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Abstract—The future sixth generation (6G) wireless commu-
nications are envisioned to bring forth the era of the Internet of
Everything (IoE). This work investigates wireless power transfer
(WPT) in the radiating near-field region, as a medium for
charging the low-powered IoE devices. Specifically, we exploit the
near-field channel model in order to create power beamfocusing
at a predefined focal point. We consider a uniform planar array
employing beamfocusing, and provide analytical expressions for
the harvested power at the receiver located at (i) a fixed and
(ii) a random location in the network. We present numerical
results which validate our analysis and draw an insight overview
for the near-field WPT under various design parameters while
demonstrating the gains brought against far-field WPT.

Index Terms—Radiating near-field, wireless power transfer,
spatial randomness.

I. INTRODUCTION

The vision towards the sixth generation (6G) wireless com-
munications emerges the era of the Internet of Everything
(IoE), where machine type connections are expected to dom-
inate the internet traffic [1]. These connections correspond to
a huge diversity of machines including, among others, devices
with low-power requirements such as sensor-type equipment
[2]. Powering up these devices through conventional means,
might be inconvenient due to the environment’s nature, the de-
vice’s location, size etc. Wireless power transfer (WPT) stands
out as a practical and viable solution to address the challenge
of flexible charging for low-powered devices. Specifically,
a device equipped with a rectifying antenna (rectenna) can
harvest energy from ambient or dedicated electromagnetic ra-
diation [3]. Due to its potentials, WPT has attracted significant
interests from the research community over the recent years
[4]. However, the technological advances as foreseen by the
6G vision, open the road to new opportunities [5].

The future 6G networks will exploit ultra-high frequencies
including the mmWave and THz bands while utilizing large
antenna arrays as a remedy to the severe path-loss attenuation
[2], [6]. Under these settings, the boundary between the near-
field and far-field electromagnetic regions becomes larger
yielding to a significantly larger near-field radiating regime [6].
In particular, depending on the operating frequency and the ar-
ray aperture, the near-field regime may expand up to hundreds
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of meters [7]. Different from the far-field modeling, where the
channel is approximated through the planar wave assumption,
in the case of the near-field regime, this approximation no
longer holds and the channel is modeled based on the spherical
wave assumption [8], [9]. This can be exploited for beam
focusing rather than beam steering as in the far-field regime.
That is, instead of steering the beam at a specific direction,
operating in the near-field unlocks the ability to focus the
beam on a specific location [2]. This property is exploited by
the authors in [10], to facilitate multi-user downlink multiple-
input multiple-output systems, while exploring various antenna
architectures. Near-field communications are also investigated
in [11], where the authors consider a large intelligent surface
and study the uplink spectral efficiency achieved by two single-
antenna users. The authors in [7], propose a phase-delay
focusing in order to mitigate the near-field beam-split effect,
which occurs from the extremely large bandwidth and array
aperture. In [12], the authors construct beams using a carefully
designed frequency modulated waveform in the spatial dimen-
sion, which mitigates the near-field misfocus effect in massive
wideband phased arrays. While the investigation of the near-
field technology in the communication theory is still in its
infancy, the characterization of the near-field energy harvesting
is also unexplored [2].

Motivated by the above, in this work we investigate the
WPT in the radiating near-field regime as a medium for charg-
ing the low-powered IoE devices. We exploit the spherical
wave based channel in order to focus the access point’s power
on a specific near-field location. Specifically, by employing
maximal ratio transmission (MRT) at the transmitter, we
provide analytical expressions for the harvested power at the
receiver located at a fixed and a random location in the
network. We present numerical results which validate our
analysis and draw preliminary performance characterization of
the near-field WPT under various system parameters. We show
how critical the selection of the focal point is, with respect to
both the access point’s and the dedicated receiver’s locations,
in terms of harvested power and highlight the gains of near-
field against far-field WPT.

II. NETWORK MODEL

A. Network Topology

Consider an access point equipped with a uniform planar
array consisting of IV radiating elements distributed over N,
columns and N, rows. We assume a half wavelength antenna
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Fig. 1. A WPT network consisting of a uniform planar array and a receiver
located within a sector in the near-field region.

spacing i.e., %, thus the array aperture is expressed by D =

V2(max{N,, N.} — 1)3. The access point is centered at the
origin of the (z,y,z) plane such that the coordinates of the
antenna element located in the k-th row and m-th column
of the array are defined by li ., = (xk,0, 2, ), where z;, €
[-Ne=l2  Necdd] and z,, € [—8525 0 A1) We
consider that the array serves a set of receivers located on the
(z,y) plane, within a circular sector of radius R and angle
@ € [¢1, 2], centered at origin towards the direction of the
array. Each receiver is equipped with a rectenna and harvests
energy from the access point of transmit power P. The i-th
receiver is located at r; = (x;,¥;,0) with a corresponding
distance from the origin given by |r;|| = /2% +y?. The
network topology is depicted in Fig. 1.

B. Channel Model

We focus on the near-field communication range; this range
is determined by the physical characteristics of the array

as follows. Let dy = ¢ 5—:\1 denote the Frensel distance

indicating the minimal distance for which reactive field com-
ponents from the array elements are negligible [10]. A receiver
located within a distance ||r;|| > dx from the access point,
is considered to lie in the radiative near-field. On the other
hand, a receiver is considered to lie in the far-field regime if
lr;|| > dp, where dp = % denotes the Fraunhofer distance
[10]. In this work, we investigate the range dy < ||r;|| < dF,
where the signal from the element located at 1, ,,, is modeled
through the spherical wave assumption as follows [10]
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where the subscript ¢ refers to the i-th receiver located in the
near-field regime, d; 1, denotes the distance from the element
located at 1, ,,, and is given by

Qi = 1~ Vo] = /(0 — 2)? + 92 + 22, ()

Finally, E(w; k,m) denotes the radiation pattern which is a
function of the angle between the element and the receiver

with respect to the y—axis. In this work, we adopt the dipole
antenna radiation pattern which is given by [10], [13],

6 cos? (Wi k.m
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III. NEAR-FIELD WIRELESS POWER TRANSFER

wikm € [0,7/2],
otherwise.

3)

In this section we focus on a typical receiver located at
ro = (x0,¥0,0). Let g; denote the channel vector at point
r;, with entries g; » .. We consider that the precoder at the
access point employs MRT in order to focus the transmitted
power on a focal point r; i.e., the precoding vector is given by

w = Hgﬁ‘ Then the harvested power of the typical receiver
at ro can be expressed by !
P H 2
o = 180 g2f|| ) (4)
llgsll

In the following, we consider the typical receiver located at
(1) a fixed location, and (ii) a random location, and investigate
the harvested power.

A. Fixed location

We first consider the typical receiver at a fixed location rg
with the array focusing the transmitted power at the receiver’s
location i.e., ry = ro. The harvested power at the receiver is
evaluated by the following lemma.

Lemma 1. When r; = rq, the harvested power is given by
eo = P||gol|?, where
9 N, N,

3\ y2
Ilgoll? = 2 Z Z : ®)

5 -
=1 m=1 (o — ox)? + yg +22,)

Proof. See Appendix A. |

We now provide the following remark which follows from
Lemma 1.

Remark 1. When r; = rg, it can be observed from (5), that
when yo = 0, then the harvested power becomes zero. On the
other hand, for yo > 0, the received power from the element at
i, m, is maximized when dy iy, is minimized i.e., when xo =
x). As the harvested power is obtained from the summation of
the received power from each element, and since the elements
are uniformly located around the origin, then e is maximized
at g = 0.

Consider now the case where the focal point of the array is
at a different location from the typical receiver i.e., ry # ro.
The harvested power is given in the following lemma.

Lemma 2. When ry # 1, the harvested power at the receiver
is evaluated as in (4) where ||g¢||? is given in Lemma I with
the substitution of xo and yo with xy and yy, respectively;
and the term ||go™ gs||* is given by

4,2,2
oo 2 = o0
! 6474
!'The input-output relationship model adopted here is linear as the focus of
this work is to investigate the near-field energy focusing. More sophisticated
models for WPT are left for future work.



Ny N, N; N
>
k

=1m=1p=1I]=1

ej;f" (do,k,m—ds,k,m—do,p,1+df p,1)

(6)
2 2 2 2 ’
dO,k,mdf,k,me,p,ldf,p,l

where do j.m, dopi, dfkm and dgp; are evaluated by (2).

Proof. See Appendix B. |

We now focus on the special case where IV, = 1 i.e., the
access point located at the origin consists of one column with
N, elements with the location of the m-th element denoted
by 1, = (0,0, 2,,). It can be obtained through Lemma 1 that
when r; = r(, the harvested power at the typical receiver is
given by
302 & v

2

eo:PW 4(x2—|— 2+22)2.
m=1 0 Yo m

(N
Note that, Remark 1 also holds for N, =1, i.e., eqg is higher
at 9 = 0. Moreover, in order to compare with the case where
N, = N,, let us assume that N, = N, = N such that a
total number of N x NN elements are deployed. If the same
number of elements are distributed over a single column, the
array aperture becomes D = (N 2 1) % As a result, both dy
and dp increase significantly resulting to a much larger near-
field regime. On the other hand, the lowest received power at
the receiver occurs from the farthest deployed element; whose
distance from the receiver becomes larger as the number of
elements increases. When N, = N,, the distance from the

farthest element is do v = /y8 +2(X525)2. If N, = 1,

with the same number of elements deployed, the distance from

the farthest element becomes dg g y2 = /Y2 + (NQQ_1 %)2 It

follows then, that since do y,nv > do 0,52, then more power is
harvested when multiple rows as well as columns are deployed
such that lower distances can occur.

B. Random location

We now consider the typical receiver randomly distributed
within the circular sector in order to investigate the perfor-
mance of WPT over all the possible locations of the sector
lying in the near filed region. In order to account for the
minimum distance dy from the access point, we consider
that the receiver is randomly located within a subspace of the
circular sector i.e., the area shaped by the difference of sectors
with radii R and Ry, where R > Ry > d . To assist with our
analysis we make use of the polar coordinates of ro = (p,6)
where z¢ = pcos(f) and yo = psin(#). Moreover, for ease of
presentation, we define d, ; = 2 + 22 to make use throughout
the rest of the paper. In the following we evaluate the average
harvested power at the typical receiver.

We first provide in the following proposition the harvested
power for the case where ry = ry.

Proposition 1. The harvested power at the typical receiver
randomly located within the circular sector, when ry = r, is
given by

NP o
= gt -y 2 2 100 ®)

k=1m=1

where

3 gin?
o0y =2 psin (0)

dp do,
(p — 2xy, cos(9)) + (5;€’m)2 p

(€))

$2 /R
v ey (p
and for the special case where 0 = Z,
R2 R? n R? + (Sk m
R2 +5km R2+5k,m R2 +5km
(10)

Proof. See Appendix C. ]

f(p,0) =

We now evaluate the average harvested power at the typical
receiver located at rq = (p, ), for the case where ry # ry.
We consider a fixed focal point at ry, therefore the harvested
power is expressed by

||go gf||2] P H 2
eoPE[ lgo™g/ 7] .
g2 |~ gy e el

where the expectation is taken over p. We evaluate eg in the
following proposition.

(1)

Proposition 2. The harvested power at the typical receiver
located at vro = (p, ), when ry # rg is given by

PN,NNNZ

647r4”gf”2 PP

ed 5 2% (df,pi—df k,m)

k=1m=1p=1 =1 fkmdﬁp,
2 ¢2/ ( )
X T pf(p,0)dpdd, (12)
(R2 - R?\/) ¢ P1 RN

where f(p,0) is given by
B p? sin?(9)
1.0 = (o =31 cos(0) + )

o (Volo=2ex cos(0) 165, m—/p(p—22y cos(0)) 5,1
X ; (13)
(p(p — 22 cos(0)) + Gp,1)

and ||g¢||? is evaluated in (5) by substituting xo and yo with
xy and yy, respectively.

Proof. See Appendix D. |

We proceed now to the special case of N, =1 and 0 = 5
such that the typical receiver is randomly distributed along
the y-axis and harvests power from N, elements distributed
along the z-axis, as explained in Section II-A. With ry = ro,
the average harvested power is evaluated similar to (7). By
substituting with polar coordinates and by setting ¢ = 7, the
harvested power at the typical receiver is evaluated as follows

NP &
€eyg = 8? Z ]E
m=1
. 3\2p
472 (R2 — R%\,)
. 3\2p
T (R _RY)
4E R%, R?
x (R2 +22, R2+4 22

=1 m

P
(p? + 22,)?
N,

R 3
Z/ p72dp
=1 /Ry (PP +27,)

m=1
R2+z
(i) 09

(14)
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Fig. 2. Harvested power Vs antenna element per column (row) Ng (N3);
f =28 GHz, rg = ry, P = 10 W; markers and dashed lines correspond to
simulation and analytical results, respectively.
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Fig. 3. Harvested power Vs R; ro = ry, Ry = 2 m; markers and dashed
lines correspond to simulation and analytical results, respectively.

where in (14) we make use of the probability density function
. 2
(PDF) of p 1.e., ﬁ
IV. NUMERICAL RESULTS

We provide numerical results to evaluate the harvested
power at the typical receiver under various network param-
eters. Computer simulations and analytical expressions are
depicted with markers and dashed lines, respectively. Unless
otherwise stated, we consider an operating frequency at f =
28 GHz such that A = 1.07 cm [10].

Fig. 2 plots the harvested power ey with respect to the
number of elements per column, where N, = N,. We plot
the case where the focal point is at the receiver’s location
and present the performance for three locations. In all three
cases we can see that the harvested power increases as the
number of elements increases, which is expected as ry = ry.
When comparing the case where ry = (2,3,0) with the one
where r; = (0,/13,0), we can see that while ||(2,3,0)| =
1(0,4/13),0], when x; = 0, a better performance occurs.
As explained in Remark 1, this is due to the fact that the
elements are uniformly positioned around the origin, and
the harvested power is obtained from the summation of the
received power from each element. Similarly, we can see that
when r; = (1.3,1/13,0), while ||(1.3,+/13,0)|| > (2, 3,0)]
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Fig. 4. Harvested power Vs sector angle ¢; f = 28 GHz, N, = N, = 10,
P=1W, Ry =0.09 m, R = 0.8 m; markers and dashed lines correspond
to simulation and analytical results, respectively.

due to a smaller deviation from z =
r; = (1.3,4/13,0) performs better.

In Fig. 3, we plot ey for the case where the receiver’s
location is random, ro = ry and 6§ = 7 such that the
receiver is randomly distributed over the y-axis within the
range [Ry, R]. We plot the harvested power with respect to
R for f = {1.2,28} GHz, in order to compare far-field with
near-field WPT [2]. For a fair comparison, we consider that
the array length is constant at L = Nx%, with A = 1.07 cm
(f = 28 GHz) and N, = {50,60}, which for the plotted
range of R, correspond to the receiver being located within
the near-field regime. For the far-field WPT, we consider that
N, = |2L/A] with A = 25 cm (f = 1.2 GHz), i.e., N, =2
[2], [10]. Clearly, the receiver harvests more power when is
located within the near-field range of the array where energy
focusing can be achieved. On the other hand, when f = 28
GHz (near-field), as R increases the receiver gets closer to
the far-field regime and as a result the gain against the case
where f = 1.2 GHz (far-field) is lower. However, in all cases
eo decreases as IR increases, since a higher R corresponds to
a higher probability of the receiver being located at a larger
distance form the array. Furthermore, by comparing the cases
at f = 28 GHz, we can see that with more elements deployed
or higher transmit power, a better performance is achieved.

Fig. 4 plots the harvested power for the case where the
receiver is randomly distributed within a sector of angle
¢. The sector is centered at y-axis, such that [¢1,pa] =

0, the case where

[g — %, 5+ %}, and the case where ¢ = 0 corresponds
to § = 5. We plot the harvested power for ry; =

{(0,0.4,0),(0.2,0.4,0),ro}. As expected, the highest power
is achieved when ry = rg, with a significant margin from
the cases of fixed focal point. Furthermore, when ry = ro, as
¢ increases, the probability of deviating from z¢9 = xy = 0
becomes higher and the performance decreases. In the cases
where the focal point is fixed, we can see a sharper decay of
the harvested power compared to the case where r; = ry. This
is due to the fact that, as the area of the sector increases the
probability of achieving ro = r; decreases. This is more clear
when ry = (0.2,0.4,0) where the probability of achieving

ro = ry is zero for ¢ > arctan (33) i.e., ¢1 > 1.107.



V. CONCLUSIONS

In this paper, we studied the performance of WPT in the
near-field region. We exploited the channel model for power
focusing and by considering the typical receiver located at (i)
a fixed location and (ii) a random location in the network,
we provided analytical expressions for the harvested power.
We presented numerical results which validated our analysis
and obtained insights for various design parameters which
are key for the practical applications of the near-field WPT.
Specifically, our results suggest that a precise selection of
the focal point towards the dedicated receiver is essential to
enhance the harvested power.

APPENDIX

A. Proof of Lemma 1

When r = r, it follows from (4) that e = P||go||>. For
the evaluation of ||gol|?, we substitute cos(wp k.m) = .
in (3), and the entries go ., in go, to get o

\2 Ne N y
lgoll* =25 > 0 (16)
k=1 m=1 Okm

The final expression follows by substituting (2) in (16).
B. Proof of Lemma 2

For the evaluation of ||go”gs||* we follow a similar ap-
proach as in Appendix A to get

>y

k=1m=1

e j; (dD,k,Tn_df,k,nz)

d?

yoyf
6474

lgo™ el =

Okm fkm
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We then make use of the complex conjugate multiplication to
expand (17) into

yOyf —§ 3% (do,k,m—df,k,m)
leo™grl2 = o Sy z
k—=1m=1 O km™fkm
N, N P2
v o2 el B (dok,m—df k,m)
N 95 o) By

k=1m=1 dO,k,mdf,k,m

The final result is then given by evaluating the above multi-
plication.
C. Proof of Proposition 1

The harvested power at the typical receiver when ry = rg
is evaluated similar to Lemma 1. By substituting the polar
coordinates in (5), we get

eo = PE [Ilgollg]
)\2P p?sin?(6)

p(p — 2xy cos(9)) + 5k,m)2

where the expectation is taken over 6 and p. To evaluate (19)

we make use of the PDFs of 6 and p, given by 1 3 and R2 ,

respectively. Therefore, the harvested power is evaluated by

3)2
1r2H(R? — RY,)

, (19)

k=1m=1

ey =

p° sin?(6)
— 22, ¢08(0)) + Ok,m)

33>

k=1m=1

2 R
/ / 5 dpdf. (20)
RN (p (P
For the special case where 6§ = 7, the expectation in (19) is
taken over p and is evaluated by making use of the PDF of p
similar to (20).

D. Proof of Proposition 2

Since the focal point is fixed, the term ||g¢||? is evaluated as
in Lemma 1. For the evaluation of the term E [[|go g ||?] we
substitute the polar coordinates of ry in (6), given in Lemma
2, and evaluate the expectation over ry as follows

>\4y2
E H 2 — f
o™ &s1°] = 55
N, N. N, Nz
x ej A (dfp, dfkm)
DB Elf(p.0)], @D
k=1m=1p=1 =1 fkm ﬁpl

where E [g(p, 0)] is evaluated by utilizing the PDFs of p and
0, as in Appendix C.
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