm, a minimum required 7 > 0 is a scaling parameter and, is the eigenvector
SINR of 30 dB, and different numbers of transmit antenna@orresponding to one of the non-negative eigenvalueBf
Nr. It can be observed that the average total harvested poWMé substituteW,, = rv,v{ into (20) which leads tof =
increases with the number of ERs and the number of traner'tkK:1 Tr(TBZVka)wLTZkK:l Tr (vivi (Yi+ er_Hlk)) +A.
antennas. In fact, a larger portion of the radiated power ¢

be h ted when th ERs in th " 8l ce the channels @; andh;, are assumed to be statistically
€ harvested when there are more S In the system s ependent, it can be shown that > 0 for the optimal

more receivers participate in the EH process. Besides, ution. Also, it follows that by setting — oo, the dual

perfO(mance gain of the prqposed scheme compared to imal value becomes unbounded from above. However, the
baseline scheme increases with increasing number of ERs. timal value of the primal problem is finite for a finite

IS rlljecau;e the resource aIIocauor(\j ::msm?tch for thg basfel ox- Thus, strong duality does not hold which leads to a
scheme becomes more pronounced for a farger number o tradiction. Thereford3; is a negative definite matrix with

leading to unsatisfactory performance. probability one, i.e.Rank(B}) = Nr. Then, by exploiting[(1I9)
and a basic inequality for the rank of matrices, we have

maximize L.
W eHNT

V. CONCLUSIONS

In this letter, we proposed a practical EH model to capture N . . ViHy
the non-linear characteristics of EH circuits in SWIPT eyss. Rank(—Y}) = Rank(Y}) = Rank (Bk + pkrcq )
Furthermore, the resource allocation algorithm designttier “H k
proposed model was formulated as a non-convex optimization > Rank(Bj) — Rank (W’Creq’“) = Np— 1L (21)
problem with a sum-of-ratios objective function and wawed| Ly

optimally by the proposed iterative algorithm. Our simigdat FyrthermoreW; # 0 is required to satisfy the minimum SINR

results unveiled that resource allocation algorithms giesil requirement of IRk in C2 for T;’® > 0. Hence,Rank(Y}) =
for the conventional linear EH model, which is widely usedy, — | andRank(W;) = 1.

in the literature, may lead to resource allocation mismegch
for practical non-linear EH circuits.

APPENDIX-PROOF OFTHEOREM[Z (1]

It can be verified that strong duality holds for the SDP rethxe
version of [(ID). Thus, solving the dual problem is equivaten [
solving the primal probleni[13]. Now, we prove Theorgm 2 by
first defining the Lagrangian function:

3]
= = v Hy

c :;ﬂ(BkaH; Tr (Ye+ P YW )+A, (14) (4

! [5]

B ==y, — > vH; + ) p,G,Gf,

J#k

where A is the collection of all constants and variables thaf®!
are independent ofW, and are thus not relevant in the

proof. A\, v, p;, and Y, are the dual variables associated with[7]

constraints C1, C2, C4, and C5, respectively. Then, the dual

(15)

j=1

problem of the SDP relaxed problem 6f{10) is given by 8]
minimize maximize L. (16)
AV 20, Y20 WeHNT 7, [9]

We define{r, W;} andE* £ {\*, 4}, p?,Y}} as the set of
optimal primal and dual variables of the SDP relaxed versiq{b]
of (@0), respectively. Now, we consider the following Kamus

Kuhn-Tucker (KKT) conditions:

[11]
Y, =0, Xy, p5 =0, Vk, Vi, (17)
YW =0, (18) [12]
y « WH
Y;=-B} — I’i—q’“ (19)
k [13]

whereB; is obtained by substituting the optimal dual variables
=* into (I8). Equation[(18) is the complementary slackness
condition which is obtained by taking the derivative of the
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