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Abstract—Radio frequency wireless power transfer (WPT) enables
charging low-power mobile devices without relying on wired infrastructure. Current existing WPT systems are typically designed assuming
far-field propagation, where the radiated energy is steered in given
angles, resulting in limited efficiency and possible radiation in undesired
locations. When large arrays at high frequencies, such as dynamic
metasurface antenna (DMA), are employed, WPT might take place in
the radiating near-field (Fresnel) region where spherical wave propagation holds, rather than plane wave propagation as in the far-field.
In this paper, we study WPT systems charging multiple devices in
the Fresnel region, where the energy transmitter is equipped with an
emerging DMA, exploring how the antenna configuration can exploit
the spherical wavefront to generate focused energy beams. In particular,
after presenting a mathematical model for DMA-based radiating nearfield WPT systems, we characterize the weighted sum-harvested energy
maximization problem of the considered system, and we propose an
efficient solution to jointly design the DMA weights and digital precoding
vector. Simulation results show that our design generates focused energy
beams that are capable of improving energy transfer efficiency in the
radiating near-field with minimal energy pollution.

Index terms— Radiating near-field, wireless power transfer,
beam focusing, dynamic metasurface antennas.
I. I NTRODUCTION
Internet of Everything (IoE) is one of the major applications of
future 6G wireless communication networks [1]. The fact that many
IoE devices connected to the network are either battery-powered
or battery-less [2] gives rise to the need to energize them in a
simple and efficient manner. Radio frequency (RF) wireless power
transfer (WPT) is regarded as a promising technology for charging
IoE devices, by utilizing RF signals to wirelessly and simultaneously
power multiple devices. Compared with the near-field reactive-based
WPT techniques, such as inductive coupling and magnetic resonance
coupling which require the charged device to be very close to the
energy source, RF-based WPT is capable of charging devices in
a more flexible way over longer distances. Hence, RF-based WPT
presents many potential applications for supporting and prolonging
the operation of IoE devices in in-home setups as well as in industrial
and commercial settings [3].
To date, RF WPT is mainly studied for charging devices residing
in the far-field [4]. In such cases, given the antennas’ size, the operational distance between the energizing transmitter and the receivers is
larger than the Fraunhofer distance, and thus the radiating wavefront
obeys the conventional plane wave model. In such conditions, the
transmitter can only direct its energy towards a given angle via beamsteering techniques, resulting in low efficiency and notable energy
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pollution, i.e., energy radiated at undesired locations. Nonetheless,
future wireless 6G systems are expected to support an ecosystem with
IoE devices at mmWave bands [5] using massive antenna arrays, such
as those realized using dynamic metasurface antennas (DMAs), made
of configurable radiating metamaterial elements [6]–[10]. In this case,
devices located in distances ranging from a few centimeters to several
tens of meters reside in the radiating near-field region [11], [12].
Unlike the far-field case, where the EM field is a plane wave, in the
radiating near-field region, the EM field is a spherical wavefront. In
such settings, transmitters can generate focused beams [13], which
were shown to mitigate interference in multi-user communications
[14], and it was recently envisioned that this capability can facilitate
efficient WPT with minimal energy pollution [15]. This motivates the
exploration of the ability to achieve energy focusing using emerging
antenna architectures, such as DMAs.
In this work we study radiating near-field WPT when the energy transmitter uses a DMA, quantifying its capability to charge
multiple remote devices with minimal energy pollution by forming
focused energy beams. We first formulate a mathematical model
for DMA-based near-field multi-user WPT systems, incorporating
both the feasible processing of DMAs as well as the propagation
of the transmitted EM waves in near-field wireless channels. Then,
we jointly optimize the digital precoding vector and the DMA
weights for maximizing the weighted sum-harvested energy when
working in the radiating near-field, while accounting for the specific
Lorentzian-form response of metamaterial elements. To design the
radiating near-field transmission pattern based on the weighted sumharvested energy maximization objective, we propose an alternating
optimization algorithm to deal with the corresponding non-convex
optimization problem. In particular, we provide a closed-form optimal
digital precoding solution for a fixed DMA configuration. Then,
we recast the DMA elements design problem into a Riemannian
manifold optimization problem, which we efficiently solve using the
Riemannian conjugate gradient approach.
Simulation results show that our proposed design concentrates
the transmissions to the desired focal points, illustrating its energy
focusing capability. We also show that by exploiting the beam
focusing capabilities of DMAs, one can intelligently and efficiently
charge multiple users according to their priority/requirements with
minimal energy pollution. To the best of our knowledge, this work
is the first to study beam focusing for multi-user WPT, facilitating
simultaneous power charging of multiple energy receivers.
The rest of this paper is organized as follows: Section II models
DMA-based radiating near-field WPT systems, and formulates the
sum-harvested power maximization problem. Section III presents an
efficient algorithm for tuning the DMA weights, while Section IV
provides numerical results. Finally, Section V concludes the paper.
We use boldface lower-case and upper-case letters for vectors
and matrices, respectively. The `2 norm, vectorization, transpose,
conjugate, and Hermitian transpose, are denoted as k · k, vec(·), (·)T ,
(·)† , and (·)H , respectively, and C is the set of complex numbers.
II. S YSTEM M ODEL
In this section, we characterize the mathematical model for DMAbased radiating near-field WPT. We begin by introducing the DMA

To formulate the overall energy transmission model, we let em
be the unit-power energy symbol for the m-th energy receiver, m ∈
{1, 2, . . . , M } , M, and use wm ∈ CNd ×1 to denote the digital
precoding vector. The digital input to the DMA is given by zf =
P
M
m=1 wm em , and thus by (1) the channel input is
r=

M
X

HQ wm em .

(4)

m=1

Fig. 1. DMA-based energy focusing for radiating near-field multi-user WPT.

transmission model in Subsection II-A. Then, we present the nearfield wireless channel model in Subsection II-B, and formulate the
harvested power maximization problem in Subsection II-C.
A. Dynamic Metasurface Antennas
DMA is an emerging technology for realizing large scale antenna
arrays using reconfigurable metamaterials, whose physical properties
such as permittivity and permeability are dynamically adjustable
[9]. These antenna architectures are typically comprised of multiple
microstrips, each containing multiple metamaterial elements. The
frequency response of each element is independently adjustable by
varying its local dielectric properties [16]. For DMA-based transmitters, each microstrip is fed by an RF chain, and the input signal is
radiated by all the elements within the same microstrip [17].
To model the transmission procedure, consider a DMA with Nd
microstrips of Ne elements each, i.e., the total number of tunable
metamaterial elements is N , Nd · Ne . Letting zf ∈ CNd ×1 denote
the input signals to the microstrips, the radiated signal, denoted by
r, can be written as
r = HQ zf .
(1)
Here, Q ∈ CN ×Nd is the configurable DMAs weights, whose entries
are

qi,l i = n
(2)
Q(i−1)Ne +l,n =
0
i 6= n ,
where qi,l denotes the frequency response of the l-th metamaterial
element of i-th microstrip. These responses satisfy the Lorentzian
form [18], [19], approximated as


j + ejφ
qi,l ∈ Q ,
|φ ∈ [0, 2π] ,
∀i, l.
(3)
2
In addition, H in (1) is a N × N diagonal matrix with entries
H((i−1)Ne +l,(i−1)Ne +l) = hi,l , where hi,l denotes the signal propagation effect of the l-th metamaterial element of i-th microstrip
(inside the microstrip). These coefficients can be written as hi,l =
e−ρi,l (αc +jβc ) , where αc and βc are two constants depending on
the characteristic of DMA, and ρi,l denotes the location of the l-th
element in the i-th microstrip.
B. DMA-based Near-field Channel Model
We consider a radiating near-field multi-user MIMO WPT system
where a DMA-based energy transmitter charges M single-antenna
energy receivers wirelessly, as illustrated in Fig. 1. For the radiating
near-field case, the distance between the DMA transmitter and the
energy receivers is assumed to be not larger than the Fraunhofer
2
distance
dF , 2 D
and not smaller than the Fresnel limit dN ,
λ
q
3

D4
8λ

[11], with D and λ representing the antenna diameter and
the wavelength, respectively. The properties of spherical waves in
the radiating near-field allow for the generation of focused beams to
facilitate WPT [13].

Let pi,l = (xi , yl , 0), i = 1, 2, . . . Nd , l = 1, 2, . . . Ne , denote
the Cartesian coordinate of the l-th element of the i-th microstrip.
Then, under the free-space condition, the signal received by the m-th
energy receiver located in pm = (xm , ym , zm ) can be written as
s(pm ) =

Nd Ne
X
X

Ai,l (pm ) e−kdi,l,m yi,l + nm .

(5)

i=1 l=1

Here, di,l,m = |pm − pi,l | is the distance between the l-th element
of the i-th microstrip and the m-th energy
 receiver; k , 2π/λ
denotes the wave number; nm ∼ CN 0, σ 2 is white Gaussian noise;
and Ai,l (pm )pis the path-loss coefficient. Following [20], we have
Ai,l (pm ) = F (Θi,l,m ) 4 πdλi,l,m , where Θi,l,m = (θi,l,m , φi,l,m )
is the elevation-azimuth pair from the l-th element of the i-th
microstrip to the m-th energy receiver, and F (Θi,l,m ) is the radiation
profile modeled as

2 (b + 1) cosb (θi,l,m ) θi,l,m ∈ [0, π/2] ,
F (Θi,l,m ) =
(6)
0
otherwise.
In (6), the parameter b is the Boresight gain constant, e.g., b = 2 for
the dipole case [20].
For ease of analysis, we rewrite (5) in the following
compact
form s(pm )
=
aH
with
,
m r + nm ,

H am
−kd1,1,m
A1,1 (pm ) e
, . . . , ANd ,Nl (pm ) e−kdNd ,Nl ,m .
Then,
by using the expression for the channel input y given in (4), the
received signal of the m-th energy receiver is given by
s(pm ) = aH
m

M
X

HQ wj xj + nm ,

∀m ∈ M.

(7)

j=1

C. Problem Formulation
Using the channel formulation (7) and the energy harvesting model
proposed in [21], the harvested power from the transmitted signal of
the m-th energy receiver s given by
Em = ζ

M
X

aH
m HQ wj

2

,

m ∈ M,

(8)

j=1

where 0 < ζ < 1 is the energy conversion efficiency.
Our aim is to design a transmission scheme, including both the
digital precoding as well as the DMA configuration, to enable multiuser WPT in the radiating near-filed region. This is expressed as
the joint optimization of the DMA weights Q and the digital digital
precoding vectors {wm } to maximize the weighted sum-harvested
energy, subject to both the total transmit power constraint Pmax ,
and the structure constraint on the DMA weights matrix Q in (2).
Mathematically, the problem of interest can be formulated as
max

{wm },Q

s.t.

ζ

M
X

αm Em

m=1

(2),

qi,l ∈ Q, ∀i, l,

M
X

(9)
2

kHQwm k ≤ Pmax ,

m=1

where {αm }M
m=1 , are predefined weights that are application-specific.

Algorithm 1 Proposed algorithm for solving problem (9)

III. DMA B EAM F OCUSING FOR WPT
In this section, we study the joint design of the digital precoding
vector and the DMA weights for maximizing the weighted sumharvested energy. Note that (9) is non-convex due to the coupled
optimization variables in both the objective function and constraints,
as well as the Lorentzian constraints on metamaterial elements. To
make (9) more tractable, we relax it as follows
max

ζ

{wm },Q

s.t.

M X
M
X

αm aH
m HQ wj

2

m=1 j=1

(2),

M
X

qi,l ∈ Q, ∀i, l,

(10)
2

kwm k ≤ Pmax .

A. Optimizing the Digital Precoder
When Q is fixed, (10) reduces to the weighted sum-harvested energy maximization
multi-user WPT systems. By defining
PMproblem in
H
H
G (Q) = ζ
α
Q
H
am aH
weighted summ
m HQ,
m=1
PM the H
harvested energy can be reformulated as
w
G wj . As a
j
j=1
result, for a fixed Q, (10) is transformed into
max
{wj }

wjH

G (Q) wj ,

s.t.

M
X

kwj k ≤ Pmax .

Proposition 1. Let w∗ (Q) be the eigenvector corresponding to the
maximal eigenvalue of G (Q). Then, (11) is maximized
by setting
P
√
wj = pj w∗ (Q) for any non-negative {pj } s.t. M
p
= Pmax .
j
j=1
Proposition 1 indicates that all digital precoding vectors share the
same transmission direction as w∗ (Q), and the total transmit power
should be used to maximize the weighted sum-harvested energy.
Without loss of generality, we henceforth set the digital precoder
for a given Q to be
√
w1 = Pmax w∗ (Q) , and w2 = · · · = wM = 0.
(12)
From (12) we see that a single digital precoding vector is sufficient to
maximize the weighted sum-harvested energy for a given Q. This is
because energy symbols do not carry information, thus each receiver
can harvest energy from the same symbol.
B. Optimizing the DMA Weights
We next focus on solving (10) for fixed {wj }. According to (12),
problem (10) for fixed {wj } is simplified as
max ζ
Q

αm aH
m HQ w1

2

,

s.t. (2), qi,l ∈ Q, ∀i, l. (13)

m=1

To proceed, we define the Nd2 ·Ne ×1 vectors q = vec (Q), and zm =
H
w1T ⊗ (aH
. Using these definitions, we identify an equivalent
m H)
optimization problem to problem (13), as stated in following theorem.
Theorem 1. For fixed w1 , (13) is equivalent to:
min q̄H A (w1 ) q̄,
q̄

s.t.

√
Pmax

w1∗ ,

∗

w1

(T )

HQ(T ) w1
(T )

Q =Q

;

.

where Aq is the set of all non-zero elements of q, q̄ is the modified
version of q P
obtained by removing all the zero elements of q;
H
A (w1 ) , −ζ M
m=1 αm z̄m z̄m , with z̄m being the modified version
of zm obtained by removing the elements having the same index as
the zero elements of q.
The equivalence between (13) and (14) holds in the sense that
they achieve the same optimal value. Thus, the solution to (13) can
be recovered from that of (14) according to the structure of Q (2).
Problem (14) is still non-convex and includes the Lorentzian
constraint q̄ l ∈ Q defined in (3). This constraint characterizes the
π
feasible set as a circle on the complex plane q̄ l − 21 ej 2 = 12 , with
π

the circle center at (0, 21 ej 2 ) and radius equal to 12 . In order to
simplify (14), we define a new vector variable b ∈ CN whose l-th
entry is given by

q̄ l ∈ Q, ∀l ∈ Aq ,

bl = 2q̄ l − ej 2 ,

(11)

Following [21], we have the following proposition, which provides
the closed-form optimal solution to (11).

M
X

9: w1∗ =

π

2

j=1

j=1

3:
Calculate b(t) based on Q(t) and (15);
4:
Update b(t+1) by solving problem (16);
5:
Obtain q̄∗ for problem (14) based on b(t+1) and (15);
6:
Update Q(t+1) for problem (13) based on q̄∗ and (2);
7:
t = t + 1;
8: end for
(T )

Output:

m=1

The problem (10) differs from (9) in its power constraint, which is
imposed on the digital output rather than on the transmitted signal.
However, one can derive the digital precoder based on (10), and scale
{wm } such that the transmitted power constraint in (9) holds.
Since problem (10) is still non-convex, we propose to individually
optimize Q and {wm } in an alternating manner. In the following, we
show how to solve (10) for fixed Q and for fixed {wm }, respectively.
Due to page limitations, the proofs of the results can be found in [22].

M
X

Initialize: Q(0) ;
1: for t = 0, 1, . . . , T do


(t)
(t)
2:
Calculate w1 based on (12), and then update A w1 ;

(14)

∀l ∈ Aq .

(15)

The variable bl lies on the unit circle of complex
 plane, i.e., |bl | = 1.
π
According to (15), we have q̄ = 12 b + ej 2 1 , where 1 denotes a
N × 1 all ones vector. Hence, we transform (14) into
H


π
π
1
b + ej 2 1
min f (b) ,
A (w1 ) b + ej 2 1
b
4
(16)
s.t. |bl | = 1, ∀l ∈ Aq .
The search space in (16) is the product of N complex circles, which
is a Riemannian submanifold of CN . Thus, (16) can be tackled using
the Riemannian conjugate gradient (RCG) algorithm [14], [23].
Denote by Q and w1 as the√optimal solution to problem (10). Then,
w1
we can scale w1 to w1 = Pmax kHQw
such that the resulting
1k
new w1 together with Q are an effective approximate solution to
problem (9), satisfying the transmitted signal power constraint.
Our proposed alternating approach for solving problem (9) is
summarized as Algorithm 1. In particular, in the 4th step, the updating
of b(t+1) through RCG algorithm envolves both b(t) in step 3 as its
initial value, and the Euclidean
objectivef (b) at
 gradient of the
π
point b, that is, ∇ f (b) = 21 A (w1 ) b + ej 2 A (w1 ) 1 , for the
calculation of the Riemannian gradient.
C. Discussion
The considered weighted sum-harvested energy is also a commonly
used metric in conventional far-field multi-user WPT scenarios [4].
While we do not explicitly enforce the DMA to generate focused
energy beams, this indeed happens when seeking to maximize the
weighted sum-harvested energy, as numerically illustrated in Section
IV. This is because we here consider the radiating near-field scenario,
where the energy beam focusing capability inherently exists, and
is implicitly encapsulated in the objective via {am }. As shown in
Section IV, such energy focusing brings forth several advantages
to radiating near-field WPT systems. First, it enables enhancing the

energy transfer efficiency compared with directive radiation in the farfield. Second, it reduces energy pollution and limits human exposure
to radiated energy. Therefore, this capability is expected to notably
facilitate the charging of 6G IoE devices in indoor settings.
For multi-user wireless communications operating in radiating
near-field region, beam focusing has been exploited to mitigate cochannel interference and hence maximize the sum-rate in our previous
work [14]. Despite the similarity between multi-user near-field WPT
(considered here) and communications (considered in [14]), there
are several fundamental differences in both the design objectives
and proposed algorithms. Specifically, for wireless communications,
focused beams are designed to reduce co-channel interference which
is harmful to data transmission rate. In WPT, co-channel interference
is a useful energy source for energy receivers, resulting in different
focused beams design considerations to fit different objectives. The
fact that beam focusing designs differ between WPT and wireless
communications motivates exploring simultaneous wireless information and power transfer, which is a paradigm allowing a hybrid information and energy transmitter to communicate and power multiple
devices at the same time [21], in the radiating near-field. However,
we leave this extension for future work.

(a) Near-field WPT

IV. N UMERICAL E VALUATIONS
In this section, we present some representative numerical results to
demonstrate the potential of energy beam focusing for radiating nearfield WPT. We consider a radiating near-field WPT system where
the energy transmitter is equipped with a planar DMA positioned in
the xy-plane, and the single-antenna energy receivers are positioned
in the xz-plane. The antenna size is 30 cm × 30 cm. The interelement spacing in DMA is λ/2, and the numbers of microstrips
and metamaterial elements are Nd = Ne = b2D/λc, where
b·c is the integer floor function. We use αc = 1.2 [m−1 ] and
βc = 827.67 [m−1 ] [14], to represent the propagation inside the
waveguides. We set Pmax to be 1 W, and the RF-to-DC energy
conversion efficiency is ζ = 0.5.
To demonstrate the gains of near-field energy beam focusing over
far-field beam steering, Fig. 2 depicts the numerically evaluated
normalized received power at each point of the predefined region in
the xz-plane, where the normalized received power is defined as the
ratio of the received power of an energy receiver to its corresponding
channel gain for removing the influence of path-loss. The energy
transmission scheme is designed to maximize the received power of
the single energy receiver located at F1 (x, y, z) = (0, 0, 1.51 m). In
Fig. 2(a), we set the frequency as 28 GHz, so that the location of the
target energy receiver is in the radiating near-field region; whereas
in Fig. 2(b), we set the carrier frequency as 1.2 GHz, resulting in
the target energy receiver being located in the far-field region. It
is observed from Fig. 2(a) that, in the near-field case, the energy
beam is focused around the target energy receiver area, and the
power harvested by the target energy receiver is up to 13.4 µW . By
contrast, for the far-field case as shown in Fig. 2(b), energy can only
be transmitted towards a direction with a comparatively wider energy
beam. Consequently, far-field signalling results in the target energy
receiver harvesting only 6.5 µW , which is only 48% of the power
obtained in the near-field. This gain is achieved despite the fact that
the system in Fig. 2(b) operates at a lower frequency and hence with a
lower isotropic path loss. Besides, by comparing Figs. 2(a) and 2(b), it
is observed that for the radiating near-field WPT system, energy beam
focusing is capable of not only enhancing energy transfer efficiency,
but also reducing energy pollution.
In Table I, we show the received power of two energy receivers
incurred by our proposed Algorithm 1 under different combinations of weighting coefficients. The energy receivers are located at

(b) Far-field WPT
Fig. 2. The normalized received power of the energy receiver located at the:
(a) near-field region; (b) far-field region.
TABLE I
A COMPARISON OF HARVESTED ENERGY OF EACH ENERGY RECEIVER
UNDER DIFFERENT COMBINATIONS OF WEIGHTING COEFFICIENTS .

Received Energy
α1 = 0.5, α2 = 0.5
α1 = 0.1, α2 = 0.9

Energy Receiver 1
30.3 µW
18.7 µW

Energy Receiver 2
2.5 µW
4.7 µW

F1 (x, y, z) = (0, 0, 0.97 m) and F2 (x, y, z) = (0, 0, 1.51 m), lying
in a similar angular direction. It is observed from Table I that for
the case of α1 = 0.5, α2 = 0.5, the harvested power of energy
receiver 1 is much larger than that of energy receiver 2. This is
because energy receiver 1 has a better channel condition and thus
energy beams are mainly focused on around its location to maximize
the objective for the case of having the same weighting coefficient.
When we change the weighting coefficients to α1 = 0.1, α2 = 0.9,
the power harvested by energy receiver 2 increases from 2.5 µW to
4.7 µW, while the power harvested by the energy receiver 1 decreases
from 30.3 µW to 18.7 µW. This is because the energy transmitter
is capable of intelligently charging multiple users according to their
priority/requirements even if multiple energy receivers have similar
angular direction, thanks to the distinguishing capability of the nearfield energy focusing. We point out that beam steering in the farfield does not possess such distinguishing ability, which is especially
important for future 6G IoE applications where devices are expected
to be densely deployed in the Fresnel region.
V. C ONCLUSIONS
In this work we studied the use of DMAs for multi-user WPT
in the radiating near-field region. We presented a model for DMAbased radiating near-field WPT systems. We then formulated the
joint optimization of the DMAs weights and digital precoders to
maximize the weigthed sum-harvested energy, and proposed efficient
algorithms to solve the resulting non-convex problems. Numerical
results demonstrated that using DMAs for energy focusing results in
improved energy transfer efficiency in the radiating near-field with
minimal energy pollution.
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